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Preface

The optical fibre technology is one of the hop topics developed at the beginning of the 21th 
century and could do many services for application dealing with lighting, sensing and 
communicating systems. Many improvements have been carried out since 30 years to reduce 
the fibre attenuation and to improve the fibre performance. Nowadays, new applications 
have been developed over the scientific community and this book titled “Optical Fibre, New 
Developments” fits into this paradigm. It summarizes the current status of know-how in 
optical fibre applications and represents a further source of information dealing with two 
main topics: 

- the development of fibre optics sensors,

- the application of optical fibre for telecommunication systems.

Over 24 chapters, this book reports specifics information for industrial production and for the 
research community about the optical fibre potentialities for telecommunication and sensing. 
It gives an overview of the existing systems and the main credit of this book should go to 
all the contributors who have summarized the contemporary knowledge in the field of the 
optical fibre technology. 

This book could be divided into two parts. The first part covers the applications of fibre based 
distributed sensors network or local sensor developments for: 

- Temperature sensing (fictive temperature measurement of bulk silica glass and silica based 
optical fibres), 

- Strain sensing, 

- Chemical sensing (detection of hydrogen leaks, chemical species detection using advanced 
nanostructured material (carbon nanotubes, tin oxide particles)…), 

- Electric field sensing in electric power industry, high intensity electric field environments 
and high intensity telecommunications signal, 

- Structural health monitoring, 

- Structures monitoring using distributed sensors network (bridges, building…) 

- Corrosion measurement using multipoint distributed corrosion sensor based on an optical 
fibre and the optical time domain reflectometry technique, 

- Turbidimetry based on optical fibre sensor for environmental measurement in urban or 
industrial waste water. 
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The second part of the book titled “Optical Fibre, New Developments” deals with the new 
developments realized in the field of optical fibre communication in particular: 

- The use of optical fibre delay lines for phase array radar system and microwave signal 
processing as well as for wavelength selective switching, 

- The theoretical modelling of all optical Impulse Radio Ultra Wideband generation without 
optical filter, 

- The potential of graded index glass and polymer multimode fibre used in low cost 10Gbps 
small office/home office baseband network and Radio over Fibre systems, 

- The development of 60-GHz millimetre wave over fibre system based on two innovative 
solutions using polymer multimode fibre, 

- The use of graded index plastic optical fibre for broadband access networks up to 40Gbps 
combined with the special design of the light injection setup, 

- The development of all optical logic gates based on non linear optical loop mirror 

- The theoretical modelling and experimental demonstration of fibre based optical parametric 
amplifier using novel highly non linear fibres (photonic crystal fibres), 

- The Orthogonal Frequency Division Multiplexing Ultra Wideband radiofrequency (RF) 
signal transmission over glass multimode fibre by optical means using either parallel RF/
serial optics or parallel RF/parallel optics topologies, 

- The combined use of back propagation technique with dispersion managed transmission to 
extend the linear behaviour of optical fibre. 

- The development of high speed, high power and high responsivity photodiode for Radio 
over Fibre systems 

A specific chapter finding applications in the field of biomedical and material processing 
(power scaling in fibre laser) using large mode area microstructured fibres is also developed. 

This book is so address to engineers or researchers who want to improve their knowledge of 
optical fibre technologies in sensing and communicating systems. 

I thank you my family for its patience and its support during the writing. 

December 2009, 

Christophe Lethien 
Book editor 

Associate professor for University of Lille 1 – Institute of Electronics,  
Microelectronics and Nanotechnologies CNRS UMR 8520 (France)
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1. Introduction  
 

Optical techniques offer powerful tools for the characterisation of chemical and biological 
systems. The variety of different designs and measurement schemes of fibre-optic sensors 
provides the potential to create very sensitive and selective measurement techniques for the 
purpose of environmental monitoring.  
Different approaches exist for creation of fibre-optic sensors (FOS), which generally can be 
classified into two groups depending on the sensing mechanism: intrinsic and extrinsic 
fibre-optic sensors (Grattan & Meggitt, 1999). Intrinsic FOS allows to implement different 
measurements designs within an optical fibre based on the gratings (Bragg Gratings and 
long period gratings, LPG ) written into the fibre core in which the changes in the reflected 
light due to changes in the grating period is measured to detect the effect caused by an 
external stimulus (Vohra et al., 1999; Schroeder et al., 1999). Interferometric sensors can be 
made that use some external effect to cause a change in the optical path way or a phase 
difference in the interferometer caused by some external effect. All traditional 
interferometers such as Michelson, Mach Zehnder (Bucholtz et al., 1989; Dandridge, 1991; 
Yuan & Yang, 2005), Fizeau, Sagnac (Russell & Dakin, 1999) and Fabry Perot (Rao et al., 
2000; Cibu1a & Donlagic, 2004; Lin et al., 2004) used for measuring of both chemical and 
physical parameters can be constructed utilizing optical fibres. The other type of intrinsic 
fibre-optic sensors is based on the evanescent wave absorption effect (Leung et al., 2006).  
The advantages of the fibre-optic sensors allow to create measurements systems with the 
high sensitivity and selectivity, providing an excellent tool for the environmental 
monitoring. In general, sensitive elements are needed for efficient fibre-optic sensing, which 
amplify the chemical interaction of analytes and convert it into a measurable optical 
response as signal. Current research in the field of optical fibre sensors is focusing on the 
creation and development of new sensitive elements which can expand an application area 
and increase the number and range of the analytes that can be measured by fibre-optic 
sensors.  
Generally there are some requirements to the sensitive elements of fibre-optic sensors and 
they should be: 

- transparent in the appropriate spectral range; 
- change their optical properties under the influence of the specific chemical species; 
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- fast in response and have wide dynamic range; 
- reversible;  
- selective;  
- easy to immobilize onto glass/quartz/ plastic fibre; 
- easily and cheaply manufactured. 

Employing different sensitive elements deposited onto the side of single-mode (Monzón-
Hernández & Villatoro, 2006) and multimode (Rajan et al., 2005) optical fibres allows the 
creation of an FOS with high sensitivity and selectivity.  
For instance a pH fibre-optic sensor coated with porous silica film was prepared by the sol-
gel procedure to measure the pH of the solution with sensors sensitivity up to 0.66 dB/pH 
for the pH range of 7–10.5 (Rayss & Sudolski, 2002). Using a sol-gel film doped with a dye 
(e.g. coumarin, brilliant green, rhodamine 6G, and rhodamine B) (Beltrán-Pérez et al., 2006; 
Gupta & Sharma, 1997; Gupta & Sharma, 1998) the dynamic range of the pH measurement 
can be increased to cover pH values from 2 up to 12. The sensor sensitivity was increased by 
decreasing the probe light wavelength, with the highest sensitivity being achieved at 400 nm 
(Beltrán-Pérez et al., 2006).  
A sensor element doped with polypyrrole was used as a sensitive element for nerve agent 
detection; using a 1,5 naphthalene disulphonic acid  (NDSA) –doped polypyrrole coating 
produced by the in situ deposition technique a sensitivity of up to 26 ppm with a response 
time of a few seconds was achieved. Utilizing different deposition techniques and using 
different doping materials has produced fibre-optic sensors with different sensitivities and 
performances (Bansal & El-Sherif, 2005). 
The transparency of an optical fibre depends on the fibre material and the wavelength of the 
probe light. Thus different fibres are appropriate for different spectral ranges; for the near 
infrared spectra (NIR) the chalcogenide (Lucas et al., 2006; Walsh et al., 1995), for Mid-IR the 
silver halide (Le Coq et al., 2002; Beyer et al., 2003), and for the UV-Vis quartz (Abdelghani 
et al., 1997) or plastic optical fibres (Ogita, et al., 2000) can be selected.  
Chalcogenide glass fibres were used to perform remote infrared analysis of non-polar 
organic species in aqueous solution. This technique permits the observation of disruption 
induced in living mammalian cells by at least two different types of toxins and it is possible 
to distinguish between the effect of a genotoxic agent (which damages nucleic acids) and a 
cytotoxic agent (which damages other cellular components) based on the cell’s response to  
IR light (Lucas et al., 2006).  
For the detection of chemical species with very low concentration in water, chalcogenide 
fibres which had special chemical treatment were applied for evanescent wave absorption 
spectroscopy (Le Coq et al., 2002). The concentration of chloroform and ethanol in water 
were measured using the variations of their absorbance in the infrared spectral range of 8.6–
10 m (Figure 1). The lower limit of detection for ethanol in water was approximately 0.5%, 
when the length of the sensing zone (removed cladding) was 3 cm (Le Coq et al., 2002). 
A fibre-optic sensor consisting of a silver halide (AgBrxCl1-x) optical fibre coated with 
polyisobutylene (PIB) or Teflon was developed for the in situ monitoring of pesticides and 
chlorinated hydrocarbons in water for the spectral range of 8.5–12 m (Beyer et al., 2003). 
The sensitivity of this FOS was in the region of 100 ppb and it could be enhanced by 
increasing the interaction of the evanescent field with the investigated medium. 
A mid-IR grating spectrometer operating in the wavelength range of 8–12.5 m was 
developed for the detection of chlorinated hydrocarbons with a detection limit of 900 ppb 

 

for tetrachloroethylene. The sensor was based on the detection of the characteristic 
absorption of chlorinated hydrocarbons in the polymer membrane coated onto the sensor 
silver halide fibre and the effects of the samples on the evanescent field of the guided light 
(Walsh et al., 1995).  
 

 
Fig. 1. Absorbance spectrum of the different concentration of ethanol in water measured in 
the infrared spectral range of 8.6–10 m (Le Coq et al., 2002) 
 
The most suitable fibres in the visual spectral range for the creation of intrinsic FOS based 
on the generation of an evanescent wave are the plastic cladded silica fibres (PCS); because 
the plastic cladding can be easily removed by mechanical stripping or by means of chemical 
etching. This FOS coated with an appropriate sensitive material could be used for the 
detection of chemical parameters and species (Kawahara et al., 1983; Sharma & Gupta, 2005; 
Ronot et al., 1994).  
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Fig. 2. Schematic illustration of the layer-by-layer (LbL) method 
 
In the deposition of a sensitive coating onto the optical fibre it is crucial to provide the 
sensor with stable parameters and prevent the functional material from leaching or 
desorbing from the optical fibre. Different immobilization procedures based on the covalent 
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In the deposition of a sensitive coating onto the optical fibre it is crucial to provide the 
sensor with stable parameters and prevent the functional material from leaching or 
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and noncovalent bond could be used for the deposition of the sensitive element onto the 
optical fibre. The Langmuir-Blodgett (LB) technique has been employed for the coating of 
the fibre-optic with aim of devloping long period grating fibre sensor (James & Tatam, 
2006). This deposition technique allows to control material at nanolevel and is based on the 
transferring of the orientated monolayers onto the solid substrate. Alternative approach is 
the electrostatic layer-by-layer (LbL) method that has been useful for the preparation of 
molecularly assembled films with the good adhesion properties to the quartz surfaces, 
Figure 1 (Iler, 1966; Ichinose et al., 1996). One of the advantageous of this method over LB 
process is that wide class of materials can be deposited on the different types of surfaces. 
This deposition technique is still expanding its potential because of its versatility for 
fabrication of ordered multilayers with well controlled thickness and the possibility to use 
both inorganic and organic materials (Lee et al., 1998).  
Porphyrin compounds can be used as a sensitive element for optical sensors because their 
optical properties (absorbance and fluorescence features) depends on the environmental 
conditions in which molecule is present (Takagi et al., 2006). Porphyrins are tetrapyrrolic 
pigments that widely occur in nature and play an important role in many biological systems 
(Kadish et al., 2000). The optical spectrum of the solid state porphyrin is modified as 
compared to that of porphyrin in solution, due to the presence of strong interactions 
(Schick et al., 1989). Interactions with other chemical species can produce further optical 
spectral changes, thus creating the possibility that they can be applied to optical sensor 
systems. The high extinction coefficient (> 200,000 cm-1/M) makes porphyrin especially 
attractive for the creation of optical sensors.  
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Fig. 3. Absorbance spectrum of a J-aggregated porphyrin film deposited onto a quartz 
substrate (Korposh et al., 2006) 
 
For example, Fig. 3 shows a typical absorbance spectrum of tetrakis-(4-
sulfophenyl)porphine (TSPP) in an alternate film with a cationic polymer, which consists of 
two Soret bands (425 and 484 nm) and one pronounced Q-band (700 nm). Exposure of the 
porphyrin compound to chemical analytes leads to the alternation of the J-aggregation 

 

which in turn changes the absorbance spectrum and this phenomenon can be used for the 
optical sensor development (Korposh et al., 2006). 
Moreover, the optical properties of the porphyrin compound can be controlled by 
metallation of its core which in turn will lead to a higher sensitivity and wider class of 
chemical compounds that could be measured, Fig. 4 (Rakow &  Suslik, 2000). Exposure of a 
metalloporphyrin sensor array to chemical species leads to the different colour change 
which can be used for the fibre-optic sensor development. 
 

 
Fig. 4. Colour change profiles of a metalloporphyrin sensor array as a function of exposure 
time to n-butylamine vapour (Rakow &  Suslik, 2000) 
 
In this chapter, we would like to describe the use of the LbL method for the deposition of a 
porphyrin thin film onto a multimode silica core/plastic clad optical fibre with the aim of 
developing an evanescent wave fibre optic gas sensor. A short section of the plastic cladding 
was replaced with a functional coating of alternate poly(diallyldimethylammonium 
chloride) (PDDA) and TSPP layers. The measurement principle of the device is based on the 
ammonia-induced optical change in the transmission spectrum of the coated optical fibre. 
As light travels along the core of the optical fibre, a small portion of energy penetrates the 
cladding in the form of an evanescent wave, the intensity of which decays exponentially with 
the distance from the interface between the cladding and the surrounding environment. The 
penetration depth (dp) of the evanescent wave is described by (Grattan & Meggitt, 1999): 

                                          
2/122 )(2 ceff

p nn
d





  ,                                                          (1) 

where  is the wavelength of light in free space, nc is the  refractive index of the cladding 
and neff is the effective refractive index of the mode guided by the optical fibre. The 
deposition of a functional coating layer onto the optical fibre leads to the chemically induced 
modulation in the transmission spectrum and provides quantitative and qualitative 
information on the chemical species under examination. The employment of the proposed 
fibre optic sensor based on the intrinsic evanescent wave has an additional advantage to 
offer cheap and compact devices, due to combination of light emitting diode (LED) and 
photodetector components. Moreover, the sensitivity of the device can be improved by 
varying the length of the sensing area and the process for film deposition will be less time-
consuming.  
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metallation of its core which in turn will lead to a higher sensitivity and wider class of 
chemical compounds that could be measured, Fig. 4 (Rakow &  Suslik, 2000). Exposure of a 
metalloporphyrin sensor array to chemical species leads to the different colour change 
which can be used for the fibre-optic sensor development. 
 

 
Fig. 4. Colour change profiles of a metalloporphyrin sensor array as a function of exposure 
time to n-butylamine vapour (Rakow &  Suslik, 2000) 
 
In this chapter, we would like to describe the use of the LbL method for the deposition of a 
porphyrin thin film onto a multimode silica core/plastic clad optical fibre with the aim of 
developing an evanescent wave fibre optic gas sensor. A short section of the plastic cladding 
was replaced with a functional coating of alternate poly(diallyldimethylammonium 
chloride) (PDDA) and TSPP layers. The measurement principle of the device is based on the 
ammonia-induced optical change in the transmission spectrum of the coated optical fibre. 
As light travels along the core of the optical fibre, a small portion of energy penetrates the 
cladding in the form of an evanescent wave, the intensity of which decays exponentially with 
the distance from the interface between the cladding and the surrounding environment. The 
penetration depth (dp) of the evanescent wave is described by (Grattan & Meggitt, 1999): 

                                          
2/122 )(2 ceff

p nn
d





  ,                                                          (1) 

where  is the wavelength of light in free space, nc is the  refractive index of the cladding 
and neff is the effective refractive index of the mode guided by the optical fibre. The 
deposition of a functional coating layer onto the optical fibre leads to the chemically induced 
modulation in the transmission spectrum and provides quantitative and qualitative 
information on the chemical species under examination. The employment of the proposed 
fibre optic sensor based on the intrinsic evanescent wave has an additional advantage to 
offer cheap and compact devices, due to combination of light emitting diode (LED) and 
photodetector components. Moreover, the sensitivity of the device can be improved by 
varying the length of the sensing area and the process for film deposition will be less time-
consuming.  
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2. Evanescent wave fibre-optic sensor 
 

2.1 Sensor fabrication 
Tetrakis-(4-sulfophenyl)porphine (TSPP) and poly(diallyldimethylammonium chloride) 
(PDDA, Mw: 200000–350000, 20 wt% in H2O) were purchased from Tokyo Kasei, Japan 
(Fifure 2). Deionized pure water (18.3 MΩ·cm) was obtained by reverse osmosis followed by 
ion exchange and filtration (Nanopure Diamond, Barnstead, Japan). An HCS200 multimode 
silica core/plastic cladding optical fibre (OF) with core and cladding diameters of 200 m 
and 400 m, respectively, was purchased from Ocean Optics (USA). Standard ammonia gas 
of 100 ppm in dry air was purchased in a cylinder from Japan Air Gases Corp. All of these 
chemicals were of analytical grade and used without further purification. 
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Fig. 5. Structural models of the polycation (PDDA) and porphyrin (TSPP) compounds used 
in this study (Agira et al., 1997): SS, side length of square; DS, diagonal length of square 
 
The electrostatic layer-by-layer adsorption method was employed for the deposition of a 
porphyrin thin film onto a multimode optical fibre (OF). A schematic illustration of this 
method using PDDA and TSPP is shown in Fig. 6a. A multimode optical fibre from which 
the plastic cladding has been removed over an area 1 cm in length was rinsed in ethanol and 
distilled water prior to film deposition. The plastic cladding could be easily burned off from 
the fibre using a burner flame (temperature < 500 °C, the property of the silica core is not 
changed within the temperature range.). One end of the optical fibre was connected to a 
deuterium-halogen light source (DH-2000-Ball, Mikropack), the other end was connected to 
a spectrometer (S1024DW, Ocean Optics). The stripped section of the optical fibre was fixed 
within a special deposition cell for film preparation, as shown in Fig. 6b. 
Before assembly, the previously stripped section of the optical fibre was cleaned with 
concentrated sulfuric acid (96%), rinsed several times with deionized water, and treated 
with 1 wt% ethanolic KOH (ethanol/water = 3:2, v/v) for about 10 min with sonication in 
order to functionalize the surface of the silica core with a OH group. The fibre core was then 
rinsed with deionized water, and dried by flushing with dry nitrogen gas. The film is 
denoted (PDDA+/TSPP-)x, where x = 5 and indicates the number of adsorption cycles. The 

 

film was prepared by the alternate deposition of PDDA (5 mg mL-1 in water) and TSPP (1 
mM in water) (where one cycle is considered to be a combined PDDA+/TSPP- bilayer) by 
introducing a coating solution (150 L) into the deposition cell with intermediate processes 
of water washing and drying by flushing with nitrogen gas being undertaken between the 
application of layers. In every case, the outermost surface of the alternate film was TSPP. 
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Fig. 6. (a) Schematic illustration of the layer-by-layer adsorption of TSPP and PDDA on a 
multimode optical fibre and (b) deposition cell used for coating the optical fibre 
 
The assembly process was monitored using an S1024DW spectrometer (Ocean Optics). The 
absorbance was determined by taking the logarithm of the ratio of the transmission 
spectrum of the coated fibre, T ( to the transmission spectrum measured prior to film 
deposition T0 ( 

                                                       
)(
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T
TA                                                             (2) 

The assembly process was characterised and the thickness of the film was measured using a 
quartz crystal microbalance technique, as described in our previous work (Korposh et al., 
2006).  

 
2.2 Optical measurements 
The desired gas concentrations were produced using a two-arm flow system, as shown in 
Fig. 7a. Dry compressed air and ammonia gas of 100 ppm passed through two flowmeters, 
and the two flows were recombined with a final analyte concentration (volume fraction) c in 
the measurement chamber being calculated using,  
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                                                              (3) 

where z is the mole fraction of ammonia, and L1 and L2 are the flow rates of dry air and 
ammonia gas, respectively. L (where L = L1 + L2) was kept constant at 1 L min-1 and 
ammonia concentration was adjusted by varying L1 and L2. A specially designed sensor 
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Fig. 5. Structural models of the polycation (PDDA) and porphyrin (TSPP) compounds used 
in this study (Agira et al., 1997): SS, side length of square; DS, diagonal length of square 
 
The electrostatic layer-by-layer adsorption method was employed for the deposition of a 
porphyrin thin film onto a multimode optical fibre (OF). A schematic illustration of this 
method using PDDA and TSPP is shown in Fig. 6a. A multimode optical fibre from which 
the plastic cladding has been removed over an area 1 cm in length was rinsed in ethanol and 
distilled water prior to film deposition. The plastic cladding could be easily burned off from 
the fibre using a burner flame (temperature < 500 °C, the property of the silica core is not 
changed within the temperature range.). One end of the optical fibre was connected to a 
deuterium-halogen light source (DH-2000-Ball, Mikropack), the other end was connected to 
a spectrometer (S1024DW, Ocean Optics). The stripped section of the optical fibre was fixed 
within a special deposition cell for film preparation, as shown in Fig. 6b. 
Before assembly, the previously stripped section of the optical fibre was cleaned with 
concentrated sulfuric acid (96%), rinsed several times with deionized water, and treated 
with 1 wt% ethanolic KOH (ethanol/water = 3:2, v/v) for about 10 min with sonication in 
order to functionalize the surface of the silica core with a OH group. The fibre core was then 
rinsed with deionized water, and dried by flushing with dry nitrogen gas. The film is 
denoted (PDDA+/TSPP-)x, where x = 5 and indicates the number of adsorption cycles. The 

 

film was prepared by the alternate deposition of PDDA (5 mg mL-1 in water) and TSPP (1 
mM in water) (where one cycle is considered to be a combined PDDA+/TSPP- bilayer) by 
introducing a coating solution (150 L) into the deposition cell with intermediate processes 
of water washing and drying by flushing with nitrogen gas being undertaken between the 
application of layers. In every case, the outermost surface of the alternate film was TSPP. 
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Fig. 6. (a) Schematic illustration of the layer-by-layer adsorption of TSPP and PDDA on a 
multimode optical fibre and (b) deposition cell used for coating the optical fibre 
 
The assembly process was monitored using an S1024DW spectrometer (Ocean Optics). The 
absorbance was determined by taking the logarithm of the ratio of the transmission 
spectrum of the coated fibre, T ( to the transmission spectrum measured prior to film 
deposition T0 ( 
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The assembly process was characterised and the thickness of the film was measured using a 
quartz crystal microbalance technique, as described in our previous work (Korposh et al., 
2006).  

 
2.2 Optical measurements 
The desired gas concentrations were produced using a two-arm flow system, as shown in 
Fig. 7a. Dry compressed air and ammonia gas of 100 ppm passed through two flowmeters, 
and the two flows were recombined with a final analyte concentration (volume fraction) c in 
the measurement chamber being calculated using,  
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where z is the mole fraction of ammonia, and L1 and L2 are the flow rates of dry air and 
ammonia gas, respectively. L (where L = L1 + L2) was kept constant at 1 L min-1 and 
ammonia concentration was adjusted by varying L1 and L2. A specially designed sensor 
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chamber made of Teflon (Fig. 7b) was used in order to estimate the ammonia response. The 
optical fibre coated with the functional film was inserted inside the chamber and connected 
to the light source and spectrometer, as shown in Fig. 7b.  
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Fig. 7. (a) Apparatus of a two-arm flow gas generation system: F1 and F2 are flowmeters; Li 
represents the concentration of the gases in the different arms of the system. (b) Schematic 
illustration of the measurement setup: light source, Ocean optics light source emitting light 
in the range of wavelengths from 200 to 1100 nm; spectrometer, Ocean Optics S1024DW 
spectrometer  
 
The sensor response at a given analyte concentration was measured every second by 
recording the transmission spectrum of the film deposited on the optical fibre. The 
difference spectrum was plotted by subtracting a spectrum measured at a given analyte 
concentration from the spectrum recorded in the presence of dry air. The baseline spectrum 
of each experiment was recorded by passing dry air through the measurement chamber 
until the signal measured at wavelengths of 350, 470 and 706 nm reached equilibrium. The 
dynamic sensor response was also measured at the same wavelengths.  
The optical fibre sensor response (SR) was calculated using 
 

                                                         SR = 100 (I0 – I) / I0  ,                                                                 (4) 
where I0 and I describe the light intensities of the PDDA+/TSPP- film in the absence and 
presence of the analyte gas, respectively, measured at a given wavelength. 

 

3. Results and Discussion  
 

3.1 Optical spectra of PDDA+/TSPP- alternate layers 
The assembly of the PDDA and TSPP layers after each deposition cycle was measured by 
monitoring the optical change in the transmission spectra of the optical fibre. Fig. 8 shows 
the evolution of the transmission spectrum of the optical fibre during the deposition of a 
five-cycle PDDA+/TSPP- thin film. 
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Fig. 8. Evolution of the transmission spectra (data as measured) as a multilayer film of 
PDDA+/TSPP- that was deposited onto a 200 m core diameter multimode optical fibre with 
a stripped silica core of 1 cm 
 
The absorbance spectra were derived from the transmission spectra using eq. (2), Figure 9a. 
The largest absorbance due to the deposition of the (PDDA+/TSPP-) bilayer was observed at 
a wavelength of 420 nm, which corresponds to the Soret band. The absorbance increased in 
proportion to the number of adsorption cycles (Fig. 9a). The absorbance spectra of the 
(PDDA+/TSPP-) film are characterized by a double peak in the Soret band occurring at 420 
and 480 nm, and by a pronounced peak of the Q band at 706 nm. These spectral 
characteristics suggest that TSPP molecules exist in the J-aggregate state, in which the 
absorbance maxima of the Soret and Q bands are red-shifted compared with those in the 
monomeric state (Agira et al., 1997; Gregory van Patten et al., 2000; Snitka et al., 2005). The 
aggregation state of TSPP and hence its spectral features are controlled by the 
protonation/deprotonation of the porphyrin pyrrole ring (Agira et al., 1997). Fig. 9b shows 
the absorbance change monitored at two Soret bands (420 and 480 nm) and at the Q band 
(706 nm) versus the number of adsorption cycles. 
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chamber made of Teflon (Fig. 7b) was used in order to estimate the ammonia response. The 
optical fibre coated with the functional film was inserted inside the chamber and connected 
to the light source and spectrometer, as shown in Fig. 7b.  
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Fig. 7. (a) Apparatus of a two-arm flow gas generation system: F1 and F2 are flowmeters; Li 
represents the concentration of the gases in the different arms of the system. (b) Schematic 
illustration of the measurement setup: light source, Ocean optics light source emitting light 
in the range of wavelengths from 200 to 1100 nm; spectrometer, Ocean Optics S1024DW 
spectrometer  
 
The sensor response at a given analyte concentration was measured every second by 
recording the transmission spectrum of the film deposited on the optical fibre. The 
difference spectrum was plotted by subtracting a spectrum measured at a given analyte 
concentration from the spectrum recorded in the presence of dry air. The baseline spectrum 
of each experiment was recorded by passing dry air through the measurement chamber 
until the signal measured at wavelengths of 350, 470 and 706 nm reached equilibrium. The 
dynamic sensor response was also measured at the same wavelengths.  
The optical fibre sensor response (SR) was calculated using 
 

                                                         SR = 100 (I0 – I) / I0  ,                                                                 (4) 
where I0 and I describe the light intensities of the PDDA+/TSPP- film in the absence and 
presence of the analyte gas, respectively, measured at a given wavelength. 
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3.1 Optical spectra of PDDA+/TSPP- alternate layers 
The assembly of the PDDA and TSPP layers after each deposition cycle was measured by 
monitoring the optical change in the transmission spectra of the optical fibre. Fig. 8 shows 
the evolution of the transmission spectrum of the optical fibre during the deposition of a 
five-cycle PDDA+/TSPP- thin film. 
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Fig. 8. Evolution of the transmission spectra (data as measured) as a multilayer film of 
PDDA+/TSPP- that was deposited onto a 200 m core diameter multimode optical fibre with 
a stripped silica core of 1 cm 
 
The absorbance spectra were derived from the transmission spectra using eq. (2), Figure 9a. 
The largest absorbance due to the deposition of the (PDDA+/TSPP-) bilayer was observed at 
a wavelength of 420 nm, which corresponds to the Soret band. The absorbance increased in 
proportion to the number of adsorption cycles (Fig. 9a). The absorbance spectra of the 
(PDDA+/TSPP-) film are characterized by a double peak in the Soret band occurring at 420 
and 480 nm, and by a pronounced peak of the Q band at 706 nm. These spectral 
characteristics suggest that TSPP molecules exist in the J-aggregate state, in which the 
absorbance maxima of the Soret and Q bands are red-shifted compared with those in the 
monomeric state (Agira et al., 1997; Gregory van Patten et al., 2000; Snitka et al., 2005). The 
aggregation state of TSPP and hence its spectral features are controlled by the 
protonation/deprotonation of the porphyrin pyrrole ring (Agira et al., 1997). Fig. 9b shows 
the absorbance change monitored at two Soret bands (420 and 480 nm) and at the Q band 
(706 nm) versus the number of adsorption cycles. 
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Fig. 9. Evolution of the spectrum as a multilayer film of PDDA+/TSPP- that was deposited 
onto a 200 m core diameter multimode optical fibre with a stripped silica core of 1 cm: (a) 
absorbance spectra (derived from the transmission spectra using eq. (2); (b) absorbance 
change due to film deposition monitored at wavelengths of 420 nm (squares), 480 nm 
(circles), and 706 nm (triangles). 

 
3.2 Optical response to ammonia 

200 300 400 500 600 700 800

-15

-10

-5

0

5

10

15

0.1
0.5
1
3
5
7
10
13
20 ppm

 

 

D
iff

er
en

ce
  i

nt
en

si
ty

 / 
m

V

Wavelength / nm

20 ppm
13
10
7
5
3
1
0.5
0.1

 
Fig. 10. Optical transmission difference spectra of the optical fibre consisting of a five-cycle 
PDDA+/TSPP- alternate film for ammonia concentrations ranging from 0–20 ppm. 
 
Ammonia-induced optical changes in the transmission spectrum of the (PDDA+/TSPP-)5 
film  are shown in Fig. 10. As ammonia concentration increased from 0 to 20 ppm, the 
intensity change occurs at several wavelengths; at 706 nm, intensity increases, whereas at 
350 and 470 nm it decreases. Upon exposure of the (PDDA+/TSPP-)5 film to ammonia, the 
largest intensity change was observed at 706 nm. The interaction between ammonia and 
TSPP molecules leads to the deprotonation from the pyrolle ring and hence affects the 
interaction between TSPP molecules. Similarly, the largest change in absorbance is observed 
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at 706 nm (Q band), which is attributed to the aggregation structure of TSPP (Gregory van 
Patten et al., 2000).  
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Fig. 11. (a) Dynamic response of the optical fibre consisting of a five-cycle PDDA+/TSPP- 
alternate film for ammonia concentrations ranging from 0–20 ppm at 350, 470, and 706 nm. 
(b) Calibration curves at 350 nm (squares), 470 nm (rhombuses), and 706 nm (circles). Lines 
show the linear fitting and are used only as guidance to an eye. 
 
The dynamic sensor response of the (PDDA+/TSPP-)5 film to ammonia was monitored at 
350, 470 and 706 nm (Fig. 11a). As can be seen from the result, the sensor response is fully 
reversible for low ammonia concentrations (up to 1 ppm). However, at higher 
concentrations the recovery time of the sensor response takes a longer time to return to the 
base line. The base line may be recovered when flushed with air for sufficient time, as 
shown in Fig. 11a. Alternatively, the sensor response can be regenerated by rinsing for a few 
seconds in distilled water (Korposh et al., 2006). The calibration curve at each wavelength 
was plotted from the recorded spectra at given ammonia concentrations. The sensor shows 
linear responses at all wavelengths for a wide concentration range from 0.1 to 20 ppm and 
the highest sensitivity was observed at 706 nm (Fig. 11b).  
Table 1 shows a summary of the sensor parameters, including sensitivity, response and 
recovery times and limit of detection (LOD) measured at different wavelengths. The 
response and recovery times (t90) of the sensor to increasing ammonia concentration were 
within 1.6-2.5 min and 1.8-3.2 min, respectively (see Fig 11a). The sensitivity of the sensor 
depends on the wavelength and has different directions; for 350 and 470 nm, it is negative, 
and for 706 nm it is positive. The highest sensitivity was measured at 706 nm, corresponding 
to the optical change of the Q band of TSPP.  
The current sensor system has a limit of detection (LOD) on the ppm order ranging from 0.9 
to 2.6 ppm. The limit of detection was defined according to LOD=3/m, where   0.31 is 
the standard deviation, and m is the slope (c) of the calibration curve, where c is the 
ammonia concentration and I is the measured intensity (mV) (Swartz & Krull, 1997). The 
presence of different features in the optical spectrum after exposing the PDDA+/TSPP- film 
to ammonia offers the ability to create a low-cost fibre optic sensor by selecting a LED and a 
photodiode with parameters that will coincide with the wavelength at which the largest 
ammonia-induced changes were observed (706 nm). Difference spectra derived from Fig. 8 

(a)                                                                              (b) 
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Fig. 9. Evolution of the spectrum as a multilayer film of PDDA+/TSPP- that was deposited 
onto a 200 m core diameter multimode optical fibre with a stripped silica core of 1 cm: (a) 
absorbance spectra (derived from the transmission spectra using eq. (2); (b) absorbance 
change due to film deposition monitored at wavelengths of 420 nm (squares), 480 nm 
(circles), and 706 nm (triangles). 
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Fig. 10. Optical transmission difference spectra of the optical fibre consisting of a five-cycle 
PDDA+/TSPP- alternate film for ammonia concentrations ranging from 0–20 ppm. 
 
Ammonia-induced optical changes in the transmission spectrum of the (PDDA+/TSPP-)5 
film  are shown in Fig. 10. As ammonia concentration increased from 0 to 20 ppm, the 
intensity change occurs at several wavelengths; at 706 nm, intensity increases, whereas at 
350 and 470 nm it decreases. Upon exposure of the (PDDA+/TSPP-)5 film to ammonia, the 
largest intensity change was observed at 706 nm. The interaction between ammonia and 
TSPP molecules leads to the deprotonation from the pyrolle ring and hence affects the 
interaction between TSPP molecules. Similarly, the largest change in absorbance is observed 
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at 706 nm (Q band), which is attributed to the aggregation structure of TSPP (Gregory van 
Patten et al., 2000).  
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Fig. 11. (a) Dynamic response of the optical fibre consisting of a five-cycle PDDA+/TSPP- 
alternate film for ammonia concentrations ranging from 0–20 ppm at 350, 470, and 706 nm. 
(b) Calibration curves at 350 nm (squares), 470 nm (rhombuses), and 706 nm (circles). Lines 
show the linear fitting and are used only as guidance to an eye. 
 
The dynamic sensor response of the (PDDA+/TSPP-)5 film to ammonia was monitored at 
350, 470 and 706 nm (Fig. 11a). As can be seen from the result, the sensor response is fully 
reversible for low ammonia concentrations (up to 1 ppm). However, at higher 
concentrations the recovery time of the sensor response takes a longer time to return to the 
base line. The base line may be recovered when flushed with air for sufficient time, as 
shown in Fig. 11a. Alternatively, the sensor response can be regenerated by rinsing for a few 
seconds in distilled water (Korposh et al., 2006). The calibration curve at each wavelength 
was plotted from the recorded spectra at given ammonia concentrations. The sensor shows 
linear responses at all wavelengths for a wide concentration range from 0.1 to 20 ppm and 
the highest sensitivity was observed at 706 nm (Fig. 11b).  
Table 1 shows a summary of the sensor parameters, including sensitivity, response and 
recovery times and limit of detection (LOD) measured at different wavelengths. The 
response and recovery times (t90) of the sensor to increasing ammonia concentration were 
within 1.6-2.5 min and 1.8-3.2 min, respectively (see Fig 11a). The sensitivity of the sensor 
depends on the wavelength and has different directions; for 350 and 470 nm, it is negative, 
and for 706 nm it is positive. The highest sensitivity was measured at 706 nm, corresponding 
to the optical change of the Q band of TSPP.  
The current sensor system has a limit of detection (LOD) on the ppm order ranging from 0.9 
to 2.6 ppm. The limit of detection was defined according to LOD=3/m, where   0.31 is 
the standard deviation, and m is the slope (c) of the calibration curve, where c is the 
ammonia concentration and I is the measured intensity (mV) (Swartz & Krull, 1997). The 
presence of different features in the optical spectrum after exposing the PDDA+/TSPP- film 
to ammonia offers the ability to create a low-cost fibre optic sensor by selecting a LED and a 
photodiode with parameters that will coincide with the wavelength at which the largest 
ammonia-induced changes were observed (706 nm). Difference spectra derived from Fig. 8 

(a)                                                                              (b) 
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were obtained by subtracting a spectrum measured in ammonia atmosphere from a 
spectrum measured in air. 
 

wavelength 
/ nm 

a Sensitivity 
/ slope 

b Response time 
/ min 

b Recovery time 
/ min 

Linear range 
/ ppm 

c LOD 
/ ppm 

350  -0.50 ± 0.08 2.0 1.8 0.1-20 1.90 
470  -0.35 ± 0.06 2.5 2.4 0.1-20 2.65 
706     0.98 ± 0.07 1.6 3.2 0.1-20 0.90 

   a Slope calculated from the calibration curve (Fig. 11b). 
b Response and recovery times determined as the interval needed for the signal to 
achieve 90% of their saturated condition when measured of an NH3 concentration of 10 
ppm. 
c LOD: limit of detection. 

Table 1. Summary of the sensors parameters (sensitivity, response and recovery times, and 
limit of detection) for the five-cycle PDDA+/TSPP- film.  

 
3.3 Sensing mechanism  
Porphyrin compounds can be used as sensitive elements for optical sensors because their 
optical properties (absorbance and fluorescence features) depend on the environmental 
conditions in which chemicals are present (Takagi et al., 2006). Generally, the change of 
porphyrin absorption spectra is induced by (i) solvent effects, (ii) redox reactions, (iii) the 
protonation or metallation of core nitrogen atoms, (iv) π-π electron interaction, (v) electronic 
changes due to structural changes such as flattening or distortion, or (vi) interactions 
between porphyrins (aggregation) (Takagi et al., 2006). The alternation of the spectral 
features observed when the (PDDA+/TSPP-)5 film was exposed to ammonia (Fig. 10 
suggests the following mechanisms of the interaction between TSPP and ammonia gas:  

(i) Interaction between ammonia and porphyrin compounds leads to the deprotonation of 
the TSPP pyrolle ring and the formation of ammonium ions, as shown in Fig. 12. This 
deprotonation leads to the disruption of J-aggregation and is mainly accompanied by 
spectral changes occurring at 470 and 706 nm (Agira et al., 1997; Gregory van Patten et 
al., 2000; Takagi et al., 2006);  

(ii) We can speculate that a decrease in the transmittance noted at 350 nm  may be 
attributed to the distortion of the aggregation structure due to the adsorption of 
ammonia (Takagi et al., 2006); 

The above mentioned sensing mechanisms are mainly based on the dissociation of J-
aggregated TSPP molecules and the original structure of the PDDA+/TSPP- film can be 
recovered by protonation from ammonium ions. The future challenge is to test the 
selectivity of the proposed device. Preliminary results obtained by exposing the fibre optic 
sensor coated with the five-cycle PDDA+/TSPP- film to some of volatile organic compounds 
(VOCs) revealed a higher selectivity towards amine compounds (data not shown). 
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Fig. 12. Schematic representation of the interaction between ammonia and TSPP compounds 
in the PDDA+/TSPP- film. 

 
4. Conclusion  
In conclusions, fibre optic sensors combined with the chemically reactive element provide a 
wide range of possibilities for the development of the cheap, sensitive and highly selective 
sensor systems. As an example, a fibre optic ammonia sensor based on a PDDA+/TSPP- 
alternate thin film deposited on the core of a multimode optical fibre using a layer-by-layer 
approach is demonstrated. The intensity of the light propagating through the optical fibre 
decreases proportionally with the increase in the thickness of the TSPP layers deposited over 
the optical fibre. The exposure of the five-cycle PDDA+/TSPP- film to ammonia induces 
changes in the absorption spectrum via the deprotonation of TSPP, which could be observed 
in the transmission spectrum of the coated optical fibre. The highest sensitivity (0.98 mV 
ppm-1) was observed when measured at 706 nm, which corresponds to the Q band of the 
porphyrin compound; for low-cost-sensor development it is possible to use a simple LED-
photodiode system operating at around 700 nm. The sensor showed a linear sensitivity to 
the presence of ammonia with a limit of detection of 0.9 ppm in the concentration range of 
0.1–20 ppm and sensor response and recovery times were less than 4 min. The demonstrated 
sensor offers an opportunity for the detection of different chemicals by coating an optical 
fibre with an appropriate sensitive material. Further work is needed to optimize sensor 
performance and to study the effect of coating thickness, relative humidity and presence of 
the other chemical compounds on sensor parameters. 
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were obtained by subtracting a spectrum measured in ammonia atmosphere from a 
spectrum measured in air. 
 

wavelength 
/ nm 

a Sensitivity 
/ slope 

b Response time 
/ min 

b Recovery time 
/ min 

Linear range 
/ ppm 

c LOD 
/ ppm 

350  -0.50 ± 0.08 2.0 1.8 0.1-20 1.90 
470  -0.35 ± 0.06 2.5 2.4 0.1-20 2.65 
706     0.98 ± 0.07 1.6 3.2 0.1-20 0.90 

   a Slope calculated from the calibration curve (Fig. 11b). 
b Response and recovery times determined as the interval needed for the signal to 
achieve 90% of their saturated condition when measured of an NH3 concentration of 10 
ppm. 
c LOD: limit of detection. 

Table 1. Summary of the sensors parameters (sensitivity, response and recovery times, and 
limit of detection) for the five-cycle PDDA+/TSPP- film.  
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the TSPP pyrolle ring and the formation of ammonium ions, as shown in Fig. 12. This 
deprotonation leads to the disruption of J-aggregation and is mainly accompanied by 
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(ii) We can speculate that a decrease in the transmittance noted at 350 nm  may be 
attributed to the distortion of the aggregation structure due to the adsorption of 
ammonia (Takagi et al., 2006); 

The above mentioned sensing mechanisms are mainly based on the dissociation of J-
aggregated TSPP molecules and the original structure of the PDDA+/TSPP- film can be 
recovered by protonation from ammonium ions. The future challenge is to test the 
selectivity of the proposed device. Preliminary results obtained by exposing the fibre optic 
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Fig. 12. Schematic representation of the interaction between ammonia and TSPP compounds 
in the PDDA+/TSPP- film. 

 
4. Conclusion  
In conclusions, fibre optic sensors combined with the chemically reactive element provide a 
wide range of possibilities for the development of the cheap, sensitive and highly selective 
sensor systems. As an example, a fibre optic ammonia sensor based on a PDDA+/TSPP- 
alternate thin film deposited on the core of a multimode optical fibre using a layer-by-layer 
approach is demonstrated. The intensity of the light propagating through the optical fibre 
decreases proportionally with the increase in the thickness of the TSPP layers deposited over 
the optical fibre. The exposure of the five-cycle PDDA+/TSPP- film to ammonia induces 
changes in the absorption spectrum via the deprotonation of TSPP, which could be observed 
in the transmission spectrum of the coated optical fibre. The highest sensitivity (0.98 mV 
ppm-1) was observed when measured at 706 nm, which corresponds to the Q band of the 
porphyrin compound; for low-cost-sensor development it is possible to use a simple LED-
photodiode system operating at around 700 nm. The sensor showed a linear sensitivity to 
the presence of ammonia with a limit of detection of 0.9 ppm in the concentration range of 
0.1–20 ppm and sensor response and recovery times were less than 4 min. The demonstrated 
sensor offers an opportunity for the detection of different chemicals by coating an optical 
fibre with an appropriate sensitive material. Further work is needed to optimize sensor 
performance and to study the effect of coating thickness, relative humidity and presence of 
the other chemical compounds on sensor parameters. 
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1. Introduction  
 

Glass optical fibres are made from fused silica, are about the diameter of a human hair, and 
transmit light over large distances with very little loss. They can also be made to be sensitive 
to their state and environment and are therefore well suited as sensors. Optical fibres 
sensors (OFSs) have been the subject of a remarkable interest in the last 30 years, since they 
present some distinct advantages over other technologies (Culshaw & Dakin, 1997). The 
principal single attractive feature of optical-fibre sensors is undoubtedly their ability to 
function without any interaction with electromagnetic fields. This opens applications in the 
electrical power industry and assists very significantly where long transmission distances of 
relatively weak signals are an essential part of the sensing process. The lack of electrical 
connections has other, broader implications. Optical sensors have major advantages when 
conductive fluids, such as blood or sea water, are involved. Also, the need for intrinsic 
safety (for example, in monitoring the presence of explosives gases or in assessing 
petrochemical plants) is often paramount. The optical fibre is also remarkably strong, elastic, 
and durable, and has found its place as an instrumentation medium for addressing smart 
structures, where the sensors must tolerate the environment to which the structure is 
subjected and therefore to be immune to large physical strain excursions, substantial 
temperature excursions, and often a chemically corrosive operating environment.  
Fibre optic sensor technology has been a major user of technology associated with the 
optoelectronic and fibre optic communications industry. Many of the components associated 
with these industries were often developed for fibre optic sensor applications. Fibre optic 
sensor technology, in turn, has often been driven by the development and subsequent mass 
production of components to support these industries. As component prices have fallen and 
quality improvements have been made, the ability of fibre optic sensors to displace 
traditional sensors for rotation, acceleration, electric and magnetic field measurement, 
temperature, pressure, acoustics, vibration, linear and angular position, strain, humidity, 
viscosity, chemical measurements, and a host of other sensor applications has been 
enhanced (Udd, 2002). 
In the early days of fibre optic sensor technology, most commercially successful fibre optic 
sensors were squarely targeted at markets where existing sensor technology was marginal 

2



Optical	Fibre,	New	Developments18

 

or in many cases nonexistent. The inherent advantages of fibre optic sensors were heavily 
used to offset their major disadvantages of high cost and end-user unfamiliarity. The 
situation is changing. Laser diodes that cost $3000 in 1979 with lifetimes measured in hours 
now sell for a few dollars in small quantities, have reliability of tens of thousands of hours, 
and are widely used in compact disc players, laser printers, laser pointers, and bar code 
readers. Single-mode optical fibre that cost $20/m in 1979 now costs less than $0.10/m, with 
vastly improved optical and mechanical properties. Integrated optical devices that were not 
available in usable form at that time are now commonly used to support production models 
of fibre optic gyros. Also, they could drop in price dramatically in the future while offering 
ever more sophisticated optical circuits. As these trends continue, the opportunities for fibre 
optic sensor designers to product competitive products will increase and the technology can 
be expected to assume an ever more prominent position in the sensor marketplace.  
In the following sections we will review the main fields in which we successfully adopted 
optical fibre sensor technology. In particular, we will focus on the use of distributed fibre 
sensors for structural health monitoring; then we will describe an application of fibre-optics 
Bragg grating technology in the field of aeronautic engineering. Finally, an optical fibre–
based tactile sensor for robotic applications will be described. The selection of these 
applications has been made to clearly show how the same base device, i.e. the optical fibre, 
can be successfully used to address sensing problems at very different scales, from large 
structures down to micro-scale devices. 

 
2. Application in civil engineering 
 

The safety assessment of ordinary structures is usually based on the experimental testing of 
displacements or strains under the design loads, by taking into consideration measures 
related to a selected discrete number of points. For many engineering works of strategic 
significance like bridges, pipes, rising buildings, dams and tunnels, safety should be 
continuously assessed during their complete life-time. It is worth to note that the response 
of these structures, which for their nature could be damaged by severe load conditions, has 
to be monitored along the whole construction. When compared with traditional electrical 
strain gauges used for strain monitoring of large structures, OFSs have several 
distinguishing advantages, including: 

1. A much better invulnerability to electromagnetic interference, including storms, 
and the potential capability of surviving in harsh environments; 

2. A much less intrusive size (typically 125µm in diameter—the ideal size for 
embedding into composites without introducing any significant perturbation to the 
characteristics of the structure); 

3. Greater resistance to corrosion when used in open structures, such as bridges and 
dams; 

4. A higher temperature capacity with a widely selectable range; 
5. A longer lifetime, which could probably be used throughout the working lifetime 

of the structure (e.g., >25 years) as optical fibres are reliable for long-term operation 
without degradation in performance. 

Besides the above mentioned advantages, fibre optics technology offers the unique 
possibility to perform the experimental reading of strains over the structure in a fully 
distributed manner. This feature is accomplished by the so-called distributed optical fibre 

 

sensors, by which not only can the magnitude of a physical parameter or measurand be 
monitored, but also its variation along the length of the fibre can be measured. Distributed 
sensors are especially appropriate when there is no a priori information allowing a spatial 
delimitation of the sensing region. The experimental procedure consists of durable devices 
set on the structure at an early stage of the building process that is particularly able to detect 
the onset of damages or defects during the whole life-time of the structure (Measures 2002). 
Truly distributed sensing techniques are commonly based on some kind of light scattering 
mechanism occurring inside the fibre. Spatial resolution is typically achieved by using the 
optical time domain reflectometry (OTDR) (Barnosky & Jensen 1976), in which optical pulses 
are launched into an optical fibre and the variations in backscattering intensity caused by 
measurand is detected as a function of time.  
While OTDR is a quite simple and established technique, it does not allow strain sensing. 
The latter can be achieved by exploiting the phenomenon of Brillouin scattering. In Brillouin 
effect an optical pump wave is scattered by acoustic waves leading to Stokes (a longer 
wavelength than that of the pump) or anti-Stokes (a shorter wavelength than that of the 
pump) components (see Fig. 1). 
 

 
Fig. 1. The Brillouin spectrum. 
 
Essentially, scattering occurs as a result of a Bragg-type reflection from moving diffraction 
gratings created from the refractive-index variations caused by acoustic waves propagating 
axially in the fibre material. These acoustic waves can be generated spontaneously by 
thermal excitation and, when this is the case, the resulting scattering effect on optical waves 
is known as spontaneous Brillouin scattering. However, as the optical pump power is 
increased the wave scattered backwards from an acoustic wave will increase in amplitude 
and will interfere significantly with the forward-travelling pump wave. An optical beat 
signal arises within the fibre, which generates a pressure wave having the same frequency 
as the optical beat signal, via the phenomenon of electrostriction; this pump-induced index 
grating scatters the pump light through Bragg diffraction. Scattered light is down-shifted or 
up-shifted in frequency because of the Doppler shift associated with a grating moving at the 
acoustic velocity VA. This positive feedback, backscattering process is known as the 
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Essentially, scattering occurs as a result of a Bragg-type reflection from moving diffraction 
gratings created from the refractive-index variations caused by acoustic waves propagating 
axially in the fibre material. These acoustic waves can be generated spontaneously by 
thermal excitation and, when this is the case, the resulting scattering effect on optical waves 
is known as spontaneous Brillouin scattering. However, as the optical pump power is 
increased the wave scattered backwards from an acoustic wave will increase in amplitude 
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acoustic velocity VA. This positive feedback, backscattering process is known as the 
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stimulated Brillouin scattering (SBS). It leads to much larger backscattering at the Stokes 
frequency than in the spontaneous case. Brillouin effect leads to a Stokes and anti-Stokes 
frequency shift in the optical fibre which is given by (Agrawal 2001): 

     


 A
B

nV2
      (1) 

where n is effective refractive index of the guided mode, VA is the acoustic velocity and   is 
the free-space pumping wavelength. For silica fibre at a pumping wavelength of 1.55 m we 
have B  10.8 GHz. As Brillouin frequency shift depends on both the optical refractive 
index and the acoustic wave velocity, it changes whenever these quantities change in 
response to local environmental variations and can be used to deduce the temperature and 
strain along the fibre. Several experiments have demonstrated an excellent linearity of the 
Brillouin frequency shift with respect to both fibre strain and temperature, for a wide range 
of these quantities. At a pump wavelength of 1.32 m, a typical temperature coefficient of 
1.36 MHz/°C and strain coefficient of 594.1 MHz/% are reported (Niklès et al., 1997).  
As an example of application of distributed sensors in the field of structural health 
monitoring (SHM), we report the results of strain measurements carried out along an 8-
meters-long “I” steel beam subjected to load (Bernini et al., 2006a). In particular, the 
measurements were carried out by using a transportable prototype able to carry out SBS 
distributed sensing in the time-domain. Two tests were performed: the first one refers to the 
integral beam, while the second one was performed after the intentional formation of a 
defect localized over a 10cm-long portion of the beam. The results, shown in Figs. 2 and 3, 
demonstrated the capability of the sensor to identify both position and amount of damage.  
 

 
Fig. 2. Strain profile measured along the integral beam and comparison with the theoretical 
profile. 
 

 

 
Fig. 3. Strain profile measured along the beam with a defect and comparison with the 
theoretical profile.  
 
Distributed strain measurements can be carried out also by using a detection scheme 
operating in the frequency-domain (Garus et al., 1996). In this case, the pump beam intensity 
is sinusoidally-modulated, and the corresponding modulation induced on the cw probe 
beam intensity is coherently measured in magnitude and phase. Synchronous detection 
offered by frequency-domain schemes allows for spatial resolution and accuracy typically 
higher than time-domain approaches (Bernini et al., 2002). As an example, we report strain 
measurements carried out along a 4m-long, L-shaped aluminium beam subjected to a 2kg-
load at the beam middle section (Bernini et al. 2006b).  
 

 
Fig. 4. Strain profile measured along the integral beam (solid red line), and comparison with 
the theoretical profile (circles). The inset shows the optical fibre position with respect to the 
loaded beam. 
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The comparison between the measurement and the strain profile calculated by a finite-
elements method (FEM), shown in Fig. 4, demonstrates the high level of accuracy offered by 
frequency-domain SBS approaches. 
Another interesting application of fibre-optic distributed sensor, consists in the monitoring 
of pipelines. In particular, it has been demonstrated that by measuring the strain profile 
along three longitudinal directions of a pipe, it is possible to identify the position and the 
vectorial amount of pipe dislocation (Bernini et al., 2008). Such a technique can be applied, 
both directly for pipeline integrity monitoring, both in the geotechnical field for the 
monitoring of deformation of the soil surrounding the pipe itself. Experimental tests were 
performed by using a frequency-domain SBS-based sensor. In particular, a 1.5m-long 
polyethylene (PE) pipe was used, along which strains were read by attaching an optical 
fibre running along three longitudinal directions angularly spaced of 120°. As an example, 
we show in Figure 5 the measurements carried out after displacing a 25cm-long section of 
the pipe of 20cm along the –x direction.  
An appealing aspect of such measurements is the possibility to reconstruct, section by 
section, the spatial deformation of the pipe. Actually, by making simple calculations based 
on the Bernoulli theory, pipe dislocation along the x- and y- directions can be deduced at 
each pipe section. A 3D reconstruction of the deformed pipe, obtained by opportune 
processing of the data shown in Fig. 5, is reported in Fig. 6, along with the ideal 
reconstruction obtained by using the numerically calculated deformations.  
 

      (a)      (b) 

 
     (c) 
Fig. 5. Experimental (solid red line) and numerically calculated (circles) strain profiles along 
fibre A (a), fibre B (b) and fibre C (c), for a 20-cm displacement of the pipeline along the 
negative x-direction. 

 

 
Fig. 6. 3D representation of the deformed pipe, estimated according to the experimental 
strains (leftmost red pipe) and the FEM numerically calculated strains (rightmost blue pipe). 

 
3. Application in aeronautics 
 

Many research projects worldwide tackled the problem of noise and vibration reduction in 
aeronautic structures for improvement of both cabin comfort and of structural health. 
Among these, the European project MESEMA had the main objective of designing and 
implementing an active noise control system on a full-scale test rig consisting of a segment 
of a civil aircraft fuselage. The problem addressed was the reduction of cabin noise in a 
broad frequency band, ranging from 100 Hz to 500 Hz. The active control was realized by 
using actuators based on a proven and patented concept, the magnetostrictive auxiliary 
mass damper, which was optimally designed for this application (May et al. 2006). 
  

  
Fig. 7. Actuator with integrated optical sensor: schematic and actual installation on the 
aeronautic structure. 
 
Unfortunately, the dynamic behaviour of this device was affected by two sources of 
nonlinearity. The first one due to the elastic suspension kinematics used for displacement 

FBG sensor 
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The comparison between the measurement and the strain profile calculated by a finite-
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the pipe of 20cm along the –x direction.  
An appealing aspect of such measurements is the possibility to reconstruct, section by 
section, the spatial deformation of the pipe. Actually, by making simple calculations based 
on the Bernoulli theory, pipe dislocation along the x- and y- directions can be deduced at 
each pipe section. A 3D reconstruction of the deformed pipe, obtained by opportune 
processing of the data shown in Fig. 5, is reported in Fig. 6, along with the ideal 
reconstruction obtained by using the numerically calculated deformations.  
 

      (a)      (b) 

 
     (c) 
Fig. 5. Experimental (solid red line) and numerically calculated (circles) strain profiles along 
fibre A (a), fibre B (b) and fibre C (c), for a 20-cm displacement of the pipeline along the 
negative x-direction. 

 

 
Fig. 6. 3D representation of the deformed pipe, estimated according to the experimental 
strains (leftmost red pipe) and the FEM numerically calculated strains (rightmost blue pipe). 

 
3. Application in aeronautics 
 

Many research projects worldwide tackled the problem of noise and vibration reduction in 
aeronautic structures for improvement of both cabin comfort and of structural health. 
Among these, the European project MESEMA had the main objective of designing and 
implementing an active noise control system on a full-scale test rig consisting of a segment 
of a civil aircraft fuselage. The problem addressed was the reduction of cabin noise in a 
broad frequency band, ranging from 100 Hz to 500 Hz. The active control was realized by 
using actuators based on a proven and patented concept, the magnetostrictive auxiliary 
mass damper, which was optimally designed for this application (May et al. 2006). 
  

  
Fig. 7. Actuator with integrated optical sensor: schematic and actual installation on the 
aeronautic structure. 
 
Unfortunately, the dynamic behaviour of this device was affected by two sources of 
nonlinearity. The first one due to the elastic suspension kinematics used for displacement 

FBG sensor 



Optical	Fibre,	New	Developments24

 

amplification; the second one due to the hysteretic behaviour of the magnetostrictive 
material. In order to overcome the limitation and negative effects of these nonlinearities 
within the main control system, the actuator was equipped with an optical sensor based on a 
Fibre Bragg Grating (FBG) used for low-level actuator control to measure the displacement 
of the inertial mass, so as to estimate the state of the mechanical system.  
The possibility to use an FBG as strain sensor is related to the changes in its optical reflection 
spectrum produced by an applied strain (Kersey et al. 1997). In particular, the centre 
wavelength of the FBG reflection spectrum is linearly dependent on strain, so that the latter 
can be retrieved on a wavelength-encoding basis. In case of static strain measurements, FBG 
interrogation is typically performed by using a wideband optical source, such as an LED, 
while monitoring the portion of the source spectrum reflected by the grating. By doing so, 
the centre wavelength of the reflected spectrum provides a direct measurement of the 
applied strain. Such an approach typically involves the use of an optical spectrum analyzer 
in order to acquire the reflection spectrum, so that it is inherently slow and not suitable for 
dynamic measurements. For our dynamic measurements, we choose to adopt a narrowband 
demodulation approach, capable of detecting strain changes up to the kHz range. Apart 
from the possibility to detect fast strain changes, the narrowband demodulation technique 
presents other advantages, such as high signal-to-noise ratio, low cost, and ease of use (Zhao 
& Liao 2004). The principle of operation of the narrowband technique can be understood by 
looking at the optical set-up connected to the FBG, and schematically illustrated in Fig. 8. 
Light emitted by a distributed feedback (DBF) diode laser is sent to a Y-coupler, which 
directs laser light to the FBG. Light reflected from the FBG is then re-directed to a high-
speed photodiode (PD). Assuming that the laser frequency is within the linear range of the 
FBG reflection slope, the strain signal will produce a change in the reflected optical power, 
which is measured by the photodetector. In other words, using a narrowband laser at a fixed 
wavelength permits to convert any FBG spectrum wavelength modulation induced by the 
strain signal, into an intensity signal, which is finally converted into an electrical signal by 
the photodiode. In our measuring set-up, the electrical output from the photodiode was sent 
to a conditioning electronics, which basically comprises a bandpass filter used to eliminate 
the dc component and the high-frequency noise. 
 

 
 
 

 

 
Fig. 8. FBG interrogation scheme (left) and reflectivity spectrum of the grating (right). 
 
Figure 8 shows the reflectivity spectrum of the FBG used in our experiments, as measured at 
room temperature and with no applied strain. It can be seen that the spectrum has a quasi-

 

flat top from 1552 nm to 1556 nm, with a peak reflectivity greater than 75%. The leading 
edge of the FBG reflection curve extends from 1547.28 nm to 1550.95 nm (measured from 
10% to 90% of maximum reflectivity), whereas the trailing edge extends from 1556.37 nm to 
1557.24 nm. The trailing edge of the FBG reflection curve allowed for about 72 GHz linear 
slope width, and it was chosen as the operating range due to the higher linearity exhibited 
by the FBG reflectivity in this spectral portion. In order to keep a linear relationship between 
the reflected optical power and the strain signal, the DFB laser emitting wavelength must lie 
within the trailing edge of the FBG reflectivity spectrum (see Fig. 8). Moreover, assuming a 
typical FBG curve shift of 1 nm for an applied strain of 1000  ((Kersey et al. 1997), the 
strain level must be kept lower than 870   in order to avoid sensor output saturation. 
 

 
Fig. 9. Sketch of sensor mounting setup. 
 
Before attaching the FBG to the magnetostrictive actuator, the portion of fibre jacket 
corresponding to the grating position was removed, so as to avoid strain transfer loss from 
actuator to FBG. The FBG was then pre-stressed and glued to the actuator by epoxy resin. 
Pre-stressing of the FBG was necessary in order to avoid buckling of the fibre in which the 
sensor is written. Mounting of the FBG was carried out, such that the output of the optical 
sensor is a measurement of one of the state variables of the system, (t). A sketch of the 
mounting set-up is shown in Fig. 9. As the output provided by the FBG is proportional to 
the strain of the fibre segment between the two bonding points A and B, the relationship 
between the strain and the angular displacement has to be determined. Such a relationship 
can be obtained by means of geometrical considerations. Referring to Fig. 9, let us start by 
considering that, under real experimental conditions, the displacement x of the moving 
mass is much smaller than the lever arm length l, hence x  l. Moreover, x is also much 
smaller than the fibre segment b, so that we can also assume  0. Under this 
approximation, the displacement x is nearly equal to b. As the optical sensor provides an 
output proportional to the strain b/b, we can finally write: 

b l
b b


        (2) 

Hence, under the small signal hypothesis, the quantity measured by the FBG is directly 
proportional to the angle variation . After bonding the FBG, the DFB laser emitting 
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Hence, under the small signal hypothesis, the quantity measured by the FBG is directly 
proportional to the angle variation . After bonding the FBG, the DFB laser emitting 
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wavelength was temperature-tuned in order to guarantee a linear response of the sensor, 
over the whole range of actuator displacements. Calibration of the FBG was carried out by 
aid of an accelerometer mounted to the moving mass, so as to measure the acceleration 
along the vertical axis. The sensor sensitivity was estimated by comparing the measured 
frequency response functions from the excitation signal to the second time derivative of the 
FBG output signal, and from the excitation signal to the accelerometer output signal, 
respectively. Results are shown in Fig. 10. Based on the calibration constant of the 
accelerometer, we estimated an FBG sensitivity of about 37.6 mV/m. 
 

 
Fig. 10. Bragg calibration result: accelerometer (blue), Bragg second time derivative (red). 
 
As mentioned before, the actuator nonlinearity causes a dependence of the structural 
frequency response on the amplitude of the driving current. This nonlinearity affects the 
satisfaction of the force requirements and makes the actuator difficult to implement in the 
noise control system. Therefore, a feedback controller exploiting the FBG measurement has 
been designed to reduce alterations of the structural response due to variations of the input 
current level. The control scheme is reported in Fig. 11 and the details of the design 
procedure can be found in (Cavallo et al. 2009). The control law basically tries to impose a 
desired dynamic behaviour to the actuator as specified in the reference model, which is 
linear time-invariant system with a fixed resonant frequency, so that the actual resonant 
frequency does not depend on the current level any more.  
 

 

 
Fig. 11. Actuator feedback control scheme. 
 

 
Fig. 12. Actuator behaviour at different current levels: control off (blue), control on (red). 
 
Fig. 12 reports the experimental results obtained applying this control scheme.  The blue 
lines represent the actuator frequency response function measured at three different input 
currents without the feedback control. In the same figure, it is possible to see the positive 
effects on the actuator behaviour of the feedback control exploiting the sensor measurement. 
In fact, the red lines represent the same FRFs measured with the control loop activated, and 
they all exhibit the same resonant frequency, resulting in a phase shift almost insensitive to 
the input current amplitude. Of course such a characteristic is mandatory when the actuator 
resonance is exploited to actively control the vibrations of a flexible structure subject to a 
disturbance force field in a frequency range containing the actuator resonant frequency 
itself. 
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4. Application in robotics 
 

The number of application domains of robotic systems is rapidly growing and in particular 
the service robotics is becoming the most popular. In such application field a high degree of 
autonomy is required for the robot and thus a large number of exteroceptive sensors appear 
necessary. When multifingered robotic hands are considered, the requirement of minimally 
invasiveness for the sensory system is of major importance due to the limited space 
available in a mechanical structure with several degrees of freedom. In a robotic hand, 
different exteroceptive sensors are required to ensure stable grasping and manipulation of 
objects. Among these, sensing of both contact point and contact force appears mandatory for 
any control algorithm which intends to achieve such goals. Even though many different 
technologies have been explored and tested to build tactile sensors, like piezo-resistive (Liu 
et al., 1993), capacitive (Morimura et al., 2000), piezoelectric (Krishna & Rajanna, 2002), 
magneto-resistive (Tanie, 1986), optoelectronic approaches demonstrated their potential 
since the beginning of tactile sensors development (Maekawa et al., 1993). Also, on the 
market optoelectronic tactile sensors can be found that measure distributed tactile 
information, but such tactile information is generally limited to pressure force, and spatial 
resolution is coarse, a few millimetres order. Generally, a commercial sensor accurately 
responds to a load of 0.25 N or more up to 2 N, but such a range can be too narrow for 
manipulation tasks. More recently, a number of different optical approaches have been 
pursued, among which the solution based on an LEDs matrix has been presented in 
(Rossiter & Mukai, 2005) and the solution based on a CCD camera is reported in (Ohka et al., 
2006).  
Among optical approaches, those based on the use of optical fibres appear particularly 
suitable for pressure sensing, thanks to the low size and minimum invasivity of fibres 
themselves. Since the advent of fibre optics, it has been recognized that optical fibres can be 
used as effective pressure (and tactile) sensors. One of the earliest demonstrations of such a 
capability relied on the pressure-induced displacement of a diaphragm placed close to the 
tip of an optical fibre (Cook & Hamm, 1979). The fibre was operated in reflection mode, so 
that changes in reflected intensity can be used as a measure of the pressure applied on the 
diaphragm. In case of tactile sensing, such an approach presents the disadvantage of 
requiring a complex micromachining at the tip of the fibre. Another possible approach is 
based on the intensity loss resulting from pressure-induced bending of the fibre (Fields et 
al., 1980). However, in this case the response of the sensor is highly nonlinear due to the 
exponential dependence of the bending loss on the radius of curvature of the fibre. More 
complex examples can be found based on interferometric approaches, where the changes in 
the optical phase are used as transducer mechanism to sense the pressure (Saran et al., 2006, 
Wang et al., 2001, Yuan et al., 2005). Interferometric sensors exhibit high sensitivity, but also 
present some disadvantages, such as low tolerance to external disturbances, and periodicity 
in their response. 
 

 

 
Fig. 13. Sketch of the single sensing element (taxel). 
 
Recently, we proposed a solution based on the scattering of the light illuminating the 
surface of urethane foam (De Maria et al., 2008). The configuration makes use of a couple of 
emitter/receiver fibres placed at the edge of a micromachined well covered by the foam. 
The distance between the two fibres can be chosen in order to ensure a desired sensitivity of 
the sensing element. As a demonstration of the effectiveness of the proposed configuration, 
we present the results of two sensors, in which the relative distance between the two fibres 
was properly selected in order to fit the range of pressures to be detected. Top and lateral 
schematic views of a single taxel are shown in Fig. 13. The sensor works as follows: the light 
emitted by the illuminating fibre is scattered by the internal surface of the urethane foam 
and a fraction of its power is collected by the receiving fibre, depending on the applied 
pressure. In particular, when one applies a pressure on the external surface of the urethane 
foam, the distance between the tip of the collecting fibre and the internal surface of the foam 
is reduced, and this will result in an increased fraction of power collected by the receiving 
fibre. The use of a scattering surface, such as that of the urethane foam employed for the 
realization of the prototypes, is justified by the fact the multiple scattering permits to 
smooth (average-out) local variation of light intensity within the cavity, and thus reduce the 
sensitivity of the collected power on micro-displacements of the illuminating and/or 
receiving fibre. As the power collected by the receiving fibre is a function of the pressure 
applied on the foam surface, it can be used as a measure of the applied force. Obviously, the 
collected light is also a function of the relative distance between the illuminating and the 
receiving fibres. In our experiments, such a distance was kept constant and was not a 
function of the applied force. However, we can exploit such dependence, by choosing an 
opportune distance giving rise to a desired sensitivity of the sensor on the applied pressure. 
Generally speaking, a smaller distance will result in a higher sensitivity, so that smaller 
pressures can be measured.  
On the other hand, a higher sensitivity implies a reduced dynamic range, i.e. the sensor 
response will saturate at lower pressure levels. Hence, a trade-off must be found between 
sensitivity and dynamic range.  
One advantage of the proposed technique is that it can be easily extended to a number of 
taxels, so as to acquire a pressure distribution. Figure 14 shows a possible configuration of a 
matrix of taxels to realize a complete tactile sensor able to detect both contact point and 
contact force applied on a finite area.  
Two different taxels have been produced with the same well and two different distances 
between the emitting/receiving fibres, i.e. 10 m and 200 m. The micromachined well size 
is 5x5 mm2. The optical source was a superluminescent LED operating at a central 
wavelength of 1550nm, and having an output optical power of 3mW. The output pigtail of 
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the source was connected to the illuminating fibre, whereas the receiving fibre was 
connected to an InGaAs photodiode, whose output signal was fed to an oscilloscope having 
an input impedance of 1 M. Both illuminating and receiving fibres were SMF-28, single-
mode optical fibres. The two prototypes have been calibrated with a load cell mounted as 
shown in Fig. 15. The results corresponding to the calibration of the first prototype are 
reported in Fig. 16 (left), where the output voltage, proportional to the optical power 
collected by the receiving fibre, is plotted against the load applied to the sensor. As 
expected, the sensitivity is very high but with a limited dynamic range. Moreover, to test the 
repeatability of the measurements, different sets of measurements have been collected and 
two of them are reported in the figure. 
 

 
Fig. 14. Schematic diagram of a 10-taxel tactile sensor. 
 

 
Fig. 15. Experimental set-up for the fibre-optics based taxel. 

The second prototype, as expected, had a lower sensitivity but wider dynamic range, as 
shown by the calibration curve of Fig. 16 (right). In both cases, the sensitivity is certainly 
better than the typical values of commercial optical tactile sensors. 
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5. Conclusions 
 

In this chapter, a number of experimental demonstrations on the use of the optical fibre 
sensor technology have been reported. It has been shown that different application fields 
can take advantage of the peculiar characteristics of optical fibre sensors. In particular, 
distributed fibre sensors have great potentiality in the field of structural health monitoring, 
as they permit to perform continuous measurements of the quantity of interest. On the other 
hand, fibre Bragg grating technology offers high sensitivity and accuracy, and in general it 
benefits from the immunity to electromagnetic interference, in common with other fibre-
optic sensors. Finally, the small size and minimally invasiveness of optical fibres have been 
demonstrated to be useful in robotic applications, where the use of fibre-optics may lead to 
efficient exteroceptive sensing systems.  
 

  
Fig. 16. Calibration curves of the first prototype with 10 m distance between the fibres (left) 
and of the second prototype with 200 m distance between the fibres (right). 
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the source was connected to the illuminating fibre, whereas the receiving fibre was 
connected to an InGaAs photodiode, whose output signal was fed to an oscilloscope having 
an input impedance of 1 M. Both illuminating and receiving fibres were SMF-28, single-
mode optical fibres. The two prototypes have been calibrated with a load cell mounted as 
shown in Fig. 15. The results corresponding to the calibration of the first prototype are 
reported in Fig. 16 (left), where the output voltage, proportional to the optical power 
collected by the receiving fibre, is plotted against the load applied to the sensor. As 
expected, the sensitivity is very high but with a limited dynamic range. Moreover, to test the 
repeatability of the measurements, different sets of measurements have been collected and 
two of them are reported in the figure. 
 

 
Fig. 14. Schematic diagram of a 10-taxel tactile sensor. 
 

 
Fig. 15. Experimental set-up for the fibre-optics based taxel. 

The second prototype, as expected, had a lower sensitivity but wider dynamic range, as 
shown by the calibration curve of Fig. 16 (right). In both cases, the sensitivity is certainly 
better than the typical values of commercial optical tactile sensors. 

 

Load cell for calibration Illuminating fibre 
Receiving fibre 

Tactile sensor 

Illuminating fibre 

Receiving fibres 

 

5. Conclusions 
 

In this chapter, a number of experimental demonstrations on the use of the optical fibre 
sensor technology have been reported. It has been shown that different application fields 
can take advantage of the peculiar characteristics of optical fibre sensors. In particular, 
distributed fibre sensors have great potentiality in the field of structural health monitoring, 
as they permit to perform continuous measurements of the quantity of interest. On the other 
hand, fibre Bragg grating technology offers high sensitivity and accuracy, and in general it 
benefits from the immunity to electromagnetic interference, in common with other fibre-
optic sensors. Finally, the small size and minimally invasiveness of optical fibres have been 
demonstrated to be useful in robotic applications, where the use of fibre-optics may lead to 
efficient exteroceptive sensing systems.  
 

  
Fig. 16. Calibration curves of the first prototype with 10 m distance between the fibres (left) 
and of the second prototype with 200 m distance between the fibres (right). 
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1. Introduction  
 

Over the past thirty years there has been intense research and development on optical fibre 
sensors for many applications, basically because of their advantages over other technologies, 
such as immunity to electromagnetic interference, lightweight, small size, high sensitivity, 
large bandwidth, and ease in signal light transmission. The applications include sensing 
temperature, strain, pressure, current/voltage, chemical/gas, displacement, and biological 
processes among others. To accomplish those, different optical technologies have been 
employed such as fibre grating, interferometry, light scattering and reflectometry, Faraday 
rotation, luminescence and others. A review on fibre sensors can be found in (Lee, 2003). 
Corrosion and its effects have a profound impact on the infrastructure and equipment of 
countries worldwide. This impact is manifested in significant maintenance, repair, and 
replacement efforts; reduced access, availability and production; poor performance; high 
environmental risks; and unsafe conditions associated with facilities and equipment. There 
have been some efforts from different countries to estimate the cost of corrosion and the 
results indicate that it can reach 2 to 5% of the gross national product.  For example, 
corrosion damage represented an estimated cost of US$ 276 billions in the United States of 
America in 2002 (Thompson et al., 2005). Therefore, corrosion monitoring is an important 
aspect of modern infrastructure in industry sectors such as mining, aircraft, shipping, 
oilfields, as well as in military and civil facilities.  
Optical fibre-based corrosion sensors have been investigated in recent years mainly because 
of the advantages obtained by the use of optical fibres, as already pointed out. A short 
review of the technologies employed in the fibre-based corrosion sensors can be found in 
(Wade et al., 2008). The reported applications include corrosion monitoring in aircrafts 
(Benounis & Jaffrezic-Renault, 2004), in the concrete of roadways and bridges (Fuhr & 
Huston, 1998) and in oilfields.  

 
2. Corrosion Monitoring in Deepwater Oilfield Pipelines 
 

In the oil industry, to which we focus the sensing approach described in this chapter, a very 
challenging problem is that related to surveillance and maintenance of deepwater oilfield 
pipelines, given the harsh environment to be monitored and the long distances involved. 

3
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These structures are subject to corrosion and sand-induced erosion in a high pressure, high 
temperature environment. Moreover, the long distances (kilometres) between the corrosion 
points and the monitoring location make the commercially available instruments not 
appropriate for monitoring these pipelines. Costly, regularly scheduled, preventive 
maintenance is then required (Staveley, 2004; Yin et al., 2000). Electronic and 
electromagnetic-based corrosion sensors (Yin et al., 2000; Vaskivsky et al., 2001; Andrade 
Lima et al., 2001) are also not suitable in these conditions. Fibre optic based corrosion 
sensors are ideal for this application. However, the sensing approaches reported in the 
literature are either single point (Qiao et al., 2006; Wade et al., 2008) or use a stripped 
cladding fibre structure that requires a high precision mechanical positioning system with 
moving parts for light detection, which compromises the robustness of the sensor system 
(Benounis et al., 2003; Benounis & Jaffrezic-Renault, 2004; Saying et al., 2006; Cardenas-
Valencia et al., 2007). An optical fibre PH sensor has been recently developed for the indirect 
evaluation of the corrosion process in petroleum wells (Da Silva Jr. et al., 2007). It employs a 
fibre Bragg grating mechanically coupled to a PH-sensitive hydrogel, which changes its 
volume according to the PH of the medium. Thus, the change in PH is translated into a 
mechanical strain on the Bragg grating, which can be interrogated by standard optical 
methods. Although it can easily be multiplexed for multipoint measurements, this technique 
is limited to the evaluation of the chemical corrosion due to acid attack inside the well, 
disregarding the combined effects of other important sources of corrosion, such as 
mechanical (erosion), chemical, thermic and biological (microorganisms). The oil industry 
can also make use of the time domain reflectometry (TDR) technique to evaluate the 
corrosion process inside pipelines and oil wells (Kohl, 2000). The proposed scheme involves 
the deployment of a metallic cable inside and along the pipeline or well. The conductor is 
exposed to the fluid at selected locations such that it should be susceptible to the same 
corrosive processes as the pipeline. A signal generator launches a pulsed electrical signal to 
the conductor cable and an electronic receiver measures the reflected pulses intensity and 
delay.  The reflections come from the locations where the exposed cable was affected by the 
corrosion process, which changes its original impedance. This TDR technique has also been 
applied to the monitoring of corrosion in steel cables of bridges (Liu et al., 2002). Although 
this technique has the advantage of being multipoint or even distributed, it is limited in 
reach. For practical purposes the maximum distance covered by the sensor is about 2 km. 
This is suitable for standard wells, but not for deep oilfields, especially those from the 
recently discovered presalt regions in Brazil, which are over 6 km deep. 

 
3. A Multipoint Fibre Optic Corrosion Sensor 
 

We have recently presented for the first time the concept and first experimental results of a 
fibre-optic-based corrosion sensor using the optical time domain reflectometry (OTDR) 
technique as the interrogation method (Martins-Filho et al., 2007; Martins-Filho et al., 2008). 
Our proposed sensor system is multipoint, self-referenced, has no moving parts and can 
detect the corrosion rate several kilometres away from the OTDR equipment.  These features 
make it very suitable to the problem of corrosion monitoring of deepwater pipelines in the 
oil industry.  It should be pointed out, however, that the approach is not limited to this 
specific application and can be employed to address a number of single or multipoint 
corrosion detection problems in other industrial sectors. 

 

In this chapter we present a detailed description of the sensor system, further experimental 
results and theoretical calculations for the measurement of the corrosion rate of aluminium 
films in controlled laboratory conditions and also for the evaluation of the maximum 
number of sensor heads the system supports. 

 
3.1 Sensor Setup 
Our proposed sensor system consists of several sensor heads connected to a commercial 
OTDR equipment by a single-mode optical fibre and fibre couplers. Figure 1 shows the 
corrosion sensor setup. The OTDR is connected to a 2 km long single mode optical fibre. 
Directional couplers can split the optical signal such that a small fraction (3 to 9%) is 
directed to the sensing heads. The OTDR operates at 1.55 m, with a pulsewidth of 10 ns, 
which corresponds to a spatial resolution of 2 m. The OTDR is set to measure 50000 points 
for the total distance of 5 km (one point every 10 cm). The optical fibres and couplers are 
standard telecommunication devices. The sensor heads have 100 nm of aluminium 
deposited on cleaved fibre facets by a standard thermal evaporation process and they are 
numbered from 1 to 11 in Fig. 1. 

Fig. 1. Schematic diagram of the corrosion sensor. Sensor heads are numbered. Fibre lengths 
and split ratios are shown. 

 
3.2 Results 
For laboratory measurements the corrosion action was simulated by controlled etching of 
the Aluminium film on the sensor head. We used 25 H3PO4 : 1 HNO3: 5 CH3COOH as the 
Al-etcher. The expected corrosion rate of Al from this etcher is 50 nm/min. Figure 2-a shows 
the OTDR trace where each peak, numbered from 1 to 11, indicates the reflection from the 
corresponding sensing head. The head number 6 is immersed in the Al-etcher. As the 
aluminium is being removed from the fibre facet the reflected light measured in the OTDR 
decreases, as shown in Fig. 2-b.  
In Fig. 3 we plot the ratio of peak (point A) to valley (point B) of the reflected light shown in 
Fig. 2-b as a function of the aluminium corrosion time. Figure 3 shows that up to 60 seconds 
of corrosion there is no significant change in the OTDR measured reflected light, since the 
aluminium is still too thick. Further up from this point the reflection drops to a minimum 
and then stabilizes at a constant level. The constant level means that the corrosion process 
on the fibre facet has ended. We obtain the corrosion rate by taking the deposited metal 
thickness and the time taken to reach the constant level, as show in Fig. 3.  
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These structures are subject to corrosion and sand-induced erosion in a high pressure, high 
temperature environment. Moreover, the long distances (kilometres) between the corrosion 
points and the monitoring location make the commercially available instruments not 
appropriate for monitoring these pipelines. Costly, regularly scheduled, preventive 
maintenance is then required (Staveley, 2004; Yin et al., 2000). Electronic and 
electromagnetic-based corrosion sensors (Yin et al., 2000; Vaskivsky et al., 2001; Andrade 
Lima et al., 2001) are also not suitable in these conditions. Fibre optic based corrosion 
sensors are ideal for this application. However, the sensing approaches reported in the 
literature are either single point (Qiao et al., 2006; Wade et al., 2008) or use a stripped 
cladding fibre structure that requires a high precision mechanical positioning system with 
moving parts for light detection, which compromises the robustness of the sensor system 
(Benounis et al., 2003; Benounis & Jaffrezic-Renault, 2004; Saying et al., 2006; Cardenas-
Valencia et al., 2007). An optical fibre PH sensor has been recently developed for the indirect 
evaluation of the corrosion process in petroleum wells (Da Silva Jr. et al., 2007). It employs a 
fibre Bragg grating mechanically coupled to a PH-sensitive hydrogel, which changes its 
volume according to the PH of the medium. Thus, the change in PH is translated into a 
mechanical strain on the Bragg grating, which can be interrogated by standard optical 
methods. Although it can easily be multiplexed for multipoint measurements, this technique 
is limited to the evaluation of the chemical corrosion due to acid attack inside the well, 
disregarding the combined effects of other important sources of corrosion, such as 
mechanical (erosion), chemical, thermic and biological (microorganisms). The oil industry 
can also make use of the time domain reflectometry (TDR) technique to evaluate the 
corrosion process inside pipelines and oil wells (Kohl, 2000). The proposed scheme involves 
the deployment of a metallic cable inside and along the pipeline or well. The conductor is 
exposed to the fluid at selected locations such that it should be susceptible to the same 
corrosive processes as the pipeline. A signal generator launches a pulsed electrical signal to 
the conductor cable and an electronic receiver measures the reflected pulses intensity and 
delay.  The reflections come from the locations where the exposed cable was affected by the 
corrosion process, which changes its original impedance. This TDR technique has also been 
applied to the monitoring of corrosion in steel cables of bridges (Liu et al., 2002). Although 
this technique has the advantage of being multipoint or even distributed, it is limited in 
reach. For practical purposes the maximum distance covered by the sensor is about 2 km. 
This is suitable for standard wells, but not for deep oilfields, especially those from the 
recently discovered presalt regions in Brazil, which are over 6 km deep. 

 
3. A Multipoint Fibre Optic Corrosion Sensor 
 

We have recently presented for the first time the concept and first experimental results of a 
fibre-optic-based corrosion sensor using the optical time domain reflectometry (OTDR) 
technique as the interrogation method (Martins-Filho et al., 2007; Martins-Filho et al., 2008). 
Our proposed sensor system is multipoint, self-referenced, has no moving parts and can 
detect the corrosion rate several kilometres away from the OTDR equipment.  These features 
make it very suitable to the problem of corrosion monitoring of deepwater pipelines in the 
oil industry.  It should be pointed out, however, that the approach is not limited to this 
specific application and can be employed to address a number of single or multipoint 
corrosion detection problems in other industrial sectors. 

 

In this chapter we present a detailed description of the sensor system, further experimental 
results and theoretical calculations for the measurement of the corrosion rate of aluminium 
films in controlled laboratory conditions and also for the evaluation of the maximum 
number of sensor heads the system supports. 

 
3.1 Sensor Setup 
Our proposed sensor system consists of several sensor heads connected to a commercial 
OTDR equipment by a single-mode optical fibre and fibre couplers. Figure 1 shows the 
corrosion sensor setup. The OTDR is connected to a 2 km long single mode optical fibre. 
Directional couplers can split the optical signal such that a small fraction (3 to 9%) is 
directed to the sensing heads. The OTDR operates at 1.55 m, with a pulsewidth of 10 ns, 
which corresponds to a spatial resolution of 2 m. The OTDR is set to measure 50000 points 
for the total distance of 5 km (one point every 10 cm). The optical fibres and couplers are 
standard telecommunication devices. The sensor heads have 100 nm of aluminium 
deposited on cleaved fibre facets by a standard thermal evaporation process and they are 
numbered from 1 to 11 in Fig. 1. 

Fig. 1. Schematic diagram of the corrosion sensor. Sensor heads are numbered. Fibre lengths 
and split ratios are shown. 

 
3.2 Results 
For laboratory measurements the corrosion action was simulated by controlled etching of 
the Aluminium film on the sensor head. We used 25 H3PO4 : 1 HNO3: 5 CH3COOH as the 
Al-etcher. The expected corrosion rate of Al from this etcher is 50 nm/min. Figure 2-a shows 
the OTDR trace where each peak, numbered from 1 to 11, indicates the reflection from the 
corresponding sensing head. The head number 6 is immersed in the Al-etcher. As the 
aluminium is being removed from the fibre facet the reflected light measured in the OTDR 
decreases, as shown in Fig. 2-b.  
In Fig. 3 we plot the ratio of peak (point A) to valley (point B) of the reflected light shown in 
Fig. 2-b as a function of the aluminium corrosion time. Figure 3 shows that up to 60 seconds 
of corrosion there is no significant change in the OTDR measured reflected light, since the 
aluminium is still too thick. Further up from this point the reflection drops to a minimum 
and then stabilizes at a constant level. The constant level means that the corrosion process 
on the fibre facet has ended. We obtain the corrosion rate by taking the deposited metal 
thickness and the time taken to reach the constant level, as show in Fig. 3.  
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Fig. 2. (a) OTDR trace, corresponding to the intensity of the reflected light as a function of 
distance along the fibre. Sensor head numbers are shown. (b) OTDR traces for sensor head 
number 6, for several corrosion times. 

 

The measured corrosion rate was 47.5 nm/min, which is very close to the expected value (50 
nm/min). Other measurements performed using different sensor heads showed similar 
results. It is important to note that since the corrosion rate is obtained from the ratio of peak 
(point A) to valley (point B) of the OTDR trace as a function of time, this measurement is 
self-referenced, because the ratio is immune, to a certain extent, to small optical power 
fluctuations that may occur due to changes in the OTDR signal power, optical fibre and fibre 
coupler loss variations along the sensor system. 
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Fig. 3. Relative intensity obtained from Fig. 2-b, as a function of the corrosion time. Metal 
thickness and corrosion rate are shown. 
 
Figure 3 also shows a valley in the relative reflected intensity just before the constant level 
used for corrosion determination. Although this feature does not seem to be important for 
the determination of the corrosion rate, we verified if it would be an artifact due to the 
pulsed OTDR operation in the multipoint (multireflection) setup scheme shown in Fig.1, by 
performing measurements in the single head setup show in Fig. 4. This new setup uses a 
CW laser source and an optical power meter, instead of the OTDR. The laser light at 1.55 m 
from the CW laser with fibre pigtail is coupled to an optical isolator and then to a 50% 
coupler and to a 79/21 coupler. The output of this coupler has another optical isolator in one 
end and a sensor head in the other end. The sensor head used here is similar to those used in 
the multipoint setup of Fig. 1. The light reflected from the sensor head reaches the optical 
power meter through the optical couplers. The two isolators avoid unwanted reflections to 
reach the power meter and the laser source, which could cause interference effects and 
instabilities. For corrosion measurements we used the same Aluminium etcher as described 
before.  Figure 5 shows the optical power as a function of the corrosion time obtained from 
the single head setup of Fig. 4. This result also exhibits the valley observed in the multipoint 
setup that uses the OTDR (Fig. 3), indicating that this feature is not a measurement artifact. 
Also, Fig. 5 confirms the corrosion rate obtained from Fig. 3, since the constant level starts at 
about 120 seconds of corrosion. 
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Fig. 2. (a) OTDR trace, corresponding to the intensity of the reflected light as a function of 
distance along the fibre. Sensor head numbers are shown. (b) OTDR traces for sensor head 
number 6, for several corrosion times. 
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(point A) to valley (point B) of the OTDR trace as a function of time, this measurement is 
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Fig. 3. Relative intensity obtained from Fig. 2-b, as a function of the corrosion time. Metal 
thickness and corrosion rate are shown. 
 
Figure 3 also shows a valley in the relative reflected intensity just before the constant level 
used for corrosion determination. Although this feature does not seem to be important for 
the determination of the corrosion rate, we verified if it would be an artifact due to the 
pulsed OTDR operation in the multipoint (multireflection) setup scheme shown in Fig.1, by 
performing measurements in the single head setup show in Fig. 4. This new setup uses a 
CW laser source and an optical power meter, instead of the OTDR. The laser light at 1.55 m 
from the CW laser with fibre pigtail is coupled to an optical isolator and then to a 50% 
coupler and to a 79/21 coupler. The output of this coupler has another optical isolator in one 
end and a sensor head in the other end. The sensor head used here is similar to those used in 
the multipoint setup of Fig. 1. The light reflected from the sensor head reaches the optical 
power meter through the optical couplers. The two isolators avoid unwanted reflections to 
reach the power meter and the laser source, which could cause interference effects and 
instabilities. For corrosion measurements we used the same Aluminium etcher as described 
before.  Figure 5 shows the optical power as a function of the corrosion time obtained from 
the single head setup of Fig. 4. This result also exhibits the valley observed in the multipoint 
setup that uses the OTDR (Fig. 3), indicating that this feature is not a measurement artifact. 
Also, Fig. 5 confirms the corrosion rate obtained from Fig. 3, since the constant level starts at 
about 120 seconds of corrosion. 



Optical	Fibre,	New	Developments40

 

CW Laser
Coupler 

50/50
Coupler 

79/21

Isolator Isolator

Power
Meter

Sensor 
Head  

Fig. 4.  Schematic diagram of the single head setup. 
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Fig. 5. Reflected optical power from a single head setup as a function of the corrosion time. 
 
We also used the Fresnel reflection formulation (Fontana & Pantell, 1988) for a silica-Al-
liquid single layer structure, as shown in Fig. 6, to study the reflection properties of the 
sensing head. Neglecting the small beam divergence of the guided mode, the reflectance is 
given by 
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is the normal incidence reflectivity at the interface between media i and i+1 (i = 1, 2), k0 = 
2π/λ, εi is the relative electrical permittivity of medium i (i = 1, 2, 3) and d is the metal film 
thickness.  

 

We assumed that the etching solution had a refractive index close to that of pure water, for 
the sake of simplicity. Optical parameters for silica (Malitson, 1965), pure water (Schiebener 
et al., 1990) and Al (Lide, 2004) at  = 1.55 m were used in the calculations. 
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Fig. 6. Schematic diagram of the sensing head showing the Aluminium film of thickness d 
on the fibre facet. 
 
Figure 7 shows a theoretical simulation as well as the experimental data for the reflectance 
at the metalized fibre facet as a function of the metal film thickness. The experimental data 
were obtained from Fig. 5. The theoretical result showed no evidence of a minimum 
reflectance with the strong depth observed experimentally at an estimated Al film thickness 
of 15 nm.  In fact, the theoretical prediction yields almost 100% reflectance at this thickness 
value, as can be noticed in Fig. 7. The difference between theoretical and experimental 
results indicates that the valley observed in the experimental results is not due to any 
interference effect that could occur in the fibre-metal-liquid interfaces.  
Due to the resonant nature of the reflectance minima shown in Figs. 3 and 5, it is very likely 
that they occur due to roughness induced, resonant coupling to surface plasmons (Fontana 
& Pantell, 1988) at the metal-liquid interface as a thin and rough layer of metal may result 
during the etching process. The coupling is thickness dependent and the strength depends 
on the average size of irregularities on the surface (Fontana & Pantell, 1988). Given that the 
dispersion relation of surface plasmons is very near that of photons in this spectral region, 
surface roughness could provide the required small increase in momentum for efficient 
coupling to the surface plasmon oscillation.  A more elaborated calculation will be 
performed in future work taking into account the change in dispersion relation of surface 
plasmons due to roughness (Fontana & Pantell, 1988), to account for this effect.  
It is worth noticing from Fig. 7 that the reflectance predicted theoretically with no metal film 
was 26.7 dB lower than that at maximum thickness, a result that differs significantly from 
the drop of  14 dB observed experimentally in Fig. 3 and  35 dB in Fig. 7. This is probably 
due to the residual clusters left on the fibre facet that form an absorbing, non-homogeneous 
interface that changes the reflectance relative to that predicted theoretically for a single 
glass-liquid interface. In fact we observed from a direct inspection with an optical 
microscope that some clusters of material still remained on the fibre facet, which were no 
longer affected by the Al-etcher. As can be seen from Figs. 3 and 7, the resonant features in 
the experimental results are similar, although the minima occur at different time points. 
There is, however, a significant difference from 14 to 35 dB in the final reflectance drop 
obtained from the data of Figs. 3 and 7, respectively, which may be due to the distinct 
procedures used to carry out the experiments. For the data shown in Fig. 3, obtained with 
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Fig. 5. Reflected optical power from a single head setup as a function of the corrosion time. 
 
We also used the Fresnel reflection formulation (Fontana & Pantell, 1988) for a silica-Al-
liquid single layer structure, as shown in Fig. 6, to study the reflection properties of the 
sensing head. Neglecting the small beam divergence of the guided mode, the reflectance is 
given by 
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Fig. 6. Schematic diagram of the sensing head showing the Aluminium film of thickness d 
on the fibre facet. 
 
Figure 7 shows a theoretical simulation as well as the experimental data for the reflectance 
at the metalized fibre facet as a function of the metal film thickness. The experimental data 
were obtained from Fig. 5. The theoretical result showed no evidence of a minimum 
reflectance with the strong depth observed experimentally at an estimated Al film thickness 
of 15 nm.  In fact, the theoretical prediction yields almost 100% reflectance at this thickness 
value, as can be noticed in Fig. 7. The difference between theoretical and experimental 
results indicates that the valley observed in the experimental results is not due to any 
interference effect that could occur in the fibre-metal-liquid interfaces.  
Due to the resonant nature of the reflectance minima shown in Figs. 3 and 5, it is very likely 
that they occur due to roughness induced, resonant coupling to surface plasmons (Fontana 
& Pantell, 1988) at the metal-liquid interface as a thin and rough layer of metal may result 
during the etching process. The coupling is thickness dependent and the strength depends 
on the average size of irregularities on the surface (Fontana & Pantell, 1988). Given that the 
dispersion relation of surface plasmons is very near that of photons in this spectral region, 
surface roughness could provide the required small increase in momentum for efficient 
coupling to the surface plasmon oscillation.  A more elaborated calculation will be 
performed in future work taking into account the change in dispersion relation of surface 
plasmons due to roughness (Fontana & Pantell, 1988), to account for this effect.  
It is worth noticing from Fig. 7 that the reflectance predicted theoretically with no metal film 
was 26.7 dB lower than that at maximum thickness, a result that differs significantly from 
the drop of  14 dB observed experimentally in Fig. 3 and  35 dB in Fig. 7. This is probably 
due to the residual clusters left on the fibre facet that form an absorbing, non-homogeneous 
interface that changes the reflectance relative to that predicted theoretically for a single 
glass-liquid interface. In fact we observed from a direct inspection with an optical 
microscope that some clusters of material still remained on the fibre facet, which were no 
longer affected by the Al-etcher. As can be seen from Figs. 3 and 7, the resonant features in 
the experimental results are similar, although the minima occur at different time points. 
There is, however, a significant difference from 14 to 35 dB in the final reflectance drop 
obtained from the data of Figs. 3 and 7, respectively, which may be due to the distinct 
procedures used to carry out the experiments. For the data shown in Fig. 3, obtained with 
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the OTDR, since the equipment is somewhat slow to execute several measurements to 
average them in time, the head was placed in the etcher for a given time and then in water 
for OTDR reading and averaging for each data point. For the case of Fig. 7, we used the 
single head setup of Fig. 4, and we attempted to avoid artifacts introduced by the use of 
alternate solutions and employed an optical power meter for fast data reading and 
averaging, and thus the sensor head could remain immersed in the etcher during the entire 
measurement. These distinct procedures may lead to different residual clustering in the fibre 
facets, which can be the cause of the difference in the results of Figs. 3 and 7. It will be 
further investigated in the future. 
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Fig. 7. Theoretical (line) and experimental data (dots) for the reflectance as a function of the 
Aluminium film thickness. 
 
We also evaluated experimentally the maximum number of sensor heads our sensor system 
can support, and we found that it depends on the dynamic range of the OTDR. For the 
OTDR pulsewidth used to obtain the results shown here (10 ns) its dynamic range is about 7 
dB. Since each coupler has an insertion loss of about 0.7 dB, we can have up to 10 sensor 
heads in this configuration. This can be verified from Fig. 2-a. One can see that as the 
number of heads increases along the fibre length the OTDR trace becomes noisier. This 
noisy trace should have impact on the accuracy of the measured corrosion rate for the heads 
located further away from the OTDR. On the other hand, for 500 ns pulsewidth the OTDR 
dynamic range is 20.4 dB, which allows the use of up to 30 sensing heads. In this case the 
OTDR spatial resolution is about 100 m. Therefore, the minimum separation between 
consecutive sensor heads should be of about 200 m. In this configuration the sensor system 
would cover a total length of 6 km, with a sensor head every 200 meters. 

 
4. Conclusions 
 

We proposed and demonstrated experimentally an optical fibre sensor for the corrosion 
process in metal (Aluminium) using the optical time domain reflectometry technique. We 

 

presented experimental results for the measurement of the corrosion rate of aluminium 
films in controlled laboratory conditions. The obtained corrosion rate matched the expected 
rate of the etcher used. We also evaluated experimentally the maximum number of sensor 
heads the system supports. It depends on the OTDR dynamic range and it has implications 
on the distance between consecutive sensor heads. 
Our proposed sensor system is multipoint, self-referenced, has no moving parts (all-fibre) 
and can detect the corrosion rate for each head several kilometres away from the OTDR, 
thus making the system ideal for “in-the-field” monitoring of corrosion and erosion. This 
system may have applications in harsh environments such as in deepwater oil wells and gas 
flowlines (including from the presalt region), for the evaluation of the corrosion and erosion 
processes in the inner wall of the casing pipes. In this case, different materials can be 
deposited on the fibre facet to better match the pipe materials under corrosion/erosion. This 
system may enable inferred condition-based maintenance without production interruption, 
decreasing the cost of oil production, and substantially reducing the risk of environmental 
disasters due to the failure of unmonitored flowlines. 
Our experimental results also revealed a feature that may indicate the occurrence of the 
surface plasmon effect at the metal-liquid interface. It could be due to the roughness 
coupling to surface plasmons at the metal-liquid interface as a thin and rough layer of metal 
may result during the etching process. Although we believe at this point that this effect is 
not vital for the operation of the proposed sensor, nor to the measurement of the corrosion 
rate, it will be investigated in future work. 
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single head setup of Fig. 4, and we attempted to avoid artifacts introduced by the use of 
alternate solutions and employed an optical power meter for fast data reading and 
averaging, and thus the sensor head could remain immersed in the etcher during the entire 
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Fig. 7. Theoretical (line) and experimental data (dots) for the reflectance as a function of the 
Aluminium film thickness. 
 
We also evaluated experimentally the maximum number of sensor heads our sensor system 
can support, and we found that it depends on the dynamic range of the OTDR. For the 
OTDR pulsewidth used to obtain the results shown here (10 ns) its dynamic range is about 7 
dB. Since each coupler has an insertion loss of about 0.7 dB, we can have up to 10 sensor 
heads in this configuration. This can be verified from Fig. 2-a. One can see that as the 
number of heads increases along the fibre length the OTDR trace becomes noisier. This 
noisy trace should have impact on the accuracy of the measured corrosion rate for the heads 
located further away from the OTDR. On the other hand, for 500 ns pulsewidth the OTDR 
dynamic range is 20.4 dB, which allows the use of up to 30 sensing heads. In this case the 
OTDR spatial resolution is about 100 m. Therefore, the minimum separation between 
consecutive sensor heads should be of about 200 m. In this configuration the sensor system 
would cover a total length of 6 km, with a sensor head every 200 meters. 

 
4. Conclusions 
 

We proposed and demonstrated experimentally an optical fibre sensor for the corrosion 
process in metal (Aluminium) using the optical time domain reflectometry technique. We 

 

presented experimental results for the measurement of the corrosion rate of aluminium 
films in controlled laboratory conditions. The obtained corrosion rate matched the expected 
rate of the etcher used. We also evaluated experimentally the maximum number of sensor 
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system may enable inferred condition-based maintenance without production interruption, 
decreasing the cost of oil production, and substantially reducing the risk of environmental 
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may result during the etching process. Although we believe at this point that this effect is 
not vital for the operation of the proposed sensor, nor to the measurement of the corrosion 
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1. Introduction 
 

The pressure of reducing cost in industrial sectors has pushed the development of  
monitoring techniques for civil structures, transportation departments,  manufacturing 
processes and security related applications. For the applications of civil engineering 
monitoring, we refer to bridges, tunnels, highways, railways, dams, pipelines, seaports and 
airports, which are associated to our daily lives. To assure them operating in good condition 
requires static and dynamic monitoring of strains and vibrations, which provides insight of 
the structural condition similar to monitoring human health. By identifying the abnormal 
vibration patterns via the frequency range and amplitude, or the strain magnitude and 
distribution, structural engineers can access the condition of civil structures. This may act as 
a warning sign for potential problems and to trigger the repairing process to prevent 
potential disaster and to protect our citizens. All useful monitoring tools should be able to 
find critical events via unusual frequency ranges and strain readings, which are stored as 
record for a specific structure for the purpose of determining the repairing time and scopes. 
Another front of important application is fiber cable monitoring, such as aerial, submarine 
and optical ground wire (OPGW) around high voltage power lines. The motivation of 
monitoring submarine and aerial fibers is to identify the fast polarization changes, as the 
polarization effect induces pulse broadening in dynamic fashion due to environmental 
effects, such as temperature and wind, and hence errors in the high speed communication 
system at rates higher than 10 GB/s. This monitoring process also produces an additional 
benefit: as the rotation of the polarization state is also proportional to the surrounding 
magnetic field via the Faraday effect. This means one can explore the high electrical current 
phenomena via polarization effect to identify local high magnetic fields, if the measurement 
is distributed, so that we can protect the power system. 
The application to water wave and current measurement is driven by the advantage of fiber 
sensors with large coverage in environments such as seaports, rivers and waterways. 
Marine biologists use sound to identify marine mammals.  Geophysicists record deep-sea 
seismic events from resulting pressure waves.  The measured acoustic frequency varies for 
each application, with seismicity monitored at O(5 Hz), marine mammals at O(50 Hz) and 
ship passage at O(100 Hz). This frequency range is similar to the concrete bridge monitoring 
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requirement with much larger coverage than the bridges due to the size of the waves in 
water. 
Although the above applications are very different, they are all related to the measurement 
of birefringence change in optical fibers. When the fiber is disturbed locally by stress, 
temperature or acoustic wave, the local birefringence will change. This change can be 
measured in the form of a polarized light change in transmission using direct detection or 
phase change by interferometers, and Rayleigh scattering or Brillouin gain for its 
dependence on the polarization state change. 

 
2. Birefringence and Polarization Effects 
 

When a monochromatic plane-wave (linear polarized beam) with a wavelength λ is 
launched in optical fibers, the electrical field can be described as 

)tjexp(j)z(E)tjexp(i)z(E)r(E yx 
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where Ex and Ey are the electrical fields projection in the x and y directions at position z, 
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the propagation constants, for the case of homogeneous and isotropic medium, 

zyx nnn  and  /2k  which is the free space propagation constant,  2 is the 
angular frequency. The light is propagating in z-direction. The state of polarization (SOP) 
refers to the electrical field behavior at a particular point in space. x  and y  are the initial 
phases at 0z  for the electrical field which are associated to the initial polarization state, 
and Exo and Eyo are the initial amplitude of the electrical field at 0z  . As fiber is a 
birefringent medium, the index of refraction of nx and ny are different ( yx nn  ) which gives 
different propagation velocities, which makes the polarization state changes along the fiber. 
To a good approximation, the fundamental fiber mode is linearly polarized in the x or y 
direction depending on whether Ex or Ey dominates. In this case, a single mode fiber (SMF) 
is not a truly single mode; it in fact supports two modes of orthogonal polarizations. The 
two orthogonally polarized modes of a single mode fiber are degenerate ( yx nn  ) under 
ideal condition.   
A strictly monochromatic plane of electromagnetic light means an infinitely long wave train 
which is completely polarized with zero spectral width, which is highly coherent. Any real 
physical source has a finite spectral width, for a laser with narrow linewidth  ( o ), 

o  is central frequency of the light source, we can call it quasi-monochromatic waves. A 
quasi-monochromatic signal can be the superposition of a large number of randomly timed 
statistically independent pulses with the same central frequency, which is partially 
polarized light.    
There are three time scales to consider in the partially polarized quasi-monochromatic light 
for the fluctuations of the amplitude and phase of the electric field (Brosseau, 1998) 

o1 /1   (~ 10-15 s), the period of quasi-monochromatic light, which is the time duration for 
the wave to go through a complete cycle; 2)  /12  (~ 10-9 - 10-4 s), the time of coherence, 
which provides a measure of the time interval over which a field acts like a monochromatic 
wave;  and 3) det3 t  (~ 10-3 s), which is the response time of the detector. When 2 , the 
amplitude and phase of the electric field are considered as random functions of time,  such 
as natural light; 2 , we can take the amplitude and phase as constants, partially 

 

 

polarized light exhibiting both intensity and phase fluctuations. If 2 , the electric field 
can be treated as polarized light and it can be described as an ellipse whose size, eccentricity 
and orientation are randomly changed in time and its orthogonal components are mutually 
correlated. For a light source of well-stabilized laser, the coherence time 2  can be as small 
as 10-4 s, equivalent to a linewidth of ~ 10 kHz, such as the external-cavity-laser (ECL). For a 
He-Ne laser, the linewidth is 1.5 GHz, which corresponds to 92 10 s. 
The polarization state of the output electrical field in optical fiber depends on the orientation 
of the electrical field relative to the refractive index axes of the birefringent medium, such as 
optical fiber. It can be described by the Jones matrix (Measures, 2001) 
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To determine the state of polarization (SOP) we introduce xoyo E/E , and then we can 
write  

    )t,z(tan)z(sin)z(cos)t,z(tan   (5) 
When the fiber is subjected to a local disturbance, such as stress or temperature, it leads to 
the change of modal birefringence yx nnn  , so the SOP will change accordingly 

following the Eq. (4) of  (z,t). 
For a linear polarized light at the input end of the fiber, this means  m)0( xy  and 

 m)1()mcos()0(tan . At the output end of the fiber, the polarization state varies due 
to environmental effects, which induces modulation to the SOP so that )z()z( yx  . Hence 

)z(  varies with position which causes the output intensity to change with the time and 
position following the disturbance. Based on this principle we can detect fast changes in 
aerial (Waddy et al., 2005) and submarine fibers (Zhang et al., 2006) due to the wind, sun 
radiation and wave changes, as well as the electrical current changes in optical ground wire 
(OPGW) (Leeson et al., 2009) for the purpose of polarization mode dispersion (Chen et al., 
2007)  compensation in transmission direction. To get the spatial information, we can use the 
backscattering light, such as Rayleigh and Brillouin scattering light. By sending a pulsed 
light to optical fiber, we can detect the disturbance location via optical time domain 
reflectometry (OTDR) (Barnoski & Jensen, 1976). 
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3. Rayleigh and Brillouin Scattering in Fibers 
 

Scattering in general arises from microscopic or macroscopic variations in density, 
composition or structure of a material through which light is passing. In a glass fiber, the 
random ordering of molecules and the presence of dopants cause localized variations in 
density (and therefore refractive index) that are small compared to the wavelengths of light 
that are used. These give rise to Rayleigh scattering which causes attenuation of the 
forward-propagating signal (and creation of a backward-propagating wave) that is 
proportional to -4.  Rayleigh scattering is a linear scattering process in that the scattered 
power is simply proportional to the incident power. Also, no energy is transferred to the 
glass in Rayleigh scattering; therefore there is no change in frequency of the scattered light. 
In an homogeneous and isotropic dielectric medium such as glass, the response of the 
medium to an electric field ( E


) is described by the polarisation vector ( sP


) defined as  

EP os


  (6) 
where o  is the vacuum dielectric constant and   is the medium susceptibility. The 
scattering is induced by fluctuations   of the medium dielectric constant  . These 
fluctuations can then cause a small polarisation change sP


  such that the displacement 

vector sD


 of the scattered field can be expressed as a linear combination of the scattered 
( sE


) and the input field ( pE


) (Landau & Lifchitz, 1969) 
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The spatial (x, y, z) and temporal (t) dependence of the scattered wave must then be 
described by the perturbed wave equation 
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where o  is the magnetic permeability of vacuum, co is the velocity of light in vacuum and 
n is the refractive index of the medium. 
Rigorously,   is a tensor even for an isotropic medium, which can be separated into three 
components: a scalar scattering, a symmetric scattering and an anti-symmetric scattering 
(Landau & Lifchitz, 1969; Boyd, 2003). Fluctuations of pressure, temperature, entropy and 
density, i.e. all thermodynamic fluctuations, are the origin of scalar scattering, and hence, at 
the origin of Brillouin and Rayleigh scattering. Mathematically, scalar scattering is given by 
the trace of the fluctuation tensor  . The variation of   is induced by the thermodynamic 
quantities   and T (Boyd, 2003) 
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The second term can be neglected because density fluctuations affect the dielectric constant 
significantly more than temperature fluctuations (the error of not taking that term into 
account is 2%). We now expand the density fluctuations in terms of pressure (p) and 
entropy (s) fluctuations  
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The first term corresponds to adiabatic density fluctuations associated to acoustic waves, 
which is the origin of Brillouin scattering. The second term is an isobaric density fluctuation 
(which is entropy or temperature fluctuations) and leads to Rayleigh scattering associated to 
a diffusion process.  If we neglect the entropy fluctuations the dielectric constant fluctuation 
via density can be expressed as  
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where the electrostrictive constant e , is defined (Boyd, 2003) as 
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o is the average density of the material. 
If we assume that the sound wave propagates along the fibre optical axis, then the density 
fluctuation propagates according to (Boyd, 2003) 
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where '  is the damping parameter and VA the velocity of the acoustic wave.   
Brillouin scattering is a relatively narrow-band process with a natural linewidth of roughly 
30 MHz in standard single-mode fiber in the spontaneous regime.  The frequency 
relationships among several different scattering processes are shown in Fig. 1 (not to scale), 
in particular the Brillouin Stokes and anti-Stokes components are separated from the 
Rayleigh peak by the Brillouin frequency B .  
 

 
Fig. 1. Spontaneous scattering components (Snoody, 2008). 

 
4. Birefringence Effect in Submarine Fiber and Optical Ground Wire (OPGW) 
 

With the development of higher speed communication system (> 10 GB/s), polarization 
mode dispersion (PMD) and polarization dependent loss (PDL) become additional 
limitations and a major source of concern for the system’s performance (Huttner et al., 2000; 
Gordon & Kogelnik, 2000). It is important to measure the fastest PMD change, so that PMD 
compensation can follow the changes in real time. 
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The field test about the time evolution of polarization effects has been studied mostly in 
buried and aerial fibers. Previous experiments showed that in buried fibers, SOP drift is 
relatively slow, on the order of hours or days, and PMD fluctuation is due to temperature 
(Karlsson et al., 2000; Cameron et al., 1998; Allen et al., 2003); while in aerial fibers, SOP drift 
is relatively fast, on the order of microseconds in winter (Waddy et al., 2001), and PMD 
fluctuation is due to temperature, wind or even power line current variations since aerial 
fibers are often cabled together with power lines (Wuttke et al., 2003). Although, another 
type of fiber, submarine fiber, is widely used in global telecommunication networks, so far, 
very little work on polarization effects in it has been conducted, as submarine fibers are 
usually installed at remote areas, which are hard to get access to.  
In May 2005, we had an opportunity to conduct a field test on three pairs of submarine 
fibers under Caribbean Sea, collaborated with Caribbean Crossing. One pair of fiber was 
measured ~ 26 hours with a fast PMD technique sampling at 15 s intervals. SOP information 
has usually been utilized to investigate the time evolution of polarization effects, which sets 
upper limit for PMD compensation in the high speed communications.  
Since a fast polarization measurement was desired, the state-of-the-art polarization analyzer 
Adaptif A2000 was used for the test.  Because we are interested in how fast the SOP and 
DGD decorrelate in submarine fibers (Zhang et al., 2006) we focused on the ACF 
(autocorrelation function) in the first few minutes. Fig. 2(a) describes the normalized ACF of 
SOP, PSP, DGD and cross correlation function (CCF) of SOP and PSP. There is some 
correlation between SOP and PSP within SOPs decorrelation time. Obviously, SOP decays 
faster than PSP and DGD. In Fig. 2(b) the decorrelation time was found to be 3 min for this 
combined submarine/buried fiber. The experimental ACF has a quick drop at the second 
point, which means the fastest change in this submarine fiber is less than 15 s. Fig. 2(c) 
compares the ACF of SOP during the day and night. The fitting parameter is chosen to be 
1.1 and 5 min, respectively. As we expected, ACF in the day has a faster decay, which means 
the cable is in a relative static environment during the night. Similar to the wind effects on 
aerial fibers, the tension induced by ocean waves/currents may affect the signals in 
submarine fibers. Some segments may not touch the seabed but suspend over the trough, 
which is a normal situation for submarine fibers. It is natural to think the sun and moon are 
the main causes of the different current activities. The unevenness in ocean temperature, 
water density and salinity are the direct causes for currents. In the daytime, the solar 
radiation can strengthen these perturbations and hence, produce stronger currents. This 
may explain the different SOP drift times between the day and the night.  
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which is a normal situation for submarine fibers. It is natural to think the sun and moon are 
the main causes of the different current activities. The unevenness in ocean temperature, 
water density and salinity are the direct causes for currents. In the daytime, the solar 
radiation can strengthen these perturbations and hence, produce stronger currents. This 
may explain the different SOP drift times between the day and the night.  
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Fig. 3. (a) Time evolution of DGD averaged over both wavelength and 10 min time, (b) 
wavelength-averaged DGD fluctuation in every 10 min of fiber A, (c) temperature (solid 
line) and wind (dotted line) data during measurement period, (d) tide (vertical water level) 
information. From Zhang et al. (2007). 
 
The time evolution of DGD averaged over wavelength at each 10 min interval is shown in 
Fig. 3(a). The PMD (mean DGD) over 26 h was calculated to be 5.45 ps. It was found in 
(Gisin et al., 1996) that with mean PMD   over wavelength range  , the uncertainty is 

 /9.0 .  Using this relation, the uncertainty of the measurement was 0.27 ps. In 
order to investigate the PMD fluctuation within every 10 min, Fig. 3(b) shows the difference 
between maximum and minimum PMD value (mean DGD). The fluctuation is relatively 
large during the day and relatively small during the night, then it increases again in the 
following morning. We may conclude sun radiation is correlated to PMD fluctuation in 
submarine fibers. Fig. 3(d) shows the water level of the sea during the measurement period 
at one end of FUT. Two PMD peaks are observed in Fig. 3(a) at 18:20 in the first day and 6:00 

 

 

am the next morning. They have some correlation to the large downward changes in tide 
level. 
The time evolution of PMD is of greater interest to system designers. Tide is the periodic rise 
and fall of a body of water resulting from gravitational interactions between the Sun, Moon 
and Earth. It is the observed recurrence of high and low water along the seashore—usually, 
but not always, twice daily. Current associated with tide, is the horizontal flow of water. It 
floods in which makes the tide rise and ebbs out which makes the tide falls. As described in 
Fig. 3(d), the testing place has a semidiurnal tide, which means there are two high tides and 
two low tides in one day. The current may flow quickly when a high tide recedes. One high 
tide appeared at 15:00 and the subsequent low tide arrived at 21:00, so the current with 
maximum speed was around 18:00. Similarly the current flows quickly at about 6:15 next 
morning. Since the tidal/current effect has particular direction, at the moment of maximum 
current, submarine fiber should have the maximum induced tension or displacement if any, 
which corresponds to the large absolute PMD value. Therefore, around those two time 
moments, PMD reached two peak values as shown in Fig. 3(a). Since the distance between 
the two ends of fiber is about 80 km, it is conceivable that tide times at the two ends are 
different. And the fluctuation of PMD magnitude is a combined tidal effect on the cable over 
the entire length. Therefore, there are some smaller peaks following the main peaks in Fig. 
3(a).  
OPGWs are a common type of aerial fiber installed worldwide on high voltage power lines. 
An OPGW cable provides ground wire protection for important electrical current carrying 
power lines and a high capacity communication network.  Due to the proximity of the 
OPGW to the electrical current there is magnetic field exposure to optical fiber in OPGW. 
The component of magnetic field in the propagation direction of the light signal induces 
circular birefringence by way of the first order Faraday effect, the resulting SOP dynamics 
are unique from typical aerial fiber (Leeson et al., 2009). The OPGW network provides new 
difficulties for PMD compensation designers because polarization changes can reach 300 Hz 
due to harmonic magnetic fields. On the other hand, the magnetic field exposure may allow 
high magnetic field detection providing SHM from ice buildup on ground wires and power 
lines, a major problem during the winter in many areas where high voltage power lines are 
deployed. 
In August 2007, we conducted a field test on two different fibers installed within an OPGW. 
The measurement was ~ 60 hours. The SOP changes where monitored simultaneously on 
both fibers using two Agilent 8509 polarization analyzers at a sampling rate of 1 KHz. A 
major difficulty in the development of a polarization monitoring technique for SHM of the 
OPGW network is the presence of time varying birefringence from temperature changes, 
wind (Aeolian vibrations/cable swings) and solar radiation. The drift of polarization 
entering a magnetic field section de-correlates the linear relation between magnetic field and 
the SOP changes. A Faraday Rotating Mirror (FRM) should be installed to observe the 
nature of the magnetic field induced birefringence, as it minimizes static and quasi-static 
reciprocal birefringence. For this reason, we monitored two fibers, one fibers transmission 
and another with an FRM installed, Fig. 4 shows the power spectrum up to 330Hz calculated 
for a one min daytime period for both fibers. In Fig. 4(a), on this time scale for the 
transmission signal, we observe a peak at < 1 Hz, a large spectral base up to ~100 Hz and a 
60 Hz peak with 120 Hz and 180 Hz harmonics. The < 1 Hz peak is correlated to OPGW 
cable swings as discussed in (Wuttke et al., 2003). The 0 Hz to ~100 Hz spectral base matches 
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nature of the magnetic field induced birefringence, as it minimizes static and quasi-static 
reciprocal birefringence. For this reason, we monitored two fibers, one fibers transmission 
and another with an FRM installed, Fig. 4 shows the power spectrum up to 330Hz calculated 
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the OPGW the natural Aeolian frequency of 10 - 80 Hz for a wind speed range of 3.6 to 25.2 
km/h (Krispin et al., 2007). Because we observe very similar frequencies to the reported 
natural Aeolian frequencies, and the wind is 17 km/h during this period, these modulations 
are most likely due to this environmental effect. The 60 Hz peak exists because the electrical 
current carried by the high voltage lines is 60 Hz and is modulating the SOP by the Faraday 
effect; the harmonic peaks exist due to nonlinear voltage/electrical current properties of 
electrical devices that result in harmonic magnetic fields each modulating the SOP. In Fig. 
4(b) we see the effect the FRM has on improving our observation of the nature of the 
magnetic field induced SOP changes. We observe the same 60 Hz peak resulting from the 60 
Hz electrical current and now harmonic peaks up to 300 Hz. 300 Hz is the fastest 
polarization modulation reported in OPGW/aerial fiber, this sets the requirement for PMD 
compensation on the OPGW network. 
 

 
Fig 4. Power spectrum up to 330Hz calculated for a one minute daytime period (a) for 
transmission and (b) with an FRM installed. From Leeson et al. (2009) 
 
We calculated for the OPGW fiber with the FRM installed the maximum arc length that is 
mapped out over a given time interval on the Poincare’s sphere in radians, for PMD 
compensation information. The fast 60 Hz polarization changes are maximized for a time 
interval of 8 ms, for our sampling rate of 1 KHz. To observe the decorrelation over the entire 
measurement time we used the ACF of the SOP and defined thalf, which describes the time at 
which the SOP has de-correlated 50 % (Waddy et al., 2005). The change in the way the SOP 
de-correlates for 10 min intervals (T = 600 s) can then be observed using: 
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Where at the maximum value of ACF50% = 1 there is the fastest SOP change possible. Fig. 
5(a) shows data representing the fast surrounding SOP modulating phenomena, i.e. the 
wind speed and the electrical current carried by the neighboring conductors and Fig. 5(b) 
shows the maximum arc length in radians for one min periods and the ACF50%. We see a 
correlation between the maximum arc length and the electrical current during the nighttime 
periods we could not observe without the FRM installed. The minimizing of temperature 
fluctuation and wind induced linear birefringence allows us to observe the magnetic fields 
contribution to polarization changes. As the FRM is not ideal, we still observe linear 
birefringence effects during the daytime period. During the daytime fast variations in the 
arc length appear. These variations must be caused by sun radiation induced temperature 

 

 

gradients between the cable core and cable surface, because the variations show no apparent 
correlation to any other environmental factors. The ACF50% shows that SOP drift is 
correlated to electrical current during most of the acquisition time. The SOP Autocorrelation 
function is shown to de-correlate as electrical current increases despite the presence of the 
solar gradient effect during the day. It is therefore possible that electrical current may 
induce detrimental errors in high speed communication systems (> 10 Gb/s). While we have 
shown that the FRM is required for accurately detecting the electrical current, to provide 
location information a distributed Polarization-OTDR (POTDR) may be required with the 
FRM to locate and diagnose a disturbance. 
 

 
Fig. 5. (a) Wind and electrical current data plotted in an OPGW with a FRM installed and (b) 
calculated maximum arc length plotted with ACF 50%. From Leeson et al. (2009) 

 
5. Distributed Fiber Vibration Sensor Based on Polarization Dependence in 
Stimulated Brillouin Scattering 
 

5.1 The polarization dependence of the Brillouin gain 
The distributed Brillouin sensor is an optical fiber based sensor that relies on the effect 
known as Brillouin scattering in order to measure the temperature and strain in a 
distributed fashion. The system monitors the interaction of two counter-propagating light 
waves within a sensing fiber by the pump and the probe waves. The Brillouin interaction 
results in power being transferred from the pump wave into the probe wave, and the 
efficiency of this process depends on several factors including the beat frequency between 
the pump and probe lasers, and the polarization states of these waves.  The interaction is 
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optimized if the beat between the lasers matches the Brillouin frequency (probe wave at the 
Stokes frequency), which is a material property of the optical fiber, and if the polarization 
states are the same for pump and probe waves. The Brillouin frequency shift is linearly 
dependent on the temperature and strain of the fiber, allowing the system to measure both 
of these properties. The Brillouin frequency can be measured by sweeping the beat 
frequency of the pump and probe lasers over a range and measuring the loss of the pump 
wave (or gain of the probe wave) at each frequency to construct the Brillouin spectrum at 
each location in the sensing fiber. Spatial information is acquired by matching the time of 
flight of the pulse to a location in the fiber, a process known as Brillouin optical time domain 
analysis (BOTDA). 
The vibration sensor based on stimulated Brillouin scattering is shown in Fig. 6. The probe 
wave gets amplified by the Brillouin interaction with the pump and it is this signal that is 
directed to the detection arm and measured (alternatively, the loss of the pump wave can be 
detected in the Brillouin loss technique).  For optimal sensitivity, the pump and probe laser 
frequencies must be locked to the Brillouin frequency corresponding to the static strain of 
the optical fiber under test. At the fixed Brillouin frequency, one can measure the 
birefringence change induced modulation to the Brillouin gain spectrum as illustrated in 
Fig. 7. 
There are two physical mechanisms that make it possible to detect vibrations of an optical 
fiber via the stimulated Brillouin scattering.  One mechanism is the fact that as the fiber is 
undergoing vibration, there will be strain introduced along the fiber. The strain in the fiber 
will cause the Brillouin frequency of single mode fiber to shift by roughly 0.05 /MHz . 
This kind of measurement requires a polarization scrambler for each scanned Brillouin 
frequency. 
 

 
Fig. 6. Brillouin vibration sensor setup 

 

 

 
Fig. 7. (a) Local birefringence change caused by force on optical fiber.  (b) Sensing 
mechanism based on perturbation of the polarization states – the growth in the probe wave 
traveling from right to left is represented by the thick black line. From Snoody (2008). 
 
If the pump and probe polarization states are aligned for an unstrained loose fiber, the 
Brillouin interaction will be large throughout the entire fiber (the polarization states drift 
only gradually in the time scale of minutes as explained in section 4).  When the fiber is 
disturbed, the Brillouin interaction will not be optimal and the detected probe power exiting 
the fiber will be reduced as depicted in Fig. 7(b). 
To show the vibration induced birefringence change and the associated Brillouin gain 
change, the fiber under test was a 15 m length of standard single mode fiber wrapped 
around a piezo fiber stretcher vibrating at 100 Hz. The results in Fig. 8(a) show that the 
sensitivity of the system was improved by an order of magnitude due to the Brillouin 
amplification when the pump wave was turned on. 
 

 
               (a)                                            (b)                                                (c) 
Fig. 8. (a) Effect of introducing pump wave – system sensitivity increases by an order of 
magnitude; (b) Experimental setup for vibrating cantilever; and (c) Experimental results for 
vibrating cantilever. 
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Fig. 9. (a) Power spectrum of vibrating cantilever; (b) Effect of damaging cantilever (grey) 
 
The following experiment was done to detect the frequency of a vibrating steel cantilever.  A 
section of fiber was bonded to the surface of a steel cantilever of which roughly 0.5 m was 
allowed to oscillate (Fig. 8(b)). The oscillations of the steel strip were clearly observed as 
well as the damping behavior of the vibration as seen in Fig. 8(c).  Damage to structures can 
be detected by changes in vibration behavior, both amplitude and frequency, and so it is 
imperative to measure the frequency characteristics of the vibrating structure. The Fourier 
transform of the data of Fig. 8(c) was taken and the resulting power spectrum is shown in 
Fig. 9. The main vibration frequency of 8.5 Hz is clearly evident as well as smaller 
contributions at other frequencies including a peak at 60 Hz which is due to electrical mains 
noise and should be filtered out. 
To test the system’s capability to measure damage to a structure, the steel cantilever was 
damaged by adding a C-clamp to the beam and monitored.  By observing the changes in the 
frequency spectrum, it is possible to see that the vibration characteristics of the cantilever 
have been modified, indicating structural damage. In Fig. 9(b), it can be seen that when 
damage was introduced the vibration frequencies shift lower and the relative power of the 
secondary peak has grown significantly. 

 
5.2 Distributed vibration sensor based on birefringence of the Brillouin gain  
To add distributed sensor ability we used 20 ns pulses equivalent to 2 m spatial resolution 
from a light source.  With the pulsed probe wave, the Brillouin interaction only occurs at a 
particular fiber location when the pulse is present at that location.  An 80 cm section of a 120 
m fiber was bonded to a 40 cm steel cantilever which was allowed to vibrate.  Fig. 10 shows 
the performance of the vibration sensor zoomed in on the fiber location which is vibrating.  
The data shown is the Brillouin loss signal which has been processed by subtracting the 
waveform for the stationary cantilever to reveal only the changes in the Brillouin signal as 
the cantilever vibrates.  During the vibration the birefringence of the optical fiber is altered 
which perturbs the states of polarization of the pump and probe waves in that section of 
fiber.  Since the strength of the Brillouin interaction depends on the alignment of the pump 
and probe SOP, this perturbation alters the strength of the Brillouin loss detected at the 

 

 

vibrating location.  The spatial resolution of the sensor is shown to be 2 m in Fig. 10(a), as 
expected for a 20 ns pulse.  The small section of vibrating fiber is clearly visible against the 
background signal of the otherwise stationary fiber.  Fig. 10(b) shows the vibration response 
of the steel cantilever as measured by the sensor at a single fiber position corresponding to 
the peak of the vibration response from Fig. 10(a) for 1 s at a sampling rate of over 100 Hz 
with each waveform consisting of 50 averages.  The frequency of vibration of the cantilever 
is found to be 13 Hz. 
 

 
Fig. 10. (a) Spatial resolution of vibration sensor. (b) Vibration response of steel cantilever. 
 
The distributed impact waves due to highway traffic on concrete slabs reinforced with fiber 
reinforced polymer (FRP) bars are monitored in real time using stimulated Brillouin 
scattering (Bao et al., 2008). The impact wave is caused by the traffic passing on the highway 
pavement at high speed (> 100 km/h), which induced pressure on the concrete slabs, and in 
turn created a local birefringence change, leading to variation of the local state of 
polarization change (SOP). The pump and probe waves of the stimulated Brillouin 
scattering ‘see’ the SOP change and react with a decrease of the Brillouin gain or loss signal 
relative to the input SOP of the pump and probe waves. The frequency difference between 
the pump and probe waves are locked at the static-strain-related Brillouin frequency. 
Optical fiber was embedded throughout the concrete pavement continuously reinforced 
with FRP bars in highway to detect impact waves caused by cars and trucks passing on 
these pavements at a sampling rate of 10 kHz. A spatial resolution of 2 m was used over a 
sensing length of 300 m. The maximum measured frequency was 15 Hz. 

 
6. Measurement of the Vibration and Acoustic Wave in Structures  
 

As explained in section 2, in single mode fiber the random imperfections during the 
manufacturing process breaks the circular symmetry of the fiber core, causing two 
orthogonally polarized components of light to travel with different velocities. The 
birefringence in fiber varies with many physical parameters such as: strain, temperature, 
pressure wave, ultrasonic fields, etc., leading to changes in the phase shift between two 
polarization eigenmodes. Thus, the output state of polarization (SOP) changes at the fiber 
end. By monitoring the power change of polarized light in the time and frequency domain, 
one can detect the impact wave as well as the vibration frequency in real time. This method 
has been used to characterize a PZT for its frequency response and phase delay (Zhang & 
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Fig. 9. (a) Power spectrum of vibrating cantilever; (b) Effect of damaging cantilever (grey) 
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Bao, 2008a). The experimental setup is shown in Fig. 11. To test its impact wave response, a 
cantilever beam was designed with a piece of spring steel with dimension 320×40×0.9 mm 
(L×W×H), and one end was clamped on a stage. Its shape was designed to be an isosceles 
trapezoid, which experiences a uniform strength impact wave along the beam. The bare 
fiber (SMF-28) was taped by clear lightweight scotch tape on the beam with a total length of 
60 cm. Impact wave was induced by the tip of a bent nose pliers at the fixed end. A slight 
tapping on the cantilever beam is applied to minimize the overall oscillations. 
 

 
 

 
Fig. 11. Experimental setup of optical fiber diversity vibration/acoustic sensor for the 
transmission and Rayleigh backscattering. 
 
Fig. 12(a) shows the response of the optical fiber sensor and an accelerometer after a single 
hit, both of which have clear damped trends in time domain. The result is obtained with no 
averaging or filtering (Zhang, 2008a). After the first 0.2 s, the accelerometer decays  
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Fig. 12. Impact detection of a cantilever beam with the optical fiber sensor (black) and the 
accelerometer (red): (a) time trace; (b) normalized power spectrum (Zhang et al., 2008a) 
 
to zero. While the optical fiber sensor still shows some small oscillations due to its long 
length coverage over the entire beam. In order to compare their frequency components, fast  
Fourier transforms are computed and the power spectrums are depicted in Fig. 12(b). All 
five main peaks appear at the same frequencies: 113.75 Hz, 235 Hz, 362.5 Hz, 535 Hz and 
742.5 Hz, respectively, which represent different excited modes within the cantilever beam 
because of the strength of the initial hit. We also notice the tendency that the power 
spectrum amplitude of the accelerometer is lower than that of the fiber sensor. This is 
caused by a lower sensitivity of the accelerometer in the low frequency range. The 
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accelerator is designed to detect higher frequency components above a few hundred Hz. For 
low frequency vibration/acoustic measurements, velocity or displacement transducers work 
more efficiently than accelerometers. Apparently, the fiber sensor has the ability to detect 
wider frequency ranges to accurately measure the dynamic properties of structures under 
impact waves in real time. 
 

 
Fig. 13. Field test of traffic impact monitoring with 5 cars or trucks passing: (a) Time trace of 
the signal around 2 Hz, after 1 Hz-5 Hz bandpass filter; (b) Power spectrum up to 50Hz of 
the raw data after 1 Hz highpass filter. 
 
The dynamic data was collected when cars and trucks were passing on the concrete slabs 
reinforced by FRP bars, hence the birefringence of the optical fiber attached to them would 
be affected. The sampling rate of our sensor was set to be 1 kHz as the frequencies of interest 
should be fairly low. A bandpass filter (1 Hz - 5 Hz) was applied on one set of the raw data 
to retrieve the signal around 2 Hz as plotted in Fig. 13(a) within 36 seconds. During this time 
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period, five cars and trucks passing on the two slabs were observed visually. Each vehicle 
represents one oscillation profile. In the first 15 seconds, it seems two or more impact events 
overlapping each other, as the damping time of the slab is much longer than the spacing 
time between cars. The maximum amplitude is at the 28th second, corresponding to a 
loaded truck passing by, and the damping time is for 6 seconds till the next impact event 
occurs. The weight of the car may be identified by its damping time; if the calibration of the 
car weight and decay time is characterized. Fig. 13(b) represents a typical power spectrum of 
the testing signal from 50 m sensing with the main frequency components below 20 Hz. This 
matches the previous research on dynamic testing of highway bridge using traffic loads 
(Bao et al., 2008). The first peak locates at 2 Hz, about 18 dB higher than the second peak at 
12.5 Hz, and the third peak at 18 Hz. These three frequencies should correspond to the 
natural frequencies of the whole test slabs’ structure. Apparently the frequency and 
damping time of the concrete slab can be determined by the proposed method. 

 
7. Water wave frequency detection 
 

Underwater acoustic sensing is an area in which fiber optic sensors have great advantages 
due to the possibility of multiplexing and distributed techniques existing in fiber 
communication and fiber sensor systems. Using the state of polarization (SOP) change in 
optical fiber under water one can measure the power spectrum of the oscillatory water 
currents due to water movement  (Zhang et al., 2008b). 
  

 
Fig. 14. Linearity of the (a) wave gauge and (b) optical fiber sensor. 
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period, five cars and trucks passing on the two slabs were observed visually. Each vehicle 
represents one oscillation profile. In the first 15 seconds, it seems two or more impact events 
overlapping each other, as the damping time of the slab is much longer than the spacing 
time between cars. The maximum amplitude is at the 28th second, corresponding to a 
loaded truck passing by, and the damping time is for 6 seconds till the next impact event 
occurs. The weight of the car may be identified by its damping time; if the calibration of the 
car weight and decay time is characterized. Fig. 13(b) represents a typical power spectrum of 
the testing signal from 50 m sensing with the main frequency components below 20 Hz. This 
matches the previous research on dynamic testing of highway bridge using traffic loads 
(Bao et al., 2008). The first peak locates at 2 Hz, about 18 dB higher than the second peak at 
12.5 Hz, and the third peak at 18 Hz. These three frequencies should correspond to the 
natural frequencies of the whole test slabs’ structure. Apparently the frequency and 
damping time of the concrete slab can be determined by the proposed method. 
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Underwater acoustic sensing is an area in which fiber optic sensors have great advantages 
due to the possibility of multiplexing and distributed techniques existing in fiber 
communication and fiber sensor systems. Using the state of polarization (SOP) change in 
optical fiber under water one can measure the power spectrum of the oscillatory water 
currents due to water movement  (Zhang et al., 2008b). 
  

 
Fig. 14. Linearity of the (a) wave gauge and (b) optical fiber sensor. 
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In the experiment,  the fiber has been laid across a section of wave flume, which is 
essentially a long water channel equipped with a wave generator at one end and a wave 
absorbing device at the other end; hence the fiber serves as a point sensor acting as a wave 
gauge. The fiber sensor is capable of detecting water wave frequencies accurately for all 
types of wave generated by the flume. With the optimum sag of fiber, the output response 
of the optical fiber sensor is linear within 0.7 m ± 0.2 m wave level. Fig. 14 is the wave 
measurement by the wave gauge and fiber sensor.  
The sensor monitors the polarization state change induced intensity variation of the light 
when the sensing fiber is affected by the presence of the water wave. As a result, the sensing 
fiber should be fully submerged in the water and be able to be moved physically by the 
water wave for the frequency range of 1-10 Hz, although the vibration sensor can have a 
KHz response signal. The sensor is capable of providing accurate frequency distributions for 
both regular waves and irregular waves, confirmed by a conventional wave gauge.  

 
8. Spectral analysis of POTDR for intrusion sensing 
 

Up to now, distributed optical fiber sensors have been mainly studied for static 
measurements, i.e. no time-varying or slowly time-varying signals, such as, static strain or 
temperature. Dynamic measurements using the above techniques are difficult to achieve 
because of the large number of waveforms required to average out the polarization effect 
induced signal fluctuation or because of the large range of frequency scans that are needed 
in order to obtain a reasonable signal to noise ratio (SNR) and spatial resolution over a 
kilometer fiber length. 
A frequency modulated source to realize distributed Brillouin sensor based on correlation of 
pump and probe in fiber is demonstrated for vibration measurement (Hotate & Ong,  2003]. 
However, each time only one sensing point is chosen by the correlation peak of pump and 
probe light, it is particularly suitable for material processing over a short fiber distance 
while it is not essentially a fully distributed sensor which should provide information for 
every point along the fiber under test simultaneously. A truly distributed vibration sensor 
has been demonstrated recently based on the spectrum density of POTDR system (Zhang & 
Bao, 2008b). This new sensor can detect a vibration frequency of 5 KHz over 1 km sensing 
length with 10 m spatial resolution. 
POTDR was developed as the first fully distributed optical fiber measurement for static 
physical parameters in the earlier 80’s (Rogers, 1981) and then adopted as a diagnostic tool 
in optical communication systems to identify high polarization mode dispersion (PMD) 
fiber sections (Gisin et al., 1999). In conventional POTDR, the SOP is measured with 4 
polarization controllers so that the rotation angle of SOP can be measured in every location 
to recover the PMD or strain, this process takes minutes, as a result, it can only be used for 
static measurement. To realize dynamic measurement with ms time scale, only one polarizer 
is sufficient to identify dynamic events, through which the birefringence change along the 
fiber could be detected; the setup is shown in Fig. 15. Moreover, with a novel fast Fourier 
transform (FFT) spectrum analysis, multiple simultaneous events with different vibration 
frequencies or even with the same frequencies are able to be accurately located. The spectral 
density function of location change is equivalent to many variable narrowband filters with 
bandwidth of < 1Hz to improve the SNR of multiple events detection, which allows the 
disturbance to be detected simultaneously at any location along the sensing fiber.   

 

 

 
Fig. 15. Experimental setup of POTDR system 
 
Data processing for the POTDR is done using four steps: in step (1) a large number of 
POTDR curves are acquired, step (2) at a particular position the time domain plot can be 
acquired from multiple POTDR curves, step (3) the FFT can be performed at that position 
using the time domain information and step (4) by performing steps (2) and (3) at all points 
along the fiber the magnitude of a certain frequency can be plotted as a function of distance. 
The post-signal processing is shown in Fig. 16. Step (1) to (3), is employed here by taking an 
average every 100 POTDR curves in step (2). Considering a 10 kHz repetition rate of the 
pulsed light, the effective sampling rate becomes 100 Hz, which has set the limitation for 
impact wave detection. Fig. 17(a) plots the FFT spectrum of 1.5 seconds time domain data at 
550 m with a peak at 22 Hz when the PZT is driven by 5 Vpp, 22 Hz square wave. Benefited 
to its high sensitivity, this POTDR system makes it possible to measure higher frequency 
disturbance without any averaging in step (2). Hence, the maximum detectable frequency is 
5 kHz using a 10 kHz sampling rate. In Fig. 17(b) when the driven frequency of the piezo is 
set to 4234 Hz, this peak frequency is clearly shown in the FFT spectrum at 550 m.  
 

 
 
Fig. 16. The data processing of the spectrum density of POTDR  
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Fig. 17. Piezo fiber stretcher driven by 5 Vpp square wave, FFT spectrum of time trace signal 
at 550 m of (a) 22 Hz driven signal; (b) 4234 Hz driven signal 
 
The present sensing uses post-signal processing, with the introduction of a micro-processor 
there would be a significant reduction of the signal processing time without going through 
computer for digitization and programming timing, which makes the current system 
response in the ms time frame, as the FFT signal processing and averaging can be conducted 
by electronic circuits directly. This new technology could in a cost-effective manner provide 
intrusion sensing for perimeter security at various places or structure health monitoring for 
large structures, such as bridges, highway pavements, pipeline leakage, etc. with low fault 
rate due to the multiple frequency components discrimination at < 1 Hz narrow band. 

 
9. Conclusion 
 

Monitoring of health is not a new idea and it is literally practiced by physicians using a 
knowledge base, tools, methods, and systems for diagnosis and then prognosis of one’s state 
of health. Some of these tools were specifically developed for the practice of medicine and in 
a similar fashion this occurred in the current chapters.   
The ability to accurately and efficiently monitor the long-term performance of engineering 
structures is an extremely valuable one. The potential benefits of structural monitoring 
includes reducing lifetime maintenance costs, improved safety and the ability to confidently 
use more efficient designs and advanced materials. 
Today, a new and interdisciplinary area of structural health monitoring is likewise needed 
in order to address the structural, economic, and safety needs of the 21st century society and 
beyond.  As with other industries, civil engineering must also undergo such a catharsis for a 
similar industry development.   
In this Chapter we focused on fiber sensors using birefringence properties which have the 
fastest response to dynamic changes, using this idea combined with nonlinear effects we 
have demonstrated point and distributed sensors for dynamic monitoring in structures, 
communication fibers and security applications.  
 

 

 

10. References 
 

Allen, C.; Kondamuri, P.; Richards, D. & Hague, D. (2003). Measured temporal and spectral 
PMD characteristics and their implications for network-level mitigation 
approaches. J. Lightwave Technol., Vol. 21, No. 1, (January 2003) 79–86,  
doi:10.1109/JLT.2003.808634 

Bao, X.; W. Li, W.; Zhang, C.; Eisa, M.; El-Gamal S. & Benmokrane, B. (2008). Monitoring the 
distributed impact wave on concrete slab due to the traffics based on polarization 
dependence on the stimulated Brillouin scattering. Smart Mater. Structures, Vol. 17, 
No. 1, (November 2008) 1-5, doi:10.1016/j.engstruct.2004.05.018 

Barnoski, J. K. & Jensen, S. M. (1976). Fiber waveguides: A novel technique for investigation 
attenuation characteristics. Appl. Opt., Vol. 15, No. 9, (Sept. 1976) 2112-2115      

Boyd, R. W. (2003).  Nonlinear Optics, Second Edition, Academic Press, ISBN: 0-12-121682-9, 
San Diego 

Brosseau, C. (1998). Fundamentals of Polarized Light: A Statistical Optical Approach, Wiley Inter-
Science, ISBN: 978-0-471-14302-4, New York 

Cameron, J.; Chen, L.; Bao, X. & Stears, J. (1998). Time evolution of polarization mode 
dispersion in optical fibers. Photon. Technol. Lett., Vol. 10, No. 9, (September 1998) 
1265–1267, ISSN: 1041-1135 

Chen, L.; Zhang, Z. & Bao, X. (2007). Combined PMD-PDL effects on BERs in simplified 
optical systems: an analytical approach. Opt. Express, Vol. 15, No. 5, (March 2007) 
2106-2119, doi:10.1364/OE.15.002106 

Gisin, N.; Gisin, B.; der Weid, J. P. V. & Passy, R. (1996). How accurately can one measure a 
Statistical Quantity like Polarization-Mode Dispersion?. Photon. Technol. Lett., Vol. 
8,  No. 12, (December 1996) 1671–1673, ISSN: 1041-1135 

Gordon, J. P. & Kogelnik, H. (2000). PMD fundamentals: polarization mode dispersion in 
optical fibers. Proc. Nat. Acad. Sci., Vol. 97, No. 9, (April 2000) 4541-4550, PMID: 
10781059 

Hotate, K. & Ong, S. L. (2003). Distributed dynamic strain measurement using a correlation-
based Brillouin sensing system. IEEE Photon. Technol. Lett., Vol. 15, No. 2, (February 
2003) 272–274, ISSN: 1041-1135 

Hunttner, B.; Gisin, B. & Gisin, N. (1999). Distributed PMD measurement with a 
polarization-OTDR in optical fibers. J. Lightwave Technol. Vol. 17, No. 10, (October 
1999) 1843-1848, ISSN: 0733-8724 

Huttner, B.; Geiser, C. & Gisin, N. (2000). Polarization-induced distortion in optical fiber 
networks with polarization-mode dispersion and polarization-dependent losses. 
IEEE J. Select. Topics Quantum Electron., Vol. 6, No. 2, (March/April 2000) 317-329, 
ISSN: 1077-260X 

Karlsson, M.; Brentel, J. & Andrekson, P. (2000). Long-term measurement of PMD and 
polarization drift in installed fibers. J. Lightw. Technol., Vol. 18, No. 7, (July 2000) 
941–951, ISSN: 0733-8724 

Krispin, H.; Fuchs, S. & Hagedorn, P. (2007). Optimization of the efficiency of aeolian 
vibration dampers, Proceeding of Power Engineering Society Conference and Exposition 
in Africa, South Africa, pp 1-3, ISBN: 978-1-4244-1477-2, July 2007, IEEE 
PowerAfrica '07, Johanesburg 



Fiber	Sensor	Applications	in	Dynamic	Monitoring	of	Structures,		
Boundary	Intrusion,	Submarine	and	Optical	Ground	Wire	Fibers 67 

 

 
Fig. 17. Piezo fiber stretcher driven by 5 Vpp square wave, FFT spectrum of time trace signal 
at 550 m of (a) 22 Hz driven signal; (b) 4234 Hz driven signal 
 
The present sensing uses post-signal processing, with the introduction of a micro-processor 
there would be a significant reduction of the signal processing time without going through 
computer for digitization and programming timing, which makes the current system 
response in the ms time frame, as the FFT signal processing and averaging can be conducted 
by electronic circuits directly. This new technology could in a cost-effective manner provide 
intrusion sensing for perimeter security at various places or structure health monitoring for 
large structures, such as bridges, highway pavements, pipeline leakage, etc. with low fault 
rate due to the multiple frequency components discrimination at < 1 Hz narrow band. 

 
9. Conclusion 
 

Monitoring of health is not a new idea and it is literally practiced by physicians using a 
knowledge base, tools, methods, and systems for diagnosis and then prognosis of one’s state 
of health. Some of these tools were specifically developed for the practice of medicine and in 
a similar fashion this occurred in the current chapters.   
The ability to accurately and efficiently monitor the long-term performance of engineering 
structures is an extremely valuable one. The potential benefits of structural monitoring 
includes reducing lifetime maintenance costs, improved safety and the ability to confidently 
use more efficient designs and advanced materials. 
Today, a new and interdisciplinary area of structural health monitoring is likewise needed 
in order to address the structural, economic, and safety needs of the 21st century society and 
beyond.  As with other industries, civil engineering must also undergo such a catharsis for a 
similar industry development.   
In this Chapter we focused on fiber sensors using birefringence properties which have the 
fastest response to dynamic changes, using this idea combined with nonlinear effects we 
have demonstrated point and distributed sensors for dynamic monitoring in structures, 
communication fibers and security applications.  
 

 

 

10. References 
 

Allen, C.; Kondamuri, P.; Richards, D. & Hague, D. (2003). Measured temporal and spectral 
PMD characteristics and their implications for network-level mitigation 
approaches. J. Lightwave Technol., Vol. 21, No. 1, (January 2003) 79–86,  
doi:10.1109/JLT.2003.808634 

Bao, X.; W. Li, W.; Zhang, C.; Eisa, M.; El-Gamal S. & Benmokrane, B. (2008). Monitoring the 
distributed impact wave on concrete slab due to the traffics based on polarization 
dependence on the stimulated Brillouin scattering. Smart Mater. Structures, Vol. 17, 
No. 1, (November 2008) 1-5, doi:10.1016/j.engstruct.2004.05.018 

Barnoski, J. K. & Jensen, S. M. (1976). Fiber waveguides: A novel technique for investigation 
attenuation characteristics. Appl. Opt., Vol. 15, No. 9, (Sept. 1976) 2112-2115      

Boyd, R. W. (2003).  Nonlinear Optics, Second Edition, Academic Press, ISBN: 0-12-121682-9, 
San Diego 

Brosseau, C. (1998). Fundamentals of Polarized Light: A Statistical Optical Approach, Wiley Inter-
Science, ISBN: 978-0-471-14302-4, New York 

Cameron, J.; Chen, L.; Bao, X. & Stears, J. (1998). Time evolution of polarization mode 
dispersion in optical fibers. Photon. Technol. Lett., Vol. 10, No. 9, (September 1998) 
1265–1267, ISSN: 1041-1135 

Chen, L.; Zhang, Z. & Bao, X. (2007). Combined PMD-PDL effects on BERs in simplified 
optical systems: an analytical approach. Opt. Express, Vol. 15, No. 5, (March 2007) 
2106-2119, doi:10.1364/OE.15.002106 

Gisin, N.; Gisin, B.; der Weid, J. P. V. & Passy, R. (1996). How accurately can one measure a 
Statistical Quantity like Polarization-Mode Dispersion?. Photon. Technol. Lett., Vol. 
8,  No. 12, (December 1996) 1671–1673, ISSN: 1041-1135 

Gordon, J. P. & Kogelnik, H. (2000). PMD fundamentals: polarization mode dispersion in 
optical fibers. Proc. Nat. Acad. Sci., Vol. 97, No. 9, (April 2000) 4541-4550, PMID: 
10781059 

Hotate, K. & Ong, S. L. (2003). Distributed dynamic strain measurement using a correlation-
based Brillouin sensing system. IEEE Photon. Technol. Lett., Vol. 15, No. 2, (February 
2003) 272–274, ISSN: 1041-1135 

Hunttner, B.; Gisin, B. & Gisin, N. (1999). Distributed PMD measurement with a 
polarization-OTDR in optical fibers. J. Lightwave Technol. Vol. 17, No. 10, (October 
1999) 1843-1848, ISSN: 0733-8724 

Huttner, B.; Geiser, C. & Gisin, N. (2000). Polarization-induced distortion in optical fiber 
networks with polarization-mode dispersion and polarization-dependent losses. 
IEEE J. Select. Topics Quantum Electron., Vol. 6, No. 2, (March/April 2000) 317-329, 
ISSN: 1077-260X 

Karlsson, M.; Brentel, J. & Andrekson, P. (2000). Long-term measurement of PMD and 
polarization drift in installed fibers. J. Lightw. Technol., Vol. 18, No. 7, (July 2000) 
941–951, ISSN: 0733-8724 

Krispin, H.; Fuchs, S. & Hagedorn, P. (2007). Optimization of the efficiency of aeolian 
vibration dampers, Proceeding of Power Engineering Society Conference and Exposition 
in Africa, South Africa, pp 1-3, ISBN: 978-1-4244-1477-2, July 2007, IEEE 
PowerAfrica '07, Johanesburg 



Optical	Fibre,	New	Developments68 

 

Landau, L. & Lifchitz, E. M. (1981).  Electrodynamics of Continuous Media (J. B. Sykes & J. S. 
Bell, Trans.), Pergamon Press, ISBN: 0080091059, Oxford (Original work published 
1969) 

Leeson, J; Bao X.; Côté, A. (2009). Polarization Dynamics in Optical Ground Wire (OPGW) 
Network. Appl. Opt., Vol. 48, No. 14, (May 2009) 2214-2219,         
doi:10.1364/AO.48.002214 

Measures, R. M. (2001). Structural Monitoring with Fibre Optics Technology, Academic Press, 
ISBN: 0-12-487430-4, London 

Rogers, A.  J.  (1981). Polarization-optical time domain reflectometry: A technique for the 
measurement of field distributions. Appl. Opt., Vol.  20, No. 6, (March 1981) 1060-
1074, ISSN: 0003-6935 

Snoody, J. (2008). Study on Brillouin Scattering in Optical Fibers with Emphasis on Sensing. 
Unpublished master's thesis, University of Ottawa, Ottawa, Canada 

Waddy, D.; Lu, P.; Chen, L. & Bao, X. (2001). Fast state of polarization changes in aerial fiber 
under different climatic conditions. Photon. Technol. Lett., Vol. 13, No. 9, (September 
2001) 1035–1037, ISSN: 1041-1135 

Waddy, D. S.; Chen, L. & Bao, X. (2005). Polarization effects in aerial fibers. Opt. Fiber 
Technol., Vol. 11, No. 1, (October 2005) 1-19, doi:10.1016/j.yofte.2004.07.002 

Wuttke, J.; Krummrich, P. & Rosch, J. (2003). Polarization oscillations in aerial fiber caused 
by wind and power-line current. Photon. Technol. Lett., Vol. 15, No. 6, (June 2003) 
882–884, ISSN: 1041-1135 

Zhang, Z.; Bao, X.; Yu, Q. & Chen, L. (2006). Fast states of polarization and PMD drift in 
submarine fibres. Photon. Technol. Lett., Vol. 18, No. 9, (May 2006) 1034-1036, ISSN: 
1041-1135 

Zhang, Z.; Bao, X.; Yu, Q. & Chen, L. (2007). Time evolution of PMD due to the tides and sun 
radiation on submarine fibers. Opt. Fiber Technol., Vol. 13, No. 1, (January 2007) 62-
66, doi:10.1016/j.yofte.2006.07.003 

Zhang, Z & Bao, X. (2008a). Continuous and damped vibration detection based on fiber 
diversity detection sensor by rayleigh backscattering. J. Lightwave Technol., Vol. 26, 
No. 7, (April 2008) 852-838, ISSN: 0733-8724 

Zhang, Z. & Bao, X. (2008b). Distributed optical fiber vibration sensor based on spectrum 
analysis of polarization-OTDR system. Opt. Express, Vol. 16, No. 14, (July 2008) 
10240-10247, doi:10.1364/OE.16.010240 

Zhang, Z.; LeBlanc, S.; Bao X. (2008a). Concrete pavement vibration monitoring due to the 
car passing using optical fiber sensor, Proceedings of the 19th International Conference 
on Optical Fibre Sensors (OFS-19), pp.1-5, ISBN: 9780819472045, Australia, June 2008, 
SPIE, Perth 

Zhang Z.; Bao X.; Rennie C. D.; Nistor I. & Cornett A. (2008b). Water wave frequency 
detection by optical fiber sensor. Opt. Communication, Vol. 281,  No.  24, (December 
2008) 6011–6015, ISSN: 0030-4018 

 
 



Near-Field	Opto-Chemical	Sensors 69

Near-Field	Opto-Chemical	Sensors

Antonietta	Buosciolo,	Marco	Consales,	Marco	Pisco,	Michele	Giordano	and	Andrea	Cusano

X 
 

Near-Field Opto-Chemical Sensors 
 

Antonietta Buosciolo1, Marco Consales2, Marco Pisco2,  
Michele Giordano1 and Andrea Cusano2 

1National Research Council,  Institute for Composite and Biomedical Materials 
Napoli, Italy 

2University of Sannio, Optoelectronic Division, Engineering Department, 
 Benevento, Italy 

 
 
1. Introduction  
 

Nanotechnology and nanoscale materials are a new and exciting field of research. The 
inherently small size and unusual optical, magnetic, catalytic, and mechanical properties of 
nanoparticles not found in bulk materials permit the development of novel devices and 
applications previously unavailable. One of the earliest applications of nanotechnology that 
has been realized is the development of improved chemical and biological sensors. 
Remarkable progress has been made in the last years in the development of optical 
nanosensors and their utilization in life science applications. 
This new technology demonstrates the breadth of analytical science and the impact that will 
be made in the coming years by implementing novel sensing principles as well as new 
measurement techniques where currently none are available.  
What is exciting in sensor research and development today? This is a tough question. There 
are many significant innovations and inventions being made daily. Micro and 
nanotechnology, novel materials and smaller, smarter and more effective  systems will play 
an important role in the future of sensors. 
With the increasing interest in and practical use of nanotechnology, the application of 
nanosensors to different types of molecular measurements is expanding rapidly. Further 
development of delivery techniques and new sensing strategies to enable quantification of 
an increased number of analytes are required to facilitate the desired uptake of nanosensor 
technology by researchers in the biological and life sciences.  
To fulfil the promise of ubiquitous sensor systems providing situational awareness at low 
cost, there must be a demonstrated benefit that is only gained through further 
miniaturization. For example, new nanowire-based materials that have unique sensing 
properties can provide higher sensitivity, greater selectivity and possibly improved stability 
at a lower cost and such improvements are necessary to the sensor future. 
Nano-sensors can improve the world through diagnostics in medical applications; they can 
lead to improved health, safety and security for people; and improved environmental 
monitoring. The seed technologies are now being developed for a long-term vision that 
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includes intelligent systems that are self-monitoring, self-correcting and repairing, and self-
modifying or morphing not unlike sentient beings. 
On this line of argument, in last years, our interdisciplinary group has been involved in 
research activities focused on the development of novel opto-chemical nano-sensors 
employing near-field effects to enhance the overall performance of the final device.  
In this chapter, thus, we report recent findings on new class of opto-chemical sensors whose 
excellent sensing performance are related to an enhancement effect of the optical near-field 
induced by semiconductive structures of tin dioxide (SnO2) when their spatial dimensions 
are comparable to the employed radiation wavelength ().  
The main objective is to investigate the possibility to concentrate the electro-magnetic field 
in precise localized spots, by means of metal oxide micro and nano-sized structures, to 
increase light matter interaction and provide innovative and valuable sensing mechanisms 
for next generation of fiber optic chemical and biological nano-sized sensors (Pisco et al., 
2006; Buosciolo et al., 2006).   
Due to the strong interdisciplinary nature of the problem, research activities have been 
carried out following an integrated approach where all the aspects (material selection, 
integration techniques and transducer development),  have been simultaneously addressed 
and optimized.  
Taking this line, interest was focused on issues like investigation of the surface morphology 
and of the near-field optical properties in relation to suitable processing and post-processing 
conditions; correlation of the surface layer morphology and the emerging near-field 
intensity distribution with the sensing performance [Consales et al., 2006b; Cusano et al., 
2006). We found that sensitive layers with very rough morphologies inducing a significant 
perturbation of the optical near-field, exhibited surprisingly sensing performance for both 
water chemicals monitoring and against chemical pollutants in air environment, at room 
temperature (Cusano et al., 2006; Buosciolo et al., 2008b).   
Similar effects of light manipulation have been observed, in recent years, only in noble metal 
nanostructures explained in terms of localized surface plasmons and in  subwavelength hole 
arrays in both metal films and non metallic systems; in a recent convincing theoretical 
model (Lezec & Thio, 2004) relative to the last case, the transmission of light is modulated 
not by coupling to surface plasmons, but by interference of diffracted evanescent waves 
generated by subwavelength periodic features at the surface, leading to transmission 
enhancement as well as suppression.  
In light of this argument, it is clear that the manipulation of light through semicondutive  
micro and nano sized structures opens new frontiers not only in sensing applications but 
have also vast potential to be applied in many fields ranging from high performance 
nanometer-scale photonic devices up to in-fiber micro systems.   
Here, we review the technological steps carried out by our group for the demonstration of a 
novel sensing mechanism arising from near-field effects in confined domains constituted by 
particle layers  of tin dioxide with size approaching the optical wavelength. To this aim, we 
have structured the present chapter as follows: sections 2 and 3 are focused on the 
properties and characteristics of tin dioxide as sensing layer for chemical transducers with 
particular emphasis on the state of the art on chemical sensors based on this type of 
semiconductor. Section 4 deals with the principle of operation of the proposed reflectometric 
opto-chemical sensors and with the electrostatic-spray pyrolysis method as valuable tool to 
deposit particle layers of tin dioxide on optical fiber substrates at wavelength scale. Section 5 

 

reports the morphological and optical characterization of the so produced superstrates 
carried out by atomic force and scanning near-field optical microscopy, very useful to 
clearly outline the effects of processing parameters on particles size and distribution as wells 
on the optical near-field emerging from the overlays. Finally, in section 6 we present the 
sensing performances of fiber optic chemo-sensors incorporating tin dioxide particle layers 
in both air and liquid environments discussing the dependence of the sensing properties on 
film morphology and optical near-field.   

 
2. Tin dioxide as sensing material  
 

Metal oxides are widely used as sensitive materials for electrical gas sensors in 
environmental, security and industrial applications. The idea of using semiconductors as 
gas sensitive devices leads back to 1952 when Brattain and Bardeen first reported gas 
sensitive effects on germanium (Brattain & Bardeen, 1952). Later, Seiyama et al. found gas 
sensing effect on metal oxides (Seiyama et al., 1962).  
The principle of operation of such class of sensors relies upon a change of electrical 
conductivity of the semiconductor material as a consequence of the gas adsorption.  
Even if many chemo-physical coupled phenomena, such as surface and bulk chemical 
reactions and mass and energy diffusion, are involved in the operation of the semiconductor 
solid state conductivity sensors (Lundstrom,  1996), in general, the sensing principle is 
dominated by the variation of the electronic properties of wide-band-gap semiconductors 
such as SnO2 and ZnO due to the gases adsorption that modifies the intrinsic electronic 
defect formation (Szklarski, 1989). The gas sensitivity of semiconductor materials is 
underlain by reversible effects resulting from chemisorption of molecules, formation of 
space charge areas, and variation of the concentration of the charge carriers in the 
subsurface layer.  
Although the general principle of the detection mechanism is appreciated, the size of the 
change of electric conductivity (sensor signal) is largely determined by the structural type of 
the semiconductor, the nature and concentration of surface reactive centers, and the real 
structure of the material: the size, structure, and degree of agglomeration of crystallites, 
specific surface area, and pore geometry (Rumyantsevaa et al., 2008).  
In principle, any semiconducting oxide can be exploited as a sensor by monitoring changes 
of its resistance during interaction with the detected gas molecules at an operating 
temperature typically above 200 °C. Because tin oxide (SnO2) offers high sensitivity at 
conveniently low operating temperatures, attention has been concentrated on this material 
although lately many studies extended also to other oxides.  
In fact, several commercial devices based on SnO2 for detecting low concentration of both 
flammable, i.e. CH4 and H2, and toxic; i.e. CO, H2S and NOx, gases, are available. SnO2 

sensors can be referred to as the best-understood prototype of oxide based gas sensors. 
Nevertheless, highly specific and sensitive SnO2 sensors are not yet available. It is well 
known that sensor selectivity can be fine-tuned over a wide range by varying the SnO2 
crystal structure and morphology, dopants, contact geometries, operation temperature or 
mode of operation, etc. The electric conductivity of oxide semiconductors is extremely 
sensitive to the composition of the surface, which reversibly varies as a consequence of 
surface reactions involving chemisorbed oxygen (O2–, O2–, O–) and the gas mixture 
components, proceeding at 100–500°C. (Rumyantsevaa et al., 2008; Barsan, et al., 1999).  
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Moreover, tin oxide is sensitive to both oxidizing gases, such as ozone, O3, and NO2, and 
reducing species, such as CO and CH4 (Becker, 2001). In particular, in the case of oxidizing 
gases the raising in conductivity upon gas-solid interaction is due to the injection into the 
conductivity band of electrons produced by the surface reaction between the gas and the 
chemically active species, Oads- of tin oxide, as an example CO+ Oads-  CO2+e-; while, in the 
case of reducing gases, the reactions consume the conduction electrons increasing the tin 
oxide resistivity, as an example NO2+ e-NO+ Oads-. 
In conclusions, the advantages offered by wide-band-gap semiconductor oxides as sensing 
materials include their stability in air, relative inexpensiveness, and easy preparation in the 
ultradispersed state (Rumyantsevaa et al., 2008). Three main drawbacks characterize such 
class of sensors materials: the relatively high operative temperature, the poor selectivity due 
to unspecificity of the contribution made by the gas phase molecules to the total electric 
response and the long term drift (Sberveglieri, 1995). 

 
3. State of the art on SnO2 based sensors  
 

The first great production and utilization of tin dioxide based gas sensors started in Japan 
from a patent (Taguchi, 1962) deposited by Naoyoshi Taguchi in the far 1962. His work was 
completed in the years 1968-69 when he established mass production and started selling the 
Taguchi Gas Sensor (TGS) and founded the “Figaro Engineering Inc.” currently a world 
leader company in gas sensors production. The first TGS was a ceramic thick film sensor 
using tin-dioxide powder as sensitive element. The rapid success and the grown in the 
production of the TGSs in the years following the first TGS realization is attributed not only 
to the exhibited performances but also to the large diffusion in that years in Japan of bottled 
gas and the consequent numerous accidental gas explosions (Ihokura & Watson, 1994), 
leading to the need of security gas sensors.  
After almost fifty years since the first TGS realization, many and many technological 
advancements in the sensing field strongly widened the classes of available sensors both 
commercially and in the scientific community. Many of them are still based on tin dioxide as 
sensitive material.  
The first generation of sensors based on tin dioxide as sensitive material was manufactured 
by ceramic thick film technology. In ceramic thick film sensors, the tin dioxide is most 
commonly sintered onto a substrate, usually of alumina (Ihokura, 1981).  In operation, this 
substrate is heated by an electrically energized filament and the resistance of the active 
material, which is very high in fresh air, falls as the concentration of (combustible) 
contaminant gas rises  (Watson, 1984).   
Since thick film sensors’ performance depend on percolation path of electrons through inter-
granular regions, by varying small details in the preparation process, each sensor differed 
slightly in its initial characteristics. Therefore the materials fabrication processes have been 
improved towards thin film technology, that offers higher reproducibility and long term 
stability. 
In order to enhance the performances and the selectivity of these sensors, several 
approaches have been pursued.  
An approach consists in the careful choice of the working temperature of the sensor that is 
able to enhance the sensitivity to certain gases by comparison with others (Fort et al., 2002).  
Since the optimum oxidation temperatures are different from gas to gas, operating the 

 

transducer at two different temperatures leads to the enhancement of the sensor selectivity 
(Heilig et al., 1999). 
A large number of additives in SnO2, such as In, Cd, Bi2O3 and noble metals (i.e. palladium 
or platinum) either in thick or in thin films based sensors have been investigated to improve 
the selectivity and to enhance the response of the tin-dioxide gas sensors (Yamazoe, 1983). 
These dopants are added to improve sensor sensitivity to a particular gas, to minimize cross 
sensitivity to other gases and to reduce temperature of operation. Palladium inclusions, for 
example, leads to a lowering of the sensor resistance, a speeding up of transient behavior 
and modifies the selectivity characteristics of the sensor by changing the rates of the redox 
reactions (Watsont et al., 1993; Cirera et al., 2001). The doping of SnO2 with Pt reduces in 
particular the optimum operating temperature for sensing CO gas. On the other hand, the 
doping of SnO2 with trivalent additive favors the detection of oxidant gases. By suitably 
selecting the dopant the temperature of device operation can be tailored for a specific 
application (Erann et al., 2004;  Ivanov et al., 2004). Other additives such as gold, rhodium, 
ruthenium and indium have more significant effects on selectivity, as do several metal 
oxides including those of lanthanum and copper.  
A widely employed approach to enhance the sensor selectivity concerns exploiting different 
measurement techniques and/or data processing algorithms. Of course, these approaches 
are not limited to tin-oxide based sensors. Nonetheless, interesting results have been 
achieved also with tin oxide by measuring the transducer conductivity variations during 
chemical transients obtained with abrupt changes in target molecules concentration. In fact 
in this case the reaction kinetics can be exploited to differentiate among different 
compounds (Schweizer-Berberich et al., 2000; Llobet et al., 1997; Ngo et al., 2006).  
More generally, the realization of an array of sensors with different features and the 
employment of pattern recognition techniques demonstrated to be a suitable strategy to 
discriminate among different target molecules (Gardner et al., 1992; Hong et al., 2000; Lee et 
al., 2001; Delpha et al., 2004). 
The effect of grain size on the sensitivities of SnO2 films has been also investigated since 
1991, when Yamazoe  (Yamazoe, 1991) showed that reduction of crystallite size caused a 
huge improvement in conductometric sensor performance. In fact, in a low grain size metal 
oxide almost all the carriers are trapped in surface states and only a few thermal activated 
carriers are available for conduction. In this configuration the transition from activated to 
strongly not activated carrier density, produced by target gases species, has a great effect on 
sensor conductance. The challenge thus became to prepare stable materials with small 
crystallite size. This process has been assisted by the recent progress in nanotechnology, 
thank to which fine control over the crystallinity, morphology, composition and doping 
level of these sensing materials could be obtained.  
An important step forward has been achieved by the successful preparation of stable single 
crystal quasi-one-dimensional semiconducting oxides nanostructures (the so-called 
nanobelts, nanowires or nanoribbons) (Pan et al., 2001;  Comini et al., 2002).  
This was followed by the publication of some fundamental demonstrations (Cui et al., 2001; 
Law et al., 2002; Arnold et al., 2003; Li et al., 2003) of detecting a variety of chemicals and 
bio-agents using semiconducting 1-D oxides. Since then, this area has been experiencing 
significant growth in the past six years and it is not yet clear whether it will reach saturation 
soon (Comini, 2008; Chen et al., 2008). 
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ruthenium and indium have more significant effects on selectivity, as do several metal 
oxides including those of lanthanum and copper.  
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are not limited to tin-oxide based sensors. Nonetheless, interesting results have been 
achieved also with tin oxide by measuring the transducer conductivity variations during 
chemical transients obtained with abrupt changes in target molecules concentration. In fact 
in this case the reaction kinetics can be exploited to differentiate among different 
compounds (Schweizer-Berberich et al., 2000; Llobet et al., 1997; Ngo et al., 2006).  
More generally, the realization of an array of sensors with different features and the 
employment of pattern recognition techniques demonstrated to be a suitable strategy to 
discriminate among different target molecules (Gardner et al., 1992; Hong et al., 2000; Lee et 
al., 2001; Delpha et al., 2004). 
The effect of grain size on the sensitivities of SnO2 films has been also investigated since 
1991, when Yamazoe  (Yamazoe, 1991) showed that reduction of crystallite size caused a 
huge improvement in conductometric sensor performance. In fact, in a low grain size metal 
oxide almost all the carriers are trapped in surface states and only a few thermal activated 
carriers are available for conduction. In this configuration the transition from activated to 
strongly not activated carrier density, produced by target gases species, has a great effect on 
sensor conductance. The challenge thus became to prepare stable materials with small 
crystallite size. This process has been assisted by the recent progress in nanotechnology, 
thank to which fine control over the crystallinity, morphology, composition and doping 
level of these sensing materials could be obtained.  
An important step forward has been achieved by the successful preparation of stable single 
crystal quasi-one-dimensional semiconducting oxides nanostructures (the so-called 
nanobelts, nanowires or nanoribbons) (Pan et al., 2001;  Comini et al., 2002).  
This was followed by the publication of some fundamental demonstrations (Cui et al., 2001; 
Law et al., 2002; Arnold et al., 2003; Li et al., 2003) of detecting a variety of chemicals and 
bio-agents using semiconducting 1-D oxides. Since then, this area has been experiencing 
significant growth in the past six years and it is not yet clear whether it will reach saturation 
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In particular, SnO2 nanowires and nanobelts have been widely reported in a number of 
reports as conductometric chemical sensors, both in normal resistor or in Field Effect 
Transitor (FET) configurations (Maffeis et al., 2002; Panchapakesan et al., 2006; Helwig et al., 
2007). The first SnO2 nanobelt chemical sensor was realized in 2002 and employed for the 
detection of CO, NO2, and ethanol (Comini et al., 2002). It relied on simple DC-resistive 
measurements and was made by dispersing SnO2 nanobelts atop platinum interdigitated 
electrodes, prefabricated on an alumina substrate. In 2005, the possibility to integrate tin 
oxide nanobelts with micro-machined substrate has been proved by Yu et al. (Yu et al., 
2005), that reported on a single-SnO2-nanobelt sensor integrated with microheaters to sense 
dimethyl methylphosphonate (DMMP), a nerve agent stimulant. Recently, Wan et al. (Wan 
et al., 2008) proposed a high-performance ethanol sensor based on branched SnO2/Sb-doped 
SnO2 nanowire films.  
Chemical sensors based on metal oxide 1-D structure configured in FET devices have also 
been extensively studied. For example, Law et al. (Law et al., 2002) published a contribution 
on the room temperature NO2 sensing properties of a FET sensor based on a single 
crystalline tin oxide nanowire. They made use of UV light, that has proven to be effective 
also with thin films (Comini et al., 2001), to improve adsorption and desorption process.  
Zhang et al. (Zhang et al., 2004) also presented some experiments on SnO2 single nanowire 
sensor in a FET structure in pure nitrogen, nitrogen-oxygen and nitrogen-oxygen-CO 
atmospheres.  
Enhanced performances have also been demonstrated in the last years with 1-D SnO2 
nanostructure-based conductometric sensors with Pd (Kolmakov et al., 2005), Ag (Chen & 
Moskovits, 2007), Ni (Sysoev et al., 2006) and Au  (Qian et al., 2006) nanoparticles decorated 
on the surface of nanowires and nanobelts.  
The main disadvantage of conductometric sensors is their need for a high working 
temperature, which leads to power wastage. Recently, some contribution on new (and yet 
not well explored) optical detection methods have also been proposed for the realization of 
tin oxide chemical sensors. They are based on the measurements of optical response of SnO2-
based materials to environmental changes, instead of the electrical ones. In particular, some 
contributions have been reported on the quenching in the visible photoluminescence (PL) of 
tin oxide nanostructures due to the introduction of NO2, NH3, and CO in dry and humid 
synthetic air and normal ambient pressure conditions (Faglia et al., 2005; Baratto et al., 2005; 
Setaro et al., 2008).    
Also, in the last few years, SnO2 was exploited as sensitive wavelength-scale particle layers 
for the realization of a new concept near-field fiber optic chemical sensors able to work at 
room temperature, either in air or water environments (Cusano et al., 2006; Buosciolo et al., 
2008b). The electrostatic spray pyrolysis was exploited to transfer SnO2 thin films composed 
of grains with wavelength and subwavelength dimensions atop the termination of standard 
optical fibers (Pisco et. al, 2006). This layer morphology demonstrated to be very promising 
for optical sensing because it is able to significantly modify the optical near-field profile 
emerging from the film surface. As matter of fact, local enhancements of the evanescent 
wave contribute occurs leading to a strong sensitivity to surface effects induced as 
consequence of analyte molecule interactions (Cusano et al., 2007). 

 

 

4. Tin dioxide opto-chemical nano-sensors  
 

4.1 Principle of operation  
For the realization of the proposed near-field opto-chemical sensors, the reflectometric 
configuration has been exploited (Pisco et al., 2006). It is essentially based on a modified 
extrinsic Fabry-Perot (FP) interferometer which, as schematically represented in Fig. 1, uses 
a microstructured tin dioxide sensitive film deposited at the distal end of a properly cut and 
prepared optical fiber.  
 
 
 
 
 
 

 
 
 
Fig. 1.  Schematic view of the reflectometric configuration. 
 
In line of principle, the key point of this configuration is the dependence of the reflectance at 
the fiber/sensitive layer interface on the optical and geometric properties of the sensitive 
materials. In particular, the interaction with target analyte molecules promote changes in the 
chemo-optic features of the active layers surface, basically its dielectric constant. In this case 
in fact, contrarily to what happen for the standard FP configurations (Pisco et al., 2006), the 
interaction of the field with the chemicals present within the atmosphere occurs not in the 
volume of the layer but mainly on its surface by means of the evanescent part of the field, 
promoting a significant improvement of the fiber optic sensor performance. The chemo-
optic variations induced by the surface-chemicals interaction lead to changes in the film 
reflectance and thus in the intensity of the optical signal reflected at the fiber/film interface. 
As we will see in the section 6.1, this optical intensity modulation is simply detectable by 
means of single-wavelength reflectance measurements. 

 
4.2 Integration of sensing layers with standard optical fibers 
Many sensitive materials and transducing techniques are today available to develop opto-
chemical sensors, but it’s necessary to find the suitable deposition technique, depending on 
the nature of the material and the transducing substrate, in order to control the 
morphological and geometrical features of the sensitive layer. This governance is, in fact, 
essential to fully benefit of the materials properties and to be able to mathematically 
schematize the sensor for a reasonable design of its performances. Hence, the challenge in 
this field is not just relating to the chemical tailoring of the material properties, but also the 
integration of the material with the sensing platform. At the same time simple and low cost 
fabrication procedure and equipment are mandatory for a fast and cost-effective evolution 
of the devices from laboratories to market.  
In the following, a brief introduction to the Electrostatic Spray Pyrolysis (ESP) technique and 
a description of its optimization and customization for the deposition of the selected 
sensitive material onto the fiber substrates are presented. 

(a)  
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In particular, SnO2 nanowires and nanobelts have been widely reported in a number of 
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2007). The first SnO2 nanobelt chemical sensor was realized in 2002 and employed for the 
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measurements and was made by dispersing SnO2 nanobelts atop platinum interdigitated 
electrodes, prefabricated on an alumina substrate. In 2005, the possibility to integrate tin 
oxide nanobelts with micro-machined substrate has been proved by Yu et al. (Yu et al., 
2005), that reported on a single-SnO2-nanobelt sensor integrated with microheaters to sense 
dimethyl methylphosphonate (DMMP), a nerve agent stimulant. Recently, Wan et al. (Wan 
et al., 2008) proposed a high-performance ethanol sensor based on branched SnO2/Sb-doped 
SnO2 nanowire films.  
Chemical sensors based on metal oxide 1-D structure configured in FET devices have also 
been extensively studied. For example, Law et al. (Law et al., 2002) published a contribution 
on the room temperature NO2 sensing properties of a FET sensor based on a single 
crystalline tin oxide nanowire. They made use of UV light, that has proven to be effective 
also with thin films (Comini et al., 2001), to improve adsorption and desorption process.  
Zhang et al. (Zhang et al., 2004) also presented some experiments on SnO2 single nanowire 
sensor in a FET structure in pure nitrogen, nitrogen-oxygen and nitrogen-oxygen-CO 
atmospheres.  
Enhanced performances have also been demonstrated in the last years with 1-D SnO2 
nanostructure-based conductometric sensors with Pd (Kolmakov et al., 2005), Ag (Chen & 
Moskovits, 2007), Ni (Sysoev et al., 2006) and Au  (Qian et al., 2006) nanoparticles decorated 
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The main disadvantage of conductometric sensors is their need for a high working 
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tin oxide chemical sensors. They are based on the measurements of optical response of SnO2-
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contributions have been reported on the quenching in the visible photoluminescence (PL) of 
tin oxide nanostructures due to the introduction of NO2, NH3, and CO in dry and humid 
synthetic air and normal ambient pressure conditions (Faglia et al., 2005; Baratto et al., 2005; 
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Also, in the last few years, SnO2 was exploited as sensitive wavelength-scale particle layers 
for the realization of a new concept near-field fiber optic chemical sensors able to work at 
room temperature, either in air or water environments (Cusano et al., 2006; Buosciolo et al., 
2008b). The electrostatic spray pyrolysis was exploited to transfer SnO2 thin films composed 
of grains with wavelength and subwavelength dimensions atop the termination of standard 
optical fibers (Pisco et. al, 2006). This layer morphology demonstrated to be very promising 
for optical sensing because it is able to significantly modify the optical near-field profile 
emerging from the film surface. As matter of fact, local enhancements of the evanescent 
wave contribute occurs leading to a strong sensitivity to surface effects induced as 
consequence of analyte molecule interactions (Cusano et al., 2007). 
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Fig. 1.  Schematic view of the reflectometric configuration. 
 
In line of principle, the key point of this configuration is the dependence of the reflectance at 
the fiber/sensitive layer interface on the optical and geometric properties of the sensitive 
materials. In particular, the interaction with target analyte molecules promote changes in the 
chemo-optic features of the active layers surface, basically its dielectric constant. In this case 
in fact, contrarily to what happen for the standard FP configurations (Pisco et al., 2006), the 
interaction of the field with the chemicals present within the atmosphere occurs not in the 
volume of the layer but mainly on its surface by means of the evanescent part of the field, 
promoting a significant improvement of the fiber optic sensor performance. The chemo-
optic variations induced by the surface-chemicals interaction lead to changes in the film 
reflectance and thus in the intensity of the optical signal reflected at the fiber/film interface. 
As we will see in the section 6.1, this optical intensity modulation is simply detectable by 
means of single-wavelength reflectance measurements. 

 
4.2 Integration of sensing layers with standard optical fibers 
Many sensitive materials and transducing techniques are today available to develop opto-
chemical sensors, but it’s necessary to find the suitable deposition technique, depending on 
the nature of the material and the transducing substrate, in order to control the 
morphological and geometrical features of the sensitive layer. This governance is, in fact, 
essential to fully benefit of the materials properties and to be able to mathematically 
schematize the sensor for a reasonable design of its performances. Hence, the challenge in 
this field is not just relating to the chemical tailoring of the material properties, but also the 
integration of the material with the sensing platform. At the same time simple and low cost 
fabrication procedure and equipment are mandatory for a fast and cost-effective evolution 
of the devices from laboratories to market.  
In the following, a brief introduction to the Electrostatic Spray Pyrolysis (ESP) technique and 
a description of its optimization and customization for the deposition of the selected 
sensitive material onto the fiber substrates are presented. 
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Moreover, the possibility to obtain thin films at nano and micro scale and to tailor the 
sensitive layers features by properly changing the ESP deposition parameters will also be 
reported. 

 
4.3 Electrostatic Spray Pyrolysis (ESP) deposition technique  
The spray pyrolysis technique has been, during the last three decades, one of the major 
techniques to deposit a wide variety of materials in thin film form (Perednis & Gauckler, 
2005). Unlike many other film deposition techniques, spray pyrolysis represents a very 
simple and relatively cost effective processing method (especially with regard to equipment 
costs). It offers an extremely easy technique for preparing films of any composition and it 
does not require high quality substrates or chemicals. The method has been employed for 
the deposition of dense films, porous films, and for powder production. Even multilayered 
films can be easily prepared using this versatile technique.  
Thin metal oxide and chalcogenide film deposited by spray pyrolysis and different 
atomization techniques were reviewed for example by Patil (Patil, 1999).  
ESP is a spray  deposition technique in which the precursor solutions are electrosprayed 
toward substrates from the end of a highly biased metal capillary (typically 5–25 kV). 
In fact, this methodology is based on the phenomenon of electrolyte (usually ethanol or 
water solutions of metal chlorides) polarization on charged droplets by an electrostatic field, 
applied between a vessel provided with a metal capillary and a heated substrate. The 
polarized droplets separate one from each other by means of repulsive forces and they are 
carried by electrostatic field along its force lines (Higashiyama et al., 1999). The moving 
droplets form a cone in the space, called Tailor’s cone. The substrate coverage by droplets is 
quasi uniform in terms of amount of drops per square unit. When droplets of solution reach 
the heated substrate (the substrate temperature is usually in the range 300-450°C), chemical 
reaction of metal chloride with solution water vapor, stimulated by the temperature, takes 
place with formation of the oxide film (Matsui et al., 2003): 

 MClx + x/2 H2O  MOx/2 + xHCl (1) 

Thereby, metal oxide layer grows due to the thermal transformation of metal chloride to 
metal oxide as a consequence of the interaction with water vapor.  
It’s evident from this brief description that ESP involves many processes occurring either 
simultaneously or sequentially. The most important of these are aerosol generation and 
transport, solvent evaporation, droplet impact with consecutive spreading, and precursor 
decomposition. The deposition temperature is involved in all mentioned processes, except 
in the aerosol generation. Consequently, the substrate surface temperature is the main 
parameter that determines the electrical properties of the layers, like resistivity and charge 
carrier mobility, and structural properties like crystalline size and surface morphology. 
For instance, for SnO2 samples deposited at higher temperatures, low resistivity and higher 
roughness were observed, whereas for films deposited at temperatures less than 340°C high 
resistivity, lower crystalline size and less ratio of polycrystalline phase were found (Patil et 
al., 2003). A more recent work of Ghimbeu et al. (Ghimbeu et al., 2007), report on the 
influences of deposition temperature on the surface morphology of SnO2 and Cu-doped 
SnO2 thin films. Dense films with a smooth surface characterized by several cracks were 
deposited at low temperature such as 150°C; denser films comprised of large particle of 
about 1 µm, which are agglomerates of small particles, were obtained at 250°C; while films 

 

prepared at 350 and 400°C showed a porous structure and a surface roughness that increase 
with increasing temperature.  
The precursor solution is the second important process variable. Solvent, type of salt, 
concentration of salt, additives and sprayed volume influence the physical and chemical 
properties of the precursor solution. Therefore, structure and properties of a deposited film 
can be tailored also by changing the  precursor solution.   
For example, porous SnO2 and SnO2-Mn2O3 films were prepared using the ESP deposition 
technique and employed in Taguchi type hydrogen sensors (Gourari et al., 1998; Gourari et 
al., 1999). The grain size of the porous films ranged from 1 to 10 µm. It was observed that the 
grain size increases with a higher concentration of the precursor in the ethanol solvent.  
Thin SnO2 films for gas sensors were also prepared by spray pyrolysis using an inorganic as 
well as an organic precursor solution (Pink et al., 1980). Smooth but not very uniform films 
were obtained using a solution of (NH4)2SnCl6 in water. On the other hand, very uniform 
but relatively rough films were deposited using a solution of (CH3COO)2SnCl2 in 
ethylacetate. Suitable electric properties were measured for films obtained from the organic 
solution. The sensitivity and rise time were found to depend on the deposition temperature 
and the type of precursor solution used. The best results were achieved by spraying an 
organic precursor solution onto a substrate at about 300°C. 
The first attempts to prepare SnO2 layers using the ESP were carried out by Gourari et al. 
(Gourari et al., 1998) and Zaouk et al. (Zaouk et al., 2000). Although conductive substrates 
were conventionally used in ESP, Zaouk et al. (Zaouk et al., 2000) revealed the availability of 
ESP for the insulator substrate. They investigated the electrical and optical properties of the 
fluorine doped SnO2 layers sprayed on Corning 7059 substrates.  

 
4.4 Customization and optimization of ESP deposition technique  
The ESP technique was used for the first time for the deposition of a tin dioxide layer upon 
the distal end of standard silica optical fibers (SOFs) by the authors in the 2005 (Pisco et., 
2005). To this purpose, an optimization and customization of the standard ESP method was 
used.  For the SnO2 particle layers deposition, single mode optical fibers were prepared by 
stripping the protective coating a few centimeters from the fiber-end. The bare fiber were 
washed in chloroform in order to remove any coating residuals. Then the fiber-end were 
properly cut, by using a precision cleaver, in order to obtain a planar cross-section, where 
the SnO2 films were deposited. A schematic view of the experimental set-up used for the 
sensors fabrication is shown in Fig. 2.  
It consists of a high voltage source (FUG, 0-30kV), two syringes connected with a flexible 
pipe for the solution handling, a needle with an external diameter of 0.5 mm, connected 
with a high voltage source (17 ± 0.1 kV) in order to create a high electric field between the 
needle itself and a grounded metal substrate where the fiber-end is located. The necessary 
temperature has been reached by means of a resistive heater, in contact with the substrate, 
constituted by two stainless steel plates of a few square centimeters and by a nichrome wire 
connected with a 300W voltage source. The heater was supplied with a chromium-nickel 
thermocouple connected with a multimeter for the temperature monitoring. The distance 
between the needle and the optical fiber-end was about 30 mm.  
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Moreover, the possibility to obtain thin films at nano and micro scale and to tailor the 
sensitive layers features by properly changing the ESP deposition parameters will also be 
reported. 

 
4.3 Electrostatic Spray Pyrolysis (ESP) deposition technique  
The spray pyrolysis technique has been, during the last three decades, one of the major 
techniques to deposit a wide variety of materials in thin film form (Perednis & Gauckler, 
2005). Unlike many other film deposition techniques, spray pyrolysis represents a very 
simple and relatively cost effective processing method (especially with regard to equipment 
costs). It offers an extremely easy technique for preparing films of any composition and it 
does not require high quality substrates or chemicals. The method has been employed for 
the deposition of dense films, porous films, and for powder production. Even multilayered 
films can be easily prepared using this versatile technique.  
Thin metal oxide and chalcogenide film deposited by spray pyrolysis and different 
atomization techniques were reviewed for example by Patil (Patil, 1999).  
ESP is a spray  deposition technique in which the precursor solutions are electrosprayed 
toward substrates from the end of a highly biased metal capillary (typically 5–25 kV). 
In fact, this methodology is based on the phenomenon of electrolyte (usually ethanol or 
water solutions of metal chlorides) polarization on charged droplets by an electrostatic field, 
applied between a vessel provided with a metal capillary and a heated substrate. The 
polarized droplets separate one from each other by means of repulsive forces and they are 
carried by electrostatic field along its force lines (Higashiyama et al., 1999). The moving 
droplets form a cone in the space, called Tailor’s cone. The substrate coverage by droplets is 
quasi uniform in terms of amount of drops per square unit. When droplets of solution reach 
the heated substrate (the substrate temperature is usually in the range 300-450°C), chemical 
reaction of metal chloride with solution water vapor, stimulated by the temperature, takes 
place with formation of the oxide film (Matsui et al., 2003): 

 MClx + x/2 H2O  MOx/2 + xHCl (1) 

Thereby, metal oxide layer grows due to the thermal transformation of metal chloride to 
metal oxide as a consequence of the interaction with water vapor.  
It’s evident from this brief description that ESP involves many processes occurring either 
simultaneously or sequentially. The most important of these are aerosol generation and 
transport, solvent evaporation, droplet impact with consecutive spreading, and precursor 
decomposition. The deposition temperature is involved in all mentioned processes, except 
in the aerosol generation. Consequently, the substrate surface temperature is the main 
parameter that determines the electrical properties of the layers, like resistivity and charge 
carrier mobility, and structural properties like crystalline size and surface morphology. 
For instance, for SnO2 samples deposited at higher temperatures, low resistivity and higher 
roughness were observed, whereas for films deposited at temperatures less than 340°C high 
resistivity, lower crystalline size and less ratio of polycrystalline phase were found (Patil et 
al., 2003). A more recent work of Ghimbeu et al. (Ghimbeu et al., 2007), report on the 
influences of deposition temperature on the surface morphology of SnO2 and Cu-doped 
SnO2 thin films. Dense films with a smooth surface characterized by several cracks were 
deposited at low temperature such as 150°C; denser films comprised of large particle of 
about 1 µm, which are agglomerates of small particles, were obtained at 250°C; while films 

 

prepared at 350 and 400°C showed a porous structure and a surface roughness that increase 
with increasing temperature.  
The precursor solution is the second important process variable. Solvent, type of salt, 
concentration of salt, additives and sprayed volume influence the physical and chemical 
properties of the precursor solution. Therefore, structure and properties of a deposited film 
can be tailored also by changing the  precursor solution.   
For example, porous SnO2 and SnO2-Mn2O3 films were prepared using the ESP deposition 
technique and employed in Taguchi type hydrogen sensors (Gourari et al., 1998; Gourari et 
al., 1999). The grain size of the porous films ranged from 1 to 10 µm. It was observed that the 
grain size increases with a higher concentration of the precursor in the ethanol solvent.  
Thin SnO2 films for gas sensors were also prepared by spray pyrolysis using an inorganic as 
well as an organic precursor solution (Pink et al., 1980). Smooth but not very uniform films 
were obtained using a solution of (NH4)2SnCl6 in water. On the other hand, very uniform 
but relatively rough films were deposited using a solution of (CH3COO)2SnCl2 in 
ethylacetate. Suitable electric properties were measured for films obtained from the organic 
solution. The sensitivity and rise time were found to depend on the deposition temperature 
and the type of precursor solution used. The best results were achieved by spraying an 
organic precursor solution onto a substrate at about 300°C. 
The first attempts to prepare SnO2 layers using the ESP were carried out by Gourari et al. 
(Gourari et al., 1998) and Zaouk et al. (Zaouk et al., 2000). Although conductive substrates 
were conventionally used in ESP, Zaouk et al. (Zaouk et al., 2000) revealed the availability of 
ESP for the insulator substrate. They investigated the electrical and optical properties of the 
fluorine doped SnO2 layers sprayed on Corning 7059 substrates.  

 
4.4 Customization and optimization of ESP deposition technique  
The ESP technique was used for the first time for the deposition of a tin dioxide layer upon 
the distal end of standard silica optical fibers (SOFs) by the authors in the 2005 (Pisco et., 
2005). To this purpose, an optimization and customization of the standard ESP method was 
used.  For the SnO2 particle layers deposition, single mode optical fibers were prepared by 
stripping the protective coating a few centimeters from the fiber-end. The bare fiber were 
washed in chloroform in order to remove any coating residuals. Then the fiber-end were 
properly cut, by using a precision cleaver, in order to obtain a planar cross-section, where 
the SnO2 films were deposited. A schematic view of the experimental set-up used for the 
sensors fabrication is shown in Fig. 2.  
It consists of a high voltage source (FUG, 0-30kV), two syringes connected with a flexible 
pipe for the solution handling, a needle with an external diameter of 0.5 mm, connected 
with a high voltage source (17 ± 0.1 kV) in order to create a high electric field between the 
needle itself and a grounded metal substrate where the fiber-end is located. The necessary 
temperature has been reached by means of a resistive heater, in contact with the substrate, 
constituted by two stainless steel plates of a few square centimeters and by a nichrome wire 
connected with a 300W voltage source. The heater was supplied with a chromium-nickel 
thermocouple connected with a multimeter for the temperature monitoring. The distance 
between the needle and the optical fiber-end was about 30 mm.  
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Fig. 2. Schematic view of the experimental set-up used for the deposition of the sensitive 
layer onto the optical fibers. 
 
The deposition was performed at a constant temperature of 320±5 °C. Liquid flow has been 
regulated by means of an air pump connected with the first syringe. Tin dioxide films are 
grown according to the following reaction:  

SnCl4 + 2H2O  SnO2 + 4HCl (2) 

The SnO2 layers fabrication was performed by means of a constant volume, 5 ml, of an 
ethanol solution of SnCl45H2O at two different concentrations: 0.01 and 0.001 mol/l.  
During the deposition, it is also possible the formation of amorphous SnO phase. Thermal 
treatment is one of the ways to transform SnOх to SnO2 and clean the films surface from the 
other dopants like water or alcohol present in the initial solution (Ramamoorthy et al., 2003). 
For this reason, after the deposition procedure, the prepared samples were annealed at 
500±5°C for 1 hour. The temperature was increased from room temperature to 500°С with a 
constant rate of 5°C/min and, after the annealing procedure, the temperature was decreased 
with the same rate down to the room temperature. 

 
5. Characterization of the surface morphology and of the transmitted optical 
field in near proximity of the overlays  
 

As described in the previous section 4.1, the principle of operation of the proposed sensors 
relies on the dependence of the reflected power at the fiber end on the optical and geometric 
properties of the layer itself. The interaction of the analyte molecules with the sensitive 
overlay leads to changes in its complex dielectric function and, in turn, in the amount of 
reflected power. So it’s clear that the heart of a chemical sensor is the sensitive layer and for 
this reason a strong effort was devoted to investigate the properties of the deposited SnO2 
films in terms of the surface morphology and the optical behaviors by means of scanning 
probe microscopy.  
In the present section, we first introduce something about the above mentioned 
characterization technique and the employed experimental apparatus; then we report on the 
influence of surface features on the transmitted optical field in near proximity of the 
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overlays; finally we describe how, by acting on the deposition parameters and on thermal 
annealing, it is possible to obtain layers able to manipulate light at sub wavelength level. 
In particular, we will show that: the near-field collected in presence of SnO2 layers with a 
smooth topography and a surface roughness of the order of tens of nanometers, has the 
typical Gaussian shape of the fundamental mode propagating through the single-mode 
optical fiber; in presence of layers characterized by several SnO2 grains, with mean spatial 
dimensions greater than about 500 nm, the near-field profile results to be significantly 
modified in correspondence of them; finally, layers characterized by the presence of isolated 
microstructures, with dimensions comparable to radiation wavelength, reveal high 
capability of near-field enhancement combined with a strong increasing of the evanescent 
wave content.  

 
5.1 Scanning probe microscopy 
Atomic force microscopy (AFM) and scanning near-field optical microscopy (SNOM) 
analyses were performed on the deposited SnO2 films, before employing them in sensing 
applications; as we will see in the following, neither any damage was produced nor any 
treatment was necessary in order to perform this kind of analysis. 
The invention of scanning tunneling microscopy in 1981 began a revolution in microscopy, 
which has led to a whole new family of microscopies (Meyer et al., 2003), known collectively 
as scanning probe microscopy (SPM), among them AFM and SNOM. SPMs do not use 
lenses to produce the magnified image; instead, a local probe is scanned over the surface of 
the specimen and measures some physical property associated with the surface. This local 
probe is fabricated from a material appropriate for the measurement of the particular 
surface property. The scanning process is simply mechanical, but with extremely high 
precision and without producing any damage of the specimen. Moreover, SPM is capable of 
imaging all kind of specimen (including soft materials and biomolecular systems) at sub-
molecular resolution, without the need for staining or coating, in a range of environments 
including gas and liquid, so offering major advantages over other forms of microscopy.  
In Fig. 3 it is reported the AFM-SNOM system employed for the surface morphology and 
optical properties characterization; in fact, it is capable of simultaneous SNOM and normal 
force AFM imaging using the same probe (Buosciolo et al., 2006).  
The super-resolution of SNOM is achieved via a sub-wavelength aperture placed in the 
near-field of the sample: a tapered optical fiber coated with 150 nm of a metal. 
Measurements were carried out in collection mode using a Cr/Al-coated fiber with 200 nm 
aperture diameter and illuminating the fiber under investigation with a superluminescent 
diode (central wavelength λ1=1310 nm,  λ2=1550 nm). The tip was maintained in the near-
field of the sample surface using optically detected normal force feedback. This was 
accomplished by oscillating the tip and detecting the scattered light from a laser focused 
onto the end of the tip. As the tip approaches the surface, the signal decreases and a 
feedback circuit can be used to maintain a constant tip-sample distance while scanning the 
sample under the tip. During the imaging scan, the probe collects the light coming out of the 
sample exactly at the end face. In this way, the optical intensity distribution from the fiber 
end face is mapped into a SNOM image and an independent AFM normal force image is 
recorded simultaneously by the feedback signal that produces a three-dimensional image of 
the SnO2 film surface.  
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Fig. 2. Schematic view of the experimental set-up used for the deposition of the sensitive 
layer onto the optical fibers. 
 
The deposition was performed at a constant temperature of 320±5 °C. Liquid flow has been 
regulated by means of an air pump connected with the first syringe. Tin dioxide films are 
grown according to the following reaction:  

SnCl4 + 2H2O  SnO2 + 4HCl (2) 

The SnO2 layers fabrication was performed by means of a constant volume, 5 ml, of an 
ethanol solution of SnCl45H2O at two different concentrations: 0.01 and 0.001 mol/l.  
During the deposition, it is also possible the formation of amorphous SnO phase. Thermal 
treatment is one of the ways to transform SnOх to SnO2 and clean the films surface from the 
other dopants like water or alcohol present in the initial solution (Ramamoorthy et al., 2003). 
For this reason, after the deposition procedure, the prepared samples were annealed at 
500±5°C for 1 hour. The temperature was increased from room temperature to 500°С with a 
constant rate of 5°C/min and, after the annealing procedure, the temperature was decreased 
with the same rate down to the room temperature. 

 
5. Characterization of the surface morphology and of the transmitted optical 
field in near proximity of the overlays  
 

As described in the previous section 4.1, the principle of operation of the proposed sensors 
relies on the dependence of the reflected power at the fiber end on the optical and geometric 
properties of the layer itself. The interaction of the analyte molecules with the sensitive 
overlay leads to changes in its complex dielectric function and, in turn, in the amount of 
reflected power. So it’s clear that the heart of a chemical sensor is the sensitive layer and for 
this reason a strong effort was devoted to investigate the properties of the deposited SnO2 
films in terms of the surface morphology and the optical behaviors by means of scanning 
probe microscopy.  
In the present section, we first introduce something about the above mentioned 
characterization technique and the employed experimental apparatus; then we report on the 
influence of surface features on the transmitted optical field in near proximity of the 
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overlays; finally we describe how, by acting on the deposition parameters and on thermal 
annealing, it is possible to obtain layers able to manipulate light at sub wavelength level. 
In particular, we will show that: the near-field collected in presence of SnO2 layers with a 
smooth topography and a surface roughness of the order of tens of nanometers, has the 
typical Gaussian shape of the fundamental mode propagating through the single-mode 
optical fiber; in presence of layers characterized by several SnO2 grains, with mean spatial 
dimensions greater than about 500 nm, the near-field profile results to be significantly 
modified in correspondence of them; finally, layers characterized by the presence of isolated 
microstructures, with dimensions comparable to radiation wavelength, reveal high 
capability of near-field enhancement combined with a strong increasing of the evanescent 
wave content.  

 
5.1 Scanning probe microscopy 
Atomic force microscopy (AFM) and scanning near-field optical microscopy (SNOM) 
analyses were performed on the deposited SnO2 films, before employing them in sensing 
applications; as we will see in the following, neither any damage was produced nor any 
treatment was necessary in order to perform this kind of analysis. 
The invention of scanning tunneling microscopy in 1981 began a revolution in microscopy, 
which has led to a whole new family of microscopies (Meyer et al., 2003), known collectively 
as scanning probe microscopy (SPM), among them AFM and SNOM. SPMs do not use 
lenses to produce the magnified image; instead, a local probe is scanned over the surface of 
the specimen and measures some physical property associated with the surface. This local 
probe is fabricated from a material appropriate for the measurement of the particular 
surface property. The scanning process is simply mechanical, but with extremely high 
precision and without producing any damage of the specimen. Moreover, SPM is capable of 
imaging all kind of specimen (including soft materials and biomolecular systems) at sub-
molecular resolution, without the need for staining or coating, in a range of environments 
including gas and liquid, so offering major advantages over other forms of microscopy.  
In Fig. 3 it is reported the AFM-SNOM system employed for the surface morphology and 
optical properties characterization; in fact, it is capable of simultaneous SNOM and normal 
force AFM imaging using the same probe (Buosciolo et al., 2006).  
The super-resolution of SNOM is achieved via a sub-wavelength aperture placed in the 
near-field of the sample: a tapered optical fiber coated with 150 nm of a metal. 
Measurements were carried out in collection mode using a Cr/Al-coated fiber with 200 nm 
aperture diameter and illuminating the fiber under investigation with a superluminescent 
diode (central wavelength λ1=1310 nm,  λ2=1550 nm). The tip was maintained in the near-
field of the sample surface using optically detected normal force feedback. This was 
accomplished by oscillating the tip and detecting the scattered light from a laser focused 
onto the end of the tip. As the tip approaches the surface, the signal decreases and a 
feedback circuit can be used to maintain a constant tip-sample distance while scanning the 
sample under the tip. During the imaging scan, the probe collects the light coming out of the 
sample exactly at the end face. In this way, the optical intensity distribution from the fiber 
end face is mapped into a SNOM image and an independent AFM normal force image is 
recorded simultaneously by the feedback signal that produces a three-dimensional image of 
the SnO2 film surface.  
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Fig. 3. Scanning probe system:  simultaneous atomic force (AFM) and scanning near-field 
optical microscopy (SNOM).   
 
The resolution of SNOM images is limited by the aperture size of the probe (200 nm); as 
regards the AFM characterization, in the x and y directions, the resolution is limited by the 
effective dimension of the terminal part of the probe (aperture diameter plus the 
metallization layer), while in the z direction is only limited by external vibrations.  
All images were obtained in air using tapping mode operation and in a region 
approximately centered onto the fiber core. Moreover, image acquisition times were 
between 30 and 40 min for images  with pixel resolution of 256x256.  
Images were processed by WSxM free software downloadable at http:www.nanotec.es. In 
particular, topographic images were flattened, off-line, using zero-or-first order polynomial 
fits to account for z offsets and sample tilt.  

 
5.2 Influence of surface layer morphology on the near-field intensity distribution  
AFM and SNOM measurements allow to obtain quantitative information on the surface 
structures of the sensitive coatings and the knowledge of the relationship between the layer 
morphology and the optical near-field collected in the close proximity of the fabricated 
probes (Consales et al. 2006).  
As an example, in Fig.4 (a) is reported the typical bi-dimensional (2D) image of a SnO2 layer 
(sample A) deposited upon the distal end of the optical fiber, by ESP technique using a 
solution volume of 5 ml of ethanol solution of SnCl45H2O with a concentration of 0.01 
mol/l. The image refers to a (12x12) μm2 area, approximately centered on the optical fiber 
core, indicated with the green circle.  
The most important measurement of surface roughness can be given with a statistical 
parameter: the root mean square (RMS) roughness that is the standard deviation of the 
height values within a given area. Figure 4 (a) reveals that the deposited layer is very 
smooth with a RMS roughness of about 27.98 nm. In addition, Fig. 4 (b) shows that the 
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shape of the electromagnetic field collected in the close proximity of the film surface is not 
influenced by the presence of such SnO2 layer, as demonstrated by the fact that it assumes 
the typical Gaussian profile of the field emerging from the cleaved end of a single mode 
optical fiber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Topographic image of the sample A (a) and optical near-field simultaneously 
collected by the SNOM probe in the same region (12x12) μm2 (b).  
 
Different morphologies of the SnO2 particles layers can be obtained by changing the 
parameters of the ESP deposition process, such as the concentration and the volume of the 
ethanol solution of SnCl45H2O, the alignment of the optical fiber end under the needle from 
which the precursor solution is sprayed or the substrate temperature during the deposition. 
As matter of the fact, Fig. 5 (a) shows the 2D image of another tin dioxide particles layer, 
sample B, fabricated by means of the same deposition parameters (5 ml of ethanol solution 
of SnCl45H2O with a concentration of 0.01 mol/l) except for the fact that it was differently 
aligned under the syringe needle.  
It can be observed that a very different morphology and, as a consequence, optical near-field 
profile, have been obtained. In this case, in fact, the sensitive layer exhibits an highly rough 
surface characterized by the presence of a number of tin dioxide grains which cause an 
increase of the RMS roughness up to 136.65 nm. By an analysis of the heights and sizes 
distributions of the grains, a mean height of approximately 400 nm and mean lateral (x, y) 
dimension of approximately 465 nm were estimated.  
Fig. 5 (b) reveals that, in this case, the optical profile of the emergent near-field is 
significantly influenced by such overlay morphology. As matter of  fact, the Gaussian shape 
of the near-field collected in the close proximity of the layer surface, appears modified in 
correspondence of the SnO2 grains with dimensions comparable with the light wavelength. 
In fact, relatively to the core region only, the biggest grains able to produce a perturbation of 
the field  have a mean height of about 700 nm and a mean width of about 550 nm. 
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Fig. 3. Scanning probe system:  simultaneous atomic force (AFM) and scanning near-field 
optical microscopy (SNOM).   
 
The resolution of SNOM images is limited by the aperture size of the probe (200 nm); as 
regards the AFM characterization, in the x and y directions, the resolution is limited by the 
effective dimension of the terminal part of the probe (aperture diameter plus the 
metallization layer), while in the z direction is only limited by external vibrations.  
All images were obtained in air using tapping mode operation and in a region 
approximately centered onto the fiber core. Moreover, image acquisition times were 
between 30 and 40 min for images  with pixel resolution of 256x256.  
Images were processed by WSxM free software downloadable at http:www.nanotec.es. In 
particular, topographic images were flattened, off-line, using zero-or-first order polynomial 
fits to account for z offsets and sample tilt.  

 
5.2 Influence of surface layer morphology on the near-field intensity distribution  
AFM and SNOM measurements allow to obtain quantitative information on the surface 
structures of the sensitive coatings and the knowledge of the relationship between the layer 
morphology and the optical near-field collected in the close proximity of the fabricated 
probes (Consales et al. 2006).  
As an example, in Fig.4 (a) is reported the typical bi-dimensional (2D) image of a SnO2 layer 
(sample A) deposited upon the distal end of the optical fiber, by ESP technique using a 
solution volume of 5 ml of ethanol solution of SnCl45H2O with a concentration of 0.01 
mol/l. The image refers to a (12x12) μm2 area, approximately centered on the optical fiber 
core, indicated with the green circle.  
The most important measurement of surface roughness can be given with a statistical 
parameter: the root mean square (RMS) roughness that is the standard deviation of the 
height values within a given area. Figure 4 (a) reveals that the deposited layer is very 
smooth with a RMS roughness of about 27.98 nm. In addition, Fig. 4 (b) shows that the 
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shape of the electromagnetic field collected in the close proximity of the film surface is not 
influenced by the presence of such SnO2 layer, as demonstrated by the fact that it assumes 
the typical Gaussian profile of the field emerging from the cleaved end of a single mode 
optical fiber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Topographic image of the sample A (a) and optical near-field simultaneously 
collected by the SNOM probe in the same region (12x12) μm2 (b).  
 
Different morphologies of the SnO2 particles layers can be obtained by changing the 
parameters of the ESP deposition process, such as the concentration and the volume of the 
ethanol solution of SnCl45H2O, the alignment of the optical fiber end under the needle from 
which the precursor solution is sprayed or the substrate temperature during the deposition. 
As matter of the fact, Fig. 5 (a) shows the 2D image of another tin dioxide particles layer, 
sample B, fabricated by means of the same deposition parameters (5 ml of ethanol solution 
of SnCl45H2O with a concentration of 0.01 mol/l) except for the fact that it was differently 
aligned under the syringe needle.  
It can be observed that a very different morphology and, as a consequence, optical near-field 
profile, have been obtained. In this case, in fact, the sensitive layer exhibits an highly rough 
surface characterized by the presence of a number of tin dioxide grains which cause an 
increase of the RMS roughness up to 136.65 nm. By an analysis of the heights and sizes 
distributions of the grains, a mean height of approximately 400 nm and mean lateral (x, y) 
dimension of approximately 465 nm were estimated.  
Fig. 5 (b) reveals that, in this case, the optical profile of the emergent near-field is 
significantly influenced by such overlay morphology. As matter of  fact, the Gaussian shape 
of the near-field collected in the close proximity of the layer surface, appears modified in 
correspondence of the SnO2 grains with dimensions comparable with the light wavelength. 
In fact, relatively to the core region only, the biggest grains able to produce a perturbation of 
the field  have a mean height of about 700 nm and a mean width of about 550 nm. 
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Fig. 5. Topographic image of the sample B (a) and optical near-field simultaneously 
collected by the SNOM probe in the same region (13x13) μm2 (b). 
 
It was demonstrated that this effect can be attributed to the high refractive index of the SnO2 
grains (approximately 1.967 for λ =1550 nm) which try to guide the light but, the lateral 
dimensions and the grains spacing (mean grains spacing is about 1 μm) are too small to 
allow a correct light localization due to the significant overlap of the evanescent field. This 
interpretation was confirmed by additional experiments focused on the investigation of the 
particle layer effects in the case of larger and isolated grains (Cusano et al., 2007).  
In fact, the near filed enhancement effect was observed for the first time by the authors in 
2007 (Cusano et al., 2007) in the case of SnO2 grains whose spatial dimensions approach the 
radiation wavelength.   
Here, we report the case of the sample C obtained in the same deposition condition of 
sample A, but using a different concentration of ethanol solution of SnCl45H2O equal to 
0.001 mol/l.  As it is possible to note from the 2D representation of sample C topography 
reported in Fig. 6 (a), the isolated microstructure has approximately the shape of an half 
ellipsoid, with dimensions x ≈ y ≈ 1.4 µm  and z ≈ 1.0 µm, on a flat SnO2 substrate. It is 
evident from Fig. 6 (b) that the optical near-field is strongly enhanced in correspondence of 
the such grain. The local intensity enhancement, calculated as the ratio between the 
maximum measured intensity and the corresponding intensity of the unperturbed field is 
about 1.8. (Cusano et al., 2007). 
In order to demonstrate that the field enhancement is observable only in the near-field 
range, the emergent field at a constant sample-probe distance of approximately 2 μm, was 
also recorded, as reported in Fig. 7 (a). 
For a sample-tip distance comparable to the optical wavelength, the field profile is not able 
to completely maintain information about the film morphology, even if a significant 
distortion of the beam shape is still clearly observable in Fig. 7 (a). By increasing the sample-
tip distance, up to few times the wavelength the collected optical field profile assumes the 
Gaussian shape, as expected in far field imaging. 
Moreover, it was possible to construct a map of the radiation intensity coupled into the 
standard optical fiber coated with the SnO2 overlay simply by coupling the cantilevered 
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optical probe to the superluminescent diode and the fiber sample to the InGaAs detector 
(named reverse configuration,  compared to the forward one reported in  Fig. 3).   
It was found that the profile of the radiation intensity coupled to the sample fiber using the 
reverse configuration, reported in Fig. 7 (b), is very similar to that one transmitted through 
the optical fiber coating and collected in the forward configuration (Fig. 6 (b)). In this case 
the local intensity enhancement is about 1.5 calculated using the same procedure reported 
above in the text. 
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μm (a) and radiation intensity coupled into the standard optical fiber when it was 
illuminated by the SNOM probe (b). 
 
In light of these experimental results, the authors were able to give an effective explanation 
of the observed phenomenon: the radiation impinging at the base of the grain, coming from 
the layer of the same material, continues to propagate inside of it (confined by the high 
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Fig. 5. Topographic image of the sample B (a) and optical near-field simultaneously 
collected by the SNOM probe in the same region (13x13) μm2 (b). 
 
It was demonstrated that this effect can be attributed to the high refractive index of the SnO2 
grains (approximately 1.967 for λ =1550 nm) which try to guide the light but, the lateral 
dimensions and the grains spacing (mean grains spacing is about 1 μm) are too small to 
allow a correct light localization due to the significant overlap of the evanescent field. This 
interpretation was confirmed by additional experiments focused on the investigation of the 
particle layer effects in the case of larger and isolated grains (Cusano et al., 2007).  
In fact, the near filed enhancement effect was observed for the first time by the authors in 
2007 (Cusano et al., 2007) in the case of SnO2 grains whose spatial dimensions approach the 
radiation wavelength.   
Here, we report the case of the sample C obtained in the same deposition condition of 
sample A, but using a different concentration of ethanol solution of SnCl45H2O equal to 
0.001 mol/l.  As it is possible to note from the 2D representation of sample C topography 
reported in Fig. 6 (a), the isolated microstructure has approximately the shape of an half 
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evident from Fig. 6 (b) that the optical near-field is strongly enhanced in correspondence of 
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range, the emergent field at a constant sample-probe distance of approximately 2 μm, was 
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For a sample-tip distance comparable to the optical wavelength, the field profile is not able 
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distortion of the beam shape is still clearly observable in Fig. 7 (a). By increasing the sample-
tip distance, up to few times the wavelength the collected optical field profile assumes the 
Gaussian shape, as expected in far field imaging. 
Moreover, it was possible to construct a map of the radiation intensity coupled into the 
standard optical fiber coated with the SnO2 overlay simply by coupling the cantilevered 
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refractive index contrast between the oxide and the air and by the geometry of the grain), 
and  near the grain surface a significant part of the propagative field becomes evanescent. 
Moreover, since the structure dimensions are comparable to the radiation wavelength (as 
revealed from AFM measurements) it is possible to state that the local field enhancement is 
not due to truly evanescent field. In fact, the reverse profile is very similar to that one 
obtained in forward configuration indicating a strong reciprocity not compatible with a 
structure able to convert at its ends (due to diffraction limit) all the propagating contribute 
in the evanescent counterpart. 
In other words, the particular microstructures found on the core of the fibers showed a high 
capability of locally enhance the optical near-field. The observed phenomenon lead to 
foresee the possibility to develop a new concept of SnO2-transducer based on a surface 
localized interaction of the optical near-field with chemicals, named by the authors near-
field opto-chemical sensors.  
In this framework, we demonstrated the capability of the developed near-field opto-
chemical sensors to detect very low concentrations of toluene and xylene in air environment 
and also of ammonia molecules in water, at room temperature. 
In particular, a comparison between the sensing performance of SnO2-based sensors 
characterized by almost flat (unable to influence the near-field) and peculiar rough surfaces 
(able to perturb the near-field) will be reported to demonstrate that sensitive layers able to 
strongly enhance the optical near-field have the best sensing characteristics, either in terms 
of sensitivity and responses dynamics (Cusano et al., 2006; Consales et al., 2007a;  Buosciolo 
et al., 2008b).  

 
5.3 Effect of the processing parameters 
As mentioned in the section 4.3, it was shown in literature that the concentration of the 
sprayed solution plays an important role in the film surface morphology. Since the overlay 
topography determines the near-field properties, the effect of such process variable and the 
influence of post processing thermal treatment on the overlay morphology were 
investigated by the authors; the obtained results were collected in some recent reports 
(Consales et al., 2006b; Buosciolo et al., 2008a; Buosciolo et al., 2008b).  
To this aim, two groups of samples were fabricated by using different solution 
concentration: 0.001 mol/l and 0.01 mol/l.  
Here, for the sake of simplicity, the description  relative to only two samples belonging to 
the mentioned groups is reported.  The full description of the two groups of samples can be 
found in the cited article (Buosciolo et al., 2008b). 
In Fig. 8 (a) and (c) the typical 2D height images of two SnO2 layers (sample D, sample E) 
prepared by using a solution volume of 5 ml of ethanol solution of SnCl45H2O with a 
concentration of 0.001 mol/l, are reported. 
Figures 8 (b) and (d) demonstrate that the most pronounced modification of the typical 
Gaussian profile, emerging from standard single mode optical fibers, occurs in 
correspondence of the sample D. In fact, the structures dimensions approach the optical 
wavelength (1550 nm) and the structures spacing is large enough to make possible an 
effective light localization in the high refractive index SnO2 grains (Cusano et al., 2007).  
In Fig. 9 (a) and (c) the typical 2D height images of two SnO2 layers (sample F, sample G) 
prepared by using a solution volume of 5 ml of ethanol solution of SnCl45H2O with a 
concentration of 0.01 mol/l, are reported. 
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Fig. 8. AFM topographic images  (a), ( c) and near-field intensity simultaneously collected by 
the NSOM probe (b), (d) on the sample D and E respectively, prepared using a solution 
concentration of 0.001 mol/l, before annealing process.  
 
Sample F topography (see Fig. 9 (a)) is characterized by the presence of several grains, but 
with no regular shape. The major part of them have lateral dimensions smaller than 500 nm 
and a mean height of the order of 150 nm, while few others have mean lateral dimensions of 
the order of 1 µm and a mean height of 300 nm. There is only one microstructure whose 
characteristic dimensions are a≈1430 nm, b≈1900 nm and h≈450 nm. 
Sample G topography (see Fig. 9 (c)) presents several structures of rectangular shape whose 
lateral dimensions a and b vary in the following range: a  (2.3 3.4)  µm, b  (3.4 4.8) µm, 
while the average height is about 4.0 µm.  
Figures 9 (b) and (d) demonstrate that the most pronounced modification of the near-field 
profile occurs in correspondence of the sample G. 
The conclusion is that increasing the metal chloride concentration it is possible to obtain a 
more structured surface morphology able to significantly influence the optical near-field. 
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refractive index contrast between the oxide and the air and by the geometry of the grain), 
and  near the grain surface a significant part of the propagative field becomes evanescent. 
Moreover, since the structure dimensions are comparable to the radiation wavelength (as 
revealed from AFM measurements) it is possible to state that the local field enhancement is 
not due to truly evanescent field. In fact, the reverse profile is very similar to that one 
obtained in forward configuration indicating a strong reciprocity not compatible with a 
structure able to convert at its ends (due to diffraction limit) all the propagating contribute 
in the evanescent counterpart. 
In other words, the particular microstructures found on the core of the fibers showed a high 
capability of locally enhance the optical near-field. The observed phenomenon lead to 
foresee the possibility to develop a new concept of SnO2-transducer based on a surface 
localized interaction of the optical near-field with chemicals, named by the authors near-
field opto-chemical sensors.  
In this framework, we demonstrated the capability of the developed near-field opto-
chemical sensors to detect very low concentrations of toluene and xylene in air environment 
and also of ammonia molecules in water, at room temperature. 
In particular, a comparison between the sensing performance of SnO2-based sensors 
characterized by almost flat (unable to influence the near-field) and peculiar rough surfaces 
(able to perturb the near-field) will be reported to demonstrate that sensitive layers able to 
strongly enhance the optical near-field have the best sensing characteristics, either in terms 
of sensitivity and responses dynamics (Cusano et al., 2006; Consales et al., 2007a;  Buosciolo 
et al., 2008b).  

 
5.3 Effect of the processing parameters 
As mentioned in the section 4.3, it was shown in literature that the concentration of the 
sprayed solution plays an important role in the film surface morphology. Since the overlay 
topography determines the near-field properties, the effect of such process variable and the 
influence of post processing thermal treatment on the overlay morphology were 
investigated by the authors; the obtained results were collected in some recent reports 
(Consales et al., 2006b; Buosciolo et al., 2008a; Buosciolo et al., 2008b).  
To this aim, two groups of samples were fabricated by using different solution 
concentration: 0.001 mol/l and 0.01 mol/l.  
Here, for the sake of simplicity, the description  relative to only two samples belonging to 
the mentioned groups is reported.  The full description of the two groups of samples can be 
found in the cited article (Buosciolo et al., 2008b). 
In Fig. 8 (a) and (c) the typical 2D height images of two SnO2 layers (sample D, sample E) 
prepared by using a solution volume of 5 ml of ethanol solution of SnCl45H2O with a 
concentration of 0.001 mol/l, are reported. 
Figures 8 (b) and (d) demonstrate that the most pronounced modification of the typical 
Gaussian profile, emerging from standard single mode optical fibers, occurs in 
correspondence of the sample D. In fact, the structures dimensions approach the optical 
wavelength (1550 nm) and the structures spacing is large enough to make possible an 
effective light localization in the high refractive index SnO2 grains (Cusano et al., 2007).  
In Fig. 9 (a) and (c) the typical 2D height images of two SnO2 layers (sample F, sample G) 
prepared by using a solution volume of 5 ml of ethanol solution of SnCl45H2O with a 
concentration of 0.01 mol/l, are reported. 
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Fig. 8. AFM topographic images  (a), ( c) and near-field intensity simultaneously collected by 
the NSOM probe (b), (d) on the sample D and E respectively, prepared using a solution 
concentration of 0.001 mol/l, before annealing process.  
 
Sample F topography (see Fig. 9 (a)) is characterized by the presence of several grains, but 
with no regular shape. The major part of them have lateral dimensions smaller than 500 nm 
and a mean height of the order of 150 nm, while few others have mean lateral dimensions of 
the order of 1 µm and a mean height of 300 nm. There is only one microstructure whose 
characteristic dimensions are a≈1430 nm, b≈1900 nm and h≈450 nm. 
Sample G topography (see Fig. 9 (c)) presents several structures of rectangular shape whose 
lateral dimensions a and b vary in the following range: a  (2.3 3.4)  µm, b  (3.4 4.8) µm, 
while the average height is about 4.0 µm.  
Figures 9 (b) and (d) demonstrate that the most pronounced modification of the near-field 
profile occurs in correspondence of the sample G. 
The conclusion is that increasing the metal chloride concentration it is possible to obtain a 
more structured surface morphology able to significantly influence the optical near-field. 
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Fig. 9. AFM topographic images  (a), ( c) and near-field intensity simultaneously collected by 
the NSOM probe (b), (d) on the sample F and G respectively, prepared using a solution 
concentration of 0.01 mol/l, before annealing process.  

 
5.4 Effect of the post-processing thermal annealing  
In the same work (Buosciolo et al., 2008b), the effect of post processing thermal annealing on 
surface morphology was also investigated. As matter of fact, two groups of sensors were 
fabricated by using two different solution concentrations and were characterized before and 
after the annealing process.  
As said in the section 4.4, after the deposition procedure and after the morphological and 
optical characterization, the prepared samples have been annealed at 500±5°C for 1 hour in 
order to transform SnOx to SnO2 and to clean the films surface from the other dopants, like 
water or alcohol present in the initial solution. Successively, we were able to compare the 
sample topography before and after the annealing process since, collecting the emerging 
near-field from the sample fiber, the accurate definition of the fiber core was possible.  
Here we report, for example, the effect of thermal annealing on sample F and G.  
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After the thermal treatment sample F topography (see Fig. 10 (a)) is characterized by the 
presence of several microstructures well separated from each other, whose dimensions are 
much larger compared to the mean structures dimensions of the SnO2 grain present on the 
sample surface before annealing. The structures characteristic mean dimensions are: a=1.136 
µm, b= 1.347 µm and h= 114 nm. As described before, the presence of such microstructures 
strongly modify the collected near-field intensity, as it possible to see in Fig. 10 (b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. AFM topographic images  (a), ( c)  and near-field intensity simultaneously collected 
by the NSOM probe (b), (d) on the sample F and G respectively, after the thermal  annealing 
process. 
 
In fact, the structures spacing is large enough to make it possible an effective light 
localization in the high refractive index grains. In particular, the prominent effect takes place 
in correspondence of the central one whose lateral dimension match very well with : 
a=1.437 µm, b=1.542 µm, while the height is h=250 nm. We also analyzed the distribution of 
the heights in the two images reported in Fig. 9 (a) and 10 (a). It was found: an average 
surface height of 134 nm and a RMS roughness of 48 nm before annealing; while an average 
surface height of 231 nm and a RMS roughness of 54 nm after annealing. In this case the 
RMS roughness before and after the annealing is of the same order of magnitude. 
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Fig. 9. AFM topographic images  (a), ( c) and near-field intensity simultaneously collected by 
the NSOM probe (b), (d) on the sample F and G respectively, prepared using a solution 
concentration of 0.01 mol/l, before annealing process.  

 
5.4 Effect of the post-processing thermal annealing  
In the same work (Buosciolo et al., 2008b), the effect of post processing thermal annealing on 
surface morphology was also investigated. As matter of fact, two groups of sensors were 
fabricated by using two different solution concentrations and were characterized before and 
after the annealing process.  
As said in the section 4.4, after the deposition procedure and after the morphological and 
optical characterization, the prepared samples have been annealed at 500±5°C for 1 hour in 
order to transform SnOx to SnO2 and to clean the films surface from the other dopants, like 
water or alcohol present in the initial solution. Successively, we were able to compare the 
sample topography before and after the annealing process since, collecting the emerging 
near-field from the sample fiber, the accurate definition of the fiber core was possible.  
Here we report, for example, the effect of thermal annealing on sample F and G.  
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After the thermal treatment sample F topography (see Fig. 10 (a)) is characterized by the 
presence of several microstructures well separated from each other, whose dimensions are 
much larger compared to the mean structures dimensions of the SnO2 grain present on the 
sample surface before annealing. The structures characteristic mean dimensions are: a=1.136 
µm, b= 1.347 µm and h= 114 nm. As described before, the presence of such microstructures 
strongly modify the collected near-field intensity, as it possible to see in Fig. 10 (b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. AFM topographic images  (a), ( c)  and near-field intensity simultaneously collected 
by the NSOM probe (b), (d) on the sample F and G respectively, after the thermal  annealing 
process. 
 
In fact, the structures spacing is large enough to make it possible an effective light 
localization in the high refractive index grains. In particular, the prominent effect takes place 
in correspondence of the central one whose lateral dimension match very well with : 
a=1.437 µm, b=1.542 µm, while the height is h=250 nm. We also analyzed the distribution of 
the heights in the two images reported in Fig. 9 (a) and 10 (a). It was found: an average 
surface height of 134 nm and a RMS roughness of 48 nm before annealing; while an average 
surface height of 231 nm and a RMS roughness of 54 nm after annealing. In this case the 
RMS roughness before and after the annealing is of the same order of magnitude. 
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In Fig. 10 (c) we report the AFM image of the sample G topography and in 10 (d) the near-
field intensity distribution simultaneously collected, after the annealing process. As 
observable, the surface morphology mainly consists of two elongated structures with mean 
lateral dimensions (3.6x4.1) µm, (3.3x8.3) µm and average height about 8.0 µm and 13.5 µm 
respectively. Moreover, it can be seen that the structures are formed by aggregating grains 
with mean lateral dimensions less than 1 m. From Fig. 10 (d), the strong modifications of 
the emergent near-field profile induced by the aforementioned morphology can be clearly 
appreciated. Also in this case we report the analysis of the distribution of the heights in the 
two images reported in Fig. 9 (c) and 10 (c). It was found: an average surface height of 4.431 
µm and a RMS roughness of 1.313 µm before annealing; while an average surface height of 
8.847 µm and a RMS roughness of 3.487 µm after annealing. In this case the RMS roughness 
after the annealing became almost three times higher. 
As matter of fact, experimental results prove that thermal annealing could be usefully used 
to increase the crystalline degree of the deposited overlay and mainly to tailor the 
morphology of the final structure. However, results also show a strong dependence of the 
effects of the thermal annealing on the initial distribution and size of the particle layers 
obtained after the deposition stage. This means that the effectiveness of thermal annealing as 
post processing tool can be really exploited if a controlled particle layer distribution is 
obtained at the deposition time. 

 
6. Environmental monitoring application 
 

In this section, the experimental results demonstrating the high capability of the proposed 
near-field opto-chemical sensors to be exploited for a wide range of environmental 
monitoring applications are presented.  
In particular, a comparison of the output signal variations of SnO2-based sensors 
characterized by unperturbed and highly perturbed near-field distributions are reported to 
demonstrate that the near-field enhancement effect is a key parameter in the optimization of 
the sensing performances.     
The room temperature sensing performances were tested in air, against toluene and xylene 
vapors, and in water environment against aqueous ammonia.   

 
6.1 Interrogation scheme   
The optoelectronic architecture exploited for the interrogation of the proposed near-field 
fiber optic sensors is schematized in Fig. 11. It enables the continuous and real time 
monitoring of fiber-film reflectance changes occurring as a consequence of analyte 
interaction with the sensitive tin oxide overlays. It is simple to implement and requires just 
few widespread commercial and low-cost optoelectronic components while preserving 
excellent performances. 
The sensitive layer was lighted by a pigtailed Superluminescent Light Emitting Diode 
(SLED) operating in one of the two main telecommunication wavelengths (1310 and 1550 
nm). A source controller was used to keep the SLED at a constant temperature and feed it 
with an input current, which allowed the source to emit an optical power of few mW. This 
power was split by a 2x2 in-fiber directional coupler, providing the necessary connections 
between light source, sensing interface and two InGaAs photodiodes. The first photodiode 
is for the measurement of the reflected signal: 

 

Filmsourcesignal PZV Rk 11   (3) 

where Psource is the power emitted by the source, k1 is a constant which takes account of the 
power losses due to the coupling factor of the 2x2 directional coupler and the photodiode 
responsivity, Z1 represents a gain factor introduced by the first photoreceiver device, and 
RFilm is the fiber/film interface reflectance. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Schematic illustration of the typical interrogation scheme.  
 
The second arm of the 2x2 coupler was used to provide a valid intensity monitoring channel 
for the compensation of the sensor response. As matter of fact, the second photodiode 
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where  defined by equation (6), takes into account all the set-up parameters. As evident, 
the normalized response of the sensor is only sensitive to the change in the reflectance 
induced by chemical sorption within the sensing overlay and not to the fluctuations of the 
optical power levels along the whole measurement chain. In the followings, the relative 
change of the sensor output ΔI/I0 has been considered (where I0 is the output signal in the 
reference or initial condition), which, in turn, corresponds to the relative reflectance change 
occurring at the fiber-sensitive layer interface (ΔR/R0). 
Synchronous detection was typically implemented to enhance the system performances, by 
amplitude modulating the light source at 500 Hz and retrieving the photodetector voltages 
by using a dual channel lock-in amplifier. In addition, a Time Division Multiplexing (TDM) 
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In Fig. 10 (c) we report the AFM image of the sample G topography and in 10 (d) the near-
field intensity distribution simultaneously collected, after the annealing process. As 
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obtained after the deposition stage. This means that the effectiveness of thermal annealing as 
post processing tool can be really exploited if a controlled particle layer distribution is 
obtained at the deposition time. 

 
6. Environmental monitoring application 
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approach was typically exploited to perform the quasi-simultaneous interrogation of up to 
eight optical probes by means of a multi-channel fiber optic switch. Finally, the optical data 
were stored in a notebook controlling the sensing process in LabView software by a NI-
DAQ card (Penza et al., 2004; Penza et al., 2005; Consales et al., 2007). 

 
6.2 Detection of volatile organic compounds (VOCs) in air   
In this section, the experimental results on the sensing capability in air environment of two 
previously characterized SnO2-based probes (respectively sample E and sample G) are 
reported and compared (Buosciolo et al., 2008b). As observed in the previous sections, the 
two selected probes were characterized by very dissimilar overlay topographies and by 
different optical near-field behaviors reported in Fig. 8 (c), 8 (d),  10 (c) and 10 (d) 
respectively. This enabled a comprehension of the influence of the sensitive layer features on 
the chemical sensing performance.  
The experimental measurements were conducted by adopting the experimental setup 
reported in Fig. 12.  It was used to test the two selected sensors towards ppm concentrations 
of toluene and xylene vapors, at room temperature. In particular the two transducers were 
located in a properly designed test chamber characterized by a volume of approximately 
1500 ml (Consales et al., 2006 a).  The vapors of the analyte under testing were generated by 
the bubbling method and carried inside the chamber by dry air gas. Dry air was also chosen 
as reference gas. The total flow rate per exposure was held constant at 2000 ml/min, and 
controlled by a mass flow-meter driven by a controller-unit communicating with a PC via 
standard RS-485 serial bus. A thermo-hygrometer was also inserted inside the chamber in 
order to continuously monitor temperature and humidity variations of the test ambient.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Schematic representation of the experimental set-up exploited for chemical detection 
measurements in air, at room temperature. 
In Fig. 13, we report the output signal variations (ΔI) demonstrated by the two near-field 
opto-chemical sensors E and G during the exposure to different pulses of xylene and toluene 
vapors at room temperature.  
The analytes concentration ranged from 25 to 44 ppm and 40 to 83 ppm, respectively. The 
results revealed that significant variations of the overlay reflectance and thus of the sensors 
output ΔI occur as a consequence of the analyte molecules interaction with the SnO2 particle 

 

layer, demonstrating the surprising capability of the tested metal oxide based transducers of 
detecting few tens of ppm of the chosen chemicals at room temperature. This effect is 
especially evident for sample G which, as previously described, turned out to be 
characterized by the most pronounced modification of the optical near-field transmitted 
through the fiber coating. As matter of fact the signal changes in the case of the probe G are 
approximately of two orders of magnitude higher than the ones obtained for the counterpart 
sensor E. 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Output signal variations (ΔI) occurred to the near-field opto-chemical sensors E and 
G upon the exposure to different concentration pulses of xylene (a) and toluene (b)  vapors 
at room temperature. The insets report the responses of sensor E.  
 
Very dissimilar response dynamics were also observed for the two sensors, with the sample 
E characterized by a faster response. This could be attributed to a different interaction with 
the selected chemical. Sample E also revealed to be less reliable than sample G, as 
demonstrated by the opposite in sign responses it exhibited upon the exposure to different 
toluene pulses (see inset in Fig. 13 (b)). In particular, with regards sample G, excellent 
sensitivities (calculated as output signal variation upon concentration unit) of 6.610-3 ppm-1 
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approach was typically exploited to perform the quasi-simultaneous interrogation of up to 
eight optical probes by means of a multi-channel fiber optic switch. Finally, the optical data 
were stored in a notebook controlling the sensing process in LabView software by a NI-
DAQ card (Penza et al., 2004; Penza et al., 2005; Consales et al., 2007). 

 
6.2 Detection of volatile organic compounds (VOCs) in air   
In this section, the experimental results on the sensing capability in air environment of two 
previously characterized SnO2-based probes (respectively sample E and sample G) are 
reported and compared (Buosciolo et al., 2008b). As observed in the previous sections, the 
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The experimental measurements were conducted by adopting the experimental setup 
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and 3.010-3 ppm-1 for xylene and toluene vapors, respectively, that lead to sub-ppm limits of 
detection, good and fast reversibility features as well as response times of approximately 25 
and 35  minutes, respectively were obtained.  
The excellent sensing capabilities of sensors G with respect to sample E can be explained by 
the fact that, optical probes coated by sensitive overlays with very rough morphologies are 
characterized by enhanced detection performance with respect to those based on almost flat 
SnO2 overlays. As matter of fact, when the SnO2 overlay surface exhibits microstructures 
able to strongly perturb the emergent optical field profile producing its local enhancement, 
the interaction of the field with the analyte occurs mainly on its surface by means of the 
evanescent part of the field. This is able to improve the performance of fiber optic sensors 
based on metal oxides since they rely mainly on surface interactions. 
In conclusion, by properly tailoring the deposition parameters, different morphologies of 
the tin dioxide coatings can be obtained in order to suite the particular application. This 
particular feature allowed by the ESP method, together with the possibility to tailor the 
sensitivity and dynamics characteristics of the SnO2-based SOF probes could be very useful 
in chemical sensing applications. In fact, the correlation between data collected from sensors 
coated by layers of the same materials exhibiting highly dissimilar characteristics could 
enhance the features extraction from a hybrid system by means of pattern recognition 
methods. Consequentially, this could allow to overcome the typical low-selectivity of the 
exploited sensitive materials towards a given chemical specie. 

 
6.3 Detection of ammonia molecules in water 
In this section, the experimental results on the sensing capability in water environment of 
two previously characterized SnO2-based probes (respectively sample A and sample B) are 
reported and compared (Cusano et al., 2006; Consales et al., 2006b) . As observed in the 
previous sections, the two selected probes were characterized by very dissimilar overlay 
topographies and by different optical near-field behaviors reported in Fig. 4 (a), 4 (b),  5(a) 
and 5 (b), respectively.  
To this aim, the optoelectronic transducers in the reflectometric configuration have been 
inserted in a Pyrex beaker containing pure water, as reported in Fig. 14 (Pisco et al., 2005; 
Pisco et al., 2006).  
The presence within the test ambient of ammonia molecules was promoted by its injection 
inside the beaker. The volume of an aqueous solution of ammonia was chosen, each time, in 
order to obtain the desired analyte concentration. In addition, after each ammonia exposure, 
the capabilities of the proposed SOF sensors to recover the initial steady state level were 
tested by restoring the initial condition of pure water. To this aim, pure water was 
continuously injected in the test chamber, while the contaminated water, previously present 
in it, contemporarily stilled out. 
The two near-field opto-chemical sensors A and B were exposed to different concentration 
of ammonia in water ranging from 1 ppm to 12 ppm. In Fig. 15 are reported the results 
obtained from several testing performed on the probe sample A over a time interval of 1 
month (Cusano et al., 2006). 
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Fig. 14. Schematic view of the experimental set-up exploited for the in water chemical 
detection measurements.  
 
In particular, Fig. 15 reveals that very different behaviors in the sensor response occur in the 
same test conditions. The change direction and amplitude as well as the response dynamics 
are strongly dissimilar during the testing carried out in different days using the same testing 
features. On the contrary, the results obtained by exposing the probe sample B to ammonia 
with repeated concentrations of 1 ppm and 5 ppm (reported in Fig. 16 (a)) were highly 
satisfactory.  
 
 
 
 

 
 
 
 
 
 
 
 
 
Fig. 15. Optical responses obtained with the probe sample A from several ammonia 
adsorption testing in water at room temperature. 
 
In fact a good sensitivity was obtained (the resolution of the sensor was estimated to be 
approximately 80 ppb), together with fast response and recovery times (response time of 5 
and 7 min and recovery times of 12 and 15 min were calculated for 1 and 5 ppm, 
respectively) as well as a good repeatability of the sensor response, as demonstrated by a 
repeatability error lower than the sensor resolution. The slight drift which can be observed 
on the steady state level of the sensor response is due to the thermal changes ΔT (also 
reported in Fig. 16 (a)) occurred inside the test chamber, since it is not perfectly thermo-
stated.  
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Fig. 16. Optical response obtained with the probe Sensor B in correspondence of four 
injections of ammonia, with repeated concentrations of 1ppm and 5ppm, and temperature 
changes ΔT occurred during the same testing (a),  and sensor response after the temperature 
compensation procedure (b).  
 
However this drift was been easily compensated by a proper compensation procedures 
employing an optical Fiber Bragg Grating temperature sensor, which was inserted inside the 
chamber or even integrated within the sensing fibers ( Cusano et al., 2004). This is evident 
from the results shown in Fig. 16 (b), the response of the probe sample B after the 
compensation procedure has been reported, and shows that the drift previously observable 
on the signal baseline is totally compensated. In addition the probe sample B, differently 
from what happened with the probe sample A, demonstrated to be sufficiently reliable, 
since its stability in water was observed over the whole testing period of five weeks.  
All the results obtained from the experimental measurements confirm the surprising 
potentiality of the proposed ammonia sensor and its feasibility to be used for water quality 
monitoring applications. Moreover, similarly to what happens for the detection in air, also 
in the case of water monitoring the SnO2 layers topography and hence the near-field profile, 
strongly influences the sensor response, allowing to appropriately tailor the film features in 
order to obtain the best performances.  

 
7. Conclusion 
 

In conclusion, in this work, we demonstrated a novel technological platform for opto-
chemical sensing employing particle layers of tin dioxide at wavelength scale with 
performances enhanced by the near-fields effects due to the confined  domains of the layer.  
For the integration of the chemo sensitive layer onto fiber optic substrates, the ESP 
deposition technique has been selected providing a good balance between easily 
implementation and particle size and distribution control by acting on the processing 
parameters. In order to understand the influence of the film morphology on the optical field 
emerging from the film, AFM-SNOM characterization has been carried out revealing that 
layers with surface features of the order of the radiation wavelength demonstrated their 
capability to generate and to modify the optical near-field emerging from the overlay.  
From this phenomenon arise the excellent sensing performances of the SnO2-based 
transducers, as most of the interaction between the sensing coatings and analyte molecules 
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occurs on the layer surface by means of the evanescent wave, strongly enhanced by near-
field effects. Also, we showed how by acting on the deposition parameters and by using 
post processing stages (such as thermal annealing), it is possible to modify the morphology 
of the sensitive overlay in terms of grain size, spacing and distribution. 
It is important to note that significant margins exist for the improvements of this class of 
sensors especially after completing the investigation on the influence of process and post 
process variables (electric field, concentration, volume, deposition time, substrate deposition 
temperature) on the overlay morphology. 
Also, an important step should be devoted to the identification of the correspondence 
morphology-near-field effects and its consequences on the sensing performance of the final 
device. Finally, it is important to remark that high sensitivity opto-chemical sensors 
employable in both air and aqueous environments with sub-ppm resolution have been 
demonstrated by using a simple and low cost fabrication method, also usable with other 
multifunction materials. 
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Fig. 16. Optical response obtained with the probe Sensor B in correspondence of four 
injections of ammonia, with repeated concentrations of 1ppm and 5ppm, and temperature 
changes ΔT occurred during the same testing (a),  and sensor response after the temperature 
compensation procedure (b).  
 
However this drift was been easily compensated by a proper compensation procedures 
employing an optical Fiber Bragg Grating temperature sensor, which was inserted inside the 
chamber or even integrated within the sensing fibers ( Cusano et al., 2004). This is evident 
from the results shown in Fig. 16 (b), the response of the probe sample B after the 
compensation procedure has been reported, and shows that the drift previously observable 
on the signal baseline is totally compensated. In addition the probe sample B, differently 
from what happened with the probe sample A, demonstrated to be sufficiently reliable, 
since its stability in water was observed over the whole testing period of five weeks.  
All the results obtained from the experimental measurements confirm the surprising 
potentiality of the proposed ammonia sensor and its feasibility to be used for water quality 
monitoring applications. Moreover, similarly to what happens for the detection in air, also 
in the case of water monitoring the SnO2 layers topography and hence the near-field profile, 
strongly influences the sensor response, allowing to appropriately tailor the film features in 
order to obtain the best performances.  

 
7. Conclusion 
 

In conclusion, in this work, we demonstrated a novel technological platform for opto-
chemical sensing employing particle layers of tin dioxide at wavelength scale with 
performances enhanced by the near-fields effects due to the confined  domains of the layer.  
For the integration of the chemo sensitive layer onto fiber optic substrates, the ESP 
deposition technique has been selected providing a good balance between easily 
implementation and particle size and distribution control by acting on the processing 
parameters. In order to understand the influence of the film morphology on the optical field 
emerging from the film, AFM-SNOM characterization has been carried out revealing that 
layers with surface features of the order of the radiation wavelength demonstrated their 
capability to generate and to modify the optical near-field emerging from the overlay.  
From this phenomenon arise the excellent sensing performances of the SnO2-based 
transducers, as most of the interaction between the sensing coatings and analyte molecules 
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occurs on the layer surface by means of the evanescent wave, strongly enhanced by near-
field effects. Also, we showed how by acting on the deposition parameters and by using 
post processing stages (such as thermal annealing), it is possible to modify the morphology 
of the sensitive overlay in terms of grain size, spacing and distribution. 
It is important to note that significant margins exist for the improvements of this class of 
sensors especially after completing the investigation on the influence of process and post 
process variables (electric field, concentration, volume, deposition time, substrate deposition 
temperature) on the overlay morphology. 
Also, an important step should be devoted to the identification of the correspondence 
morphology-near-field effects and its consequences on the sensing performance of the final 
device. Finally, it is important to remark that high sensitivity opto-chemical sensors 
employable in both air and aqueous environments with sub-ppm resolution have been 
demonstrated by using a simple and low cost fabrication method, also usable with other 
multifunction materials. 
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1. Introduction  
 

Electric fields sensing and measurement of high and low intensity fields coming either from 
natural phenomena, or from human activities is an important subject as it impacts the daily 
activities in industrial and commercial environments around the world. Static and dynamic 
electric fields are produced by different sources including electric power equipment, power 
generation and distribution facilities, high voltage transmission lines, telecommunication 
equipments, electromagnetic interference, human medical signals, etc. The detection and 
measurement of electric fields are important tasks as they are related to safety of 
equipments and personnel and even health of people.  
More common electric field meters use conductive electrodes linked by cables to the 
measuring electronics and very often such arrangements distort the unknown field. 
Different techniques and apparatus for the measurement of either extremely high or 
extremely low electric fields are reported in the technical literature (Johnston et al, 1986; 
Kirkham, 2006). 
Using optical techniques are very promising and are being explored, aiming to minimize 
distortion and interference on electric field measurements. Optical techniques use light to 
sense electric fields taking advantage of their interaction in electro-optic crystals. 
Additionally, as the optical techniques disturb minimally the electric fields and are 
inherently immune to electromagnetic interference, a wide variety of electric field sensing 
schemes using electro-optic devices have been tested up to date. Most of such schemes use 
the Pockels effect either in bulk or in integrated optics Lithium Niobate (LiNbO3) devices. 
Polarization and Mach-Zehnder interferometers are being used as electric field sensors.  
Sensor devices either using electrodes or electrode-less can be studied and integrated on 
sensing schemes. Using electrodes on the sensing devices gives a high sensitivity but the 
main disadvantage is that the electrodes may disturb the measured electric field. Such 
schemes are very well adapted to measure low intensity electric fields (mV/m to hundreds 
V/m) as found in telecommunication systems and electronic apparatus (Meier et al, 1994; 
Rao et al, 1999; Yim et al, 1998; Lee et al, 2006). Electrode-less sensors disturbs minimally the 
measured field but the sensitivity is relatively low and such devices are better adapted to 
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the measurement of high intensity fields ranging from some kV/m to hundreds of kV/m (4 
to 2000 kV/m), as found in natural lightning strikes, high power electrical facilities and high 
voltage transmission lines (Johnston et al, 1986; Kirkham, 2006). 
In an electric field sensing scheme based on the electro-optic interaction between light, the 
electric field modulates the intensity of an optical beam passing through an electro-optic 
bulk crystal or optical waveguide. The modulated light can be transmitted through optical 
fiber channels or even over free space optical links.  
Optical intensity modulators can be implemented by two-wave interferometers such as 
polarization or Mach-Zehnder. Mach-Zehnder modulators have been widely studied and 
reported as electric field sensors based on intensity modulation of light ( Meier et al, 1994; 
Rao et al, 1999; Yim et al, 1998; Lee et al, 2006; Hidaka and Fujita, 1982; Naghski et al, 1994; 
Cecelja et al, 2001). 
In an alternative approach, electric fields can be sensed by schemes associating low-
coherence optical sources and electro-optical polarization interferometers, which in this 
case, introduce optical delays. The sensed electric field modulates an optical delay, instead 
of the optical intensity. The modulation of optical delays is well known as optical coherence 
modulation (Delisle & Cielo, 1975; Brooks and Wentworth, 1985; Chu & Dickey, 1991; Bock 
& W. Urbanczyk, 2000). 
In coherence modulation of light, electric fields are imprinted on light as a sequence of 
optical delays, provided they are greater than the coherence time of the optical source. 
Coherence modulation of light uses electro-optic retarders and practical realizations are 
based on lithium niobate (LiNbO3) electro-optic technology (Porte & Goedgebuer, 1992; 
Gutiérrez-Martínez et al, 1995). A sensing scheme can be implemented using fiber optics 
components and electrode-less LiNbO3 electro-optic retarders. The demodulation of the 
sensed electric field is realized directly by scanning Michelson interferometry or by a fiber 
or integrated optics two-wave interferometer, when sensor and demodulator are matched at 
the same optical delays. 
Electric field sensing implementation using coherence modulation of light is described in 
this chapter.  Experiments of sensing high intensity and wide band electric fields, using 
electrode-less optically matched electro-optical retarders are described. Electric field 
detection using such a technique has been previously reported describing the detection of 60 
Hz electric fields (Rodríguez-Asomoza & Gutiérrez-Martínez, 2001; Gutiérrez-Martínez et al, 
2002; Gutiérrez-Martínez & Santos-Aguilar, 2004). Wider band, up to 20 kHz has been also 
was successfully tested by detecting high intensity electric fields, ranging from 20 to 350 
kVpp/m [22-23](C. Gutiérrez-Martínez et al, 2007; Gutiérrez-Martínez & Santos-Aguilar, 
2008). 
A very attractive feature of coherence modulation is that it allows serial or parallel 
multiplexing of optical delays (Goedgebuer et al, 1987; Goedgebuer & Hamel, 1987; 
Gutiérrez-Martínez et al, 1997.) and, from this fact, multi-point sensing arrays can be 
proposed. Serial coherence multiplexing can be a promising technique in fibred schemes for 
distributed sensing arrays as several optical delays can be cascaded over a single optical 
channel. 

 

 

2. Coherence modulation operating principle 
 

To recall the operating principle, the block diagram of an integrated optics electric field 
sensor system, based on coherence modulation of light, is shown in figure 1. The system 
includes a low-coherence optical source, an electro-optic sensor (optical retarder), an optical 
fiber channel and a receiver module, which is implemented by a second optical retarder 
(either  integrated optics or a fiber passive interferometer) as coherence demodulator, and a 
photo-detector. 
 

 
 

Fig. 1. Electric field sensor system using coherence modulation of light 
 
According to the block diagram, light coming from a low-coherence optical source is 
injected into the electro-optic sensor, which introduces an optical delay 0 , greater than the 
source coherence time c . In this model, when low-coherence light ( )s t  is delayed, the light 
at the output of the optical retarder is given as (Gutiérrez-Martínez, 1994) 
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0P is the average optical power from the source and  0( )G is the autocorrelation function.  
The transmitted optical intensity for the normalized real part of  0( )G is given as 
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0  is the center optical wavelength and v  is the light propagation velocity. 
From expression (2), one finds that optical interference will exist on depending on the 
superposition of two delayed waves, in the range of the optical coherence, e.g. when the 
optical delay is shorter than the coherence time or equivalently, when the optical path-
difference (OPD), is shorter that the coherence length. As the optical delay is longer than the 

coherence time, the optical interference disappears and the optical intensity becomes 0
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figure 2. 
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Fig. 2. Transmitted optical intensity from an optical retarder. 
 
An optical delay can be dynamically modulated by an information signal thus becoming an 
optical information carrier. The modulated signal is centered on a static optical delay ( or 
optical path-difference) and the modulation process is optimal when the static delay is 
longer than the coherence time. 
As shown in figure 1, the demodulation process can be achieved using the same operating 
principle; e. g. by introducing a second optical delay or optical path-difference (OPD), which 
is matched to the same value on the first retarder (modulator). Such a situation allows that 
the two delayed waves interfere mutually. When detecting the optical interference, a 
photodetector delivers an average optical power.  
The optical signal from the electrooptic sensor can be expressed as 
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The detected optical intensity can be expressed in terms of the optical path-differences 
dd v , mo ovd  ; v is the light propagation speed and as 0( ) 0g   , such an intensity 

becomes 
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Eq. 6 represents the autocorrelation function of the delayed light, showing the fringe pattern 
at the output of the optical demodulator when the optical path difference is scanned 
between 0md through 0md , as depicted in figure 3. 

 

 

 

 

Fig. 3. Autocorrelation of the detected light at the output of the optical demodulator  
 
Based on the previously described operating principle, an information signal can be 
transmitted using the optical path-difference 0 ( )m m d td d   , as a modulated carrier. To 
recuperate the information, the optical demodulator will be tuned to 0md d . 
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Finally, as 0m cd l  , the detected optical intensity at the output of the coherence 
demodulator is 
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An electric signal ( )E t can modulate the optical path-difference and, at the demodulator, the 
electric field can be detected as an intensity variation on the autocorrelation of the received 
light. The variation is the strongest when the optical path-differences on the modulator and 
the demodulator are perfectly matched.  
The modulated optical path-difference is 
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0md  is the static optical path-difference, ( )KE t  is the dynamic variation by the electric field 
and K  is the modulator sensitivity. The electric field is recuperated by matching the static 
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The dynamic variation on the detected optical intensity is depicted by figure 4. 
 
 

 

Fig. 4. Intensity variation at the output of the matched optical demodulator  
 

As shown in figure 4, a linear detection of the modulating electric field can be achieved by 
shifting the static optical path-difference to  
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The range between the maximum and minimum of dI  determines the half-wave voltage 
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When  ( )E t  is small, the detected optical intensity is linear around   0

4mod .  

The generation of optical delays can be achieved by means of two-wave interferometers 
such as Michelson, Mach-Zehnder and polarization (Gutiérrez-Martínez, 1994). 
The Michelson interferometer, consists of two mirrors, which are illuminated by a split 
optical beam coming from the same optical source. The mirrors are placed at distances 

 

1d and 2d  from the beam splitter. If v is the light propagation velocity, the optical delay is 
2 12( )d d
v

 
 .                                                                                                 

The Mach-Zehnder interferometer consists of two mirrors and two optical splitters. Light 
follows two separate identical paths. One path is modified by an optical slab of thickness e  

and refractive index en , thus introducing an optical delay 2( 1)e en
v

 
 .                             

The polarization interferometer consists of a birefringent optical waveguide, exhibiting 
ordinary on  and extraordinaire en  refractive index and length L . The optical waveguide is 
located between optical polarizers. The introduced optical delay is given as 

  


( )o e Ln n
v

. 

In the remainder of this chapter, polarization interferometers are the main studied devices. 
Such devices can be easily implemented either by birefringent optical waveguides or 
polarization maintaining optical fibers (PMF), although autocorrelation of light and 
measurement of optical path-differences are easily realized by scanning Michelson 
interferometry. 

 
3. Coherence modulation based on LiNbO3 electrooptic crystals and 
waveguides. 
 

In coherence modulated schemes, light emitting diodes (LED), superluminiscent diodes 
(SLD) and multi-longitudinal laser diodes (MLLD), are well adapted as those devices 
provide low coherence light. The optical delays are easily generated by lithium niobate 
(LiNbO3) electro-optic waveguides, acting as polarization interferometers. Such devices 
generate static optical delays (or equivalently, optical path-differences, OPD’s), which can be 
modulated by an electric field. The optical retarders often used are Z-cut Y-propagating 
LiNbO3 birefringent optical waveguides, which introduce optical delays as 45° polarized 
light is projected in orthogonal propagating modes TE and TM (Rodríguez-Asomoza & 
Gutiérrez-Martínez, 2001). Such modes travel in the waveguide at different velocities, as 
determined by the ordinary and extraordinary refractive index difference  o e gn n =0.083 at 

0 =1310 nm. An optical waveguide acting as an optical retarder (coherence modulator) is 
depicted in figure 5. 
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The dynamic variation on the detected optical intensity is depicted by figure 4. 
 
 

 

Fig. 4. Intensity variation at the output of the matched optical demodulator  
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When  ( )E t  is small, the detected optical intensity is linear around   0
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The generation of optical delays can be achieved by means of two-wave interferometers 
such as Michelson, Mach-Zehnder and polarization (Gutiérrez-Martínez, 1994). 
The Michelson interferometer, consists of two mirrors, which are illuminated by a split 
optical beam coming from the same optical source. The mirrors are placed at distances 

 

1d and 2d  from the beam splitter. If v is the light propagation velocity, the optical delay is 
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The Mach-Zehnder interferometer consists of two mirrors and two optical splitters. Light 
follows two separate identical paths. One path is modified by an optical slab of thickness e  

and refractive index en , thus introducing an optical delay 2( 1)e en
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The polarization interferometer consists of a birefringent optical waveguide, exhibiting 
ordinary on  and extraordinaire en  refractive index and length L . The optical waveguide is 
located between optical polarizers. The introduced optical delay is given as 
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In the remainder of this chapter, polarization interferometers are the main studied devices. 
Such devices can be easily implemented either by birefringent optical waveguides or 
polarization maintaining optical fibers (PMF), although autocorrelation of light and 
measurement of optical path-differences are easily realized by scanning Michelson 
interferometry. 

 
3. Coherence modulation based on LiNbO3 electrooptic crystals and 
waveguides. 
 

In coherence modulated schemes, light emitting diodes (LED), superluminiscent diodes 
(SLD) and multi-longitudinal laser diodes (MLLD), are well adapted as those devices 
provide low coherence light. The optical delays are easily generated by lithium niobate 
(LiNbO3) electro-optic waveguides, acting as polarization interferometers. Such devices 
generate static optical delays (or equivalently, optical path-differences, OPD’s), which can be 
modulated by an electric field. The optical retarders often used are Z-cut Y-propagating 
LiNbO3 birefringent optical waveguides, which introduce optical delays as 45° polarized 
light is projected in orthogonal propagating modes TE and TM (Rodríguez-Asomoza & 
Gutiérrez-Martínez, 2001). Such modes travel in the waveguide at different velocities, as 
determined by the ordinary and extraordinary refractive index difference  o e gn n =0.083 at 

0 =1310 nm. An optical waveguide acting as an optical retarder (coherence modulator) is 
depicted in figure 5. 
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Fig. 5. An integrated optics LiNbO3 optical retarder 
 
In agreement to the theoretical principles in the previous section, the optical delay between 
the orthogonal waves TE and TM is given as 

0

( )o e gn n L
v




  

L  is optical waveguide length and v  is the light propagation velocity in the waveguide. 
The corresponding static OPD is then 
                                                                     0  0 gm o ed v Ln n                                                     (15) 

When an electric field ( )z tE  is sensed by the coherence modulator, it induces a dynamic 
variation ( )d t  on the optical path-difference. On a z-cut LiNbO3 birefringent waveguide, 
the electric field is oriented on the Z-axis of the crystal, taking advantage of the linear 
electro-optic coefficients 13r  and 33r . The time-varying optical path-difference is then given 
as 
                                                                       0( ) ( )mm t d d td                                                          (16) 

From expression (14), 0 ( )( )
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zE td t
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  , E  is the half-wave electric field given as 
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According to expression (17), L  represents the interaction length between the electric field 
and the optical wave, 13r  and 33r  are the electro-optic coefficients, TE and TM  are the 
electric-optical overlapping coefficients and 0  is the center wavelength of the optical 
source. The half-wave electric field depends mainly on the length of the electro-optics 
sensor. A basic sensing scheme based on matched optical path-differences and coherence 
modulation of light is shown in figure 6. 
In this scheme, the electric field sensor is an optical waveguide on an LiNbO3 electrooptic 
crystal. The sensed electric field is imprinted in the optical path-difference given by eq. (16). 
The optical signal is transmitted through the optical channel. The coherence demodulator is 
a two-wave interferometer which will introduce a second optical path-difference. The 
modulating electric field will be recuperated when the path-differences are optically 
matched. The coherence demodulator can be implemented either by a second optical 

 

waveguide or by a fiber passive interferometer. This last device is easily implemented by 
segments of polarization-maintaining fiber (PMF). 
At the output of the optical demodulator, in agreement to expression 6, optical interference 
exists when the optical path-differences are matched. 
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This last expression represents an intensity modulation and the electric field is then detected 
as a linear variation of the received optical power. 
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Fig. 6. Optical matching in an electric field sensing scheme. 

 
4. Elecrooptic sensors characterization 
 

4.1 Optical Transfer Function and half-wave electric field 
The optical transfer function of an LiNbO3 sensor relates the optical output power and the 
sensed electric field. The transfer function is determined by sensing DC electric fields, which 
modulate the light traveling through the sensing optical waveguide, as shown in figure 7. 
When the optical waveguide is used as a dielectric sensor, no electrodes are associated to the 
crystal and the electric field is present in the dielectric environment surrounding it (most 
commonly air 1r  ). 
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According to expression (17), L  represents the interaction length between the electric field 
and the optical wave, 13r  and 33r  are the electro-optic coefficients, TE and TM  are the 
electric-optical overlapping coefficients and 0  is the center wavelength of the optical 
source. The half-wave electric field depends mainly on the length of the electro-optics 
sensor. A basic sensing scheme based on matched optical path-differences and coherence 
modulation of light is shown in figure 6. 
In this scheme, the electric field sensor is an optical waveguide on an LiNbO3 electrooptic 
crystal. The sensed electric field is imprinted in the optical path-difference given by eq. (16). 
The optical signal is transmitted through the optical channel. The coherence demodulator is 
a two-wave interferometer which will introduce a second optical path-difference. The 
modulating electric field will be recuperated when the path-differences are optically 
matched. The coherence demodulator can be implemented either by a second optical 

 

waveguide or by a fiber passive interferometer. This last device is easily implemented by 
segments of polarization-maintaining fiber (PMF). 
At the output of the optical demodulator, in agreement to expression 6, optical interference 
exists when the optical path-differences are matched. 

                                                           0 0
0 0( ) ( )

4 8
m mr

P Pd g dI    

And from expression 13,  the optical intensity is given as                                                      

                                                        0 0 ( )( ) ( )
4 8

z
r

P E tPt senI
E

   

Additionally, if ( )zE t E , from eq. 14,  the measured optical power is  

                                                             0 ( )( ) 1
4 2

zr
P tEP t

E
 

  
 

                                                      (18) 

This last expression represents an intensity modulation and the electric field is then detected 
as a linear variation of the received optical power. 
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Fig. 6. Optical matching in an electric field sensing scheme. 

 
4. Elecrooptic sensors characterization 
 

4.1 Optical Transfer Function and half-wave electric field 
The optical transfer function of an LiNbO3 sensor relates the optical output power and the 
sensed electric field. The transfer function is determined by sensing DC electric fields, which 
modulate the light traveling through the sensing optical waveguide, as shown in figure 7. 
When the optical waveguide is used as a dielectric sensor, no electrodes are associated to the 
crystal and the electric field is present in the dielectric environment surrounding it (most 
commonly air 1r  ). 
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The uniform electric field 1E , in the air, finds a boundary condition and hence a 
discontinuity on the surface of the electro-optic sensor. The discontinuity is determined by 
the crystal permittivity, 35r   (Gutiérrez-Martínez & Santos-Aguilar, 2008). As the electric 
field is perpendicular to the crystal surface and considering the boundary conditions, the 
optical waveguide senses a uniform electric field 2E , given as (Ulaby, 2000). 
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Fig. 7. Polarization interferometer as electric field sensor 
 
After sensing-detection, the electro-optic transfer function given by eqs. 18 and 19, becomes 
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From eq. 17, the half-wave electric fields ( E ), for L=10, 30 and 60 mm LiNbO3 electrooptic 
sensors, at λ0=1310 nm, are = 430, 144 and 72 kVpp/m, respectively. 
The optical transfer function for a 36 mm LiNbO3 sensor has been calculated and measured 
at the output of the coherence demodulator for a DC electric field ranging between 0-330 
kVpp/m. The optical transfer function is shown in figure 8. 
 

 

Fig. 8. Theoretical and measured optical transfer function of a 36 mm electrooptic sensor 

 

In this figure, the upper graph shows a continuous curve corresponding to linear-scale 
measurement; the theoretical optical transfer is shown in dashed lines. The lower graph 
shows the transfer function in logarithmic scale. The measured half-wave electric field is of 
about 112 kVpp/m, in good agreement to the theoretical 120 kVpp/m, given by eq. 17. On 
the linear-scale, the optical transfer function shows a sinusoidal shape in agreement to eq. 13 
and the regions of linear response can be identified. A first linear region is around 50 KV/m; 
a second one is at around 175 kVpp/m and so on. Linear sensing of electric fields can be 
considered, depending on the field intensity ranges. 

 
4.2 Optical correlation and path-differences 
To implement a coherence modulation electric field sensing system, the static optical path-
differences of coherence modulators and demodulators, must be firstly determined.  A 
straightforward way to measure the optical autocorrelation and optical path-differences is 
by using a Scanning Michelson Interferometer (SMI) (Gutiérrez-Martínez et al, 2000), figure 
9(a). 
The measurement set-up is based on a super-luminescent diode (SLD) exhibiting a 
coherence length of about 60 µm. The electric field sensor is an LiNbO3 coherence 
modulator. The SMI measures the autocorrelation of the transmitted light. The light is 
photodetected, amplified and the output voltage, corresponding to the received optical 
intensity, is digitized for further data processing. Figure 9(b) shows the auto-correlation 
fringe pattern of a coherence electrooptic sensor exhibiting a static optical-path-difference 

0d = 1.57 mm, corresponding to a physical length of 19 mm. The SMI can itself, be useful to 
detect a sensed electric field when adjusting it to the sensor optical path-difference. 
 
 

            
                                           (a)                                                                                                                    (b) 

Fig. 9. Measurement of optical autocorrelation and path-differences. 

 
5. Implementing experimental electric field sensing schemes 
In the frame of this chapter, the implementation of an experimental electric field sensing 
scheme is described in this section, figure 10. 
The experimental system includes a super-luminescent diode (SLD), emitting at 0  = 1 310 
nm, with a coherence length of about 60 µm and an average emitted power of 500 µWatts. 
The electric field sensor is a fiber pigtailed Z-cut Y-propagating LiNbO3 integrated optics 
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The uniform electric field 1E , in the air, finds a boundary condition and hence a 
discontinuity on the surface of the electro-optic sensor. The discontinuity is determined by 
the crystal permittivity, 35r   (Gutiérrez-Martínez & Santos-Aguilar, 2008). As the electric 
field is perpendicular to the crystal surface and considering the boundary conditions, the 
optical waveguide senses a uniform electric field 2E , given as (Ulaby, 2000). 
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Fig. 7. Polarization interferometer as electric field sensor 
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coherence length of about 60 µm. The electric field sensor is an LiNbO3 coherence 
modulator. The SMI measures the autocorrelation of the transmitted light. The light is 
photodetected, amplified and the output voltage, corresponding to the received optical 
intensity, is digitized for further data processing. Figure 9(b) shows the auto-correlation 
fringe pattern of a coherence electrooptic sensor exhibiting a static optical-path-difference 

0d = 1.57 mm, corresponding to a physical length of 19 mm. The SMI can itself, be useful to 
detect a sensed electric field when adjusting it to the sensor optical path-difference. 
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Fig. 9. Measurement of optical autocorrelation and path-differences. 

 
5. Implementing experimental electric field sensing schemes 
In the frame of this chapter, the implementation of an experimental electric field sensing 
scheme is described in this section, figure 10. 
The experimental system includes a super-luminescent diode (SLD), emitting at 0  = 1 310 
nm, with a coherence length of about 60 µm and an average emitted power of 500 µWatts. 
The electric field sensor is a fiber pigtailed Z-cut Y-propagating LiNbO3 integrated optics 
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coherence modulator, which introduces a static OPD 0md . The optical demodulator has 
been implemented in two ways: 
 

 

Fig. 10. Experimental electric field sensing system. 
 
1. A pigtailed electro-optic birefringent optical waveguide, acting as a two-wave 

interferometer, matched to the sensor’s OPD, insert (a) in figure 10. 
2. An all fiber two-wave interferometer, implemented using polarization maintaining 

optical fiber (PMF), also matched to the electro-optic sensor, insert (b) in figure 10. 
The 45° optical fiber polarizers ensure the propagation of TE and TM optical modes on the 
electro-optic birefringent waveguides, thus introducing OPD’s.  
A 700 m-optical fiber channel completes the experimental set-up. 
To implement the electric field sensing system, the static optical path-differences of the 
coherence sensor and the optical demodulators were measured.  
In a first case, two identical 13 mm-length birefringent optical waveguides were used. As it 
can be observed on figure 11(a), the electro-optic crystals exhibit identical static optical-path-
differences around 0md =1 mm. The figure shows the overlapping of the OPD’s on the 
sensor and demodulator crystals, when both devices are cascaded and the transmitted light 
is measured by a scanning Michelson Interferometer. Figure 11(b) corresponds to a second 
case, when an LiNbO3 sensor (13.2 mm-length), is matched to a PMF two-wave 
interferometer. The fiber interferometer has been implemented using 3.45 m of 3M FS-CG-
6121 PMF. In this second case, the optical path-difference is of about 0md =1.1 mm and the 
crystal and fiber demodulator are also well matched. A main advantage, when using a PMF 
demodulator, is that the photodetected signal is stronger, thus ensuring a higher signal to 
noise ratio. To achieve a linear detection of the optical signal, the demodulators (electrooptic 

crystal and PMF) were designed to introduce an OPD 0
0 4( )md 
 ; however, ( 0

4
 =325 nm) is a 

very small length and it is difficult to define it accurately when constructing and polishing 
the crystal or fiber optical faces.  
After setting-up the two electro-optic sensor schemes, figures 11(a) and 11(b) show the 
measured matched OPD’s. As it can be observed, the electro-optic sensors exhibit static 
optical-path-differences around 0md = 1 and 1.1 mm, respectively. A zoom of the 

 

interference fringes around 1 mm gives a more accurate measurement, thus confirming that 
interference exists only in the range of the coherence length of the optical source and 
ensuring the demodulation of the sensed electric field. This represents an unequal feature of 
the implemented sensing schemes. 
 

 

Fig. 11. Matched optical path differences: (a) LiNbO3 electro-optic sensor and LiNbO3 optical 
demodulator; (b) LiNbO3 electro-optic sensor and PMF two-wave interferometer 
demodulator. 

 
5.1 A wideband sensing scheme 
To test the sensing scheme, a first experiment consisted in applying sinusoidal electric fields 
to the coherence electro-optic sensor, in a frequency band up to 20 kHz. The modulated light 
was then transmitted through the 700 m optical fiber channel. At the receiver, light was 
measured by the electro-optic coherence demodulator, already tuned around the static 
optical path-difference of 1 mm. The frequency response of the sensing scheme was limited 
by the bandwidth of a wide-area photodetector to 20 kHz. Such a response was measured 
resulting flat in the frequency range as depicted on figure 12(a). The electric field was 
generated by a signal generator and then amplified to a high voltage, which was applied to 
two parallel plates, not in contact with the electro-optic sensor, in order to generate a 
uniform electric field. A sinusoidal AC electric field, ranging between 10 and 350 kVpp/m 
was measured. The field sensing-detection process shows a good linearity in the range of 10-
350 kVpp/m, as shown in figure 12(b). 
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Fig. 12. Frequency response of the electric field sensing scheme. 
 
To illustrate the operation of the experimental set-up, high-intensity electric fields of 
different frequencies were measured. Figure 13 illustrates the input and output waveforms 
for electric fields of 200 kVpp/m and 100 Hz and 20 kHz respectively. In figure 13, the input 
signal corresponds to a 200 kVpp/m electric field and the output signal level is of 200 
mVpp. The noise level is of about 2mVpp. The signal to noise ratio (SNR) of the recuperated 
signal corresponding to a 200 kVpp/m was better than 30 dB. 
 
 

 
Fig. 13. Detected electric fields: (a) 100 Hz, 200 kVpp/m; (b) 20 KHz, 200 kVpp/m. 
 
The minimum detected electric field was determined experimentally by decreasing the 
intensity of the sensed electric field. As given by expression 17, the half-wave electric field 
depends on the length of the electrooptic sensor. A longer sensor will be more sensitive and 
the minimum detected field will be lower. Figure 14 depicts measurements for two crystal 
lengths; figure 14(a) shows the minimum detected signal for a 13 mm length sensor when an 
18 kVpp/m electric field is sensed. For comparison, 14(b) shows the recuperated signal for 
the same applied electric field when using a 36 mm sensor. These measurements indicate 
that for same sensed electric field, the sensitivity of the shorter sensor is significantly lower 

 

than for the longer one; this is concluded by comparing the recuperated amplitude in both 
cases (14 mVpp and 60 mVpp, respectively), which corresponds to a ratio of about 13 dB. 
 
 

 
Fig. 14. Comparative sensitivities for two different lengths crystal sensors: (a) 13 mm; (b) 36 
mm 

 
5.2 Coherence multiplexed electric field sensing schemes  
To explore novel applications of electro-optic sensors and coherence modulation of light, in 
this section an experimental coherence-multiplexed electric field sensing system using 
LiNbO3 electro-optic coherence is described. A serial coherence multiplexed architecture 
seems attractive as the scheme uses only one optical source and the multi-channel optical 
signal is transmitted through a single optical fiber. Such a simple scheme can be proposed 
for a distributed electric field sensing array. A serial coherence multiplexed sensing array is 
shown in figure 15. 
 

 

Fig. 15. Serial coherence multiplexed sensing array 
 
The coherence modulated system described here represents an alternative to the classic 
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optical intensity measurement techniques and is additionally attractive as it can be used to 
implement serial coherence multiplexed sensor arrays, using only one optical source and a 
single optical channel. 
 

 

Fig. 16. Experimental two-channel coherence multiplexed electric field sensing scheme. 
 
On the sensing side, light coming from the low-coherence optical source is injected into the 
first optical sensor, which introduces a first OPD. As explained before in this chapter, OPD’s 
are generated by LiNbO3 electro-optic sensors. The output of the first sensor becomes the 
input of the second one. At the output of the second stage, light exhibits two successive 
OPD’s, that are modulated by two different electric fields.  
For a two-channel transmission scheme (Goedgebuer et al, 1987; Gutiérrez-Martínez et al, 
2002), from expression 1, the optical signal at the output of the first sensor introducing an 
optical delay 01 , is given as 

 01 01
1

1 1( )  ( )  ( )
2 2 2 2m t s t s ts                                                   (21) 

( )s t is the low coherence optical signal coming from the SLD.  
The optical signal given by expression 21, is the input to the second sensor, which 
introduces a second optical delay 02  
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             (22) 

At the output of the coherence demodulator (the Michelson interferometer), which 
introduces an optical delay  , the received optical signal is 

2 2
1( ) ( ) ( )
4 2 2

m mr t t ts ss        
 

The corresponding detected optical intensities at the output of each channel are respectively 
1 2 1 2, ,1, 2 * ( ) ( )r r r rS t S tIr r   

 

 

Finally, after some cumbersome mathematics, the detected optical intensities 1rI  or 2rI , at 
the output of each channel, in terms of OPD’s, are given as  
 

0
1, 2 01 02 02 01 02 01

1 1 1 1( ) 1 ( ) ( ) ( ) ( ( )) ( ( ))
16 2 2 4 4r r m m m m m m
Id g d g d g d g d g dd d d d d dI               

                    (23) 
0I  is the average power of the optical source, 01md  and 02md  are the static OPD’s for 

channels 1 and 2, ( )g   is the normalized auto-correlation of the received optical field and 

1, 2( )r dI  are the received optical intensities at the output of the corresponding channels 1 or 2. 
Expression 23 represents a group of fringe patterns ( )g d , located along the OPD axis. It can 
be observed that fringe patterns are located around zero, 01md , 02md , etc. As the optical 
path-differences 01md  and 02md  are greater than the coherence length cl  of the optical 
source, no interference occurs between the optical delays and a serial coherence-
multiplexing process has been achieved. At the receiver, when the coherence demodulator is 
matched to each electrooptic sensor, only 01( )mg d d  or 02( )mg d d , will remain. 
For implementing the two channel sensing scheme, the static optical path-differences of the 
coherence sensors were firstly measured. Figure 17(a) shows the auto-correlation fringe 
patterns of the cascaded coherence modulators. According to the LiNbO3 crystal lengths, the 
introduced OPD’s are of 01md  = 1.53 mm and 02md =2.34 mm. These OPD’s are modulated by 
the sensed electric fields. The electric fields can be detected at the receiver by adjusting the 

Michelson interferometer at OPD’s 01 01( )
4md d 

  and 0
2 02( )

4md d   . For a dynamic test of 

the sensing scheme, steady 60-Hz sinusoidal electric fields were generated and applied to 
the electro-optic sensors. The modulated light was transmitted through the 700 m optical 
fiber channel. The received light was then measured by the Michelson interferometer when 
adjusted in the linear region around the static optical path-differences. 
 The applied field was varied in the range 100-250 kVpp/m and in all cases, linear detection 
was achieved. Figure 17(b), illustrates the form of a 250 kVpp/m applied electric field and it 
also shows the detected voltages, which correspond to the detected electric field on each 
sensor channel. No cross-talk was observed between the two channels, as ensured by the 
continuous spectrum and low-coherence SLD optical source. 
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Fig. 17. Experimental two-channel coherence multiplexed electric field sensing scheme. 

 
6. Wide-Band Electric Field Sensing 
 

The frequency response of the studied electric field sensing schemes, is determined by the 
modulation sensitivity of the LiNbO3 sensor, which depends on its high relative permittivity 

13 33 35r    , 13 44   and 33 28  . As it has been well established on theoretical and 
experimental work (Kaminow & Liu, 1963; Rigrod & Kaminow, 1963; Nash & Smith, 1968; 
Chen, 1978), the frequency response will depend on the nature of the interaction between 
the electric and optical fields. If the electric field is applied via lumped electrodes, by using 
parallel plates, the frequency response is a trade-off of the optical-electrical interaction 
length, in this case the crystal length L , as given by 
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Such a response is equivalent to around 2.2 GHz-cm. 
Sensing high frequency electric fields is an important issue, as a lot of human activities are 
related to the generation, transmission and use of electromagnetic energy. In electric power 
facilities, telecommunications, medicine, etc., electric fields are present and under particular 
circumstances they can become harmful for equipments, facilities, operators and users.  
High frequency electric fields are attracting attention as their effects on security and health 
are no yet well known.  
Research in progress aims to sense multi-MHz electric fields using coherence electrooptic 
sensors. In the previous section of this chapter, 20 KHz electric field sensing has been 
described. However, sensing schemes for high intensity fields in frequencies up to 10 MHz, 
are being studied. In a recent experiment, a dynamic 0-1 MHz signal has been generated by 
a video high voltage amplifier, producing an electric field adapted to the sensing range in 
the linear regions of the previously described schemes. The experimental set-up has already 
been tested for signals up to some hundreds of KHz. Measurements of 50 and 100 KHz 
electric fields are shown in figures 18 (a) and (b). The upper signal in each figure 
corresponds to the input signal to the wide band amplifier. The lower curve corresponds to 
the sensed electric field at the output of an available 100 KHz-bandwidth photoreceiver. 
   

 

   
(a)      (b) 

Fig. 18. Sensing wide-band electric fields (a) 50 KHz; (b) 100 KHz. 
 
The electric field range in these first results is of about 50 kVpp/m. Work is in progress for 
optimizing high-sensitivity photoreceivers for detecting video signals in the range of some 
tenths of MHz. 

 
7. SNR performance 
 

An important parameter for evaluating the electric field sensing system performance is the 
signal to noise ratio (SNR), which determines the minimun detectable electric field. The SNR 
is limited by noise (spontaneous beat, thermal and shot) at the photodetection process 
(Derickson, 1998; Killen, 1991; Hall, 1973). 
At the receiver, the instantaneous photodetected current is of the form 
 

                                                                ( ) (1 cos )mrI t R m tP                                                     (25) 
qR
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  is the optical responsivity ( 0.7  ) is the quantum efficiency, q  is the charge unit, 

h  is the Planck constant and   is the optical frequency; rP  is the received optical power 

and m  is the modulation index ( 0
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The total photodetected current can be expressed as  
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dc rRI P  is the average photocurrent and ( )p tI  is the signal current with mean square 

value 22 2 21
2p rmI R P   . 

The overall SNR is then given as  
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In this expression, 2 2rRIN BR P  corresponds to the beat noise power, 2 dcq BI  is the shot 

noise power and 
e

4
R
kTB is the thermal noise power. RIN is the relative intensity noise of the 

optical source, k is the Boltzmann constant, T is the absolute temperature, B is the electrical 
bandwidth and Re is the equivalent load resistance of the photodetector.  
To evaluate the SNR, the three main noises are considered. The beat noise, related to RIN, 
comes from the incoherent optical source whereas the shot and thermal noise are associated 
to the photodetection process (Derickson 1998; Killen, 1991; Andonovic & Uttamchandani, 
1989; Baney et al, 1994; Baney & Sorin, 1995; Obarski & Hale, 1999). 
In our experimental sensing schemes, the noise sources are related to the characteristcs of 
the optical source, the photodetector and the associated electronic amplifier. The optical 
source is a broadband SLD, emitting a gaussian spectrum centered at 0 =1310 nm and 
spectral width  =60 nm. The received average optical power is of about 0.5 µW and the 
electrical bandwidth on the photoreceiver is B=20 KHz. After the theoretical basis, such a 

gaussian optical source will exhibit a maximum 0.66RIN
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bandwidth. For the SLD the RIN is of about -132 dB/Hz. This corresponds to a spontaneous 
beat noise power of about -188 dBm. A similar calculation, regarding the shot noise power, 
gives -176 dBm. 
When supposing that our system is only shot noise limited, the signal to noise ratio is 
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From this expression, for an LiNbO3 sensor crystal of 13 mm in length and 
permittivity r =35, the minimum detected external electric field, in agreement to expression 
19, is of about 2 kVpp/m. For a crystal of 35 mm and the same optical parameters, the 
minimum detected field is of 0.7 kVpp/m. This theoretical calculation shows that sensitivity 
on the electrooptic sensors, depends strongly on the crystal dimensions. The longer crystals 
will present lower half-wave electric fields and hence higher sensitivities. In practical 
applications, the longest crystals are of around 75 mm (3 inches), limited by the size of 
LiNbO3 commercial wafers. 

 
8. Conclusion 
 

Optical coherence modulation of light using LiNbO3 electrooptical retarders and low 
coherence optical sources for electric filed sensing schemes have been described in this 
chapter. The described principles were applied in experimental fiber and integrated optics 

 

coherence-modulated optical schemes for sensing audio frequency electric fields. The 
detection of high-intensity electric fields, ranging form 10 to 350 kVpp/m and 0 to 20 kHz 
respectively, based on matched optical retarders, has been successfully tested in our 
laboratory. Work is in progress to achieve larger bandwidths, e.g., in the Megahertz range. 
In this kind of sensing schemes, the bandwidth is only limited by the light transit time on 
the electro-optic sensor. LiNbO3 electro-optic devices are inherently very wide-band, 
responding potentially from DC to several GHz. The relative high-intensity operating range 
of our experimental scheme is determined by the use of short electro-optic crystals as the 
half wave electric field is high. As demonstrated in the experimental results, longer crystals 
allow lower half-wave fields and hence the measurement of lower intensity electric fields. 
Sensing electric fields based on coherence modulation is a relatively novel approach and 
several aspects need to be investigated before becoming a real technical alternative for 
practical applications. It is very well known that fiber polarizers and the electro-optic 
birefringent sensors are sensitive to environmental variations. In particular, these elements 
are sensitive to temperature changes that affect their performances and potential long term 
drift can be observed on the sensor and demodulator operating points. In our experimental 
set-up no drift has been observed even if the system has been operating for several hours a 
day. However this drift may exist as it is inherent on the devices we used in our 
experimental work. To overcome the potential temperature dependence on the electro-optic 
crystals, polarization-independent electro-optic devices are being studied. Such devices 
much less are polarization sensitive and can be promising to implement more performant 
electric field sensing schemes. Work in such a direction is in progress in our laboratory. 
The described sensing schemes represent potential applications of wide-band coherence-
modulated sensors in more complex schemes, involving optical multiplexing to give 
distributed arrays of sensors, based on matched electro-optic sensors and demodulators, in 
fiber optics architectures. A fiber serial coherence multiplexing, in a simple array 
implementation could be useful for detecting and analyzing multi-point electric fields in the 
electric power industry, in high-intensity electric-fields environments, for high intensity 
telecommunication signals, etc. 
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1. Introduction 
 

For many applications, silica is the preferred material, providing excellent physical and 
chemical properties such as optical transparency from IR to UV range, a low thermal 
expansion coefficient, and a high resistance to laser induced damage. Silica-based glasses 
thus provide the backbone for many of today’s rapidly expanding photonics applications 
across fields such as optical telecommunications, electronics, sensor technologies, medical 
applications, and materials processing. 
Thus, numerous elaboration methods are used to produce v-silica-based devices. For 
example, the technique of vapor phase deposition i.e. Axial Deposition (VAD), Outside 
Vapor Deposition (OVD), Modified Chemical Vapor Deposition (MCVD), Plasma Enhanced 
Chemical Vapor Deposition (PECVD) is common in the fabrication of most standard 
telecommunication silica-based fibers or planar waveguides (Miller and Chynoweth 1979). 
Furthermore, other processes including sol-gel synthesis (Simmons-Potter, Potter Jr et al. 
1996) or conventional melting of raw materials are routinely used to manufacture optical 
fibers. As a result of this large variety of elaboration processes, all the SiO2-based glasses are 
different in terms of chemical composition and structural disorder (Hosono, Ikuta et al. 
2001). One way to characterize the glass structural disorder is to determine the fictive 
temperature Tf.  
As described in section 2, it is well known that the fictive temperature is linked to various 
glass properties such as density (Bruckner 1970; Agarwal and Tomozawa 1997), mechanical 
fatigue resistance (Bruckner 1970; Agarwal and Tomozawa 1997) or Rayleigh scattering loss 
(Saito, Kakiuchida et al. 1998). From optical fiber manufacturing point of view, monitoring 
the fictive temperature is thus a quick and reliable way to optimize the manufacturing 
process in order to reduce the Rayleigh scattering loss which is the major source of loss in 
telecommunication optical fibers. For a single mode telecommunication fiber, this 
corresponds to 90% loss at 1310nm and 80% at 1550nm (e.g. 0.16dB/km for a total of 
0.19dB/km). 
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As recently reported in several papers (Agarwal, Davis et al. 1995; Champagnon, Chemarin 
et al. 1998; Le Parc 2002; Helander 2004; Koike, Ryu et al. 2005), the fictive temperature Tf of 
silica based glasses can be determined easily and in a reliable manner by Fourier Transform 
Infra-Red spectroscopy (FTIR) or Raman scattering spectroscopy. In these methods, 
scientists use an empirical relation that exists between the wavenumber, width or intensity 
of silica structural bands and the fictive temperature. Section 3 provides an overview of 
these methods. 
However, one problem is that the features of the silica bands (position, intensity and width) 
vary not only with Tf but also with the elaboration process and the material composition 
(Agarwal and Tomozawa 1995; Kim, Tomozawa et al. 2001; Lancry, Flammer et al. 2007; 
Lancry, Flammer et al. 2007). This is an issue as the chemical composition of a fiber is not 
constant throughout its cross section but varies for designing the desired refractive index 
profile for a targeted application e.g. Single Mode Fiber (SMF), Multi-Mode Fiber (MMF), 
Pure Silica Core Fiber (PSCF), Dispersion Compensating Fiber (DCF), Dispersion Shifted 
Fiber (DSF). Thus, calibration curves between Tf and the IR band peak characteristics 
(position, intensity, width) are needed for each material composition (F, P, Ge…). In section 
4, we will present an overview of all calibration curves found in the literature together with 
the method to realize such calibration curves. 
An other important parameter that has to be taken into account is that, in general, a glass 
sample can exhibit different fictive temperatures at its surface and in bulk. This situation 
can occur, for example, when a glass is rapidly cooled from the liquid state, as it is done in 
fiber production. In this case, a higher Tf is expected at the fiber surface than in the bulk due 
to a faster cooling rate at the surface (Peng, Agarwal et al. 1997; Lancry, Flammer et al. 
2007). One objective of section 5 is to examine this phenomenon in conventional optical 
fibers. 
 
Minimizing the optical losses in fibers is a recurrent target for fiber manufacturers. In 
literature, two approaches have been proposed to reduce Rayleigh scattering loss in silica-
based fibers via a reduction of Tf. Indeed, we can optimize the core and/or cladding 
chemical compositions (Kakiuchida, Sekiya et al. ; Tajima, Ohashi et al. 1992; Lines 1994; 
Saito and Ikushima 1998; Saito, Kakiuchida et al. 1998; Tsujikawa, Tajima et al. 2000; 
Kakiuchida, Saito et al. 2002; Saito and Ikushima 2002; Kakiuchida, Saito et al. 2003; Saito, 
Yamaguchi et al. 2004), or optimize the thermal conditions of the fiber drawing (Todoroki 
and Sakaguchi 1997; Sakaguchi and Todoroki 1998; Sakaguchi 2000; Tsujikawa, Tajima et al. 
2000; Tsujikawa, Tajima et al. 2005). These two approaches are discussed in section 6.  
 
This paper will thus give an overview of methods to measure the fictive temperature in 
silica-based optical fibers. We will first recall what is Tf in section 2. We will see that both 
Raman and IR spectroscopies can be used (Section 3). We will also show in section 4 that 
measuring Tf f in optical fibers requires taking many corrections into account. Section 5 will 
thus give some examples of Tf profiles measured in optical fibers manufactured in different 
conditions. Finally, section 6 will present two approaches to reduce Rayleigh scattering loss 
in silica-based fibers via a reduction of Tf. 

 
Fig. 1. Schematic diagram of specific volume-temperature relations for a) a normal glass and 
b) silica glass in the anomalous region (Bruckner 1970). 

 
2. What is the fictive temperature Tf? 
 

2.1 Definition  
Glass is not merely a super-cooled liquid. The volume-temperature diagram shown in Fig. 
1a illustrates this distinction. When a liquid is cooled, it crystallizes at or slightly below the 
melting point. If there are not enough crystal nuclei or if the viscosity is too high to allow 
sufficient crystallization rates, under-cooling of the liquid can occur. However, in the case of 
a glass, the viscosity of the liquid rapidly increases with decreasing temperature, and atomic 
rearrangement slows down more than would be typical for the super-cooled liquid. These 
observations result in the deviation from the metastable equilibrium curve as it can be seen 
in Fig. 1a. This change in slope is characteristic of a glass. The cooling rate determines the 
knee position when the deviation (from the extrapolated liquid curve) begins to occur. 
Slower cooling, for instance, results in a smaller deviation from the extrapolated liquid 
curve. Figure 1 shows that the point of intersection of the two slopes defines a 
transformation point i.e. glass-transition temperature (Tg), which depends on the cooling 
rate. Practical limitation on cooling rate defines the transformation range [Tg1-Tg2] in which 
the cooling rate can affect the structure-sensitive properties such as density or refractive 
index. The structure, which is frozen-in during the glass transformation, persists at all lower 
temperatures. Thus, a glass has a configurational temperature or fictive temperature that 
may differ from its Tg. The fictive temperature is the temperature at which the glass 
structure is frozen. It describes thus the structure of a glass and is related to the cooling 
rate. A fast-quenched glass will have a higher fictive temperature than a slowly cooled 
glass. 
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Table 1. Qualitative behavior of the effect of fictive temperature increase on silica glass 
structure and properties (1273K < T < 1873K). Adapted from Ref. (Agarwal and Tomozawa 
1997).  

 
2.2 Qualitative link between fictive temperature and properties of silica glass 
Given a well defined chemical composition, silica glass can have different structures and 
properties depending upon its thermal history (Bruckner 1970; Agarwal, Davis et al. 1995). 
This is attributed to different fictive temperatures. Thus, the fictive temperature allows 
learning about glass properties such as density, refractive index, hardness, mechanical 
strength and chemical durability. In this section, the changes in various properties of silica 
glasses induced by thermal or mechanical processes reported in the literature are compared. 
These observations are summarized in Table 1 (adapted from (Agarwal and Tomozawa 
1997)). The structural changes induced by modification of fictive temperature are 
considered in the anomalous region. This anomalous region is the range of fictive 
temperatures from 1273K to 1773K, where the density of silica glass increases with 
increasing fictive temperature (Fraser 1968; Bruckner 1970; Shackelford, MASARYK et al. 
1970; Zarzycki 1982). This is the opposite to what happens in the other glasses. This is 
illustrated in Fig. 1b. In addition, Fig. 2 shows the density according to Tf for such silica 
glasses.  
As it can be seen in Table 1, a glass with a higher fictive temperature has larger light 
scattering loss, larger mechanical fatigue resistance, lower viscosity and larger HF etching 
rate. Concerning the fiber drawing parameters, fictive temperature of fiber core and inner 
cladding is higher for fibers processed with a faster cooling rate, which generally 
corresponds to higher drawing speed or lower tension force.  

 
Fig. 2. Densities of various silica glasses as a function of fictive temperature (Bruckner 1971) 
in the anomalous region. 
 
As this paper is dedicated to fictive temperature in optical fibers, in the following we briefly 
discuss the relationship that is well known between Rayleigh scattering and fictive 
temperature to estimate the intrinsic loss of silica-based fibers (Saito, Kakiuchida et al. 
1998). The Rayleigh scattering coefficient R (dB/km/m4) is expressed as the sum of two 
contributions R and Rc which are the Rayleigh scattering coefficients resulting from density 
fluctuations and concentration fluctuations, respectively. Rc is assumed to be independent 
on Tf (Martinez and Angell 2002) as it is mainly governed by dopant concentration 
fluctuations (e.g. polarizability differences between dopants and host material) arising from 
the elaboration process (e.g. higher concentration fluctuations in VAD process when 
compared to MCVD process (Dalle)) and the thermodynamics.  
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R is expressed as Eq. (1), where n is the refractive index, p the average photo-elastic 
coefficient, Tf the fictive temperature, and βT the isothermal compressibility for a given 
fictive temperature. This equation highlights the strong impact of n and Tf on the Rayleigh 
scattering. Equation (1) indicates that R is proportional to Tf (Pinnow, Candau et al. 1968; 
Pinnow, Candau et al. 1968; Lines 1984). This is indeed confirmed by experimental results 
that show that the Rayleigh scattering coefficient has a linear relationship with Tf in pure 
silica glasses and in fibers which have only density fluctuations (only R) (Sakaguchi and 
Todoroki 1998; Kakiuchida, Saito et al. 2003). Usually, for low dopant concentrations (case 
of most SMFs used in telecommunications), Rayleigh scattering is mainly caused by frozen-
in density fluctuations. Figure 3 shows the relationship between the R (sum of R + Rc) value 
and Tf. The solid and dotted lines express the dependency in the cases of pure silica and 
slightly GeO2-doped (typ. 5w %) silica glasses, respectively. In addition, the Rayleigh losses 
depend strongly on the wavelength (-4 dependence), that’s why telecommunication 
transmission windows are in the NIR (Near-Infra-Red) range around the minimum 
attenuation window. 
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Fig. 3. Relationship between the Rayleigh scattering coefficient and Tf. Extracted from Ref. 
(Tsujikawa, Tajima et al. 2005). 

 
3. Methods to determine the fictive temperature of silica glasses 
 

3.1 Overview of methods to measure Tf 
In principle, fictive temperature of a glass can be determined by measuring any glass 
properties. In practice, Differential Scanning Calorimetric analysis is a popular method to 
measure fictive temperature of vitreous materials. However this method cannot be used for 
silica glasses (and thus optical fibers) since they show a negligible change in specific heat 
around the glass transition region.  
Recently, several authors have reported two methods based on IR absorption (or reflection) 
and Raman scattering to determine the fictive temperature of silica glass. In these methods, 
one uses an empirical relation between Tf and the intensity I, wavenumber  or bandwidth 
 of silica vibrational structural bands. These correlations are summarized in Table 2 
together with the interpretation and the corresponding references. Using these correlations, 
it is possible to determine the fictive temperature of different types of silica glasses 
providing that a calibration was previously established. 
 

 
Table 2. Relations between fictive temperature and IR absorption and Raman scattering 
bands’ characteristics in pure silica. 

On the one hand, Raman scattering method is well adapted to realize Tf cross-section profile 
in optical fibers and especially in SMF as it provides a good spatial resolution (~ 1m) 
(Martinet, Martinez et al. 2008). On the other hand, it has been shown that the IR absorption 
band located near 1120 cm-1, and which corresponds to the fundamental asymmetric 
stretching vibration of the Si—O—Si structure, is the most sensitive to structural changes 
and thus to the Tf changes. This IR vibrational structural band is therefore related to the Si-
O-Si bond angle (Bell, Bird et al. 1968; Galeener 1979). In addition, the determination of the 
peak position is much reliable using FTIR technique. Thus, in the following, the asymmetric 
bond-stretching vibration observed near 1120 cm-1 in the IR reflection spectra is monitored 
to determine the fictive temperature for several types of silica glasses or optical fibers. As 
reported in the literature, this method remains well adapted to realize Tf cross-section 
profiles in optical fibers (Peng, Agarwal et al. 1997; Kim and Tomozawa 2001; Kim, 
Tomozawa et al. 2001; Hong 2003) as the spatial resolution can be as small as 10 microns. At 
the opposite, IR transmission measurements are less precise (lower slope of the calibration 
curve between the peak position and the fictive tempertaure) and require to prepare very 
thin samples (thinner than 50 m). 
 

 
Fig. 4. Typical Raman scattering spectrum of a pure silica glass. Le parc, R. (2002) 
 
An example of the resulting reflectance spectrum is shown in Fig. 5. This spectrum was 
recorded in a pure silica glass. Typically, there is a predominant IR band at 1120 cm-1 
accompanied by a shoulder at 1200 cm-1. This shoulder is due to the component which is 
parallel to the direction of the light propagation (the longitudinal optical, LO mode) while 
the main band at 1122 cm-1 is caused by the transversal optical (TO) mode (Bell, Bird et al. 
1968; Galeener 1979). 
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Fig. 5. Typical IR reflection spectrum of pure silica glass collected using Nexus FTIR micro-
spectrometer with a maximum reflection angle of 37°. 

 
3.2 Sample preparation, the three investigated methods 
Three different methods can be used to determine the fictive temperature of SMF’s (Single 
Mode Fiber) or MMF (Multi-Mode Fiber) cores.  

 
3.2.1 Cleaved fiber and standard FTIR reflection measurements   
The fiber was simply cleaved and then mounted vertically in epoxy resin at 90 ± 1 degrees 
off the horizontal direction using a V-groove metal support. Then, the mounted fiber was 
etched for 30s in 10% HF-10% H2SO4 solution to remove surface water and to reveal 
boundaries of the core, inner cladding and outer cladding. Figure 6 displays an optical 
microscope photograph of a SMF made by MCVD process. Thanks to etching we can clearly 
see the different parts of the fiber such as core, inner-cladding and outer-cladding. Another 
possibility to reveal core-cladding area will be to observe the samples between cross-
polarized. Indeed, due to the chemical composition profile, relative changes in thermal 
expansion coefficient result in a stress and thus birefringence is radially symmetric 
(Bachmann, Hermann et al. 1987). 
 

 
Fig. 6. Optical microscope photograph of SMF after 30 s etching in 10% HF-10% H2SO4 
solution. 

Standard FTIR: Finally, IR reflection spectra were recorded by means of FTIR spectrometer. 
The spatial resolution can be reduced down to 20 µm x 20 µm. Therefore this technique in 
well adapted to MMF measurements where the average core diameter is at least 50 microns 
wide. However in SMF, this results in an average value of Tf including both core and 
cladding. Since the beam probe size is much larger than the SMF core, it is thus necessary to 
perform “strong” correction, due to the cladding’s impact. This degrades strongly the 
reproducibility of our measurements. 
FTIR with FPA type detector: On the other hand, the FTIR reflection spectra can be 
recorded by means of a FTIR Spotlight 300 Perkin Elmer equipped with the new technology 
of FPA (Focal Plane Array) detector. The instrument provides 6:1 imaging on a MCT 
(Mercury Cadmium Telluride) detector, resulting in a nominal resolution of 8 µm x 8 µm. 
Using this technique, we are thus able to measure SMF’s core only. However, the alignment 
of the probe beam on the fiber core is quite difficult since the core and pixel size are roughly 
similar. This can result in less reliable measurements. 
 

 
Table 3. Samples treatments before FTIR reflection experiments: mounting, polishing and 
etching. 

 
3.2.2 Blaze polished fiber and FTIR 
Instead of trying to reduce the beam probe size, as shown in the previous section, in the 
following, the fiber is cleaved and then polished at very small angle (typ. a few degrees), in 
order to increase the fiber core surface area. In this view, the fibers are mounted in epoxy 
resin a few degrees off the horizontal direction using a thin taper plastic as a holder. This is 
illustrated in Fig. 7a. Next, the mounted fibers are polished horizontally to reach optical 
quality (/50). The samples are polished with a series of 600 and 1200 grid silicon carbide 
and then using 6m, 1m and 0.25m diamond polishing powder in oil. The typical 
parameters are reported in Table 3. The polishing machine was configured to 100rpm. 
Notice that the polishing step is very important since surface roughness strongly impacts 
both the IR peak intensity and its position when measured in reflectance configuration. This 
is illustrated in Fig. 8 where the peak is shown for various surface roughnesses. Typically 
the peak shift (towards smaller wavenumbers) can be as high as 4 cm-1 when average 
surface roughness (RMS) increases from 0.055 to 0.27 microns (Hong 2003). 
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The fiber was simply cleaved and then mounted vertically in epoxy resin at 90 ± 1 degrees 
off the horizontal direction using a V-groove metal support. Then, the mounted fiber was 
etched for 30s in 10% HF-10% H2SO4 solution to remove surface water and to reveal 
boundaries of the core, inner cladding and outer cladding. Figure 6 displays an optical 
microscope photograph of a SMF made by MCVD process. Thanks to etching we can clearly 
see the different parts of the fiber such as core, inner-cladding and outer-cladding. Another 
possibility to reveal core-cladding area will be to observe the samples between cross-
polarized. Indeed, due to the chemical composition profile, relative changes in thermal 
expansion coefficient result in a stress and thus birefringence is radially symmetric 
(Bachmann, Hermann et al. 1987). 
 

 
Fig. 6. Optical microscope photograph of SMF after 30 s etching in 10% HF-10% H2SO4 
solution. 

Standard FTIR: Finally, IR reflection spectra were recorded by means of FTIR spectrometer. 
The spatial resolution can be reduced down to 20 µm x 20 µm. Therefore this technique in 
well adapted to MMF measurements where the average core diameter is at least 50 microns 
wide. However in SMF, this results in an average value of Tf including both core and 
cladding. Since the beam probe size is much larger than the SMF core, it is thus necessary to 
perform “strong” correction, due to the cladding’s impact. This degrades strongly the 
reproducibility of our measurements. 
FTIR with FPA type detector: On the other hand, the FTIR reflection spectra can be 
recorded by means of a FTIR Spotlight 300 Perkin Elmer equipped with the new technology 
of FPA (Focal Plane Array) detector. The instrument provides 6:1 imaging on a MCT 
(Mercury Cadmium Telluride) detector, resulting in a nominal resolution of 8 µm x 8 µm. 
Using this technique, we are thus able to measure SMF’s core only. However, the alignment 
of the probe beam on the fiber core is quite difficult since the core and pixel size are roughly 
similar. This can result in less reliable measurements. 
 

 
Table 3. Samples treatments before FTIR reflection experiments: mounting, polishing and 
etching. 

 
3.2.2 Blaze polished fiber and FTIR 
Instead of trying to reduce the beam probe size, as shown in the previous section, in the 
following, the fiber is cleaved and then polished at very small angle (typ. a few degrees), in 
order to increase the fiber core surface area. In this view, the fibers are mounted in epoxy 
resin a few degrees off the horizontal direction using a thin taper plastic as a holder. This is 
illustrated in Fig. 7a. Next, the mounted fibers are polished horizontally to reach optical 
quality (/50). The samples are polished with a series of 600 and 1200 grid silicon carbide 
and then using 6m, 1m and 0.25m diamond polishing powder in oil. The typical 
parameters are reported in Table 3. The polishing machine was configured to 100rpm. 
Notice that the polishing step is very important since surface roughness strongly impacts 
both the IR peak intensity and its position when measured in reflectance configuration. This 
is illustrated in Fig. 8 where the peak is shown for various surface roughnesses. Typically 
the peak shift (towards smaller wavenumbers) can be as high as 4 cm-1 when average 
surface roughness (RMS) increases from 0.055 to 0.27 microns (Hong 2003). 
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Fig. 7. Schematic diagram for the procedure to create an elongated cross-section of an 
optical fiber (Hong 2003). a) Mounting of the fiber in epoxy resin at an oblique angle using a 
thin tapered base. b) Cross-section of the fiber after polishing up to the dotted line indicated 
in Fig. a. 
 
The polished fibers were subsequently etched for 30 s in 10% HF-10% H2SO4 solution to 
reveal boundaries of the core, inner-cladding and outer-cladding. Finally, the FTIR 
reflection spectra were recorded by means of standard FTIR spectrometer as shown in Fig. 
7b. Spectra have been recorded in the 800 cm-1 to 2000 cm-1 spectral range with a spectral 
resolution of 4 cm-1 and by averaging 512 scans. The mask size was close to 8 m x 100 m 
resulting in a probe area corresponding to the SMF core only.  
 

 
Fig. 8.  Shifts in peak positions and intensity of the 1120 cm-1 band in IR reflection for GeO2 
doped silica glasses with different surface roughness (Hong 2003). 

 
3.3 Experimental setup 
FTIR reflectance spectra were recorded by means of either a Nexus FTIR Spectrometer 
(Nicolet) or a FTIR Spotlight 300 (Perkin Elmer) equipped with the new technology FPA 

(Focal Plan Array) MCT (Mercury Cadmium Telluride) detector. This last instrument 
provides 6:1 imaging on MCT detector, resulting in nominal resolution of 8 µm. Visible 
images are recorded under white light LED illumination and are collected via a charge 
couple device CCD camera to give pictures of arbitrary size and aspect ratio. The desired 
regions for the IR images are selected from visual images. Typically, we need a few minutes 
only to perform a mapping of 1 mm2 area. The spectra have been recorded in the 800 cm-1 to 
2000 cm-1 spectral range using a spectral resolution of 4 cm-1. The spectra were obtained by 
averaging only 32 scans (because the signal to noise ratio remains quite high using this 
technique). When using a standard FTIR spectrometer, spectra have been recorded in the 
800 cm-1 to 2000 cm-1 spectral range with a spectral resolution of 4 cm-1 and by averaging 512 
scans. In a general manner, the mask size can be reduced down to 20 m x 20 m. 
Notice that the specular reflection data were collected at a fixed angle of incidence. Indeed, 
as shown in Fig. 9, a variation in the angle of incidence changes the IR reflection band 
positions (Almeida 1992; Hong 2003). Thus, the use of the same angle of incidence (i.e. 37° in 
our experiments) is needed for a reliable determination of fictive temperature. 
 

 
Fig. 9. Specular reflectivity spectra of vitreous silica at different angles of incidence 
(Almeida 1992). 

 
3.4 Data treatment 
An example of the resulting reflectance spectra is shown in Fig. 5. Typically, there is a 
predominant IR band at 1120 cm-1 accompanied by a shoulder at 1200 cm-1. However, one 
cannot simply choose the wavenumber associated to the largest intensity of an IR band data 
and call it the peak position because spectral data points are only collected every 2 or 4 cm-1. 
Indeed, lower spectral resolution results in a much higher noise in the peak determination 
and thus less precise fictive temperature determination. Hence, the IR peak position was 
determined by performing a least square polynomial fit and then calculating the minimum 
of the second derivative using OMNIC@Nicolet or any other fitting software. This is 
illustrated in Fig. 10. However, one has to be careful because firstly, the sensitivity to noise 
increases with increasing polynomial degree. Secondly, the choice of the discrete data points 
used for the fit is very crucial. For instance, if the spectral window width chosen for the fit is 
too large, shifting the data one step towards higher or lower wavenumber can change the 
peak position as much as 0.3 cm-1. As the peak position shifts in wavenumber according to 
the probing area, it is also necessary to change data points for the fit (we cannot keep a fixed 
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Fig. 7. Schematic diagram for the procedure to create an elongated cross-section of an 
optical fiber (Hong 2003). a) Mounting of the fiber in epoxy resin at an oblique angle using a 
thin tapered base. b) Cross-section of the fiber after polishing up to the dotted line indicated 
in Fig. a. 
 
The polished fibers were subsequently etched for 30 s in 10% HF-10% H2SO4 solution to 
reveal boundaries of the core, inner-cladding and outer-cladding. Finally, the FTIR 
reflection spectra were recorded by means of standard FTIR spectrometer as shown in Fig. 
7b. Spectra have been recorded in the 800 cm-1 to 2000 cm-1 spectral range with a spectral 
resolution of 4 cm-1 and by averaging 512 scans. The mask size was close to 8 m x 100 m 
resulting in a probe area corresponding to the SMF core only.  
 

 
Fig. 8.  Shifts in peak positions and intensity of the 1120 cm-1 band in IR reflection for GeO2 
doped silica glasses with different surface roughness (Hong 2003). 

 
3.3 Experimental setup 
FTIR reflectance spectra were recorded by means of either a Nexus FTIR Spectrometer 
(Nicolet) or a FTIR Spotlight 300 (Perkin Elmer) equipped with the new technology FPA 

(Focal Plan Array) MCT (Mercury Cadmium Telluride) detector. This last instrument 
provides 6:1 imaging on MCT detector, resulting in nominal resolution of 8 µm. Visible 
images are recorded under white light LED illumination and are collected via a charge 
couple device CCD camera to give pictures of arbitrary size and aspect ratio. The desired 
regions for the IR images are selected from visual images. Typically, we need a few minutes 
only to perform a mapping of 1 mm2 area. The spectra have been recorded in the 800 cm-1 to 
2000 cm-1 spectral range using a spectral resolution of 4 cm-1. The spectra were obtained by 
averaging only 32 scans (because the signal to noise ratio remains quite high using this 
technique). When using a standard FTIR spectrometer, spectra have been recorded in the 
800 cm-1 to 2000 cm-1 spectral range with a spectral resolution of 4 cm-1 and by averaging 512 
scans. In a general manner, the mask size can be reduced down to 20 m x 20 m. 
Notice that the specular reflection data were collected at a fixed angle of incidence. Indeed, 
as shown in Fig. 9, a variation in the angle of incidence changes the IR reflection band 
positions (Almeida 1992; Hong 2003). Thus, the use of the same angle of incidence (i.e. 37° in 
our experiments) is needed for a reliable determination of fictive temperature. 
 

 
Fig. 9. Specular reflectivity spectra of vitreous silica at different angles of incidence 
(Almeida 1992). 

 
3.4 Data treatment 
An example of the resulting reflectance spectra is shown in Fig. 5. Typically, there is a 
predominant IR band at 1120 cm-1 accompanied by a shoulder at 1200 cm-1. However, one 
cannot simply choose the wavenumber associated to the largest intensity of an IR band data 
and call it the peak position because spectral data points are only collected every 2 or 4 cm-1. 
Indeed, lower spectral resolution results in a much higher noise in the peak determination 
and thus less precise fictive temperature determination. Hence, the IR peak position was 
determined by performing a least square polynomial fit and then calculating the minimum 
of the second derivative using OMNIC@Nicolet or any other fitting software. This is 
illustrated in Fig. 10. However, one has to be careful because firstly, the sensitivity to noise 
increases with increasing polynomial degree. Secondly, the choice of the discrete data points 
used for the fit is very crucial. For instance, if the spectral window width chosen for the fit is 
too large, shifting the data one step towards higher or lower wavenumber can change the 
peak position as much as 0.3 cm-1. As the peak position shifts in wavenumber according to 
the probing area, it is also necessary to change data points for the fit (we cannot keep a fixed 
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spectral window). Thus, we choose to fix the set of 25 data points around the maximum 
peak position. Indeed, some interference from a shoulder around 1200 cm-1 might occur for 
larger range. Finally, by changing the set of data or the window width and recalculating the 
peak position, the stability of the fit is verified. Using this treatment and optimized 
experimental conditions, we are then able to determine the peak wavenumber with a 
precision around 0.1 cm-1. 
  

 
Fig. 10. Illustration of the spectral fitting process. Blue curve is a guide for eye while red 
curve is for the fit curve.  

 
3.5 Typical results   
To summarize, three different methods have been presented to follow the fictive 
temperature within either MMF or SMF core. In all cases, the 'bond-stretching' vibration 
mode observed near 1120 cm-1 in the FTIR reflection spectra was considered to determine 
the fictive temperature of the fiber core. Table 4 summarizes the main parameters for each 
case: type of sample (MMF or SMF, core or cladding), method, spent time (sample 
preparation + five measurements), spatial resolution, repeatability on Tf measurements 
(relative error) and number of scans.  
For MMF core, there are no peculiar problems due to the large core size (at least 50 
microns). We can simply cleave the fiber and probe the core using a standard micro-
spectrometer. Typically, the relative error on Tf is lower than  20°C. In the case of SMF 
core, this is slightly more complex due to the small core size i.e. around 8 microns in 
diameter. From our results, the blaze polished fiber method is the most precise, straight and 
reliable method, at the expense of a larger time spent. 
 

 
Table 4. Comparison between methods used to estimate the fictive temperature in SMF core. 

4. Determination of calibration curves between the IR peak wavenumber and 
the fictive temperature Tf in silica-based optical fibers 
 

Currently, the main dopants involved in optical telecommunications are, on the one hand, 
germanium and phosphorus to increase the refractive index, and on the other hand, fluorine 
to lower the index. The impact of these elements is not limited to a simple variation of 
refractive index. By doping silica, viscosity, chemical diffusion, absorption, non-linear index 
etc ... are modified.  
Germanium is now the most widely used dopant in silica-based glasses. Indeed, GeO2 is 
common for increasing the refractive index of silica (Kao 1983). It is usually found in 
concentrations ranging from 1 to 30 w%. Up to now, GeO2 remains also the most prominent 
dopant to obtain highly photosensitive silica glass to UV light, allowing thus the writing of 
optical components such as fiber Bragg gratings (Othonos 1997). 
Fluorine-doped silica glasses occurs in a variety of technological applications (Gonnet, 
Nouchi et al. 2007; Matthijsse, Gooijer et al. 2007; Regnier, Kuyt et al. 2008), due mainly to 
the beneficial changes in optical and physical properties that results from the addition of 
small quantities of fluorine to pure amorphous silica. Notice that in contrast to Ge and P, 
which are network formers, fluorine is a network modifier. For optical fiber technology, 
fluorine is one of only two dopants that decreases the refractive index of silica, the other 
being boron (Kao 1983). This has resulted in the widespread application of fluorine doping 
of silica to control the refractive index profile of optical fibers (Kao 1983; Matthijsse, Gooijer 
et al. 2007). Small contents of F (<1 wt%) have also been introduced to reduce the additional 
imperfection loss by allowing viscosity-matching. Note that this viscosity-matching 
technique can also be used with dopants like GeO2 or P2O5 (Kao 1983). 
The presence of P2O5 reduces strongly the glass viscosity. In optical fiber manufacturing, 
this allows a relatively low deposition temperature. However, this also leads to a strong 
increase of the thermal expansion coefficient (and thus a mismatch between P-doped and P-
free parts). In addition, the presence of large amounts of P2O5 in the core or the cladding can 
lead to an attenuation increase  at long wavelengths (Regnier, Poumellec et al. 2005). 
Therefore phosphorus is rarely used at high content, and it is then rarely used alone as 
dopant in silica. That is why many studies on phosphorus have been made in Ge or F co-
doped silica glasses (Irven, Harrison et al. 1981). F-P co-doped cladding allows bringing the 
cladding viscosity closer to that of the core and therefore decreases excess loss. This allows 
stress reduction at the core-cladding interface and thus reduction in defects and 
imperfections at the interfaces. 

 
4.1 Literature survey of the calibration curves in silica-based glasses 
The radial variation of Tf in optical fiber cross section has been studied recently with some 
divergent results (Peng, Agarwal et al. 1997; Wissuchek, Ponader et al. 1999; Kim and 
Tomozawa 2001; Kim, Tomozawa et al. 2001; Helander 2004). One problem is that the 
reflection peak position varies not only with Tf but also with the material composition 
(Tajima, Ohashi et al. 1992; Lines 1994; Saito and Ikushima 1998; Saito, Kakiuchida et al. 
1998; Tsujikawa, Tajima et al. 2000; Saito and Ikushima 2002; Saito, Yamaguchi et al. 2004). 
This is an issue as an optical fiber has different compositions in the core and in the cladding 
surrounding the core. Thus, calibration curves between Tf and the IR band peak position 
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spectral window). Thus, we choose to fix the set of 25 data points around the maximum 
peak position. Indeed, some interference from a shoulder around 1200 cm-1 might occur for 
larger range. Finally, by changing the set of data or the window width and recalculating the 
peak position, the stability of the fit is verified. Using this treatment and optimized 
experimental conditions, we are then able to determine the peak wavenumber with a 
precision around 0.1 cm-1. 
  

 
Fig. 10. Illustration of the spectral fitting process. Blue curve is a guide for eye while red 
curve is for the fit curve.  

 
3.5 Typical results   
To summarize, three different methods have been presented to follow the fictive 
temperature within either MMF or SMF core. In all cases, the 'bond-stretching' vibration 
mode observed near 1120 cm-1 in the FTIR reflection spectra was considered to determine 
the fictive temperature of the fiber core. Table 4 summarizes the main parameters for each 
case: type of sample (MMF or SMF, core or cladding), method, spent time (sample 
preparation + five measurements), spatial resolution, repeatability on Tf measurements 
(relative error) and number of scans.  
For MMF core, there are no peculiar problems due to the large core size (at least 50 
microns). We can simply cleave the fiber and probe the core using a standard micro-
spectrometer. Typically, the relative error on Tf is lower than  20°C. In the case of SMF 
core, this is slightly more complex due to the small core size i.e. around 8 microns in 
diameter. From our results, the blaze polished fiber method is the most precise, straight and 
reliable method, at the expense of a larger time spent. 
 

 
Table 4. Comparison between methods used to estimate the fictive temperature in SMF core. 

4. Determination of calibration curves between the IR peak wavenumber and 
the fictive temperature Tf in silica-based optical fibers 
 

Currently, the main dopants involved in optical telecommunications are, on the one hand, 
germanium and phosphorus to increase the refractive index, and on the other hand, fluorine 
to lower the index. The impact of these elements is not limited to a simple variation of 
refractive index. By doping silica, viscosity, chemical diffusion, absorption, non-linear index 
etc ... are modified.  
Germanium is now the most widely used dopant in silica-based glasses. Indeed, GeO2 is 
common for increasing the refractive index of silica (Kao 1983). It is usually found in 
concentrations ranging from 1 to 30 w%. Up to now, GeO2 remains also the most prominent 
dopant to obtain highly photosensitive silica glass to UV light, allowing thus the writing of 
optical components such as fiber Bragg gratings (Othonos 1997). 
Fluorine-doped silica glasses occurs in a variety of technological applications (Gonnet, 
Nouchi et al. 2007; Matthijsse, Gooijer et al. 2007; Regnier, Kuyt et al. 2008), due mainly to 
the beneficial changes in optical and physical properties that results from the addition of 
small quantities of fluorine to pure amorphous silica. Notice that in contrast to Ge and P, 
which are network formers, fluorine is a network modifier. For optical fiber technology, 
fluorine is one of only two dopants that decreases the refractive index of silica, the other 
being boron (Kao 1983). This has resulted in the widespread application of fluorine doping 
of silica to control the refractive index profile of optical fibers (Kao 1983; Matthijsse, Gooijer 
et al. 2007). Small contents of F (<1 wt%) have also been introduced to reduce the additional 
imperfection loss by allowing viscosity-matching. Note that this viscosity-matching 
technique can also be used with dopants like GeO2 or P2O5 (Kao 1983). 
The presence of P2O5 reduces strongly the glass viscosity. In optical fiber manufacturing, 
this allows a relatively low deposition temperature. However, this also leads to a strong 
increase of the thermal expansion coefficient (and thus a mismatch between P-doped and P-
free parts). In addition, the presence of large amounts of P2O5 in the core or the cladding can 
lead to an attenuation increase  at long wavelengths (Regnier, Poumellec et al. 2005). 
Therefore phosphorus is rarely used at high content, and it is then rarely used alone as 
dopant in silica. That is why many studies on phosphorus have been made in Ge or F co-
doped silica glasses (Irven, Harrison et al. 1981). F-P co-doped cladding allows bringing the 
cladding viscosity closer to that of the core and therefore decreases excess loss. This allows 
stress reduction at the core-cladding interface and thus reduction in defects and 
imperfections at the interfaces. 

 
4.1 Literature survey of the calibration curves in silica-based glasses 
The radial variation of Tf in optical fiber cross section has been studied recently with some 
divergent results (Peng, Agarwal et al. 1997; Wissuchek, Ponader et al. 1999; Kim and 
Tomozawa 2001; Kim, Tomozawa et al. 2001; Helander 2004). One problem is that the 
reflection peak position varies not only with Tf but also with the material composition 
(Tajima, Ohashi et al. 1992; Lines 1994; Saito and Ikushima 1998; Saito, Kakiuchida et al. 
1998; Tsujikawa, Tajima et al. 2000; Saito and Ikushima 2002; Saito, Yamaguchi et al. 2004). 
This is an issue as an optical fiber has different compositions in the core and in the cladding 
surrounding the core. Thus, calibration curves between Tf and the IR band peak position 
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must be determined for each material composition and especially for Ge, P and F-doped 
silica.  
We have thus reported in Table 5, most of the calibration curves reported in the scientific 
literature for various silica-based glasses. We have also displayed the experimental 
temperature range and the corresponding references. The equations displayed in Table 5 are 
in the form: 1120= A – B. Tf, where  (cm-1) is the peak wavenumber (or spectral position) of 
the Si-O-Si asymmetric stretching band measured in reflectance and Tf (K) is the fictive 
temperature of the silica glass. 
 

 
Table 5. Calibration curves (between Tf and 1120cm-1 peak wavenumber measured in 
reflection) reported in the scientific literature for various silica glasses and optical fibers. 
 
It is worth noticing that no significant difference was found between the different kinds of 
pure silica glasses i.e. Infrasil, Suprasil 2, Suprasil W2. In contrast, doped silica exhibit 
strongly different calibration curves, especially for the A coefficient. Unfortunately, the 
fictive temperature of highly Ge-doped glasses (> 6.7 w % in GeO2) cannot be estimated 
reliably due to the lack of calibration curves (Kim, Tomozawa et al. 2001; Hong 2003; Hong, 
Ryu et al. 2004). Thus, we determine in next section a complete set of calibration curves for 
germanosilicate glasses for Ge from 1w% to 30w%. Using these curves, we will be able to 
determine the Tf of Ge-doped glasses whatever the Ge-content may be (between 1 and 30 
wt%). 

 

4.2 Determination of calibration curves in Ge-doped silica 
4.2.1 Samples preparation and treatments 
The specific case of strongly Ge-doped silica has never been reported to our knowledge 
because it is impossible to cut a highly Ge-doped preform rod into slices without breaking it 
because of the high level of stress. We have thus circumvented this tricky point by using a 
graded index preform and by reducing the preform diameter by a factor of 100. A graded 
index preform with a Ge-doping level up to 30w% was thus stretched into “capillaries”; 
which are in fact full rods corresponding to the initial preform composition but with a 
smaller diameter. This allows cutting the capillaries into slices while keeping the spatial 
resolution to perform many calibration curves for various Ge contents in the same sample. 
The capillaries were then cut to the desired length to realize the calibration standards. In 
order to achieve different uniform fictive temperatures in the calibration standards, the 
samples were held at various temperatures for long time periods, long enough (up to a few 
100s hours) to ensure full structural relaxation of the whole preform diameter (i.e. outer-
cladding, tube and core). The typical temperatures selected were between 1223 K and 1523 
K with an uncertainty around ±2 K (furnace uncertainty). Previous data on bulk silica glass  
(Sakaguchi and Todoroki 1999; Kim, Tomozawa et al. 2001; Hong 2003) were used to 
determine appropriate heat treatment times needed to obtain a complete structural 
relaxation at each heat-treatment temperature. Typical heat-time of bulk silica glasses are 
shown in Table 6. After heating treatment, these samples were rapidly (< 1s) quenched in 
water to fix the uniform fictive temperature at the heating temperature (since the relaxation 
times have been estimated to be a few 100's at these temperatures (Sakaguchi and Todoroki 
1999)). Then, the capillaries were polished with a series of 600 and 1200 grid silicon carbide 
and then to an optically smooth finish with 6µm, 1µm and 0.25µm diamond polishing 
powder in oil. The polishing machine was configured to 100rpm. Finally, the IR reflection 
spectra were measured as a function of the radial position (and thus the Ge content) within 
capillaries. 
 

 
Table 6. Heating treatment conditions of optical fiber capillaries. 

 
4.2.2 Examples of IR reflection spectra in Ge-doped silica 
An example of the resulting reflectance spectra is shown in Fig. 11. These spectra were 
recorded at various locations corresponding to various Ge content of a GI-MMF capillary. 
We have shown four spectra corresponding to silica outer-cladding (i.e. natural undoped 
silica), and 5 w%, 15 w% and 25 w% Ge-doped cores. Typically, there is a predominant IR 
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must be determined for each material composition and especially for Ge, P and F-doped 
silica.  
We have thus reported in Table 5, most of the calibration curves reported in the scientific 
literature for various silica-based glasses. We have also displayed the experimental 
temperature range and the corresponding references. The equations displayed in Table 5 are 
in the form: 1120= A – B. Tf, where  (cm-1) is the peak wavenumber (or spectral position) of 
the Si-O-Si asymmetric stretching band measured in reflectance and Tf (K) is the fictive 
temperature of the silica glass. 
 

 
Table 5. Calibration curves (between Tf and 1120cm-1 peak wavenumber measured in 
reflection) reported in the scientific literature for various silica glasses and optical fibers. 
 
It is worth noticing that no significant difference was found between the different kinds of 
pure silica glasses i.e. Infrasil, Suprasil 2, Suprasil W2. In contrast, doped silica exhibit 
strongly different calibration curves, especially for the A coefficient. Unfortunately, the 
fictive temperature of highly Ge-doped glasses (> 6.7 w % in GeO2) cannot be estimated 
reliably due to the lack of calibration curves (Kim, Tomozawa et al. 2001; Hong 2003; Hong, 
Ryu et al. 2004). Thus, we determine in next section a complete set of calibration curves for 
germanosilicate glasses for Ge from 1w% to 30w%. Using these curves, we will be able to 
determine the Tf of Ge-doped glasses whatever the Ge-content may be (between 1 and 30 
wt%). 

 

4.2 Determination of calibration curves in Ge-doped silica 
4.2.1 Samples preparation and treatments 
The specific case of strongly Ge-doped silica has never been reported to our knowledge 
because it is impossible to cut a highly Ge-doped preform rod into slices without breaking it 
because of the high level of stress. We have thus circumvented this tricky point by using a 
graded index preform and by reducing the preform diameter by a factor of 100. A graded 
index preform with a Ge-doping level up to 30w% was thus stretched into “capillaries”; 
which are in fact full rods corresponding to the initial preform composition but with a 
smaller diameter. This allows cutting the capillaries into slices while keeping the spatial 
resolution to perform many calibration curves for various Ge contents in the same sample. 
The capillaries were then cut to the desired length to realize the calibration standards. In 
order to achieve different uniform fictive temperatures in the calibration standards, the 
samples were held at various temperatures for long time periods, long enough (up to a few 
100s hours) to ensure full structural relaxation of the whole preform diameter (i.e. outer-
cladding, tube and core). The typical temperatures selected were between 1223 K and 1523 
K with an uncertainty around ±2 K (furnace uncertainty). Previous data on bulk silica glass  
(Sakaguchi and Todoroki 1999; Kim, Tomozawa et al. 2001; Hong 2003) were used to 
determine appropriate heat treatment times needed to obtain a complete structural 
relaxation at each heat-treatment temperature. Typical heat-time of bulk silica glasses are 
shown in Table 6. After heating treatment, these samples were rapidly (< 1s) quenched in 
water to fix the uniform fictive temperature at the heating temperature (since the relaxation 
times have been estimated to be a few 100's at these temperatures (Sakaguchi and Todoroki 
1999)). Then, the capillaries were polished with a series of 600 and 1200 grid silicon carbide 
and then to an optically smooth finish with 6µm, 1µm and 0.25µm diamond polishing 
powder in oil. The polishing machine was configured to 100rpm. Finally, the IR reflection 
spectra were measured as a function of the radial position (and thus the Ge content) within 
capillaries. 
 

 
Table 6. Heating treatment conditions of optical fiber capillaries. 

 
4.2.2 Examples of IR reflection spectra in Ge-doped silica 
An example of the resulting reflectance spectra is shown in Fig. 11. These spectra were 
recorded at various locations corresponding to various Ge content of a GI-MMF capillary. 
We have shown four spectra corresponding to silica outer-cladding (i.e. natural undoped 
silica), and 5 w%, 15 w% and 25 w% Ge-doped cores. Typically, there is a predominant IR 
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band at 1120 cm-1 accompanied by a shoulder at 1200 cm-1. We can see that the higher is the 
Ge concentration the lower the wavenumber of TO mode related peak. 
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Fig. 11. Typical reflectance spectra corresponding to various location and thus Ge content 
for the GI-MMF capillary. 

 
4.2.3 2D distribution of the IR peak wavenumber in GI-MMF capillaries annealed at 
various temperature 
Figure 12 displays the 2D distribution of the peak wavenumber  related to the Si-O-Si 
asymmetric stretching band recorded in reflection. The circle (black solid line) corresponds 
to the core part within the capillary. In this figure, the darker the color, the higher the peak 
wavenumber  (in cm-1). These results indicate that the concentric distribution of  is quite 
constant for a fixed radial position r (constant along a circle) whereas it changes strongly 
according to the radial position r. In the following, we will extract the radial profiles from 
these data. 
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capillaries cross section 

4.2.4 Determination of calibration curves: influence of the Ge concentration 
In this part, we will extract the data obtained above in order to determine calibration curves 
between the fictive temperature and the IR reflection peak wavenumber  for Ge 
concentrations up to 30 w %. Firstly, we have assumed that the drawing around 2300 K of 
the preform into rods did not change the germanium concentration profile since it has been 
shown that it did not change significantly the refractive index profile [20] when compared to 
our spatial resolution. We have thus converted the radial position r into Ge concentration in 
the GI-MMF rods using the well-known GI-MMF concentration profile in preform. Now, we 
are able to follow the evolution of the peak wavenumber according to the fictive 
temperature Tf (also called the calibration curves or master curves) for various Ge contents. 
Figure 13 displays several of these calibration curves for pure silica glass and for various 
GeO2 contents from 5 w % to 30w%. In this figure, the symbols are for experimental data 
while the full lines correspond to best fits of the data using a linear law. The least square 
regression analysis reveals the following relationship between fictive temperature and IR 
peak position: (Ge, Tf) = A(Ge) – B(Ge) x Tf, where the coefficients A and B could depend 
on the Ge content. Based on those calibration curves, the fictive temperatures of Ge-doped 
(up to 30 w %) optical fibers can be estimated once the composition of the core is known. 
In the following, we will investigate more precisely the effect of the Ge content on the 
calibration curves parameters: i.e. the ordinate at the origin (coefficient A in cm-1) and the 
slope B (in cm-1 K-1). We have thus extracted these values from the above linear regressions 
for various Ge concentrations up to 30 w%. Figures 14 and 15 display the evolution of these 
two parameters according to the Ge concentration together with the error bars. As it can be 
seen, the coefficient A follows a linear relationship with the Ge content (up to 30 w %): A = 
(1129.8  0.1) – (0.469  0.004) x [Ge]. In contrast, the slope B appears to gradually decrease 
with increasing Ge content. However, this decrease is not significant enough when 
compared to our measurements uncertainty. In the following, we will thus assume that the 
slope B is independent on [Ge]: B = 0.0102 ± 0.0002. 
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Fig. 13. The relationship between IR peak wavenumber and the fictive temperature for Ge-
doped bulk silica for various Ge concentrations. 
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band at 1120 cm-1 accompanied by a shoulder at 1200 cm-1. We can see that the higher is the 
Ge concentration the lower the wavenumber of TO mode related peak. 
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Fig. 13. The relationship between IR peak wavenumber and the fictive temperature for Ge-
doped bulk silica for various Ge concentrations. 
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Our results are in good agreement in terms of both slope and peak position evolutions 
according to the Ge content when compared to those already published by Hong et al. 
(Hong 2003; Hong, Ryu et al. 2004) (from 3.6 w % to 6.7 w % in Ge). However, there exists a 
small discrepancy in the absolute values of A and B coefficients. Indeed, one can find in the 
literature various data (Agarwal, Davis et al. 1995; Kim, Tomozawa et al. 2001; Le Parc 2002; 
Hong 2003; Hong, Ryu et al. 2004) in which the slope B changes from 0.0065 to 0.0075 and A 
from 1131 cm-1 to 1132.5 cm-1. There are two main explanations (not exclusive) for A 
variations. Firstly, a change in the maximum angle of incidence of the IR beam probe (28° 
for Hong measurements and 37° in our experiments) changes the IR reflection band 
wavenumber (Almeida 1992). Secondly, due to the significant influence of the surface 
roughness on the peak position (Hong 2003), the difference in the HF etching time or HF 
etching rate (due to the different dopant concentration) can lead to changes in the peak 
position.  
Next the difference on the B coefficient could be due to the large difference into elaboration 
process: MCVD in Hong experiments, PCVD in this study. Indeed, this leads to different 
kind (and/or level) of "impurities" (e.g. Na, Cl, Al) or small compositional variations such 
as the presence of F or P. Furthermore, it is well known that a few 100's ppm (or even less) 
of such impurities can change A and B coefficients significantly (Tajima, Ohashi et al. 1992; 
Lines 1994; Saito and Ikushima 1998; Kim, Tomozawa et al. 2001). 
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Fig. 14. Relationship between the ordinate at the origin A of the calibration curves for 
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From above results, we have determined the relation (2) to estimate the fictive temperature 
profile from the IR peak wavenumber  In this relation, [Ge] is the germanium content in w 
% in the range between 1 and 30 w %. This allows us to estimate the fictive temperature (in 
K) for any radial position r providing that the Ge concentration [Ge] is known. 
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Using the above reported uncertainties, we have estimated an absolute uncertainty in the 
fictive temperature around 4 %. This estimate is mainly due to the slope B uncertainty. In 

contrast, the relative error (from one sample to another) which is independent on the 
calibration curves is around 1 %. 
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Fig. 15. Relationship between the slope B of the calibration curves for various Ge 
concentrations. 

 
5. Application 1: measurements of fictive temperature distribution in 
multimode optical fibers 
 

In general, a glass sample can exhibit a different fictive temperature Tf at its surface and in 
bulk. This situation can occur, for example, when a glass is rapidly cooled from the liquid as 
it is done in fiber production. In this case, a higher Tf is expected on the fiber surface than in 
the bulk due to a faster cooling rate at the surface (Peng, Agarwal et al. 1997; Lancry, 
Flammer et al. 2007; Martinet, Martinez et al. 2008). One objective of the present section is to 
examine this occurrence in graded index multimode optical fibers (GI-MMF) and the 
difficulty is that the composition changes with the radius position. 

 
5.1 Samples  
Prototype graded index multimode fiber (GI-MMF) labeled P1 was realized in typical 
drawing conditions (i.e. drawing speed and tension) for these experiments by Draka 
Communications using PCVD process. Fiber has silica outer cladding with a diameter of 125 
m and a GeO2-doped core with a diameter of 50m. The typical refractive index profile 
follows a parabolic law within the core. The maximum Ge concentration of the investigated 
fibers is 15.00  0.05 w%. The outer-cladding was made with pure silica. Next, the fiber was 
cleaved and mounted in epoxy resin at 90 ± 1 degrees using a V-groove metal support. The 
mounted fiber was then etched for 30s in 10% HF-10% H2SO4 solution to remove surface 
water and to reveal boundaries of the core, inner cladding and outer cladding. Finally, IR 
reflection spectra were recorded by means of the Spotlight 300 FTIR spectrometer. 
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fictive temperature around 4 %. This estimate is mainly due to the slope B uncertainty. In 

contrast, the relative error (from one sample to another) which is independent on the 
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drawing conditions (i.e. drawing speed and tension) for these experiments by Draka 
Communications using PCVD process. Fiber has silica outer cladding with a diameter of 125 
m and a GeO2-doped core with a diameter of 50m. The typical refractive index profile 
follows a parabolic law within the core. The maximum Ge concentration of the investigated 
fibers is 15.00  0.05 w%. The outer-cladding was made with pure silica. Next, the fiber was 
cleaved and mounted in epoxy resin at 90 ± 1 degrees using a V-groove metal support. The 
mounted fiber was then etched for 30s in 10% HF-10% H2SO4 solution to remove surface 
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reflection spectra were recorded by means of the Spotlight 300 FTIR spectrometer. 
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Fig. 16. 2D distribution of the reflectance peak wavenumbers  for the GI-MMF fiber cross 
section. 

 
5.2 Measurements of  distribution in multimode optical fibers 
Figure 16 displays the 2D distribution of the peak wavenumbers related to the Si-O-Si 
asymmetric stretching band in reflection. As it can be seen, we have added two concentric 
circles (solid lines) on this picture corresponding to the core and the fiber outer-diameter. 
Darker is the color, higher the peak wavenumber . These results indicate that the concentric 
distribution of  is quite constant for a fixed radial position r (constant along a circle) whereas 
it changes according to radius value. For going further in our analysis, we extract the radial 
profiles from these data in the following. Figure 17 shows the evolution of  as a function of 
radial position for P1 multimode optical fiber. Firstly, the peak wavenumber radial distribution 
is not uniform across the core. More precisely, one can observe a nearly parabolic profile 
within the core. This is presumably due to the effect of the Ge-doped core, the wavenumber 
increases from the center of the core towards the tube. Secondly, the values of  shift towards 
higher wavenumber near the fiber edges (fiber surface).  
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Fig. 17. Radial profile of the reflectance peak wavenumber  for MMF cross section. Fiber was 
MMF made by PCVD process. 

5.3 Determination of fictive temperature radial profile in MMF 
As explained in the introduction, it is well known that the reflection peak position varies not 
only with Tf but also with the material composition (e.g. core/cladding). As in the case of 
MMF, the Ge concentration [Ge] in the core is not constant but follows a parabolic law, we 
need to use our calibration curves between Tf and for various Ge content in order to 
correct the peak wavenumber radial profile for determining the Tf profile. Therefore, we 
have calculated the Germanium concentration radial profile in the MMF’s for converting the 
profile  = f(r) into fictive temperature profile using the relation (1). Figure 18 shows the 
estimated fictive temperature distribution on the cross section of the P1 optical fiber. Those 
data correspond to the IR peak wavenumber  shown in Fig. 17. The absolute error bars in 
fictive temperature have been estimated from those in wavenumbers and calibration curves 
(see section 4). The Tf along the entire cross-section for the P1 fiber varied with radial 
position. Firstly, the estimated fictive temperatures at the near-surface region are  200°C 
higher than inside presumably due to the faster cooling. Secondly, there is an increase ( 
150°C) of the fictive temperature from the core-cladding interface towards the center of the 
core (higher Ge content) which is likely due to the constrained cooling of the fiber core. 
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Fig. 18. Estimated fictive temperature as a function of the radial position for P1 fiber. The 
solid line is a guide for eyes. Fiber was MMF made by PCVD process. 

 
5.4 Discussion 
The absolute error in fictive temperature has been estimated from those in wavenumbers 
and due to the calibration (i.e. the calibration coefficients A and B in Equation 2). Using the 
above reported uncertainties, we have estimated an absolute uncertainty around 4 % in the 
fictive temperature which is mainly due to uncertainty on the slope B. The absolute error on 
the fictive temperature is thus around 40°C. Furthermore, the relative error which is 
independent of the calibration curves is around ± 20°C.  
Now, let us discuss the reliability of the fictive temperature profile shape. In the GI-MMF, 
the pure silica outer-cladding had the highest viscosity while the Ge-doped core had the 
lowest viscosity. Typically when cooled at a constant rate, a glass with higher viscosity is 
expected to acquire a higher fictive temperature. Therefore, the core is expected to have 1/ a 
non uniform Tf due to the Ge profile (lower Tf for higher Ge content) and 2/ a lower fictive 
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within the core. This is presumably due to the effect of the Ge-doped core, the wavenumber 
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Fig. 17. Radial profile of the reflectance peak wavenumber  for MMF cross section. Fiber was 
MMF made by PCVD process. 

5.3 Determination of fictive temperature radial profile in MMF 
As explained in the introduction, it is well known that the reflection peak position varies not 
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MMF, the Ge concentration [Ge] in the core is not constant but follows a parabolic law, we 
need to use our calibration curves between Tf and for various Ge content in order to 
correct the peak wavenumber radial profile for determining the Tf profile. Therefore, we 
have calculated the Germanium concentration radial profile in the MMF’s for converting the 
profile  = f(r) into fictive temperature profile using the relation (1). Figure 18 shows the 
estimated fictive temperature distribution on the cross section of the P1 optical fiber. Those 
data correspond to the IR peak wavenumber  shown in Fig. 17. The absolute error bars in 
fictive temperature have been estimated from those in wavenumbers and calibration curves 
(see section 4). The Tf along the entire cross-section for the P1 fiber varied with radial 
position. Firstly, the estimated fictive temperatures at the near-surface region are  200°C 
higher than inside presumably due to the faster cooling. Secondly, there is an increase ( 
150°C) of the fictive temperature from the core-cladding interface towards the center of the 
core (higher Ge content) which is likely due to the constrained cooling of the fiber core. 

800

900

1000

1100

1200

1300

-60 -40 -20 0 20 40 60

Radial position r (m)

Fi
ct

iv
e 

te
m

pe
ra

tu
re

 (°
C

)

Core Outer-claddingOuter-cladding

 
Fig. 18. Estimated fictive temperature as a function of the radial position for P1 fiber. The 
solid line is a guide for eyes. Fiber was MMF made by PCVD process. 

 
5.4 Discussion 
The absolute error in fictive temperature has been estimated from those in wavenumbers 
and due to the calibration (i.e. the calibration coefficients A and B in Equation 2). Using the 
above reported uncertainties, we have estimated an absolute uncertainty around 4 % in the 
fictive temperature which is mainly due to uncertainty on the slope B. The absolute error on 
the fictive temperature is thus around 40°C. Furthermore, the relative error which is 
independent of the calibration curves is around ± 20°C.  
Now, let us discuss the reliability of the fictive temperature profile shape. In the GI-MMF, 
the pure silica outer-cladding had the highest viscosity while the Ge-doped core had the 
lowest viscosity. Typically when cooled at a constant rate, a glass with higher viscosity is 
expected to acquire a higher fictive temperature. Therefore, the core is expected to have 1/ a 
non uniform Tf due to the Ge profile (lower Tf for higher Ge content) and 2/ a lower fictive 
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temperature than the outer-cladding. However, in our measurements, the fictive 
temperature of the core is higher in the center (higher Ge content) and even higher than in 
the interior (e.g. from -50 to –25 m) of the outer-cladding. This is puzzling. This can be due 
to the stress distribution as discussed in the next paragraph. 
A problem that we could meet is the impact of the way to establish the calibration curves. 
Indeed we need a uniform Tf across sample cross-section but because of the different 
properties (e.g viscosity) at different location of the sample; it is possible that samples 
would not have a perfectly uniform fictive temperature even after an extended heat-
treatment and quenching. Normally the best way to have uniform Tf within our samples 
should be to cut the glass sample into small pieces with nearly uniform composition and use 
them to obtain the calibration curves. However, such a study has never been reported 
because 1/ it is impossible to cut a highly Ge-doped preform rod into slices without 
breaking it due to the high level of stress, and 2/ this procedure is time and preforms 
consuming. But heating the fiber, drawn from the same perform, during a long time enough 
at a temperature T and next using our calibration curves yields a completely uniform Tf 
profile around T. This gives some confidence in our calibration curves. 
Next, two main hypotheses (not exclusive) can be put forward to explain such observation. 
One explanation is the influence of the stress distribution on our � measurements resulting 
in incorrect calibration curves since the stresses are different in the capillaries preform (used 
for calibration) and in fibers (used for measurements).  
As it is well known, the IR reflection band of silica structural band near 1120cm-1, which 
corresponds to the IR absorption band or Raman band at 1050cm-1, shifts towards higher 
wavenumber under tensile stress and to lower wavenumber under compressive stress 
(Tomozawa, Lee et al. 1998; Tomozawa, Hong et al. 2004). However, the opposite trend has 
also been observed earlier for silica fibers, this artifact was caused by a surface corrosion 
layer (Tomozawa, Lee et al. 1998). Therefore, we have etched our samples just before FTIR 
experiments to remove this layer. 
 

 
Fig. 19. Evolution of the 1120 cm-1 peak position according to the stress in pure silica core 
fiber (PSCF) (Hong 2003). Fiber was SMF made by MCVD process. 
 

For example, MCVD GeO2-doped core/SiO2 cladding fiber was found to have an axial 
compressive stress in the inner cladding while tensile stress in the core, tube and outer-
cladding (Limberger 2002). Furthermore, the higher the Ge-content, the higher the tensile 
stress in the core (Limberger 2002). Notice that this tensile stress would shift the peak to 
lower wavenumbers (Devine 1993; Tomozawa, Lee et al. 1998; Tomozawa, Hong et al. 2004), 
which is opposite to the observed trend. 
Typically, the stress values recorded in optical fibers are around  100 MPa within the core 
(depending on the drawing tension and chemical composition) and less than 20 MPa in the 
tube or in the outer-cladding. Thus, the maximum compressive or tensile stress within the 
core of optical fibers is estimated to be in the range of –50 MPa and +100 MPa respectively 
in the axial direction. 
The effect of residual stress on the IR peak wavenumber has been also investigated by Hong 
et al (Hong 2003). This is illustrated in Fig. 19 for a pure silica core fiber (PSCF). It is shown 
that the maximum elastic stress-induced shift of the 1120cm-1 band (or the equivalent one in 
Raman) was around 0.6 cm-1/GPa (Tomozawa, Lee et al. 1998; Tomozawa, Hong et al. 2004). 
Thus, a -100 MPa uniaxial compressive stress is estimated to produce a peak shift < 0.1 cm-1, 
which is much smaller than the observed peak shift attributed to the fictive temperature 
change. On the other hand, this value corresponds to our experimental error. Therefore, the 
effect of the residual stress commonly found in optical fibers on the IR peak 
wavenumber is expected to have no measurable influence on our measurements. 
 
Another possibility is an inelastic strain within MMF cross section i.e. glass deformations 
that are not accompanied by the generation of stress. The inelastic strain is caused by the 
large temperature changes during fiber-drawing that freeze-in the relaxation contribution of 
the elastic properties (i.e. compressibility and shear compliance). It was reported that these 
inelastic contributions are frozen to their respective values at the glass fictive temperature 
(Dürr 2005). The inelastic strains mainly occur in the fiber region of highest viscosity which 
is, in general, the fiber cladding. It is possible that inelastic strain within outer-cladding 
does not allow the structural relaxation of the fiber core. Thus, when the core changes from 
the supercooled liquid to the glass state, it is constrained by the cladding and cannot 
change its volume freely. This might produce a higher fictive temperature state in the 
core when compared with unconstrained cooling. 
This is in agreement with Ref. (Kim and Tomozawa 2001) where some “anomalies” were 
observed. Indeed, the Ge-doped silica glass used for the core had a higher viscosity, when 
compared to F-doped inner-cladding. When the fibers are produced at a given cooling rate, 
the glass with higher viscosity should have a higher Tf. Therefore, the Ge-doped core Tf was 
expected to exceed that of the F-doped inner cladding but we observe the opposite situation. 
Kim et al. (Kim and Tomozawa 2001; Kim, Tomozawa et al. 2001) suggested that when the 
inner cladding changes from a supercooled liquid to a glass state, the inner cladding is 
constrained by two rigid glasses (Ge-doped core and pure silica outer-cladding) on both 
sides, and then this could produce a higher Tf. 
 
Tf vs densification effect: 
In general, the fictive temperature increase is accompanied by small densification of glass 
structures. This volume change can be estimated from Tf changes. In this view, we will use 
the known relationship between fictive temperature and specific volume (density) for silica 
glass (Bruckner 1971) as shown in Fig. 20. The obtained relationship, below 1400°C, between 
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temperature than the outer-cladding. However, in our measurements, the fictive 
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Fig. 19. Evolution of the 1120 cm-1 peak position according to the stress in pure silica core 
fiber (PSCF) (Hong 2003). Fiber was SMF made by MCVD process. 
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Tf vs densification effect: 
In general, the fictive temperature increase is accompanied by small densification of glass 
structures. This volume change can be estimated from Tf changes. In this view, we will use 
the known relationship between fictive temperature and specific volume (density) for silica 
glass (Bruckner 1971) as shown in Fig. 20. The obtained relationship, below 1400°C, between 
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volume and Tf for type III silica glass is V (cm3/g) = 0.4556 - 1.0937.10-6.T(°C), with R2 = 0.99. 
This implies that for a 100°C Tf increases, this corresponds to roughly 10-4 relative volume 
change. On the other hand we can also deduce the impact of this small densification effect 
on the refractive index profile. Indeed, Arndt and Stoffler [27] have reported that the 
refractive index of silica glasses (at a constant OH content) increases with density for type III 
silica glass. Next, Hong et al. (Hong 2003) have extracted these data and drawn a regression 
line which is n = 1.8528 - 0.8683.V (cm3/g) with R2 = 0.96. Finally, the expected increase of 
refractive index (either at the fiber edges or in the fiber core) due to this densification effect 
was of the order of 10-4. 
On the other hand, it should be pointed out that the densification and refractive index 
changes estimated within the fiber core would be the maximum values to be expected from 
Tf changes. Indeed, the densification estimated would be realized only if the sample 
material can change its volume freely upon the Tf change. In the present sample, the Ge-
doped fiber core cannot change its volume freely, constrained by the surrounding cladding. 
Therefore, the full densification expected by the fictive temperature increase may not occur. 
Furthermore, the impact of this densification effect (if occurs) on the fiber index profile 
remains quite negligible since it corresponds to less than 1% of the core/cladding index 
difference. 

 
Fig. 20. Relationship between fictive temperature and specific volume (density) for bulk 
silica glass (Bruckner 1971; Hong 2003). 

 
6. Applications 2: How to reduce Tf and thus Rayleigh scattering loss 
 

Figure 21 shows the relationship between the Rayleigh scattering coefficient R and Tf. The 
solid and dotted lines show the relationships of pure and GeO2-doped silica glass, 
respectively. The four circles and shaded areas represent the results for preforms and optical 
fibers, respectively. As shown in Fig. 21, the rapid cooling (without specific optimization) 
during the drawing process results in fiber Tf, which is at least 400°C higher than that 
measured in bulk samples. Thus, by lowering Tf, there is still a large possibility of reducing 
the Rayleigh scattering loss in optical fibers. These results strongly suggest that we should 
use the Rayleigh scattering coefficient of glass preforms to estimate the “intrinsic loss” or 
“minimum loss”. With this definition, the intrinsic loss of each fiber is independent of its 

drawing condition. Therefore, we will be able to consider the intrinsic loss as a practical 
target for loss reduction.  
 

 
Fig. 21. Relationship between the R value and Tf. The four circles and shaded areas 
represent the results for preforms and optical fibers, respectively. Extracted from Ref. 
(Tsujikawa, Tajima et al. 2005). 
 
In the literature, two main approaches have been practiced to reduce R via a reduction of Tf, 
namely one can optimize the core and/or cladding chemical compositions (Tajima, Ohashi 
et al. 1992; Lines 1994; Saito and Ikushima 1998; Saito, Kakiuchida et al. 1998; Tsujikawa, 
Tajima et al. 2000; Saito and Ikushima 2002; Saito, Yamaguchi et al. 2004), or optimize the 
thermal conditions of the fiber drawing (Todoroki and Sakaguchi 1997; Sakaguchi and 
Todoroki 1998; Sakaguchi 2000; Tsujikawa, Tajima et al. 2000; Tsujikawa, Tajima et al. 2005) 
against Tf. Physically, using these methods, the idea is to play with the structural relaxation 
time (e.g.  becomes shorter). This should result in lower Tf and thus lower Rayleigh 
scattering coefficient R due to density fluctuations. 

 
6.1 Optimization of the thermal conditions used for the fiber drawing  
One possibility to reduce Tf as much as possible is to accelerate the structural relaxation by 
optimizing the fiber drawing process. In ref. (Hong 2003), Hong et al. study the influence of 
the drawing parameters (drawing tension, drawing speed) on the fictive temperature. The 
fiber composition was similar to commercial optical fibers (i.e. the core is 5.7 wt% of GeO2). 
The fibers were produced under different process conditions such as cooling rates, drawing 
speed and tension force. Fiber samples were prepared following the blaze polished method, 
and the IR peak wavenumbers were then measured as a function of the fiber radius, as 
described in section III.B. Based on the calibration curves obtained in section IV, the fictive 
temperatures of fibers can be estimated. 

 
6.1.1 Influence of drawing speed 
(Hong 2003) has measured the fictive temperatures of three SMFs (made by MCVD) drawn 
at different speeds (between 400 m/min and 1000 m/min) and a constant tension force 
(30g). IR measurements were monitored on the fiber cross-section. The changes of fictive 
temperature are shown in Figure 22. 
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time (e.g.  becomes shorter). This should result in lower Tf and thus lower Rayleigh 
scattering coefficient R due to density fluctuations. 

 
6.1 Optimization of the thermal conditions used for the fiber drawing  
One possibility to reduce Tf as much as possible is to accelerate the structural relaxation by 
optimizing the fiber drawing process. In ref. (Hong 2003), Hong et al. study the influence of 
the drawing parameters (drawing tension, drawing speed) on the fictive temperature. The 
fiber composition was similar to commercial optical fibers (i.e. the core is 5.7 wt% of GeO2). 
The fibers were produced under different process conditions such as cooling rates, drawing 
speed and tension force. Fiber samples were prepared following the blaze polished method, 
and the IR peak wavenumbers were then measured as a function of the fiber radius, as 
described in section III.B. Based on the calibration curves obtained in section IV, the fictive 
temperatures of fibers can be estimated. 

 
6.1.1 Influence of drawing speed 
(Hong 2003) has measured the fictive temperatures of three SMFs (made by MCVD) drawn 
at different speeds (between 400 m/min and 1000 m/min) and a constant tension force 
(30g). IR measurements were monitored on the fiber cross-section. The changes of fictive 
temperature are shown in Figure 22. 
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Fig. 22. Tf profile for 3 MCVD SMFs made with different drawing speeds. Extracted from 
Ref. (Hong 2003). 
 
These measurements clearly show that the fictive temperature of the outer cladding is larger 
than that of the inner cladding, which is even larger than that of the core. The fictive 
temperatures of core, inner cladding and outer cladding at low drawing speed (drawing 
speed around 400m/min) are around ~1150 °C, ~1450 °C and ~1650 °C, respectively. 
The fictive temperatures of both the core and the inner-cladding were higher at a higher 
drawing speed, while the fictive temperature of the outer-cladding was slightly higher at a 
higher drawing speed. The obtained fictive temperature changes are consistent with what 
was expected: as drawing speed increases, the cooling rate increases, yielding higher fictive 
temperatures. 

 
6.1.2 Influence of drawing tension 
The fictive temperatures of optical fibers made under different tension forces were also 
estimated. Holding the drawing speeds constant (400 m/min), two different drawing 
tensions were tested (30 g and 120g) (Hong 2003). Figure 23 shows the changes of fictive 
temperature with different tension forces. As tensile forces increased, the fictive 
temperatures decreased in both the core and the inner cladding. The Tf of the core decreases 
from 1280°C down to 1220°C (high tension). This leads to an increase of the Rayleigh 
density fluctuation coefficient i.e. R  + 5-10%. 
 

 
Fig. 23. The fictive temperature changes of MCVD SMF drawn with different tensions as a 
function of the fiber radius. Extracted from Ref. (Hong 2003). 

 
6.1.3 Influence of drawing temperature 
Figure 24 shows the relationship between the R value of various optical fibers and their 
drawing temperature Td. The lowest R value, 0.66 for P2O5-doped silica core fiber, results 
from the low Tf value, because P2O5 doping effectively reduces the glass viscosity. On the 
other hand, the R value of the GeO2-doped silica core fiber decreased linearly as the Td 
value decreased. This proves that the R value of optical fibers can be controlled via Tf by 
adjusting the drawing temperature and speed (Tajima 1998; Tsujikawa, Tajima et al. 2000; 
Tsujikawa, Tajima et al. 2005) i.e. by drawing them slowly at a lower temperature. However, 
since relaxation time  increases exponentially with decreasing Td, the cooling should 
become exponentially slower for decreasing Tf, which makes it difficult to reduce optical 
loss. In addition, this usually results in higher stress level (Limberger 2002). The optimum 
thermal conditions have already been analyzed theoretically and reported in Refs 
(Sakaguchi and Todoroki 1999; Sakaguchi 2000; Saito, Yamaguchi et al. 2003). 
 

 
Fig. 24. Relationship between the R value of the test fibers and their drawing temperature 
Td. Fibers were SMF made by VAD process. Extracted from Ref. (Tsujikawa, Tajima et al. 
2005) 
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Fig. 22. Tf profile for 3 MCVD SMFs made with different drawing speeds. Extracted from 
Ref. (Hong 2003). 
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Figure 25 shows the intrinsic losses (multiphonon absorption and Rayleigh scattering) of 
silica-based fibers re-evaluated by using the R value of the preforms shown in Fig. 21. The 
theoretical loss of GeO2-doped silica glass, which corresponds to conventional SMF, is 0.130 
dB/km at 1.55 m. The values for pure and slightly P2O5-doped silica glasses are 0.115 and 
0.095 dB/km, respectively. These values are 0.03–0.05 dB/km lower than the lowest 
experimental value of 0.1484 dB/km for pure silica core SMF (Nagayama, Kakui et al. 2002). 
Knowing that the multiphonon absorption results in 0.01 to 0.02dB/km at 1.55µm. Thus, 
there is still a large possibility of reducing the Rayleigh scattering loss in such optical fibers 
(0.01 to 0.04dB/km). 
 

 
Fig. 25. Intrinsic losses of silica-based fibers re-evaluated by using the R values measured in 
preforms. Extracted from Ref. (Tsujikawa, Tajima et al. 2005). 

 
6.1.4 Playing with the cooling profile: effect of optimized drawing conditions 
Figure 26 shows the relative change in fictive temperature distribution on the cross section 
of the “reference” (not optimized drawing conditions) MMF together with that of P2 fiber 
(drawn in optimized conditions). The absolute error bars in fictive temperature have been 
estimated from those in wavenumbers and calibration curves. Tf along the entire cross-
section for the “reference” P1 fiber varies with the radial position and was everywhere 
higher than that measured in the optimized P2 fiber. Firstly, the estimated fictive 
temperatures of the P1 fiber at the near-surface region are  200°C higher than in the 
internal part of the outer cladding of the fiber. This is presumably due to a faster cooling 
rate at the fiber surface. Secondly, there is an increase ( 150°C) of the fictive temperature 
from the tube towards the center of the core. In contrast, for the optimized P2 fiber, the 
fictive temperatures were relatively constant within the whole optical fiber cross section. 
From our calculation, this approach can lead up to a 15% loss reduction at 850nm in such 
MMF. 
 

 
Fig. 26. Relative change in MMF fictive temperature as a function of the radial position for 
P1 (not optimized drawing conditions) and P2 (optimized drawing conditions) fibers. The 
solid lines are guides for eyes. Fibers were MMF made by PCVD process. 

 
6.1.5 Playing with the cooling profile: Annealing furnace 
Another possibility is to favor the structural relaxation during the fiber drawing process. To 
do that, annealing furnaces can be mounted on the drawing towers. The temperature of the 
furnace can be kept constant at an annealing temperature Ta, or it follows a gradient profile 
(Kakiuchida, Sekiya et al. ; Sakaguchi 2000; Tsujikawa, Tajima et al. 2005; Lancry, Flammer 
et al. 2007; Martinet, Martinez et al. 2008). Ta profile, ta (annealing time) and L (furnace 
length) should be optimized to minimize Tf by taking into account the thermal history 
(initial Tf). 
Figure 27 shows an example of the impact of the thermal cooling profile on the Rayleigh 
scattering level. In this case, the annealing furnace is 3m long and the drawing speed is 
either 600m/min (“normal” drawing speed) or 30m/min (slow drawing speed). The 
annealing furnace was set to 1400°C. Keeping the drawing speed relatively high 
(600m/min), it is possible to decrease the fictive temperature down to 1130°C, leading to a 
reduction of the Rayleigh scattering coefficient by 10% at least (Sakaguchi 2000). From a 
practical point of view, we can conclude that the annealing furnace allows to reduce 
efficiently Tf (and thus the Rayleigh scattering loss) within the fiber core. 
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solid lines are guides for eyes. Fibers were MMF made by PCVD process. 

 
6.1.5 Playing with the cooling profile: Annealing furnace 
Another possibility is to favor the structural relaxation during the fiber drawing process. To 
do that, annealing furnaces can be mounted on the drawing towers. The temperature of the 
furnace can be kept constant at an annealing temperature Ta, or it follows a gradient profile 
(Kakiuchida, Sekiya et al. ; Sakaguchi 2000; Tsujikawa, Tajima et al. 2005; Lancry, Flammer 
et al. 2007; Martinet, Martinez et al. 2008). Ta profile, ta (annealing time) and L (furnace 
length) should be optimized to minimize Tf by taking into account the thermal history 
(initial Tf). 
Figure 27 shows an example of the impact of the thermal cooling profile on the Rayleigh 
scattering level. In this case, the annealing furnace is 3m long and the drawing speed is 
either 600m/min (“normal” drawing speed) or 30m/min (slow drawing speed). The 
annealing furnace was set to 1400°C. Keeping the drawing speed relatively high 
(600m/min), it is possible to decrease the fictive temperature down to 1130°C, leading to a 
reduction of the Rayleigh scattering coefficient by 10% at least (Sakaguchi 2000). From a 
practical point of view, we can conclude that the annealing furnace allows to reduce 
efficiently Tf (and thus the Rayleigh scattering loss) within the fiber core. 
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Fig. 27. Variations of the relative Rayleigh scattering loss and the fiber’s temperature as a 
function of the length of the annealing furnace (set to 1400°C) mounted on the draw tower. 
Fibers were SMFs made by VAD process. Extracted from Ref. (Sakaguchi 2000). 
 
To conclude this part, it is thus possible to optimize the cooling profile to minimize Tf by 
taking into account the thermal history Furthermore, as the dopants can change the 
relaxation time, it follows that  the chemical composition of both core and cladding has to be 
taken into account before performing the thermal optimization. This is the main objective of 
the next sub-section.  

 
6.2 Optimizing the optical fiber chemical composition:  
6.2.1 Playing with the core chemical composition 
Instead of playing directly on the cooling profile, another possibility is to accelerate the 
relaxation time core of the core for lowering Tf (and thus Rayleigh loss). Indeed, the 
relaxation time core of the core can be shortened by an appropriate doping of the core 
and/or cladding (Kakiuchida, Sekiya et al. ; Tajima, Ohashi et al. 1992; Lines 1994; Saito and 
Ikushima 1998; Saito, Kakiuchida et al. 1998; Tsujikawa, Tajima et al. 2000; Kakiuchida, Saito 
et al. 2002; Saito and Ikushima 2002; Kakiuchida, Saito et al. 2003; Saito, Yamaguchi et al. 
2004). Indeed, small compositional variations can have a huge impact on the glass viscosity 
and thermal expansion coefficient and thus on accessible drawing temperature, stress 
distribution (mainly due to thermal expansion coefficient mismatch) and thus in the 
resulting fictive temperature. This path has been extensively studied by Sumitomo and NTT 
to reduce the SMF fictive temperature efficiently. This implies the possibility of further 
reduction of the Rayleigh scattering by heat treatment for a shorter duration at lower 
temperature. 
For example, it should be pointed out that F-doping (Kakiuchida, Saito et al. 2002; Saito and 
Ikushima 2002; Kakiuchida, Saito et al. 2003; Saito, Yamaguchi et al. 2004) or Cl-doping 
(Kakiuchida, Sekiya et al. ; Kakiuchida, Saito et al. 2003) of the core accelerates the reduction 
of the Tf in the core (with optimized thermal conditions). This is illustrated in Fig. 28 where 
the Rayleigh scattering coefficient is drawn according to the fictive temperature for various 
F content (Kakiuchida, Saito et al. 2002). It is shown that it is possible to achieve lower Tf but 
at the expense of higher Rayleigh scattering loss due to concentration fluctuations. Table 6 
summarizes the most important results about this method. 

 
Table 6. Optimizing the optical fiber chemical composition in order to decrease the Rayleigh 
scattering loss in silica-based optical fibers. 
 

 
Fig. 28. Relationship between the Rayleigh scattering loss and the fictive temperature for F-
doped silica core. The solid lines are linear fitting. Fibers were SMF made by VAD process. 
Extracted from Ref. (Kakiuchida, Saito et al. 2002). 
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Fig. 28. Relationship between the Rayleigh scattering loss and the fictive temperature for F-
doped silica core. The solid lines are linear fitting. Fibers were SMF made by VAD process. 
Extracted from Ref. (Kakiuchida, Saito et al. 2002). 
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6.2.2 Playing with the cladding chemical composition 
However, a problem with core doping is that Rayleigh scattering due to concentration 
fluctuations (Rc) generally increases with increasing dopant concentration contrarily to the 
reduction of density fluctuation contribution R. To avoid this problem, small compositional 
variations (typ. below 1 w%) have been proposed and especially within the outer part (i.e. 
cladding, tube, outer-cladding). Indeed, it has been observed that core is strongly affected by 
the structural relaxation of the cladding (Saito, Yamaguchi et al. 2004). Basically, it has been 
suggested that when clad >core, the structural relaxation in the core is suppressed. Indeed, in 
this temperature range, the core is willing to increase its specific volume but cannot change 
its volume freely due to the cladding. The effective core is thus larger than expected in 
unconstrained samples. At the opposite, if clad < core, the structural relaxation in the core 
becomes easier. In the last case, the idea is to increase the structural relaxation time of the 
core by an appropriate doping of the outer-cladding. For example, it should be pointed out 
that F-doping (Saito, Yamaguchi et al. 2004; Gonnet, Nouchi et al. 2007) or Na-doping (see 
below) of the cladding favors the reduction of Tf in the core (with optimized thermal 
conditions) while the effect of Al should be the opposite. 
A recent example has been developed at Draka Communications (Gonnet, Nouchi et al. 
2007). The main idea was to introduce small compositional variations in the fiber outer-
cladding. For example, the effect of doping MMF’s outer-cladding with Na, K and F on the 
core Tf has been investigated. Such measurements are reported in Table 7. As it can be seen, 
the Na-doped MMF core has a Tf which is 100°C lower than the others. For going further in 
this direction, various Na contents were introduced within the outer-cladding. In the 
investigated range of Na content, the higher is the Na content in the outer-cladding, the 
lower is the Tf within the core. However, this method should not be pushed too far, as it has 
been shown that too large amounts of alkalines could lead to a larger H2-sensitivity of fibers 
(Ogai, Iino et al. 1987). If possible, it is thus important to avoid Na migration towards the 
fiber core by choosing appropriate drawing conditions. 
 

 
Table 7. Changes in Tf for MMFs with different outer-cladding chemical compositions. 

 
7. Conclusion 
 

Infrared spectroscopy was demonstrated to be an efficient tool for determining the fictive 
temperatures of bulk silica glass and silica-based optical fibers. The calibration curves 
between IR wavenumbers and fictive temperature were obtained by monitoring the peak 
position of the fundamental structural band (asymmetric vibration band). 
It has been shown that two approaches are efficient for reducing the Rayleigh scattering 
coefficient, namely optimization of the optical fiber core and/or cladding composition and 
optimization of the thermal conditions used for the fiber drawing (e.g. drawing temperature 
drawing speed, drawing tension, cooling profile). A combination of these approaches is 
promising in terms of achieving further the loss reduction for silica-based optical fibers. 

8. References 
 

Agarwal, A., K. Davis, et al. (1995). "A simple IR spectroscopic method for determining 
fictive temperature of silica glasses." Journal of non-crystalline solids 185(1-2): 191-
198. 

Agarwal, A. and M. Tomozawa (1995). "Determination of fictive temperature of soda-lime 
silicate glass." Journal of the American Ceramic Society 78(3): 827-829. 

Agarwal, A. and M. Tomozawa (1997). "Correlation of silica glass properties with the 
infrared spectra." J. Non-Cryst. Solids 209(1): 166-174. 

Almeida, R. (1992). "Detection of LO modes in glass by infrared reflection spectroscopy at 
oblique incidence." Physical review. B, Condensed matter 45(1): 161. 

Bachmann, P., W. Hermann, et al. (1987). "Stress in optical waveguides. 2: Fibers." Applied 
optics 26(7): 1175-1182. 

Bell, R., N. Bird, et al. (1968). "The vibrational spectra of vitreous silica, germania and 
beryllium fluoride." Journal of Physics C Solid State Physics 1(2): 299-303. 

Bruckner, R. (1970). "Properties and structure of vitreous silica. I." J. Non-Cryst. Solids 5(2): 
123–175. 

Bruckner, R. (1971). "Metastable equilibrium density of hydroxyl-free synthetic vitreous 
silica." J. Non-Cryst. Solids 5(4). 

Champagnon, B., C. Chemarin, et al. (1998). "Fictive temperature and medium range order 
in silicate glasses: a relationship between heat capacity and boson peak." 
Philosophical Magazine Part B 77(2): 663-669. 

Dalle, C. Contribution à l'étude des mécanismes liés à la photosensibilité de type I et de type 
IIA des verres de silice par Spectroscopie Infrarouge et Microscopie Electronique 
en Transmission. 

Devine, R. (1993). "Ion implantation- and radiation-induced structural modifications in 
amorphous SiO? 2 ?" Journal of non-crystalline solids 152(1): 50-58. 

Dürr, F. (2005). Laser-induced stress changes in optical fibers, Ph. D. dissertation, Swiss 
Federal Inst. Technol.(EPFL), Lausanne, Switzerland. 

Fraser, D. (1968). "Factors influencing the acoustic properties of vitreous silica." Journal of 
Applied Physics 39: 5868. 

Galeener, F. (1979). "Band limits and the vibrational spectra of tetrahedral glasses." Physical 
Review B 19(8): 4292-4297. 

Gonnet, C., P. Nouchi, et al. (2007). Method for manufacturing an optical fiber preform, 
optical fiber preform and optical fiber, EP Patent 1,813,581. 

Helander, P. (2004). "Measurement of fictive temperature of silica glass optical fibers." 
Journal of Materials Science 39(11): 3799-3800. 

Hong, J. (2003). FTIR investigation of amorphous silica fibers and nano-size particles Ph. D, 
dissertation Rensselaer Polytechnic Institute, Troy, NY. 

Hong, J., S. Ryu, et al. (2004). "Investigation of structural change caused by UV irradiation of 
hydrogen-loaded Ge-doped core fiber." Journal of non-crystalline solids 349: 148-
155. 

Hosono, H., Y. Ikuta, et al. (2001). "Physical disorder and optical properties in the vacuum 
ultraviolet region of amorphous SiO (2)." Physical review letters 87(17): 175501. 

Irven, J., A. Harrison, et al. (1981). "Long wavelength performance of optical fibres co-doped 
with fluorine." Electronics Letters 17(1): 3-5. 



Fictive	temperature	measurements	in	silica-based		
optical	fibers	and	its	application	to	Rayleigh	loss	reduction 157

6.2.2 Playing with the cladding chemical composition 
However, a problem with core doping is that Rayleigh scattering due to concentration 
fluctuations (Rc) generally increases with increasing dopant concentration contrarily to the 
reduction of density fluctuation contribution R. To avoid this problem, small compositional 
variations (typ. below 1 w%) have been proposed and especially within the outer part (i.e. 
cladding, tube, outer-cladding). Indeed, it has been observed that core is strongly affected by 
the structural relaxation of the cladding (Saito, Yamaguchi et al. 2004). Basically, it has been 
suggested that when clad >core, the structural relaxation in the core is suppressed. Indeed, in 
this temperature range, the core is willing to increase its specific volume but cannot change 
its volume freely due to the cladding. The effective core is thus larger than expected in 
unconstrained samples. At the opposite, if clad < core, the structural relaxation in the core 
becomes easier. In the last case, the idea is to increase the structural relaxation time of the 
core by an appropriate doping of the outer-cladding. For example, it should be pointed out 
that F-doping (Saito, Yamaguchi et al. 2004; Gonnet, Nouchi et al. 2007) or Na-doping (see 
below) of the cladding favors the reduction of Tf in the core (with optimized thermal 
conditions) while the effect of Al should be the opposite. 
A recent example has been developed at Draka Communications (Gonnet, Nouchi et al. 
2007). The main idea was to introduce small compositional variations in the fiber outer-
cladding. For example, the effect of doping MMF’s outer-cladding with Na, K and F on the 
core Tf has been investigated. Such measurements are reported in Table 7. As it can be seen, 
the Na-doped MMF core has a Tf which is 100°C lower than the others. For going further in 
this direction, various Na contents were introduced within the outer-cladding. In the 
investigated range of Na content, the higher is the Na content in the outer-cladding, the 
lower is the Tf within the core. However, this method should not be pushed too far, as it has 
been shown that too large amounts of alkalines could lead to a larger H2-sensitivity of fibers 
(Ogai, Iino et al. 1987). If possible, it is thus important to avoid Na migration towards the 
fiber core by choosing appropriate drawing conditions. 
 

 
Table 7. Changes in Tf for MMFs with different outer-cladding chemical compositions. 

 
7. Conclusion 
 

Infrared spectroscopy was demonstrated to be an efficient tool for determining the fictive 
temperatures of bulk silica glass and silica-based optical fibers. The calibration curves 
between IR wavenumbers and fictive temperature were obtained by monitoring the peak 
position of the fundamental structural band (asymmetric vibration band). 
It has been shown that two approaches are efficient for reducing the Rayleigh scattering 
coefficient, namely optimization of the optical fiber core and/or cladding composition and 
optimization of the thermal conditions used for the fiber drawing (e.g. drawing temperature 
drawing speed, drawing tension, cooling profile). A combination of these approaches is 
promising in terms of achieving further the loss reduction for silica-based optical fibers. 

8. References 
 

Agarwal, A., K. Davis, et al. (1995). "A simple IR spectroscopic method for determining 
fictive temperature of silica glasses." Journal of non-crystalline solids 185(1-2): 191-
198. 

Agarwal, A. and M. Tomozawa (1995). "Determination of fictive temperature of soda-lime 
silicate glass." Journal of the American Ceramic Society 78(3): 827-829. 

Agarwal, A. and M. Tomozawa (1997). "Correlation of silica glass properties with the 
infrared spectra." J. Non-Cryst. Solids 209(1): 166-174. 

Almeida, R. (1992). "Detection of LO modes in glass by infrared reflection spectroscopy at 
oblique incidence." Physical review. B, Condensed matter 45(1): 161. 

Bachmann, P., W. Hermann, et al. (1987). "Stress in optical waveguides. 2: Fibers." Applied 
optics 26(7): 1175-1182. 

Bell, R., N. Bird, et al. (1968). "The vibrational spectra of vitreous silica, germania and 
beryllium fluoride." Journal of Physics C Solid State Physics 1(2): 299-303. 

Bruckner, R. (1970). "Properties and structure of vitreous silica. I." J. Non-Cryst. Solids 5(2): 
123–175. 

Bruckner, R. (1971). "Metastable equilibrium density of hydroxyl-free synthetic vitreous 
silica." J. Non-Cryst. Solids 5(4). 

Champagnon, B., C. Chemarin, et al. (1998). "Fictive temperature and medium range order 
in silicate glasses: a relationship between heat capacity and boson peak." 
Philosophical Magazine Part B 77(2): 663-669. 

Dalle, C. Contribution à l'étude des mécanismes liés à la photosensibilité de type I et de type 
IIA des verres de silice par Spectroscopie Infrarouge et Microscopie Electronique 
en Transmission. 

Devine, R. (1993). "Ion implantation- and radiation-induced structural modifications in 
amorphous SiO? 2 ?" Journal of non-crystalline solids 152(1): 50-58. 

Dürr, F. (2005). Laser-induced stress changes in optical fibers, Ph. D. dissertation, Swiss 
Federal Inst. Technol.(EPFL), Lausanne, Switzerland. 

Fraser, D. (1968). "Factors influencing the acoustic properties of vitreous silica." Journal of 
Applied Physics 39: 5868. 

Galeener, F. (1979). "Band limits and the vibrational spectra of tetrahedral glasses." Physical 
Review B 19(8): 4292-4297. 

Gonnet, C., P. Nouchi, et al. (2007). Method for manufacturing an optical fiber preform, 
optical fiber preform and optical fiber, EP Patent 1,813,581. 

Helander, P. (2004). "Measurement of fictive temperature of silica glass optical fibers." 
Journal of Materials Science 39(11): 3799-3800. 

Hong, J. (2003). FTIR investigation of amorphous silica fibers and nano-size particles Ph. D, 
dissertation Rensselaer Polytechnic Institute, Troy, NY. 

Hong, J., S. Ryu, et al. (2004). "Investigation of structural change caused by UV irradiation of 
hydrogen-loaded Ge-doped core fiber." Journal of non-crystalline solids 349: 148-
155. 

Hosono, H., Y. Ikuta, et al. (2001). "Physical disorder and optical properties in the vacuum 
ultraviolet region of amorphous SiO (2)." Physical review letters 87(17): 175501. 

Irven, J., A. Harrison, et al. (1981). "Long wavelength performance of optical fibres co-doped 
with fluorine." Electronics Letters 17(1): 3-5. 



Optical	Fibre,	New	Developments158

Kakiuchida, H., K. Saito, et al. (2003). Effects of halogen doping on structure of silica glass as 
a photonic material. 

Kakiuchida, H., K. Saito, et al. (2002). Rayleigh scattering in fluorine-doped silica glass. 
Kakiuchida, H., E. Sekiya, et al. "Effect of chlorine on Rayleigh scattering reduction in silica 

glass." Jpn. J. Appl. Phys 42(12B pt 2). 
Kao, C. (1983). "Optical Fiber Systems: Technology, Design, and Application." 
Kim, D. and M. Tomozawa (2001). "Fictive temperature of silica glass optical fibers–re-

examination." Journal of non-crystalline solids 286(1-2): 132-138. 
Kim, D., M. Tomozawa, et al. (2001). "Fictive temperature measurement of single-mode 

optical-fiber core and cladding." Journal of lightwave technology 19(8): 1155. 
Koike, A., S. Ryu, et al. (2005). "Adequacy test of the fictive temperatures of silica glasses 

determined by IR spectroscopy." Journal of non-crystalline solids 351(52-54): 3797-
3803. 

Lancry, M., I. Flammer, et al. (2007). "Fictive-Temperature Mapping in Highly Ge-Doped 
Multimode Optical Fibers." Journal of lightwave technology 25(5): 1198-1205. 

Lancry, M., I. Flammer, et al. (2007). "Fictive temperature distribution in highly Ge-doped 
multimode optical fibers." Journal of non-crystalline solids 353(5-7): 473-476. 

Le Parc, R. (2002). Diffusion de rayonnements et relaxation structurale dans les verres de 
silice et les préformes de fibres optiques Ph. D, dissertation Univ. Claude 
BernardLyonFrance. 

Limberger, H. (2002). POWAG'2002, White Nights' Summer School on Photosensitivity in 
Optical Waveguides and Glasses, St. Petersburg, Russia. 

Lines, M. (1984). "Scattering losses in optic fiber materials. I. A new parametrization." 
Journal of Applied Physics 55: 4052. 

Lines, M. (1994). "Can the minimum attenuation of fused silica be significantly reduced by 
small compositional variations? I. Alkali metal dopants." Journal of Non Crystalline 
Solids 171(3): 209-218. 

Martinet, C., V. Martinez, et al. (2008). "Radial distribution of the fictive temperature in pure 
silica optical fibers by micro-Raman spectroscopy." Journal of Applied Physics 103: 
083506. 

Martinez, L. and C. Angell (2002). "Chemical order lifetimes in liquids, and a second fictive 
temperature for glassformers." Physica A: Statistical Mechanics and its 
Applications 314(1-4): 548-559. 

Matthijsse, P., F. Gooijer, et al. (2007). Fluorine-Doped Optical Fiber, Google Patents. 
Miller, S. and A. Chynoweth (1979). "Optical fiber telecommunications." New York: 

Academic Press, 1979, edited by Miller, Stewart E.; Chynoweth, Alan G. 
Nagayama, K., M. Kakui, et al. (2002). "Ultra-low-loss (0.1484 dB/km) pure silica core fibre 

and extensionof transmission distance." Electronics Letters 38(20): 1168-1169. 
Ogai, M., A. Iino, et al. (1987). "Behavior of alkali impurities and their adverse effect on 

germania-doped silica fibers." Lightwave Technology, Journal of 5(9): 1214-1218. 
Othonos, A. (1997). "Fiber Bragg Gratings." Review of scientific instruments 68: 4309. 
Peng, Y., A. Agarwal, et al. (1997). "Radial distribution of fictive temperatures in silica 

optical fibers." J. Non-Cryst. Solids 217(2): 272-277. 
Pinnow, D., S. Candau, et al. (1968). "Brillouin scattering: viscoelastic measurements in 

liquids." The Journal of the Acoustical Society of America 43: 131. 
Pinnow, D., S. Candau, et al. (1968). "Rayleigh Scattering: Orientational Relaxation in 

Liquids." The Journal of chemical physics 49: 347. 

Regnier, E., G. Kuyt, et al. (2008). Radiation-resistant fluorine doped optical fiber, EP Patent 
1,876,150. 

Regnier, E., B. Poumellec, et al. (2005). "Infrared optical properties of highly P doped silica 
fibres: a spectroscopic study." Glass Technology 46(2): 99-102. 

Saito, K. and A. Ikushima (1998). "Structural relaxation enhanced by Cl ions in silica glass." 
Applied Physics Letters 73: 1209. 

Saito, K. and A. Ikushima (2002). "Effects of fluorine on structure, structural relaxation, and 
absorption edge in silica glass." Journal of Applied Physics 91: 4886. 

Saito, K., H. Kakiuchida, et al. (1998). "Light-scattering study of the glass transition in silica, 
with practical implications." Journal of Applied Physics 84: 3107. 

Saito, K., M. Yamaguchi, et al. (2004). "Approach for reducing the Rayleigh scattering loss in 
optical fibers." Journal of Applied Physics 95: 1733. 

Saito, K., M. Yamaguchi, et al. (2003). "Limit of the Rayleigh scattering loss in silica fiber." 
Applied Physics Letters 83: 5175. 

Sakaguchi, S. (2000). "Relaxation of Rayleigh scattering in silica core optical fiber by heat 
treatment." Electronics and Communications in Japan (Part II: Electronics) 83(12). 

Sakaguchi, S. and S. Todoroki (1998). "Rayleigh scattering of silica core optical fiber after 
heat treatment." Applied optics 37: 7708-7711. 

Sakaguchi, S. and S. Todoroki (1999). "Viscosity of silica core optical fiber." Journal of non-
crystalline solids 244(2-3): 232-237. 

SHACKELFORD, J., J. MASARYK, et al. (1970). "Water Content, Fictive Temperature, and 
Density Relations for Fused Silica." Journal of the American Ceramic Society 53(7): 
417-417. 

Simmons-Potter, K., B. Potter Jr, et al. (1996). "Novel process for the production of large, 
stable photosensitivity in glass films." Applied Physics Letters 68: 2011. 

Tajima, K. (1998). Low-loss optical fibers realized by reduction of Rayleighscattering loss. 
Tajima, K., M. Ohashi, et al. (1992). "Low Rayleigh scatteringP 2 O 5-F-SiO 2 glasses." 

Lightwave Technology, Journal of 10(11): 1532-1535. 
Todoroki, S. and S. Sakaguchi (1997). "Rayleigh scattering and fictive temperature in VAD 

silica glass with heat treatment." Nippon seramikkusu kyokai gakujutsu ronbunshi 
105(5): 377-380. 

Tomozawa, M., J. Hong, et al. (2004). "IR investigation of the structure of silica glass fibers." 
GLASS SCIENCE AND TECHNOLOGY-FRANKFURT AM MAIN- 75: 262-276. 

Tomozawa, M., Y. Lee, et al. (1998). "Effect of uniaxial stresses on silica glass structure 
investigated by IR spectroscopy." J. Non-Cryst. Solids 242(2): 104-109. 

Tsujikawa, K., K. Tajima, et al. (2000). "Rayleigh scattering reduction method for silica-based 
optical fiber." Journal of lightwave technology 18(11): 1528. 

Tsujikawa, K., K. Tajima, et al. (2005). "Intrinsic loss of optical fibers." Optical Fiber 
Technology 11(4): 319-331. 

Wissuchek, D., C. Ponader, et al. (1999). Analysis of residual stress in optical fiber. 
Zarzycki, J. (1982). Glass and the Vitreous State (Les Verres et 1'Etat Vitreaux), Masson, 

Paris. 
 
 
                                                                 
 

 



Fictive	temperature	measurements	in	silica-based		
optical	fibers	and	its	application	to	Rayleigh	loss	reduction 159

Kakiuchida, H., K. Saito, et al. (2003). Effects of halogen doping on structure of silica glass as 
a photonic material. 

Kakiuchida, H., K. Saito, et al. (2002). Rayleigh scattering in fluorine-doped silica glass. 
Kakiuchida, H., E. Sekiya, et al. "Effect of chlorine on Rayleigh scattering reduction in silica 

glass." Jpn. J. Appl. Phys 42(12B pt 2). 
Kao, C. (1983). "Optical Fiber Systems: Technology, Design, and Application." 
Kim, D. and M. Tomozawa (2001). "Fictive temperature of silica glass optical fibers–re-

examination." Journal of non-crystalline solids 286(1-2): 132-138. 
Kim, D., M. Tomozawa, et al. (2001). "Fictive temperature measurement of single-mode 

optical-fiber core and cladding." Journal of lightwave technology 19(8): 1155. 
Koike, A., S. Ryu, et al. (2005). "Adequacy test of the fictive temperatures of silica glasses 

determined by IR spectroscopy." Journal of non-crystalline solids 351(52-54): 3797-
3803. 

Lancry, M., I. Flammer, et al. (2007). "Fictive-Temperature Mapping in Highly Ge-Doped 
Multimode Optical Fibers." Journal of lightwave technology 25(5): 1198-1205. 

Lancry, M., I. Flammer, et al. (2007). "Fictive temperature distribution in highly Ge-doped 
multimode optical fibers." Journal of non-crystalline solids 353(5-7): 473-476. 

Le Parc, R. (2002). Diffusion de rayonnements et relaxation structurale dans les verres de 
silice et les préformes de fibres optiques Ph. D, dissertation Univ. Claude 
BernardLyonFrance. 

Limberger, H. (2002). POWAG'2002, White Nights' Summer School on Photosensitivity in 
Optical Waveguides and Glasses, St. Petersburg, Russia. 

Lines, M. (1984). "Scattering losses in optic fiber materials. I. A new parametrization." 
Journal of Applied Physics 55: 4052. 

Lines, M. (1994). "Can the minimum attenuation of fused silica be significantly reduced by 
small compositional variations? I. Alkali metal dopants." Journal of Non Crystalline 
Solids 171(3): 209-218. 

Martinet, C., V. Martinez, et al. (2008). "Radial distribution of the fictive temperature in pure 
silica optical fibers by micro-Raman spectroscopy." Journal of Applied Physics 103: 
083506. 

Martinez, L. and C. Angell (2002). "Chemical order lifetimes in liquids, and a second fictive 
temperature for glassformers." Physica A: Statistical Mechanics and its 
Applications 314(1-4): 548-559. 

Matthijsse, P., F. Gooijer, et al. (2007). Fluorine-Doped Optical Fiber, Google Patents. 
Miller, S. and A. Chynoweth (1979). "Optical fiber telecommunications." New York: 

Academic Press, 1979, edited by Miller, Stewart E.; Chynoweth, Alan G. 
Nagayama, K., M. Kakui, et al. (2002). "Ultra-low-loss (0.1484 dB/km) pure silica core fibre 

and extensionof transmission distance." Electronics Letters 38(20): 1168-1169. 
Ogai, M., A. Iino, et al. (1987). "Behavior of alkali impurities and their adverse effect on 

germania-doped silica fibers." Lightwave Technology, Journal of 5(9): 1214-1218. 
Othonos, A. (1997). "Fiber Bragg Gratings." Review of scientific instruments 68: 4309. 
Peng, Y., A. Agarwal, et al. (1997). "Radial distribution of fictive temperatures in silica 

optical fibers." J. Non-Cryst. Solids 217(2): 272-277. 
Pinnow, D., S. Candau, et al. (1968). "Brillouin scattering: viscoelastic measurements in 

liquids." The Journal of the Acoustical Society of America 43: 131. 
Pinnow, D., S. Candau, et al. (1968). "Rayleigh Scattering: Orientational Relaxation in 

Liquids." The Journal of chemical physics 49: 347. 

Regnier, E., G. Kuyt, et al. (2008). Radiation-resistant fluorine doped optical fiber, EP Patent 
1,876,150. 

Regnier, E., B. Poumellec, et al. (2005). "Infrared optical properties of highly P doped silica 
fibres: a spectroscopic study." Glass Technology 46(2): 99-102. 

Saito, K. and A. Ikushima (1998). "Structural relaxation enhanced by Cl ions in silica glass." 
Applied Physics Letters 73: 1209. 

Saito, K. and A. Ikushima (2002). "Effects of fluorine on structure, structural relaxation, and 
absorption edge in silica glass." Journal of Applied Physics 91: 4886. 

Saito, K., H. Kakiuchida, et al. (1998). "Light-scattering study of the glass transition in silica, 
with practical implications." Journal of Applied Physics 84: 3107. 

Saito, K., M. Yamaguchi, et al. (2004). "Approach for reducing the Rayleigh scattering loss in 
optical fibers." Journal of Applied Physics 95: 1733. 

Saito, K., M. Yamaguchi, et al. (2003). "Limit of the Rayleigh scattering loss in silica fiber." 
Applied Physics Letters 83: 5175. 

Sakaguchi, S. (2000). "Relaxation of Rayleigh scattering in silica core optical fiber by heat 
treatment." Electronics and Communications in Japan (Part II: Electronics) 83(12). 

Sakaguchi, S. and S. Todoroki (1998). "Rayleigh scattering of silica core optical fiber after 
heat treatment." Applied optics 37: 7708-7711. 

Sakaguchi, S. and S. Todoroki (1999). "Viscosity of silica core optical fiber." Journal of non-
crystalline solids 244(2-3): 232-237. 

SHACKELFORD, J., J. MASARYK, et al. (1970). "Water Content, Fictive Temperature, and 
Density Relations for Fused Silica." Journal of the American Ceramic Society 53(7): 
417-417. 

Simmons-Potter, K., B. Potter Jr, et al. (1996). "Novel process for the production of large, 
stable photosensitivity in glass films." Applied Physics Letters 68: 2011. 

Tajima, K. (1998). Low-loss optical fibers realized by reduction of Rayleighscattering loss. 
Tajima, K., M. Ohashi, et al. (1992). "Low Rayleigh scatteringP 2 O 5-F-SiO 2 glasses." 

Lightwave Technology, Journal of 10(11): 1532-1535. 
Todoroki, S. and S. Sakaguchi (1997). "Rayleigh scattering and fictive temperature in VAD 

silica glass with heat treatment." Nippon seramikkusu kyokai gakujutsu ronbunshi 
105(5): 377-380. 

Tomozawa, M., J. Hong, et al. (2004). "IR investigation of the structure of silica glass fibers." 
GLASS SCIENCE AND TECHNOLOGY-FRANKFURT AM MAIN- 75: 262-276. 

Tomozawa, M., Y. Lee, et al. (1998). "Effect of uniaxial stresses on silica glass structure 
investigated by IR spectroscopy." J. Non-Cryst. Solids 242(2): 104-109. 

Tsujikawa, K., K. Tajima, et al. (2000). "Rayleigh scattering reduction method for silica-based 
optical fiber." Journal of lightwave technology 18(11): 1528. 

Tsujikawa, K., K. Tajima, et al. (2005). "Intrinsic loss of optical fibers." Optical Fiber 
Technology 11(4): 319-331. 

Wissuchek, D., C. Ponader, et al. (1999). Analysis of residual stress in optical fiber. 
Zarzycki, J. (1982). Glass and the Vitreous State (Les Verres et 1'Etat Vitreaux), Masson, 

Paris. 
 
 
                                                                 
 

 



Optical	Fibre,	New	Developments160



Optical	Fibres	Turbidimetres 161

Optical	Fibres	Turbidimetres

Miguel	A.	Pérez	and	Rocío	Muñiz

X 
 

Optical Fibres Turbidimetres 
 

Miguel A. Pérez and Rocío Muñiz 
University of Oviedo 

(Spain) 

 
1. Introduction 
  

This chapter presents a new type of nephelometric turbidimeter capable of really 
functioning on-line, avoiding any type of sampling of the liquid to be measured and, as a 
result, not requiring valves, pumps or any other type of electromechanical device, which 
results in it lasting longer and reducing maintenance. In addition, it takes advantage of the 
possibility of light conduction via optical fibres to avoid the electrical parts coming into 
contact with or close proximity to the liquid; the use of optical fibres also avoids 
interference, improving the Signal-to-Noise ratio and offering remote measuring.   
This type of turbidimeter is for general application in the literal sense and, amongst the 
range of uses measuring the turbidity of both urban and industrial waste and of water for 
human consumption could be mentioned; however, the application is presented for 
measuring turbidity in the wine industry during wine-making processes, which presents 
added problems such as colour interference and the high interval of recordable values, 
which can reach levels of almost nil to over 4000 NTUs. 
The chapter discusses the various possibilities for measuring turbidity that could be used, 
analyzing their advantages and disadvantages. An experimentally verified alternative is 
suggested and is discussed in detail.  

 
2. Turbidity measurement 
 

2.1 Nephelometric turbidimetres 
Turbidity is a parameter which quantifies the number of particles in suspension in a liquid 
and is of great interest in environmental monitoring (APHA-AWWA-WPOC; Harrison & 
Fish, 1999; ISO7027, 1990, US-EPA, 1999; Wilde & Gibs 1998) and, in several industrial 
sectors, such as food industry (Couto & Caldeira, 2002, 2003; OIV, 1994, 2000; Qi Xin et al., 
2006). Turbidity is determined optically, illuminating the liquid to be measured with a light 
beam and observing the total of light scattered by the particles in suspension in that liquid: 
the greater the number of particles, i.e. greater turbidity, the greater the light dispersion 
(APHA-AWWA-WPOC; US-EPA, 1999; García et al., 2005; Mylavaganam & Jakobsen, 2001; 
Sadar; Honeywell). This process is usually carried out by using a light source and a sensor 
placed perpendicularly to the beam and so that the beam aperture angle and the angle at 
which the sensor is capable of reading the light do not interfere and, therefore, light does not 
reach the sensor directly from the emitter. The system is completed by a second light sensor 

8
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that reads the non-scattered light emitted and that crosses the liquid as shown in Fig, 1 (US-
EPA, 1999; García et al., 2005). 
 

 
Fig. 1. Principle of operation of nephelometric trubidmeters: the light beam from emitter is 
scattered by particles in suspension: the scattered light – collected by sensor 1 – is 
proportional to the number of particles in suspension; light received by sensor 2 is used to 
correct any deviation of light emission level. 

 
2.2 Operation problems in two-phases multi-beam turbidimetres 
 

This basic system can be modified to improve its performance by adding a second emitter 
which alternates with the first one (García et al., 2006). In this case, each emitter is activated 
in a phase and the two sensors alternate the measurement of direct light and scattered light, 
eliminating the measurement uncertainty introduced by the differences between both 
subsystems; sensors and conditioning circuits (Fig. 2).  
References can be found in the bibliography to other systems with a larger number of 
sensors to measure scattered light, situated at various angles - 60º, 120º or 135º- as shown in 
Fig. 3, in order to reduce final measurement uncertainty (APHA-AWWA-WPOC; US-EPA, 
1999). 
However, the latter systems with a high number of sensors are much more complex, and the 
presence of a larger number of devices reduces long-term reliability. The two-phase system 
in Fig. 2, though it may improve measurement by reducing uncertainty, presents other 
problems derived from the fact that both sensors must read a very intense signal – direct 
light – and a very weak one – scattered light, above all, at low turbidity levels – so a very 
high dynamic margin or two amplification circuits with very different gain are required, 
which would be commuted in each phase as we can see in Fig. 4 (García et al. 2005). 
Whether using a system like that in Fig. 1 or either of those in Fig. 2, the scattered light 
depends on the quantity of light emitted, so a correct measurement must take into account 
the emission intensity to reduce any fluctuation in it, introducing uncertainty when 
measuring turbidity 
 

 

 
Fig. 2. Operation of four beam turbidimeter: light emission is alternated between emitters 1 
and 2. During Phase 1, emitter 1 is on, sensor 1 receives the transmitted light, and sensor 2 
receives scattered light; during Phase 2, the light emission is provided by emitter 2, 
transmitted light is received by light sensor 2, and scattered light, by light sensor 1. 
 

 
Fig. 3. Two-phases multi-beam turbidimeter.  
 
This could be avoided by a ratiometric calculation which uses some magnitude dependent 
on emission light.  

Ratiometric value = X(turbidity,emission)/Y(emission)  (1) 
Unfortunately it is not easy to find that magnitude dependent only on the emission light 
since direct light read by the sensor depends on the turbidity so, if it is used in a ratiometric 
quotient, a non-linear and non-monotone expression will be obtained that produces equal 
values for different turbidity values, as shown in the experimental results in Fig. 5. 
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Fig. 4. Block diagram circuit for two-phases turbidimeter with optical fibres.  
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Fig. 5. The direct ratiometric measurement causes a no-defined problem due to the fact that 
different turbidity values produce the same output value. For example, a value is obtained 
with 260 NTU similar to that obtained with 0 NTU, which is completely unacceptable. 
 
A calibration curve like the previous one would be unacceptable since it would produce 
uncertainty in the measurement by resolving the inverse problem and require more 
knowledge to help determine in which area of the curve the measurement is (Menke, 1989, 
Thikhonov & Arsenin, 1977). This problem shows in any configuration of the scattered light 
sensors and with any value of the distances between sensors, so the turbidimeters that 
compensate emission in this way have to work with two ranges or measurement zones and 
an intermediate area of zero sensitivity.  

 
3. Application of optical fibres to turbidity measurement 
  

3.1 Three-beams optical fiber turbidimeter 
Commercial sensors that can work on-line function by some type of sample-taking system, 
like a peristaltic pump or similar which takes a fraction of liquid to the measuring cell and 

 

then empties it (Sadar; Honeywell); in reality, they are not very different from the laboratory 
turbidimeters and only include some more devices that allow them to take the sample more 
or less automatically. As this process is not instantaneous, they cannot be classed as 
authentic on-line devices but rather an improvement in off-line laboratory equipment. In 
addition, the presence of electromechanical blocks, additional conductions, etc. increases 
maintenance and necessarily reduces reliability and useful life.  
Here, we propose a system based on optical fibre that can be placed on the same line 
(conduction) on which turbidity is to be measured, without using any type of sample taking, 
so it is a truly on-line system which provides real-time turbidity information. In order to 
solve the previously described problems related to the shape of the calibration curve, the 
system uses a different technique which allows them to be eliminated, producing a 
monotone reading that increase with turbidity. 
The idea on which the proposed technique is based is that of maintaining the quantity of 
light reaching sensor 2 in Fig. 1 constant, regardless of liquid turbidity. To do this, the value 
read by sensor 2 is feedback and the light emitted by the source is thus adjusted.  
A regulator designed to guarantee the stability of the system and the best performance 
completes the system. As the objective is to obtain zero errors permanently, the most 
appropriate regulator for this case is a PI-type one. In this way the quantity of light received 
has not dependence on turbidity or any disturbance, amongst which the following can be 
mentioned:  

- Ageing of the emission source. 
- Warming-up processes of the emission source when starting up the system. 
- General disturbances produced by the temperature. 
- Disturbance caused by the liquid absorbing light, which can be a critical factor in 

coloured liquids, above all when working with sensitive wavelengths.  
In this way the direct light is constant and its dispersion only depends on the quantity of 
particles in suspension in the liquid, that is, its turbidity, and can be read by the sensor 
placed at 90º to the beam.  
To avoid light dispersion in the perpendicular to its path, the sensor must be placed at the 
shortest possible distance from the measurement area, but without it “directly seeing” the 
emission from the source. Fig. 6 shows this system. The proposed measuring system is a 
three-beam nephelometric turbidimeter similar in concept to that initially proposed in Fig. 1, 
but with a feedback of direct light in order to guarantee that it remains constant. 
The turbidimeter proposed in Fig. 6 has been used to verify overall operation. The practical 
aspects of its construction follow.  

 
3.2 Designing a prototype  
This system can work with any type of light source, as feedback of the direct signal picked 
up by the sensor compensates for the possible disturbances that colour would introduce due 
to absorption phenomena. However, to reduce the effort of the regulator, infra-red light has 
been chosen as it has a large number of possible emitters and sensors, which simplifies its 
use. In this particular case the devices listed in Table 1 have been used as emitters and 
receptors. 
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Fig. 5. The direct ratiometric measurement causes a no-defined problem due to the fact that 
different turbidity values produce the same output value. For example, a value is obtained 
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Fig. 6. Three-beam feedback turbidimeter. The sensor 1 conditioning circuit output contains 
the turbidity information. 
 

Device Spectral characteristics  
Peak 

l th 
Bandwidth 

LED L7758  850 nm 50 nm Imax = 100 mA 
Photodiode 
AEPX65 

820 nm 400 nm Responsivity = 0.3 A/W 

Table 1. Main characteristics of the devices used as light source and receptor. 
  
The design of the sensor has no critical aspects except for guaranteeing its water tightness 
and preventing the beam of light emitted from interacting directly with the sensor placed at 
90º. Fig. 7 proposes a possible design corresponding to a section of stainless steel pipe 32 
mm in diameter with an 8 mm wall. The three optical fibres for transporting the light are 
made by SunOptics, 1 m long, multifilar and of a type of quartz- borosilicate - that means 
conduct is optimum in the spectrum area in which the emitters and receptors work.  They 
are finished with an M8 stainless steel screw at one end – which is connected to the 
measuring cell – and SMA at the other. 
  

 

 

Fig. 7. Design of the turbidity measurement cell using optical fibres as light conductors. 

 

Fig. 8 shows the measuring circuit and adds the LED excitation system, the conditioning 
circuits for the two receptor photodiodes and the feedback and regulator that allow the light 
level to be kept constant. 
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Fig. 8. Turbidimeter circuit. The calculation tasks, function test, display and distribution of 
the data are to be done by a PIC type low cost microcontroller. 
 
Both the output providing information about the level of scattered light and direct light 
emission and reception are read by the A/D converter of a PIC-based microcontroller 
system for later processing, presentation and distribution of the reading obtained, thus 
completing the turbidimeter device. Although reading the direct light level is not necessary 
on the first approximation, as it is feedback and should not vary, that would only happen 
under ideal conditions with a perfect regulator. Under real conditions changes – though 
small – would occur, which could produce errors if ignored. In addition, permanent reading 
of those variables could be used to verify the correct functioning of the feedback loop, acting 
as a permanent test of the validity of the measurement obtained compared with failures of 
any kind or with a measurement range output. 

 
3.3 Calibration curve  
As the ratio between the turbidity and the scattered light measurement is not strictly linear 
and depends on the geometry of the sensor, the corresponding calibration curve was 
obtained using low uncertainty turbidity patterns from dilutions in ultra pure water of a 
certified 4000 NTU formacine (C2H4N2) pattern from Dinko, code 1.9779.00, prepared from 
Baker reference materials, codes 1114, 3371 and 4218, following the specifications listed in 
(APHA-AWWA-WPOC). The patterns obtained by dilution are shown in Table 2 together 
with their uncertainty values. 
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NTU 0 50 100 150 200 250 300 400 500 
Uncertainty(%) - .05 .11 .17 .24 .3 .35 .45 .58 
NTU 750 1000 1200 1400 1600 1800 2000   
Uncertainty(%) .77 1.0 1.2 1.4 1.7 1.9 2   

Table 2. Turbidity patterns obtained by diluting a certified 4000 NTU pattern. 
 
Under these conditions the calibration curve was obtained by measuring the values 
provided by the two sensors after conditioning and amplifying; the excitation value of the 
light emitter was also read. The graphs in Figs. 9 to 11 show all the data obtained. 

Fig. 9. Direct light as regards turbidity. Maximum variation is 1.5% over the turbidity span. 
 
As can be seen, the direct light remains almost constant (Fig. 9) throughout the turbidity 
interval. This is due to the action of the regulator which conveniently raises the excitation 
applied to the LED (Fig. 10). The measured level of scattered light (Fig. 11) contains the 
turbidity information and, as can be seen, is increasingly monotone, as planned. However, 
although it presents quite a linear area for low turbidity, global conduct is not linear, and 
even, a polynomial adjustment returns a relatively high correlation coefficient, but which 
can be improved, as the next section shows.  
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Fig. 10. Excitation signal from the emitter increasing with turbidity to maintain light 
constant in the direct light receptor. 
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Fig. 11. Calibration curve using the signal received at the scattered light sensor to determine 
turbidity: the adjustment obtained is not excessively good, above all for low turbidity 
values. 
 
This effect is due to the fact that the light is only guaranteed to be constant close to the 
receptor placed at 180º to the emission, but not in the central area, precisely the area where 
turbidity is measured. Fig. 12 explains this, showing the evolution in the light emission area 
in terms of turbidity.   
To solve the problem a measurement can be made by obtaining a dimensionless ratiometric 
value (TRV) which eliminates the effect of the excitation light: 

TRV = Vscattered/Vexcitation                   (2) 

Obtaining this value of the measurement values gives the quasi-linear graph of Fig. 13, 
which the microcontroller will use to make the measurement. Table 3 shows the coefficients 
of three possible adjustments: linear and polynomial of orders 2 and 3, observing that the 
correlation coefficient is very high, above all in the last mentioned case. 
 

 
Fig. 12. The light illuminating the measurement area is not kept constant with the turbidity 
in spite of feedback. 
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Fig. 10. Excitation signal from the emitter increasing with turbidity to maintain light 
constant in the direct light receptor. 
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Fig. 13. Calibration curve obtained from the Turbidity Ratiometric Value (TRV). The 
appearance of the curve is much more linear than that of Fig. 11. 
 

Function type Coefficients R2 
Linear 2218.5·TRV - 30.378 0.9992 

2nd order -25.772·TRV2 + 2240.6·TRV + 32.587 0.9982 
3rd order 1035.9·TRV3  + 1440.0·TRV2  + 2735.7·TRV + 63.186 0.9998 

Table 3. Approximations obtained by least squares for the calibration curve of Fig. 13. A 
linear approximation produces acceptable behaviour, although that of the third order is 
somewhat better. 
 
The complexity of the calculation software on passing from a linear approximation to a 
polynomial one is not significant, nor are the mathematical errors produced very different, 
so the most complex approximation that provides the highest veracity level has been 
chosen. 

 
3.4 Experimental results 
The system, designed as described in detail in the previous section, has been extensively 
checked, verifying that it works in the different measurement areas for which it was 
designed, using turbidity patterns obtained by dilution, as shown in Table 2. The results are 
shown in the graphs in Fig. 14, observing that there is an excellent ratio between the pattern 
value and that provided by the system (Fig. 14a) which is shown with a maximum error 
below 1% over the whole measuring range (Fig. 14b). 

 
4. Application of optical fibre turbidimetres 
  

4.1 Environmental measurements 
 Environmental measurements in water includes a lot of parameters such as DO (Disssolved 
Oxygen), COD (Chemical Oxygen Demand), BOD (Biological Oxygen Demand), 

 

contaminants concentration (heavy metals, tens active substances, pesticides…) and, of 
course turbidity as a indicator of the number of particles in suspension. 
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(b) 

Fig. 14. (a) Turbidity obtained by the system vs. the pattern turbidity values; (b) relative 
error of the measuring system which does not exceed 1% in measurement span.  
 
These measurements are carried out in monitoring process of continental water (rivers and 
lakes) and in sea water, and – of course – in drinkable water, disposal water and in the 
output of water treatment plants. In all these cases, water turbidity is one of most important 
parameter to define the quality and/or contamination level of each case. 
Turbidity measurement in environmental applications is a special case because we must 
take into account some measurement conditions: 

 A multi-position measurement is very usual to obtain a complete knowledge 
of contamination level in large volumes of water such as lakes or rivers. 
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somewhat better. 
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Fig. 14. (a) Turbidity obtained by the system vs. the pattern turbidity values; (b) relative 
error of the measuring system which does not exceed 1% in measurement span.  
 
These measurements are carried out in monitoring process of continental water (rivers and 
lakes) and in sea water, and – of course – in drinkable water, disposal water and in the 
output of water treatment plants. In all these cases, water turbidity is one of most important 
parameter to define the quality and/or contamination level of each case. 
Turbidity measurement in environmental applications is a special case because we must 
take into account some measurement conditions: 

 A multi-position measurement is very usual to obtain a complete knowledge 
of contamination level in large volumes of water such as lakes or rivers. 
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 In most of cases, a remote measurement becomes necessary due to long 
distances between measurement point and processing unit. 

 Turbidity measurement is carried out under external (ambient) light 
perturbations. 

The use of optical fibres provides a good solution for the first and second conditions, but the 
third one needs an additional treatment.  
The light levels used always in all previous Figures correspond to continuous (DC) values, 
so there is a certain risk of interference from exterior sources of light which could affect the 
measuring cell. This is a minor problem which occurs in few applications and which, in any 
case, could be solved without any great difficulty. However, if this interference becomes 
annoying, an AC signal, which could be filtered with a band pass filter, can be used, almost 
completely eliminating the external interference. The operation of the system must not vary 
as long as the frequency of the excitation signal is within the dynamic limits of the electronic 
system and of the emitters and receptors, which is not usually a very important limitation.  
To verify it, a 10 kHz sinusoidal waveform on a bias level has been used as a reference 
signal for the system. Three experiments have been carried out under these conditions:  

a) Completely closed sensor without outside light affecting it.  
b) Sensor exposed to ambient fluorescent light with oscillations at 100 Hz. 
c) Sensor exposed to ambient light under indoor conditions plus a 60W incandescent 

light 0.3 m away from the sensor.  
The values obtained are similar to those obtained continuously, due to the fact that the 
regulator acts correctly, compensating for the outside disturbance. The graph in Fig. 15 
shows the results of this experiment with a much reduced effect from the outside 
disturbance. As we can see in Fig. 15, the three graphs obtained according to turbidity do 
not present important variations when the sensor does not receive any type of light, on 
being subjected to ambient illumination of fluorescent origin (100 Hz) or to close intense 
light. 
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Fig. 15. Above, waveform used as a reference which consists of a 10 kHz sinusoidal, 0.5 V 
amplitude with a 1 V DC-bias. Below, amplitude of the signal received by the direct light 
sensor after amplification. 

 

Therefore, whether working with continuous or alternating excitation the behaviour of the 
turbidimetre is very similar, choosing the latter if ambient light disturbances from outside 
are foreseeable. 

 
4.2 Measurement of turbidity in food and related industries 
Turbidity is an important parameter in food related industries because they use drinkable 
water. In those cases, turbidity measurement is quite similar to environmental cases, but in 
some special industries, the turbidity measurement process presents some problems. 
In the particular case of the wine industry, turbidity is a basic control parameter during 
wine-making and of quality in the finished product. In addition, turbidity is related to the 
fermentation kinetic as it presents similar conduct to CO2 release velocity (Colombre, 
Malherbe & Sablyrolles, 2005) which indicates the fermentation activity in the unfermented 
grape juice because it is linked to the growth of yeast and the increased production of 
fermentation gasses. Turbidity is usually very low for finished wine, in most cases below 1 
or 2 NTUs but, during the wine-making processes, the values may exceed 2000 NTUs, a very 
wide measuring range. As an example, Fig. 16 shows the evolution of turbidity during a 
wine-making process in which these limits are exceeded.  
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Fig. 16. Evolution of turbidity during a wine-making process lasting 10 days. This 
corresponds to a fermentation using tempranillo grapes 
 
The application of the system to the wine industry for on-line measurement of turbidity 
during wine-making presents some disadvantages a priori: 

 The presence of colour, which can produce light absorption phenomena.  
 The presence of bubbles, which can modify measurements because they act by 

dispersing light, as do particles in suspension. 
The first problem has little effect on measuring, since absorption in the infra-red area 
worked with is similar for different red, white and rosé wines, according to the tests carried 
out which appear in Table 4. The small differences recorded among finished wines made 



Optical	Fibres	Turbidimetres 173

 

 In most of cases, a remote measurement becomes necessary due to long 
distances between measurement point and processing unit. 

 Turbidity measurement is carried out under external (ambient) light 
perturbations. 

The use of optical fibres provides a good solution for the first and second conditions, but the 
third one needs an additional treatment.  
The light levels used always in all previous Figures correspond to continuous (DC) values, 
so there is a certain risk of interference from exterior sources of light which could affect the 
measuring cell. This is a minor problem which occurs in few applications and which, in any 
case, could be solved without any great difficulty. However, if this interference becomes 
annoying, an AC signal, which could be filtered with a band pass filter, can be used, almost 
completely eliminating the external interference. The operation of the system must not vary 
as long as the frequency of the excitation signal is within the dynamic limits of the electronic 
system and of the emitters and receptors, which is not usually a very important limitation.  
To verify it, a 10 kHz sinusoidal waveform on a bias level has been used as a reference 
signal for the system. Three experiments have been carried out under these conditions:  

a) Completely closed sensor without outside light affecting it.  
b) Sensor exposed to ambient fluorescent light with oscillations at 100 Hz. 
c) Sensor exposed to ambient light under indoor conditions plus a 60W incandescent 

light 0.3 m away from the sensor.  
The values obtained are similar to those obtained continuously, due to the fact that the 
regulator acts correctly, compensating for the outside disturbance. The graph in Fig. 15 
shows the results of this experiment with a much reduced effect from the outside 
disturbance. As we can see in Fig. 15, the three graphs obtained according to turbidity do 
not present important variations when the sensor does not receive any type of light, on 
being subjected to ambient illumination of fluorescent origin (100 Hz) or to close intense 
light. 

 

0,00

0,20

0,40

0,60

0,80

1,00

1,20

1,40

1,60

0 500 1000 1500 2000 2500

NTU

Di
re

ct
 li

gh
t [

V]

 
Fig. 15. Above, waveform used as a reference which consists of a 10 kHz sinusoidal, 0.5 V 
amplitude with a 1 V DC-bias. Below, amplitude of the signal received by the direct light 
sensor after amplification. 
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Fig. 16. Evolution of turbidity during a wine-making process lasting 10 days. This 
corresponds to a fermentation using tempranillo grapes 
 
The application of the system to the wine industry for on-line measurement of turbidity 
during wine-making presents some disadvantages a priori: 

 The presence of colour, which can produce light absorption phenomena.  
 The presence of bubbles, which can modify measurements because they act by 

dispersing light, as do particles in suspension. 
The first problem has little effect on measuring, since absorption in the infra-red area 
worked with is similar for different red, white and rosé wines, according to the tests carried 
out which appear in Table 4. The small differences recorded among finished wines made 
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from various grapes and with turbidity below 2 NTU, are compensated for without any 
difficulty by the regulation system to maintain the light level constant.  
The problem of the gas bubbles is more complex to solve and presents difficulties for any 
type of turbidimetre which is used during wine-making, because fermentation produces a 
considerable amount of CO2 and consequently of bubbles which cause light dispersion and 
an unreal rise in turbidity measurement values. In order to solve this problem, the 
measuring area can be pressurised by permanent derivation of the fluid without any major 
operation problems or losing sensor features as regards truly on-line measuring capacity. In 
the same way statistical treatment of the data eliminating the outliers solves the problem, 
providing real turbidity data.  
 

Red wines 
 
Zone 

 
Grape type 

Ageing in 
cask 

IR absorption (in 
relation to ultra pure 
water) 

Rioja Tempranillo, Mazuelo 10 months 1% 
Toro Tinta de toro 3 months  1% 
Somontano Merlot,  Cabernet Sauvignon 4 months  0.8% 
Duero river Tempranillo - 0.9% 
Navarre Tempranillo - 0.9% 
 
Rosé wines 
Navarre Garnacha - 0.2% 
Catalonia Tempranillo, Garnacha - 0.2% 
Rioja Tempranillo - 0.3% 
 
White wines 
Penedés Chardonnay 20 days negligible 
Alicante Muscat of Alexandria - negligible 
Penedés Parellada - negligible 
Rueda Verdejo - negligible 

Table 4. Influence of the grape type on light absorption in the infra-red (AEPX 65 LED work 
area) in comparison with ultra pure water measured with an Ocean Optics VIS-NIR 2000 
spectrophotometer. In all cases the absorption level is very low and is compensated by the 
feedback system without any significant effort.  

 
5. Conclusions 
 

A turbidity sensor is presented, based on a three–beam design including novelties such as 
the use of optical fibres for transporting the light and a feedback for the direct light – 
transmitted light – to guarantee constant excitation levels. The main advantages are that it 
works on-line without any type of sampling, its consequent low-cost and the elimination of 
safety and electrical risk limitations by avoiding the liquid coming into contact with or close 
to any voltage area.   

 

In order to check whether it works in practice a low-cost specific prototype has been 
developed which works in the close infra-red and which presents optimum behaviour if a 
ratiometric value, the quotient between scattered and emitted light, is used as an output 
variable to represent turbidity. This produces a calibration curve with high linearity.  
The developed prototype has been widely checked in experiments using certified patterns, 
obtaining excellent correlation between the real values and those provided by the 
equipment, the error remaining limited to below 1% throughout the measurement range. 
The effect of possible luminous type exterior disturbances has also been checked, and, if 
they exist, an elimination technique using biased sine type signals instead of DC signals has 
been proposed as a reference.  
The use of turbidimeters based on the work principle described has an application in 
different fields, such as environmental measurements – urban or industrial waste water – or 
in industry itself as part of production processes. In this sense its application in measuring 
turbidity in wine-making processes, where it is significant, can be highlighted. In these cases 
the measurement range is very wide and colour can appear as an important measurement 
disturbance. For this case, behaviour with a large number of wines of varied origin and 
grape types has been checked, observing that the system is capable of compensating for the 
small variations in absorption that they cause in the infra-red, guaranteeing functioning 
truly independent of colour. 
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disturbance. For this case, behaviour with a large number of wines of varied origin and 
grape types has been checked, observing that the system is capable of compensating for the 
small variations in absorption that they cause in the infra-red, guaranteeing functioning 
truly independent of colour. 

 
6. References 
  

APHA-AWWA-WPOC “Standards methods of Water Wastewater”, APHA-AWWA-WPOC 
F, Ed. 16 and 17. 

Colombre, S., Malherbe, S., Sablryrolles J.M. (2005) “Modelling alcoholic fermentation in 
enological conditions: feasibility and interest”, Ann. J. Enol. Vitc. 56:3 

Couto, L.M. & Caldeira, M.A. (2002) “Port-wine spectral monitoring” Spectroscopy Europe 
14/5, pp. 22-27. 

Couto, L.M. & Caldeira, M.A. (2003) “Port wine spectronephelometry” Optics and Laser 25 
Ed. Elsevier pp. 491-496. 

García, A. et al, (2005) “A New Design of Low-Cost Four-Beam Turbidimeter by Using 
Optical Fibers”, Proceedings of IEEE-IMTC’05, Canada. 

Harrison D. & Fisch M., (1999) “Measurement, Instrumentation and sensors – Turbidity 
Measurement”, CRC & IEEE Press. 

Honeywell, “Turbidity sensors”, http://content.honeywell.com 
ISO 7027 (1990), Water quality, International Standard,  
Menke W. (1989) “Geophysical data analysis: discrete inverse theory”, Academic Press, 

1989. 
Mylvaganam S. & Jakobsen T., (2001) “Turbidity sensor for under water applications”, 

Aanderaa Instruments Inc Press. 
OIV (2000) “Wine turbidity, Resolution OENO 4/2000”. 
OIV, (1994) “Compendium of International Methods for Spirits, Alcohols and Aromatic 

Fractions in Beverages. Turbidity – Nephelometric Analysis Method”. 
Qi Xin, Hou Zhi Ling, Tian Jian Long & Yu Zhu (2006) “The rapid determination of fat and 

protein content in fresh raw milk using the laser light scatterinmg technology”, 
Optics and Lasers in Engineering, 44, pp.858-869. 



Optical	Fibre,	New	Developments176

 

Sadar M., ”Turbidity Standards” Technical information series, Booklet No.12, http:// 
www.aquatrend.com/downloads/Lit/PDF/Whitepapers/7045.pdf 

Thikhonov, A.N. & Arsenin V.Y. (1977) “Solutions of ill possed problems”, Winston/Wiley, 
New York, 1977. 

United States Environmental Protection Agency. Office of water. (1999)“Guidance Manual 
for Compliance with the Interim Enhanced Surface Water Treatment Rule: 
Turbidity Provissions”.  

Wilde F.D. & Gibs J. (1998) “Turbidity”, U.S. Geological Survey TWRI Book 9, No. 4, chapter 
6.7. 

 



Distributed	Optical	Fibre	Sensors	for	Structural	Health	Monitoring:	Upcoming	Challenges 177

Distributed	 Optical	 Fibre	 Sensors	 for	 Structural	 Health	 Monitoring:	
Upcoming	Challenges

Vincent	Lanticq,	Renaud	Gabet,	Frédéric	Taillade	and	Sylvie	Delepine-Lesoille

X 
 
Distributed Optical Fibre Sensors for Structural 

Health Monitoring: Upcoming Challenges 
 

Vincent Lanticq1, Renaud Gabet2,  
Frédéric Taillade3 and Sylvie Delepine-Lesoille4 

1Electricité De France R&D 
2Telecom-Paristech 

3Laboratoire Central des Ponts et Chaussées 
3Agence Nationale pour la gestion des Déchets RAdioactifs 

France 

 
1. Introduction: SHM and optical fibre sensing  
 

In the last mid-century, the new civil engineering structures have undergone a revolution in 
terms of complexity such as large dimensions (Millau Bridge in France, Rion-Antirion 
Bridge in Greece, Stonecutters Bridge in Hong Kong, Akashi Kaikyo Bridge in Japan, etc.). 
The authorities managing the old civil structures face the challenge of increasing lifetime of 
the structures meanwhile maintaining the transportation network limited cost with sparsely 
perturbations for the users.  
In this context, a large sensor network placed inside or surface mounted on the structures is 
necessary to provide advanced warning of structural state, wear or damage of the 
structures. The measurement and monitoring often have an essential role in management. 
The information obtained is used to plan and design maintenance activities, increase the 
safety, verify hypothesis, etc. This new field of research and development techniques is 
named Structural Health Monitoring (SHM) (Ou & al., 2005). Typically, several hundred of 
strain or temperature gauges, accelerometers, etc. are installed in the civil structures. 
Electrical addressing trough complex wiring harness is fine for laboratory use but in situ 
installations are costly and impractical. Indeed, the wires corrodes, the signals are perturbed 
by electromagnetic interferences which is physically bulky. To bypass these problems, the 
recent instrumentations are based on wireless sensor networks but they face the problem of 
storage and energy recovery. Another solution consists in using the Optical Fibre Sensor 
technology (Glisic & Inaudi, 2007). 
Temperature and strain optical fibre sensor exists in various Forms: pressure, chemical (gaz 
detection), radiation and even hygrometry may be sensed with commercially available 
sensors. As described with great details in (Lopez-Higuera, 2002), optical fiber sensors 
typically involve a light propagating beam which travels along an optical fibre waveguide. 
The light is then modulated in response to an external physical or chemical stimulus. The 
modulation induced can change the optic propagation delay, the optical path length, the 
spectral response, the amplitude transmission, the optical polarisation state or, through non 
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linear phenomenon, the optical frequency (wavelength). These changes are monitored after 
transmission through optical fibre. Optical fibre sensors (OFS) have certain advantages 
including immunity to electromagnetic interference, lightweight, small size, high sensitivity, 
large bandwidth, and ease in implementing multiplexed or distributed sensors. The serial 
multiplexed and distributed architectures are especially relevant for structural applications 
which usually need a lot of measurement points.  
OFS can also be configured in point, point multiplexed, integrating or distributed formats as 
shown in figure 1. A lot of point-like optical fibre sensors based on Bragg gratings or small 
Fabry-Perot cavities (< 10cm) have been developed in the nineties, and their multiplexing is 
still an intensive research topic nowadays, mainly on the aim of cutting down the whole 
sensing system costs. Quasi-distributed sensors perform intrinsically integrated 
measurement into large Fabry-Perot cavities (> 20cm) induced by several inline partial 
mirrors in the fibre. The main advantage of this technique compared to point-like 
measurement is to avoid any Blind-zones (without sensitivity), as shows figure 1.  
 

    
Fig. 1. Concepts of point, integrating and distributed sensing. 
 
About ten years ago, distributed optical fibre sensing technologies appeared, constituting a 
breakthrough in sensor technology. A truly distributed measurement system for structural 
monitoring has the considerable advantage that the optical fibre itself can be used as the 
transduction mechanism without any further modifications to the optical fibre. In 
consequence, the meshing measurement is considerably improved. It depends on the 
physical phenomenon implemented and the optoelectronic interrogation unit used. 
Those methods, based on elastic optical effect (Rayleigh) or inelastic optical effects (Raman, 
Brillouin) of the backscattered light, allow to measure temperature and strain into a long 
range zone (typically 20 km) with a relative small spatial resolution (typically 1 m), bringing 
consequently offer huge multiplexing possibilities. Now this technology has become quite 

 

mature and suitable for industry, thanks to the creation of many companies providing 
distributed optical fibre sensing devices. 
After a short introduction, the present chapter proposes an overview of the distributed 
sensing technologies in particular for the temperature and strain monitoring cases. The 
different technologies based on Optical Time Domain Reflectometry and on inelastic optical 
effect (Raman and Brillouin) are briefly described. The performances of these systems in 
term of localisation and spatial resolution of the measurement are discussed in section 3. 
Finally, the section 4 evokes the problem of the host material inclusion which plays an 
important role in the transfer mechanisms between the structure and the optical fibre sensor. 

 
2. Distributed sensing for temperature and strain monitoring 
 

The term distributed sensor designates the case in which the optical fibre itself becomes a 
sensor (Lopez-Higuera, 2002), as opposed to punctual sensors multiplexed in great number. 
It is thus no longer necessary to implement anticipated sensor positions since measurements 
are being performed all along the optical fibre hooked up to the reading device (as well as 
within the extension cables!). In addition, the processing and manipulations required to 
make Bragg gratings or mirrors delimiting the long-period strain sensors act to significantly 
weaken the optical fibre. On the other hand, for distributed OFS (D-OFS), the commercial 
optical fibre (G652 and others) is placed directly inside its mechanical protective coating, 
which would suggest a more robust instrumentation. Precautions to take while chosing this 
protective coating are addressed in section 4. 
For the last three years, major improvements have occurred in optical fibre sensing area, in 
particular concerning distributed optical fibre temperature and strain sensing. As detailed in 
(Rogers, 1999), truly distributed measurements rely on Rayleigh, Raman or Brillouin 
scattering in optical fibres described in the following sections, paired with a localization 
process such as Optical Time Domain Reflectometry (OTDR described in this section), 
Optical Frequency Domain Reflectometry (OFDR, see section 3) or correlation probe-pump 
technique (section 3).  

 
2.1 Distributed sensing fundamentals 
a) Light backscattering  
To understand how distributed sensors work, emphasis must be placed on the 
backscattering phenomenon taking place within optical fibres. 
 

 
Fig. 2. Backscattering spectrum of a monochromatic wave within an optical fibre extracted 
from www.epfl.ch 
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Fabry-Perot cavities (< 10cm) have been developed in the nineties, and their multiplexing is 
still an intensive research topic nowadays, mainly on the aim of cutting down the whole 
sensing system costs. Quasi-distributed sensors perform intrinsically integrated 
measurement into large Fabry-Perot cavities (> 20cm) induced by several inline partial 
mirrors in the fibre. The main advantage of this technique compared to point-like 
measurement is to avoid any Blind-zones (without sensitivity), as shows figure 1.  
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For the last three years, major improvements have occurred in optical fibre sensing area, in 
particular concerning distributed optical fibre temperature and strain sensing. As detailed in 
(Rogers, 1999), truly distributed measurements rely on Rayleigh, Raman or Brillouin 
scattering in optical fibres described in the following sections, paired with a localization 
process such as Optical Time Domain Reflectometry (OTDR described in this section), 
Optical Frequency Domain Reflectometry (OFDR, see section 3) or correlation probe-pump 
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2.1 Distributed sensing fundamentals 
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To understand how distributed sensors work, emphasis must be placed on the 
backscattering phenomenon taking place within optical fibres. 
 

 
Fig. 2. Backscattering spectrum of a monochromatic wave within an optical fibre extracted 
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As shown in Fig. 2, the light backscattered by an optical fibre segment without any defects 
or anormal characteristics is spectrally decomposed into three distinct peaks corresponding 
to three outstanding phenomena. 
The first relates to Rayleigh scattering. The electromagnetic wave propagating in the fibre 
core interacts with the scattering centres, silica impurities and enhancing additives with 
dimensions well below the wavelength; these interactions give rise to a partial reflection in 
the vicinity of 10-7 m-1, that can be detected and interpreted as described in the following (b). 
Raman scattering is an interaction between light and the corresponding coupling matter 
between a photon and the thermal vibration of silica molecules. As such, this phenomenon 
is highly dependent on temperature at the spectral level. The Brillouin effect originates from 
photon-phonon interaction; given its sensitivity to both fibre geometry and density, it 
depends on temperature and strain. 
Temperature and/or strain distributed sensing systems based on these three backscattering 
phenomena are commercially available. They may take advantage of spontaneous or 
stimulated phenomenon, paired with a localisation process, the most common being OTDR. 
 
b) Optical time domain reflectometry (OTDR) 
Initially created to analyze losses inside optical telecommunication lines (Barnoski & Jensen, 
1976), OTDR is categorized as an optical pulse-echo technique. As diagrammed in figure 3, 
this technique consists of injecting a laser pulse within an optical fibre and then measuring 
the backscattered intensity as a function of time: A period t corresponds to a pulse round-
trip between the connector and a given point on the fibre located at distance d from the 
injection connector: 
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where ng means the group index. Range dmax of OTDR-based devices is limited only by 
roundtrip linear-loss which can come from material absorption or punctual damages. The 
width of measurement zones (each point of the trace is integration over this zone) is called 
spatial resolution and is linked with the temporal width of the pulse Tp by a similar 
relationship: 
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Spatial resolution is also the smallest distance to perform independent measurements. 
 

 

Fig. 3. OTDR (Optical Time Domain Reflectometry) operating principle, and typical trace. 
 
OTDR instruments provide intensity variation measurements over distances in the tens of 
kilometres, with a spatial resolution at the meter scale. As illustrated in Fig. 3, by measuring 
intensity variations in the backscattered signal at the same wavelength as the injected wave, 
local optical fibre modifications may be detected: An abrupt return peak is interpreted as a 
mirror reflection (connector or damage on the fibre), and a sudden drop in intensity 
corresponds for example to shear loss.  

 
2.2 Distributed sensing system families 
a) Rayleigh backscattering based D-OFS systems 
Light intensity variations cannot be precisely correlated with temperature nor deformations 
of the medium where the optical fibre has been embedded. Thus a simple OTDR be used as 
a measurement system for these parameters. To conduct the actual strain measurement, the 
value of the Rayleigh backscattering signal in optical fibres may be associated with optical 
fibres preliminarily fitted with punctual sensors, such as microbend sensors or another 
configuration that incorporates pre-calibrated losses (Wan & Leung, 2007) or Bragg gratings 
(LO et al., 2007) (Crunelle et al., 2009) in which cases the continuously-distributed aspect of 
the measurement would be lost.  
Coherent OTDR showed recently great performances for temperature sensing by self-
heterodyne detection, because of relatively long pulse duration, at time t, different wavelets 
backscattering from different locations of the fibre are simultaneously detected. If coherence 
time of the laser source is higher than the pulse duration, these wavelets can interfere, 
producing a slight beating signal around the classic OTDR trace. The frequency of the 
beating is strain and temperature dependent. A resolution about 0.01 °C at 7 km distance 
with 1m spatial resolution has been performed by (Koyamada et al., 2009). A 10s pulse is 
emitted from a coherent monochromatic laser source.  
Another principle called OFDR uses Rayleigh scattering spectral properties (local complex 
reflectivity) to measure local optical path variations and deduce strain or temperature. It 
will be presented  in great details in section 3 of this chapter.  
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the backscattered intensity as a function of time: A period t corresponds to a pulse round-
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OTDR instruments provide intensity variation measurements over distances in the tens of 
kilometres, with a spatial resolution at the meter scale. As illustrated in Fig. 3, by measuring 
intensity variations in the backscattered signal at the same wavelength as the injected wave, 
local optical fibre modifications may be detected: An abrupt return peak is interpreted as a 
mirror reflection (connector or damage on the fibre), and a sudden drop in intensity 
corresponds for example to shear loss.  
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a) Rayleigh backscattering based D-OFS systems 
Light intensity variations cannot be precisely correlated with temperature nor deformations 
of the medium where the optical fibre has been embedded. Thus a simple OTDR be used as 
a measurement system for these parameters. To conduct the actual strain measurement, the 
value of the Rayleigh backscattering signal in optical fibres may be associated with optical 
fibres preliminarily fitted with punctual sensors, such as microbend sensors or another 
configuration that incorporates pre-calibrated losses (Wan & Leung, 2007) or Bragg gratings 
(LO et al., 2007) (Crunelle et al., 2009) in which cases the continuously-distributed aspect of 
the measurement would be lost.  
Coherent OTDR showed recently great performances for temperature sensing by self-
heterodyne detection, because of relatively long pulse duration, at time t, different wavelets 
backscattering from different locations of the fibre are simultaneously detected. If coherence 
time of the laser source is higher than the pulse duration, these wavelets can interfere, 
producing a slight beating signal around the classic OTDR trace. The frequency of the 
beating is strain and temperature dependent. A resolution about 0.01 °C at 7 km distance 
with 1m spatial resolution has been performed by (Koyamada et al., 2009). A 10s pulse is 
emitted from a coherent monochromatic laser source.  
Another principle called OFDR uses Rayleigh scattering spectral properties (local complex 
reflectivity) to measure local optical path variations and deduce strain or temperature. It 
will be presented  in great details in section 3 of this chapter.  
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b) Raman based D-OFS systems 
Raman scattering originates from laser light photon interaction with thermal vibration of 
silica molecules (thermal phonons). It occurs into single-mode and multi-mode fibres. Fig. 4 
sketches the well-known Stokes and Anti-Stokes process, occurring respectively if the 
virtual state of energy of a silica molecules is the fundamental or an excited state. 
  

             
Fig. 4. Origin of Raman scattering (left) and sensitivity to temperature (right). “PSD” stands 
for power spectral density. 
 
The anti-Stokes absorption mainly depends on temperature (Liu & Kim, 2003). Raman 
distributed optical fibre sensing systems are using OTDR pulsed technique previously 
described (in 2.1.b) to perform distributed intensity measurement of the anti-Stokes 
Backscattered light. This technique is called Raman-OTDR or R-OTDR. However, the anti-
Stokes intensity evolution must be augmented with a reference measurement since optical 
fibre losses vary with time (increase with fibre aging, connector dirt or optical fibre 
curvatures etc.). Thus, Distributed Temperature Sensing (DTS) devices analyse the ratio 
between the Anti-Stokes and  Stokes absorption line intensities (IRAS and IRS) using equation 
(3): 
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where λAS , λS are anti-Stokes and Stokes wavelengths, υ is their wave-number separation 
from the pump wavelength, h is Planck’s constant, c is the velocity of the light, k is 
Boltzmann’s constant, and T is the absolute temperature of the fibre core under 
measurement. 
Nevertheless, Stokes intensity is a few times larger than anti-Stokes intensity and its 
bandwidth is usually much larger than the pump spectrum. What is more, few phenomena 
at the origin of optical fibre losses (bending losses especially in single-mode fibres, 
hydrogen darkening…) are wavelength-dependent and not modelled by formula (3). They 
may become highly sensitive as Stokes and anti-Stokes lines are separated by 80nm at 
1.55µm. Recent developments combine various laser wavelengths (Lee et al., 2008). The 
optical fibre type is also a parameter to choose carefully while designing a Raman DTS: In 
multimode fibre the Raman scattering is bigger. For instance, (Farahani & Gogolla, 1999) 
shows that for a 15km range, a graded-index multimode fibre is the optimum.   
Several optoelectronic devices that conduct distributed temperature measurements using 
the Raman effect are available on the market and have already profoundly modified certain 
fields such as fire detection (Liu & Kim, 2003). The accuracy derived lies on the order of 
0.1°C, 1 m of spatial resolution, over spans extending several tens of kilometres. As a case in 
point, the sensor Fibolaser from LIOS technologies company, commercialized by Siemens 

 

(Glombitza, 2004) was installed on the Mont-Blanc Tunnel subsequently to the 1999 disaster. 
For distributed temperature measurements in civil engineering structures, EDF company 
(Electricité De France) has already implemented various field qualification of Raman 
scattering in multimode fibres. In the beginning of 2002 (Fry et al., 2004), although the 
optoelectronic instrument revealed some inabilities with field specificities, the sensing cable 
inserted inside 2km of Oraison embankment (France) endured civil engineering 
construction works. Meanwhile optoelectronic instrument performances have been 
improved. 3km of Kembs embankment (France) were also instrumented with embedded 
sensors in 2006 (Hénault, 2006). Now, the focus is given in the way measurements may be 
interpreted with greater precision and less false alarm using statistics. 
 
c) Brillouin based D-OFS systems 
In optical fibres, Brillouin scattering takes origin from coupling between the optical mode 
and acoustic waves in the material (silica) produced by thermal excitation. Thanks to photo-
elasticity of the material, these acoustic waves create an index grating, moving at sound 
velocity in silica VA. Thus, when an incident wave (so called pump wave) propagates in the 
fibre, a frequency-shifted optical wave (Stokes or anti-Stokes) is created, and propagates 
backward. To satisfy the coupling conditions, the frequency-shift (often pointed as the 
Brillouin frequency B) is linked to optical and acoustic parameters by the following 
relationship: 
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where neff is the effective index of the optical mode i.e. the ratio between light speed in 
vacuum and in a medium, and 0 the operating wavelength. 
Brillouin sensing consists in measuring the Brillouin frequency assuming it is proportional 
to temperature variations (T) and strain : 

 CTCTB   (5)
where CT and C are characteristics of the fibre type (Standard single mode fibre) and the 
operating wavelength. At 0 = 1550 nm for standard fibres, typical values of these 
coefficients are C=0.05MHz/µ and C=1MHz/°C. Brillouin distributed sensing can be 
performed by two different means. One consist in the use of a pulsed laser source and the 
analysis of the spectrum coming from successively backscattered light. That gives plots of 
distributed Brillouin spectrum like on Fig. 5. This plot sketches measurements from a fibre 
we had previously coiled in a solid cylinder with 5 strain echelons of 0, 250, 500, 1000 and 
200µ (Lanticq et al., 2009a)
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where λAS , λS are anti-Stokes and Stokes wavelengths, υ is their wave-number separation 
from the pump wavelength, h is Planck’s constant, c is the velocity of the light, k is 
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backward. To satisfy the coupling conditions, the frequency-shift (often pointed as the 
Brillouin frequency B) is linked to optical and acoustic parameters by the following 
relationship: 
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where neff is the effective index of the optical mode i.e. the ratio between light speed in 
vacuum and in a medium, and 0 the operating wavelength. 
Brillouin sensing consists in measuring the Brillouin frequency assuming it is proportional 
to temperature variations (T) and strain : 

 CTCTB   (5)
where CT and C are characteristics of the fibre type (Standard single mode fibre) and the 
operating wavelength. At 0 = 1550 nm for standard fibres, typical values of these 
coefficients are C=0.05MHz/µ and C=1MHz/°C. Brillouin distributed sensing can be 
performed by two different means. One consist in the use of a pulsed laser source and the 
analysis of the spectrum coming from successively backscattered light. That gives plots of 
distributed Brillouin spectrum like on Fig. 5. This plot sketches measurements from a fibre 
we had previously coiled in a solid cylinder with 5 strain echelons of 0, 250, 500, 1000 and 
200µ (Lanticq et al., 2009a)
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Fig. 5. Distributed Brillouin spectrum along a strained optical fibre. 
 
Another is to use the non-linear effect called Stimulated Brillouin Scattering (SBS). It occurs 
when, simultaneously with the pump wave, a frequency-shifted wave —so called probe 
wave— is propagating backward. If the frequency shift between the two waves is close to 
the Brillouin frequency, then energy can be transferred from the pump to the probe wave. 
That can be interpreted as a gain spectrum for probe wave (Niklès et al., 1997). Distributed 
Brillouin spectrum can be recovered by use of a pulsed pump wave and a continuous probe 
wave, acquiring time traces for several frequency-shifts of the probe. The final trace of this 
method, called Brillouin Optical Time Domain Analysis (B-OTDA) is similar to B-OTDR one 
(see Fig. 5). 
Various optoelectronic instruments using these techniques are commercially available and 
may be paired with many different sensing cables to provide either temperature or strain 
measurements as described in section 4. 
In 2002, the first commercial system based on the Brillouin scattering was implemented; by 
2007, the market had expanded to include at least five suppliers of Brillouin interrogation 
systems (Omnisens in Switzerland, Sensornet in England, OZ-Optics in Canada, Yokogawa 
and Neubrex in Japan). The accuracy derived lies on the order of 1°C, 20 µ and 1 m of 
spatial resolution, over spans extending several tens of kilometres. The most widespread 
application is currently pipeline leak detection.  
Nonetheless, three shortcomings are restricting this technology solely to the realm of 
research. First, the location of measurement performed by any distributed sensing technique 
is not perfectly known (uncertainty on index value). Second, using Brillouin sensing, spatial 
resolution is still fixed by pulse duration but it is limited by the phonon lifetime (Fellay et 
al., 1997). This latter parameter is in the order of 10ns which corresponds to a 1m spatial 
resolution. Finally, separating temperature from deformation influences requires the use of 
cables incorporating two optical fibres, one of which being mechanically isolated. Thus, 
research on the topic is extremely active, with respect to both the interrogation techniques 
for reaching centimeter-scale spatial resolutions (Imai et al., 2003) (Zou et al., 2005) and the 
choice of new optical fibres to enable discriminating thermal and mechanical influences (Lee 
& Chiang, 2001) (Zou & Bao, 2004).  

 

 

3. Spatial issues of distributed measurement systems 
 

We showed previously that new parameters were necessary to describe distributed OFS 
systems. We defined, with equation (1), the location of the performed measurement which 
value is evaluated in terms of time spent since the pulse entered the fibre, and spatial 
resolution (equation (2)). Improvement on knowledge of measurement location and decrease 
of the spatial resolution are still very challenging topics of research.  

 
3.1 Spatial resolution 
Brillouin devices offer sometimes lower spatial resolution than required by applications. In 
(Lanticq et al., 2009b) we showed an example of bad detection by such a device.  

 
Fig. 6. Brillouin spectra obtained with a sensing system with insufficient spatial resolution  
 
Indeed, as shows Fig. 6, if only one part of the sensing zone is highly strained 2 peaks 
appear on the spectrum trace. As devices are usually performing peak detection to estimate 
the Brillouin frequency from the spectrum, 2 cases can then occur: 

1. Most power is on the peak corresponding to the high strain (grey curve), then 
detection is completed without any problem. 

2. Most power is on the rest of the spectrum (dashed curve), then detection is missed. 
As we mentioned before, the main cause of spatial resolution limitation is phonon lifetime. 
To get around this difficulty, it necessary to give up any time domain coding method. Thus 
we are going to deal with two of them: Frequency domain coding for Rayleigh reflectometry 
and correlation domain coding for pump-probe Brillouin measurement systems. 
 
a) Frequency domain coding of Rayleigh reflectometry 
OFDR (Optical Frequency Domain Reflectometry) systems use a tunable laser source and 
analyse the backscattered light in the spectral domain. Such a device uses ramp wavelength 
(frequency) modulation of the CW laser source. So at time t, the position from which comes 
the detected wavelet is frequency-domain coded. Similarly with OTDR, OFDR can provide 
local backscattered light intensity variation after FFT (Fast Fourier Transform) numerical 
process (see on left part of  Fig. 7) of the detected signal. If the sensitivity of those 
instruments is so high that Rayleigh scattering uniformities in the fibre can be observed, 
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resolution is still fixed by pulse duration but it is limited by the phonon lifetime (Fellay et 
al., 1997). This latter parameter is in the order of 10ns which corresponds to a 1m spatial 
resolution. Finally, separating temperature from deformation influences requires the use of 
cables incorporating two optical fibres, one of which being mechanically isolated. Thus, 
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choice of new optical fibres to enable discriminating thermal and mechanical influences (Lee 
& Chiang, 2001) (Zou & Bao, 2004).  

 

 

3. Spatial issues of distributed measurement systems 
 

We showed previously that new parameters were necessary to describe distributed OFS 
systems. We defined, with equation (1), the location of the performed measurement which 
value is evaluated in terms of time spent since the pulse entered the fibre, and spatial 
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Indeed, as shows Fig. 6, if only one part of the sensing zone is highly strained 2 peaks 
appear on the spectrum trace. As devices are usually performing peak detection to estimate 
the Brillouin frequency from the spectrum, 2 cases can then occur: 

1. Most power is on the peak corresponding to the high strain (grey curve), then 
detection is completed without any problem. 

2. Most power is on the rest of the spectrum (dashed curve), then detection is missed. 
As we mentioned before, the main cause of spatial resolution limitation is phonon lifetime. 
To get around this difficulty, it necessary to give up any time domain coding method. Thus 
we are going to deal with two of them: Frequency domain coding for Rayleigh reflectometry 
and correlation domain coding for pump-probe Brillouin measurement systems. 
 
a) Frequency domain coding of Rayleigh reflectometry 
OFDR (Optical Frequency Domain Reflectometry) systems use a tunable laser source and 
analyse the backscattered light in the spectral domain. Such a device uses ramp wavelength 
(frequency) modulation of the CW laser source. So at time t, the position from which comes 
the detected wavelet is frequency-domain coded. Similarly with OTDR, OFDR can provide 
local backscattered light intensity variation after FFT (Fast Fourier Transform) numerical 
process (see on left part of  Fig. 7) of the detected signal. If the sensitivity of those 
instruments is so high that Rayleigh scattering uniformities in the fibre can be observed, 
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then a simple cross-correlation between two OFDR traces allows evaluating local strain all 
along the fibre. 
 

         
Fig. 7. (left) OFDR system block diagram, (right) strain traces obtained using both OFDR 
and B-OTDR simultaneously in the same cable; the black curve is drawn averaging OFDR 
measurements along each B-OTDR measurement zones.  
 
As described in great details in (Glombitza et al. 2006), the OFDR spatial resolution z is 
inversely proportional to the bandwidth of the tunable-laser frequency range: 
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Therefore, this parameter is only limited by Δ which can reach very high values. On the 
other hand, measurement range usually decreases when  frequency-range increases. Indeed, 
it is dependent on frequency resolution  by a similar relationship: 

gn
cd

2max   (7)

For example, the American firm Luna Technologies has been marketing since spring 2006 an 
OFDR based on optoelectronic device called OBR (Optical Backscatter Reflectometer), which 
constitutes the state of the art of such devices. It enables measuring optical fibre 
deformations (at homogeneous temperature) over 150 m with a millimetre-sized spatial 
resolution and a level of precision equal to a few micro-deformations.  
This performance has been obtained by OFDR, in association with an advanced correlation 
method between the ongoing measurement and a reference state. Temperature change (T) 
and strain () are obtained by calculating local changes on optical path from the correlation 
function between last OFDR trace and a reference trace (Froggatt & Moore 1998). As shows 
right part of Fig. 7, we demonstrate in (Lanticq et al., 2009) that this device could be 
complementary of B-OTDR for short range detection of sub-meters straining events. 
 
b) Correlation domain coding of Brillouin spectrum analysis 
The frequency domain reflectometry technique has been adapted to Brillouin devices giving 
birth to Brillouin Optical Frequency Domain Analyser (Garus et al., 1996). Although they 
were very promising theoretically, these devices never showed performances much better 
than B-OTDA in terms of spatial resolution or range. To reach very better spatial resolutions 

 

in Brillouin systems the best technical solution investigated is, to the best of our knowledge, 
correlation domain spectrum analysis. 

 
Fig. 8. Principle of correlation coding in B-OCDA systems (from (Hotate & Takemi ,2000)). 
 
(Hotate & Takemi  2000) gives the outline of this method: Pump and probe (which frequency 
difference is ) injected in the fibre under test are created from the same frequency 
modulated CW wave. As they propagate in opposite directions, then actual frequency 
difference between the two waves is exactly  only in finite number of location. This 
number can be reduce to 1, by using a chopped pump wave. If =B and if modulation 
depth Fm is high enough, SBS occurs on only one very tight zone of the fibre. Location can 
be swept by tuning the modulation frequency fm. Spatial resolution and range can be 
redefined with the following relationships: 
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where B is the Brillouin linewidth which value is usually about 40MHz. As this method 
uses continuous waves, spatial resolution is no more limited by phonon lifetime.  
Indeed, this technique has led to highly resolved distributed measurements. For example, a 
spatial resolution as low as 2 mm has been reached by (Song et al., 2006). On the other hand 
range values, usually about several tens of meters, are far from reaching B-OTDR (or B-
OTDA) ones. That is why, as Rayleigh OFDR, this technique remains complementary with 
OTDR-based methods. 

 
3.2 Measurement localisation accuracy 
As we mentioned at the beginning of this part, one of the major issue of distributed sensing 
is the uncertainty on the measurement locations. Indeed, as we showed in 
(Lanticqetal.2009b), a lag could exist between measurement location estimated by different 
commercial devices. This is mainly due to group index value they are using during data 
processing. Indeed from (1), we can deduce this uncertainty u(z) on location z from the one 
on the group index u(ng) and the distance z from the fibre entry: 
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then a simple cross-correlation between two OFDR traces allows evaluating local strain all 
along the fibre. 
 

         
Fig. 7. (left) OFDR system block diagram, (right) strain traces obtained using both OFDR 
and B-OTDR simultaneously in the same cable; the black curve is drawn averaging OFDR 
measurements along each B-OTDR measurement zones.  
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and strain () are obtained by calculating local changes on optical path from the correlation 
function between last OFDR trace and a reference trace (Froggatt & Moore 1998). As shows 
right part of Fig. 7, we demonstrate in (Lanticq et al., 2009) that this device could be 
complementary of B-OTDR for short range detection of sub-meters straining events. 
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difference is ) injected in the fibre under test are created from the same frequency 
modulated CW wave. As they propagate in opposite directions, then actual frequency 
difference between the two waves is exactly  only in finite number of location. This 
number can be reduce to 1, by using a chopped pump wave. If =B and if modulation 
depth Fm is high enough, SBS occurs on only one very tight zone of the fibre. Location can 
be swept by tuning the modulation frequency fm. Spatial resolution and range can be 
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where B is the Brillouin linewidth which value is usually about 40MHz. As this method 
uses continuous waves, spatial resolution is no more limited by phonon lifetime.  
Indeed, this technique has led to highly resolved distributed measurements. For example, a 
spatial resolution as low as 2 mm has been reached by (Song et al., 2006). On the other hand 
range values, usually about several tens of meters, are far from reaching B-OTDR (or B-
OTDA) ones. That is why, as Rayleigh OFDR, this technique remains complementary with 
OTDR-based methods. 

 
3.2 Measurement localisation accuracy 
As we mentioned at the beginning of this part, one of the major issue of distributed sensing 
is the uncertainty on the measurement locations. Indeed, as we showed in 
(Lanticqetal.2009b), a lag could exist between measurement location estimated by different 
commercial devices. This is mainly due to group index value they are using during data 
processing. Indeed from (1), we can deduce this uncertainty u(z) on location z from the one 
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assuming time spent from pulse entrance is perfectly known. In addition, the provided 
information is the curvilinear abscissa along an optical fibre coil, often partially embedded 
into structures to monitor, often in the km range. So uncertainty of location for the end used 
can be much higher if a sensor location map is not carefully drawn during installation. 
 

 
Fig. 9. position lag between two measurement systems interrogating the same sensor. 
 
Fig. 9 highlights a lag of 1% between 2 different instrument traces, after only 85 m 
propagation into the fibre. This means that for distributed measurements along 20km 
(typical range of B-OTDR or R-OTDR), those technologies do not suit requirements. Indeed, 
for instance in the case of underground cavity detection, at 20 km distance the user should 
dig a 200m large zone to find the hole. Then a good solution for Brillouin devices is to 
include markers in the sensing line at several well known locations. (Honda et al., 2009) 
used spans of a different fibre (with a different Brillouin frequency shift) spliced to the 
sensing fibre (SMF) as absolute location markers. Highly strained or heated spans could be 
used as well. If it is possible those markers should be located out of the structure giving 
access to the fibre by the user. Then, high spatial resolution devices can be used on a short 
part of the sensing line previously identified as interesting (or risky) by the low spatial  
resolution apparatus. 

 
4. Host material inclusion problems 
 

4.1 Cable choice 
The choice of the fibre and its coating is crucial in optical sensor applications, especially for 
Rayleigh of Brillouin scattering where multi-parameter sensitivity is to be handled. A 
sensitive optical fibre cable is made of: 

 an optical fibre, namely 125µm of silica (in few cases plastic optical fibres) in which 
the measurement is made, called the transducer, 

 a material that surrounds the fibre, called primary coating, manufactured at the 
same time as the optical fibre in the drawling tower, usually made of polyimide or 
acrylate.  

An external coating provides contact with the host material, concrete or soil for example. 
The sensor coating must ensure various functions. First it has to protect the fibre from all 

 

kinds of aggression: Chemical (for instance concrete is alkaline, radiations in nuclear power 
plants), mechanical (concrete pouring and vibrating followed by aggregate solicitation; 
introduction into ground, vibrating rollers passing) and thermal (temperature reaches 65°C 
during concrete pouring). As a result, the cable must be robust in order to resist to every 
stage of implementation as illustrated in Fig. 10. Second, it must ensure an optimal transfer 
of measured parameter changes from the host material to the sensitive optical fibre. This 
aspect is of utmost importance as it might strongly degrade the whole measurement system. 
It is highly dependent on the environment nature and should be targeted to reach optimal 
performance. So, the incorporation of OFS into civil engineering structures remains 
challenging. Third, it has to reduce stress concentration around the fibre and hence to 
minimise the obstrusivity, meanwhile preventing debonding of the sensor. Thanks to their 
size in the millimetre range, optical fibre sensors are known to be less invasive than 
traditional sensors. Yet, while designing an optical fibre sensing cable, the cable size should 
remain an important parameter adjusted to the host environment specificities. 
 

 
Fig. 10. Sensor cable must be robust: example of concrete pouring . Extracted from (Dubois 
et al., 2007) 
 
a) Orders of magnitudes of sensing cable influence 
For point-like sensors, it has been reported (Caussignac et al., 2002), that commercially-
available optical fibre extensometers embedded into concrete may underestimate strain by 
about 10%, shift correlated by finite element analysis with the shape and the Young's 
modulus of the sensor external coating. 
For Raman distributed temperature sensing into single-mode fibres, sensor coating may 
even ruin measurements as described in (Dubois et al., 2009). 
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introduction into ground, vibrating rollers passing) and thermal (temperature reaches 65°C 
during concrete pouring). As a result, the cable must be robust in order to resist to every 
stage of implementation as illustrated in Fig. 10. Second, it must ensure an optimal transfer 
of measured parameter changes from the host material to the sensitive optical fibre. This 
aspect is of utmost importance as it might strongly degrade the whole measurement system. 
It is highly dependent on the environment nature and should be targeted to reach optimal 
performance. So, the incorporation of OFS into civil engineering structures remains 
challenging. Third, it has to reduce stress concentration around the fibre and hence to 
minimise the obstrusivity, meanwhile preventing debonding of the sensor. Thanks to their 
size in the millimetre range, optical fibre sensors are known to be less invasive than 
traditional sensors. Yet, while designing an optical fibre sensing cable, the cable size should 
remain an important parameter adjusted to the host environment specificities. 
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a) Orders of magnitudes of sensing cable influence 
For point-like sensors, it has been reported (Caussignac et al., 2002), that commercially-
available optical fibre extensometers embedded into concrete may underestimate strain by 
about 10%, shift correlated by finite element analysis with the shape and the Young's 
modulus of the sensor external coating. 
For Raman distributed temperature sensing into single-mode fibres, sensor coating may 
even ruin measurements as described in (Dubois et al., 2009). 
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For Brillouin temperature-only monitoring, as pointed out in introduction, cross-sensitivity 
with strain may significantly shift the measurements. More precisely, Brillouin temperature 
sensitivity is modified by mechanical strain created inside the optical fibre by the thermal 
expansion of the specific coating (Kurashima et al, 1990). As depicted with great details in 
(Lanticq et al., 2008), (5) becomes (11) for an externally unstrained sensor: 
 

( ) '
fiberT sensorC C T C T        (11) 

where CTfiber and C are the temperature and strain optical fiber sensitivity coefficients and 

sensor is the temperature expansion factor. If the sensor is completely bound up with the 
host material, one must take into account the expansion coefficient of the host material: 

alhostmateriTT CCC "  (12) 
As concrete=1010-6/°C, CTfiber = 0.92MHz/°C, then C’’Tfiber = 1.42 MHz/°C.  
Error! Reference source not found. represents the recordings of temperature variations at 
the center of a 3m long concrete beam instrumented with optical fibre sensors collocated 
with reference temperature sensors. The Brillouin shift was measured with a commercially 
available Brillouin optical time-domain reflectometer (BOTDR) operating at 1.55µm. 
Temperature variations during the 60th hours of concrete hardening were recorded.  The 
dotted curve (no strain S1) represents the raw results, corresponding to equation (5). The 
black curve represents the temperature curve recorded by the reference sensor. Exothermic 
chemical reaction causes an increase in temperature until the 25th hour after the pouring of 
concrete, time of the highest temperatures measured by the sensor. We made a mistake in 
(Lanticq et al., 2008), claiming that until the 45th, the concrete is considered as a liquid and 
that the cable is not seen as connected to the structure. Actually, according to the concrete 
maturometry theory, since the chemical reaction has started, the concrete become solid and 
its strength is quickly high enough to drag the sensor. Thus, taking into account the strain 
due to thermal expansion, the thermal coefficient of the sensor is C”T, defined by equation 
(12), as soon as temperature starts to increase in the material (15h after pouring, in our case). 
Then, as shows figure 11, if all the Brillouin frequency variations are interpreted as 
thermally induced (see the raw Brillouin measurement curve), the temperature variation is 
clearly underestimated, compared to temperature measured by an electronic resistive sensor 
(solid curve). 
This is due to mechanical strain in the beam perturbing Brillouin measurement: it is created 
in the early hours by the young age autogeneous shrinkage of concrete. On figure 11, this 
additional compressive strain has been estimated by equation (5) using the measured 
Brillouin frequency and the electronic temperature sensor measurement. Fourier filtering of 
the mechanical strain (dashed curve) has been used in the aim of evaluating noise on 
Brillouin temperature measurement. Standard deviation between strain-compensated 
Brillouin temperature measurements (gray curve) and reference sensor measurements is 
0.4°C. This is promising compared to results available in literature (Rajesh et al., 2006) 
(Wade et al., 2004), but one shall remember that all the data-processing described here 
wouldn’t have been possible without additional reference measurements. 
 
 
 
 
 

 

 
Fig. 11. Use of Brillouin measurements and reference temperature measurements to evaluate 
the mechanical strain. 
 
For strain measurement, not only the coating must perform optimal strain field transfer 
from the host material to the optical fibre, but it must also be adjusted to the environment in 
terms of variation range.  Concrete mechanical normal evolution range is smaller than silica 
that can handle few percent tensile loading. On the contrary, for ground applications (dikes 
and embankment monitoring), optical fibre use may be restrictive. Fig. 11 presents strain 
measurements performed by OBR instrument into a sensing cable embedded into an 
embankment where artificial cavities were created in order to simulate sinkhole formation 
(Lanticq et al., 2009b). When tensile loading exceeded 0.1% (referred to ‘large strain’) 
unexpected strain peaks seem to scramble the measurement. This phenomenon is even 
worse if strain increases anymore (huge strain ~1%). The optical fibre locally disunited with 
the cable, involving very close (sub-millimetres) tensile and compressive strain zones. 
Unfortunately, this effect is irreversible, signifying that this cable is not robust enough for 
use under strain up to 0.1%. 
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For Brillouin temperature-only monitoring, as pointed out in introduction, cross-sensitivity 
with strain may significantly shift the measurements. More precisely, Brillouin temperature 
sensitivity is modified by mechanical strain created inside the optical fibre by the thermal 
expansion of the specific coating (Kurashima et al, 1990). As depicted with great details in 
(Lanticq et al., 2008), (5) becomes (11) for an externally unstrained sensor: 
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where CTfiber and C are the temperature and strain optical fiber sensitivity coefficients and 
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host material, one must take into account the expansion coefficient of the host material: 

alhostmateriTT CCC "  (12) 
As concrete=1010-6/°C, CTfiber = 0.92MHz/°C, then C’’Tfiber = 1.42 MHz/°C.  
Error! Reference source not found. represents the recordings of temperature variations at 
the center of a 3m long concrete beam instrumented with optical fibre sensors collocated 
with reference temperature sensors. The Brillouin shift was measured with a commercially 
available Brillouin optical time-domain reflectometer (BOTDR) operating at 1.55µm. 
Temperature variations during the 60th hours of concrete hardening were recorded.  The 
dotted curve (no strain S1) represents the raw results, corresponding to equation (5). The 
black curve represents the temperature curve recorded by the reference sensor. Exothermic 
chemical reaction causes an increase in temperature until the 25th hour after the pouring of 
concrete, time of the highest temperatures measured by the sensor. We made a mistake in 
(Lanticq et al., 2008), claiming that until the 45th, the concrete is considered as a liquid and 
that the cable is not seen as connected to the structure. Actually, according to the concrete 
maturometry theory, since the chemical reaction has started, the concrete become solid and 
its strength is quickly high enough to drag the sensor. Thus, taking into account the strain 
due to thermal expansion, the thermal coefficient of the sensor is C”T, defined by equation 
(12), as soon as temperature starts to increase in the material (15h after pouring, in our case). 
Then, as shows figure 11, if all the Brillouin frequency variations are interpreted as 
thermally induced (see the raw Brillouin measurement curve), the temperature variation is 
clearly underestimated, compared to temperature measured by an electronic resistive sensor 
(solid curve). 
This is due to mechanical strain in the beam perturbing Brillouin measurement: it is created 
in the early hours by the young age autogeneous shrinkage of concrete. On figure 11, this 
additional compressive strain has been estimated by equation (5) using the measured 
Brillouin frequency and the electronic temperature sensor measurement. Fourier filtering of 
the mechanical strain (dashed curve) has been used in the aim of evaluating noise on 
Brillouin temperature measurement. Standard deviation between strain-compensated 
Brillouin temperature measurements (gray curve) and reference sensor measurements is 
0.4°C. This is promising compared to results available in literature (Rajesh et al., 2006) 
(Wade et al., 2004), but one shall remember that all the data-processing described here 
wouldn’t have been possible without additional reference measurements. 
 
 
 
 
 

 

 
Fig. 11. Use of Brillouin measurements and reference temperature measurements to evaluate 
the mechanical strain. 
 
For strain measurement, not only the coating must perform optimal strain field transfer 
from the host material to the optical fibre, but it must also be adjusted to the environment in 
terms of variation range.  Concrete mechanical normal evolution range is smaller than silica 
that can handle few percent tensile loading. On the contrary, for ground applications (dikes 
and embankment monitoring), optical fibre use may be restrictive. Fig. 11 presents strain 
measurements performed by OBR instrument into a sensing cable embedded into an 
embankment where artificial cavities were created in order to simulate sinkhole formation 
(Lanticq et al., 2009b). When tensile loading exceeded 0.1% (referred to ‘large strain’) 
unexpected strain peaks seem to scramble the measurement. This phenomenon is even 
worse if strain increases anymore (huge strain ~1%). The optical fibre locally disunited with 
the cable, involving very close (sub-millimetres) tensile and compressive strain zones. 
Unfortunately, this effect is irreversible, signifying that this cable is not robust enough for 
use under strain up to 0.1%. 
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Fig. 11. Strong deformations measurements within an optical fibre embedded into an 
embankment where sinkhole formation were simulated.  
 
b) Strain sensing optical fibre cable design 
One major difficulty is the strain-field transfer from the host material to the embedded 
optical fibre. Literature reports ways to calculate a calibration factor linked with stiffness 
difference between a sensor and its host material under uniform loads (Ansari & Libo, 1998) 
and even with non-uniform strain distribution (Okabe et al., 2002). Moreover, besides 
materials, the shape of the sensors strongly influences the difference between the strains in 
the optical fibre and in the host material, and more generally, the sensor response. For point-
like sensor a commonly-used I-shaped sensor body has been described and optimized 
(Winter et al., 2005)  (Choquet et al., 2000). For distributed sensors, specific packaging are 
proposed by various distributors, as shown on Fig. 12, representing different types of 
Smartec extensometers.  
 

 
Fig. 12. Range of distributed strain sensors proposed by the Smartec company. 
 
The first step is to list optical fibre sensor specifications: Presence of hydrogen, maximal 
temperature to be handled, durability (linked with structure ), required sensitivity. Then a 

 

sensor coating may be found within commercially available products. Corresponding 
publications (Inaudi & Glisic, 2006) (Dewynter et al., 2007) describing optical fibre sensor 
coating designs are to be read carefully. Then a qualification process should be realized, as 
described for dike monitoring by EDF in the previous paragraph. An example can be found 
in (Delépine-Lesoille et al., 2006) detailing the design and realization of a wave-like sensor 
specially developed to embed optical fibre extensometers into concrete. As shown on Fig. 13, 
finite-element analysis performed with thermal and mechanical models enabled optimizing 
materials and shapes. It resulted in a composite materials with appropriate stiffness, a braid 
made of glass fibres impregnated with epoxy on top of polyimide primary coating. The 
realization process has then been defined to reach great accordance with the theoretical 
design. Temperatures during epoxy reticulations, type of glass to remain compatible with 
concrete, as well as geometric result were considered. The method for bringing the fibre into 
the braid was also a challenge so as to ensure that the fibre does not suffer from 
microbendings (and related losses). Laboratory and field evaluations were carried out. 
Finally, this coating has been validated with different sensing principles, from point-like 
sensors (temperature Bragg grating sensors), to long base extensometers (Delépine-Lesoille 
et al., 2006) to Brillouin sensing chain (Lanticq et al., 2008), the sensitive part also being 
embedded into concrete.  

 

 
Fig. 13. Sensor coating. On the left, FEM figure of the sensor developed at LCPC; On the 
right, the sensor actually made by the IDIL company from the theoretical model. 

 
4.2 Temperature and strain discrimination 
In the aim of simultaneously estimate T and , one of the more instinctive consists in using 
two fibres in the same sensing cable, one being strain-free, and the other being bound with 
the material. Then the first is only submitted to temperature changes and can be used to 
compensate numerically its effects on the measurement of the second. These kind of cable is 
commercially available, but it has to be carefully used. Indeed, since the cable is embedded 
in the material, it is very difficult for the user to guaranty that the first fibre remains strain 
free during all the sensor lifetime.  
Thus, two different parameters p1 and p2 are measured by optical methods in the same fibre. 
Both are varying linearly with temperature and strain, resulting in the following system: 
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Then temperature and strain can be estimated, inverting the previous system as it follows: 
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Then temperature and strain can be estimated, inverting the previous system as it follows: 
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Where D=CT1C2-C1CT2 is the discriminator of the system matrix. The uncertainties u(T) 
and u() on T and  method are then linked to uncertainties u(p1) and u(p2) on associated to 
parameters directly measured p1 and p2. Thus, assuming all the calibration coefficient are 
perfectly well known: 
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Fig. 14. Distributed spectrum of a strained LEAF fibre. The evolution of 4 Brillouin peaks is 
clearly visible (Lanticq, 2008a). 
 
As Large Effective Area Fibre (LEAF) have several significant Brillouin peaks at 1.55µm 
wavelength, we decided to investigate the suitability of the two of its four peaks  to perform 
simultaneous measurements. To do so, we estimated coefficients CTi and Ci during 
experimental calibration. One can see on Fig. 14 distributed Brillouin spectrum 
measurement of a strained LEAF fibre performed with the same experiment as those on Fig. 
5. Highest value of |D| were obtained with first and third peaks. Since |D|= 10-3 MHz2.°C-1 

we estimated uncertainties on T and , assuming u(i)=2MHz (typical value): 
u(T) = 35°C (17) 
u() = 700  (18) 

Equations (17) and (18) prove that LEAF fibre is not suitable for simultaneous measurement. 
Moreover recent works (Zou et al., 2008a) (Zou et al., 2008b) have tended to prove that no 
solid fibre seems efficient to separate temperature and strain with the use of two Brillouin 
frequencies. 
Then, one can think about using Raman and Brillouin distributed measurement in the same 
fibre, but Brillouin sensing requires monomode fibre whereas Raman measurements reach 
an optimal efficiency in multimode fibres (Farahani & Gogolla, 1999). It is possible to design 
a cable with two fibres (monomode and multimode) but two interrogating systems are 
necessary and cost would be important. 

 

More promising results have been highlighted using polarisation maintaining fibres: The 
second parameter is then the local beat length. In this case, the interrogating systems must 
have a high spatial resolution because beat length is as low as 5mm in this kind of fibre. 
Either B-OCDA (Zou et al., 2008b) or OFDR (Froggatt et al., 2006) systems have been 
implemented for simultaneous measurement and gave very promising result. Nevertheless 
those apparatus were made of polarisation maintaining components, much more costly. In 
addition, in the most part of civil engineering structures, temperature gradients are very 
weak (compared to strain ones), and consequently only a few temperature sensors are 
necessary to monitor this parameter. Thus, the need of multiplexing is less critical, and 
standard sensors such as resistive temperature detectors or thermocouples can be regarded 
as acceptable solution for users. 

 
5. Conclusion 
 

To conclude, we propose the outline of what would be a modern distributed strain 
monitoring system. In section 4. we demonstrate that time-domain based systems 
constitutes the only suitable technical solution for kilometre-scale instrumentation. However 
high-resolution can be complementarily used in small parts of the sensing line, if something 
has been detected in it. To do so, it is necessary to give an access to the end user in the aim of 
plugging the high resolution device (HR system on Fig. 15). For better localisation of 
measurement points, markers can be introduces regularly along the sensing line. Finally, as 
temperature often varies slowly spatially, a few temperature sensors could be enough to 
compensate the temperature effect on strain measurement systems. But in certain cases, as 
bridges, temperature can vary as much in the structures as it must be monitored by 
distributed measurements. That is why simultaneous strain and temperature sensing 
methods are still today a very intense research topic.  
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Fig. 15. Modern instrumentation scheme for SHM applications. 

 
6. References 
 

Ansari, F. & Libo, Y. (1998) “Mechanics of bond and interface shear transfer in optical fibre 
sensors“, Journal of Engineering Mechanics, Vol. 124, No. 4, 385-394. 

Barnoski, M. K. & Jensen, S.M. (1976) “Fibre waveguides: a novel technique for investigating 
attenuation characteristics“ Applied Optics Vol. 15, No. 9. 

Branko Glisic & Daniele Inaudi (2007) Fibre Optic Methods for Structural Health Monitoring, 
Wiley & Sons, ISBN 978-0470-06142-8. 

Caussignac, JM.; Dupont, J. & Chau, B.; (2002), “Design of optical fibre sensors for smart 
concrete structures”  Proceedings of the First European Workshop of Structural Health 
Monitoring (SHM2002), 585-591 , Cachan, France. 

Choquet, P.; Juneau, F.; Bessette, J.; (2000) “New generation of Fabry-Perot fiber optic 
sensors for monitoring of structures” Proceedings of SPIE’s 7th annual International 
Symposium on Smart Structures and materials, Newport Beach, USA. 

Crunelle, C.; Wuilpart, M.; Caucheteur, C.; & Mégret, P.; (2009) “A quasi-distributed 
temperature sensor interrogated by a wavelength-sensitive optical time-domain 
reflectometer” Meaurement Science Technolology, Vol. 20, No 2, 027001.  

Delépine-Lesoille, S. ; Merliot, E. ; Boulay, C. ; Quetel, L.; Delaveau, M. ; Courteville, A. 
(2006) “Quasi-distributed optical fibre extensometers for continuous embedding 
into concrete“. Smart Structures and Materials, 931-938. 

 

Dewynter, V. et al. (2007) “Underground tunnelling monitoring based on sensitive optical 
fibre cable and Brillouin reflectometry”, 3rd Int. Conf. on Structural Health 
Monitoring of Intelligent Infrastructure, Vancouver, Canada. 

Dubois, J.-P. ; Delépine-Lesoille, S.; Tran, V.-H. ; Buschaert, S. ; Mayer, S. ; Henault, J.-M.; 
Salin, J. & Moreau, G. (2009) “Raman versus Brillouin optical fiber distributed 
temperature sensing: an outdoor comparison”,  4th International Conference on 
Structural Health Monitoring on Intelligent Infrastructure (SHMII-4), Zurich, 
Switzerland. 

Duck, G. & LeBlanc, M. (2000) “Arbitrary strain transfer from a host to an embedded fibre-
optic sensor“, Smart Materials and Structures, Vol. 9, No. 4, 492-497. 

Farahani, M.A.; Gogolla,T. (1999) “Spontaneous Raman scattering in optical fibers with 
modulated probe light for distributed temperature Raman remote sensing. Journal 
of Lightwave Technology, Vol. 17,No. 8, 1379. 

Fellay, A.; Thévenaz, L.; Facchini, M.; Nikles, M.; and Robert, P. (1997) “Distributed sensing 
using stimulated Brillouin scattering : towards ultimate resolution.” In Proceedings 
of Optical Fiber Sensors Conference, Vol. 16, pages 324-327. 

Froggatt, M. & Moore J. (1998) “High-spatial-resolution distributed strain measurement in 
optical fibre with Rayleigh scatter”, Applied Optics Vol. 37, No. 10. 

Froggatt, M.; Gifford, D.; Kreger, S.; Wolfe, M.; & Soller, B. (2006) “Distributed Strain and 
Temperature Discrimination in Unaltered Polarization Maintaining Fiber,” in 18th 
Optical Fiber Sensors Conference, OSA Technical Digest (CD) (Optical Society of America, 
2006), paper ThC5. Cancun, Mexico.  

Fry, J.-J. (2004) “Détection de fuite sur les digues par acquisition de profils de température le 
long d’une fibre optique” Sécurité des digues fluviales et de navigation, November 25-
26, Orléans, France. 

Garus, D.; Krebber K.; Schliep, F. & Gogolla, T. (1996) “Distributed sensing technique based 
on brillouin optical-fiber frequency-domain analysis”. Optics Letters, Vol. 21, No. 17, 
1402-1404. 

Glisic,B. & Inaudi, D. (2007) Fibre Optic Methods for Structural Health Monitoring, John Wiley 
& Sons. 

Glombitza, U. & Brinkmeyer, E. (1993) “Coherent frequency-domain refectometry for cha-
racterization of single-mode integrated-optical waveguides”. Journal of Lightwave 
Technology, Vol. 11, No. 8, 1377-1384. 

Hénault J.-M. (2006) “Mesure de température distribuée par fibre optique et effet Raman: 
Détection de fuites dans les digues.” Journée mesure de température, Mesurexpo, 
October 17, Paris, France. 

Honda, N. ; Inoue, M. ; Araki, N. & Azuma, Y. (2009) “New Optical Fiber Line Testing 
System Function for Highly Accurate Facility Location Using Brillouin Frequency 
Shift Assigned Optical Fiber,” in Optical Fiber Communication Conference, OSA 
Technical Digest (CD) (Optical Society of America, 2009), paper OWU3. 

Hotate, K. & Hasegawa, T. (2000) “Measurement of brillouin gain spectrum distribution 
along an optical fiber using a correlation-based technique proposal, experiment and 
simulation”. IEICE TRANSACTIONS on Electronics, Vol. E83-C, No. 3, 405-412. 

Imai, M.; Sako, Y.; Miura, S.; Miyamoto, Y.; Ong, S.L. & Hotate, K. (2003) “Dynamic Health 
Monitoring for a building model using a BOCDA based fibre optic distributed 
sensor” Structural health monitoring and Intelligent Infrastructure, Vol. 1, 241-46. 



Distributed	Optical	Fibre	Sensors	for	Structural	Health	Monitoring:	Upcoming	Challenges 197

 

 
Fig. 15. Modern instrumentation scheme for SHM applications. 

 
6. References 
 

Ansari, F. & Libo, Y. (1998) “Mechanics of bond and interface shear transfer in optical fibre 
sensors“, Journal of Engineering Mechanics, Vol. 124, No. 4, 385-394. 

Barnoski, M. K. & Jensen, S.M. (1976) “Fibre waveguides: a novel technique for investigating 
attenuation characteristics“ Applied Optics Vol. 15, No. 9. 

Branko Glisic & Daniele Inaudi (2007) Fibre Optic Methods for Structural Health Monitoring, 
Wiley & Sons, ISBN 978-0470-06142-8. 

Caussignac, JM.; Dupont, J. & Chau, B.; (2002), “Design of optical fibre sensors for smart 
concrete structures”  Proceedings of the First European Workshop of Structural Health 
Monitoring (SHM2002), 585-591 , Cachan, France. 

Choquet, P.; Juneau, F.; Bessette, J.; (2000) “New generation of Fabry-Perot fiber optic 
sensors for monitoring of structures” Proceedings of SPIE’s 7th annual International 
Symposium on Smart Structures and materials, Newport Beach, USA. 

Crunelle, C.; Wuilpart, M.; Caucheteur, C.; & Mégret, P.; (2009) “A quasi-distributed 
temperature sensor interrogated by a wavelength-sensitive optical time-domain 
reflectometer” Meaurement Science Technolology, Vol. 20, No 2, 027001.  

Delépine-Lesoille, S. ; Merliot, E. ; Boulay, C. ; Quetel, L.; Delaveau, M. ; Courteville, A. 
(2006) “Quasi-distributed optical fibre extensometers for continuous embedding 
into concrete“. Smart Structures and Materials, 931-938. 

 

Dewynter, V. et al. (2007) “Underground tunnelling monitoring based on sensitive optical 
fibre cable and Brillouin reflectometry”, 3rd Int. Conf. on Structural Health 
Monitoring of Intelligent Infrastructure, Vancouver, Canada. 

Dubois, J.-P. ; Delépine-Lesoille, S.; Tran, V.-H. ; Buschaert, S. ; Mayer, S. ; Henault, J.-M.; 
Salin, J. & Moreau, G. (2009) “Raman versus Brillouin optical fiber distributed 
temperature sensing: an outdoor comparison”,  4th International Conference on 
Structural Health Monitoring on Intelligent Infrastructure (SHMII-4), Zurich, 
Switzerland. 

Duck, G. & LeBlanc, M. (2000) “Arbitrary strain transfer from a host to an embedded fibre-
optic sensor“, Smart Materials and Structures, Vol. 9, No. 4, 492-497. 

Farahani, M.A.; Gogolla,T. (1999) “Spontaneous Raman scattering in optical fibers with 
modulated probe light for distributed temperature Raman remote sensing. Journal 
of Lightwave Technology, Vol. 17,No. 8, 1379. 

Fellay, A.; Thévenaz, L.; Facchini, M.; Nikles, M.; and Robert, P. (1997) “Distributed sensing 
using stimulated Brillouin scattering : towards ultimate resolution.” In Proceedings 
of Optical Fiber Sensors Conference, Vol. 16, pages 324-327. 

Froggatt, M. & Moore J. (1998) “High-spatial-resolution distributed strain measurement in 
optical fibre with Rayleigh scatter”, Applied Optics Vol. 37, No. 10. 

Froggatt, M.; Gifford, D.; Kreger, S.; Wolfe, M.; & Soller, B. (2006) “Distributed Strain and 
Temperature Discrimination in Unaltered Polarization Maintaining Fiber,” in 18th 
Optical Fiber Sensors Conference, OSA Technical Digest (CD) (Optical Society of America, 
2006), paper ThC5. Cancun, Mexico.  

Fry, J.-J. (2004) “Détection de fuite sur les digues par acquisition de profils de température le 
long d’une fibre optique” Sécurité des digues fluviales et de navigation, November 25-
26, Orléans, France. 

Garus, D.; Krebber K.; Schliep, F. & Gogolla, T. (1996) “Distributed sensing technique based 
on brillouin optical-fiber frequency-domain analysis”. Optics Letters, Vol. 21, No. 17, 
1402-1404. 

Glisic,B. & Inaudi, D. (2007) Fibre Optic Methods for Structural Health Monitoring, John Wiley 
& Sons. 

Glombitza, U. & Brinkmeyer, E. (1993) “Coherent frequency-domain refectometry for cha-
racterization of single-mode integrated-optical waveguides”. Journal of Lightwave 
Technology, Vol. 11, No. 8, 1377-1384. 

Hénault J.-M. (2006) “Mesure de température distribuée par fibre optique et effet Raman: 
Détection de fuites dans les digues.” Journée mesure de température, Mesurexpo, 
October 17, Paris, France. 

Honda, N. ; Inoue, M. ; Araki, N. & Azuma, Y. (2009) “New Optical Fiber Line Testing 
System Function for Highly Accurate Facility Location Using Brillouin Frequency 
Shift Assigned Optical Fiber,” in Optical Fiber Communication Conference, OSA 
Technical Digest (CD) (Optical Society of America, 2009), paper OWU3. 

Hotate, K. & Hasegawa, T. (2000) “Measurement of brillouin gain spectrum distribution 
along an optical fiber using a correlation-based technique proposal, experiment and 
simulation”. IEICE TRANSACTIONS on Electronics, Vol. E83-C, No. 3, 405-412. 

Imai, M.; Sako, Y.; Miura, S.; Miyamoto, Y.; Ong, S.L. & Hotate, K. (2003) “Dynamic Health 
Monitoring for a building model using a BOCDA based fibre optic distributed 
sensor” Structural health monitoring and Intelligent Infrastructure, Vol. 1, 241-46. 



Optical	Fibre,	New	Developments198

 

Inaudi, D. & Glisic, B. (2006). “Reliability and field testing of distributed strain and 
temperature sensors.” SPIE Smart Structures and Materials Conference, San Diego, 
USA. 2006 :, Vol. 6167, pp 61671D. SPIE. 

Kister, G.; Winter, D.; Tetlow, J.; Barnes, R.; Mays, G. & Fernando, G.F. (2005). “Structural 
integrity monitoring of reinforced concrete structures. part 1 : evaluation of 
protection systems for extrinsic fibre fabry-perot sensors.” Engineering Structures, 
Vol. 27, No. 3, 411-419. 

Koyamada, Y.; Imahama, M.; Kubota, K.; Hogari, K. (2009) “Fibre-Optic Distributed Strain 
and Temperature sensing With Very High Measurand Resolution Over Long Range 
Using Coherent OTDR.” Journal of Lightwave Technology, Vol. 27, No. 9, 1142-1146. 

Kurashima, T. & Tateda, M. (1990). “Thermal effects on the Brillouin frequency shift in 
jacketed optical silica fibres.” Applied Optics, Vol. 29, No. 15, 2219-2222. 

Lanticq, V. ; Quiertant, M.; Merliot, E. & Delepine-Lesoille, S. (2008) “Brillouin sensing cable: 
Design and experimental validation” IEEE Sensors Journal, Vol. 8, No. 7, 1194-1201. 

Lanticq, V. (2009a) Mesure répartie de température et de déformation par diffusion Brillouin : De la 
fibre optique au capteur pour le génie civil. PhD Thesis, Télécom- Paristech, France. 

Lanticq, V.; Bourgeois, E.; Magnien, P.; Dieleman, L.; Vinceslas, G.; Sang, A. & Delepine-
Lesoille, S. (2009b). “Soil-embedded optical fiber sensing cable interrogated by 
Brillouin optical time-domain reflectometry (B-OTDR) and optical frequency-
domain reflectometry (OFDR) for embedded cavity detection and sinkhole warning 
system.” Measurement Science and Technology, Vol. 20, No. 3, 034018-034028. 

Lee, C. & Chiang, P.W. (2001) “Utilization of a dispersion-shifted fibre for simultaneous 
measurement of distributed strain and temperature through Brillouin frequency 
shift” IEEE Photonic Technology Letters, Vol. 13, 1094-1097. 

Lee, C. ; Suh, K. & Landry, T. (2008) “The implementation of self calibration techniques in 
Raman backscatter based fibre optic distributed temperature system (DTS) 
technology” Transmission and Distribution Conference and Exposition. 1 – 6. 

Liu, Z. & Kim, A.K. (2003) “Review of Recent Developments in Fire Detection Technologies” 
Journal of Fire Protection Engineering, Vol. 13, No. 2, 129-151. 

Lo, Y.-L. & Xu, S.-H. (2007)  Sensors and Actuators, Vol. A 136, 238–243.  
Lopez-Higuera, J. M. (2002) Handbook of Optical Fibre Sensing Technology, John Wiley & Sons. 
Niklès M., Thévenaz L. & Robert P.A. (1997) “Brillouin Gain Spectrum Characterization in 

Single-Mode Optical Fibres” Journal of Lightwave Technology, Vol. 15, No. 10, 1842-
1851. 

Okabe, Y.; Tanaka, N. & Takeda, N. (2002) “Effect of fiber coating on crack detection in 
carbon fiber reinforced plastic composites using fiber Bragg grating sensors” Smart 
Mater. Struct., Vol. 11, 892-898. 

Ou, J.P.; Li, H. & Z.D. Duan (2005), Proceedings of the second International Conference on 
Structural Health Monitoring and Intelligent Infrastructure, ISBN 0 415 39652 2, 
Shenzhein China, November 2005, Taylor & Francis, London. 

Rajesh, M.; Geetha, K.; Sheeba, M.; Radhakrishnan, P.; Vallabhan, C.P.G. & and Nampoori. 
V.P.N. (2006) “A fibre optic smart sensor for studying the setting characteristics of 
various grades of cement.” Optics and Lasers in Engineering, Vol. 44, No. 5, 486- 493. 

Rogers A. (1999) “Distributed optical-fibre sensing”, Measurement Science Technology, pp. 75-
99. 

 

Song, K.Y; He, Z.; & Hotate, K. (2006) “Distributed strain measurement with millimeter-
order spatial resolution based on Brillouin optical correlation domain analysis” 
Optics letters, Vol. 31, No. 17, 2526-2528. 

Wade, S.A.; Grattan, K.T.V.; McKinley, B.; Boswell, L.F. & D'Mello, C. (2004). “Incorporation 
of fibre-optic sensors in concrete specimens: testing and evaluation.” IEEE Sensors 
Journal, Vol. 4, No. 1, 127-134. 

Wan, K.T. & Leung, C.K.Y. (2007) “Fibre optic sensor for the monitoring of mixed mode 
cracks in structures” Sensors and Actuators Vol. A 135, 370–380. 

Winter, D.; Tetlow, J.; Hameed, A.; Leng, J.; Barnes, R.; Kister, G.; Mays, G.; Talbot, J. & 
Fernando, G. F. (2002) “Structural integrity monitoring of concrete structures using 
optical fibre sensors”, Proceedings of the First European Workshop of Structural Health 
Monitoring (SHM2002),  615-622, Cachan France. 

Zou, L. & Bao, X. (2004) “Dependance of the Brillouin frequency shift on strain and 
temperature in a photonic crystal fibre” Optics Letters ,Vol. 29, 1485-1487.  

Zou, L.; Bao, X.; Wan, Y. & Chen, L. (2005) “Coherent Probe-pump-based Brillouin Sensor 
for Centimeter-crack Detection” Optics Letters, Vol. 30, 370-72. 

Zou, W.; He, Z. & Hotate, K.; (2008a) “Investigation of strain- and temperature-dependences 
of brillouin frequency shifts in geo2-doped optical fibers”. Journal of Lightwave 
Technology,  Vol. 26, No. 13, 1854-1861. 

Zou, W.; He, Z. & Hotate, K.; (2008b)  “Stimulated brillouin scattering in f-doped optical 
fibers and its dependences on strain and temperature.” Conference on Optical Fiber 
communication/National Fiber Optic Engineers Conference, 2008. OFC/NFOEC 2008 
pp.1-3. 

Zou, W.; He, Z. & Hotate, K.; (2008c)  “Fiber-optic Brillouin distributed discrimination of 
strain and temperature with 11-cm spatial resolution using correlation-based 
continuous-wave technique.” 34th European Conference on Optical Communication, 
2008. ECOC 2008. Brussels, Belgium.  

 



Distributed	Optical	Fibre	Sensors	for	Structural	Health	Monitoring:	Upcoming	Challenges 199

 

Inaudi, D. & Glisic, B. (2006). “Reliability and field testing of distributed strain and 
temperature sensors.” SPIE Smart Structures and Materials Conference, San Diego, 
USA. 2006 :, Vol. 6167, pp 61671D. SPIE. 

Kister, G.; Winter, D.; Tetlow, J.; Barnes, R.; Mays, G. & Fernando, G.F. (2005). “Structural 
integrity monitoring of reinforced concrete structures. part 1 : evaluation of 
protection systems for extrinsic fibre fabry-perot sensors.” Engineering Structures, 
Vol. 27, No. 3, 411-419. 

Koyamada, Y.; Imahama, M.; Kubota, K.; Hogari, K. (2009) “Fibre-Optic Distributed Strain 
and Temperature sensing With Very High Measurand Resolution Over Long Range 
Using Coherent OTDR.” Journal of Lightwave Technology, Vol. 27, No. 9, 1142-1146. 

Kurashima, T. & Tateda, M. (1990). “Thermal effects on the Brillouin frequency shift in 
jacketed optical silica fibres.” Applied Optics, Vol. 29, No. 15, 2219-2222. 

Lanticq, V. ; Quiertant, M.; Merliot, E. & Delepine-Lesoille, S. (2008) “Brillouin sensing cable: 
Design and experimental validation” IEEE Sensors Journal, Vol. 8, No. 7, 1194-1201. 

Lanticq, V. (2009a) Mesure répartie de température et de déformation par diffusion Brillouin : De la 
fibre optique au capteur pour le génie civil. PhD Thesis, Télécom- Paristech, France. 

Lanticq, V.; Bourgeois, E.; Magnien, P.; Dieleman, L.; Vinceslas, G.; Sang, A. & Delepine-
Lesoille, S. (2009b). “Soil-embedded optical fiber sensing cable interrogated by 
Brillouin optical time-domain reflectometry (B-OTDR) and optical frequency-
domain reflectometry (OFDR) for embedded cavity detection and sinkhole warning 
system.” Measurement Science and Technology, Vol. 20, No. 3, 034018-034028. 

Lee, C. & Chiang, P.W. (2001) “Utilization of a dispersion-shifted fibre for simultaneous 
measurement of distributed strain and temperature through Brillouin frequency 
shift” IEEE Photonic Technology Letters, Vol. 13, 1094-1097. 

Lee, C. ; Suh, K. & Landry, T. (2008) “The implementation of self calibration techniques in 
Raman backscatter based fibre optic distributed temperature system (DTS) 
technology” Transmission and Distribution Conference and Exposition. 1 – 6. 

Liu, Z. & Kim, A.K. (2003) “Review of Recent Developments in Fire Detection Technologies” 
Journal of Fire Protection Engineering, Vol. 13, No. 2, 129-151. 

Lo, Y.-L. & Xu, S.-H. (2007)  Sensors and Actuators, Vol. A 136, 238–243.  
Lopez-Higuera, J. M. (2002) Handbook of Optical Fibre Sensing Technology, John Wiley & Sons. 
Niklès M., Thévenaz L. & Robert P.A. (1997) “Brillouin Gain Spectrum Characterization in 

Single-Mode Optical Fibres” Journal of Lightwave Technology, Vol. 15, No. 10, 1842-
1851. 

Okabe, Y.; Tanaka, N. & Takeda, N. (2002) “Effect of fiber coating on crack detection in 
carbon fiber reinforced plastic composites using fiber Bragg grating sensors” Smart 
Mater. Struct., Vol. 11, 892-898. 

Ou, J.P.; Li, H. & Z.D. Duan (2005), Proceedings of the second International Conference on 
Structural Health Monitoring and Intelligent Infrastructure, ISBN 0 415 39652 2, 
Shenzhein China, November 2005, Taylor & Francis, London. 

Rajesh, M.; Geetha, K.; Sheeba, M.; Radhakrishnan, P.; Vallabhan, C.P.G. & and Nampoori. 
V.P.N. (2006) “A fibre optic smart sensor for studying the setting characteristics of 
various grades of cement.” Optics and Lasers in Engineering, Vol. 44, No. 5, 486- 493. 

Rogers A. (1999) “Distributed optical-fibre sensing”, Measurement Science Technology, pp. 75-
99. 

 

Song, K.Y; He, Z.; & Hotate, K. (2006) “Distributed strain measurement with millimeter-
order spatial resolution based on Brillouin optical correlation domain analysis” 
Optics letters, Vol. 31, No. 17, 2526-2528. 

Wade, S.A.; Grattan, K.T.V.; McKinley, B.; Boswell, L.F. & D'Mello, C. (2004). “Incorporation 
of fibre-optic sensors in concrete specimens: testing and evaluation.” IEEE Sensors 
Journal, Vol. 4, No. 1, 127-134. 

Wan, K.T. & Leung, C.K.Y. (2007) “Fibre optic sensor for the monitoring of mixed mode 
cracks in structures” Sensors and Actuators Vol. A 135, 370–380. 

Winter, D.; Tetlow, J.; Hameed, A.; Leng, J.; Barnes, R.; Kister, G.; Mays, G.; Talbot, J. & 
Fernando, G. F. (2002) “Structural integrity monitoring of concrete structures using 
optical fibre sensors”, Proceedings of the First European Workshop of Structural Health 
Monitoring (SHM2002),  615-622, Cachan France. 

Zou, L. & Bao, X. (2004) “Dependance of the Brillouin frequency shift on strain and 
temperature in a photonic crystal fibre” Optics Letters ,Vol. 29, 1485-1487.  

Zou, L.; Bao, X.; Wan, Y. & Chen, L. (2005) “Coherent Probe-pump-based Brillouin Sensor 
for Centimeter-crack Detection” Optics Letters, Vol. 30, 370-72. 

Zou, W.; He, Z. & Hotate, K.; (2008a) “Investigation of strain- and temperature-dependences 
of brillouin frequency shifts in geo2-doped optical fibers”. Journal of Lightwave 
Technology,  Vol. 26, No. 13, 1854-1861. 

Zou, W.; He, Z. & Hotate, K.; (2008b)  “Stimulated brillouin scattering in f-doped optical 
fibers and its dependences on strain and temperature.” Conference on Optical Fiber 
communication/National Fiber Optic Engineers Conference, 2008. OFC/NFOEC 2008 
pp.1-3. 

Zou, W.; He, Z. & Hotate, K.; (2008c)  “Fiber-optic Brillouin distributed discrimination of 
strain and temperature with 11-cm spatial resolution using correlation-based 
continuous-wave technique.” 34th European Conference on Optical Communication, 
2008. ECOC 2008. Brussels, Belgium.  

 



Optical	Fibre,	New	Developments200



Finding	hydrogen	leaks	by	means	of	the	fiber	Bragg	gratings	technology 201

Finding	hydrogen	leaks	by	means	of	the	fiber	Bragg	gratings	technology

Marc	Debliquy,	Driss	Lahem,	Christophe	Caucheteur,	Patrice	Megret

Finding hydrogen leaks by means of the fiber Bragg gratings technology 1

Finding hydrogen leaks by means of the fiber Bragg gratings technology

Marc Debliquy, Driss Lahem, Christophe Caucheteur and Patrice Megret

X 
 

Finding hydrogen leaks by means of the fiber 
Bragg gratings technology 

 
Marc Debliquy (1), Driss Lahem (2), Christophe Caucheteur (1), 

Patrice Megret (1) 
(1 )Université de Mons 

Belgium  
(2) Materia Nova  

Belgium  

 
1. Introduction  
 

Hydrogen participates to a wide range of chemical processes and it also appears during 
energy production and transport. It is widely used in aerospace applications where it acts as 
fuel for rockets. Nowadays, hydrogen is considered as an alternative source of energy for 
automotive applications and many developments are currently carried out on hydrogen fuel 
cells or engines.  If these developments succeed economically, there will be an increased 
demand for hydrogen.  With its high diffusivity, hydrogen is an extremely flammable gas. 
In air, it can burn at concentrations from about 4% with a flame velocity almost ten times 
higher than that of natural gas. Therefore, for security reasons, hydrogen leak detectors are 
highly important in industrial and practical applications. 
In this frame, optical fiber sensors are particularly interesting in comparison with other 
technologies such as pellistors or semiconductor sensors (Yu&Yin, 2002). Indeed, optical 
fiber sensors offer unique advantages such as immunity to electromagnetic interference, 
light weight, flexibility, stability, high temperature tolerance, and even durability against 
high radiation environments. A single optical fiber can also offer distributed or quasi-
distributed sensing, which is not possible with other sensing methods. 
Among the different optical fiber sensor configurations, a great deal of the researches has 
been devoted to fiber Bragg gratings (FBGs) since they have been rapidly considered as 
excellent sensor elements, able to measure static and dynamic fields such as temperature, 
strain and pressure (Kersey et al. 1997; Othonos&Kalli, 1999). FBGs covered with Palladium 
have been widely investigated in the past for hydrogen detection (Sutapun et al., 1999; Tang 
et al., 1999; Peng et al. 1999; Maier, 2006).  The sensing mechanism is based on the swelling 
of the Palladium coating, resulting in a stress on the grating. This sensor configuration 
suffers from a main drawback that is a quite long response time leading to a hysteresis effect 
between the responses obtained for increasing and decreasing hydrogen concentrations. 
Furthermore, the behaviour of such sensors in air environment is not known since all 
previous studies presented results of experiments conducted in nitrogen environment and 
mainly dedicated to aerospace applications. 
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We propose here a completely new hydrogen FBG-based sensor covered by a catalytic 
sensitive layer made of a ceramic doped with noble metal. In presence of hydrogen in air, an 
exothermic reaction occurs in the sensitive layer and leads to an increase of temperature 
measured by the FBG through a shift of its central wavelength. The obtained sensor 
response is linear and without hysteresis. The response is also selective and extremely fast 
for both increasing and decreasing hydrogen concentrations. The sensor has been tested in 
wet air and a very good sensitivity has been obtained whatever the relative humidity level 
of the environment.  
The applications aimed are essentially hydrogen detection in air for the monitoring of 
storage places and pipe lines. 

 
2. Generalities on Bragg gratings. 
 

This paragraph summarizes the important concepts necessary to understand the principles 
of the presented hydrogen sensors.   

 
2.1 Basic principle of fiber Bragg gratings 
A fiber Bragg grating, called FBG, is a periodic and permanent modification of the core 
refractive index value along an optical fiber (Othonos & Kalli, 1999; Kashyap, 1999). This 
modification is generally obtained by exposing the core of a photosensitive optical fiber to 
an intense UV interference pattern. A fiber Bragg grating is defined by several physical 
parameters (figure 1). The grating length L is the optical fiber length along which the 
refractive index modulation is realized. The periodicity and the amplitude of the refractive 
index modulation are defined by Λ and δn, respectively. 
The order of magnitude of these parameters typically varies from 0.2 μm to 100 μm for Λ, 
from a few mm to a few tens of cm for L and from 10−5 to 10−3 for δn. The inscription of such 
a perturbation in the fiber core induces light coupling between two counter-propagating 
modes. This mode coupling is produced for some wavelengths around the Bragg 
wavelength defined by the Bragg condition: 
                                                                               ������ � �� ����.Λ                                                         (1) 
As shown on figure 1, a fiber Bragg grating acts as a selective mirror in wavelength around 
the Bragg wavelength for which there exists an energy transfer from the forward-going to 
the backward-going fundamental core mode. Physically, for each period of the fiber Bragg 
grating, a weak Fresnel reflection is produced due to a variation of the refractive index 
value. An important reflection is obtained when all the weak contributions add in phase. 
This condition is respected for the Bragg wavelength. 
The grating planes are subject to temperature and strain perturbations, which modify the 
phase matching condition and lead to wavelength dependent reflectivity. Therefore tracking 
the wavelength at which the Bragg reflection occurs is the way to obtain the magnitude of 
the external perturbation. 
For instance, the Bragg wavelength is influenced by the temperature or the stain applied to 
the fiber. One understands immediately the interest of these gratings to prepare temperature 
or strain sensors. 
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Fig. 1. Operating principle of a fiber Bragg grating.  
 
A fiber Bragg grating is also able to couple light from a propagating mode to another mode 
characterized by a propagation constant that matches the spatial periodicity of the grating. 
This may result in coupling between the fundamental core mode and cladding or radiation 
modes. This coupling phenomenon is exploited in tilted fiber Bragg gratings. 
It is also possible to manufacture fiber gratings that are transmissive so that they couple 
light between core and forward-going cladding modes. In this case the phase matching 
condition dictates a long grating periodicity of the order of several hundred microns. These 
components are known as long period fiber gratings LPFG. 

 
2.2 Photosensitivity in optical fibers. 
Photosensitivity of an optical fiber corresponds to its propensity to locally modify its core 
refractive index value when it is exposed to light with a wavelength and an intensity that 
depend on the core material.  
Although photosensitivity is a very important property of an optical fiber, the complete 
mechanism responsible for this phenomenon is not yet fully understood. A lot of work is 
still in progress to better explain this phenomenon and to improve its knowledge. The study 
of the different mechanisms responsible for the optical fiber photosensitivity falls outside  
the scope of this document.  This phenomenon was observed for a large number of fiber 
materials but is very important in germanium doped silica fibers. The photosensitivity is 
associated to the defects induced by germanium in the silica lattice. That is why these 
germanium doped fibers remain the most used for preparing Bragg gratings. 
Pure silica SiO2 is an amorphous material characterized by a tetrahedralstructure. Each 
oxygen atom links the silicon atoms of two adjacent structural molecules and is then shared 
by two tetrahedral units, as shown in figure 2(a). The combination of the different units 
forms a quasi-random structure (see figure 2 (b)). 
The structure of germanium-doped silica is linked to that of pure silica since germanium, 
like silicon, is an element of the fourth group in the Mendeleev table of elements. A 
germanium atom can thus replace a silicon atom in the structure represented in figure 2. 
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characterized by a propagation constant that matches the spatial periodicity of the grating. 
This may result in coupling between the fundamental core mode and cladding or radiation 
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oxygen atom links the silicon atoms of two adjacent structural molecules and is then shared 
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Fig. 2. Tetrahedral structure of silica 
 
The defects that are present in the structure are called color centers. Contrarily to silica that 
only exists in the form SiO2, the two forms GeO and GeO2 are stable and can be present in 
germanium-doped silica. The GeO defect, called germanium oxygen-deficient center 
(GODC), is often found in the structure of germanium-doped optical fiber. When it is 
present, the germanium or silicon atom is linked to only 3 oxygen atoms instead of 4 in the 
ideal structure and a bond is directly realized with a germanium atom (Ge-Si or Ge-Ge). 
This defect is characterized by an absorption band centered around 240 nm. The energy 
required to break the bond is around 5 eV. 
There also exists a second type of structure of GODC. In this case, a germanium atom is 
bonded with only two oxygen atoms so that two electrons are free. This defect also presents 
an absorption peak at 240 nm. In their model, D.Hand and P. Russel link the mechanism of 
refractive index change to the photoinduced absorption change (Hand&Russel, 1990).This 
absorption creates new permanent defects that lead to a modification of the refractive index 
value. The modification of the absorption spectrum affects of course the refractive index 
since these values are linked by the Kramers-Kronig relationship (Russel&Hand, 1991). 
It is in practice possible to obtain an important concentration of these two kinds of defects 
by reducing the quantity of oxygen during the fabrication process of the optical fiber.  
There are substantial experimental evidences supporting the mechanism put forward by D. 
Hand and P. Russel in which the resultant color-centers are responsible for changes in the 
UV absorption spectrum of the glass and the refractive index change follows the Kramers-
Kronig relationship. Many experiments support the GeE’ defect center to be responsible for 
photosensitivity (Atkins et al., 1993;Tsai et al., 1993). However, the color center model 
cannot satisfactorily explain the behavior of all fiber types and the dopants used to modify 
the core refractive index. An alternative model based on glass densification induced by 
photoionization of the Ge defects has also found experimental support. This alternative 
model was proposed by M. Sceats and coworkers in 1993 (Sceats et al., 1993). The 
compaction/densification model is based on laser irradiation-induced density changes that 
result in refractive index changes. Irradiation by laser light at 248 nm has been shown to 
induce thermally reversible, linear compaction in amorphous silica, leading to refractive 
index changes. The model thus takes into account the presence of important stresses inside 
the optical fiber: mechanical, thermal stress coming from the optical fiber manufacturing 
process. These stresses can be relaxed by UV irradiation. The breaking of the bonds by UV 
irradiation (D. Hand and P. Russel mechanism) can also be responsible for the stress 
relaxing as this process causes a local density increase inside the optical fiber and a 
modification of the refractive index. Its exact contribution under various experimental 
conditions has still to be further investigated. 
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2.3 Techniques used to increase photosensitivity 
Since the discovery of photosensitivity and its impact on the creation of fiber Bragg gratings, 
there has been considerable effort in understanding and increasing the photosensitivity in 
optical fibers. Standard single-mode optical fibers (3% germanium in the core) typically 
present index changes of about 3.10−5. The addition of various co-dopants in germanosilicate 
optical fibers has resulted in photosensitivity enhancement. In particular, boron co-doping 
can lead to a saturated refractive index change about 4 times larger than that obtained in 
pure germanosilicate optical fibers. Sensitization techniques have also been developed for 
writing highly reflective gratings in germanosilicate optical fibers. An increase of the 
photoinduced refractive index modulation to values of the order of 10−3 and higher has been 
obtained via hydrogenation or flame brushing. These techniques consist in increasing the 
charge in hydrogen in the fiber core before grating inscription. For the hydrogenation 
(hydrogen loading) technique (Lemaire et al., 1993), optical fibers are placed in hydrogen 
gas environment at temperatures ranging from 20 °C to 75 °C and pressures from 20 atm to 
750 atm, which results in diffusion of hydrogen molecules into the fiber core. Depending on 
the temperature and pressure values, the hydrogenation process can last from several hours 
to several days or even several weeks. During the UV irradiation, hydrogen allows the 
creation of GODC since it combines with oxygen atoms in order to form OH radicals. As 
hydrogen rapidly diffuses out of the optical fiber at ambient temperature, hydrogen-loaded 
optical fibers have to be maintained at low temperature prior to the fiber grating 
manufacturing process. Deuterium can also be used instead of hydrogen in order to avoid 
enhancement of the absorption peak of the OH bond around 1380 nm. This leads to the 
formation of OD radicals. 
In the flame brushing technique (Bilodeau et al., 1993), the region of the optical fiber to be 
photosensitized is brushed repeatedly by a flame fueled with hydrogen and a small amount 
of oxygen, reaching a temperature of about 1700 °C. The photosensitization process takes 
approximately 20 minutes. At this very high temperature, hydrogen diffuses into the fiber 
core and reacts with the germanosilicate glass to produce GODC. This reaction creates a 
strong absorption band at 240 nm and leads to a highly photosensitive core. The flame 
brushing technique allows hydrogenation at ambient pressure but it can only be used locally 
as the flame is generally very small.  

 
2.4 Temperature and mechanical strain sensitivities of uniform fiber Bragg gratings 
The Bragg wavelength depends on the effective refractive index of the core and the spatial 
periodicity of the grating. These two parameters are affected by changes in strain and 
temperature. In particular, the effective refractive index is modified through the thermo-
optic and strain-optic effect, respectively. Hence, from equation (1), the shift in the Bragg 
wavelength ΔλBragg due to strain Δ� and temperature ΔT variations is given by: 
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The first term in Equation (2) represents the effect of temperature on the Bragg wavelength. 
The shift of the Bragg wavelength due to thermal expansion comes from the modification of 
the grating spacing and the refractive index. The relative wavelength shift due to a 
temperature change ΔT can be written as: 
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Fig. 2. Tetrahedral structure of silica 
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This defect is characterized by an absorption band centered around 240 nm. The energy 
required to break the bond is around 5 eV. 
There also exists a second type of structure of GODC. In this case, a germanium atom is 
bonded with only two oxygen atoms so that two electrons are free. This defect also presents 
an absorption peak at 240 nm. In their model, D.Hand and P. Russel link the mechanism of 
refractive index change to the photoinduced absorption change (Hand&Russel, 1990).This 
absorption creates new permanent defects that lead to a modification of the refractive index 
value. The modification of the absorption spectrum affects of course the refractive index 
since these values are linked by the Kramers-Kronig relationship (Russel&Hand, 1991). 
It is in practice possible to obtain an important concentration of these two kinds of defects 
by reducing the quantity of oxygen during the fabrication process of the optical fiber.  
There are substantial experimental evidences supporting the mechanism put forward by D. 
Hand and P. Russel in which the resultant color-centers are responsible for changes in the 
UV absorption spectrum of the glass and the refractive index change follows the Kramers-
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photosensitivity (Atkins et al., 1993;Tsai et al., 1993). However, the color center model 
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irradiation (D. Hand and P. Russel mechanism) can also be responsible for the stress 
relaxing as this process causes a local density increase inside the optical fiber and a 
modification of the refractive index. Its exact contribution under various experimental 
conditions has still to be further investigated. 
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optical fibers have to be maintained at low temperature prior to the fiber grating 
manufacturing process. Deuterium can also be used instead of hydrogen in order to avoid 
enhancement of the absorption peak of the OH bond around 1380 nm. This leads to the 
formation of OD radicals. 
In the flame brushing technique (Bilodeau et al., 1993), the region of the optical fiber to be 
photosensitized is brushed repeatedly by a flame fueled with hydrogen and a small amount 
of oxygen, reaching a temperature of about 1700 °C. The photosensitization process takes 
approximately 20 minutes. At this very high temperature, hydrogen diffuses into the fiber 
core and reacts with the germanosilicate glass to produce GODC. This reaction creates a 
strong absorption band at 240 nm and leads to a highly photosensitive core. The flame 
brushing technique allows hydrogenation at ambient pressure but it can only be used locally 
as the flame is generally very small.  

 
2.4 Temperature and mechanical strain sensitivities of uniform fiber Bragg gratings 
The Bragg wavelength depends on the effective refractive index of the core and the spatial 
periodicity of the grating. These two parameters are affected by changes in strain and 
temperature. In particular, the effective refractive index is modified through the thermo-
optic and strain-optic effect, respectively. Hence, from equation (1), the shift in the Bragg 
wavelength ΔλBragg due to strain Δ� and temperature ΔT variations is given by: 
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The first term in Equation (2) represents the effect of temperature on the Bragg wavelength. 
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consideration. In its most general form, there are 36 different coefficients pij . For the class of 
isotropic materials, to which silica glass belongs, this number is reduced to two independent 
coefficients p11 and p12 (Yarif, 1983).  
The magnitudes of the individual coefficients pij are dependent on the material considered. 
For pure bulk silica it was found that typical values measured at 628 nm are p11=0.121 and 
p12=0.270 (Bertholds & Dandliker, 1988). These values are often used when computing the 
influence of mechanical perturbations such as elongation and lateral compression of optical 
fibers. However due to the presence of doping elements in the core, the effective values for 
fibers may be different from those for bulk silica. Measurements on single-mode optical 
fibers at 628 nm yielded values of p11=0.113 and p12=0.252, respectively (Barlow, D. Payne, 
1983). An error on these values of approximately 5% is possible because of the uncertainty 
on the value of the Poisson’s ratio of the optical fiber. 
Assuming that the grating is strained in the z direction only and that the fiber material 
follows Hooke’s law, we obtain the shift of Bragg wavelength for an applied strain: 
������������������������������������������������������������������ � �������� � ������������������������������������������������������������������������� 
�������������������������������������������������������������� �

�����

2 ���� � ����� � �������������������������������������������������������������������� 
where ν is the Poisson’s ratio. 
Substitution of parameters (p11=0.113, p12=0.252, ν=0.16 and neff=1.482) in equations (6) and 
(7) gives a strain-optic constant pe= 0.21 and a sensitivity around 1550 nm of 1.2 pm/μ. 

 
2.5 Advantages of fiber Bragg grating sensors 
The first fiber Bragg grating sensor was reported in 1989 by W. Morey and coworkers 
(Morey et al., 1989). The development of the external writing technique has considerably 
increased the interest in fiber Bragg grating sensors. This interest comes from the great 
potential that they have for a large number of sensing applications where are required 
measurements of strain and temperature (Morey et al., 1989), pressure (Xu et al., 1994), 
acceleration (Theriault et al., 1996), high magnetic field (Kersey & Marrone, 1994) and force 
(Bjerkan et al., 1996). 
As already understood, fiber Bragg gratings are intrinsic optical sensors which modify the 
characteristic spectrum of an incident light signal since their physical parameters are 
affected by the external perturbation. The most widely used principle of operation of fiber 
Bragg grating sensors is to monitor the shift in wavelength of the reflected signal as a 
function of the external parameter to be measured. 
The main advantage of fiber Bragg grating sensors is that the measurand information is 
wavelength-encoded. This property makes the sensor self-referencing and independent of 
fluctuating light levels. The system is therefore immune to source power and connector 
losses that affect many other types of optical fiber sensors. The very low insertion loss and 
narrowband wavelength reflection of fiber Bragg gratings offer convenient serial 
multiplexing along a single-mode optical fiber. There are further advantages of fiber Bragg 
gratings over conventional electrical strain gauges, such as linearity in response over many 
orders of magnitude. Many of them are intrinsic to the properties of optical fibers: immunity 
to electromagnetic interferences, light weight, flexibility, stability, high temperature 
tolerance and even durability in high radiation environments, which all contribute to obtain 
reproducible measurements. The small diameter of the optical fiber and the small length of 
fiber Bragg gratings make them compatible with applications for which slightly intrusive 
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consideration. In its most general form, there are 36 different coefficients pij . For the class of 
isotropic materials, to which silica glass belongs, this number is reduced to two independent 
coefficients p11 and p12 (Yarif, 1983).  
The magnitudes of the individual coefficients pij are dependent on the material considered. 
For pure bulk silica it was found that typical values measured at 628 nm are p11=0.121 and 
p12=0.270 (Bertholds & Dandliker, 1988). These values are often used when computing the 
influence of mechanical perturbations such as elongation and lateral compression of optical 
fibers. However due to the presence of doping elements in the core, the effective values for 
fibers may be different from those for bulk silica. Measurements on single-mode optical 
fibers at 628 nm yielded values of p11=0.113 and p12=0.252, respectively (Barlow, D. Payne, 
1983). An error on these values of approximately 5% is possible because of the uncertainty 
on the value of the Poisson’s ratio of the optical fiber. 
Assuming that the grating is strained in the z direction only and that the fiber material 
follows Hooke’s law, we obtain the shift of Bragg wavelength for an applied strain: 
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where ν is the Poisson’s ratio. 
Substitution of parameters (p11=0.113, p12=0.252, ν=0.16 and neff=1.482) in equations (6) and 
(7) gives a strain-optic constant pe= 0.21 and a sensitivity around 1550 nm of 1.2 pm/μ. 

 
2.5 Advantages of fiber Bragg grating sensors 
The first fiber Bragg grating sensor was reported in 1989 by W. Morey and coworkers 
(Morey et al., 1989). The development of the external writing technique has considerably 
increased the interest in fiber Bragg grating sensors. This interest comes from the great 
potential that they have for a large number of sensing applications where are required 
measurements of strain and temperature (Morey et al., 1989), pressure (Xu et al., 1994), 
acceleration (Theriault et al., 1996), high magnetic field (Kersey & Marrone, 1994) and force 
(Bjerkan et al., 1996). 
As already understood, fiber Bragg gratings are intrinsic optical sensors which modify the 
characteristic spectrum of an incident light signal since their physical parameters are 
affected by the external perturbation. The most widely used principle of operation of fiber 
Bragg grating sensors is to monitor the shift in wavelength of the reflected signal as a 
function of the external parameter to be measured. 
The main advantage of fiber Bragg grating sensors is that the measurand information is 
wavelength-encoded. This property makes the sensor self-referencing and independent of 
fluctuating light levels. The system is therefore immune to source power and connector 
losses that affect many other types of optical fiber sensors. The very low insertion loss and 
narrowband wavelength reflection of fiber Bragg gratings offer convenient serial 
multiplexing along a single-mode optical fiber. There are further advantages of fiber Bragg 
gratings over conventional electrical strain gauges, such as linearity in response over many 
orders of magnitude. Many of them are intrinsic to the properties of optical fibers: immunity 
to electromagnetic interferences, light weight, flexibility, stability, high temperature 
tolerance and even durability in high radiation environments, which all contribute to obtain 
reproducible measurements. The small diameter of the optical fiber and the small length of 
fiber Bragg gratings make them compatible with applications for which slightly intrusive 
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probes are required, such as in the human body for temperature and/or chemical species 
profiling. Furthermore, fiber Bragg gratings can be easily embedded into materials to 
provide damage detection or internal strain field mapping. Fiber Bragg grating sensors are 
therefore very important components for the development of smart structure technology 
and for monitoring composite material curing and response. Nowadays such sensors offer 
real-time monitoring of civil structures and aerospace applications (Othonos & Kalli, 1999). 

 
2.6 Long Period Fiber Gratings 
We give here the basic theory of long period fiber gratings LPFG in order to have a 
fundamental understanding of the coupling mechanisms of such gratings in single mode 
optical fiber (Erdogan, 1997).  
Let us note that long period fiber gratings are not Bragg gratings but they offer a lot of 
applications in sensing and will be used for chemical sensing purposes.  The period of the 
refractive index modulation for a LPFG lies in the range 500 µm instead of 500 nm for a FBG.  
The operating principle of long period fiber gratings proposed by A. Vengsarkar and 
coworkers is illustrated in figure 4 (Vengsarkar et al., 1996). It can be seen that light 
vehiculated by the fundamental core mode is perturbed by the presence of the grating in the 
fiber core and is coupled to forward-going cladding modes. For long period fiber gratings, 
the difference between the propagation constant of the guided mode and the phase vector of 
the grating equals the propagation constant of one or more cladding modes at appropriate 
wavelengths. 
Cladding modes result from the radiation modes that are trapped by the cladding-air 
interface. These modes attenuate rapidly due to bends in the fiber and absorption of 
cladding. 
 

 
Fig. 4. Coupling of the fundamental guided mode to cladding modes in a long period fiber 
grating (not in scale) 
 
Light at the phase-matched wavelengths is then lost from the fiber. For typical long period 
fiber gratings, more than one cladding mode can satisfy the phase-matching condition at 
different wavelengths and the guided mode can also be coupled to all those cladding 
modes. Typical transmitted spectra are thus composed of several cladding modes 
resonances.  The important point is that these gratings can couple light out of the core.  This 
has two consequences: energy can be given to the external medium and the transmission 
spectrum of the LPFG are very sensitive to refractive index changes of the external medium.  
These LPFG are therefore used to detect refractive index changes of the surrounding 
medium. 
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As in the case of uniform fiber Bragg gratings, LPFG’s are sensitive to external parameters, 
in particular: temperature, strain or bending (James&Tatam, 2003).  The sensitivity of long 
period fiber gratings characteristics to environmental parameters is influenced by the 
grating period (Bhatia, 1999) and by the optical fiber composition (Shima et al., 1997). 
However it is also influenced by the cladding modes to which coupling takes place. This 
combination of influences allows the design of long period fiber gratings that have a range 
of possible responses to a particular measurand beyond temperature and strain. A single 
long period fiber grating can indeed be characterized by attenuation bands that have a 
positive sensitivity to a measurand, others that are insensitive and others that have a 
negative sensitivity to the measurand. In summary, it is possible to finetune the sensitivity 
to temperature or strain by changing the geometry of the grating and the wavelength range. 
The refractive index sensitivity of long period fiber gratings comes from the dependence of 
the phase matching condition on the effective refractive indices of the cladding modes. They 
are indeed function of the difference between the surrounding refractive index and the 
cladding refractive index. The central wavelengths of the attenuation bands are thus 
dependent on the surrounding refractive index, providing that the cladding has a higher 
refractive index than the surrounding medium. 
The sensitivity to refractive index changes is spectrally manifested by central wavelength 
shifts and by changes in the minimum transmission value of the attenuation bands. The 
highest sensitivity is obtained for higher order modes and occurs for refractive index values 
close to that of the cladding (Patrick et al., 1998). 
When the surrounding refractive index value matches that of the cladding, the cladding 
appears to be of infinite extent and a broadband radiation modes coupling with no distinct 
attenuation bands is obtained. When the surrounding refractive index is higher than that of 
the cladding, the central wavelengths of the attenuation bands present a considerably 
reduced sensitivity (Lee et al., 1997; Duhem et al., 1998). 
A change in the form of the transmitted spectrum is however obtained since the peak to 
peak amplitudes of the attenuation resonances is reduced. In such a situation, the presence 
of attenuation bands is no longer due to the total internal reflection at the 
cladding/surrounding medium interface but comes from the Fresnel reflection that yields to 
attenuated cladding modes (Duhem et al., 1998). 
The refractive index sensitivity has been exploited in a lot of applications such as chemical 
concentration sensing, liquid level sensing and even biosensing (James&Tatam, 2003). 

 
3. Preparation of fiber gratings 
 

This paragraph will shortly explain the most often used techniques to prepare fiber gratings 
eg to achieve the refraction index modulation in the core of the fiber thanks to the 
photosensitivity effect.  
There are essentially 4 methods : interferometric method, phase mask, point to point and 
amplitude mask technique.  

 
3.1 Interferometric method 
For the interometric method (figure 5), also called transverse holographic technique (Meltz 
et al., 1989), one uses interferometer that splits the incoming UV laser light (at 244 nm) into 
two beams of equal intensity that were subsequently recombined in the core region of the 
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different wavelengths and the guided mode can also be coupled to all those cladding 
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resonances.  The important point is that these gratings can couple light out of the core.  This 
has two consequences: energy can be given to the external medium and the transmission 
spectrum of the LPFG are very sensitive to refractive index changes of the external medium.  
These LPFG are therefore used to detect refractive index changes of the surrounding 
medium. 
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As in the case of uniform fiber Bragg gratings, LPFG’s are sensitive to external parameters, 
in particular: temperature, strain or bending (James&Tatam, 2003).  The sensitivity of long 
period fiber gratings characteristics to environmental parameters is influenced by the 
grating period (Bhatia, 1999) and by the optical fiber composition (Shima et al., 1997). 
However it is also influenced by the cladding modes to which coupling takes place. This 
combination of influences allows the design of long period fiber gratings that have a range 
of possible responses to a particular measurand beyond temperature and strain. A single 
long period fiber grating can indeed be characterized by attenuation bands that have a 
positive sensitivity to a measurand, others that are insensitive and others that have a 
negative sensitivity to the measurand. In summary, it is possible to finetune the sensitivity 
to temperature or strain by changing the geometry of the grating and the wavelength range. 
The refractive index sensitivity of long period fiber gratings comes from the dependence of 
the phase matching condition on the effective refractive indices of the cladding modes. They 
are indeed function of the difference between the surrounding refractive index and the 
cladding refractive index. The central wavelengths of the attenuation bands are thus 
dependent on the surrounding refractive index, providing that the cladding has a higher 
refractive index than the surrounding medium. 
The sensitivity to refractive index changes is spectrally manifested by central wavelength 
shifts and by changes in the minimum transmission value of the attenuation bands. The 
highest sensitivity is obtained for higher order modes and occurs for refractive index values 
close to that of the cladding (Patrick et al., 1998). 
When the surrounding refractive index value matches that of the cladding, the cladding 
appears to be of infinite extent and a broadband radiation modes coupling with no distinct 
attenuation bands is obtained. When the surrounding refractive index is higher than that of 
the cladding, the central wavelengths of the attenuation bands present a considerably 
reduced sensitivity (Lee et al., 1997; Duhem et al., 1998). 
A change in the form of the transmitted spectrum is however obtained since the peak to 
peak amplitudes of the attenuation resonances is reduced. In such a situation, the presence 
of attenuation bands is no longer due to the total internal reflection at the 
cladding/surrounding medium interface but comes from the Fresnel reflection that yields to 
attenuated cladding modes (Duhem et al., 1998). 
The refractive index sensitivity has been exploited in a lot of applications such as chemical 
concentration sensing, liquid level sensing and even biosensing (James&Tatam, 2003). 

 
3. Preparation of fiber gratings 
 

This paragraph will shortly explain the most often used techniques to prepare fiber gratings 
eg to achieve the refraction index modulation in the core of the fiber thanks to the 
photosensitivity effect.  
There are essentially 4 methods : interferometric method, phase mask, point to point and 
amplitude mask technique.  

 
3.1 Interferometric method 
For the interometric method (figure 5), also called transverse holographic technique (Meltz 
et al., 1989), one uses interferometer that splits the incoming UV laser light (at 244 nm) into 
two beams of equal intensity that were subsequently recombined in the core region of the 
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irradiated fiber section is changed locally. The fiber is then translated through a distance Λ 
corresponding to the grating period, in a direction parallel to the fiber axis. This process is 
repeated to form the grating structure in the fiber core. Depending on the grating length, the 
manufacturing process can be relatively long. Consequently, errors in the grating spacing 
due to thermal effects and/or small variations in the optical fiber strain can occur. 
 

 
Fig. 7. Operating principle of the point to point technique.  

 
3.4 Amplitude mask technique 
The amplitude mask technique consists in placing a metal mask (generally in copper) in 
front of the optical fiber. The mask contains a pattern that is identically reproduced on the 
single mode optical fiber during the UV beam translation so that the periodicity of the 
obtained gratings is equivalent to that of the metal mask. To obtain a modification of the 
grating periodicity, it is thus required to use different metal masks. 

 
4. Description of the hydrogen sensors 
 

The different sensors consist in Uniform Fiber Bragg Gratings and/or Long Period Bragg 
Gratings covered with a sensitive layer that reacts with hydrogen (Caucheteur et al., 2008a).  
The sensitive layer consists in Platinum doped tungsten trioxide nano-lamellae.   
The idea is to use the exothermic effect due to the combustion of H2 on the surface of the 
sensitive coating which acts as a catalyst thanks to the following reactions (9 et 10): 
The overall reaction is the combustion of hydrogen and WO3 is not consumed. 
The reaction heat of hydrogen combustion in normal conditions is 57.8 kcal/mol. 
                                                              WO3 + H2 ↔ WO2 + H2O                                                    (9) 

                                                              WO2 + ½O2 ↔ WO3                                                       (10) 

 
4.1 Preparation of the Bragg gratings 
Uniform FBGs and long period fiber gratings (LPFGs) were inscribed into standard single 
mode fiber by means of a frequency-doubled Argon-ion laser emitting at 244 nm. Prior to 
the UV exposure, the optical fiber was hydrogen-loaded at 70 °C and 200 atm during 48 
hours. After the inscription, the gratings were annealed at 100 °C during 24 hours in order to 
stabilize their properties.  Every grating was written in the middle of a 5 cm long stripped 
region of the optical fiber. The sensitive layer was deposited uniformly along the stripped 
region using the dip-coating technique, thus ensuring the same experimental conditions for 
all the gratings. As further explained, LPFGs were used for their radiative properties since 
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they are transmissive gratings that couple light from the fiber core to the cladding (James & 
Tatam, 2003). 

 
4.2 Realization of the sensitive layer 
Nano-sized tungsten oxide powder was prepared using sol-gel method (Okazaki et al., 
2003; Caucheteur et al., 2008 ). To start, aqueous sol-gel of tungstic acid (H2WO4) was 
prepared from Na2WO4 with protonated cation-exchange resin. In a first stage, a gel 
consisting of WO3.H2O was formed. The gel was washed, centrifuged several times with 
distilled water and dried in air at 60 °C for 6h. The powder consisting in nano-lamellae of 
tungsten oxide with high specific surface area (figure 8) is finally obtained. Appropriate 
amounts of hexachloroplatinic acid (H2PtCl6) solution were added to the obtained powder. 
The mixture was finally annealed at 500 °C for 1h in order to obtain WO3 doped with Pt on 
its surface. At the end of the process, the active layer consists of WO3 nano-lamellae (squares 
of about 1 μm x 1 μm x 50 nm) with Pt dispersed on their surface. The molar ratio Pt/W was 
about 1/14.  After deposition on a substrate, a microporous structure is obtained with high 
specific area and high catalytic activity.  
   

 
Fig. 8. Scanning Electron Microscopy image of the tungsten trioxide powder used in the 
sensitive layer. (Caucheteur et al., 2008 b) 

 
4.3 Deposition of the sensitive layer on the fiber Bragg gratings 
Prior to the deposition of the layer, the optical fiber was cleaned. The sensitive layer was 
then deposited, by using dip-coating technique, on the stripped optical fiber at a place 
where an FBG was written. The nanopowder of platinum doped tungsten oxide was mixed 
with a solvent (ethanol) so that the optical fiber could be immerged into the solution. Then 
the solvent evaporated at room temperature and the sensitive layer remained fixed on the 
optical fiber. The thickness of the deposited layer was measured of the order of 3 microns. 

 
4. Experimental set-up 
 

The set-up used to test the H2 sensors in different air environments of various relative 
humidity levels is depicted in figure 9. A bubbler filled with distilled water is used to 



Finding	hydrogen	leaks	by	means	of	the	fiber	Bragg	gratings	technology 213Optical Fibre, New Developments12

 

irradiated fiber section is changed locally. The fiber is then translated through a distance Λ 
corresponding to the grating period, in a direction parallel to the fiber axis. This process is 
repeated to form the grating structure in the fiber core. Depending on the grating length, the 
manufacturing process can be relatively long. Consequently, errors in the grating spacing 
due to thermal effects and/or small variations in the optical fiber strain can occur. 
 

 
Fig. 7. Operating principle of the point to point technique.  
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The amplitude mask technique consists in placing a metal mask (generally in copper) in 
front of the optical fiber. The mask contains a pattern that is identically reproduced on the 
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sensitive coating which acts as a catalyst thanks to the following reactions (9 et 10): 
The overall reaction is the combustion of hydrogen and WO3 is not consumed. 
The reaction heat of hydrogen combustion in normal conditions is 57.8 kcal/mol. 
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Uniform FBGs and long period fiber gratings (LPFGs) were inscribed into standard single 
mode fiber by means of a frequency-doubled Argon-ion laser emitting at 244 nm. Prior to 
the UV exposure, the optical fiber was hydrogen-loaded at 70 °C and 200 atm during 48 
hours. After the inscription, the gratings were annealed at 100 °C during 24 hours in order to 
stabilize their properties.  Every grating was written in the middle of a 5 cm long stripped 
region of the optical fiber. The sensitive layer was deposited uniformly along the stripped 
region using the dip-coating technique, thus ensuring the same experimental conditions for 
all the gratings. As further explained, LPFGs were used for their radiative properties since 
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they are transmissive gratings that couple light from the fiber core to the cladding (James & 
Tatam, 2003). 

 
4.2 Realization of the sensitive layer 
Nano-sized tungsten oxide powder was prepared using sol-gel method (Okazaki et al., 
2003; Caucheteur et al., 2008 ). To start, aqueous sol-gel of tungstic acid (H2WO4) was 
prepared from Na2WO4 with protonated cation-exchange resin. In a first stage, a gel 
consisting of WO3.H2O was formed. The gel was washed, centrifuged several times with 
distilled water and dried in air at 60 °C for 6h. The powder consisting in nano-lamellae of 
tungsten oxide with high specific surface area (figure 8) is finally obtained. Appropriate 
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its surface. At the end of the process, the active layer consists of WO3 nano-lamellae (squares 
of about 1 μm x 1 μm x 50 nm) with Pt dispersed on their surface. The molar ratio Pt/W was 
about 1/14.  After deposition on a substrate, a microporous structure is obtained with high 
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Fig. 8. Scanning Electron Microscopy image of the tungsten trioxide powder used in the 
sensitive layer. (Caucheteur et al., 2008 b) 

 
4.3 Deposition of the sensitive layer on the fiber Bragg gratings 
Prior to the deposition of the layer, the optical fiber was cleaned. The sensitive layer was 
then deposited, by using dip-coating technique, on the stripped optical fiber at a place 
where an FBG was written. The nanopowder of platinum doped tungsten oxide was mixed 
with a solvent (ethanol) so that the optical fiber could be immerged into the solution. Then 
the solvent evaporated at room temperature and the sensitive layer remained fixed on the 
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4. Experimental set-up 
 

The set-up used to test the H2 sensors in different air environments of various relative 
humidity levels is depicted in figure 9. A bubbler filled with distilled water is used to 
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control the relative humidity level of air between 0 and 90 %. Three mass flow controllers 
provided a mixture of air and hydrogen with variable H2 concentrations from 0 to 4 % (the 
error on the determination of the H2 concentration being equal to 0.05 %). The gas chamber 
was made of a 20 cm long and 1.5 cm wide glass cylinder with an inlet and an outlet to 
allow the gas mixtures flow through the chamber. Temperature and gas flow were 
continuously monitored. The amplitude spectrum of the tested gratings was measured by 
means of an ASE source covering the C+L bands (1520 - 1620 nm) and an optical spectrum 
analyzer (OSA) with an accuracy of 15 pm. 
 

 
Fig. 9. Schematic of the experimental set-up used to test the H2 fiber grating sensors. 

 
5. Results 
 

The response to hydrogen injections of sensors in different configurations was followed. 
FBG of various lengths and hybrid LPFG+FBG structures were studied. 
The effect of ambient temperature and relative humidity on the response were also checked 
for the different configurations. 

 
5.1 Uniform Bragg gratings. 
Figure 10 presents the results obtained on the transmitted spectrum of a 4 cm long FBG 
subjected to different H2 concentrations in dry air at room temperature (20 °C). In presence 
of H2 in air, a shift of the Bragg wavelength to the right appears due to the exothermic 
reaction that occurs between H2 molecules and O2 molecules inside the sensitive layer. The 
chemical reaction occurring in the sensitive layer is the oxidation of the H2 molecules that 
generates H2O molecules. For a 2 % concentration of H2 in dry air, the measured wavelength 
shift is equal to 4 nm. It is equivalent to an increase of temperature around the FBG of about 
400 °C since the temperature sensitivity of the FBG is of the order of 10 pm/°C.  
It is important to mention that the exothermic reaction is initiated inside the sensitive layer 
when an energy threshold is reached. It is indeed required to bring sufficient energy so that 
the chemical reaction can be initiated. For the 4 cm long FBG tested above, the threshold in 
terms of H2 concentration is equal to 1.0 % in dry air. That means that, for the first 
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measurement cycle realized for increasing H2 concentrations, the grating did not react to H2 
concentrations below 1%. Then, once the chemical reaction has been initiated, it reacted to 
concentrations smaller than 1%, as shown on figure 4. Moreover, it was observed that the 
concentration threshold depended on the length of the grating.  The threshold is bigger if 
the grating is shorter (figure 11). This is a very important feature of our sensor that limits its 
practical applications. That is why we have tried to quantify it as well as possible. 
 

1532 1534 1536 1538 1540 1542
-90

-80

-70

-60

-50

-40

-30

 

Tr
an

sm
itt

ed
 p

ow
er

 (d
Bm

)

Wavelength (nm)

 0.0 % H2

 1.0 % H2

 1.5 % H2

 2.0 % H2

 
Fig. 10. Transmitted spectrum of a 4 cm long FBG in response to different H2 concentrations 
in dry air at 20 °C. 
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Fig. 11. Shift of the Bragg wavelength as function of the H2 concentration in dry air at 
ambient temperature for different physical lengths of the gratings. 
 
For that purpose, different strongly reflective uniform gratings characterized by different 
physical lengths were tested. The gratings were inscribed with the same velocity for the UV 
beam sweep along the phase mask and consequently, the longer gratings were more 
exposed to the UV interference pattern than the shorter gratings. The longest gratings (that 
are also the strongest in terms of coupling coefficient) were characterized by the presence of 
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control the relative humidity level of air between 0 and 90 %. Three mass flow controllers 
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measurement cycle realized for increasing H2 concentrations, the grating did not react to H2 
concentrations below 1%. Then, once the chemical reaction has been initiated, it reacted to 
concentrations smaller than 1%, as shown on figure 4. Moreover, it was observed that the 
concentration threshold depended on the length of the grating.  The threshold is bigger if 
the grating is shorter (figure 11). This is a very important feature of our sensor that limits its 
practical applications. That is why we have tried to quantify it as well as possible. 
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Fig. 10. Transmitted spectrum of a 4 cm long FBG in response to different H2 concentrations 
in dry air at 20 °C. 
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Fig. 11. Shift of the Bragg wavelength as function of the H2 concentration in dry air at 
ambient temperature for different physical lengths of the gratings. 
 
For that purpose, different strongly reflective uniform gratings characterized by different 
physical lengths were tested. The gratings were inscribed with the same velocity for the UV 
beam sweep along the phase mask and consequently, the longer gratings were more 
exposed to the UV interference pattern than the shorter gratings. The longest gratings (that 
are also the strongest in terms of coupling coefficient) were characterized by the presence of 
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important cladding modes resonances below the Bragg wavelength in the transmitted 
spectrum (approximately 3 dB of peak to peak amplitude for the low order cladding modes) 
as can be seen on figure 3, which demonstrates their strong coupling characteristics. Table 1 
summarizes the results obtained in terms of detection threshold of H2 concentrations for a 
set of 7 FBGs. The data were recorded for H2 concentrations ranging from 0 to 3% and 
increasing by step of 0.1%. 

 
Grating length (cm) Threshold (% H2) 

0.5 No response up to 3% 
1.0 ~ 3.0 
2.0 ~ 2.5 
2.5 ~ 1.6 
3.0 ~ 1.4 
3.5 ~ 1.2 
4.0 ~ 1.0 

Table 1. Thresholds for the detection of H2 in dry air as function of the grating length during 
the first measurement cycle at room temperature. 
 
These results reveal that the physical length of the inscribed grating influences the detection 
threshold of H2 concentrations. Longer gratings allow for a reduction of the threshold. This 
comes from the fact that, as they are characterized by a strong coupling to both the 
backward going core mode and cladding modes, long gratings deliver some energy to the 
cladding that is finally collected by the sensitive layer and contributes to decrease the H2 
concentrations required to reach the threshold. This mechanism is possible since the 
refractive index modulation of the sensitive layer is higher than that of pure silica. 
Consequently, light that is outcoupled from the core of the fiber is guided into the sensitive 
layer and allows to initiate the chemical reaction between H2 and O2 molecules for small H2 
concentrations. 
Figure 12 shows the wavelength shifts measured for all the tested gratings in response to 
increasing and decreasing H2 concentrations. The plain curves were obtained for increasing 
H2 concentrations (during the first measurement cycle) whereas the dotted curves were 
obtained for decreasing H2 concentrations.  The wavelength shifts were then converted to 
temperature variations around the tested FBGs (figure 13). 
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Fig. 12. Shift of the Bragg wavelength as function of the H2 concentration in dry air at 
ambient temperature for different physical length of the gratings. 
 
The results obtained from these experiments demonstrate that the grating length has no 
influence on the temperature delivered by the chemical reaction. The sensitivity of the 
sensor (the slope of the curve) is thus not dependent on the grating physical properties as 
expected since the reached temperature mainly depends on the hydrogen concentration. 
Another important feature is the linear behaviour obtained in response to varying H2 
concentrations. Moreover, the data obtained for increasing H2 concentrations match those 
obtained for decreasing H2 concentrations so that there is no hysteresis in the sensor 
response. This characteristic is surely obtained owing to the very small response time (less 
than 4 seconds) of the sensor to varying H2 concentrations. 
The H2-FBG sensors were also tested in wet air environments and the obtained results 
demonstrated that the threshold of detection of hydrogen concentration increases when the 
relative humidity level increases. For the 2.5 cm long FBG sensor , the threshold increased 
from 1.5 % to 3 % when the relative humidity level was changed from 0 % to 50 %. For the 4 
cm long FBG, it increased from 1.0% to 1.5% when the relative humidity level was changed 
from 0 % to 90 %. This increase attributed to the presence of H2O molecules adsorbed on the 
surface that tend to inhibit the reaction given in (9). The sensitivity to H2 concentrations did 
not hange in wet air in comparison to that obtained in dry air because, as long as the 
threshold is passed, the temperature on the sensor is high enough to desorb the water 
molecules adsorbed on the surface and the reaction takes place as if water were not present.  
Indeed the temperature is higher than 100 °C when the reaction is ignited. 
However, as shown on figure 14, the sensitivity in response to H2 concentrations did not 
change in wet air in comparison to that obtained in dry air. The differences between the 
temperatures reached in dry air and in 50 % wet air all fell within  20 °C whatever the 
hydrogen concentration value. 
Low temperature environments also led to an increase of the threshold value. At -30 °C, the 
detection threshold reached 1.8 % for the 4 cm long FBG. This value is still well below the 4 
% explosion limit and it can be accepted in our applications. 
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Fig. 12. Shift of the Bragg wavelength as function of the H2 concentration in dry air at 
ambient temperature for different physical length of the gratings. 
 
The results obtained from these experiments demonstrate that the grating length has no 
influence on the temperature delivered by the chemical reaction. The sensitivity of the 
sensor (the slope of the curve) is thus not dependent on the grating physical properties as 
expected since the reached temperature mainly depends on the hydrogen concentration. 
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from 0 % to 90 %. This increase attributed to the presence of H2O molecules adsorbed on the 
surface that tend to inhibit the reaction given in (9). The sensitivity to H2 concentrations did 
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molecules adsorbed on the surface and the reaction takes place as if water were not present.  
Indeed the temperature is higher than 100 °C when the reaction is ignited. 
However, as shown on figure 14, the sensitivity in response to H2 concentrations did not 
change in wet air in comparison to that obtained in dry air. The differences between the 
temperatures reached in dry air and in 50 % wet air all fell within  20 °C whatever the 
hydrogen concentration value. 
Low temperature environments also led to an increase of the threshold value. At -30 °C, the 
detection threshold reached 1.8 % for the 4 cm long FBG. This value is still well below the 4 
% explosion limit and it can be accepted in our applications. 
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The selectivity of the sensitive layer was tested with other gases such as carbon monoxide, 
methane and pure nitrogen. No answer was obtained, demonstrating that this sensor is 
specific to the detection of hydrogen in air. 
These results can be rationalized by a simple model : the response of the sensor can be 
understood by examination of the heat flows exchanged on the sensitive layer surface in the 
presence of H2. 
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Fig. 13. Temperature variation around the FBG as function of the H2 concentration in dry air 
at ambient temperature for different physical length of the gratings. 
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Fig. 14. Temperature variation around the 2.5 cm long FBG as function of the H2 
concentration in 50 % wet air at ambient temperature. 
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When the sensitive layer is in contact with a gas mixture of air and hydrogen, the oxidation 
of H2 molecules by O2 molecules contained in air occurs on its surface. This reaction is 
exothermic so that the temperature locally increases around the gratings. H2 sensing is 
therefore based on the monitoring of the resonance wavelength shift induced by the 
temperature change. This reaction requires an activation energy equal to 0.15 eV (Appel et 
al., 2004). The temperature experienced by the grating results from the equilibrium between 
the heat flow delivered by the exothermic reaction -φr and the heat flow lost by exchange 
with the surrounding medium φth. In a very good approximation, we may consider that φth 
is dominated by radiation so that it can be expressed by: 
                                                                          φ�� � ���T� � T���                                                                  �11� 
where  is the emissivity of the WO3 layer (close to 0.9 as it was estimated from infrared 
measurement of a surface of WO3 heated to a known temperature), σ is the Stefan-
Boltzmann constant (5.673 10-8 W/(m2.K4)), T is the absolute temperature measured by the 
grating and Te is the absolute ambient temperature. φr is defined as : 
                                                                               φ� � �� ������                                                             (12) 

                                                                                    � � �� ���                                                                  (13) 

                                                                          � � ��� ����� ��
RT�                                                                      (14) 

where v is the reaction rate and -ΔHr is the reaction heat and is equal to 57.8 kcal/mol. The 
reaction rate v is proportional to the concentration of hydrogen CH2 and depends on the 
temperature through the usual Arrhenius formula. Ea is the activation energy (0.15 eV), R is 
the gas constant equal to 8.31 J/(mol.K). k0 depends on the amount of Pt per surface unit 
and reflects the sensitive layer efficiency. Its value is not precisely known in practice. Using 
Eq. (1) and (2), the sensor behavior can be semi-quantitatively simulated from the condition 
φth=φr for different operating conditions. Figure 15 shows simulation results obtained for 
different ambient temperatures and for different sensitive layer efficiencies (the parameters 
put in the model were not optimized to exactly simulate the experimental results, 
reasonable values were used to qualitatively explain the observed results). Conformingly to 
our experiments, one can see on figure 15 that the detection threshold increases when both 
the ambient temperature and the sensitive layer efficiency decrease. Decreasing k0 gives the 
same qualitative effect as a humidity level increase since water molecules tend to inhibit the 
exothermic reaction occurring on the sensitive layer. Hence, it may explain the increase of 
the threshold level. However, for the global evolution, as the temperature increases while 
hydrogen reacts, the adsorbed water molecules disappear from the surface and the occupied 
reaction sites are released and can participate to the reaction. Consequently, as soon as the 
temperature exceeds 60 °C, the effect of water almost vanishes and the equilibrium response 
remains the same as in absence of water.  
Due to the activation energy (0.15 eV) of the chemical reaction, there exists a minimum of H2 
concentration below which the reaction will not start. In other words, there exists a 
threshold value in terms of H2 concentration below which the sensor does not react. In 
practice, this threshold value can be decreased thanks to an external energy contribution. 
This could be done for instance by a local heating of the sensitive layer. One efficient way to 
do this is to exploit the light energy transported by the optical fiber. Indeed, at 1550 nm, the 
photon energy is about 0.7 eV and consequently, light that would be coupled from the core 
of the optical fiber towards the sensitive layer could favor the reaction for lower H2 
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Fig. 13. Temperature variation around the FBG as function of the H2 concentration in dry air 
at ambient temperature for different physical length of the gratings. 
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Fig. 14. Temperature variation around the 2.5 cm long FBG as function of the H2 
concentration in 50 % wet air at ambient temperature. 
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along the exposed fiber length set to 0.5 cm/s) so that the laser fluence was modified 
between the different inscriptions. In any case, the FBGs were characterized by a 
transmission loss of about 12 dB. 
The radiating efficiency of every coated LPFG was evaluated by computing the ratio 
between the injected and transmitted optical powers integrated over the LPFG resonance 
bandwidth. The difference between these two quantities indeed reveals the total amount of 
radiated optical power. In addition, an examination of the fiber surface with an IR camera 
revealed that the radiation extends on a few centimeters beyond the LPFG end and is not 
uniform along the grating length. Hence, only a part of the total radiated power can be 
collected by the sensitive layer and is useful to favor the exothermic reaction. From our 
experiments, this part was roughly estimated to the third of the total radiated power.  Figure 
17 shows that the LPFG radiating efficiency increases with respect to the exposure time. 
In particular, with the LPFG characterized by a 15 dB transmission loss, more than 60 % of 
the injected light is coupled out of the fiber core. For this grating and with the ASE source 
used here, we approximated to 0.2 mW the optical power collected by the sensitive layer. 
This quantity corresponds to about 1.5 1020 photons/(s.m2), which is sufficient to favor the 
reaction with respect to the total number of H2 adsorption sites per surface unit of the 
sensitive layer (estimated to 1019/m2 of fiber). The exact quantum efficiency is currently 
unknown and the involved mechanisms are thus being investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
Fig. 16. Uniform FBG superimposed in a LPFG for H2 detection (a) and 
transmitted/reflected spectra of this hybrid sensor on the C+L bands (b). 
 
Figure 18 confirms the threshold reduction obtained provided by LPFGs. With the LPFG 
characterized by a 15 dB loss, the threshold has been measured equal to 0.6 % of H2 

concentration instead of 3 % with the equivalent single uniform FBG. It must be noticed that 
for all graphs, the response (wavelength shift versus concentration) is approximately the 
same, yielding the same sensitivity. This is due to the fact that the response is directly linked 
to the temperature reached thank to the exothermic reaction. For all sensors, the response is 
linear and reversible, with a mean sensitivity equal to 198 pm per 0.1 % of H2 concentration, 
which is easy to detect with a standard instrumentation. The sensor response time was 
measured of about one second for H2 concentrations above the detection threshold. 

a 

b 

a) b) 
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along the exposed fiber length set to 0.5 cm/s) so that the laser fluence was modified 
between the different inscriptions. In any case, the FBGs were characterized by a 
transmission loss of about 12 dB. 
The radiating efficiency of every coated LPFG was evaluated by computing the ratio 
between the injected and transmitted optical powers integrated over the LPFG resonance 
bandwidth. The difference between these two quantities indeed reveals the total amount of 
radiated optical power. In addition, an examination of the fiber surface with an IR camera 
revealed that the radiation extends on a few centimeters beyond the LPFG end and is not 
uniform along the grating length. Hence, only a part of the total radiated power can be 
collected by the sensitive layer and is useful to favor the exothermic reaction. From our 
experiments, this part was roughly estimated to the third of the total radiated power.  Figure 
17 shows that the LPFG radiating efficiency increases with respect to the exposure time. 
In particular, with the LPFG characterized by a 15 dB transmission loss, more than 60 % of 
the injected light is coupled out of the fiber core. For this grating and with the ASE source 
used here, we approximated to 0.2 mW the optical power collected by the sensitive layer. 
This quantity corresponds to about 1.5 1020 photons/(s.m2), which is sufficient to favor the 
reaction with respect to the total number of H2 adsorption sites per surface unit of the 
sensitive layer (estimated to 1019/m2 of fiber). The exact quantum efficiency is currently 
unknown and the involved mechanisms are thus being investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
Fig. 16. Uniform FBG superimposed in a LPFG for H2 detection (a) and 
transmitted/reflected spectra of this hybrid sensor on the C+L bands (b). 
 
Figure 18 confirms the threshold reduction obtained provided by LPFGs. With the LPFG 
characterized by a 15 dB loss, the threshold has been measured equal to 0.6 % of H2 

concentration instead of 3 % with the equivalent single uniform FBG. It must be noticed that 
for all graphs, the response (wavelength shift versus concentration) is approximately the 
same, yielding the same sensitivity. This is due to the fact that the response is directly linked 
to the temperature reached thank to the exothermic reaction. For all sensors, the response is 
linear and reversible, with a mean sensitivity equal to 198 pm per 0.1 % of H2 concentration, 
which is easy to detect with a standard instrumentation. The sensor response time was 
measured of about one second for H2 concentrations above the detection threshold. 
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concentration. However, while a single FBG is not sensitive to H2 concentrations up to 4.0 % 
at -50 °C, the hybrid configuration presents a detection threshold equal to 1.5 %. 
 

 
Fig. 19. Bragg wavelength shift as a function of the H2 concentration in wet air for a hybrid 
sensor.  

 
Fig. 20. Bragg wavelength shift as a function of the H2 concentration at different 
temperatures. 
 
Hence, in comparison to the use of single FBGs, the hybrid configuration presents the 
important advantage to decrease the detection threshold value for any experimental 
conditions. This feature is linked to the use of LPFGs and is possible without increasing the 
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concentration. However, while a single FBG is not sensitive to H2 concentrations up to 4.0 % 
at -50 °C, the hybrid configuration presents a detection threshold equal to 1.5 %. 
 

 
Fig. 19. Bragg wavelength shift as a function of the H2 concentration in wet air for a hybrid 
sensor.  

 
Fig. 20. Bragg wavelength shift as a function of the H2 concentration at different 
temperatures. 
 
Hence, in comparison to the use of single FBGs, the hybrid configuration presents the 
important advantage to decrease the detection threshold value for any experimental 
conditions. This feature is linked to the use of LPFGs and is possible without increasing the 
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optical source power density. It thus allows to work with a standard optical source (total 
power of 15 mW in our case), which keeps as low as possible the sensor price. Let us also 
mention that using uniform FBGs as probes instead of LPFGs presents two assets. First, the 
sensor response is encoded in the Bragg wavelength and is therefore not influenced by 
bending effects, which is not the case for LPFGs. Second, while the resonance band of an 
LPFG extends on several tens of nanometers (complicating the realization of quasi-
distributed sensors with such gratings), a wavelength window of several nanometers is 
sufficient to record the reflected spectrum evolution of uniform FBGs. Consequently, thanks 
to the presence of uniform FBGs, the hybrid configuration can be used in frequency 
multiplexed systems. In particular, with LPFGs characterized by a transmission loss of 3 dB, 
up to 15 hybrid sensors can be cascaded along an optical fiber in the range of the used ASE 
source. 

 
6. Conclusions and future work 
 

In this chapter, a novel sensor is presented that is able to measure hydrogen leaks in air by 
means of optical fibers. The sensor is composed of a fiber Bragg grating covered by a 
catalytic sensitive layer. In presence of hydrogen in air, an exothermic reaction between H2 
molecules and O2 molecules takes place on the sensitive layer, leading to an increase of 
temperature around the Bragg grating. The detection of H2 concentrations is thus based on 
the monitoring of the Bragg wavelength shift in response to temperature changes. 
Our sensor offers a very good sensitivity and a very fast response. It is selective to hydrogen 
and presents a rapid, linear response without hysteresis, which constitute very important 
sensor characteristics. It is also compatible with frequency multiplexing and can 
consequently allow for the realization of quasi-distributed sensors.  
However, in its basic configuration, this sensor suffers from the presence of a detection 
threshold that limits the range of H2 concentrations that it can detect. The possibility to 
decrease this threshold by working with highly reflective gratings has been shown.  
The most elegant solution consists in superimposed hybrid fiber gratings coated with a 
catalytic sensitive layer that heats the gratings in the presence of hydrogen in air. In this 
hybrid configuration, the LPFG provided a light energy coupling to the sensitive layer to 
decrease the H2 detection threshold while the FBG was used to track the temperature 
increase. Very good sensing performances have been reported: fast response, high 
sensitivity, reversibility, frequency multiplexing capability and H2 concentrations detection 
well below the explosion limit of 4 %, whatever the relative humidity level and for 
temperatures down to -50 °C. 
These hybrid configurations will be further studied in order to minimize the reaction 
threshold.  Future work on these sensors would be to get full understanding and modeling 
of the sensor and then optimization of the sensor in order to minimize the detection limit 
imposed by the reaction threshold.    
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power of 15 mW in our case), which keeps as low as possible the sensor price. Let us also 
mention that using uniform FBGs as probes instead of LPFGs presents two assets. First, the 
sensor response is encoded in the Bragg wavelength and is therefore not influenced by 
bending effects, which is not the case for LPFGs. Second, while the resonance band of an 
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sufficient to record the reflected spectrum evolution of uniform FBGs. Consequently, thanks 
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multiplexed systems. In particular, with LPFGs characterized by a transmission loss of 3 dB, 
up to 15 hybrid sensors can be cascaded along an optical fiber in the range of the used ASE 
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catalytic sensitive layer. In presence of hydrogen in air, an exothermic reaction between H2 
molecules and O2 molecules takes place on the sensitive layer, leading to an increase of 
temperature around the Bragg grating. The detection of H2 concentrations is thus based on 
the monitoring of the Bragg wavelength shift in response to temperature changes. 
Our sensor offers a very good sensitivity and a very fast response. It is selective to hydrogen 
and presents a rapid, linear response without hysteresis, which constitute very important 
sensor characteristics. It is also compatible with frequency multiplexing and can 
consequently allow for the realization of quasi-distributed sensors.  
However, in its basic configuration, this sensor suffers from the presence of a detection 
threshold that limits the range of H2 concentrations that it can detect. The possibility to 
decrease this threshold by working with highly reflective gratings has been shown.  
The most elegant solution consists in superimposed hybrid fiber gratings coated with a 
catalytic sensitive layer that heats the gratings in the presence of hydrogen in air. In this 
hybrid configuration, the LPFG provided a light energy coupling to the sensitive layer to 
decrease the H2 detection threshold while the FBG was used to track the temperature 
increase. Very good sensing performances have been reported: fast response, high 
sensitivity, reversibility, frequency multiplexing capability and H2 concentrations detection 
well below the explosion limit of 4 %, whatever the relative humidity level and for 
temperatures down to -50 °C. 
These hybrid configurations will be further studied in order to minimize the reaction 
threshold.  Future work on these sensors would be to get full understanding and modeling 
of the sensor and then optimization of the sensor in order to minimize the detection limit 
imposed by the reaction threshold.    
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1. Introduction 
 

Carbon nanotubes (CNTs) have become a highly-studied material class in recent years for 
numerous applications in nanoscience and nanotechnology due to their outstanding 
physical and chemical properties. High chemical reactivity, excellent mechanical strength 
but ultra-light weight, high thermal stability, high electron mobility, rich electronic 
properties, high aspect ratio, hollow nanostructure, large surface area make CNTs an ideal 
platform for many nanomaterial micro/nano-systems and process control practical 
applications. Conceptually, carbon nanotubes are viewed as rolled-up structures at 
nanoscale into seamless cylinders of single or multiple sheets of graphene to engineering 
single-walled and coaxial multi-walled carbon nanotubes, respectively. Generally, the 
diameter of a single nanotube ranges from 1 to 5 nanometers; while the bundles of roped 
multiple nanotubes have a diameter varying in the range of 5-100 nm. These one-
dimensional nanostructured carbon allotropes have been applying to explore their potential 
in chemical gas sensing and biosensing.  
This chapter reviews the development of high performance opto-chemical sensors based on 
the integration of CNTs with the optical fiber technology. The paper starts with an overview 
of the CNT amazing features and their exploitation as highly adsorbent nano-scale materials 
for chemical sensing. The attention is then focused on the operating principle, fabrication 
and characterization of fiber optic chemo-sensors in the Fabry-Perot type reflectometric 
configuration, realized by means of the deposition of a thin sensitive layer of single-walled 
carbon nanotubes (SWCNTs)-based material on the distal end of standard silica optical 
fibers (SOFs). This is followed by an extensive review of the excellent room temperature 
sensing capabilities of the realized SWCNT sensors against Volatile Organic Compounds 
(VOCs) in different environments (air and water). The experimental results here reported 
reveal that ppm and sub-ppm chemical detection limits, low response times as well as fast 
and complete recovery of the sensor responses have been obtained in most of the 
investigated cases. This evidences the great potentialities of the proposed photonic sensors 

11



Optical	Fibre,	New	Developments228

based on SWCNTs and their feasibility to be successfully employed for practical 
environmental monitoring applications, both in vapor or liquid phase. Furthermore, the use 
of SWCNT-based nanocomposites as novel sensitive fiber coatings is proposed to enhance 
the chemical sensing performance and improve the adhesion of CNTs to the fiber surface. It 
will also be shown how the typical poor selectivity of SWCNTs-based sensors towards a 
given chemical specie can be overcome by using standard pattern recognition techniques 
applied to fiber optic sensor arrays, exploiting both the static and dynamical features of the 
single sensor responses.  

 
2. Chemical sensors for environmental monitoring 
 

Environmental monitoring is required to protect the public and the environment from toxic 
contaminants and pathogens that can be released into a variety of media including air, soil, 
and water. Air pollutants include sulfur dioxide, carbon monoxide, nitrogen dioxide, and 
VOCs, which originate from sources such as vehicle emissions, power plants, refineries, and 
industrial and laboratory processes. Soil and water contaminants can be classified as 
microbiological, radioactive, inorganic, synthetic organic, and VOCs. Pesticide and 
herbicides are applied directly to plants and soils, and incidental releases of other 
contaminants can originate from spills, leaking pipes, underground storage tanks, waste 
dumps, and waste repositories. Some of these contaminants can persist for many years and 
migrate through large regions of soil until they reach water resources, where they may 
present an ecological or human-health threat. The current monitoring methods are mainly 
based on off-site laboratory analyses and are costly and time-consuming. In addition, 
limitations in sampling and analytical techniques occur (Wilson et al., 1995; Looney and 
Falta, 2000). For this reason, a need exists for accurate, inexpensive, continuous and long-
term monitoring of environmental contaminants using sensors that can be operated on site.  
Chemical sensors can be in most cases schematically described as composed of a sensitive 
part which, interacting with the surrounding environment, collects and concentrate 
molecules at or within the surface undergoing physical changes, and of an opportune 
transducer that converts into an interpretable and quantifiable term such modification of the 
sensing part. The heart of the chemical sensor is the sensitive element which is the interface 
between transducer and external environment so that the nature, the selectivity and 
sensitivity of the sensor depends upon these interactive materials. Good materials to use as 
sensing part should optimize specific interactions with a target analyte or narrow class of 
analytes, should provide a fast and reversible diffusion of the penetrants, small recovery 
times and should maintain the physical state so as the geometry over several cycles of use, 
in order to avoid hysteretic effects, and thus to ensure the reproducibility (Grate & Abram, 
1991). Candidate materials for chemical sensors include polymers, organic monolayers, 
ceramics, metals semiconductors, nanostructured and porous materials (nanomaterials, 
molecular sieves, sol-gels, aerogels), biomolecules and combination thereof.  
The natural step following the selective recognition of an analyte from the sensitive layer is 
the signal transduction, and thus the choice of an opportune technique to read the physical 
or chemical changes occurring at the sensing part. Transducing approaches can include 
mechanical (acoustic wave, micromechanical), electrochemical, optical, thermal, and 
electronic types. Each has strengths and weaknesses relative to the particular application. 

Each transduction principle can be implemented in a variety of configurations, and 
fabricated by multiple approaches, resulting in many different sensing platforms.  
A number of chemical sensors have been developed for environmental monitoring 
applications, a classification of which can be carried out upon their principal physics and 
operating mechanisms. The most exploited transduction principles in chemical sensing are 
the mass change and the resistivity/conductivity change of the sensitive element occurring 
on exposure to and consequent sorption of molecules of target environmental analytes. The 
first physical parameter is in many cases measured by the shift in the resonant frequency of 
an oscillating piezoelectric crystal. Depending on the kind of vibrational wave propagated 
in the crystal, a mass sensor can be classified as Quartz Crystal Microbalance (QCM) or 
Surface Acoustic Wave (SAW) sensor (Hartman et al., 1994; Kepley et al., 1992; Penza et al., 
2006_a). They typically use a thin polymeric film as sensitive layer (Grate, 2000), however 
SAW and QCM-based chemical sensors using other sensitive coatings have been proposed 
(Zhang et al., 2004; Penza et al., 2005_a). Instead, resistivity/conductivity changes are 
typically detected by conductometric measurement carried out on sensitive materials 
(mainly semiconducting metal oxides and conjugated polymers) deposited between two 
electrodes. These sensor technologies carry the name of Metal Oxide Semiconductors (MOS) 
and Conductive Organic Polymer (COP) sensors (James et al., 2005). During the last two 
decades, however, a remarkable interest has been also focused on optical transduction 
principles for the measurement of chemical and biological quantities (Baldini et al., 2006). A 
large variety of devices based on optical methods have been used in chemical sensing and 
biosensing including ellipsometry, spectroscopy (luminescence, phosphorescence, 
fluorescence, Raman), interferometry (white light interferometry, modal interferometry in 
optical waveguide structures), spectroscopy of guided modes in optical waveguide 
structures (grating coupler, resonant mirror), and surface plasmon resonance (Wolfbeis, 
2004; Zudans et al., 2004; Steinberg et al., 2003; Orellana, 2004; Homola et al., 1999; Mignani 
et al., 2005; Arregui et al., 2003; Brecht & Gauglitz, 1995; Gauglitz, 1996; Boisde, 1996). In 
these sensors a desired quantity is determined by measuring refractive index, absorbance 
and fluorescence properties of analyte molecules or of a chemo-optical transducing medium. 
Optical fiber sensors are also very attractive in chemical sensing applications due to some 
unique characteristics deriving by the use of optical fibers, one of the most outstanding 
characteristic of which is their ability to transmit light over large distances with low losses 
allowing a sensor head to be remotely located from the instrumentation. This feature is 
particularly useful for sensing in harsh environments where hazardous chemicals may be 
present or extremes in temperature occur. In addition the small size, light weight and high 
flexibility of fibres allow access to areas that whould be otherwise difficult to reach.  
Provided the optical power density are within certain limits, fiber optic chemical sensors are 
much safer in explosive environments compared with sensors involving electrical signals, 
where a spark may trigger a gas explosion. Optical signals are immune to electrical or 
magnetic interference from, for examples, power lines and electrical machinery. 
Furthermore optical fibers have the capability of carrying a huge amount of information, 
much greater than that carried by electrical wires. Fiber optic sensing is very versatile, since 
the intensity, wavelength, phase and polarization of light can all be exploited as 
measurement parameters, and several wavelengths launched in the same fiber in either 
direction form independent signals. This gives the possibility to monitor several chemicals 
with the same fiber sensor or even simultaneously monitor unwanted environment 
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based on SWCNTs and their feasibility to be successfully employed for practical 
environmental monitoring applications, both in vapor or liquid phase. Furthermore, the use 
of SWCNT-based nanocomposites as novel sensitive fiber coatings is proposed to enhance 
the chemical sensing performance and improve the adhesion of CNTs to the fiber surface. It 
will also be shown how the typical poor selectivity of SWCNTs-based sensors towards a 
given chemical specie can be overcome by using standard pattern recognition techniques 
applied to fiber optic sensor arrays, exploiting both the static and dynamical features of the 
single sensor responses.  

 
2. Chemical sensors for environmental monitoring 
 

Environmental monitoring is required to protect the public and the environment from toxic 
contaminants and pathogens that can be released into a variety of media including air, soil, 
and water. Air pollutants include sulfur dioxide, carbon monoxide, nitrogen dioxide, and 
VOCs, which originate from sources such as vehicle emissions, power plants, refineries, and 
industrial and laboratory processes. Soil and water contaminants can be classified as 
microbiological, radioactive, inorganic, synthetic organic, and VOCs. Pesticide and 
herbicides are applied directly to plants and soils, and incidental releases of other 
contaminants can originate from spills, leaking pipes, underground storage tanks, waste 
dumps, and waste repositories. Some of these contaminants can persist for many years and 
migrate through large regions of soil until they reach water resources, where they may 
present an ecological or human-health threat. The current monitoring methods are mainly 
based on off-site laboratory analyses and are costly and time-consuming. In addition, 
limitations in sampling and analytical techniques occur (Wilson et al., 1995; Looney and 
Falta, 2000). For this reason, a need exists for accurate, inexpensive, continuous and long-
term monitoring of environmental contaminants using sensors that can be operated on site.  
Chemical sensors can be in most cases schematically described as composed of a sensitive 
part which, interacting with the surrounding environment, collects and concentrate 
molecules at or within the surface undergoing physical changes, and of an opportune 
transducer that converts into an interpretable and quantifiable term such modification of the 
sensing part. The heart of the chemical sensor is the sensitive element which is the interface 
between transducer and external environment so that the nature, the selectivity and 
sensitivity of the sensor depends upon these interactive materials. Good materials to use as 
sensing part should optimize specific interactions with a target analyte or narrow class of 
analytes, should provide a fast and reversible diffusion of the penetrants, small recovery 
times and should maintain the physical state so as the geometry over several cycles of use, 
in order to avoid hysteretic effects, and thus to ensure the reproducibility (Grate & Abram, 
1991). Candidate materials for chemical sensors include polymers, organic monolayers, 
ceramics, metals semiconductors, nanostructured and porous materials (nanomaterials, 
molecular sieves, sol-gels, aerogels), biomolecules and combination thereof.  
The natural step following the selective recognition of an analyte from the sensitive layer is 
the signal transduction, and thus the choice of an opportune technique to read the physical 
or chemical changes occurring at the sensing part. Transducing approaches can include 
mechanical (acoustic wave, micromechanical), electrochemical, optical, thermal, and 
electronic types. Each has strengths and weaknesses relative to the particular application. 

Each transduction principle can be implemented in a variety of configurations, and 
fabricated by multiple approaches, resulting in many different sensing platforms.  
A number of chemical sensors have been developed for environmental monitoring 
applications, a classification of which can be carried out upon their principal physics and 
operating mechanisms. The most exploited transduction principles in chemical sensing are 
the mass change and the resistivity/conductivity change of the sensitive element occurring 
on exposure to and consequent sorption of molecules of target environmental analytes. The 
first physical parameter is in many cases measured by the shift in the resonant frequency of 
an oscillating piezoelectric crystal. Depending on the kind of vibrational wave propagated 
in the crystal, a mass sensor can be classified as Quartz Crystal Microbalance (QCM) or 
Surface Acoustic Wave (SAW) sensor (Hartman et al., 1994; Kepley et al., 1992; Penza et al., 
2006_a). They typically use a thin polymeric film as sensitive layer (Grate, 2000), however 
SAW and QCM-based chemical sensors using other sensitive coatings have been proposed 
(Zhang et al., 2004; Penza et al., 2005_a). Instead, resistivity/conductivity changes are 
typically detected by conductometric measurement carried out on sensitive materials 
(mainly semiconducting metal oxides and conjugated polymers) deposited between two 
electrodes. These sensor technologies carry the name of Metal Oxide Semiconductors (MOS) 
and Conductive Organic Polymer (COP) sensors (James et al., 2005). During the last two 
decades, however, a remarkable interest has been also focused on optical transduction 
principles for the measurement of chemical and biological quantities (Baldini et al., 2006). A 
large variety of devices based on optical methods have been used in chemical sensing and 
biosensing including ellipsometry, spectroscopy (luminescence, phosphorescence, 
fluorescence, Raman), interferometry (white light interferometry, modal interferometry in 
optical waveguide structures), spectroscopy of guided modes in optical waveguide 
structures (grating coupler, resonant mirror), and surface plasmon resonance (Wolfbeis, 
2004; Zudans et al., 2004; Steinberg et al., 2003; Orellana, 2004; Homola et al., 1999; Mignani 
et al., 2005; Arregui et al., 2003; Brecht & Gauglitz, 1995; Gauglitz, 1996; Boisde, 1996). In 
these sensors a desired quantity is determined by measuring refractive index, absorbance 
and fluorescence properties of analyte molecules or of a chemo-optical transducing medium. 
Optical fiber sensors are also very attractive in chemical sensing applications due to some 
unique characteristics deriving by the use of optical fibers, one of the most outstanding 
characteristic of which is their ability to transmit light over large distances with low losses 
allowing a sensor head to be remotely located from the instrumentation. This feature is 
particularly useful for sensing in harsh environments where hazardous chemicals may be 
present or extremes in temperature occur. In addition the small size, light weight and high 
flexibility of fibres allow access to areas that whould be otherwise difficult to reach.  
Provided the optical power density are within certain limits, fiber optic chemical sensors are 
much safer in explosive environments compared with sensors involving electrical signals, 
where a spark may trigger a gas explosion. Optical signals are immune to electrical or 
magnetic interference from, for examples, power lines and electrical machinery. 
Furthermore optical fibers have the capability of carrying a huge amount of information, 
much greater than that carried by electrical wires. Fiber optic sensing is very versatile, since 
the intensity, wavelength, phase and polarization of light can all be exploited as 
measurement parameters, and several wavelengths launched in the same fiber in either 
direction form independent signals. This gives the possibility to monitor several chemicals 
with the same fiber sensor or even simultaneously monitor unwanted environment 
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parameter variations which could drastically affect the chemical concentration 
measurements, such as the temperature or disturbance of the fiber. Multiplexing of fiber 
optic systems is  also relatively easy, allowing expensive source or analysis instrumentation 
to be shared among a number of sites.  
This contribution reviews the integration of carbon nanotubes as advanced sensitive 
coatings with optical fiber technology for the development of high performance opto-
chemical sensors exploitable for several environmental monitoring applications. In 
particular, the excellent sensing capabilities of the realized photonic chemo-sensors against 
VOCs and other pollutants in air and water, at room temperature, will be reviewed.  

 
2.1 Carbon nanotubes: advanced materials for chemical sensing 
The search for new advanced materials is an important area of contemporary research in 
numerous disciplines of science. Great attention has been paid in recent years to nano-
structured materials of different chemical composition, produced as nanoparticles, 
nanowires or nanotubes. Similarly, there has already been great interest in their preparation, 
properties and applications in the literature. As matter of fact, with the development of 
nano-science and nano-technology, a large number of literatures on one-dimensional 
nanostructured materials, including tubes, rods, belts, and wires in this area, have been 
published every year (Huang & Choi, 2007). These materials have their unique structures 
which are dominated by a wire-like structure whose diameter varies over a broad range 
from several tens of nanometers to a micrometer. In particular, carbon-based nanostructures 
exhibit unique properties and morphological flexibility, which renders them inherently 
multifunctional and compatible with organic and inorganic systems.  
Carbon nanotubes (CNTs), discovered by Iijima in 1991 (Iijima, 1991) are at the forefront of 
the novel nanoscale investigations and nanostructure effects due to their unique electronic, 
chemical, structural, optical, mechanical and thermal properties depending on their specific 
hollow nanostructure with surface-arranged carbon atoms organized in rolled one-
dimensional seamless tubes (Dresselhaus et al., 2001; Dai, 2002). They are considered as a 
new form of pure carbon, and can essentially be thought of as layers of graphite rolled-up 
into a tube to form a cylinder with diameter of few nanometers and length ranging from 1 to 
100 microns. To date, CNTs are building blocks considered as the most promising functional 
nanomaterial for future miniaturized gas nanosensors due to their hollow nanostructure 
and high specific surface area which provide attractive characteristics for gas sensing 
applications. In fact, due to their unique morphology, CNTs possess the excellent capability 
to reversibly adsorb molecules of environmental pollutants undergoing a modulation of 
their electrical, geometrical and optical properties, such as conductivity, refractive index, 
thickness etc. CNTs can be distinguished in SWCNTs or multi-walled carbon nanotubes 
(MWCNTs) depending on whether only one layer or many layers of graphite are 
concentrically rolled up together, and can behave either as metallic or semiconducting, 
depending upon their diameter and chirality (the way the hexagons are arranged along the 
tubule axis) (Terrones, 2003). SWCNTs are a very important variety of carbon nanotube 
because they exhibit important electrical and sensing properties that are not shared by the 
MWCNTs variants. The purity of the CNTs affects their sensing performance, thus efficient 
purification protocols to remove metallic impurities and amorphous carbon particles have 
been developed as well (Penza et al.,  2007_a). 
 

2.2 Chemical sensors based on carbon nanotubes: state of the art 
The special geometry of carbon nanotubes and their characteristic of being all surface 
reacting materials offer great potential applications as chemical sensor devices with 
excellent sensitivities and fast responses (Riu et al., 2008). Most of the sensors based on 
CNTs are field effect transistors (FET), since much interest has been focused in the past on 
the study of the changes in their electrical properties as a consequence of the interaction 
with gaseous and VOC molecules: many studies have shown that although carbon 
nanotubes are robust and inert structures, their electrical properties are extremely sensitive 
to the effects of charge transfer and chemical doping by various molecules. The electronic 
structures of target molecules near the semiconducting nanotubes cause measurable changes 
to the nanotubes electrical conductivity. Nanosensors based on changes in electrical 
conductance are highly sensitive, but they are also limited by factors such as their inability 
to identify analytes with low adsorption energies, poor diffusion kinetics and poor charge 
transfer with CNTs (Modi et al., 2003).  
Kong et al. (Kong et al., 2000) were probably the first to show that CNTs can be used in 
chemical sensors since exposing SWCNTs to electron withdrawing (e.g. NO2) or donating 
(e.g. NH3) gaseous molecules dramatically increases or decreases the electrical resistance of 
SWCNTs in the transistor scheme. In addition CNTs-based sensors demonstrated a fast 
response and a higher sensitivity than, for example, solid-state sensors at room temperature.  
More or less in the same period, it was demonstrated that the electrical conductance of 
SWCNTs could be modified in presence of O2 (Collins et al., 2000). The effect of the 
adsorption of several gas compounds in SWCNTs was also described (Sumanasekera et al., 
2000), as well as those of water vapor on the electrical resistance of a SWCNT (Zahab et al., 
2000). Shortly afterwards, Fujiwara et al. (Fujiwara et al., 2001) studied the N2 and O2 
adsorption properties of SWCNT bundles and their structures. All these studies opened the 
door to the development of chemical sensors based on CNTs.  
Sensing devices based not only on the changes in the electrical properties of CNTs but also 
on other principles were proposed. For example, bundles of SWCNTs (Adu et al., 2001) have 
measured the thermoelectric qualitative response to a variety of gases (He, N2, H2, O2 and 
NH3). Sumanasekera et al. (Sumanasekera et al., 2002) created a thermoelectric chemical 
sensor to measure the easily detectable and reversible thermoelectric power changes of 
SWCNTs when they are in contact with He, N2 and H2. Chopra et al. (Chopra et al., 2003) 
developed a circular disk resonator coated with SWCNTs using a conductive epoxy, which 
selectively detects the qualitative presence of several gases (NH3, CO, Ar, N2 and O2) due to 
changes in the dielectric constant and shifts in the resonant frequency.  
Wei et al. (Wei et al., 2003) demonstrated a gas sensor depositing CNT bundles onto a 
piezoelectric quartz crystal. This sensor detected CO, NO2, H2 and N2 by detecting changes 
in oscillation frequency and was more effective at higher temperatures (200 °C). Penza et al. 
(Penza et al., 2004_a) developed SAW and QCM sensor coated with SWCNTs and MWCNTs 
and used them to detect VOCs such as ethanol, ethylacetate and toluene by measuring the 
downshift in the resonance frequency of the acoustic transducers.  
Carbon nanotubes can be easily functionalized with molecules enabling the specific 
interaction with target chemicals thus improving the typically low selectivity of CNTs-based 
devices. In this way, different types of sensors based on molecular recognition interactions 
can be developed, allowing the development of nanosensors that are highly selective and 
sensitive. Chen et al. (Chen et al., 2003) used a non-covalent functionalized FET based on 
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parameter variations which could drastically affect the chemical concentration 
measurements, such as the temperature or disturbance of the fiber. Multiplexing of fiber 
optic systems is  also relatively easy, allowing expensive source or analysis instrumentation 
to be shared among a number of sites.  
This contribution reviews the integration of carbon nanotubes as advanced sensitive 
coatings with optical fiber technology for the development of high performance opto-
chemical sensors exploitable for several environmental monitoring applications. In 
particular, the excellent sensing capabilities of the realized photonic chemo-sensors against 
VOCs and other pollutants in air and water, at room temperature, will be reviewed.  
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new form of pure carbon, and can essentially be thought of as layers of graphite rolled-up 
into a tube to form a cylinder with diameter of few nanometers and length ranging from 1 to 
100 microns. To date, CNTs are building blocks considered as the most promising functional 
nanomaterial for future miniaturized gas nanosensors due to their hollow nanostructure 
and high specific surface area which provide attractive characteristics for gas sensing 
applications. In fact, due to their unique morphology, CNTs possess the excellent capability 
to reversibly adsorb molecules of environmental pollutants undergoing a modulation of 
their electrical, geometrical and optical properties, such as conductivity, refractive index, 
thickness etc. CNTs can be distinguished in SWCNTs or multi-walled carbon nanotubes 
(MWCNTs) depending on whether only one layer or many layers of graphite are 
concentrically rolled up together, and can behave either as metallic or semiconducting, 
depending upon their diameter and chirality (the way the hexagons are arranged along the 
tubule axis) (Terrones, 2003). SWCNTs are a very important variety of carbon nanotube 
because they exhibit important electrical and sensing properties that are not shared by the 
MWCNTs variants. The purity of the CNTs affects their sensing performance, thus efficient 
purification protocols to remove metallic impurities and amorphous carbon particles have 
been developed as well (Penza et al.,  2007_a). 
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sensor to measure the easily detectable and reversible thermoelectric power changes of 
SWCNTs when they are in contact with He, N2 and H2. Chopra et al. (Chopra et al., 2003) 
developed a circular disk resonator coated with SWCNTs using a conductive epoxy, which 
selectively detects the qualitative presence of several gases (NH3, CO, Ar, N2 and O2) due to 
changes in the dielectric constant and shifts in the resonant frequency.  
Wei et al. (Wei et al., 2003) demonstrated a gas sensor depositing CNT bundles onto a 
piezoelectric quartz crystal. This sensor detected CO, NO2, H2 and N2 by detecting changes 
in oscillation frequency and was more effective at higher temperatures (200 °C). Penza et al. 
(Penza et al., 2004_a) developed SAW and QCM sensor coated with SWCNTs and MWCNTs 
and used them to detect VOCs such as ethanol, ethylacetate and toluene by measuring the 
downshift in the resonance frequency of the acoustic transducers.  
Carbon nanotubes can be easily functionalized with molecules enabling the specific 
interaction with target chemicals thus improving the typically low selectivity of CNTs-based 
devices. In this way, different types of sensors based on molecular recognition interactions 
can be developed, allowing the development of nanosensors that are highly selective and 
sensitive. Chen et al. (Chen et al., 2003) used a non-covalent functionalized FET based on 
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SWCNTs for selectively recognizing target proteins in solution. Azanian et al. (Azamian et 
al., 2002) immobilized glucose oxidase on SWCNTs and enhanced the catalytic signal by 
more than one order of magnitude compared to that of an activated macro-carbon electrode. 
Zhao et al. (Zhao et al., 2002) worked with horseradish peroxidase and Sotiropoulou et al. 
(Sotiropoulou et al., 2003) worked with enzymes. Barone et al. (Barone et al., 2002) 
developed a device for β-D-glucose sensing in solution phase. They also showed two 
distinct mechanisms of signal transduction: fluorescence and charge transfer.  
Recently, further interest has also been devoted to the possibility to change the optical 
and/or geometrical properties of SWCNTs upon adsorption of target analyte molecules, 
enabling to exploit such materials for the development of opto-chemical sensors for 
numerous environmental monitoring application, from chemical detection in air and water 
(Consales et al., 2006_a; Penza et al., 2004_b; Penza et al., 2005_b; Cusano et al., 2006_a; 
Consales et al., 2007_a) to hydrogen detection at cryogenic temperatures suitable for 
aerospace applications (Cusano et al., 2006_b). In particular, the possibility of exploiting 
such materials in conjunction with the optical fiber technology could enable the 
development of optoelectronic noses and tongues capable of air and water quality 
monitoring, characterized by ppm and sub-ppm resolutions, good recovery features and fast 
responses, as it will be seen in section 4 and 5. 

 
3. Opto-chemical sensors in reflectometric configuration 
 

The reflectometric configuration is essentially based on a low finesse and extrinsic Fabry-
Perot (FP) interferometer and, as schematically shown in Fig. 1, uses a thin sensitive film 
deposited at the distal end of a properly cut and prepared SOF to produce a FP cavity. The 
first mirror is given by the fiber/sensitive layer interface whereas the second one is given by 
the sensitive layer/external medium interface.  
 

Incident radiation

Single-mode optical fiber Sensitive layer

Reflected radiation

 
Fig. 1. Schematic view of the Fabry-Perot-based configuration. 
 
First described in 1899 by Fabry and Perot (Fabry & Perot, 1899), the interferometer known 
by their names makes use of multiple reflections between two closely spaced surfaces. In 
fact the light is partially reflected each time it reaches the second surface, resulting in 
multiple offset beams which can interfere with each other.  The amount of light reflected at 
the first interface can be calculated as the sum of the multiple reflected beams and is 
strongly influenced even by very small changes of the distance between the two surfaces 
(the sensitive layer thickness) or its optical properties (the sensitive layer refractive index) 
(Dakin & Culshaw, 1988). This explains the massive use of such configuration in fiber optic-
based sensing in the two past decades, especially for the detection and measurements of 
various physical, chemical and biomedical parameters (Jackson, 1994; Chan et al., 1994). All 

these characteristics, combined with the possibility of integrating a number of sensitive 
materials with the optical fibers by means of very simple, low cost and versatile deposition 
techniques make it one of the most attractive and useful optoelectronic configuration 
especially suitable for practical applications.  
The principle of operation of an optoelectronic sensor in reflectometric configuration relies 
thus on the fact that a modulation of the intensity of light reflected at the fiber-sensing 
overlay interface occurs due to changes in layer thickness (dfilm) and complex refractive 
index (

filmn~ ). As matter of fact the fiber-film reflectance can be expressed as (Macleod, 2001): 
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where kinn film ~ , =4k/ is the overlay absorption coefficient, nf and next are the optical 

fiber and external medium refractive index, and λ is the optical wavelength. Thus, the 
reflectance changes due to the chemical interaction between sensing overlay and target 
analyte can be expressed as follows: 
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where Sn, S and Sd are the sensitivities against the variations of the effective refractive 
index, the absorption coefficient and the overlay thickness, respectively. They strongly 
depend upon the geometrical and electro-optical properties of the sensitive nanocoatings 
and upon the environmental condition (for example vapor or liquid phase), and for this 
reason they have to be properly considered case by case.  In particular, several effects could 
be involved to promote a reflectance change as a consequence of the analyte molecule 
adsorption within the sensitive overlay: first of all, swelling of the SWCNT nano-composite 
overlay that leads to a consequent increase of the film thickness; also, refractive index 
variations are expected due to the film density variation as expressed by the Lorentz-
Lorentz law (Kingery et al., 1976). In addition, according to the plasma optic effect (Wooten, 
1972; Soref & Bennet, 1987; Heinrich, 1990) a change either in the real part of the refractive 
index or in the absorption coefficient could be possible as a consequence of the free carrier 
concentration change induced by charge transfer mechanisms during analyte sorption. 
Modifications of film reflectance could be also possible due to optical absorption changes 
induced by chemical interaction with target analyte. In addition, it is noteworthy that, when 
very low chemical concentrations are considered (as in this work), it can be assumed that the 
analyte molecule adsorption occurs at constant overlay thickness (Δdfilm=0 in (3)). 
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SWCNTs for selectively recognizing target proteins in solution. Azanian et al. (Azamian et 
al., 2002) immobilized glucose oxidase on SWCNTs and enhanced the catalytic signal by 
more than one order of magnitude compared to that of an activated macro-carbon electrode. 
Zhao et al. (Zhao et al., 2002) worked with horseradish peroxidase and Sotiropoulou et al. 
(Sotiropoulou et al., 2003) worked with enzymes. Barone et al. (Barone et al., 2002) 
developed a device for β-D-glucose sensing in solution phase. They also showed two 
distinct mechanisms of signal transduction: fluorescence and charge transfer.  
Recently, further interest has also been devoted to the possibility to change the optical 
and/or geometrical properties of SWCNTs upon adsorption of target analyte molecules, 
enabling to exploit such materials for the development of opto-chemical sensors for 
numerous environmental monitoring application, from chemical detection in air and water 
(Consales et al., 2006_a; Penza et al., 2004_b; Penza et al., 2005_b; Cusano et al., 2006_a; 
Consales et al., 2007_a) to hydrogen detection at cryogenic temperatures suitable for 
aerospace applications (Cusano et al., 2006_b). In particular, the possibility of exploiting 
such materials in conjunction with the optical fiber technology could enable the 
development of optoelectronic noses and tongues capable of air and water quality 
monitoring, characterized by ppm and sub-ppm resolutions, good recovery features and fast 
responses, as it will be seen in section 4 and 5. 

 
3. Opto-chemical sensors in reflectometric configuration 
 

The reflectometric configuration is essentially based on a low finesse and extrinsic Fabry-
Perot (FP) interferometer and, as schematically shown in Fig. 1, uses a thin sensitive film 
deposited at the distal end of a properly cut and prepared SOF to produce a FP cavity. The 
first mirror is given by the fiber/sensitive layer interface whereas the second one is given by 
the sensitive layer/external medium interface.  
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Fig. 1. Schematic view of the Fabry-Perot-based configuration. 
 
First described in 1899 by Fabry and Perot (Fabry & Perot, 1899), the interferometer known 
by their names makes use of multiple reflections between two closely spaced surfaces. In 
fact the light is partially reflected each time it reaches the second surface, resulting in 
multiple offset beams which can interfere with each other.  The amount of light reflected at 
the first interface can be calculated as the sum of the multiple reflected beams and is 
strongly influenced even by very small changes of the distance between the two surfaces 
(the sensitive layer thickness) or its optical properties (the sensitive layer refractive index) 
(Dakin & Culshaw, 1988). This explains the massive use of such configuration in fiber optic-
based sensing in the two past decades, especially for the detection and measurements of 
various physical, chemical and biomedical parameters (Jackson, 1994; Chan et al., 1994). All 

these characteristics, combined with the possibility of integrating a number of sensitive 
materials with the optical fibers by means of very simple, low cost and versatile deposition 
techniques make it one of the most attractive and useful optoelectronic configuration 
especially suitable for practical applications.  
The principle of operation of an optoelectronic sensor in reflectometric configuration relies 
thus on the fact that a modulation of the intensity of light reflected at the fiber-sensing 
overlay interface occurs due to changes in layer thickness (dfilm) and complex refractive 
index (

filmn~ ). As matter of fact the fiber-film reflectance can be expressed as (Macleod, 2001): 
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where kinn film ~ , =4k/ is the overlay absorption coefficient, nf and next are the optical 

fiber and external medium refractive index, and λ is the optical wavelength. Thus, the 
reflectance changes due to the chemical interaction between sensing overlay and target 
analyte can be expressed as follows: 
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where Sn, S and Sd are the sensitivities against the variations of the effective refractive 
index, the absorption coefficient and the overlay thickness, respectively. They strongly 
depend upon the geometrical and electro-optical properties of the sensitive nanocoatings 
and upon the environmental condition (for example vapor or liquid phase), and for this 
reason they have to be properly considered case by case.  In particular, several effects could 
be involved to promote a reflectance change as a consequence of the analyte molecule 
adsorption within the sensitive overlay: first of all, swelling of the SWCNT nano-composite 
overlay that leads to a consequent increase of the film thickness; also, refractive index 
variations are expected due to the film density variation as expressed by the Lorentz-
Lorentz law (Kingery et al., 1976). In addition, according to the plasma optic effect (Wooten, 
1972; Soref & Bennet, 1987; Heinrich, 1990) a change either in the real part of the refractive 
index or in the absorption coefficient could be possible as a consequence of the free carrier 
concentration change induced by charge transfer mechanisms during analyte sorption. 
Modifications of film reflectance could be also possible due to optical absorption changes 
induced by chemical interaction with target analyte. In addition, it is noteworthy that, when 
very low chemical concentrations are considered (as in this work), it can be assumed that the 
analyte molecule adsorption occurs at constant overlay thickness (Δdfilm=0 in (3)). 
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3.1 Optoelectronic interrogation system 
An important issue to address when dealing with sensors is the design and development of 
a proper demodulation unit able to provide a continuous interrogation of single or multiple 
sensor probes by minimizing size, complexity and increasing the cost effectiveness. So far, a 
variety of schemes have been proposed for the interrogation of a fiber optic sensor based on 
the FP cavity, the most used ones relying on spectrum-modulating approach and single 
wavelength reflectometry (Kersey & Dandrige, 2001). Here the attention has been focused 
on this last technique, which is simple to implement and requires just few widespread 
commercial and low-cost optoelectronic components while preserving excellent 
performance. In addition it enables the fabrication of cost-effective, reliable, robust and 
portable equipments, which are factors of crucial importance for in-situ and long-term 
monitoring applications and for the desired technology transfer to the market. The typical 
interrogation scheme enabling the reflectance monitoring of a FP cavity realized on the 
distal end of an optical fiber is shown in Fig. 2 (Consales et al., 2007_b).  
It basically involves a superluminescent light emitting diode (with central wavelength 
=1310 nm and a bandwidth of approx. 40 nm), a 2x2 coupler and two photodetectors. It 
provides an output signal I that is proportional to the fiber-film interface reflectance R and 
that is insensitive to eventual fluctuations of the optical power levels along the whole 
measurement chain. As matter of fact, emitted light is splitted by the coupler and directed to 
the sensing probe (where partial reflection occurs) and to the first photoreceiver, whose 
output thus consists of an electrical signal (Vsource) proportional to the power emitted by the 
source (Psource). Reflected ligth is directed through the coupler to the second photoreceiver 
which responds with an electrical signal (Vsignal) proportional to Psource and to the overlay 
reflectance (R). The intensity compensation is obtained by considering the ratio between the 
voltage signals at the two photoreceivers:  

RI  
source

signal

V
V  (4) 

where  is a constant accounting for all the set-up parameters. In the followings, the relative 
change of the sensor output ΔI/I0 is considered (where I0 is the output signal in the 
reference or initial condition), which, in turn, corresponds to the relative reflectance change 
occurring at the fiber-sensitive layer interface (ΔR/R0). Synchronous detection is typically 
implemented to enhance the system performance, by amplitude modulating the light source 
at 500 Hz and retrieving the photodetector voltages by using a dual channel lock-in 
amplifier. The minimum ΔR/R0 that can be detected by means of this interrogation system, 
calculated considering the maximum scattering on the sensor response in a steady-state 
level for a time interval of at least 10 minutes, is typically in the range 1-6·10-4. In addition, a 
Time Division Multiplexing (TDM) approach is typically exploited to perform the quasi-
simultaneous interrogation of up to eight optical probes by means of a fiber optic switch.  
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Fig. 2. Schematic illustration of the typical interrogation scheme adopted for the single 
wavelength reflectance monitoring of an optical cavity realized upon the fiber tip 

 
3.2 Opto-chemical sensor fabrication 
The realization of thin films of SWCNTs with a controllable thickness is an important basis 
for the future development of their scientific understanding and technological applications. 
Proper manipulation techniques are required for applying thin-films of carbon nanotubes on 
substrates that do not allow direct grow methods. Although various proposals exist for their 
incorporation into devices, in single tube or thin film architectures (Bachtold et al., 2001), 
here the Langmuir Blodgett (LB) technique has been chosen as way to transfer nanometer-
scale layers of SWCNTs upon either bare optical fibers or Cadmium Arachidate (CdA) 
buffer-linker material, previously deposited (by the same technique) upon the fiber end in 
order to improve the carbon nanotubes adhesion on the sensors surface. The CdA has been 
chosen as buffer material due to its peculiar amphiphilic molecular structure suitable for LB 
deposition process (Takamoto et al., 2001; Di Luccio et al., 2004). 
The LB-technique is one of the most promising techniques for preparing such thin films as it 
enables the precise control of the monolayer thickness, homogeneous deposition of the 
monolayer over large areas and the possibility of making multilayer structures with varying 
layer composition (Roberts, 1990). An additional advantage of the LB technique is that 
monolayers can be transferred on almost any kind of solid substrate. However these 
advantages have to be traded with the low speed of the deposition procedure as well as the 
limited number of materials suitable for this technique. As represented in Fig. 3, the 
molecules of the films to deposit are firstly dispersed onto the surface of a sub-phase, 
typically oriented with the hydrophobic part upwards and with the hydrophilic one 
immersed in water. Subsequently, a reduction of the surface area occupied by each molecule 
is performed by means of moving barriers in order to produce a solid phase of a given 
surface pressure in which the molecules are densely packed forming an highly ordered 
array (James & Tatam, 2006). From this phase the molecules can be transferred to a properly 
cleaned and prepared solid substrate by its dipping through the condensed Langmuir layer.  
As the solid phase is reached only at high surface pressures, a continuous reduction of the 
moving barriers is performed when the molecules are transferred from the sub-phase to the 
substrate in order to keep the surface pressure constant, ensuring that the solid phase is 
maintained. Repeated dipping of the same substrate are also possible, resulting in the 
deposition of a thin film one monolayer at a time. 
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3.1 Optoelectronic interrogation system 
An important issue to address when dealing with sensors is the design and development of 
a proper demodulation unit able to provide a continuous interrogation of single or multiple 
sensor probes by minimizing size, complexity and increasing the cost effectiveness. So far, a 
variety of schemes have been proposed for the interrogation of a fiber optic sensor based on 
the FP cavity, the most used ones relying on spectrum-modulating approach and single 
wavelength reflectometry (Kersey & Dandrige, 2001). Here the attention has been focused 
on this last technique, which is simple to implement and requires just few widespread 
commercial and low-cost optoelectronic components while preserving excellent 
performance. In addition it enables the fabrication of cost-effective, reliable, robust and 
portable equipments, which are factors of crucial importance for in-situ and long-term 
monitoring applications and for the desired technology transfer to the market. The typical 
interrogation scheme enabling the reflectance monitoring of a FP cavity realized on the 
distal end of an optical fiber is shown in Fig. 2 (Consales et al., 2007_b).  
It basically involves a superluminescent light emitting diode (with central wavelength 
=1310 nm and a bandwidth of approx. 40 nm), a 2x2 coupler and two photodetectors. It 
provides an output signal I that is proportional to the fiber-film interface reflectance R and 
that is insensitive to eventual fluctuations of the optical power levels along the whole 
measurement chain. As matter of fact, emitted light is splitted by the coupler and directed to 
the sensing probe (where partial reflection occurs) and to the first photoreceiver, whose 
output thus consists of an electrical signal (Vsource) proportional to the power emitted by the 
source (Psource). Reflected ligth is directed through the coupler to the second photoreceiver 
which responds with an electrical signal (Vsignal) proportional to Psource and to the overlay 
reflectance (R). The intensity compensation is obtained by considering the ratio between the 
voltage signals at the two photoreceivers:  
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where  is a constant accounting for all the set-up parameters. In the followings, the relative 
change of the sensor output ΔI/I0 is considered (where I0 is the output signal in the 
reference or initial condition), which, in turn, corresponds to the relative reflectance change 
occurring at the fiber-sensitive layer interface (ΔR/R0). Synchronous detection is typically 
implemented to enhance the system performance, by amplitude modulating the light source 
at 500 Hz and retrieving the photodetector voltages by using a dual channel lock-in 
amplifier. The minimum ΔR/R0 that can be detected by means of this interrogation system, 
calculated considering the maximum scattering on the sensor response in a steady-state 
level for a time interval of at least 10 minutes, is typically in the range 1-6·10-4. In addition, a 
Time Division Multiplexing (TDM) approach is typically exploited to perform the quasi-
simultaneous interrogation of up to eight optical probes by means of a fiber optic switch.  
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Fig. 2. Schematic illustration of the typical interrogation scheme adopted for the single 
wavelength reflectance monitoring of an optical cavity realized upon the fiber tip 

 
3.2 Opto-chemical sensor fabrication 
The realization of thin films of SWCNTs with a controllable thickness is an important basis 
for the future development of their scientific understanding and technological applications. 
Proper manipulation techniques are required for applying thin-films of carbon nanotubes on 
substrates that do not allow direct grow methods. Although various proposals exist for their 
incorporation into devices, in single tube or thin film architectures (Bachtold et al., 2001), 
here the Langmuir Blodgett (LB) technique has been chosen as way to transfer nanometer-
scale layers of SWCNTs upon either bare optical fibers or Cadmium Arachidate (CdA) 
buffer-linker material, previously deposited (by the same technique) upon the fiber end in 
order to improve the carbon nanotubes adhesion on the sensors surface. The CdA has been 
chosen as buffer material due to its peculiar amphiphilic molecular structure suitable for LB 
deposition process (Takamoto et al., 2001; Di Luccio et al., 2004). 
The LB-technique is one of the most promising techniques for preparing such thin films as it 
enables the precise control of the monolayer thickness, homogeneous deposition of the 
monolayer over large areas and the possibility of making multilayer structures with varying 
layer composition (Roberts, 1990). An additional advantage of the LB technique is that 
monolayers can be transferred on almost any kind of solid substrate. However these 
advantages have to be traded with the low speed of the deposition procedure as well as the 
limited number of materials suitable for this technique. As represented in Fig. 3, the 
molecules of the films to deposit are firstly dispersed onto the surface of a sub-phase, 
typically oriented with the hydrophobic part upwards and with the hydrophilic one 
immersed in water. Subsequently, a reduction of the surface area occupied by each molecule 
is performed by means of moving barriers in order to produce a solid phase of a given 
surface pressure in which the molecules are densely packed forming an highly ordered 
array (James & Tatam, 2006). From this phase the molecules can be transferred to a properly 
cleaned and prepared solid substrate by its dipping through the condensed Langmuir layer.  
As the solid phase is reached only at high surface pressures, a continuous reduction of the 
moving barriers is performed when the molecules are transferred from the sub-phase to the 
substrate in order to keep the surface pressure constant, ensuring that the solid phase is 
maintained. Repeated dipping of the same substrate are also possible, resulting in the 
deposition of a thin film one monolayer at a time. 
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Fig. 3. Schematic representation of the Langmuir-Blodgett deposition procedure. 
 
For CdA buffer multilayer deposition, a solution (0.953 mg/ml) of arachidic acid 
[CH3(CH2)18COOH] in chloroform is typically spread onto a sub-phase of deionized water 
(18 MΩ) containing 10-4 M cadmium chloride (CdCl2). The sub-phase pH is kept constant at 
a value of 6.0, with the temperature fixed at 23°C. The monolayer is compressed with a 
barrier rate of 15 mm/min up to a surface pressure of 27 mN/m. The single layers is 
deposited on the SOF with a vertical dipping rate of 12 mm/min. After a proper drying of 
24 hours, the coated fiber is ready for the deposition of the CNT sensing layers. 
For SWCNT film deposition, a solution (0.2 mg/ml) of SWCNT pristine material in 
chloroform is spread onto a sub-phase constituted by deionized water (18 MΩ) with 10-4 M 
of CdCl2. The sub-phase pH and the temperature are kept constant at values of 6.0 and 23°C, 
respectively. The monolayer is compressed with a barrier rate of 15 mm/min up to a surface 
pressure of 45 mN/m. The single layer is deposited on the SOF surface, either bare or 
already coated by 20 monolayers of CdA (Penza et al., 2005_b), with a dipping rate of 3 
mm/min. After a proper drying of 12 hours overnight, the sensing multilayers deposited 
are ready for the experimental testing. The raw pristine material of commercial SWCNTs 
has always been used as-bought, without any purification treatment. The samples are 
prepared by sonicating SWCNT suspension in chloroform for 1 hour at room temperature 
prior to the deposition. It is also noteworthy that before the LB deposition procedure the 
SOFs are previously accurately polished from the acrylic protection and cleaved with a 
precision cleaver in order to obtain a smooth and plane surface. Then, they are washed in 
chloroform and dried with gaseous nitrogen to be ready for the deposition. The number of 
deposited CdA and/or SWCNT monolayers are controlled by choosing how many times the 
substrate is dipped inside or lifted from the solution containing the monolayer to transfer.  

 
3.3 Structural and morphological characterization of SWCNT overlays 
The rational design of a chemical sensor and of its performance is something which is 
possible only if the sensitive material properties and the way they are affected by different 
deposition parameters or ambient conditions are well known and understood. To this aim 
an extensive characterization of the as-bought SWCNT powders as well as of the deposited 
LB SWCNT films has been carried out in order to investigate their structural and 

morphological features. Such characterization involved X-ray diffraction (XRD) and Raman 
Spectroscopy analyses, High-Resolution Transmission Electron Microscopy (HRTEM) and 
Scanning Electron Microscopy (SEM) observations. In particular, in Fig. 4.a is reported the 
typical XRD spectrum of as-bought SWCNT powder (1 mg) material. The pattern exhibits a 
well-defined graphite-like (002) diffraction peak at 2 = 26.5°, and a broad band centered at 
lower 2 = 22° from amorphous carbon or non-nanotube carbon material.  
Further XRD analyses performed on CdA multilayers on glass substrates evidenced a CdA 
monolayer spacing of about 2.8 nm for cadmium arachidate. The same measurements, 
performed with a SWCNT multilayer, revealed a carbon nanotubes monolayer spacing of 
about 2.0 nm (Penza et al., 2005_b). Also Raman spectroscopy analyses have been conducted 
to characterize the fabricated LB films based on SWCNTs already deposited on the SOF tip. 
To this aim, a Raman microscope functioning in backscattering configuration employing a 
HeNe laser (633 nm) and 50x and 100x objective lenses was used. The results are shown in 
Fig. 4.b, where the typical Raman spectrum of a SWCNT film is reported. The characteristic 
multi-peak feature “G-band” at about 1580 cm-1, corresponding to carbon atoms vibration 
tangentially with respect to the nanotube walls (Saito et al., 1998), together with the less 
remarkable disorder-induced “D-band” peak typically in the range 1300-1400 cm-1, 
representing the degree of defects or dangling bonds, can be easily revealed. 
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Fig. 4. (a) X-ray diffraction spectrum obtained from HiPco SWCNT powder (1 mg) and (b) 
typical Raman spectrum of a LB SWCNT film directly deposited on the optical fiber tip. 
 
In particular the observation of the two most intense G peaks (labelled G+ and G-) confirm 
the single-walled nature of the carbon tubes while their predominant semiconducting 
behavior can be derived by the Lorentzian lineshape of the G– feature which, on the 
contrary, is broadened for metallic SWCNTs (Saito et al., 1998). In addition, the large ratio of 
G to D peaks give us an indication of an ordered structure of the deposited SWCNT overlay. 
It is worth noting that, since the Raman studies have been performed on SWCNT film 
already deposited on the fiber end-face, the results shown also confirm their successful 
integration with optical fiber technology. The HRTEM images of a SWCNT powder, 
reported in Fig. 5 at (a) low and (b) high magnification, confirm the nanometric dimension 
of the carbon tubes and reveal the presence between them of some Fe metal particles, a 
typical catalyst used in the HiPco production process of carbon nanotubes.  

(a) (b) 
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Fig. 3. Schematic representation of the Langmuir-Blodgett deposition procedure. 
 
For CdA buffer multilayer deposition, a solution (0.953 mg/ml) of arachidic acid 
[CH3(CH2)18COOH] in chloroform is typically spread onto a sub-phase of deionized water 
(18 MΩ) containing 10-4 M cadmium chloride (CdCl2). The sub-phase pH is kept constant at 
a value of 6.0, with the temperature fixed at 23°C. The monolayer is compressed with a 
barrier rate of 15 mm/min up to a surface pressure of 27 mN/m. The single layers is 
deposited on the SOF with a vertical dipping rate of 12 mm/min. After a proper drying of 
24 hours, the coated fiber is ready for the deposition of the CNT sensing layers. 
For SWCNT film deposition, a solution (0.2 mg/ml) of SWCNT pristine material in 
chloroform is spread onto a sub-phase constituted by deionized water (18 MΩ) with 10-4 M 
of CdCl2. The sub-phase pH and the temperature are kept constant at values of 6.0 and 23°C, 
respectively. The monolayer is compressed with a barrier rate of 15 mm/min up to a surface 
pressure of 45 mN/m. The single layer is deposited on the SOF surface, either bare or 
already coated by 20 monolayers of CdA (Penza et al., 2005_b), with a dipping rate of 3 
mm/min. After a proper drying of 12 hours overnight, the sensing multilayers deposited 
are ready for the experimental testing. The raw pristine material of commercial SWCNTs 
has always been used as-bought, without any purification treatment. The samples are 
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prior to the deposition. It is also noteworthy that before the LB deposition procedure the 
SOFs are previously accurately polished from the acrylic protection and cleaved with a 
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chloroform and dried with gaseous nitrogen to be ready for the deposition. The number of 
deposited CdA and/or SWCNT monolayers are controlled by choosing how many times the 
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3.3 Structural and morphological characterization of SWCNT overlays 
The rational design of a chemical sensor and of its performance is something which is 
possible only if the sensitive material properties and the way they are affected by different 
deposition parameters or ambient conditions are well known and understood. To this aim 
an extensive characterization of the as-bought SWCNT powders as well as of the deposited 
LB SWCNT films has been carried out in order to investigate their structural and 

morphological features. Such characterization involved X-ray diffraction (XRD) and Raman 
Spectroscopy analyses, High-Resolution Transmission Electron Microscopy (HRTEM) and 
Scanning Electron Microscopy (SEM) observations. In particular, in Fig. 4.a is reported the 
typical XRD spectrum of as-bought SWCNT powder (1 mg) material. The pattern exhibits a 
well-defined graphite-like (002) diffraction peak at 2 = 26.5°, and a broad band centered at 
lower 2 = 22° from amorphous carbon or non-nanotube carbon material.  
Further XRD analyses performed on CdA multilayers on glass substrates evidenced a CdA 
monolayer spacing of about 2.8 nm for cadmium arachidate. The same measurements, 
performed with a SWCNT multilayer, revealed a carbon nanotubes monolayer spacing of 
about 2.0 nm (Penza et al., 2005_b). Also Raman spectroscopy analyses have been conducted 
to characterize the fabricated LB films based on SWCNTs already deposited on the SOF tip. 
To this aim, a Raman microscope functioning in backscattering configuration employing a 
HeNe laser (633 nm) and 50x and 100x objective lenses was used. The results are shown in 
Fig. 4.b, where the typical Raman spectrum of a SWCNT film is reported. The characteristic 
multi-peak feature “G-band” at about 1580 cm-1, corresponding to carbon atoms vibration 
tangentially with respect to the nanotube walls (Saito et al., 1998), together with the less 
remarkable disorder-induced “D-band” peak typically in the range 1300-1400 cm-1, 
representing the degree of defects or dangling bonds, can be easily revealed. 
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Fig. 4. (a) X-ray diffraction spectrum obtained from HiPco SWCNT powder (1 mg) and (b) 
typical Raman spectrum of a LB SWCNT film directly deposited on the optical fiber tip. 
 
In particular the observation of the two most intense G peaks (labelled G+ and G-) confirm 
the single-walled nature of the carbon tubes while their predominant semiconducting 
behavior can be derived by the Lorentzian lineshape of the G– feature which, on the 
contrary, is broadened for metallic SWCNTs (Saito et al., 1998). In addition, the large ratio of 
G to D peaks give us an indication of an ordered structure of the deposited SWCNT overlay. 
It is worth noting that, since the Raman studies have been performed on SWCNT film 
already deposited on the fiber end-face, the results shown also confirm their successful 
integration with optical fiber technology. The HRTEM images of a SWCNT powder, 
reported in Fig. 5 at (a) low and (b) high magnification, confirm the nanometric dimension 
of the carbon tubes and reveal the presence between them of some Fe metal particles, a 
typical catalyst used in the HiPco production process of carbon nanotubes.  

(a) (b) 
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Finally, in Fig. 5.c is reported the typical SEM images of CdA-buffered LB SWCNT films 
deposited upon a SOF tip. It demonstrates once more the success of the integration of carbon 
nanotubes with the optical fiber and reveals their attitude to adhere one to each other 
forming bundles or ropes with a spaghetti-like arrangement.  
 

 
 
Fig. 5. HRTEM images of SWCNT powder at (a) low and (b) high magnification and (c) SEM 
images of CdA-buffered SWCNT LB films deposited on a SOF tip. 

 
4. Environmental monitoring applications: Experimental Results 
 

In the following we report the results obtained during the last years of research focused on 
the development of SWCNTs-based fiber optic chemo-sensors. In particular, we focus our 
attention on chemical trace detection in air and water, at room temperature. The strong 
potentiality of this novel SWCNTs-based fiber optic sensing technology to be employed for 
numerous practical environmental monitoring application is clearly demonstrated.  

 
4.1 Room temperature detection of VOCs in air 
The investigation and characterization of the VOC detection performance of SWCNTs-
coated opto-chemical sensors has been carried out by means of an experimental setup ad 
hoc designed and realized, a schematic representation of which is reported in Fig. 6.  

 

Thermostated bath 
RS-485

PC

SOF

Exhaust

Analyte

Gas mixer

MFC-8

3-way valve

MFC controller unit

MFC-2MFC-1 Test chamber

SOF sensor
interrogation system

NI-DAQ System

PC
Thermostated bath 

RS-485

PC

SOF

Exhaust

Analyte

Gas mixer

MFC-8

3-way valve

MFC controller unit

MFC-2MFC-1 Test chamber

SOF sensor
interrogation system

NI-DAQ System

PC

NI-DAQ System

PC

Optical
switch 

Test chamber

Optical fibers

SOF sensor
interrogation system 

Optical
switch 

Test chamber

Optical fibers

SOF sensor
interrogation system 

 
 

Fig. 6. Experimental setup used for the vapor testing. 
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In particular the optical fiber probes are located in a properly designed test chamber 
realized in stainless steel. The volume of the test chamber was 1200 ml, the total flow rate 
per exposure has been kept constant at 1000 ml/min and the vapors have been generated by 
the bubbling method. The gas flow rate has been controlled by a mass flow-meter driven by 
a controller-unit communicating with a PC via standard RS-485 serial bus. The controller 
unit was able to drive up to eight different gas-channels, and the gas flow rate in each gas-
channel was regulated by a dedicated mass flow meter with a full scale of the mass flow 
ranging from 10 to 1000 ml/min. Numerous tests have been performed by using nitrogen or 
dry air as reference and carrier gas to transport the generated vapors inside the test ambient: 
dry air has been chosen because of the higher stability demonstrated by the optical fiber 
sensor signals. All the experiments have been conducted at room temperature.   
The capability of SWCNT overlays of undergoing changes in their complex refractive index 
and thickness as consequence of the adsorption of target analyte molecules was 
demonstrated for the first time in 2004 (Penza et al., 2004). In that case LB films consisting of 
SWCNT bundles were transferred upon the optical fiber tip by using a buffer LB multilayer 
of CdA pre-deposited on the sensor surface in order to promote the CNT adhesion. The 
fabricated probes were exploited for the detection of several VOCs, such as isopropanol, 
methanol, ethanol, toluene and xylene. However, in 2005, multilayers of SWCNTs with 
different thicknesses were successfully deposited directly upon the optical fiber surface by a 
modification of the LB process (Consales et al., 2006_b), resulting in an improvement of the 
sensing performance of the un-buffered configuration with respect to the buffered case, 
especially in term of sensor sensitivity. As an example, Fig. 7 shows the highest ΔR/R0 
exhibited by a fiber optic probe coated with 4 SWCNT monolayers (namely SOF-4) when 
exposed to 30-minutes decreasing concentration pulses of xylene vapors with respect to the 
counterpart optoelectronic sensor arranged in the CdA buffered configuration (2 
monolayers of SWCNTs deposited onto 20 monolayers of CdA). In both cases, significant 
reflectance changes occurred on analyte exposure as consequence of the variation in the 
SWCNT overlay refractive index promoted by toluene molecules adsorption.  
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Fig. 7. ΔR/R0 occurred on xylene vapor  exposure to CdA-buffered and un-buffered 
SWCNTs-based opto-chemical sensors, at room temperature. 
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nanotubes with the optical fiber and reveals their attitude to adhere one to each other 
forming bundles or ropes with a spaghetti-like arrangement.  
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In particular the optical fiber probes are located in a properly designed test chamber 
realized in stainless steel. The volume of the test chamber was 1200 ml, the total flow rate 
per exposure has been kept constant at 1000 ml/min and the vapors have been generated by 
the bubbling method. The gas flow rate has been controlled by a mass flow-meter driven by 
a controller-unit communicating with a PC via standard RS-485 serial bus. The controller 
unit was able to drive up to eight different gas-channels, and the gas flow rate in each gas-
channel was regulated by a dedicated mass flow meter with a full scale of the mass flow 
ranging from 10 to 1000 ml/min. Numerous tests have been performed by using nitrogen or 
dry air as reference and carrier gas to transport the generated vapors inside the test ambient: 
dry air has been chosen because of the higher stability demonstrated by the optical fiber 
sensor signals. All the experiments have been conducted at room temperature.   
The capability of SWCNT overlays of undergoing changes in their complex refractive index 
and thickness as consequence of the adsorption of target analyte molecules was 
demonstrated for the first time in 2004 (Penza et al., 2004). In that case LB films consisting of 
SWCNT bundles were transferred upon the optical fiber tip by using a buffer LB multilayer 
of CdA pre-deposited on the sensor surface in order to promote the CNT adhesion. The 
fabricated probes were exploited for the detection of several VOCs, such as isopropanol, 
methanol, ethanol, toluene and xylene. However, in 2005, multilayers of SWCNTs with 
different thicknesses were successfully deposited directly upon the optical fiber surface by a 
modification of the LB process (Consales et al., 2006_b), resulting in an improvement of the 
sensing performance of the un-buffered configuration with respect to the buffered case, 
especially in term of sensor sensitivity. As an example, Fig. 7 shows the highest ΔR/R0 
exhibited by a fiber optic probe coated with 4 SWCNT monolayers (namely SOF-4) when 
exposed to 30-minutes decreasing concentration pulses of xylene vapors with respect to the 
counterpart optoelectronic sensor arranged in the CdA buffered configuration (2 
monolayers of SWCNTs deposited onto 20 monolayers of CdA). In both cases, significant 
reflectance changes occurred on analyte exposure as consequence of the variation in the 
SWCNT overlay refractive index promoted by toluene molecules adsorption.  
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Fig. 7. ΔR/R0 occurred on xylene vapor  exposure to CdA-buffered and un-buffered 
SWCNTs-based opto-chemical sensors, at room temperature. 
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Both sensors exhibited the capability of detecting the chemical under investigation at ppm 
traces combined with fast response, complete reversibility (enabling the reuse of the sensor 
after a given measurement) and a marked response time dependence on analyte 
concentration. However the sensor SOF-4 provided response changes more than one order 
of magnitude higher than the ones provided by the counterpart probe in the CdA-buffered 
configuration. In light of this results, strong interest was devoted to the investigation of the 
sensing capabilities of SWCNTs-based opto-chemical sensors arranged in the un-buffered 
configuration against several VOCs.  
In Fig. 8.a are reported the results of toluene vapor testing carried out by exposing the probe 
SOF-4 to four toluene pulses with concentration in the range 54-93 ppm. The results 
obtained confirmed the behavior of the fiber optic sensor exhibited during xylene testing: as 
matter of fact, also in this case a ΔR/R0 increase on exposure was observed as consequence 
of analyte molecule adsorption. A less pronounced dependence of the response time on 
toluene concentration was noticed, revealing that different adsorption dynamics occur 
depending on the VOC under investigation. Also, a slight drift in the signal baseline can be 
recognized, due to little thermal changes in the not perfectly thermo-stated test chamber.  
In order to investigate the reliability of the proposed transducers, a repeatability test has 
been carried out for the same fiber optic sensor. The results are shown in Fig. 8.b, where the 
ΔR/R0 occurred as consequence of two xylene exposures at 21 ppm are reported. As 
evident, the opto-chemical probe demonstrated high repeatability and reliability also at very 
low analyte concentrations. 
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Fig. 8. (a) Response of sensor SOF-4 to toluene vapors at room temperature and (b) 
repeatability test performed exposing the same sensor to 2 pulses of xylene vapors (21 ppm). 
 
These results have to be considered at constant temperature, because no thermal variation 
occurred meanwhile. However it is evident that monitoring of thermal drifts and 
compensation of their effects on sensor response are strictly required to not affect the system 
performance. Temperature monitoring could be implemented by means of proper fiber 
bragg grating temperature sensors, which could be either separately inserted within the test 
ambient or integrated with the optical fiber probe (Cusano et al., 2004). Similarly, CNTs-
based fiber optic chemo-sensors demonstrated a relevant sensitivity also to humidity 
changes (Consales et al., 2006_b), thus revealing the necessity of proper calibrations and 
compensations of the sensor response, especially when high accuracy is requesed.  

(a) (b) 

In Fig. 9 have been reported the calibration curves of sensor SOF-4 obtained against toluene 
and xylene vapors, which revealed an almost linear behavior in the investigated 
concentration ranges. In addition, by comparing sensor sensitivities to both analytes, 
calculated as relative reflectance change upon concentration unit (Sanalyte=(ΔR/R0)/C) 
(D’Amico & Di Natale, 2001) a SOF sensitivity to xylene (Sxylene=1.1·10-3 ppm-1) more than 
two times higher than that to toluene (Stoluene=4.7·10-4 ppm-1) has been found. Considering 
the minimum ΔR/R0 achievable with the exploited interrogation unit, a resolution of 
approx. 290 ppb and 120 ppb have been estimated for toluene and xylene, respectively. 
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Fig. 9. Calibration curves of sensor SOF-4, exposed to toluene and xylene vapors. 
 
This excellent resolutions are more than three orders of magnitude higher than that obtained 
by means of a fluorosiloxane polymer-based Surface Plasmon Resonance (SPR) optical fiber 
sensor (900 ppm and 190 ppm, respectively for toluene and xylene) (Abdelghani & Jaffrezic-
Renault, 2001), and more than two orders of magnitude higher than that provided by a 
multimodal optical fiber sensor sensitized by phenyl-modified porous silica (100 ppm and 
20 ppm, respectively) (Abdelmalek et al., 1999). 

 
4.1.1 Influence of monolayers number and CdA buffer on sensor sensitivity 
Here, the influence of the number of SWCNT monolayers on the sensor performance are 
discussed. The differences between the sensing capability of buffered and un-buffered 
configurations are also better discussed. To this aim, four opto-chemical sensors coated by 
different numbers of monolayers, directly deposited on bare substrates and also buffered by 
20 LB monolayers of CdA, have been simultaneously exposed to toluene and xylene vapors.  
Fig. 10.a reports the ΔR/R0 versus toluene concentration for all the tested sensors. It can be 
seen that a sensitivity increase has been obtained by passing from 2 (0.9·10-4 ppm-1) to 4 
SWCNT monolayers (4.7·10-4 ppm-1). On the contrary, the optical chemo-sensor coated by a 
higher number of monolayers (12), and thus by a thicker SWCNT film, exhibited a negative 
sensitivity (-0.7·10-4 ppm-1). This means that for this sensor the fiber-film interface reflectance 
decreases on exposure. This is due to the fact that the film reflectance, and thus also the 
sensor sensitivity, is strongly dependent on the thickness and refractive index of the CNT 
overlay, in accordance with (1). As a matter of the fact, depending on the geometric features 
of the film deposited atop the optical fiber, either positive or negative sensitivities to a target 
analyte can be obtained.  
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sensing capabilities of SWCNTs-based opto-chemical sensors arranged in the un-buffered 
configuration against several VOCs.  
In Fig. 8.a are reported the results of toluene vapor testing carried out by exposing the probe 
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matter of fact, also in this case a ΔR/R0 increase on exposure was observed as consequence 
of analyte molecule adsorption. A less pronounced dependence of the response time on 
toluene concentration was noticed, revealing that different adsorption dynamics occur 
depending on the VOC under investigation. Also, a slight drift in the signal baseline can be 
recognized, due to little thermal changes in the not perfectly thermo-stated test chamber.  
In order to investigate the reliability of the proposed transducers, a repeatability test has 
been carried out for the same fiber optic sensor. The results are shown in Fig. 8.b, where the 
ΔR/R0 occurred as consequence of two xylene exposures at 21 ppm are reported. As 
evident, the opto-chemical probe demonstrated high repeatability and reliability also at very 
low analyte concentrations. 
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Fig. 8. (a) Response of sensor SOF-4 to toluene vapors at room temperature and (b) 
repeatability test performed exposing the same sensor to 2 pulses of xylene vapors (21 ppm). 
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This excellent resolutions are more than three orders of magnitude higher than that obtained 
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Fig. 10. Calibration curves and sensitivities obtained by exposing four fiber optic sensors 
coated by a different number of SWCNT monolayers to (a) toluene and (b) xylene vapors. 
 
For the same reason, the CdA buffer multilayer, whose optical properties are quite similar to 
those of the standard optical fibers, and thus not optimized for the particular configuration 
exploited, dramatically decreases the sensitivity of optical fiber sensors (-0.4·10-4 ppm-1). It is 
noteworthy, however, that by choosing a buffer-linker material whose optical and 
geometrical features (such as the multilayer thickness and refractive index) are well 
optimized for the specific configuration, one could be able to strongly enhance the SOF 
sensor performance. From Fig. 10.b it can be seen that the four fiber optic chemo-sensors 
exhibited the same behaviors also in case of xylene vapor testing: hence, it demonstrates that 
the inversion of the optoelectronic sensor sensitivities is not due to the particular analyte 
tested, but to the optical configuration exploited. This feature could be very useful for 
pattern recognition analysis in case of multi-transducer approaches, where complementary 
sensors are exploited to improve the analyte discrimination (Penza et al., 2005_b). 

 
4.1.2 Response and recovery time analysis 
As the experimental results revealed a dependence of sensor response times (and as 
consequence of the adsorption/desorption dynamics) on analyte concentration, a detailed 
analysis of response and recovery times of sensor SOF-4 has been performed (Consales et 
al., 2007_b) by its exposure to different concentration pulses of toluene and xylene vapors 
(the exposure time was 30 minutes). The response (recovery) time has been calculated as the 
time the output signal needed to pass from 10% to 90% (from 90% to 10%) of the total signal 
variation. The results obtained for both chemicals are quite similar and revealed the attitude 
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of response time to increases with analyte concentration while the recovery time is quite 
constant. In particular, the minimum response time in case of toluene, obtained for 54 ppm, 
was approx. 7 minutes while the maximum one, obtained for 93 ppm, was approx. 11 
minutes. The recovery time was as low as approx. 5 minutes. Slower responses were 
observed in case of xylene exposure, for which the SOF response times increased from 
approx. 4 minutes (3 ppm) to approx. 18 minutes (39 ppm), and the recovery time was 
approx. 6 minutes. This could be ascribed to a different adsorption kinetic of the two analyte 
molecules inside the CNT sensitive nanocoatings. It is noteworthy, however, that the 
response times of the proposed fiber optic chemo-sensors are relatively good taking into 
account the volume of the test chamber and the total flow rate per exposure. It is also 
important noting that although these times could be reduced by depositing a lower amount 
of carbon nanotubes on the SOF tip, the choice of the geometric features of the sensitive 
overlay has to be made by considering the trade-off that exists between sensor sensitivity 
and response (and recovery) time (Consales et al., 2007_b). 

 
4.2 Towards fiber optic tongue: chemical trace detection in water 
In this section the attention has been focused on the feasibility of exploiting the excellent 
sensing properties of CNTs for the development of high performance optoelectronic sensors 
capable of chemical trace detection in aqueous environments, at room temperature.  
A schematic view of the experimental setup exploited for chemical trace detection in water 
is reported in Fig. 11.a. The SWCNTs-based opto-chemical transducers have been inserted in 
a beaker containing pure water. The presence within the test ambient of the analyte under 
investigation has been promoted by its injection inside the beaker. The injected volume has 
been chosen, each time, in order to obtain the desired analyte concentration. The polluted 
water has been continuously stirred to ensure maximum dispersion of analyte. In addition, 
after each exposure, the capabilities of SOF sensors to recover the initial steady state level 
have been investigated by restoring the initial condition of pure water: pure water has been 
continuously injected in the test chamber, while the contaminated water, previously present 
in it, contemporarily stilled out.  
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Fig. 11. (a) Experimental setup exploited for chemical trace detection in water and (b) ΔR/R0 
occurred to the sensor SOF-12 on toluene injections, at room temperature. 
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Fig. 10. Calibration curves and sensitivities obtained by exposing four fiber optic sensors 
coated by a different number of SWCNT monolayers to (a) toluene and (b) xylene vapors. 
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was approx. 7 minutes while the maximum one, obtained for 93 ppm, was approx. 11 
minutes. The recovery time was as low as approx. 5 minutes. Slower responses were 
observed in case of xylene exposure, for which the SOF response times increased from 
approx. 4 minutes (3 ppm) to approx. 18 minutes (39 ppm), and the recovery time was 
approx. 6 minutes. This could be ascribed to a different adsorption kinetic of the two analyte 
molecules inside the CNT sensitive nanocoatings. It is noteworthy, however, that the 
response times of the proposed fiber optic chemo-sensors are relatively good taking into 
account the volume of the test chamber and the total flow rate per exposure. It is also 
important noting that although these times could be reduced by depositing a lower amount 
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overlay has to be made by considering the trade-off that exists between sensor sensitivity 
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In this section the attention has been focused on the feasibility of exploiting the excellent 
sensing properties of CNTs for the development of high performance optoelectronic sensors 
capable of chemical trace detection in aqueous environments, at room temperature.  
A schematic view of the experimental setup exploited for chemical trace detection in water 
is reported in Fig. 11.a. The SWCNTs-based opto-chemical transducers have been inserted in 
a beaker containing pure water. The presence within the test ambient of the analyte under 
investigation has been promoted by its injection inside the beaker. The injected volume has 
been chosen, each time, in order to obtain the desired analyte concentration. The polluted 
water has been continuously stirred to ensure maximum dispersion of analyte. In addition, 
after each exposure, the capabilities of SOF sensors to recover the initial steady state level 
have been investigated by restoring the initial condition of pure water: pure water has been 
continuously injected in the test chamber, while the contaminated water, previously present 
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Fig. 11. (a) Experimental setup exploited for chemical trace detection in water and (b) ΔR/R0 
occurred to the sensor SOF-12 on toluene injections, at room temperature. 
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The results obtained exposing a SOF sensor coated by 12 monolayers of SWCNTs (SOF-12) 
to several injections of toluene in water, with concentrations in the range 20-80ppm 
(calculated as l/l), are shown in Fig. 11.b. They revealed a sensitivity in air higher (approx. 
1.510-4 ppm-1) than that obtained in case of water environment (approx. 1.210-4 ppm-1). The 
differences can be ascribed to the dependence of the reflectance upon the surrounding 
refractive index combined to different adsorption characteristics occurring in liquid 
environment, especially if the kinetic is diffusion limited.  
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Fig. 12. (a) Calibration curves of sensor SOF-12 against toluene in air and aqueous 
environments and (b) characteristic times of the same sensor on toluene exposure in water. 
 
Taking into account the sensitivity of the sensor against toluene and considering the 
ΔR/R0min (610-4) obtainable with the exploited instrumentation, a resolution of 5 ppm has 
been estimated. Finally, an analysis of the response (t10-90) and recovery (t10-90) times of the 
optical probes has been carried out. The results obtained for the detection in water are 
shown in Fig. 12.b and reveal characteristic times slightly dependent on analyte 
concentration, with the mean response time (approx. 20 min.) higher than the mean 
recovery one (approx. 4 min.). A clear difference has been found with respect to the 
characteristic times obtained in case of in air detection, where the same sensor exhibited 
mean response and recovery times (towards toluene) of approx.  8 and 28 min., respectively.  

 
4.3 Discussion  
Here, a brief discussion concerning some of the typical drawbacks arising from the use of 
carbon nanotubes as sensitive elements of reflectometric optical fiber sensors is carried out, 
which evidences some currently unsolved matters, but, at the same time, opens the way to 
further investigations and research activities. First of all, the attitude of SWCNTs to 
randomly distribute in tangled networks of nanotubular chains and densely aggregate mats 
causes a not very high repeatability of the distribution of carbon nanotubes upon the sensor 
surface as well as their optical properties. These drawbacks could be overcome by means of 
an alignment of the carbon nanotubes onto the sensor substrate, which should provide a 
better and almost predictable SWCNT distribution upon them (Yoo et al., 2005). 
The adhesion of the carbon nanotubes to the fiber substrate also requires further 
investigations and improvements, especially when the SWCNTs-based sensors are exploited 
for in water chemical detection applications, for which particularly hard operating 
conditions could even promote a detachment of the sensitive overlay from the optical fiber 
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tip. A first attempt to improve the adhesion of SWCNT overlays to the distal end of the 
optical fibers is reported in the next section and relies on their embedding in CdA host-
matrix in order to obtain nanocomposites with tailored amount of nanotube filler contents. 
Finally, another issue to address is related to the poor selectivity of the proposed SWCNTs-
based sensors towards a given chemical specie. This means that in case of a multicomponent 
gas mixture with interfering analytes, the information provided by the sensors could be 
ambiguous and no straightforward information about the test environment could be 
achieved. This is a very common aspect in chemical sensing applications as demonstrated by 
the strong effort which is currently devoted by the researchers on how to improve the 
sensor discrimination ability among different analytes. Basically, there are two possible 
approaches in the attempt to increase the chemical sensor selectivity, and both have to be 
followed in synergy. The first one is a direct approach which relies on the sensitive layer 
functionalization in order to have an higher affinity of the material towards specific 
chemical species (Balasubramanian & Burghard, 2005). The second one is based on the use 
of a hybrid system composed of multiple transducers coated by the same material (or, in the 
most general case, by different materials) in the form of an array. Here, sensors with a poor 
selective response, when considered collectively, provide unique patterns typical for each 
analyte. The generated response patterns are interpreted by pattern-recognition algorithm 
for the selective detection (Zarcomb & Stretter, 1984). Section 5 is focused on this last 
approach: in particular it will be shown that the use of standard pattern recognition 
techniques, such as the Principal Component Analysis (PCA), applied on both the static and 
dynamic responses of the single sensor of a fiber optic sensor array enables to significantly 
enhance the discrimination ability of the SWCNTs-based optoelectronic sensors. 

 
5. SWCNTs-based nanocomposites as advanced nano-coatings 
 

As already discussed in section 4.3, the adhesion of carbon nanotubes to the fiber substrate 
and the poor repeatability of the deposition process (especially concerning the distribution 
of the tubes upon the fiber tip as well as the optical properties of the fabricated layer) 
represent two important issues to improve for an extensive exploitation of the proposed 
SWCNTs-based opto-chemical sensors for practical applications and for their effective 
transfer to the market. The alignment of carbon nanotubes upon the sensor substrate as well 
as the embedding of controlled quantity of them inside a host-matrix of a foreign material 
for the synthesis of nanocomposites with tailored amount of nanotube filler contents have 
been identified as possible ways to overcome these drawbacks. In fact, the CdA was used in 
the past as buffer-linker material to promote the adhesion of SWCNT thin films to the fiber 
end-face. Here the attention has been focused on the latter solution. In particular, the 
sensing performance of fiber optic chemo-sensors based on nanocomposite overlays of 
SWCNTs embedded in a CdA matrix have been investigated against several chemicals both 
in gaseous (hydrocarbons, alcohols and NO2) and liquid phase (toluene and xylene), at room 
temperature.  

 
5.1 CdA/SWCNTs-based sensors fabrication and characterization 
The Langmuir-Blodgett deposition process has been exploited again as a way to transfer 
thin films of SWCNTs-based nanocomposites upon the distal end of properly prepared 
single-mode optical fibers. The CdA has been chosen as host-matrix material to incorporate 
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The results obtained exposing a SOF sensor coated by 12 monolayers of SWCNTs (SOF-12) 
to several injections of toluene in water, with concentrations in the range 20-80ppm 
(calculated as l/l), are shown in Fig. 11.b. They revealed a sensitivity in air higher (approx. 
1.510-4 ppm-1) than that obtained in case of water environment (approx. 1.210-4 ppm-1). The 
differences can be ascribed to the dependence of the reflectance upon the surrounding 
refractive index combined to different adsorption characteristics occurring in liquid 
environment, especially if the kinetic is diffusion limited.  
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Fig. 12. (a) Calibration curves of sensor SOF-12 against toluene in air and aqueous 
environments and (b) characteristic times of the same sensor on toluene exposure in water. 
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techniques, such as the Principal Component Analysis (PCA), applied on both the static and 
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the past as buffer-linker material to promote the adhesion of SWCNT thin films to the fiber 
end-face. Here the attention has been focused on the latter solution. In particular, the 
sensing performance of fiber optic chemo-sensors based on nanocomposite overlays of 
SWCNTs embedded in a CdA matrix have been investigated against several chemicals both 
in gaseous (hydrocarbons, alcohols and NO2) and liquid phase (toluene and xylene), at room 
temperature.  

 
5.1 CdA/SWCNTs-based sensors fabrication and characterization 
The Langmuir-Blodgett deposition process has been exploited again as a way to transfer 
thin films of SWCNTs-based nanocomposites upon the distal end of properly prepared 
single-mode optical fibers. The CdA has been chosen as host-matrix material to incorporate 
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the SWCNTs in the nanocomposite due to its peculiar amphiphilic molecular structure 
suitable for LB deposition process and because of the know-how already experienced by the 
authors in the integration of such material and the optical fiber transducers (Penza et al., 
2005_b; Cusano et al., 2006_b). Two separate solutions of arachidic acid in chloroform and 
SWCNTs in chloroform have been mixed in order to prepare a final solution of chloroform 
with arachidic acid (0.25 mg/ml) and SWCNTs (0.19 mg/ml). The concentrations and the 
volumes of the initial solutions were chosen to obtain a weight percentage of the filler 
component (SWCNTs) with respect to the matrix-component (CdA) of approximately 75 wt. 
%. However, different concentrations of arachidic acid and SWCNTs in the final solution 
could also be exploited for the preparation of composites with different weight percentages. 
The mixed solution was then accurately dispersed and stirred in an ultrasonic bath for 1 h. 
Subsequentially, 160 l of the mixed solution were spread onto a sub-phase constituted by 
acetate buffer with CdCl2 10-4 M. The pH and the temperature of the sub-phase were kept 
constant at 6.0 and 20° C, respectively. The monolayer of the nanocomposite was 
compressed with a barrier rate of 15 mm/min up to a surface pressure of 27 mN/m. The 
single composite monolayer was deposited upon the fiber surface with a dipping rate of 14 
mm/min. The optical fibers used for the deposition have been previously accurately 
polished from the acrylic protection and cleaved with a precision cleaver. Then, they have 
been washed in chloroform remove any residual coating. Repeated dipping of the fiber 
substrates through the condensed Langmuir layer have been performed, resulting in the 
deposition of multilayered CdA/SWCNT films one monolayer at a time. Fig. 13 shows the 
typical SEM photograms, at (a) low and (b) high magnification, of a multilayer constituted 
by 20 monolayers of CdA/SWCNT nanocomposite at 27 wt. % (deposited upon a glass 
substrate). The typical bundle disposition of the carbon nanotubes together with their good 
cadmium arachidate-assisted adhesion to the surface can be easily observed. A detailed 
morphological and structural characterization of the carbon nanotubes-based composites 
deposited by the LB method has been carried out by Penza et al. (Penza et al., 2006_b). 
Instead, here, the results of Raman spectroscopy analysis are reported, conducted with the 
aim of characterizing the fabricated nanolayers of CdA/SWCNTs (already deposited on the 
optical fiber tip) and compare them with the standard SWCNTs one. To achieve this 
purpose, a Raman microscope functioning in backscattering configuration employing a 
HeNe laser (633 nm) and 50x and 100x objective lenses was used. 
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Fig. 13. SEM image of a CdA/SWCNT overlay with a filler content percentage of 27 wt.%, at 
(a) high and (b) low magnification, deposited upon a glass substrate; (c) Raman spectra of 
SWCNT and CdA/SWCNT LB overlays directly deposited on the optical fiber end-face. 
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The results are shown in Fig. 13.c, where the typical Raman spectra of SWCNTs and CNT-
based composite layers, already deposited upon the fiber end-face, have been reported.  No 
significant differences between the two recorded spectra can be observed, thus evidencing 
that no degradation of the CNT occurred due to their inclusion within the CdA matrix.  

 
5.2 VOC detection in air at room temperature 
The room temperature sensing performance of the fabricated probes have been investigated 
both in air and water environments and have been compared with those obtained with the 
same transducers coated by un-buffered SWCNT overlays. Here the attention is focused on 
trace detection of four VOCs (toluene, xylene, ethanol and isopropanol) and one gas (NO2) 
by using a sample coated by 10 monolayers of nanotubes-based composite with a SWCNT 
filler weight percentage of approximately 25 wt.%. The results are shown in Fig. 14, where, 
in particular, the R/R0 occurred on exposure to toluene and ethanol vapors have been 
reported. The analyte adsorption within the SWCNTs-based nanocomposite overlay was 
able to induce a significant increase of the fiber-film reflectance as consequence of the 
complex refractive index change in the FP sensing cavity. The experimental data clearly 
reveal the capability to detect very low concentrations of the tested pollutants at ppm levels, 
as well as its quite good attitude to recover the initial baseline signal upon the complete 
analyte molecule desorption. This feature is of great importance for chemical sensing since it 
enables the sensor to be easily and quickly reused after a given measurement, avoiding ad 
hoc cleaning procedures, that are costly and time-consuming. In particular, the sensor 
exhibited a complete and fast reversibility of the response in case of toluene exposure, 
however this is not the case of ethanol test for which the reference signal corresponding to 
the condition of uncontaminated ambient is not fully recovered. This behavior was also 
observed on isopropanol exposure and could be attributed to the higher polarity of this kind 
of chemical species (alcohols). Different xylene and ethanol sensitivities have been measured 
for the CdA/SWCNTs-based fiber probe (approx. 1.3·10-3ppm-1 and approx. 5·10-4ppm-1, 
respectively). In addition, the different response dynamic can be attributed mainly to the 
different diffusivities of toluene and ethanol molecules within the nanocomposite overlay. 
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Fig. 14. Time response of the photonic sensor coated by 10 monolayers of CdA/SWCNT 
nanocomposite (25 wt. %) to (a) toluene and (b) ethanol vapors, at room temperature. 
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the SWCNTs in the nanocomposite due to its peculiar amphiphilic molecular structure 
suitable for LB deposition process and because of the know-how already experienced by the 
authors in the integration of such material and the optical fiber transducers (Penza et al., 
2005_b; Cusano et al., 2006_b). Two separate solutions of arachidic acid in chloroform and 
SWCNTs in chloroform have been mixed in order to prepare a final solution of chloroform 
with arachidic acid (0.25 mg/ml) and SWCNTs (0.19 mg/ml). The concentrations and the 
volumes of the initial solutions were chosen to obtain a weight percentage of the filler 
component (SWCNTs) with respect to the matrix-component (CdA) of approximately 75 wt. 
%. However, different concentrations of arachidic acid and SWCNTs in the final solution 
could also be exploited for the preparation of composites with different weight percentages. 
The mixed solution was then accurately dispersed and stirred in an ultrasonic bath for 1 h. 
Subsequentially, 160 l of the mixed solution were spread onto a sub-phase constituted by 
acetate buffer with CdCl2 10-4 M. The pH and the temperature of the sub-phase were kept 
constant at 6.0 and 20° C, respectively. The monolayer of the nanocomposite was 
compressed with a barrier rate of 15 mm/min up to a surface pressure of 27 mN/m. The 
single composite monolayer was deposited upon the fiber surface with a dipping rate of 14 
mm/min. The optical fibers used for the deposition have been previously accurately 
polished from the acrylic protection and cleaved with a precision cleaver. Then, they have 
been washed in chloroform remove any residual coating. Repeated dipping of the fiber 
substrates through the condensed Langmuir layer have been performed, resulting in the 
deposition of multilayered CdA/SWCNT films one monolayer at a time. Fig. 13 shows the 
typical SEM photograms, at (a) low and (b) high magnification, of a multilayer constituted 
by 20 monolayers of CdA/SWCNT nanocomposite at 27 wt. % (deposited upon a glass 
substrate). The typical bundle disposition of the carbon nanotubes together with their good 
cadmium arachidate-assisted adhesion to the surface can be easily observed. A detailed 
morphological and structural characterization of the carbon nanotubes-based composites 
deposited by the LB method has been carried out by Penza et al. (Penza et al., 2006_b). 
Instead, here, the results of Raman spectroscopy analysis are reported, conducted with the 
aim of characterizing the fabricated nanolayers of CdA/SWCNTs (already deposited on the 
optical fiber tip) and compare them with the standard SWCNTs one. To achieve this 
purpose, a Raman microscope functioning in backscattering configuration employing a 
HeNe laser (633 nm) and 50x and 100x objective lenses was used. 
 

 

G +

G
-

D

G +

G -

D

 
 

Fig. 13. SEM image of a CdA/SWCNT overlay with a filler content percentage of 27 wt.%, at 
(a) high and (b) low magnification, deposited upon a glass substrate; (c) Raman spectra of 
SWCNT and CdA/SWCNT LB overlays directly deposited on the optical fiber end-face. 
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The results are shown in Fig. 13.c, where the typical Raman spectra of SWCNTs and CNT-
based composite layers, already deposited upon the fiber end-face, have been reported.  No 
significant differences between the two recorded spectra can be observed, thus evidencing 
that no degradation of the CNT occurred due to their inclusion within the CdA matrix.  

 
5.2 VOC detection in air at room temperature 
The room temperature sensing performance of the fabricated probes have been investigated 
both in air and water environments and have been compared with those obtained with the 
same transducers coated by un-buffered SWCNT overlays. Here the attention is focused on 
trace detection of four VOCs (toluene, xylene, ethanol and isopropanol) and one gas (NO2) 
by using a sample coated by 10 monolayers of nanotubes-based composite with a SWCNT 
filler weight percentage of approximately 25 wt.%. The results are shown in Fig. 14, where, 
in particular, the R/R0 occurred on exposure to toluene and ethanol vapors have been 
reported. The analyte adsorption within the SWCNTs-based nanocomposite overlay was 
able to induce a significant increase of the fiber-film reflectance as consequence of the 
complex refractive index change in the FP sensing cavity. The experimental data clearly 
reveal the capability to detect very low concentrations of the tested pollutants at ppm levels, 
as well as its quite good attitude to recover the initial baseline signal upon the complete 
analyte molecule desorption. This feature is of great importance for chemical sensing since it 
enables the sensor to be easily and quickly reused after a given measurement, avoiding ad 
hoc cleaning procedures, that are costly and time-consuming. In particular, the sensor 
exhibited a complete and fast reversibility of the response in case of toluene exposure, 
however this is not the case of ethanol test for which the reference signal corresponding to 
the condition of uncontaminated ambient is not fully recovered. This behavior was also 
observed on isopropanol exposure and could be attributed to the higher polarity of this kind 
of chemical species (alcohols). Different xylene and ethanol sensitivities have been measured 
for the CdA/SWCNTs-based fiber probe (approx. 1.3·10-3ppm-1 and approx. 5·10-4ppm-1, 
respectively). In addition, the different response dynamic can be attributed mainly to the 
different diffusivities of toluene and ethanol molecules within the nanocomposite overlay. 
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Fig. 14. Time response of the photonic sensor coated by 10 monolayers of CdA/SWCNT 
nanocomposite (25 wt. %) to (a) toluene and (b) ethanol vapors, at room temperature. 
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Fig. 15.a reports the response of the same CdA/SWCNTs-based sensor to five NO2 pulses 
with concentrations in the range 1-10 ppm. Also in this case the sensor turned out to be 
capable of detecting very small traces of the gas under test and, similarly to what observed 
for alcohol detection, a baseline shift occurred upon multiple exposures of NO2. However, in 
this case the drift is thought to be mainly caused by the fact that the time extent between 
two successive NO2 exposures is not sufficiently high to let the sensor to completely recover 
its initial baseline. This is demonstrated by the fact that after the last exposure the baseline 
value is similar to the one recorded before the first exposure. Combined with this effect, a 
slight drift of the baseline intensity is also present, that could be attributed to a strongest 
interaction between NO2 and CdA/SWCNT overlay. Also a chemical modification of the 
overlay could be possible. In both cases, a modification of the nanocomposite refractive 
index is expected. The same can be said for the case of ethanol adsorption. It is also worth 
noting that for NO2 detection the fiber optic transducer exhibited a ΔR/R0 of opposite sign 
with respect to that observed in case of vapor detection. This interesting behavior has been 
observed also for the fiber optic sensors in the standard configuration (i.e. fiber optic coated 
by pure SWCNTs), and could be ascribed to the electrical nature of the analyte under 
investigation, electron donor (vapors) or acceptor (NO2). In particular it could be due to the 
influence that the charge transfer induced by the analyte molecule adsorption within the 
sensitive material has on the optical properties of SWCNTs-based overlay itself. In light of 
this consideration, the plasma optic effect (Wooten, 1972; Soref & Bennet, 1987; Heinrich, 
1990) is also being considered, that allows one to relate the modulation of the optical 
properties of sensitive overlays (refractive index and absorption coefficient) to the changes 
in its free carrier concentration. In order to better clarify this aspect, further measurements 
are currently in progress involving more analytes with varying charge transfer properties as 
well as transducers with different principles of operation (mainly resistive, capacitive and 
mass-sensitive) coated by the same SWCNTs-based materials. However, to support our 
conjecture, preliminary experiments have been conducted with the aim of measuring the 
electrical response of a SWCNTs-based composite layer upon NO2 exposure.  
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Fig. 15. (a) R/R0 of the opto-chemical sensor coated by 10 nanocomposite monolayers (25 
wt. %) and (b) electrical resistance versus time of a CdA/SWCNT thin film on exposure to 
different concentrations of gaseous NO2, at room temperature. 
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To this aim, a direct measure of the d.c. electrical conductance of the composite films 
deposited onto rough alumina (5.0 mm length x 5.0 mm width x 0.5 mm thickness) 
substrates with 200 μm pitch interdigitated Cr/Au (20 nm/200 nm thick) pattern by means 
of two-pole probe method with an electrometer (Keithley 617) has been carried out.  
Fig. 15.b reports the typical time response of the electrical resistance of a LB layer of 
CdA/SWCNTs composite upon exposure of NO2, at room temperature. As expected, it 
decreases when the composite film is exposed to the oxidizing NO2 gas. In particular, 
electron charge transfer occurs from SWCNTs-based composite to NO2 because of the 
electron-accepting power of the NO2 molecules. Thus, the NO2 gas depletes electrons from 
the SWCNTs-based composite, increases the concentration of electrical holes in the p-type 
SWCNTs-based composite, hence causing the electrical resistance to decrease. Even if a 
partial desorption and an un-reached saturation level can be observed, similarly to the case 
of optical sensors, however a clear electrical response modulated by the gas adsorption is 
demonstrated, revealing that a charge transfer effectively occurs between the realized LB 
SWCNT overlays and the analyte under investigation.  
Furthermore, an almost linear behavior in the sensor calibration curves (reported in Fig. 16) 
has been found towards most of the tested chemicals in the investigated ranges, as well as a 
higher sensitivities (see Fig. 17.a) in case of exposure to aromatic hydrocarbons (3.2·10-3 
ppm-1 and 1.3·10-3 ppm-1 respectively for xylene and toluene) than to alcohols (5·10-4 ppm-1 
and 4·10-4 ppm-1 respectively for isopropanol and ethanol). In addition the sensitivity 
towards NO2 was of approx. -1.3·10-3 ppm-1. By considering the minimum detectable ΔR/R0 
achievable with the exploited interrogation system, resolutions (calculated as ΔR/R0min/C, 
where C is the analyte concentration) in the range 30-80 ppb and 200-250 ppb have been 
estimated respectively for hydrocarbon and alcohol detection, while the minimum 
concentration of NO2 that can be detected turned out to be approx. 80 ppb. 
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Fig. 16. Sensor characteristic curves obtained for the five tested chemicals. 
 
Moreover, the analysis of the mean response time revealed that the CdA/SWCNT 
composite-based sensor provides a faster response (see Fig. 17.b) in case of alcohol exposure 
(8 and 9 minutes, respectively) than in the hydrocarbon one (33 and 31 minutes, 
respectively). In particular, the ratio between the mean response time in case of toluene and 
ethanol detection is approx. 3.4, while the one obtained with standard SWCNTs is approx. 
15. This means that the presence of the CdA matrix not only slows the sensor response 
down but also leads to significant differences in the adsorption dynamics of the two 
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Fig. 15.a reports the response of the same CdA/SWCNTs-based sensor to five NO2 pulses 
with concentrations in the range 1-10 ppm. Also in this case the sensor turned out to be 
capable of detecting very small traces of the gas under test and, similarly to what observed 
for alcohol detection, a baseline shift occurred upon multiple exposures of NO2. However, in 
this case the drift is thought to be mainly caused by the fact that the time extent between 
two successive NO2 exposures is not sufficiently high to let the sensor to completely recover 
its initial baseline. This is demonstrated by the fact that after the last exposure the baseline 
value is similar to the one recorded before the first exposure. Combined with this effect, a 
slight drift of the baseline intensity is also present, that could be attributed to a strongest 
interaction between NO2 and CdA/SWCNT overlay. Also a chemical modification of the 
overlay could be possible. In both cases, a modification of the nanocomposite refractive 
index is expected. The same can be said for the case of ethanol adsorption. It is also worth 
noting that for NO2 detection the fiber optic transducer exhibited a ΔR/R0 of opposite sign 
with respect to that observed in case of vapor detection. This interesting behavior has been 
observed also for the fiber optic sensors in the standard configuration (i.e. fiber optic coated 
by pure SWCNTs), and could be ascribed to the electrical nature of the analyte under 
investigation, electron donor (vapors) or acceptor (NO2). In particular it could be due to the 
influence that the charge transfer induced by the analyte molecule adsorption within the 
sensitive material has on the optical properties of SWCNTs-based overlay itself. In light of 
this consideration, the plasma optic effect (Wooten, 1972; Soref & Bennet, 1987; Heinrich, 
1990) is also being considered, that allows one to relate the modulation of the optical 
properties of sensitive overlays (refractive index and absorption coefficient) to the changes 
in its free carrier concentration. In order to better clarify this aspect, further measurements 
are currently in progress involving more analytes with varying charge transfer properties as 
well as transducers with different principles of operation (mainly resistive, capacitive and 
mass-sensitive) coated by the same SWCNTs-based materials. However, to support our 
conjecture, preliminary experiments have been conducted with the aim of measuring the 
electrical response of a SWCNTs-based composite layer upon NO2 exposure.  
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Fig. 15. (a) R/R0 of the opto-chemical sensor coated by 10 nanocomposite monolayers (25 
wt. %) and (b) electrical resistance versus time of a CdA/SWCNT thin film on exposure to 
different concentrations of gaseous NO2, at room temperature. 
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To this aim, a direct measure of the d.c. electrical conductance of the composite films 
deposited onto rough alumina (5.0 mm length x 5.0 mm width x 0.5 mm thickness) 
substrates with 200 μm pitch interdigitated Cr/Au (20 nm/200 nm thick) pattern by means 
of two-pole probe method with an electrometer (Keithley 617) has been carried out.  
Fig. 15.b reports the typical time response of the electrical resistance of a LB layer of 
CdA/SWCNTs composite upon exposure of NO2, at room temperature. As expected, it 
decreases when the composite film is exposed to the oxidizing NO2 gas. In particular, 
electron charge transfer occurs from SWCNTs-based composite to NO2 because of the 
electron-accepting power of the NO2 molecules. Thus, the NO2 gas depletes electrons from 
the SWCNTs-based composite, increases the concentration of electrical holes in the p-type 
SWCNTs-based composite, hence causing the electrical resistance to decrease. Even if a 
partial desorption and an un-reached saturation level can be observed, similarly to the case 
of optical sensors, however a clear electrical response modulated by the gas adsorption is 
demonstrated, revealing that a charge transfer effectively occurs between the realized LB 
SWCNT overlays and the analyte under investigation.  
Furthermore, an almost linear behavior in the sensor calibration curves (reported in Fig. 16) 
has been found towards most of the tested chemicals in the investigated ranges, as well as a 
higher sensitivities (see Fig. 17.a) in case of exposure to aromatic hydrocarbons (3.2·10-3 
ppm-1 and 1.3·10-3 ppm-1 respectively for xylene and toluene) than to alcohols (5·10-4 ppm-1 
and 4·10-4 ppm-1 respectively for isopropanol and ethanol). In addition the sensitivity 
towards NO2 was of approx. -1.3·10-3 ppm-1. By considering the minimum detectable ΔR/R0 
achievable with the exploited interrogation system, resolutions (calculated as ΔR/R0min/C, 
where C is the analyte concentration) in the range 30-80 ppb and 200-250 ppb have been 
estimated respectively for hydrocarbon and alcohol detection, while the minimum 
concentration of NO2 that can be detected turned out to be approx. 80 ppb. 
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Fig. 16. Sensor characteristic curves obtained for the five tested chemicals. 
 
Moreover, the analysis of the mean response time revealed that the CdA/SWCNT 
composite-based sensor provides a faster response (see Fig. 17.b) in case of alcohol exposure 
(8 and 9 minutes, respectively) than in the hydrocarbon one (33 and 31 minutes, 
respectively). In particular, the ratio between the mean response time in case of toluene and 
ethanol detection is approx. 3.4, while the one obtained with standard SWCNTs is approx. 
15. This means that the presence of the CdA matrix not only slows the sensor response 
down but also leads to significant differences in the adsorption dynamics of the two 
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analytes. In addition, since the diffusivity depends upon the exploited SWCNT filler 
content, it is expected that variations in the SWCNT weight percentage within the CdA 
matrix could be able promote differences in the sensor response times. In order to 
investigate this aspect, further experimental measurements will be performed, involving 
sensors with different wt. percentages of CNTs.  
The opto-chemical sensors based on CdA/SWCNTs exhibited quite high response times; 
this could be mainly due to the fact that the molecules of the target analyte adsorb not only 
at the side-wall of the carbon nanotubes, but also in the interstitial sites between the tubes 
(Fujiwara et al., 2001). In particular, in case of film consisting of bundles of SWCNTs, the 
latter contribution could significantly slow down the sensor response times (Kong et al., 
2000). However it is worth noting that these times are comparable with those obtained by 
means of many sensors based on different transducing principles (conductometric, 
resonator, mass-sensitive sensors, etc.) but integrating the same sensitive materials (Kong et 
al., 2000, Chopra et al., 2003, Penza et al., 2005_b, Lucci et al., 2005). Also, it can be attributed 
to the presence of the CdA matrix and thus to the diffusion rates of analyte molecules inside 
the CNT composite. It is also important noting that the content of SWCNTs within it can 
also influence the diffusion times and the sensor sensitivity (as already reported for the 
electrical case with CdA/SWCNTs-based SAW sensors (Penza et al., 2006_b; Penza et al., 
2007_b). These aspects, however, are still under investigation. The bar plots reported in Fig. 
17 can be used also to compare the sensing performance of the nanocomposite-based probe 
with the results obtained with that coated by 10 monolayers of SWCNTs directly deposited 
atop the fiber end: the use of the novel CdA/SWCNT nanocomposite coatings not only 
improves the sensor robustness, but also significantly enhances its sensitivity.  
 

 
 

Fig. 17. Comparison between sensitivity and mean response times of the CdA/SWCNTs and 
SWCNTs based fiber optic sensing configurations obtained for the five tested chemicals. 
 
The bar plots reported in Fig. 17 can be used also to compare the sensing performance of the 
nanocomposite-based probe with the results obtained with the probe coated by ten 
monolayers of SWCNTs directly deposited upon the fiber end. It can be clearly observed 
that the use of the novel CdA/SWCNT nanocomposite coatings not only promotes a better 
adhesion of the carbon tube to the fiber sensor surface but also significantly enhances the 
sensitivity of the proposed chemo-optical sensors. As matter of fact, sensor sensitivity from 
three to seven times higher have been observed for the investigated chemicals with respect 
to the counterpart optoelectronic sensor directly coated by SWCNTs. However much lower 
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response times have been obtained in most of the cases, probably due to the fact that the 
presence of the CdA matrix influences the analyte molecule diffusion times. 

 
5.3 Chemical trace detection in aqueous environments 
Once verified their excellent VOC adsorption capabilities in air at room temperature, the 
sensing characteristics of the CdA/SWCNT nanocomposites have been investigated also for 
hydrocarbon detection in aqueous environment. To this aim, a fiber optic chemo-sensor 
coated by 20 monolayers of CdA/SWCNT nanocomposite was exploited for the detection of 
low concentrations of toluene and xylene in water. In Fig. 18.a have been reported the 
transient responses of the fiber optic probe as a consequence of several toluene injections 
with concentrations ranging from 20 to 100 ppm (l/l). Differently from the air case, a 
significant reflectance decrease occurred on analyte adsorption within the sensing 
nanolayer. This could be ascribed to the different SWCNTs-filler content used in this case 
and, as consequence, to a different refractive index of the sensitive overlay as well as to the 
dependence of the reflectance on the surrounding refractive index (in accordance with (1) 
and (2)) combined with the different adsorption characteristics occurring in the two 
environments. In addition, a good repeatability has been observed in the sensor response 
when exposed to two successive 100 ppm xylene injections.  
Similar results were obtained also in case of xylene detection measurements carried out 
considering the same concentration range. The calibration curves (reporting the sensor 
output versus the analyte concentration) are shown in Fig. 18.b. They demonstrate that also 
for the detection in aqueous ambient a linear dependence exists between the fiber-film 
reflectance change and the concentration of the two organic analytes. 
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Fig. 18. (a) Time responses of a sensor coated by 20 CdA/SWCNTs monolayers (75 wt. %) to 
toluene in water and (b) calibration curves obtained in case of toluene and xylene injections. 
 
In addition, the typical higher affinity of carbon nanotubes-based sensors towards xylene 
(the sensor sensitivity is 1.010-3 ppm-1) than toluene (410-4 ppm-1) was confirmed. The 
sensor resolution obtained in this case are respectively of approx. 0.6 and 1.5 ppm. In 
addition, to compare the performance of the proposed sensor with those obtained with the 
one coated by a SWCNT layer, the characteristic curves of the standard SWCNTs-based 
transducers against toluene in water have also been reported in figure 18.b. The results 

(a) (b) 



Fiber	Optic	Chemical	Sensors	based	on		
Single-Walled	Carbon	Nanotubes:	Perspectives	and	Challenges 251

analytes. In addition, since the diffusivity depends upon the exploited SWCNT filler 
content, it is expected that variations in the SWCNT weight percentage within the CdA 
matrix could be able promote differences in the sensor response times. In order to 
investigate this aspect, further experimental measurements will be performed, involving 
sensors with different wt. percentages of CNTs.  
The opto-chemical sensors based on CdA/SWCNTs exhibited quite high response times; 
this could be mainly due to the fact that the molecules of the target analyte adsorb not only 
at the side-wall of the carbon nanotubes, but also in the interstitial sites between the tubes 
(Fujiwara et al., 2001). In particular, in case of film consisting of bundles of SWCNTs, the 
latter contribution could significantly slow down the sensor response times (Kong et al., 
2000). However it is worth noting that these times are comparable with those obtained by 
means of many sensors based on different transducing principles (conductometric, 
resonator, mass-sensitive sensors, etc.) but integrating the same sensitive materials (Kong et 
al., 2000, Chopra et al., 2003, Penza et al., 2005_b, Lucci et al., 2005). Also, it can be attributed 
to the presence of the CdA matrix and thus to the diffusion rates of analyte molecules inside 
the CNT composite. It is also important noting that the content of SWCNTs within it can 
also influence the diffusion times and the sensor sensitivity (as already reported for the 
electrical case with CdA/SWCNTs-based SAW sensors (Penza et al., 2006_b; Penza et al., 
2007_b). These aspects, however, are still under investigation. The bar plots reported in Fig. 
17 can be used also to compare the sensing performance of the nanocomposite-based probe 
with the results obtained with that coated by 10 monolayers of SWCNTs directly deposited 
atop the fiber end: the use of the novel CdA/SWCNT nanocomposite coatings not only 
improves the sensor robustness, but also significantly enhances its sensitivity.  
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response times have been obtained in most of the cases, probably due to the fact that the 
presence of the CdA matrix influences the analyte molecule diffusion times. 

 
5.3 Chemical trace detection in aqueous environments 
Once verified their excellent VOC adsorption capabilities in air at room temperature, the 
sensing characteristics of the CdA/SWCNT nanocomposites have been investigated also for 
hydrocarbon detection in aqueous environment. To this aim, a fiber optic chemo-sensor 
coated by 20 monolayers of CdA/SWCNT nanocomposite was exploited for the detection of 
low concentrations of toluene and xylene in water. In Fig. 18.a have been reported the 
transient responses of the fiber optic probe as a consequence of several toluene injections 
with concentrations ranging from 20 to 100 ppm (l/l). Differently from the air case, a 
significant reflectance decrease occurred on analyte adsorption within the sensing 
nanolayer. This could be ascribed to the different SWCNTs-filler content used in this case 
and, as consequence, to a different refractive index of the sensitive overlay as well as to the 
dependence of the reflectance on the surrounding refractive index (in accordance with (1) 
and (2)) combined with the different adsorption characteristics occurring in the two 
environments. In addition, a good repeatability has been observed in the sensor response 
when exposed to two successive 100 ppm xylene injections.  
Similar results were obtained also in case of xylene detection measurements carried out 
considering the same concentration range. The calibration curves (reporting the sensor 
output versus the analyte concentration) are shown in Fig. 18.b. They demonstrate that also 
for the detection in aqueous ambient a linear dependence exists between the fiber-film 
reflectance change and the concentration of the two organic analytes. 
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Fig. 18. (a) Time responses of a sensor coated by 20 CdA/SWCNTs monolayers (75 wt. %) to 
toluene in water and (b) calibration curves obtained in case of toluene and xylene injections. 
 
In addition, the typical higher affinity of carbon nanotubes-based sensors towards xylene 
(the sensor sensitivity is 1.010-3 ppm-1) than toluene (410-4 ppm-1) was confirmed. The 
sensor resolution obtained in this case are respectively of approx. 0.6 and 1.5 ppm. In 
addition, to compare the performance of the proposed sensor with those obtained with the 
one coated by a SWCNT layer, the characteristic curves of the standard SWCNTs-based 
transducers against toluene in water have also been reported in figure 18.b. The results 
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clearly reveal that a significant enhancement in the sensor sensitivity can be obtained by the 
use of SWCNTs-based composite (410-4 ppm-1) with respect to the standard carbon 
nanotube counterpart (1.210-4 ppm-1).  

 
6. Improving the discrimination ability of SWCNTs-based chemo-sensors 
 

As already discussed in section 4.3, one of the major concerns with chemical sensors is how 
to improve their discrimination ability among different analytes. In fact, we are still far 
away from having synthetic and tunable materials able to mimic the tremendous molecular 
recognition capability of the biological receptors such as enzymes.  
Between the two possible approaches typically exploited by the researchers (mentioned in 
section 4.3) our attention has been focused on the use of sensor arrays composed of low-
selective elements combined with pattern recognition algorithms. As matter of fact, in the 
following we will show the results obtained by applying the PCA on the responses of an 
array composed of optical chemo-sensors coated by different SWCNTs-based overlays. They 
will reveal the ability of the photonic sensor array to clearly discriminate among different 
analytes, either in vapor or gaseous phase.  
PCA is a powerful, linear, supervised, pattern recognition technique used as a mathematical 
tool for analyzing, classifying and reducing the dimensionality of numerical datasets in a 
multivariate problem (Gardner & Bartlett, 1999). It typically decomposes the primary data 
matrix (made of a given number of measurements or experimental points) by projecting the 
multi-dimensional dataset onto a new coordinate base formed by the orthogonal directions 
with data maximum variance. The eigenvectors of the data matrix are called principal 
components (PCs) and are uncorrelated among them. The PCs are ordered so that PC1 
displays the greatest amount of variance, followed by the next greatest PC2 and so on. The 
magnitude of each eigenvector is expressed by its own eigenvalue, which gives a measure of 
the variance related to that principal component. As a result of the coordinates change, a 
data dimensionality reduction to the most significant PCs and an elimination of the less 
important ones can be achieved without considerable information losses. The main features 
of PCA analysis are the coordinates of the data in the new base (scores plot) and the 
contribution to each component of the sensors (loads plot). The scores plot is usually used 
for studying the classification of the data clusters; while the loads plot can be used for giving 
information on the relative importance of the sensors to each principal component and their 
mutual correlation. In this PCA study, the array is composed of the two optical chemo-
sensors, coated by ten monolayers of standard SWCNTs and CdA/SWCNTs composite (25 
wt.%), whose performance against toluene, xylene, ethanol, isopropanol and NO2 have been 
analyzed in section 5.1 (and summarized in Fig. 17). In addition, since we noticed a strong 
influence of the tested analyte specie on the dynamic behavior of the sensor output (for 
example the responses to ethanol and isopropanol exhibited a marked overshoot as well as a 
much faster increase, on exposure, than those to alcohols and NO2) we applied the PCA 
both on the static and transient parameters of the response curve (as reported in table 1). 
Input data of primary matrix are obtained extracting, for each sensor, the parameters P1-P5 
by the responses to different exposures of the five analytes. The PCA was applied to a data-
matrix composed by 10 columns (2 sensors x 5 parameters P) and 17 rows (17 measurements 
x all 5 analytes). Data are further processed by the correlation matrix (centered and 
standardized data to remove inadvertent weighting that arise to arbitrary units. 

 Parameter Description 
P1 R/R0 Relative reflectance change at the equilibrium 
P2 R/R0_Max Maximum relative reflectance change 
P3 R/R0_3 mins. Relative reflectance change after 3 minutes 
P4 t10-90 Response time 
P5 tmax Time needed to reach the maximum R/R0 

Table 1. Parameters extracted from the transient response curve 
 
In Fig. 19 are reported the obtained score plots in the PC1-PC2 and PC1-PC3 planes, 
revealing that the largest part of information has been reduced to the first PC (60.5%), which 
is also the most important in the discrimination of the clusters. PC2 comprises a lower 
amount of information (23.9%) while PC3 only the 8.2%, for a cumulative variance of 92.6%.  
From score plots it can be seen that NO2 is the most distinguishable analyte (its samples 
have the longer distance from those of the other analytes); this can be mainly ascribed to the 
fact that it is the only one for which both elements of fiber optic sensor array exhibited 
negative reflectance changes. It also turned out that, the score plot in the plane PC1-PC2 
enables one to discriminate between NO2, ethanol, isopropanol and hydrocarbon in general, 
since toluene and xylene samples are clustered togheter. The same occurs for ethanol and 
isopropanol in the plane PC1-PC3.  However, all tested chemicals (either vapors or gas) can 
be clearly discriminate in the PC1-PC2-PC3 space indicating that this sensor array provides 
a high discrimination power to these species. This demonstrates that selected features are 
very powerful for analyte discrimination purposes in the case-study. The results here 
reported evidence the strong potentiality of the integration of CNTs-based materials with 
fiber optic technology towards the realization of high-performance SWCNT optoelectronic 
noses and tongues exploitable for practical environmental monitoring applications. 
 

 
Fig. 19. PCA score plot of toluene, xylene, ethanol, isopropanol and NO2 of the data matrix 
obtained from static and transient responses of CNT-based fiber optic sensors array. 

 
7. Conclusion and future prospects 
 

In conclusion, in this paper the combination of advanced nanostructured coatings based on 
single-walled carbon nanotubes with the optical fiber technology for the development of 
high performance opto-chemical sensors has been reviewed. The sensitive material 
integration has been performed by the customization of the well known molecular 
engineered Langmuir-Blodgett deposition technique, that has here been used to transfer 
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x all 5 analytes). Data are further processed by the correlation matrix (centered and 
standardized data to remove inadvertent weighting that arise to arbitrary units. 
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high performance opto-chemical sensors has been reviewed. The sensitive material 
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ultra-thin layers based on SWCNTs upon the distal end of silica optical fibers. The adopted 
optical configuration is based on an extrinsic low-finesse Fabry-Perot interferometer, with 
its principle of operation relying, therefore, on the measurement of the changes in the 
amount of power reflected at the fiber-film interface occurring as a consequence of the 
changes in the optical (complex refractive index) and geometrical properties (thickness) of 
the sensitive elements. Such modifications are, in turn, caused by the interaction of the 
sensing layers with the target analyte molecules present in the environment.  
Since the heart of a chemical sensor is the sensitive layer, from which the main performance 
of the sensing device derives, a strong effort has been devoted to the investigation of the 
carbon nanotube overlays features. For this reason, extensive structural and morphological 
characterizations either of the as-bought SWCNT powders or of the deposited LB SWCNT 
films have been carried out by means of X-ray diffraction and Raman Spectroscopy 
analyses, HRTEM and SEM observations. They confirmed the nanostructured dimensions of 
the exploited class of sensitive material as well as its successful transferring upon the optical 
fiber surface. The realized chemical sensors have been tested against VOCs and other 
pollutants either in air or aqueous environments, at room temperature. In most of the 
investigated cases the fiber optic chemo-sensors coated by SWCNTs demonstrated their 
strong potentiality as well the ability of detecting environmental pollutants around or well 
below the ppm threshold. The sensing performance of the proposed opto-chemical probes 
can be easily tailored by a proper choice of the number of SWCNT monolayers. This choice, 
however, has to be made by taking account of the trade-off between sensor sensitivity and 
response time. Furthermore, the use of CdA/SWCNTs-based nanocomposites as novel 
sensitive nanocoatings has also been presented, revealing their strong potentiality to be 
successfully employed for chemical sensing both in liquid and gas phase. In addition, 
preliminary results have been presented demonstrating that it is possible to improve the 
discrimination ability of SWCNTs-based opto-chemical sensors towards a given chemical 
specie (thus overcoming their typical poor selectivity) by using standard pattern recognition 
techniques applied on fiber optic sensor arrays, exploiting both the static and transient 
features of the single sensor responses.  
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1. Introduction 
 

1.1 Review on Techniques of Distributed Optical Fiber Sensors 
Distributed optical fiber sensors are usable in many applications including stress 
monitoring of large structures such as buildings, bridges, dams, storage tanks, aircraft and 
also temperature profiling in electric power system, leakage detection in pipelines, etc. The 
researches on distributed optical fiber sensor are backward to 1970s (B. Lee, 2003; M. K. 
Barnoski & S. M. Jensen, 1976). Distributed optical fiber sensors are typically classed into 
intrinsic distributed optical fiber sensor and quasi-distributed optical fiber sensor. One of 
the most popular intrinsic distributed optical fiber sensors is optical time-domain 
reflectometry (OTDR) which is based on monitoring the Rayleigh backscattering along the 
fiber (M. Nakazawa, 1983). Based on the basic OTDR concept, various distributed sensing 
approaches were developed (A. J. Rogers, 1980; M. Zaboli & P. Bassi, 1983). OTDR has 
become a standard technique for testing optical fiber links and fault location in optical 
fiber communications. Furthermore, Raman OTDR, Brillouin OTDR and optical frequency-
domain reflectometry (OFDR) (J. P. Dakin et al, 1985; M. Tateda, 1990; W. Eickhoff & R. 
Ulrich, 1981) are also developed and OTDR has found widespread applications in many 
fields (L. Thevenaz & M. Facchini, 1999).  Concerning quasi-distributed optical fiber sensor, 
fiber bragg gratings (FBG) sensors are well developed and have been commercially 
manufactured and practically adopted on some bridges and dams (W. W Morey et al, 1990; 
W. L. Schulz et al, 1998).  

 
1.2 Needs in Lower Cost Distributed Optical Fiber Sensors 
Distributed optical fiber sensors offer many advantages over traditional sensor techniques 
especially in long distance distributed parameters measurement and electric critical 
environments. Moreover, optical fiber is a low cost medium which is essentially important 
for the sensors popular applications.  Nowadays, fiber sensors can be found in long 
distance power line systems, in buildings, bridges, dams, vehicles and even aircrafts. 
However, most of distributed optical fiber sensor systems which are considered for a very 
long distance (generally over kilometers) are very costly.  This is because the instruments 
for the light source and signal detections are very complex and costly. And in traditional 
distributed optical fiber sensor system, the signal detection and processing have been a 
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complex problem. For examples, Rayleigh OTDR has the disadvantage of a weak signal 
which has to be integrated over many pulses and leads to a long response time. Raman 
OTDR is more serious because Raman scattering coefficient is about three orders of 
magnitude weaker than that of the Rayleigh (J. P. Dakin et al, 1985). Although several 
improving approaches are proposed to enhance the capability of detecting the weak 
backscattering signal (J. K. A. Everard, 1987), the fundamental limitation of conventional 
OTDR brings many difficulties on signal detection where great bandwidth leads to low 
signal noise ratio. Brillouin OTDR and OFDR not only have very weak scattering signals 
but also need coherent detection which makes the total system more sophisticated. FBG 
sensor, which integrates many fiber Bragg gratings in a single fiber, is based on 
wavelength division multiplexing technique and needs complex techniques for 
manufacturing. Therefore, all the current distributed optical fiber sensing techniques are 
based on complex signal detection and processing techniques which leads to sophisticated 
instruments such as reflectometry and interferometer. The entire sensing systems are 
complex and costly. In the applications of distributed optical fiber sensors, the cost of 
sensor systems limits the application of distributed optical fiber sensor to the objectives 
only having great importance. Actually, optical fiber sensors are desired in most structures 
which need distributed parameter measurement. There are wide needs of distributed 
optical fiber sensors in middle length (several meters to several hundred meters) with 
simpler system and lower cost.  

 
1.3 Multi-fiber Model Sensor Concept 
In recent years, a new technique was developed motivated by the low cost applications in 
middle distance range (C. Wang & K. Shida, 2006, 2007). The concept of new technique is 
to use light coupling between multi-fiber (generally two fibers) and the attenuation of light 
over fibers for distributed sensing. Basically, the sensor uses transmission light active fiber 
for localized deformation measurement and the coupling light from active fiber to passive 
fiber for position information. The output of sensor can be detected by photodiodes with a 
simple preamp circuit. The principle of the new sensor eliminates all the critical 
requirements on light source and signal detection as in conventional OTDR and FBG 
sensors. Therefore, the light source and signal detection circuit are very simple and low 
cost. Although more fibers are used, the total sensor system cost is greatly reduced because 
the cost of light source and signal detection instrument are greatly reduced.  
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Fig. 1.  Structure and principle of the multi-fiber model sensor. 
 
The sensor here is different with evanescent wave coupling based sensors where the 
evanescent wave power in the cladding of single model optical fiber is quite weak. We use 
multi-model fibers for both active fiber and passive fiber. This multi-fiber model sensor is a 
new attempt for distributed optical fiber sensor except the techniques reviewed above. The 
idea is confirmed by the prototype sensors. The theoretical model and analysis on 
maximum length and spatial resolution are also studied.  
 
2. Principle, Theory, Design of Intrinsic Distributed Multi-fiber Model Sensor 
 

2.1 Structure and Principle of Sensor 
As illustrated in Fig.1, the sensor is composed of two fibers. The first fiber is defined as the 
active fiber with light propagating within it. The second fiber is defined as the passive fiber 
which has no active light inside in common state and is designed to receive coupling light 
from the active fiber passively. The transmission rate of the active fiber is sensitive to the 
strain applied on it. By analyzing the output of active fiber, strain value can be measured. 
The response of the active fiber to strain has no dependency on the strain position.  When 
localized strain is applied on the two fibers, light couples from the active fiber to the 
passive fiber at the strain applied point. The coupled light propagates along the passive 
fiber in the direction of both forward and backward. The outputs at the two ends of the 
passive fiber (output 2 and output 3) are used for strain position determination.   
Distributed sensing is based on the passive fiber attenuation. Fiber attenuation may be 
caused by absorbency, scattering, disfigurement of structure, bending and so on. The 
transmission characteristics of a fiber are usually given in terms of attenuation for a given 
wavelength (or range) and over a given length. The elementary experimental experience 
gives the relation of transmission rate and attenuation coefficient as follow: 
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evanescent wave power in the cladding of single model optical fiber is quite weak. We use 
multi-model fibers for both active fiber and passive fiber. This multi-fiber model sensor is a 
new attempt for distributed optical fiber sensor except the techniques reviewed above. The 
idea is confirmed by the prototype sensors. The theoretical model and analysis on 
maximum length and spatial resolution are also studied.  
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2.1 Structure and Principle of Sensor 
As illustrated in Fig.1, the sensor is composed of two fibers. The first fiber is defined as the 
active fiber with light propagating within it. The second fiber is defined as the passive fiber 
which has no active light inside in common state and is designed to receive coupling light 
from the active fiber passively. The transmission rate of the active fiber is sensitive to the 
strain applied on it. By analyzing the output of active fiber, strain value can be measured. 
The response of the active fiber to strain has no dependency on the strain position.  When 
localized strain is applied on the two fibers, light couples from the active fiber to the 
passive fiber at the strain applied point. The coupled light propagates along the passive 
fiber in the direction of both forward and backward. The outputs at the two ends of the 
passive fiber (output 2 and output 3) are used for strain position determination.   
Distributed sensing is based on the passive fiber attenuation. Fiber attenuation may be 
caused by absorbency, scattering, disfigurement of structure, bending and so on. The 
transmission characteristics of a fiber are usually given in terms of attenuation for a given 
wavelength (or range) and over a given length. The elementary experimental experience 
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where, α is attenuation coefficient, L is the length of fiber, Pin is the input light intensity, 
Pout is the output light intensity, Tr  is the transmission rate. Obviously, the transmission 
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Therefore, if light is limited into a fiber at a certain point of the medium part, the output 
light intensities at two ends have dependency on the light incident position. Concerning 
the proposed sensor in this paper, different strain positions result in different outputs at 
the two ends of the passive fiber. By analyzing the output light intensities at the two ends 
of passive fiber, the position of strain can be determined. Attenuation coefficient of 
common fiber is generally smaller than 10 dB/km in the communication systems and has 
the theoretical limit of 0.2 dB/ km. In our study, the passive fiber is designed to have 
condign attenuation coefficient which is greater than common fiber.  
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OSD1-5T) are used as the light detectors which has peak responsivity of 0.45 A/W at 
wavelength of 850 nm. The noise equivalent power (NEP) of the photodiodes is 25 fW. 
AD549 is used for the preamp of photodiodes which has a low offset drift by temperature 
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where P is the light power incident on the photodiode surface in Watts and R is the 
photodiode peak responsivity of 0.45 A/W, f is signal frequency and fp is the 3 dB cutoff 
frequency equals to: 

FF
p CR

f



2

1
                                                         (3) 

CF sets the signal bandwidth to 0.7 Hz with RF and also limits the peak in noise gain that 
multiplies the op amp input voltage noise contribution. A single pole filter at the amplifier 
output limits the op amp output voltage noise bandwidth to 0.7 Hz which improves the 
preamplifier’s signal to noise ratio by a factor of three. Noise limits the signal resolution 
obtainable by the preamp. The photodiode preamp circuit in Fig. 2 can detect a signal 
current of 26 fA rms. Since the photodiode has responsivity of 0.45 A/W, the minimum 
detectable light power is 57 fW which is about double of the photodiodes noise equivalent 
power (NEP) 25 fW. The dynamic range of the preamp can be adjusted in practical 
applications. 
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where 
          Pf    emitting light intensity at forward end of passive fiber; 
         Pb    emitting light intensity at backward end of passive fiber; 
         P0    effective emitting light intensity of LED;  
         ke     input end coupling coefficient; 
         α      attenuation coefficient of active fiber; 
         x      position of localized strain; 
         ks     coupling coefficient from active fiber to passive fiber by strain; 
         kf       fraction of light propagating forward within the passive fiber; 
        kb     fraction of light propagating backward within the passive fiber; 
        β      attenuation coefficient of passive fiber. 
Since the double ended outputs of passive fiber are used for position sensing, the length 
limiting conditions are that Pf >Pmin at position of x = 0 and Pb >Pmin at position of x = L. 
Educing (4) and (5) by these limiting conditions, we can get the length limiting equations 
as follow: 
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where, Pmin is the minimum detectable light intensity by the preamp.  The attenuation of 
active fiber is expected to be minimized while that of the passive fiber is quite greater. The 
attenuation is mainly caused by the passive fiber. Moreover because of the similarity of the 
output expressions at the two ends of the passive fiber, we can use (7) for the analysis of 
outputs at both ends.  
The theoretical length limit to attenuation coefficient is shown in Fig. 3 where we define 
k=ke·ks·kf or k=ke·ks·kb as the total effective coupling coefficient. From the calculation results, 
we can see that lower attenuation coefficient and higher total effective coupling coefficient 
conduce to greater length limit. The length limit greatly depends on the total effective 
coupling coefficient k. In practical experiments, to nondestructive strain, k is at the factor 
of 10-7 -10-3 and for destructive strain, k is at the factor of 10-3-10-2. By designing 
appropriate attenuation coefficient of passive fiber, the fibers length can reach the level of 
kilometers which is meaningful for many applications in structure strain monitoring such 
as bridges and dams. 
Because of the exponential attenuation of light propagating in fiber, the spatial resolution 
of the proposed sensor is non-uniform along the length of fiber. The minimum spatial 
resolution ∆x by single end output is restricted by the conditions expressed as follow 
respectively: 
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where Pf (x) and Pb(x) are output light power at forward and backward end respectively 
corresponding to coupling position of x. From the above two equations, we can get the 
spatial resolution distribution along the fiber as follow: 
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where ∆xf and ∆xb are the spatial resolutions determined by the single end output of 
forward and backward respectively. The spatial resolution distributions are greatly 
influenced by the parameters of kf and kb. In Fig. 4, we show the single end determined 
spatial resolution distributions under three groups of kf and kb . The length is 1000 m and 
(kf , kb) equals to (0.9, 0.1), (0.7, 0.3) and (0.5, 0.5) respectively. From (4) and (5), we can see 
that the outputs light intensities at both ends of the passive fiber have dependence on ks, 
which is influenced by strain value. Therefore, dividing (4) by (5), we can get ks 

independent equation as follow:  
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Fig. 4. Spatial resolution distribution by single end output. 
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of 10-7 -10-3 and for destructive strain, k is at the factor of 10-3-10-2. By designing 
appropriate attenuation coefficient of passive fiber, the fibers length can reach the level of 
kilometers which is meaningful for many applications in structure strain monitoring such 
as bridges and dams. 
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where ∆xf and ∆xb are the spatial resolutions determined by the single end output of 
forward and backward respectively. The spatial resolution distributions are greatly 
influenced by the parameters of kf and kb. In Fig. 4, we show the single end determined 
spatial resolution distributions under three groups of kf and kb . The length is 1000 m and 
(kf , kb) equals to (0.9, 0.1), (0.7, 0.3) and (0.5, 0.5) respectively. From (4) and (5), we can see 
that the outputs light intensities at both ends of the passive fiber have dependence on ks, 
which is influenced by strain value. Therefore, dividing (4) by (5), we can get ks 
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Fig. 5. Spatial resolution dependence on attenuation coefficient of passive fiber when L 
=1000 m. 
 
In (12), the strain position in theory has no dependency on ks, the coupling coefficient 
between the two fibers. Actually, the strain value has influence on position sensitivity. 
Smaller strain value leads to less sensitivity to position and the position estimation is 
restricted by the detectable conditions. Since Pf and Pb have different individual sensitivity 
to position, the total spatial resolution is determined by the more sensitive one as follow: 

 bf xxx  ,min                                                        (13) 

From the spatial resolution distribution illustrated in Fig. 4, we can see that the total spatial 
resolution ∆x has a maximum value at the point where ∆xf  is equal to ∆xb. To 
nondestructive strain, the coupling light propagating forward within the passive fiber is 
much more than that of backward, the parameter kf is quite greater than kb. The total 
spatial resolution mainly depends on the forward end output. For convenience of analysis, 
we use the restricting condition expressed in (10) at point of x=0 for total spatial resolution 
analysis. This is a conservative condition and in theory the spatial resolution can be better. 
The total spatial resolution to attenuation coefficient is shown in Fig. 5 where we suppose 
the length is 1000 m. From the calculational results, we can know that, the attenuation 
coefficient has an optimization area for the best spatial resolution on a given length. Spatial 
resolution greatly depends on the total effective coupling coefficient k which is also 
illustrated in Fig. 5. From the figure, we can see that, if the total effective coupling 
coefficient k is at the level of 10-7, it will be meaningless for the spatial resolution of 
hundred meters. When k changes from 10-6 to 10-5, the spatial resolution can be promoted 
from tens of meters to the level of meter with appropriate attenuation coefficient. When k 
changes from 10-5 to 10-3, the spatial resolution is furthermore promoted to centimeter level. 
In spite of other factors, higher coupling coefficient is propitious to the promotion of 
spatial resolution. 
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Fig. 6. Experimental micrometer controlled mechanism for strain. 
 
However, in practical experiments, the high coupling coefficient is at cost of great 
destructive strain which leads to an unsteady relationship between kf and kb. As expressed 
in (12), the ratio of kb to kf has direct influence on the position value estimation. As a matter 
of fact, kb and kf are influence by strain value. To the same strain, the ratio of kb to kf is 
constant. To value changeable strain, kf and kb should be determined before the position 
estimation. It is more difficult for destructive strain with a high coupling coefficient than 
that of the nondestructive strain. Anyway, even in the area of nondestructive strain, spatial 
resolution can reach a level which is meaningful to many applications. All the above 
analysis is restricted by the given LED emitting light power 30 μW which has much space 
to be promoted.  Greater light emitting power of light source contributes to promotion of 
length and spatial resolution and also decreases the influence of coupling coefficient. 
Optimized designing of the double-fiber model sensor is a tradeoff between the length and 
spatial resolution for attenuation coefficient of the passive fiber. 

 
2.4 Experiments on Prototype Sensor 
The prototype sensor is developed with a length of 4 meters. Two multi-model fibers are 
used for both the active and passive fiber with the attenuation coefficient of 0.007 dB/m 
and 3.5 dB/m respectively. The attenuation is mainly caused by the passive fiber and the 
attenuation caused by the active fiber can be ignored. A fiber light source aimed LED is 
used for light emitting. Three high sensitive photodiodes are used for light detection. 
AD549 is used for the preamp electric circuit and the preamp is designed to have a narrow 
bandwidth of 0.7 Hz together with a low-pass filter in order to promote the signal to noise 
ratio. A digital multimeter (KEITHLEY 2000) is used for voltage signal measurement and 
the data is automatically recorded by a computer. We use a micrometer controlled 
mechanism to apply strain on the two fibers as illustrated in Fig. 6. The mechanism uses a 
cylinder in radius of 1 cm to apply strain on fibers. Both of the cylinder and the base parts 
are machined with slots to hold the fibers. The two fibers keep vertical through the whole 
process of experiment. The applied strain on fibers can be precisely controlled to both 
nondestructive and destructive strain. Experiments are made in laboratory room with 
temperature roughly controlled. The transition process of LED and electric circuit are well 
considered by making experiments after waiting a period of time. The room light is well 
shielded to avoid noise caused by disorder light.  
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Light coupling coefficient includes the input end coupling coefficient ke and the strain 
coupling coefficient ks. The LED L7560 has a small lens integrated at the front part which is 
specially designed for light emitting into fiber. The input end coupling coefficient ke is 
0.462 under the conditions of our experiments. The light coupling coefficient between the 
two fibers ks is an important parameter to the proposed sensor. The output light intensities 
of the passive fiber greatly depend on the light coupling coefficient, and consequently, the 
maximum length and the spatial resolution. The coupling coefficient is dependent on 
applied strain value. The experimental results of light coupling coefficient are shown in Fig. 
7 where the kef and keb are the total effective coupling coefficient in forward and backward 
direction which are equal to ke·ks·kf  and ke·ks·kb respectively. According to the deformation 
value of fibers, the applied strain can be divided into the nondestructive strain and the 
destructive train. From the experimental results, we can see that, k changes from 10-5 to 10-3 

in nondestructive strain area and changes from 10-3 to 10-2 in the destructive strain area. 
The theoretical maximum length can be up to the level of 10 km and the spatial resolution 
can be under the level of centimeter in spite of other factors.  
Since (12) is independent from ks, the effectiveness of position estimation will not be 
influenced by changes of light coupling coefficient ks as long as the output light intensities 
are under the restricting conditions of length limit and spatial resolution. The ratio of 
backward propagating light and forward propagating light directly influence the position 
estimation as illustrated in (12). If the same strain is applied on different position of sensor, 
the ratio of kb to kf has the same value. Consequently, (12) works well for stain position 
estimation. However, if different strain values are applied, the ratio of kb and kf must be 
determined before strain position estimation. 
As illustrated in Fig. 7, the effective coupling coefficient has different dependence on the 
strain value in the two areas of nondestructive and destructive strain. In the 
nondestructive strain area, both of the kef and keb have exponential form dependence  

 
 
Fig. 7. Experimental results of light coupling coefficients. 
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Fig. 8. Response of the active fiber transmission rate to strain value. 
 
on strain value which can experientially be modeled. In the destructive strain area, the 
forward effective coupling coefficient kef shows unstable dependence on strain value which 
brings difficulties for value estimation. Therefore, under current conditions, the proposed 
sensor is used in the area of nondestructive strain. Concerning the applications such as 
civil structure strain monitoring, it is of the same importance to detect the exceptional 
strain in the early stage with warning the accidental destructive strain. 
The active fiber is used for strain value sensing. The response of active fiber transmission 
rate to the strain value is shown in Fig. 8, where Ts is the transmission rate of the active 
fiber with strain, T0 is the original transmission rate. Although the active fiber used in our 
study is not specifically designed for pressure sensing, the active fiber has a sensitive 
response to the applied strain. Using the output of the active fiber, the strain value can be 
determined. In the area of nondestructive strain, the coupling coefficient can be 
consequently estimated. As a matter of fact, the transmission rate of the active fiber is not 
only dependent on the applied strain but also other factors, for example, ambient 
temperature and fiber eroding. The output of the active fiber includes all the perturbation 
on the fiber. However, strain can be indicated from other perturbations by the outputs of 
passive fiber. Moreover, the influence by ambient temperature is possible compensated by 
electrical circuit. The influence by localized high temperature area, for example, caused by 
fire, is another problems involved for further study. 
In order to confirm the distributed sensing of the proposed sensor, we apply the localized 
nondestructive strain on the developed prototype sensor at different positions. In Fig. 9, 
we show the comparison of the practical experiment results and the theoretical curves 
predicted by (12), where the ratio of Pf to Pb is used for strain position estimation. From Fig. 
9, we can see that, the experimental results are well coincident to the curves predicted by 
theoretical equation. The ratios of kb to kf under three strain values are experimentally 
tested to be 0.75, 0.57 and 0.43 respectively.  

T s
/T

0 

Deformation value controlled by micrometer x (mm) 
 



Low	Cost	Multi-fiber	Model	Distributed	Optical	Fiber	Sensor 269 

Light coupling coefficient includes the input end coupling coefficient ke and the strain 
coupling coefficient ks. The LED L7560 has a small lens integrated at the front part which is 
specially designed for light emitting into fiber. The input end coupling coefficient ke is 
0.462 under the conditions of our experiments. The light coupling coefficient between the 
two fibers ks is an important parameter to the proposed sensor. The output light intensities 
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value of fibers, the applied strain can be divided into the nondestructive strain and the 
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in nondestructive strain area and changes from 10-3 to 10-2 in the destructive strain area. 
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Fig. 8. Response of the active fiber transmission rate to strain value. 
 
on strain value which can experientially be modeled. In the destructive strain area, the 
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on the fiber. However, strain can be indicated from other perturbations by the outputs of 
passive fiber. Moreover, the influence by ambient temperature is possible compensated by 
electrical circuit. The influence by localized high temperature area, for example, caused by 
fire, is another problems involved for further study. 
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nondestructive strain on the developed prototype sensor at different positions. In Fig. 9, 
we show the comparison of the practical experiment results and the theoretical curves 
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Concerning the strain position value reconstruction, we proposed the (12) which is 
confirmed by experimental results. Equation (12) eliminates the influence of ks under the 
detectable conditions. But it is still influenced by the ratio of kb to kf. The  

 
 
Fig. 9. Response of the passive fiber to distributed strain.   
 
errors of position sensing mainly come from the estimation results of the ratio of kb to kf 
which can be modeled only in area of nondestructive strain. Therefore, the coupling model 
between the two fibers is of great importance to the proposed sensor. More precise model 
is achieved, the sensor provides better performance. When the ratio of kb to kf is fixed or 
experimentally measurable, the proposed sensor has great potential in spatial resolution 
and length. As another way, if the absolute value of kef can be determined, the strain 
position can be reconstructed by (4) individually. In Fig. 9, if the position goes on 
increasing, the  
Pf / Pb will get sharp increase and it is not good for position sensing. However, the 
attenuation coefficient of passive fiber 3.5 dB/m is designed for 4 m length. To longer 
length, the attenuation coefficient of passive fiber has to be redesigned. As a matter of fact, 
optimizing and design of sensor need many strategies. To any given length applications, 
the response of passive fiber to strain position is expected to have similar form as shown in 
Fig. 9 with different x units.  
As a result, the prototype sensor is effective to sense the distributed strain by the outputs 
of the passive fiber. The effectiveness of the proposed sensor is conformed. Moreover, both 
of the theoretical analysis and practical experiments are restricted by the given LED light 
emitting power 30 μm in this period of study. By using light emitting power promoted 
light source, the sensor can achieve better performance.   
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3. Quasi-Distributed Multi-fiber Model Sensor 
 

3.1 Principle and Configuration of Quasi-Distributed Sensor 
In intrinsic distributed multi-fiber sensor, the coupling coefficients ratio in forward and 
backward direction is dependent on fibers’ deformation form which is uncertain in 
practical applications. And also, the backward coupling coefficient is quite smaller than 
forward coupling coefficient which limits the position sensing. Quasi-distributed sensor 
uses the special designed mechanism as the sensing element and has steady deformation 
form controlled by the mechanism. The light direction influence on coupling coefficient is 
also removed by using light sources at both ends of the active fiber so that the sensor has 
the symmetrical coupling coefficients in the two directions of forward and backward along 
the fiber. As illustrated in Fig.10, the sensor is composed of two multimode fibers with 
discrete sensing elements arranged along them. The first fiber is the active fiber with active 
light propagating within it. The second fiber is the passive fiber which has no active light 
inside in common state and is designed to receive coupling light from the active fiber. 
Strain sensing is performed by the sensing elements which are discretely arranged along 
the fibers with given distance interval. When localized strain is applied on certain sensing 
element, the two fibers are forced to macro bending by the sensing element. The jacket 
layers of the two fibers are divested in the sensing element parts. Therefore, the macro 
bending makes light lose from the active fiber and partly couple into the passive fiber. The 
coupled light propagates along the passive fiber mainly in forward direction. Light sources 
are used at both ends of the active fiber. Using this method, the light direction influence on 
coupling coefficient is removed. The outputs at two ends of the passive fibers will not be 
influenced by light propagating direction in the active fiber.  The sensing elements are 
machined to have symmetrical inner shape (along the fibers’ center axis) and fixed bending 
radius. This is motivated by the making symmetrical deformation of fibers along theirs 
center axis. Consequently, the coupling coefficients in the two opposite directions can be 
equal. The two fibers have jacket layers to protect fibers and prevent light coupling in 
other places outside the sensing elements. Therefore, the light coupling between the two 
fibers is limited in the sensing elements and with fixed deformation form. Using this 
method, the deformation form influence on the coupling coefficient is removed.  
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Concerning the strain position value reconstruction, we proposed the (12) which is 
confirmed by experimental results. Equation (12) eliminates the influence of ks under the 
detectable conditions. But it is still influenced by the ratio of kb to kf. The  
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In intrinsic distributed multi-fiber sensor, the coupling coefficients ratio in forward and 
backward direction is dependent on fibers’ deformation form which is uncertain in 
practical applications. And also, the backward coupling coefficient is quite smaller than 
forward coupling coefficient which limits the position sensing. Quasi-distributed sensor 
uses the special designed mechanism as the sensing element and has steady deformation 
form controlled by the mechanism. The light direction influence on coupling coefficient is 
also removed by using light sources at both ends of the active fiber so that the sensor has 
the symmetrical coupling coefficients in the two directions of forward and backward along 
the fiber. As illustrated in Fig.10, the sensor is composed of two multimode fibers with 
discrete sensing elements arranged along them. The first fiber is the active fiber with active 
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the fibers with given distance interval. When localized strain is applied on certain sensing 
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coupled light propagates along the passive fiber mainly in forward direction. Light sources 
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influenced by light propagating direction in the active fiber.  The sensing elements are 
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radius. This is motivated by the making symmetrical deformation of fibers along theirs 
center axis. Consequently, the coupling coefficients in the two opposite directions can be 
equal. The two fibers have jacket layers to protect fibers and prevent light coupling in 
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Fig. 10 Principle and configuration of the quasi-distributed sensor system 
 
The sensor configuration is shown in Fig. 10. Two light-emitting-diodes (LED1 and LED2) 
are used as the light sources and two photo-diodes (PD1 and PD2) are used as the light 
detectors at two ends of the active fiber. The light-emitting-diode and photo-diode are 
connected to the active fiber by 3-dB coupler. Another two photo-diodes (PD3 and PD4) 
are used at the two ends of the passive fiber as the light signal detectors of the passive fiber. 
The circuit modules used in the sensor system are also illustrated in Fig. 10 including 
preamp circuits, filters, A/D converters, control units and power units.  
As shown in Fig. 10, the driving circuits of the sensor system are divided into two parts 
which have different physical locations (at the two ends of the fibers). The active fiber 
(together with PD1 and PD2) is used not only for strain sensing and but also for 
handshaking commands and data communication between the two parts of the driving 
circuits. The working flow chart of sensor system is shown in Fig. 11. As the non-working 
state of the sensor system, the signal detection channel with PD2 keeps “listening” state to 
the active fiber output while other parts of the sensor system can be shut off in this state. 
Once measurement is started by manual operation or remote controlling signal, the control 
unit A firstly sends the “Start” command codes into the active fiber.  The command codes 
are sent digitally by LED1 and are detected by PD2. Since the PD2 keeps listening to active 
fiber, the digit signals of “Start” command will be picked up by PD2. After the command is 
decoded, the control unit B makes the PD2 and PD4 ready for measurement signal 
detection and sends “Ready” command to active fiber by LED2. PD1 receives the “Ready” 

command, and LED1 is turned on for a period of time ΔT as the light source for 
measurement. At this time, PD2 and PD4 can get continuous light signals but maybe not 
steady.  The influence may come from the ambient temperature and transitional working 
state of LED. The control unit B evaluates the signal quality and makes the judgment. If the 
signal quality is not good, the control unit B will resend the “Ready” command and LED1 
will be turned on again for repeated measurement. After the data from PD2 and PD4 are 
saved, the control unit B sends “Get ready” command to PD1. The control unit A makes 
PD1 and PD3 ready for measurement signal detection and then sends “Ready” to PD2. 
After the “Ready” command is received, LED2 is turned on for a time period of ΔT as the 
light source in opposite direction. Similar with the first step measurement, the control unit 
B evaluates the signal quality from PD1 and PD3 and makes the judgment whether to 
repeat the measurement or not. After the data from PD1 and PD3 are saved, control unit A 
sends “Data” command and the saved data of PD2 and PD4 in control unit B are 
transmitted to this side. Finally, all the data are processed by control unit A and it gives the 
final measurement results to I/O port of the sensor system.  
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Fig. 11. Working flow chart of the sensor system 
 
Using the active fiber as command communication medium, the sensor system can control 
the electric units in two physical positions without any additional signal channel. Since the 
control command is digital signal, the transmission rate change of active fiber caused by 
strain will not fail the communication as long as the light signal can be detected. Totally four 
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command can be coded by two bits data. The micro controller functions include control 
logic (two bits commands), control A/D, storing 4 numbers of data and communication for 
data upload to I/O. A simple micro controller can perform all the functions easily. It is 
noticeable that all the hardware in the sensor system from regular electrical and optical 
elements. There are no sophisticated circuits nor complex devices or special techniques used 
in the sensor system.   The cost is dominated by the basic elements as listed in Table 1.    

 
3.2 Theoretical Analysis on Limit Parameters 
Double-ended light source gives symmetric coupling coefficient in the two direction of 
backward and forward. The output light power at the two ends of passive fiber can be 
expressed by equations (14) and (15) which is similar to but different with equations (4) 
and (5) in backward light power equation.   
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Since outputs of the passive fiber are used for position sensing, the length limiting 
conditions are that Pf > Pmin at position of x  
= 0 and Pb > Pmin at position of x = L. Here, Pmin is the minimum detectable light power by 
photodiode preamp which is equal to n times of the noise equivalent power (NEP) and n is 
related to signal noise ratio. Because the symmetrical character of Pf and Pb, the two 
conditions are equivalent for theoretical length limit analysis. Educing equation (14) by 
this limiting condition, we can get the length limiting equation as follow: 
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From equation (16), we get the theoretical length limit to passive fiber attenuation 
coefficient β, as shown in Fig. 12, where P0 is equal to effective coupled light power of 
30μW (LED L7560) and Pmin values are 22 fW, 220 fW and 2.2 pW corresponding to RF 
value of 10-9 Ω, 10-8 Ω and 10-7Ω respectively. From the curves illustrated in Fig. 7, we know 
the sensor maximum length is dependent on the light coupling coefficient ks, the passive 
fiber attenuation coefficient β and the Pmin value of the light detection circuit. The ks has 
been proved in the area of 10-5~10-2. By choosing appropriate attenuation coefficient for the 
passive fiber, the proposed sensor is possible to reach the level of kilometers.  Given the 
conservative value of Pmin = 2.2 pW, the maximum length is above kilometer when β is in 
the area of 10-3~10-2 dB/m. 
The spatial resolution of the proposed sensor is determined by the sensing element interval. 
As the precondition of effective sensing, the sensing element interval ∆d must be greater 
than the minimum spatial resolution ∆x which is determined by sensor design parameters. 
The minimum spatial resolution ∆x by single end output is restricted by the conditions as 
expressed in equation (7) and (8).  

 

 
Fig. 12. Length limit of the sensor with different NEP 
 
Similar with the analysis in Section 2.3, we can get the spatial resolution distribution along 
the fibers as shown in Fig. 13. Because of the exponential attenuation of light propagating 
in fiber, the spatial resolution of the proposed sensor is non-uniform along the fibers. Fig. 
13 shows the single end determined spatial resolution along the fibers with given 
parameters of L=1000 m, α = 0.0002 dB/m, β = 0.001 dB/m. From Fig. 13, we know that the 
spatial resolution changes in large area from hundreds of meters to millimeter and is 
greatly dependent on the coupling coefficient and Pmin value.   
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Fig. 13. Spatial resolution distribution along the fibers 
 

 
Fig. 14. Spatial resolution dependence on the attenuation coefficient β coupling coefficient ks 
and NEP 

Since the output light power at both ends of the passive fiber is dependent on the coupling 
coefficient ks, we divide (14) by (15) and get position sensing function using double ended 
outputs as follow: 
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In equation (17), the strain position has no dependence on the coupling coefficient ks in 
theory. Actually, position sensing by (17) is still influenced by ks in sensitivity and SNR 
value. The sensing is also restricted by the limiting conditions for the length and spatial 
resolution.  From Fig. 13, we know that the maximum values of ∆x is at the position of x = 
L/2. Using this conservative condition, we show the double ended outputs determined 
spatial resolution with different parameters of β, ks and Pmin in Fig. 14. 
  

 
Fig. 15. Dynamic range of forward output light power of passive fiber 
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Fig. 16. Response of the passive fiber to distributed strain 
 
The minimum spatial resolution are in the areas of (1 cm, 1 m) , (10 cm, 100 m) and (1 m, 
1000 m) when the coupling coefficient value changes for 10-5 to 10-2 and Pmin values are 22 
fW, 220 fW and 2.2 pW respectively. As the limiting condition, sensing element interval 
should be greater than the minimum spatial resolution. According to specific needs, the 
sensing element interval can change in a large area from centimeters to hundreds meters.  
The forward output light power of the passive fiber is shown in Fig. 15 with the given 
parameters values. The output light power is dependent on light coupling coefficient ks 
and light attenuation in the two fibers. Under given conditions, the output light power has 
a dynamic range of 31 dB. The passive fiber attenuation coefficient value of 0.001 dB/m is 
chosen based on the length limit and spatial resolution analysis results for the length of 
1000 m. The Pmin lines of 2.2 pW, 220 fW and 22 fW are also shown in Fig. 15. From this 
figure, we can see that the passive fiber outputs have quite great safe space to the 
minimum detectable light power and the sensor can get quite great SNR value. A dynamic 
range of 46 dB (from -86 dBm to -38 dBm) is needed to be covered by the A/D converter 
for a minimum detectable light power of 2.2 pW.  This can be realized using a 8-bit A/D 
converter (24 dB) and repetition increasing of 30 dB. Since the sensor use continuous signal 
form, there is no bandwidth requirement for both of light source and light detector. Within 
a bandwidth of 1 Hz, the signal can be detected by simple photodiode preamp circuit 
which can have a great dynamic range. All the performance parameters of the sensor are 
specially designed for specific applications requirements. For other circumstances, the 
sensor parameters values should be redesigned taking the specific applications considered. 

 

3.3 Experiments and Results 
In order to confirming the sensor, a prototype sensor is developed in the length of 4 m in 
laboratory. In Fig. 16, we show the experimental results in strain position sensing with the 
corresponding theoretical curves. Totally seven sensing elements are used which have 
uniform interval of 0.5 m.  The parameters used in prototype sensor are as follows: α = 
0.007 dB/m, β = 4.2 dB/m, Pmin= 2.2 mW (RF =104 Ω).  Three stain values are applied in the 
experiments which lead to different coupling coefficient value of ks. From Fig. 16, we can 
see that, the position sensor results have no dependence on the strain value and the 
experimental results are well coincident to the curves predicted by theoretical equation 
(17).  Using the double ended light source and sensing element, the sensor gets 
symmetrical outputs at the two ends of the passive fiber. It contributes the promotion of 
sensor performance parameters including length, spatial resolution and appropriate 
dynamic range and makes the proposed sensor possible for practical applications.  

 
4. Discussions and Conclusions 
 

4.1 Discussions  
The multi-fiber model sensor has lower cost and simpler principle compared with other 
distributed optical sensor. The advantages of multi-fiber model sensor are discussed as 
following: 
(1) There is no special structure in the fibers like bragg grating. There are also no 
special requirements for the optical fiber such as light wavelength, homochromy, 
interference, polarization and dispersion. A wide range of optical fiber can be the 
candidates in designing and fabricating sensors.    
(2) The sensor has no critical requirements on light source and signal detection 
instruments. The sensor has light intensity based outputs for both of the active fiber and 
the passive fiber. By using continuous form signals, the sensor needs no great bandwidth 
for both of the light source and the light detector circuit. This is greatly helpful to improve 
the signal to noise ratio and sensor sensitivity and reduce the complexity and cost of signal 
detection hardware. 
(3) The driving and control circuits are simple and low cost. Totally, four commands 
are used in handshake process which can be encoded by two bits. The digital pulses for 
handshake need neither critical up and down edges nor great bandwidth. The data saving 
and processing require only four numbers’ memory space and simple calculation ability 
which can easily realized by a single chip. 
Therefore, the sensor has the simple and low cost characters which will contribute to wider 
application of the optical fiber sensors.  It is a competitive solution to distributed 
parameters measurement in medium length distance (several meters to kilometers).    
The main limitation of the proposed sensor is the difficulty for multipoint measurement at 
the same time. But there are many circumstances where the first problem point is of the 
most interests, for example, the safety monitoring of civil structure. It is meaningful in 
many applications to alert and locate the first problem point. After appropriate 
modification, the sensor is possible to be used in submersion sensor, hot spot sensor, inner 
deformation sensor, position sensor and so on. The multi-fiber sensor makes the optical 
fiber sensor possible to be applied in wider circumstances where the conventional sensors 
may be not cost-effective. And it also makes complete the applications of distributed 
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optical fiber sensors in medium distance (several meters to 1 kilometer) as a low cost 
solution.  

 
4.2 Conclusions   
In this chapter, we introduced a novel quasi-distributed optical fiber for distributed strain 
monitoring. By using the coupling light between two multi-model fibers, the sensor gets 
output light intensity signals which can effectively be detected by photodiodes with 
common preamp circuit. The effectiveness of the sensor is practically confirmed. 
Theoretical analysis shows that the sensor’s maximum length can reach the level of 
kilometers and the spatial resolution can reach the level of centimeters. In the distributed 
optical fiber sensor field, the proposed double-fiber model sensor is new attempt different 
from other techniques. Since the sensor uses neither sophisticated instruments nor any 
special techniques, the total systems can be realized with extremely low cost. It is 
meaningful to the widely needed on-line monitoring applications in many circumstances 
especially where the cost-effectiveness is critical limited.   
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1. Introduction     
 

The aim of this chapter is to demonstrate the high potentialities of the multimode fibre to be 
used as transmission media for multiservice applications inside a building or even in-house 
(Small Office/Home Office). Most of the building networks are based on multimode fibre 
topology (90%) for high speed (10Gbps) – short range (<300m) optical networks. A 
significant increase of the data rate through the corporate Network or the Internet has been 
observed, due mainly to the explosion of the media exchange (music, Video on Demand 
(VOD), big data files,…). The IEEE802.3 Gigabit Ethernet Standard is becoming the 
commonly installed standard in an office network while some specific applications will 
require a high data rate transmission (for ex. 10Gbps). Moreover, the deployment of the 
Fibre To The Home concept has been already launched all over the world (Europe, United 
State, Asia…) under the acronym “triple play” (data, voice and TV over IP). The easy 
handling and connection of multimode fibre coupled to the high bandwidth capacities open 
the way to the “Do It Yourself” concept (DIY) for the subscriber.  
The first part of this chapter deals with the description of the different candidates able to 
provide a low cost solution and to support the increase of the data rate through longer 
range. The description will focus on the fabrication processes, the physical properties and 
the optical performances (attenuation, optical bandwidth, numerical aperture…) obtained 
for glass multimode fibre (GMMF) as well as polymer ones (PMMF). In order to satisfy the 
growing demand of the 10Gbps applications, some manufacturers of optical fibre such as 
Draka Comteq, Corning or OFS optics have developed new Extended Bandwidth GMMF 
allowing to transmit high throughput signals (10Gbps) through more than 1000m. These 

13
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fibres – principally optimized for an 850nm wavelength operation – exhibit a high 
Bandwidth-Length product (>6GHz.km) and the well known (more than 30 years old) 
fabrication process of the GMMF allows to obtain glass fibres with high purity and 
optimized index profile. These glass multimode fibres enable to reach a good trade-off 
between cost and performance. Nevertheless, in order to decrease the connection cost of an 
optical LAN, novel optical fibres less brittle and more flexible than silica ones, based on 
polymer materials (the PolyMethylMethAcrylate PMMA (Plexiglass) or the fluoropolymer 
Cytop® (CYclic Transparent Optical Polymer)), have been developed by Asahi Glass and 
Chromis Fibreoptics. The high attenuation of the polymer based optical fibres as well as 
their intermodal dispersion induce link length limitation that should reasonably restrict 
their use to home applications where, by the way, their easy handling should drive to the 
DIY concept. 
GMMF or PMMF exhibit a high transmission capacity when high fibre bandwidth and 
Coarse Wavelength Division Multiplexing (CWDM) technique are combined and the 
concept of multiservice application is born around this idea. In fact, the idea is to re-use the 
existing baseband Ethernet network that is already deployed inside buildings to 
simultaneously transmit other services thanks to wavelength multiplexing: this is the topic 
of the second part of this chapter. The improvement of the indoor coverage of wireless 
communications signals using carrier frequencies up to 10GHz (radiocellular (GSM, DCS, 
EDGE, UMTS), WLAN (IEEE 802.11a, b, g,…) and WPAN (Bluetooth, Zigbee, UWB) 
standards…) between different offices located in a building could be realized with the radio 
over fibre (RoF) concept. RoF concept allows to transport by optical means a radio signal 
from a central office to multiple remote access points through a fibre network in order to 
extend the wireless range and to provide a high quality of service (QoS) in term of data rate. 
Each access point is composed of E/O and O/E converters for the bidirectional transmission 
as well as active and passive RF devices (amplifier, coupler, circulator…). The required O/E 
and E/O components are available. Most of them have been developed for GbE or 10GbE 
applications. Concerning the RF electronics, it has been developed for the different wireless 
systems under investigation. Different implementations that are able to transmit such 
signals using multimode fibre (GMMF and PMMF) will be described as well as the obtained 
performance (Error Vector Magnitude, eye diagram…). Using Ultra Coarse Wavelength 
Multiplexing (i.e. 850 nm and 1300nm) which is affordable using WDM multimode couplers, 
the radio over fibre technology can be coupled to the digital baseband transmission on the 
same multimode fibre converting so this support to a multi-service transmission media. 
Results of simultaneous transmission experiments will illustrate this aspect.  
A last application of WDM use consists in the optical powering of the remote access points 
that has already been demonstrated over GMMF and can be considered as another 
complementary service.  
All of these topics will be described in this chapter. 

1. Physical links (fabrication processes, physical properties…) dealing with the 
further developments on the Glass Multimode Fibre (GMMF) and the new 
development on the Polymer Multimode Fibre (PMMF) 

2. Wired links using baseband signals (topology, performance…) 
3. Radio over multimode fibre systems (topology, performance…) 

 

4. Multi-services application: Optical Powering of remote access points in Radio 
over Fibre systems and simultaneous transmission of baseband and radio 
signals 

 
2. Description of the multimode propagation channel: from the glass fibre 
world to the polymer optical fibre concept  
 

The fibres used for optical telecommunications are made of dielectric materials (here, glass 
or polymer) having the functionality to confine and to guide visible and infrared light over 
long distances. Generally, an optical fibre is composed of two concentric dielectric tubes (the 
core and the cladding) each of them with a specific permittivity (or refractive index) value or 
profile. Under some conditions, the guided propagation of the light along the fibre axis is 
realized; it occurs in the material having the highest refractive index (fibre core).  
Regarding to the core diameter, we can define either singlemode or multimode fibres: the 
modal behaviour of these two fibres is related to the number of modes propagating inside 
the fibre core. In this chapter, we focus only on the multimode fibres due to the easiness of 
connection, relative large modal bandwidth available over short range (typically inside a 
building) and the fibre compatibility with the low cost infra-red Vertical Cavity Surface 
Emitting Laser (VCSEL). Because of the large core diameter of such fibres, a large number of 
modes propagate inside the core where the multipath propagation is governed by the 
refractive index profile. 
The light propagate into the multimode fibre core only if the incident light in front of the 
fibre’s input facet is concentrated inside an acceptance cone (fig. 1) defined as the Numerical 
Aperture (NA).  
 

Fig. 1. Definition of the numerical aperture (NA) 
 
The NA is related to the refractive index difference and is independent of the refractive 
index profile as defined in the relationship (1): 

                                                       22
maxsin claddingcore nnNA                                                (1) 

From the geometric optics point of view, two different kinds of multimode fibres can be 
distinguished1: 

                                                                 
1 The ring fibres as well as the W shape fibres do not fill with the application field of this 
chapter.  
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1. Physical links (fabrication processes, physical properties…) dealing with the 
further developments on the Glass Multimode Fibre (GMMF) and the new 
development on the Polymer Multimode Fibre (PMMF) 

2. Wired links using baseband signals (topology, performance…) 
3. Radio over multimode fibre systems (topology, performance…) 

 

4. Multi-services application: Optical Powering of remote access points in Radio 
over Fibre systems and simultaneous transmission of baseband and radio 
signals 

 
2. Description of the multimode propagation channel: from the glass fibre 
world to the polymer optical fibre concept  
 

The fibres used for optical telecommunications are made of dielectric materials (here, glass 
or polymer) having the functionality to confine and to guide visible and infrared light over 
long distances. Generally, an optical fibre is composed of two concentric dielectric tubes (the 
core and the cladding) each of them with a specific permittivity (or refractive index) value or 
profile. Under some conditions, the guided propagation of the light along the fibre axis is 
realized; it occurs in the material having the highest refractive index (fibre core).  
Regarding to the core diameter, we can define either singlemode or multimode fibres: the 
modal behaviour of these two fibres is related to the number of modes propagating inside 
the fibre core. In this chapter, we focus only on the multimode fibres due to the easiness of 
connection, relative large modal bandwidth available over short range (typically inside a 
building) and the fibre compatibility with the low cost infra-red Vertical Cavity Surface 
Emitting Laser (VCSEL). Because of the large core diameter of such fibres, a large number of 
modes propagate inside the core where the multipath propagation is governed by the 
refractive index profile. 
The light propagate into the multimode fibre core only if the incident light in front of the 
fibre’s input facet is concentrated inside an acceptance cone (fig. 1) defined as the Numerical 
Aperture (NA).  
 

Fig. 1. Definition of the numerical aperture (NA) 
 
The NA is related to the refractive index difference and is independent of the refractive 
index profile as defined in the relationship (1): 
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maxsin claddingcore nnNA                                                (1) 

From the geometric optics point of view, two different kinds of multimode fibres can be 
distinguished1: 

                                                                 
1 The ring fibres as well as the W shape fibres do not fill with the application field of this 
chapter.  
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- the step index fibre having a step variation (fig. 2a) of the refractive index profile in the 
transverse plane: the rays inside the fibre core propagate by total internal reflection at the 
core/cladding interface (fig. 2c) 
- the graded index fibre, where the index profile (fig 2b) is optimized to reduce the delays 
between the fastest fundamental mode (close to the fibre axis) and the higher order modes 
as shown in fig 2d. This graded index profile allows the enhancement of the modal 
bandwidth and different optimizations have been and are made to get the different types of 
multimode fibres particular behaviours. 
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Fig. 2. Refractive index profile of step index fibre (a) and graded index fibre (b). Ray tracing 
of the multimode propagation inside a step index fibre (c) and a graded index fibre (d). 
 
The graded index profile variation is described by the equation (2).  
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where ncore and ncladding are respectively the refractive index of the core and the cladding 
parts of the fibre and a the core radius. The constant  is defined by the relationship (3).  
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Fig. 3. Refractive index profile as a function of the core index exponent (gradient index type 
fibre) 
 
In case of graded index fibre, the refractive index profile is determined by the g factor called 
the core index exponent. In case of the g factor is very close to 2, we define parabolic index 
or square law multimode fibre (fig. 3). 
 
The ray optics theory does not take into account the relative values of both wavelength () 
and diameter of the finite ray (ray): the full description of the multimode fibre propagation 
would be completed with the evaluation of the intensity distribution within the light beam. 
With the use of the Maxwell formalism related to the wave description for lightwave, the 
electromagnetic field (E, H) distribution inside the fibre is given by the solutions of the 
eigenvalue equation (4).  
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where  and  represent respectively the pulsation and the propagation constant and 0 and 
0 , vacuum permeability and permittivity. 
Theses solutions represent the mode field distribution not only in the core but also in the 
cladding. The full resolution of the eigenvalue equation does not cover the field of this 
chapter but the mode notion had to be introduced. The authors invite the reader to refer to 
ref [Miller, 1979] describing a detailed resolution of the equation (4). Nevertheless, the total 
number of propagating modes (N) inside a multimode fibre having a cylindrical revolution 
and defined by the core radius (a), the refractive index difference () and the core index 
exponent (g) is given by the equation (5) whatever the index profile is and by the equation 
(6) in case of step index profile (g) : 
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where V represent the normalized cut-off frequency given by the relationship (7).  
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Fig. 2. Refractive index profile of step index fibre (a) and graded index fibre (b). Ray tracing 
of the multimode propagation inside a step index fibre (c) and a graded index fibre (d). 
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where ncore and ncladding are respectively the refractive index of the core and the cladding 
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In case of graded index fibre, the refractive index profile is determined by the g factor called 
the core index exponent. In case of the g factor is very close to 2, we define parabolic index 
or square law multimode fibre (fig. 3). 
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We can notice that the total number of modes is correlated to the core diameter, the 
numerical aperture, the operating wavelength and the core index exponent. The mode field 
distribution could be evaluated thanks to the use of the near field distribution measurement. 
From the communication point of view, an optical pulse travelling over an optical fibre is 
attenuated and spread due to respectively the material transparency of the fibre core and the 
fibre dispersion. Regarding to, respectively, the input optical power (P0) and output optical 
power (PL) after fibre propagation (length: L), the fibre attenuation () is given by the 
equation (8). The fibre attenuation  is generally referred to the operating wavelength in the 
fibre datasheets and could be evaluated over a large spectral range. 
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The fibre dispersion, that is responsible for the pulse broadening in a multimode fibre, is 
correlated to: 

- the chromatic dispersion 
- the intermodal dispersion (owing to the number of propagation modes) 

If only one mode is considered (only considering chromatic dispersion), the temporal 
broadening of an input pulse is induced both by the material dispersion M(), the spectral 
width () of the light source and the fibre length (L) according to the formula (9). 
                                                        LMtchromatic                                                            (9) 
In multimode fibre communication, the pulse broadening effects related to the intermodal 
dispersion are determined by both, the number of modes excited in the fibre core and the 
coupled power into each of these modes. Even if the main part of the optical power is 
coupled to the fundamental mode group LP01, several groups of higher order modes 
propagate through the fibre with different optical paths leading to a spreading of the arrival 
time at the receiver side (fig. 4). The effects on the fibre bandwidth due to the intermodal 
dispersion caused by the different group velocities of the various modes (or groups of 
modes) can be minimized by optimizing the index profile versus different criteria (operating 
wavelength, signal bandwidth, propagation length,...). 
 

 

 
Fig. 4. Illustration of the intermodal dispersion over a multimode fibre 
 
Depending on this index profile and so the wavelength, mode groups propagate at different 
velocities and the difference in travel time between the fastest and the slowest mode groups 
is known as the Differential Mode Delays (DMD).On fig. 5, is represented a typical DMD 
chart showing the pulse spreading after propagation for different launching position at the 
input fibre facet (0µm means launching just in the centre of the fibre, 20 µm means 
launching at 20 µm away from the centre, launching being made by a small spot).  
This DMD parameter is very important in multimode fibre communication and needs to be 
reduced in order to increase the bandwidth/length product of multimode fibres. The DMD 
measurements allow to qualify the modal bandwidth of the multimode fibre and has been 
calculated thanks to the formula (10) derived from [TIA-455-220-A]: 
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DMD lengthShortfastslow _


                                   (10) 

 
where Tslow and Tfast represents the training edge of the slowest resultant pulse and the 
leading edge of the fastest resultant pulse measured at 25% of the threshold (Fig. 5). 
Tshort_length represents the pulse width (at 25% from the threshold value) obtained on a short 
length of fibre and the length term is used to normalize the DMD parameter by the fibre 
length. The DMD is related to the Effective Modal Bandwidth (EMB, also known under laser 
bandwidth) and the calculated effective modal bandwidth (EMBc, dealing with the “worst 
case EMB”) defined in the fibre’s datasheets. 
 

cladding 
core 

Input 
Intensity 

time 

Low order modes 

High order modes 

Input pulse Multimode fibre Output pulse 

Resulting 
Intensity 

time 
High order 

modes 

Low order 
modes 



Potentialities	of	multimode	fibres	as	transmission	support	for	multiservice	applications:		
from	the	wired	small	office/home	office	network	to	the	hybrid	radio	over	fibre	concept 289

 

                                                             NAaV 

2                                                                        (7) 

We can notice that the total number of modes is correlated to the core diameter, the 
numerical aperture, the operating wavelength and the core index exponent. The mode field 
distribution could be evaluated thanks to the use of the near field distribution measurement. 
From the communication point of view, an optical pulse travelling over an optical fibre is 
attenuated and spread due to respectively the material transparency of the fibre core and the 
fibre dispersion. Regarding to, respectively, the input optical power (P0) and output optical 
power (PL) after fibre propagation (length: L), the fibre attenuation () is given by the 
equation (8). The fibre attenuation  is generally referred to the operating wavelength in the 
fibre datasheets and could be evaluated over a large spectral range. 

                                                               









LP
P

L
0

10log10                                                           (8) 

The fibre dispersion, that is responsible for the pulse broadening in a multimode fibre, is 
correlated to: 

- the chromatic dispersion 
- the intermodal dispersion (owing to the number of propagation modes) 

If only one mode is considered (only considering chromatic dispersion), the temporal 
broadening of an input pulse is induced both by the material dispersion M(), the spectral 
width () of the light source and the fibre length (L) according to the formula (9). 
                                                        LMtchromatic                                                            (9) 
In multimode fibre communication, the pulse broadening effects related to the intermodal 
dispersion are determined by both, the number of modes excited in the fibre core and the 
coupled power into each of these modes. Even if the main part of the optical power is 
coupled to the fundamental mode group LP01, several groups of higher order modes 
propagate through the fibre with different optical paths leading to a spreading of the arrival 
time at the receiver side (fig. 4). The effects on the fibre bandwidth due to the intermodal 
dispersion caused by the different group velocities of the various modes (or groups of 
modes) can be minimized by optimizing the index profile versus different criteria (operating 
wavelength, signal bandwidth, propagation length,...). 
 

 

 
Fig. 4. Illustration of the intermodal dispersion over a multimode fibre 
 
Depending on this index profile and so the wavelength, mode groups propagate at different 
velocities and the difference in travel time between the fastest and the slowest mode groups 
is known as the Differential Mode Delays (DMD).On fig. 5, is represented a typical DMD 
chart showing the pulse spreading after propagation for different launching position at the 
input fibre facet (0µm means launching just in the centre of the fibre, 20 µm means 
launching at 20 µm away from the centre, launching being made by a small spot).  
This DMD parameter is very important in multimode fibre communication and needs to be 
reduced in order to increase the bandwidth/length product of multimode fibres. The DMD 
measurements allow to qualify the modal bandwidth of the multimode fibre and has been 
calculated thanks to the formula (10) derived from [TIA-455-220-A]: 
 

                                       

 
length

TTT
DMD lengthShortfastslow _


                                   (10) 

 
where Tslow and Tfast represents the training edge of the slowest resultant pulse and the 
leading edge of the fastest resultant pulse measured at 25% of the threshold (Fig. 5). 
Tshort_length represents the pulse width (at 25% from the threshold value) obtained on a short 
length of fibre and the length term is used to normalize the DMD parameter by the fibre 
length. The DMD is related to the Effective Modal Bandwidth (EMB, also known under laser 
bandwidth) and the calculated effective modal bandwidth (EMBc, dealing with the “worst 
case EMB”) defined in the fibre’s datasheets. 
 

cladding 
core 

Input 
Intensity 

time 

Low order modes 

High order modes 

Input pulse Multimode fibre Output pulse 

Resulting 
Intensity 

time 
High order 

modes 

Low order 
modes 



Optical	Fibre,	New	Developments290

 

0 500 1000 1500 2000
0
1
2
3
4
5
6
7
8
9

10
11
12

 

 

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

)

time (ps)

 55µm
 50µm
 45µm
 40µm
 35µm
 30µm
 25µm
 20µm
 15µm
 10µm
 5µm
 0µm

T=Tslow -Tfast

 
Fig. 5. DMD scanning of a polymer fibre having a 120µm core diameter [Lethien, 2008] 
 
Contrary to single mode fibre (SMF), the modal bandwidth of multimode fibre depends 
strongly on the spatial distribution of the optical power and so on the modal launching 
conditions (see DMD chart on Fig. 5). In order to study the evolution of the fibre bandwidth 
regarding to the launch conditions, a high dynamic range (30dB) test setup [Lethien, 2008] 
allows the measurement of the response of multimode fibres in both time and frequency 
domains. Due to the high attenuation of several types of fibres, the test setup must also be 
designed minimizing extra optical losses. The test setup consists in a picosecond pulse laser 
(Hamamatsu PLP-10: central wavelength: 850 nm, spectral width: 4nm, pulse width: 70 ps 
typ.) coupled to free space optics that allow modifying the mode launching conditions at the 
input of the fibre under test (FUT) (Fig. 6).  
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Fig. 6. Bandwidth measurement test setup at 850nm 
 
This launching optics is composed of a launch fibre (SMF, 9 µm core, NA=0.11), two lenses, 
two 3-axis high precision positioners, one beamsplitter and a viewing system connected to a 
computer. This optical bench induces 5dB optical losses from the output of the laser source 
to the input of the FUT. The position of the injection spot regarding to the fibre core is 
displayed via the viewing system which is disposed on one light path issued from the 
beamsplitter. The fig. 7 illustrates the displacement of the injection spot on the input facet of 
the FUT. On the two pictures on the left side, the injection spot is outside the fibre core. This 
latter fibre is illuminated from its output facet by a visible light source. On the two pictures 

 

on the right side, the spot is launched inside the fibre core and the intensity of the back-
illuminating light has been adjusted in order to distinguish the injection spot from the fibre 
core.  
 

    
Fig. 7. Offset launch of a restricted spot into a fibre core. From left to right, this injection spot 
is going from outside the core up to its centre. 
 
Based on the Lagrange-Helmholtz invariant calculus, the diameter of the launched spot as 
well as its numerical aperture have been determined regarding to the core diameter (Launch-

fibre), the NA (NALaunch-fibre) of the launch fibre and the focal length, f1 and f2, of, respectively, 
lenses L1 and L2 as described in (11) and (12): 
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                                                 (12) 
By using the adequate optical lenses and regarding to the available launch fibre (single 
mode fibre, 50µm and 62.5µm core diameter glass multimode fibres…), Any launching 
conditions, from the overfilled launch (OFL) condition (LED condition) to the restricted 
mode launch (RML) condition can be then simulated. The OFL conditions are used to define 
the OFL modal bandwidth and the RML conditions deal with both the DMD and the EMB 
measurements.  
Time domain analysis of the output signal issued from the multimode fibre is made using 
an optical sampling oscilloscope; this analysis can be converted into the frequency domain 
using FFT (Fast Fourier Transform). The fibre bandwidth is obtained by de-embedding the 
frequency domain results issued from the tested length of multimode fibres from the results 
obtained on a short fibre length (1 m). 

 
2.1 The Glass Multimode Fibre (GMMF): further developments 
 

2.1.1 Manufacturing processes of GMMF 
A glass multimode fibre is generally composed of a SiO2 core doped with Ge surrounded by 
a SiO2 undoped cladding layer. The aim of this part is not to present the much known 
glasses material but to review the three different processes involved by the 3 main 
manufacturer of glass multimode fibres. Most of the optical fibre is fabricated by the so-
called preform methods consisting in realizing a glass rod with diameter from 1cm up to 
10cm and nearly 1m length. The optical fibre is then pulled thanks to a fibre drawing tower. 
The heating of the preform close to the melting point in the furnace localized at the top of 
the drawing tower allows to pull a thin fibre where the core diameter can be adjusted 
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Fig. 5. DMD scanning of a polymer fibre having a 120µm core diameter [Lethien, 2008] 
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Fig. 6. Bandwidth measurement test setup at 850nm 
 
This launching optics is composed of a launch fibre (SMF, 9 µm core, NA=0.11), two lenses, 
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By using the adequate optical lenses and regarding to the available launch fibre (single 
mode fibre, 50µm and 62.5µm core diameter glass multimode fibres…), Any launching 
conditions, from the overfilled launch (OFL) condition (LED condition) to the restricted 
mode launch (RML) condition can be then simulated. The OFL conditions are used to define 
the OFL modal bandwidth and the RML conditions deal with both the DMD and the EMB 
measurements.  
Time domain analysis of the output signal issued from the multimode fibre is made using 
an optical sampling oscilloscope; this analysis can be converted into the frequency domain 
using FFT (Fast Fourier Transform). The fibre bandwidth is obtained by de-embedding the 
frequency domain results issued from the tested length of multimode fibres from the results 
obtained on a short fibre length (1 m). 
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a SiO2 undoped cladding layer. The aim of this part is not to present the much known 
glasses material but to review the three different processes involved by the 3 main 
manufacturer of glass multimode fibres. Most of the optical fibre is fabricated by the so-
called preform methods consisting in realizing a glass rod with diameter from 1cm up to 
10cm and nearly 1m length. The optical fibre is then pulled thanks to a fibre drawing tower. 
The heating of the preform close to the melting point in the furnace localized at the top of 
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according to the pulling speed and the furnace temperature (fig. 8).  
 

 
Fig. 8. Overview of a fibre drawing tower 
 
Currently, several processes could be used to manufacture the preform before the fibre 
pulling: 

- The Modified Chemical Vapour Deposition (MCVD) or just called CVD process 
developed by OFS’ optics [MCVD OFS] 
- The Plasma-actived Chemical Vapour Deposition (PCVD) process used by Draka 
Comteq [PCVD Draka] 
- The Outside Vapour Deposition (OVD) manufacturing process used by Corning 
[OVD Corning] 

The MCVD process (fig. 9a) is a patented process developed at Bell Labs in the 1970s. A 
mixture of ultra-pure gases composed by oxygen (O2), silicon tetrachloride (SiCl4), 
germanium tetrachloride (GeCl4) and freon (C2F6) is sent inside a rotating high purity quartz 
tube which is heated from an outside source at a temperature close to 1600°C (flame). The 
chemical reactions occuring inside the quartz tube induce the formation of glass soot, 
resulting to the coating deposition of a thin layer of doped glass particles inside the tube as 
described in equation (x) and (x). 

22
1600

24 2ClSiOOSiCl C     (x) 

2224 2ClGeOOGeCl   (x) 
Then, the mixture of gases is progressively adjusted inside the tube and the process is done 
again layer by layer to form the complex structure of the fibre core (in case of gradient 
doping). Once the tube composed by the glass material is collapsed by heating it at 2000°C, 
the preform is then fully fabricated and ready for the pulling. Nevertheless, the index profile 
has to be controlled in order to avoid defects such as centre dips or centre line spike which 
significantly degrade the DMD and effective modal bandwidth performance. 
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Fig. 9. Description of the MCVD [MCVD OFS], PCVD [PCVD Praka] and OVD [OVD 
Corning] manufacturing processes 
 
The PCVD [Kuyt, 1999] process (fig. 9b) is similar to the MCVD method: the heating of the 
deposition region is now realized thanks to the use of microwaves instead of a burner 
(flame) to form reactive plasma used for the glass deposition.  
Unlike the two processes dedicated to inside vapour deposition (external flame or plasma), 
the Outside Vapour Deposition (OVD) manufacturing process used by Corning consists in 
forming sequential layers of glass soot around a rotating target rod plunged in a mixture of 
gases (fig. 9c). The target rod travels through a traversing burner and reacts in the flame to 
form SiO2 and GeO2 fine soot particles. Firstly, the core material (doped silica) is deposited 
followed by the pure silica cladding. Both the core and the cladding materials are vapor-
deposited. With the use of this OVD process, Corning can exhibit the high purity of the 
entire preform. When deposition is complete, the bait rod is removed from the center of the 
porous preform, and the preform is placed into a consolidation furnace. During the 
consolidation process, the water vapour is removed from the preform. This high-
temperature consolidation step sinters the preform into a solid, dense, and transparent glass. 
Regarding to the available manufacturing process to fabricate GMMF and to the Corning 
point of view, the OVD process seems to provide the best uniformity in term of EMB 
performance (better refractive index control than the MCVD and PCVD processes). A study 
performed by Corning [Lopez, 2008] has reported recently that the EMB from GMMF 
produced by MCVD process demonstrate a 13% difference value contrary to 3% average 
difference for the ones produced with the OVD process. The presence of centreline dips in 
the refractive index profile is attenuated with the OVD process contrary to the in vapour 
deposition processes leading (PCVD, MCVD) to the improvement of the EMB (reduction of 
the DMD phenomena) as well as the transmission performance. 

 
2.1.2 State of the art of the GMMF according to the modal bandwidth 
This part deals with the comparison between the GMMF performance available on the 
market in term of EMB and attenuation. The GMMF are standardized by the International 
Electrotechnical Commission (IEC), the International Standards Organization (ISO) and the 
Telecommunications Industry Association (TIA). The properties of the GMMF [IEC 60793-2-
10 – TIA 492AAAA – TIA 492AAAB – TIA 492AAAC – TIA 492AAAD – ISO 11801] issued 
from the main manufacturers Draka Communications, Corning and OFS optics, especially 
the OFL bandwidth (MHz.km), the high performance EMB (MHz.km), the numerical 
aperture, the core/cladding diameters (µm) and the GMMF attenuations (dB/km), are 
summarized in the table 1 [Draka – Corning – OFS optics]. 
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according to the pulling speed and the furnace temperature (fig. 8).  
 

 
Fig. 8. Overview of a fibre drawing tower 
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described in equation (x) and (x). 
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the preform is then fully fabricated and ready for the pulling. Nevertheless, the index profile 
has to be controlled in order to avoid defects such as centre dips or centre line spike which 
significantly degrade the DMD and effective modal bandwidth performance. 

UV Source

UV Source

Coating

Coating

Furnace (2200°C) 

Preform

Concentricity
Measurement 

Concentricity
Measurement 

Thickness 
Measurement 

Fibre diameter
Measurement

UV Source

UV Source

Coating

Coating

Furnace

Preform

Concentricity
Measurement 

Concentricity
Measurement 

Thickness 
Measurement 

Fibre diameter
Measurement

 

 

Fig. 9. Description of the MCVD [MCVD OFS], PCVD [PCVD Praka] and OVD [OVD 
Corning] manufacturing processes 
 
The PCVD [Kuyt, 1999] process (fig. 9b) is similar to the MCVD method: the heating of the 
deposition region is now realized thanks to the use of microwaves instead of a burner 
(flame) to form reactive plasma used for the glass deposition.  
Unlike the two processes dedicated to inside vapour deposition (external flame or plasma), 
the Outside Vapour Deposition (OVD) manufacturing process used by Corning consists in 
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followed by the pure silica cladding. Both the core and the cladding materials are vapor-
deposited. With the use of this OVD process, Corning can exhibit the high purity of the 
entire preform. When deposition is complete, the bait rod is removed from the center of the 
porous preform, and the preform is placed into a consolidation furnace. During the 
consolidation process, the water vapour is removed from the preform. This high-
temperature consolidation step sinters the preform into a solid, dense, and transparent glass. 
Regarding to the available manufacturing process to fabricate GMMF and to the Corning 
point of view, the OVD process seems to provide the best uniformity in term of EMB 
performance (better refractive index control than the MCVD and PCVD processes). A study 
performed by Corning [Lopez, 2008] has reported recently that the EMB from GMMF 
produced by MCVD process demonstrate a 13% difference value contrary to 3% average 
difference for the ones produced with the OVD process. The presence of centreline dips in 
the refractive index profile is attenuated with the OVD process contrary to the in vapour 
deposition processes leading (PCVD, MCVD) to the improvement of the EMB (reduction of 
the DMD phenomena) as well as the transmission performance. 
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Electrotechnical Commission (IEC), the International Standards Organization (ISO) and the 
Telecommunications Industry Association (TIA). The properties of the GMMF [IEC 60793-2-
10 – TIA 492AAAA – TIA 492AAAB – TIA 492AAAC – TIA 492AAAD – ISO 11801] issued 
from the main manufacturers Draka Communications, Corning and OFS optics, especially 
the OFL bandwidth (MHz.km), the high performance EMB (MHz.km), the numerical 
aperture, the core/cladding diameters (µm) and the GMMF attenuations (dB/km), are 
summarized in the table 1 [Draka – Corning – OFS optics]. 
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Table 1. Summary of current glass multimode fibre properties 
 
The high potentialities of the GMMF described in the table 1 allow to investigate high data 
rate over long haul transmission with low cost architecture and commercial off the shelf 
devices.  

 
2.2 The Polymer Multimode Fibre (PMMF): new concept 
Only the PMMF with a graded index profile and designed to be used for the 
telecommunications will be considered in this paragraph. 

 
2.2.1 Properties of the graded index PMMF 
The thermoplastic PMMA (Polymethylmethacrylate) has been the first material used for the 
PMMF fabrication. Known under the acronym Plexiglass®, the PMMA is an organic 
compound having an amorphous structure of the polymerized material and a glass 
transition temperature (Tg) close to 100°C. The Plexiglass® is composed of several MMA 
monomers, each of them showing 8 C-H bonds as described in fig. 10a. The 6th and 5th 
harmonic waves (occurring at 627nm and 736nm respectively) of the MMA monomer are 
responsible for the high level of attenuation of the PMMA based PMMF especially from the 
visible to the infra-red spectral ranges (110dB/km at 650nm). In order to decrease the 
intrinsic absorption of the PMMA based PMMF resulting particularly from the vibrational 
overtones, the idea is to perform the partial or complete substitution of the hydrogen 
compound by heavy atoms like deuterium (also called heavy hydrogen 2H, a stable isotope 
of hydrogen having twice the atomic mass of the hydrogen atom) or fluorine atoms. Even if 
the use of heavy hydrogen induces a significant improvement of the fibre attenuation 
[Koike, 1996] over the visible spectrum (one order of magnitude), the deuterium based 
PMMF are very sensitive to the water vapour in the ambient air which is absorbed by the 
core material leading to an increase of the attenuation2. 

                                                                 
2 In fact, the deuterium is progressively replaced by hydrogen atoms resulting from the 
water vapour contamination inside the fibre.  
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Thanks to the use of fluorine atoms to realize the core material, it would be possible to reject 
the absorption bands (C-F bonds) of the used material into the infra-red spectra, far away 
from the telecommunication window (850nm – 1550nm). Regarding to the available 
[Murofushi, 1996] polymer materials (PTFE, PFA…)3, the minimum fibre absorption has 
been obtained by Asahi Glass Company (AGC) from Japan with the use of the cyclic 
transparent optical polymer (CYTOP®)  which contains only C-F bonds as shown in fig. 10b. 
The CYTOP® material is an amorphous fluoropolymer having a Tg close to 108°C and where 
the graded index variation inside the fibre core is realized by copolymerisation of two 
monomers and by a doping process (interfacial-gel polymerization method). 
 

  
Fig. 10. Molecular geometry and bonding of the Plexiglas® (a) and the CYTOP® (b) materials 
 
Nevertheless, even if the fibre attenuation is going to decrease till 15dB/km at 1300nm (fig. 
11) with the use of the CYTOP® material, the calculated attenuation [Murofushi, 1996] 
threshold is not yet reached mainly due to the extrinsic losses induced by the fabrication 
process (impurities owing to the gas, material crystallization (scattering centres), 
contamination and so on). Moreover, the fluorination method using the CYTOP® material is 
generally expensive due to the complicated reaction steps induced during the material 
synthesis [Koike, 2009]. Recently, Koike et al [koike, 2009] have proposed the use of a 
partially fluorinated polymer P3FMA (poly (2, 2, 2- trifluoroethyl methacrylate)) to decrease 
the vibrational absorption due to C-H bonds in PMMA fibres. Thanks to this polymer, an 
attenuation close to 71dB/km at 650nm has been reached with P3FMA based PMMF. 
Several manufacturing processes have been reported for the graded index PMMF 
fabrication and a little synthesis is done for the three following processes: 

- the interfacial gel polymerization technique 
- the centrifuging process and the combined copolymerization/rotating methods 
- the extrusion of several layers 

 
 

                                                                 
3 PTFE : polytetrafluoroethylene and PFA : tetrafluoroethylene – perfluoroalkylvinyl – ether 
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the absorption bands (C-F bonds) of the used material into the infra-red spectra, far away 
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generally expensive due to the complicated reaction steps induced during the material 
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partially fluorinated polymer P3FMA (poly (2, 2, 2- trifluoroethyl methacrylate)) to decrease 
the vibrational absorption due to C-H bonds in PMMA fibres. Thanks to this polymer, an 
attenuation close to 71dB/km at 650nm has been reached with P3FMA based PMMF. 
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fabrication and a little synthesis is done for the three following processes: 
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3 PTFE : polytetrafluoroethylene and PFA : tetrafluoroethylene – perfluoroalkylvinyl – ether 



Optical	Fibre,	New	Developments296

 

 
Fig. 11. Spectral attenuation of the graded index PMMF as compared to glass fibre [Van den 
Boom et al, 2001] 
 
Koike et al [Koike, 2002 – Koike, 1995] from the Keio University (Japan) have developed the 
interfacial gel polymerization method to realize the preform (fig. 11). A mixture composed 
of two kinds of monomers (a classical one and a dopant) has been inserted in a tube 
(diameter equivalent to the preform diameter) and heated at 80°C to be preliminary 
liquefied. During this process, the formation of a gel layer is done in the inner wall of the 
tube (polymer gel phase) and the smaller size monomer diffuses from the edge of the 
preform to the centre in order to form the graded index profile. The graded index profile is 
correlated to the dopant distribution inside the preform. 
 

 
Fig. 12. Interfacial gel polymerization method used by Koike et al [Koike, 2002 – Koike, 1995] 
 
Owing to the density difference between the two monomers, the centrifuging method 
[Duijnhoven, 1999] could be used to produce PMMF preforms. More specifically, a 
gravitational field is used in the process to generate and to fix compositional gradients in 
homogeneous mixtures of monomers, mixtures of polymers and polymer-monomer 
mixtures according to the molecular weight. In this manufacturing method, the rotation 
speed is kept below 25000 rotations per min (rpm). 
The South Korea firm Optimedia head by C.W Park has developed a graded index PMMF 
based on the PMMA material [Park, 2006] with the use of the copolymerization/rotating 
methods. Here, a mixture of polymers is filled inside a tube before a polymerisation done 
either by UV exposure or the increase of temperature. The rotation of the filled tube is only 
done to provide a symmetrical UV exposure and so a uniform polymerization of the 
material used to make the preform (fig. 12a). 
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Fig. 13. Manufacturing processes used by Optimedia (Copolymerization [Park, 2006]) and 
Chromis fiberoptics (co-extrusion process [White, 2005]) 
 
The Chromis fiberoptics company head by W. White has performed the fabrication of 
PMMF based on the CYTOP® material with the use of the co-extrusion process. Two 
extruders containing respectively the CYTOP® material for the cladding and the CYTOP® 
fluoropolymer including dopant for the core are used to fill a heated tube (fig. 12b). Owing 
to the thermally polymerization, the dopant diffuse from the centre to the outer edge in 
order to form the graded index profile [White, 2005]. 

 
2.2.2 Overview of the different polymer fibres used in telecommunication for in 
building transmission 
The fibre length inside a building is generally limited to 300m [Bennet, 2004] and for the 
application field of this chapter (High data rate baseband transmission, radio over fibre 
systems) the CYTOP® based PMMF seems to present the suitable properties to achieve the 
link budget requirement. In fact, the relative low attenuation (~40dB/km) in the expected 
spectral range [850nm – 1300nm] contrary to the PMMA based PMMF (more than 
100dB/km in the visible range) as well as their bandwidth allow using them to design high 
speed and low losses small office/home office networks. Currently, two manufacturers have 
been identified for supplying the perfluorinated graded index polymer optical fibres. Asahi 
Glass Company has commercialized the Lucina PMMF in early 2000 with the use of the 
interfacial gel polymerization method and good attenuation and bandwidth performance 
has been obtained (table 2). This fibre has a 120µm core diameter and a numerical aperture 
close to 0.185. This fibre has a 120µm core diameter and a numerical aperture close to 0.185. 
Since April 2009, AGC company has proposed the so named Lucina-X PMMF that includes 
a double cladding in order to decrease the sensitivity of such fibres to bending effects. Since 
2005, Chromis Fiberoptics has developed the co-extrusion process to draw the 
perfluorinated graded index PMMF. This process is well adapted to mass production.The 
core diameter of such PMMF [Chromis – Asahi Glass] varies from 50µm up to 120µm (table 
2). Actually, only the 120µm core diameter based PMMF Lucina and GigaPOF-120SR have 
been standardized under the A4G category. A PMMF based on a 62.5µm core diameter has 
been standardized under the A4h acronym but this type of PMMF has only a 245µm 
cladding diameter contrary to the GigaPOF-62SR. An update of the IEC-60793-2-40 
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Fig. 13. Manufacturing processes used by Optimedia (Copolymerization [Park, 2006]) and 
Chromis fiberoptics (co-extrusion process [White, 2005]) 
 
The Chromis fiberoptics company head by W. White has performed the fabrication of 
PMMF based on the CYTOP® material with the use of the co-extrusion process. Two 
extruders containing respectively the CYTOP® material for the cladding and the CYTOP® 
fluoropolymer including dopant for the core are used to fill a heated tube (fig. 12b). Owing 
to the thermally polymerization, the dopant diffuse from the centre to the outer edge in 
order to form the graded index profile [White, 2005]. 

 
2.2.2 Overview of the different polymer fibres used in telecommunication for in 
building transmission 
The fibre length inside a building is generally limited to 300m [Bennet, 2004] and for the 
application field of this chapter (High data rate baseband transmission, radio over fibre 
systems) the CYTOP® based PMMF seems to present the suitable properties to achieve the 
link budget requirement. In fact, the relative low attenuation (~40dB/km) in the expected 
spectral range [850nm – 1300nm] contrary to the PMMA based PMMF (more than 
100dB/km in the visible range) as well as their bandwidth allow using them to design high 
speed and low losses small office/home office networks. Currently, two manufacturers have 
been identified for supplying the perfluorinated graded index polymer optical fibres. Asahi 
Glass Company has commercialized the Lucina PMMF in early 2000 with the use of the 
interfacial gel polymerization method and good attenuation and bandwidth performance 
has been obtained (table 2). This fibre has a 120µm core diameter and a numerical aperture 
close to 0.185. This fibre has a 120µm core diameter and a numerical aperture close to 0.185. 
Since April 2009, AGC company has proposed the so named Lucina-X PMMF that includes 
a double cladding in order to decrease the sensitivity of such fibres to bending effects. Since 
2005, Chromis Fiberoptics has developed the co-extrusion process to draw the 
perfluorinated graded index PMMF. This process is well adapted to mass production.The 
core diameter of such PMMF [Chromis – Asahi Glass] varies from 50µm up to 120µm (table 
2). Actually, only the 120µm core diameter based PMMF Lucina and GigaPOF-120SR have 
been standardized under the A4G category. A PMMF based on a 62.5µm core diameter has 
been standardized under the A4h acronym but this type of PMMF has only a 245µm 
cladding diameter contrary to the GigaPOF-62SR. An update of the IEC-60793-2-40 
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document [IEC-60793-2-40] will allow to standardize the 50µm and 62.5µm based PMMF 
from Chromis Fiberoptics manufacturer. 
 

 IEC ISO TIA 
Core/ 

cladding 
diameters (µm) 

 850nm 
(dB/km) 

 1300nm 
(dB/km) 

OFL 850nm 
(MHz.km) 

OFL 1300nm 
(MHz.km) 

EMB 
850nm 

(MHz.km) 
NA 

Lucina A4g - - 120/490 18 18 350 - - 0.185 
Lucina - X A4g - - 120/490 18 18 350 - - 0.185 

GigaPOF-50SR    50/490 40 40 300 - - 0.19 
GigaPOF-62SR A4h?   62.5/490 40 40 300 - - 0.19 

GigaPOF-120SR A4g - - 120/490 40 40 300 - - 0.185 

  
Table 2. Overview of the commercially available PMMF 
 
To conclude on the glass and the polymer multimode fibres, some backscattering traces 
realised on 4 PMMF and 1 GMMF are presented.  
The backscattering technique (fig. 13) has been used to localize the defects in the fibre core 
and to determine the fibre length. The main intensity peak, due to the Fresnel reflection of 
the propagated light at the end of the fibre (polymer or glass/air interface at the connector), 
is localized close to 200m for all the fibres. Defects are materialized by the smaller 
backscattering peaks that appear all along the propagation. The PMMF issued from the 
Chromis Fiberoptics manufacturer (more particularly the 50µm sample) exhibit so some 
defects unlike the PMMF from the Asahi Glass (Lucina). The Draka GMMF Maxcap550 
exhibits an uniform shape due to the low spectral attenuation and the absence of scattering 
losses in the fibre core. 
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Fig. 14. Backscattering traces of the Lucina (PMMF) and the Chromis Fiberoptics fibres 
(PMMF) as compared to the Draka Maxcap550 (GMMF) 
 
In spite of the attenuation, the PMMF are very challenging due to their easiness of 
connection. No expensive tools are required to provide a clean facet of the fibre contrary to 
the silica fibre world. Clip-on connectors have been developed by Nexans and Chromis 
Fiberoptics to be fixed on the external coating of the PMMF which favour the Do it Yourself 
concept. Nevertheless, the bandwidth potentialities of the PMMF do not reach the GMMF 
especially with the deployment of the new OM4 fibre designed for high speed and long haul 
distribution (1km) inside a fibre network. The PMMF attenuation needs also to be improved 
in order to increase the link budget and to be competitive against the GMMF. 

 

Nevertheless, regarding to the promising material dispersion, the PMMF based on the 
CYTOP® material should provide better performance in term of bandwidth capacities. The 
fig. 14 presents the dispersion of the three materials used to develop either GMMF or 
PMMF. 
 

 
Fig. 15. Comparative study of material dispersion used in GMMF and PMMF [Asahi Glass] 

 
3. Optical transmission of baseband multi-gigabit signals over multimode 
fibres 
 

3.1 Multi-gigabit transmission over the GMMF  
In 2002, Pepeljugosky et al [Pepeljugoski, 2002] have demonstrated the potential of high 
modal bandwidth GMMF to be used for a 15.6Gbps transmission over 1km at 850nm. 
Successful transmission of 20Gbps over 200m is also reported with the same fibre at 850nm. 
The 40Gbps transmission over high modal bandwidth GMMF has been reported by 
Matthijsse et al [Matthijsse, 2006] at 1300nm over more than 400m link length. A special fibre 
has been pulled to optimize the bandwidth at 1300nm (5.3GHz.km) and several launch 
conditions have been tested from the centre launch to the radial overfill launch. A 
singlemode to multimode fibre coupling is realized at the emission and a multimode fibre 
taper is used at the receiver side in order to focus the light issued from the multimode fibre 
core (50µm diameter) to the active area of the used photodiode (~14µm). Good 40Gbps 
transmission performances were so reported over 40nm wavelength window which 
demonstrated the huge tolerance of the operating wavelength when using such high modal 
bandwidth GMMF inside a high data rate fibre network. 

 
3.2 Multi-gigabit transmission over the PMMF  
The high attenuation of the polymer based optical fibres as well as their intermodal 
dispersion induce link length limitation particularly at 850nm. In fact, Pedrotti et al 
[Pedrotti, 2006] report the state of art of the multi-gigabit transmission over PMMF: most of 
the presented works exhibit a bit rate-length product less than 1Gbps-km. Li et al [Li, 1999] 
report a high bit rate-length product but with the use of APD receivers not compatible with 
low cost systems. Giaretta et al [Giaretta, 2000] have realized an 11Gbps transmission over 
a range less than 100m by using a 1300nm FP laser and coupling optics which are not suited 
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document [IEC-60793-2-40] will allow to standardize the 50µm and 62.5µm based PMMF 
from Chromis Fiberoptics manufacturer. 
 

 IEC ISO TIA 
Core/ 

cladding 
diameters (µm) 

 850nm 
(dB/km) 

 1300nm 
(dB/km) 

OFL 850nm 
(MHz.km) 

OFL 1300nm 
(MHz.km) 

EMB 
850nm 

(MHz.km) 
NA 

Lucina A4g - - 120/490 18 18 350 - - 0.185 
Lucina - X A4g - - 120/490 18 18 350 - - 0.185 

GigaPOF-50SR    50/490 40 40 300 - - 0.19 
GigaPOF-62SR A4h?   62.5/490 40 40 300 - - 0.19 

GigaPOF-120SR A4g - - 120/490 40 40 300 - - 0.185 

  
Table 2. Overview of the commercially available PMMF 
 
To conclude on the glass and the polymer multimode fibres, some backscattering traces 
realised on 4 PMMF and 1 GMMF are presented.  
The backscattering technique (fig. 13) has been used to localize the defects in the fibre core 
and to determine the fibre length. The main intensity peak, due to the Fresnel reflection of 
the propagated light at the end of the fibre (polymer or glass/air interface at the connector), 
is localized close to 200m for all the fibres. Defects are materialized by the smaller 
backscattering peaks that appear all along the propagation. The PMMF issued from the 
Chromis Fiberoptics manufacturer (more particularly the 50µm sample) exhibit so some 
defects unlike the PMMF from the Asahi Glass (Lucina). The Draka GMMF Maxcap550 
exhibits an uniform shape due to the low spectral attenuation and the absence of scattering 
losses in the fibre core. 
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Fig. 14. Backscattering traces of the Lucina (PMMF) and the Chromis Fiberoptics fibres 
(PMMF) as compared to the Draka Maxcap550 (GMMF) 
 
In spite of the attenuation, the PMMF are very challenging due to their easiness of 
connection. No expensive tools are required to provide a clean facet of the fibre contrary to 
the silica fibre world. Clip-on connectors have been developed by Nexans and Chromis 
Fiberoptics to be fixed on the external coating of the PMMF which favour the Do it Yourself 
concept. Nevertheless, the bandwidth potentialities of the PMMF do not reach the GMMF 
especially with the deployment of the new OM4 fibre designed for high speed and long haul 
distribution (1km) inside a fibre network. The PMMF attenuation needs also to be improved 
in order to increase the link budget and to be competitive against the GMMF. 

 

Nevertheless, regarding to the promising material dispersion, the PMMF based on the 
CYTOP® material should provide better performance in term of bandwidth capacities. The 
fig. 14 presents the dispersion of the three materials used to develop either GMMF or 
PMMF. 
 

 
Fig. 15. Comparative study of material dispersion used in GMMF and PMMF [Asahi Glass] 

 
3. Optical transmission of baseband multi-gigabit signals over multimode 
fibres 
 

3.1 Multi-gigabit transmission over the GMMF  
In 2002, Pepeljugosky et al [Pepeljugoski, 2002] have demonstrated the potential of high 
modal bandwidth GMMF to be used for a 15.6Gbps transmission over 1km at 850nm. 
Successful transmission of 20Gbps over 200m is also reported with the same fibre at 850nm. 
The 40Gbps transmission over high modal bandwidth GMMF has been reported by 
Matthijsse et al [Matthijsse, 2006] at 1300nm over more than 400m link length. A special fibre 
has been pulled to optimize the bandwidth at 1300nm (5.3GHz.km) and several launch 
conditions have been tested from the centre launch to the radial overfill launch. A 
singlemode to multimode fibre coupling is realized at the emission and a multimode fibre 
taper is used at the receiver side in order to focus the light issued from the multimode fibre 
core (50µm diameter) to the active area of the used photodiode (~14µm). Good 40Gbps 
transmission performances were so reported over 40nm wavelength window which 
demonstrated the huge tolerance of the operating wavelength when using such high modal 
bandwidth GMMF inside a high data rate fibre network. 

 
3.2 Multi-gigabit transmission over the PMMF  
The high attenuation of the polymer based optical fibres as well as their intermodal 
dispersion induce link length limitation particularly at 850nm. In fact, Pedrotti et al 
[Pedrotti, 2006] report the state of art of the multi-gigabit transmission over PMMF: most of 
the presented works exhibit a bit rate-length product less than 1Gbps-km. Li et al [Li, 1999] 
report a high bit rate-length product but with the use of APD receivers not compatible with 
low cost systems. Giaretta et al [Giaretta, 2000] have realized an 11Gbps transmission over 
a range less than 100m by using a 1300nm FP laser and coupling optics which are not suited 
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for a low cost 10Gbps optical network.  
In [Lethien, 2008],  it has been proposed to investigate the use of conventional low cost 
devices such as VCSEL (Vertical Cavity Surface Emitting Laser) and PIN photodiodes with 
plastic fibre in order to have a pragmatic approach of the future high speed optical network. 
Phyworks technology [Phyworks], based on the use of Electronic Dispersion Compensation 
devices (EDC) placed at the electrical output of a conventional photoreceiver (here, a GaAs 
photodiode), has been used. The EDC technology allows overcoming the modal dispersion 
of the multimode fibres either in glass or polymer. Phyworks company wants to produce 
10Gbps TX/RX module including VCSEL TOSA (Transceiver Optical SubAssembly) and 
driver for the TX part and photodiode ROSA (Receiver Optical SubAssembly), EDC and 
transimpedance amplifier (TIA) chips for the RX part with target price of less than 200$ per 
module. The coupling pair EDC/TIA cost should be around 55$ (low cost devices contrary 
to the ones used in the previous studies [Pedrotti, 2006], [Li, 1999], [Giaretta, 2000]). The 
EDC technology is a cost effective solution to struggle the intermodal dispersion inherent to 
the optical link based on the multimode fibre. The Phyworks serial EDC replaces the 
existing Clock Data Recovery (CDR) of a classical XFP transceiver. 
The transmission of a 10.3125Gbps baseband signal over 4 polymer fibres (GigaPOF50-SR, 
GigaPOF62-SR, GigaPOF120-SR and Lucina) have been performed (fig. 15). As mentioned 
previously, the study done by Giaretta et al [Giaretta, 2000] has been achieved at 1300nm 
and with a 130µm core diameter PF GIPOF. This fibre has been excited in restricted mode 
launch conditions with the use of a single mode fibre coupled to the 1300nm laser in order 
to decrease intermodal dispersion effects. Moreover, in order not to induce mode filtering at 
the receiver and to reduce the coupling losses due to the large core diameter of the fibre, 
Giaretta et al have used a collimating lens and a focusing lens inducing 4.8dB coupling 
losses.  
The study reported by Lethien et al [Lethien2, 2008] is realized at 850nm (low cost 10G XFP 
transceiver) and without adaptive optics due to the fibre core diameter. In order to exhibit 
the power dispersion penalties for all the fibres under test, we have measured the BER as a 
function of the received optical power in the back-to-back case and by inserting the required 
length corresponding to the 4 fibres under test. 
The BER measurements realized on the GigaPOF50-SR PF fibre did not provide goods 
results (no error free in all case even if we remove the optical attenuator due to a default of 
concentricity of the fibre core regarding to the cladding). The exhibited power dispersion 
penalties are summarized for a BER=10-9 in the table 3. 
 

 From Chromis fiberoptics manufacturer From AGC 
Manufacturer  

Fiber type 50A 62.5A 120A 120B 
With EDC - 3.5 4 4 3.5 
Without EDC - 6 - >9 9 

Table 3. Measurement of the power dispersion penalties (dB) of the optical link 
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Fig. 16. BER as a function of the received optical power 
 
The 3 presented PMMF coupled to an EDC device exhibit power dispersion penalties 
around 4dB. These penalties are inherent to the modal bandwidth of the fibre. As described 
in the datasheets of the Picolight XFP module, the worst case distance range of a 
10.3125Gbps signal over a 50/125 GMMF with a Bandwidth-length product of 400MHz.km 
(500MHz.km) is 66m (82m). These BL products have been given in order to have a 
comparative reference with the measured modal bandwidth of the 4 PMMF under test. As 
mentioned previously, the 50µm based PMMF cannot transmit such kind of high bit rate 
signal. The two 120µm core diameter PMMF exhibit a power dispersion penalties around 
3.5dB with the use of an EDC device and 9dB without dispersion compensation.  
The number of propagation modes in an optical fibre depends on the core diameter. The 
120µm PMMF owns a larger core diameter than the 62.5µm based PMMF. By the way, the 
propagated modes in the 120µm - core fibre are much numerous in that case. The 
intermodal dispersion in the large core PMMF is then much higher than in the GigaPOF62-
SR fibre. These results have been demonstrated by the power dispersion penalties 
measurement in between the two fibres without the use of an EDC device (5dB for the 
62.5µm PMMF compared to 9dB for the 120µm PMMF). Nevertheless, all these power 
dispersion penalties have been induced not only by the modal bandwidth limitations of the 



Potentialities	of	multimode	fibres	as	transmission	support	for	multiservice	applications:		
from	the	wired	small	office/home	office	network	to	the	hybrid	radio	over	fibre	concept 301

 

for a low cost 10Gbps optical network.  
In [Lethien, 2008],  it has been proposed to investigate the use of conventional low cost 
devices such as VCSEL (Vertical Cavity Surface Emitting Laser) and PIN photodiodes with 
plastic fibre in order to have a pragmatic approach of the future high speed optical network. 
Phyworks technology [Phyworks], based on the use of Electronic Dispersion Compensation 
devices (EDC) placed at the electrical output of a conventional photoreceiver (here, a GaAs 
photodiode), has been used. The EDC technology allows overcoming the modal dispersion 
of the multimode fibres either in glass or polymer. Phyworks company wants to produce 
10Gbps TX/RX module including VCSEL TOSA (Transceiver Optical SubAssembly) and 
driver for the TX part and photodiode ROSA (Receiver Optical SubAssembly), EDC and 
transimpedance amplifier (TIA) chips for the RX part with target price of less than 200$ per 
module. The coupling pair EDC/TIA cost should be around 55$ (low cost devices contrary 
to the ones used in the previous studies [Pedrotti, 2006], [Li, 1999], [Giaretta, 2000]). The 
EDC technology is a cost effective solution to struggle the intermodal dispersion inherent to 
the optical link based on the multimode fibre. The Phyworks serial EDC replaces the 
existing Clock Data Recovery (CDR) of a classical XFP transceiver. 
The transmission of a 10.3125Gbps baseband signal over 4 polymer fibres (GigaPOF50-SR, 
GigaPOF62-SR, GigaPOF120-SR and Lucina) have been performed (fig. 15). As mentioned 
previously, the study done by Giaretta et al [Giaretta, 2000] has been achieved at 1300nm 
and with a 130µm core diameter PF GIPOF. This fibre has been excited in restricted mode 
launch conditions with the use of a single mode fibre coupled to the 1300nm laser in order 
to decrease intermodal dispersion effects. Moreover, in order not to induce mode filtering at 
the receiver and to reduce the coupling losses due to the large core diameter of the fibre, 
Giaretta et al have used a collimating lens and a focusing lens inducing 4.8dB coupling 
losses.  
The study reported by Lethien et al [Lethien2, 2008] is realized at 850nm (low cost 10G XFP 
transceiver) and without adaptive optics due to the fibre core diameter. In order to exhibit 
the power dispersion penalties for all the fibres under test, we have measured the BER as a 
function of the received optical power in the back-to-back case and by inserting the required 
length corresponding to the 4 fibres under test. 
The BER measurements realized on the GigaPOF50-SR PF fibre did not provide goods 
results (no error free in all case even if we remove the optical attenuator due to a default of 
concentricity of the fibre core regarding to the cladding). The exhibited power dispersion 
penalties are summarized for a BER=10-9 in the table 3. 
 

 From Chromis fiberoptics manufacturer From AGC 
Manufacturer  

Fiber type 50A 62.5A 120A 120B 
With EDC - 3.5 4 4 3.5 
Without EDC - 6 - >9 9 

Table 3. Measurement of the power dispersion penalties (dB) of the optical link 
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Fig. 16. BER as a function of the received optical power 
 
The 3 presented PMMF coupled to an EDC device exhibit power dispersion penalties 
around 4dB. These penalties are inherent to the modal bandwidth of the fibre. As described 
in the datasheets of the Picolight XFP module, the worst case distance range of a 
10.3125Gbps signal over a 50/125 GMMF with a Bandwidth-length product of 400MHz.km 
(500MHz.km) is 66m (82m). These BL products have been given in order to have a 
comparative reference with the measured modal bandwidth of the 4 PMMF under test. As 
mentioned previously, the 50µm based PMMF cannot transmit such kind of high bit rate 
signal. The two 120µm core diameter PMMF exhibit a power dispersion penalties around 
3.5dB with the use of an EDC device and 9dB without dispersion compensation.  
The number of propagation modes in an optical fibre depends on the core diameter. The 
120µm PMMF owns a larger core diameter than the 62.5µm based PMMF. By the way, the 
propagated modes in the 120µm - core fibre are much numerous in that case. The 
intermodal dispersion in the large core PMMF is then much higher than in the GigaPOF62-
SR fibre. These results have been demonstrated by the power dispersion penalties 
measurement in between the two fibres without the use of an EDC device (5dB for the 
62.5µm PMMF compared to 9dB for the 120µm PMMF). Nevertheless, all these power 
dispersion penalties have been induced not only by the modal bandwidth limitations of the 
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fibre but also by a mode filtering at the receiver (active area # 70µm).  
The transmission of a 10Gbps signal has been achieved over 100m of the 62.5µm core 
diameter PMMF with a BER=10-12. The length of the optical link realized with the used fibre 
is higher than the range of the optical link based on GMMF provided in the datasheets of the 
Picolight module (BL product # 400-500MHz.km – length 66m/82m). The additional range 
gained with the use of an EDC device at the photoreceiver side is equal to 18m which 
demonstrated the potential of the dispersion compensation devices coupled with the 62.5µm 
core diameter based perfluorinated based PMMF. In the fig. 16, the mask testing 
measurements regarding to the transceivers type including and not EDC devices are 
performed on the GigaPOF62-SR (100m length). By using the conventional photoreceiver 
(RX part of the low cost Picolight XFP), the BER is closed to 10-7 and set around 3.10-12 with 
the use of the EDC device. The eye opening is then higher with the use of the EDC device. It 
has been shown that the EDC device enhances the signal quality by reducing the 
intersymbol interference phenomena which demonstrates without any doubt the potential 
of this kind of device. 
 

  

GigaPOF62 with EDC GigaPOF62 without EDC 
Fig. 17. 10GBase-SR mask testing of the 62.5A PF GIPOF 
 
The 40Gbps transmission over 30m of the GigaPof-50SR both at 1550nm and 850nm has 
already been reported by [Polley, 2007]. An increase of the link length is then realized by the 
same group and similar transmission over the perfluorinated based PMMF having a core 
diameter value close to 50µm has been yet demonstrated by Polley et al [Polley, 2008]. The 
link is limited to 100m and the laser is a FP laser operating at 1315nm.  
In 2007, a precise comparative study between GMMF and PMMF has been performed 
regarding to the sensitivity of such fibres to the offset launch for data rate close to 40Gbps 
and link length less than 100m [Schöllmann, 2007]. The feasibility of error free transmission 
at 1550nm with either 100m of GMMF (OM3 type) or 50m of PMMF (GigaPOF50-SR) is so 
demonstrated for 40Gbps signal. To obtain such results, offset launches close to 3µm for the 
GMMF and 10µm for the PMMF have been exhibited. 

 

 

4. Radio over Fibre (RoF) systems 
 

Radio over Fibre (RoF) systems use optical carriers to distribute micro- or millimeter-wave 
signals. Contrary to the previous part dedicated to baseband signals, the RoF concept deals 
with narrow band or broadband signals exhibiting a modulation bandwidth between 
several MHz (for narrow band signal) to more than 500MHz for the future Ultra Wide Band 
signals. In spite of the reduced bandwidth, high data rates combined with portability could 
be obtained. Such systems are used on applications, such radars, on several kilometres 
spans. An interesting use of these systems in telecommunications is to distribute wireless 
telecom signals all over an indoor or shadowed area. In that case, multiple access points are 
needed on a coverage zone that is typically less than 1km diameter wide.  The concept is 
then declined as a picocellular system in which each elementary cell covers a maximum of 
some hundreds of meters. But most of time, these elementary cells will cover a unique space 
or room (fig. 17). The coverage of a building can then be done using a central office which 
receives/emits signals either by radio or fibre optics systems and distributes them to a 
multitude of remote antenna units which are optically fed. These remote antenna units 
deliver the downlink signals and receive the uplink ones within their dedicated picocell 
area. 
 

 
Fig. 18. Schematic of radio over fibre picocellullar indoor system. 
 
Two kinds of systems can be distinguished. The first one deals with RF signals having a 
carrier frequency up to 10GHz and is mainly dedicated to the optical transport of wireless 
communication bands, wireless signals. In that case, the RoF system acts as a relay for these 
signals. The second one is more advanced and is based on an optically generated micro- or 
even millimetre wave signal (up to 60GHz frequency bands); the achievable data rate could 
be then as high as several hundred of Mbps and up to the Gbps. These systems are 
dedicated to the transfer of huge amount of data within the same building such as hospitals 
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fibre but also by a mode filtering at the receiver (active area # 70µm).  
The transmission of a 10Gbps signal has been achieved over 100m of the 62.5µm core 
diameter PMMF with a BER=10-12. The length of the optical link realized with the used fibre 
is higher than the range of the optical link based on GMMF provided in the datasheets of the 
Picolight module (BL product # 400-500MHz.km – length 66m/82m). The additional range 
gained with the use of an EDC device at the photoreceiver side is equal to 18m which 
demonstrated the potential of the dispersion compensation devices coupled with the 62.5µm 
core diameter based perfluorinated based PMMF. In the fig. 16, the mask testing 
measurements regarding to the transceivers type including and not EDC devices are 
performed on the GigaPOF62-SR (100m length). By using the conventional photoreceiver 
(RX part of the low cost Picolight XFP), the BER is closed to 10-7 and set around 3.10-12 with 
the use of the EDC device. The eye opening is then higher with the use of the EDC device. It 
has been shown that the EDC device enhances the signal quality by reducing the 
intersymbol interference phenomena which demonstrates without any doubt the potential 
of this kind of device. 
 

  

GigaPOF62 with EDC GigaPOF62 without EDC 
Fig. 17. 10GBase-SR mask testing of the 62.5A PF GIPOF 
 
The 40Gbps transmission over 30m of the GigaPof-50SR both at 1550nm and 850nm has 
already been reported by [Polley, 2007]. An increase of the link length is then realized by the 
same group and similar transmission over the perfluorinated based PMMF having a core 
diameter value close to 50µm has been yet demonstrated by Polley et al [Polley, 2008]. The 
link is limited to 100m and the laser is a FP laser operating at 1315nm.  
In 2007, a precise comparative study between GMMF and PMMF has been performed 
regarding to the sensitivity of such fibres to the offset launch for data rate close to 40Gbps 
and link length less than 100m [Schöllmann, 2007]. The feasibility of error free transmission 
at 1550nm with either 100m of GMMF (OM3 type) or 50m of PMMF (GigaPOF50-SR) is so 
demonstrated for 40Gbps signal. To obtain such results, offset launches close to 3µm for the 
GMMF and 10µm for the PMMF have been exhibited. 

 

 

4. Radio over Fibre (RoF) systems 
 

Radio over Fibre (RoF) systems use optical carriers to distribute micro- or millimeter-wave 
signals. Contrary to the previous part dedicated to baseband signals, the RoF concept deals 
with narrow band or broadband signals exhibiting a modulation bandwidth between 
several MHz (for narrow band signal) to more than 500MHz for the future Ultra Wide Band 
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telecom signals all over an indoor or shadowed area. In that case, multiple access points are 
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receives/emits signals either by radio or fibre optics systems and distributes them to a 
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Fig. 18. Schematic of radio over fibre picocellullar indoor system. 
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carrier frequency up to 10GHz and is mainly dedicated to the optical transport of wireless 
communication bands, wireless signals. In that case, the RoF system acts as a relay for these 
signals. The second one is more advanced and is based on an optically generated micro- or 
even millimetre wave signal (up to 60GHz frequency bands); the achievable data rate could 
be then as high as several hundred of Mbps and up to the Gbps. These systems are 
dedicated to the transfer of huge amount of data within the same building such as hospitals 
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or banks. They can act as stand-alone internal systems without any external connections. 
This application field dealing with the millimetre wave RoF system is covered in another 
chapter of this book. 
An overview of the wireless signals used in a radio over fibre systems will be performed just 
before the description of the RoF topologies and RoF systems.  

 
4.1 Evolution of the Wireless communications networks 
The radio over fibre concept complies with the radio spectrum dedicated to broadcast and 
wireless applications having a carrier frequency up to 1GHz (AM and FM radios, TV 
broadcast…). The RoF system covers also the microwave as well as the millimetre waves 
(radiocellular, WLAN, WPAN…) with carrier frequency from 1GHz up to 100GHz.  
From a radio frequency point of view, a radio signal is disturbed when the propagation is 
done in a confined space, for example inside a building or a tunnel. The aim of a RoF 
deployment is either to improve the indoor coverage of a wireless signal or to increase the 
connectivity of an ad-hoc network. This chapter focuses only on wireless standards mainly 
created by the major normalization organisms (IEEE, ETSI, 3GPP, 3GPP2…) and generally 
divided into three main categories depending on the application field: 

- the radio-mobile signals 
- the Wireless Local Area Network (WLAN) standard 
- the Wireless Personal Area Network (WPAN) standard 

The radiocellular concept deals firstly with the deployment of the 2nd generation of mobile 
equipment (ME). Depending of the country where the mobile network is implemented, 
several standards have been investigated. The 2nd generation of the radio-mobile standard 
(IS-136 ; GSM ; PDC and PDC-P ; cdmaoneA) has a data rate limited to 14.4kbps except for 
the PDC with 30kbps value.  
Before the deployment of the 3rd generation, an intermediary step is added and known 
under the 2.5 generation (IS-136+; GSM/GPRS or GSM/HSCSD ; cdmaoneB; cdma2000 
phase 1) in order to provide furthers services requiring much data rate (internet, video 
exchange…). Theoretically, the data rate is close to 100kbps. The EDGE radiocellular 
standard corresponding to an improvement of the GSM one is used for data transmission at 
384kbps. The 3rd generation of mobile networks is deployed with throughput up to 2Mbps 
all over the world for responding both to the exponential growing of video media exchanges 
and the internet traffic. The main problem is related to the inter-operability between the 
different standards deployed all over the world (IS-136HS, UMTS, cdma200 phase 2). The 
convergence of the three last cited standards is known under the HSDPA and HSUPA 
acronyms (High Speed Downlink/Uplink Packet Access) linked to the 3.5th generation 
deployment: the data rate is close to 14.4Mbps. In 2010, a new emerging standard is going to 
be deployed as the future radio-mobile standard. The Long Term Evolution (LTE) 
represents the future of the UMTS standard as it evolves from an architecture supporting 
both circuit-switched and packet-switched communications to an all-IP, packet-only system. 
The so-called LTE is related to the 3.9th generation and provides throughput up to 300Mbps 
with a specific quality of services (QoS) depending on the mobile speed (Optimized 
performance for low mobile speeds from 0 to 15 km/h – supported with high performance 
from 15 to 120 km/h - functional from 120 to 350 km/h). The QoS of mobile 
communications with speed comprising between 350 to 500 km/h is currently under 

 

consideration. Regarding to all the radio–mobile generations, the carrier frequency of such 
wireless networks is comprised between 900MHz and 2.62GHz. 
The indoor coverage of a signal issued from a Wireless Local Area Networks (WLAN) is 
very sensitive to the material used to fabricate the building. The main WLAN standard is 
the Wireless-Fidelity, known under the acronym WiFi or IEEE802.11. Several declinations of 
such standard are related to the data rates and the operating frequency. The table 4 
summarizes the basic properties of the WiFi standardized by the IEEE organism. The data 
rate varies from 11Mbps up to 54MBps depending on the standard release. The IEE802.11a 
has been used in United States. The IEEE802.11b and IEEE802.11g are dedicated to Europe. 
The radio range is generally close to 140m in free space configuration and is reduced for in 
building communications (35m) as well as the bit rate. 
 

 IEEE802.11a IEEE802.11b IEEE802.11g 

Carrier frequency 5.825 GHz 2.412 GHz 2.412 GHz 

Modulation scheme 64QAM - OFDM CCK - DSSS 64QAM - OFDM 

Data rate 54Mbps 11Mbps 54Mbps 

filter BT = 0.5 BT = 0.5 BT = 0.5  
Table 4. Overview of the IEEE802.11 standard 
 
In June 2009, the IEEE802.11n will be expected to propose high data rate (250Mbps) and long 
range transmission inside a building (more than 70m) especially thanks to the use of 
multiple antennas (Multiple Input Multiple Output system (MIMO)). 
In order to develop personal network without cable (Wireless Personal Area Network – 
WPAN) for computer office applications or radio mobile systems, several protocol have 
been created either for low or high data rates transmission. A standard created by Ericsson 
in 1994 (Bluetooth) for low bit rate wireless communication has been used over the 
unlicensed ISM band (2.4GHz). The data rate is close to 3Mbps and the radio range is 
limited to 10m when emitting less than 1mW RF power level. Launched by Nokia, the 
Wibree has been created to provide a short radio range (5m) and low data rate standard 
with a fewer consumption than the Bluetooth (better than a 50 factor). The Wibree is 
unfortunately incompatible with the Bluetooth and since June 2007, a fusion between the 
two standards has been created over the “Bluetooth ultra low power”. An oriented low 
consumption wireless sensor networks (WSN) standard known under the acronym Zigbee 
(IEEE802.15.4) and using the ISM 2.4GHz unlicensed frequency bands in Europe has been 
used for domotic applications. The data rate is well limited to 250kbps and a new 
modulation scheme is under development with the use of ultra wide band concept. 
The Ultra-Wideband standard (UWB) is becoming the common wireless technology for 
short haul - high data rate wireless communications and sensor networks. Regulated by the 
Federal Communications Commission (FCC) in the USA since April 2002, the UWB 
technology operating in the frequency range between 3.1GHz up to 10.6GHz and two 
proposals of this standard have been investigated by laboratories and manufacturers 
depending on the modulation schemes in the IEEE 802.15.3a working group. The 
standardization of the high data rate (>200Mbps) ultra-wideband technologies has been 
firstly studied. The Direct Sequence (DS) and the Multiband Orthogonal Frequency-Domain 
Multiplexing (MB-OFDM) ultra-wideband technologies are in competition and the 
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created by the major normalization organisms (IEEE, ETSI, 3GPP, 3GPP2…) and generally 
divided into three main categories depending on the application field: 
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equipment (ME). Depending of the country where the mobile network is implemented, 
several standards have been investigated. The 2nd generation of the radio-mobile standard 
(IS-136 ; GSM ; PDC and PDC-P ; cdmaoneA) has a data rate limited to 14.4kbps except for 
the PDC with 30kbps value.  
Before the deployment of the 3rd generation, an intermediary step is added and known 
under the 2.5 generation (IS-136+; GSM/GPRS or GSM/HSCSD ; cdmaoneB; cdma2000 
phase 1) in order to provide furthers services requiring much data rate (internet, video 
exchange…). Theoretically, the data rate is close to 100kbps. The EDGE radiocellular 
standard corresponding to an improvement of the GSM one is used for data transmission at 
384kbps. The 3rd generation of mobile networks is deployed with throughput up to 2Mbps 
all over the world for responding both to the exponential growing of video media exchanges 
and the internet traffic. The main problem is related to the inter-operability between the 
different standards deployed all over the world (IS-136HS, UMTS, cdma200 phase 2). The 
convergence of the three last cited standards is known under the HSDPA and HSUPA 
acronyms (High Speed Downlink/Uplink Packet Access) linked to the 3.5th generation 
deployment: the data rate is close to 14.4Mbps. In 2010, a new emerging standard is going to 
be deployed as the future radio-mobile standard. The Long Term Evolution (LTE) 
represents the future of the UMTS standard as it evolves from an architecture supporting 
both circuit-switched and packet-switched communications to an all-IP, packet-only system. 
The so-called LTE is related to the 3.9th generation and provides throughput up to 300Mbps 
with a specific quality of services (QoS) depending on the mobile speed (Optimized 
performance for low mobile speeds from 0 to 15 km/h – supported with high performance 
from 15 to 120 km/h - functional from 120 to 350 km/h). The QoS of mobile 
communications with speed comprising between 350 to 500 km/h is currently under 
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The Ultra-Wideband standard (UWB) is becoming the common wireless technology for 
short haul - high data rate wireless communications and sensor networks. Regulated by the 
Federal Communications Commission (FCC) in the USA since April 2002, the UWB 
technology operating in the frequency range between 3.1GHz up to 10.6GHz and two 
proposals of this standard have been investigated by laboratories and manufacturers 
depending on the modulation schemes in the IEEE 802.15.3a working group. The 
standardization of the high data rate (>200Mbps) ultra-wideband technologies has been 
firstly studied. The Direct Sequence (DS) and the Multiband Orthogonal Frequency-Domain 
Multiplexing (MB-OFDM) ultra-wideband technologies are in competition and the 
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supporting organizations who support each proposal continue to promote them outside of 
the IEEE task group. The DS-UWB [Yao, 2007] is based on the use of the position, amplitude 
or phase modulation of a sub-nanosecond pulse and is supported by the UWB Forum. The 
standard jointly published by the Wimedia alliance and the Multiband OFDM alliance 
defines the specifications of the OFDM physical layer and is known under the name ECMA-
368 (ISO specifications). This ECMA Standard [ECMA 368, 2007] specifies the ultra-
wideband physical layer (PHY) and medium access control (MAC) sublayer for a high-
speed short haul wireless network, utilizing the frequency range described above and 
supporting data rates of up to 480 Mbps. The ECMA-368 standard is divided into 14 
unlicensed bands, each with a bandwidth of 528 MHz (fig. 18). The first 12 bands are then 
grouped into 4 band groups, each of them being composed of 3 frequency bands. The last 
two bands are grouped into a fifth band group. The sixth band group consists of bands 9 to 
11 which overlaps band groups 3 and 4. The Wimedia standard uses the MB-OFDM 
modulation scheme to transmit information through a wireless personal area network 
(WPAN). A total of 110 sub-carriers (100 data carriers and 10 guard carriers) are used per 
band. In addition, 12 pilot subcarriers that allow for coherent detection bring out a total of 
122 subcarriers spaced 4.125MHz apart. The occupied bandwidth is nominally 528MHz and 
the signal subcarrier could hop in frequency according to predetermined patterns known as 
Time-Frequency Code (TFC). The MB-OFDM UWB standard provides throughput from 
53.3Mbps up to 480Mbps depending on the modulation schemes over 2m to 10m range. The 
power spectral density is closed to -41dBm/MHz over the UWB spectrum. QPSK 
modulation is used for data rates up to 200Mbps and Dual Carrier Modulation (DCM) 
scheme is dedicated to 320, 400 and 480Mbps throughput: the DCM modulation consists in 
the grouping of 4 bits onto two separate constellation maps to obtain the same structure that 
of a 16QAM modulation scheme. Each of these 16QAM constellations is then modulated 
onto two subcarriers spaced 206MHz apart allowing to decrease the probability that both 
suffer simultaneously from fading. Since March 2007, the ECMA-368 standard has been 
recognized as the ISO/IEC 26907 international standard (ISO/IEC 26907:2007 Information 
technology -- Telecommunications and information exchange between systems -- High Rate 
Ultra Wideband PHY and MAC Standard). 
  

 
Fig. 19. Allocation of the frequency bands for UWB band groups [2]. Each band has a 
528MHz bandwidth and central frequency is indicated. 
 

 

All the radio standards presented in this part could be evaluated with the use of modulation 
quality metrics such as the Error Vector Magnitude or the Relative Constellation Error (RCE) 
given by the standardization organisms (ex: IEEE, ETSI…). The Error Vector Magnitude – 
expressed in percentage or dB – is defined as the vector difference at a given time in 
between an ideal reference signal and the measured signal submitted to residual noise and 
distortion induced by the radio over fibre system (fig. 19). 
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Fig. 20. 16 QAM modulation scheme and schematic view of the Error Vector Magnitude 
parameter 
 
As mentioned previously, the improvement of the indoor coverage of all the presented 
standards could be realized with the use of the radio over fibre concept and the main 
topologies are described in the next part.  

 
4.2 Topologies used for the distribution of radio signal over the optical fibres 
According to A. Seeds point of view [Seeds, 2002], the availability of the first semiconductor 
lasers and electro-optic modulators combined with the development of the low loss silica 
optical fibres (either singlemode or multimode) as well as the development of PIN and 
avalanche photodetectors since 30 years has lead to the birth of the radio over fibre 
technology. For indoor or shadow area coverage of radio communications systems, 
picocellular RoF systems are fine alternatives since they allow distributing signals where 
global distribution systems are ineffective. Their coverage range is some tens to hundred 
meters. A typical system uses a base station which optically fed remote antenna units with 
the RF signal which is modulated on the optical carrier. Since the coverage is rather small, 
electromagnetic pollution can be greatly reduced since emitted RF power can be 30 dB lower 
than for classical systems, i.e. 20 mW in spite of 20W. This optical carrier is carried on optical 
fibre up to the remote antenna units. The application field of this chapter is related to the 
multimode fibre either in glass or polymer and whatever the optical carrier and wavelength 
are, the transmission of signals can been achieved using three main schemes.  

 
4.2.1 Baseband over fibre (BB over Fibre) 
The radio signal is received and the data are extracted (A/D) as a binary sequence in the 
central office. These data are used to modulate the optical emitter (EO). At the remote 
antenna unit, once detected (OE) they are converted (D/A) to modulate a RF carrier 
(provided by a Local Oscillator that is locally generated) (fig. 20). These data are use to 
modulate the optical emitter (EO). At the remote antenna unit, once detected (OE) they 
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Fig. 20. 16 QAM modulation scheme and schematic view of the Error Vector Magnitude 
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As mentioned previously, the improvement of the indoor coverage of all the presented 
standards could be realized with the use of the radio over fibre concept and the main 
topologies are described in the next part.  
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lasers and electro-optic modulators combined with the development of the low loss silica 
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picocellular RoF systems are fine alternatives since they allow distributing signals where 
global distribution systems are ineffective. Their coverage range is some tens to hundred 
meters. A typical system uses a base station which optically fed remote antenna units with 
the RF signal which is modulated on the optical carrier. Since the coverage is rather small, 
electromagnetic pollution can be greatly reduced since emitted RF power can be 30 dB lower 
than for classical systems, i.e. 20 mW in spite of 20W. This optical carrier is carried on optical 
fibre up to the remote antenna units. The application field of this chapter is related to the 
multimode fibre either in glass or polymer and whatever the optical carrier and wavelength 
are, the transmission of signals can been achieved using three main schemes.  

 
4.2.1 Baseband over fibre (BB over Fibre) 
The radio signal is received and the data are extracted (A/D) as a binary sequence in the 
central office. These data are used to modulate the optical emitter (EO). At the remote 
antenna unit, once detected (OE) they are converted (D/A) to modulate a RF carrier 
(provided by a Local Oscillator that is locally generated) (fig. 20). These data are use to 
modulate the optical emitter (EO). At the remote antenna unit, once detected (OE) they 
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modulate again (D/A) a RF carrier (provide by a Local Oscillator) that is locally generated 
(fig. 20). This topology adds complexity and cost in each remote antenna due to the 
embedded required electronics. Anyway, it is the less stringent on optical link requirements 
since only the data stream (less than 1Gbps data rate) is carried on it. The GMMF or PMMF 
fibres are considered to be the low cost solution here but obviously SMF can be used with an 
increase in the connection cost. Transceivers are here digital transceivers as used in GbE 
transmission. 
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Fig. 21. Data over fibre transmission scheme 

 
4.2.2 Intermediate Frequency over Fibre (IF over Fibre) 
The radio signal is down-converted to a lower frequency and the resulting IF signal is sent 
through the fibre. At the remote antenna unit, this IF signal is mixed with a local oscillator 
one to re-generate the RF signal (fig. 21). This scheme adds lower complexity at remote 
antenna units that the previous one since only RF circuitry is needed. We are now dealing 
with an analog optical transmission link. The same comment as above concerning the type 
of fibre that can be used can be made. 
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Fig. 22. IF over fibre transmission scheme 

 
4.2.3 RadioFrequency over Fibre (RF over Fibre) 
This is the simplest way of implementation as well as the lower cost for the remote antenna 
units. The RF signal directly modulates the emitter and is directly re-emitted at the remote 
antenna unit (fig. 22). But this scheme requires enhanced performance for the optical 
emitters and receivers since they have to transmit the carrier frequency of the radio signals. 

 

If that one is roughly below 10 GHz, this transmission scheme shall be affordable, above 10 
GHz, IF over fibre scheme shall be considered as a more potential cost effective solution. 
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Fig. 23. RF over fibre transmission scheme 

 
4.2.4 Architecture of a bidirectional access point 
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Fig. 24. Schematic view of a bidirectional access point 
 
In order to realize the bidirectional aspect of the radio link (up and downlink), the remote 
antenna unit has to integrate both an E/O emitter, an O/E receiver and the RF circuitry able 
to achieve the corresponding topologies (BB over fibre, IF over fibre and RF over fibre). In 
the fig. 23, the easiest RF over fibre topology is described just with the use of a RF circulator 
to separate the up and down streams. Regarding to the link budget of such RoF system 
(mainly 30dB RF losses), RF amplification has to be done to overcome the RF losses either in 
downlink with the use of a Medium Power Amplifier (MPA) or with a Low Noise Amplifier 
(LNA) able to provide a small noise factor for the uplink. 

 
4.3 State of the art of the Radio over multimode fibres system 
The previous part has demonstrated the potential of the radio over multimode fibre 
technology to improve the indoor coverage of radio signals between different offices located 
in a building where a multimode fibre based network has been already deployed. As 
described, the radio over fibre (RoF) technology allows to optically transport a radio signal 
through an optical fibre and so to extend the wireless range beyond 10m. The pragmatic 
approach of these studies, based on the use of multimode fibres either in glass or polymer 
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modulate again (D/A) a RF carrier (provide by a Local Oscillator) that is locally generated 
(fig. 20). This topology adds complexity and cost in each remote antenna due to the 
embedded required electronics. Anyway, it is the less stringent on optical link requirements 
since only the data stream (less than 1Gbps data rate) is carried on it. The GMMF or PMMF 
fibres are considered to be the low cost solution here but obviously SMF can be used with an 
increase in the connection cost. Transceivers are here digital transceivers as used in GbE 
transmission. 
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Fig. 21. Data over fibre transmission scheme 

 
4.2.2 Intermediate Frequency over Fibre (IF over Fibre) 
The radio signal is down-converted to a lower frequency and the resulting IF signal is sent 
through the fibre. At the remote antenna unit, this IF signal is mixed with a local oscillator 
one to re-generate the RF signal (fig. 21). This scheme adds lower complexity at remote 
antenna units that the previous one since only RF circuitry is needed. We are now dealing 
with an analog optical transmission link. The same comment as above concerning the type 
of fibre that can be used can be made. 
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Fig. 22. IF over fibre transmission scheme 

 
4.2.3 RadioFrequency over Fibre (RF over Fibre) 
This is the simplest way of implementation as well as the lower cost for the remote antenna 
units. The RF signal directly modulates the emitter and is directly re-emitted at the remote 
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emitters and receivers since they have to transmit the carrier frequency of the radio signals. 
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Fig. 23. RF over fibre transmission scheme 
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In order to realize the bidirectional aspect of the radio link (up and downlink), the remote 
antenna unit has to integrate both an E/O emitter, an O/E receiver and the RF circuitry able 
to achieve the corresponding topologies (BB over fibre, IF over fibre and RF over fibre). In 
the fig. 23, the easiest RF over fibre topology is described just with the use of a RF circulator 
to separate the up and down streams. Regarding to the link budget of such RoF system 
(mainly 30dB RF losses), RF amplification has to be done to overcome the RF losses either in 
downlink with the use of a Medium Power Amplifier (MPA) or with a Low Noise Amplifier 
(LNA) able to provide a small noise factor for the uplink. 
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described, the radio over fibre (RoF) technology allows to optically transport a radio signal 
through an optical fibre and so to extend the wireless range beyond 10m. The pragmatic 
approach of these studies, based on the use of multimode fibres either in glass or polymer 
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associated with commercial off the shelf (COTS) devices (Vertical Cavity Surface Emitting 
Laser (VCSEL) and photodiode), induces the use of the intensity modulation – direct 
detection technique (IM-DD) without sophisticated architecture. 
In the following, we will consider in most of the case the RF over fibre topology since it is 
potentially THE low cost solution owing to the fact that very few electronics are required 
within the remote antenna units. This solution will be even more effective if transmission 
can be done on multimode fibre that constitutes the main part of the pre-installed fibres in 
buildings for gigabit Ethernet applications. The modal characteristic of this kind of fibre 
restricts the system bandwidth but high modal bandwidth multimode fibres have been 
developed as described previously. Therefore, Wake et al [Wake, 2001] demonstrated that it 
is possible to overcome this limitation even transmitting complex modulation schemes (32 
QAM) having a bit rate of 10Mbps on a RF sub-carrier (2 GHz) trough 1 km of GMMF OM2 
at 1.3µm. On fig. 24, the constellation as well as the eye diagrams of such a signal is 
represented before and after the optical transmission. As it can be observed, no real 
degradation appears even considering the bandwidth of the optical fibre is 500MHz.km. 
This work is considered as the beginnings of the radio over multimode fibre concept. 
 

 
 

Fig. 25. IQ Constellation (top) and eye (bottom) diagrams of a 32 QAM signal on 2 GHz RF 
carrier before (left) and after (right) its transmission on a GMMF based RoF system [Wake, 
2001] 

 
4.3.1 RoF system developed with GMMF 
The joined researches lead both by the University of Cambridge and the University College 
London in the Friday (Fibre Radio for In-building Distributed Antenna sYstems) project are 
focused on the market dealing with the extended coverage of second generation (2G), 3G 
mobile and WLAN networks in deployment areas such as corporate office buildings, 
shopping centres and airports [Wake, 2002]. The indoor coverage of such signals can only be 
improved using distributed antenna systems (DAS) within the building since the signal 
penetration from outside base stations is unreliable (fig. 25). In the Friday project, the 
exploitation of low-cost solutions (850nm VCSELs and subcarrier transmissions over pre-
installed multi-mode fibre (MMF)) is performed to design and implement a low-cost and 
multi-services fibre-based DAS (GSM (900MHz and 1800MHz), UMTS (2GHz) and WLAN 
(5-6GHz)). The topology used for optically deport both the IEEE802.11a and IEEE802.11g 

 

WLAN standards in the Friday project is presented on the fig. 25. 
 

 

 

Fig. 26. RoF topology used in the Friday project (left) and for the WLAN standards (right) 
 
Tyler et al have demonstrated the possibility [Tyler, 2002] to use the low bandwidth GMMF 
having a core diameter of 62.5µm for achieving the transmission of a 2.5Gbps Sub-Carrier 
Modulated signal (SCM) over 300-m length at 1300nm. 
Chia et al. [Chia, 2003] have reported the transmission performance (error vector magnitude 
(EVM) variation) of the 50- m-core high bandwidth MMF (2000 MHz km at 850 nm) used in 
radio-over-fiber systems (RoF) for WLAN IEEE 802.11 a/b/g signals. Hartmann et al. have 
done some studies dealing with an RoF system operating at 1300 nm with 62.5- m-core 
MMF (500MHz km) for WLAN distribution system [Hartmann, 2004]. The performance 
(frequency response, spurious-free dynamic range, link gain, and noise figure) of two RF 
links using two 50µm-core MMF have been compared by Carlson et al. for the transmission 
of wireless telecom and local area networks signals at 840 nm [Carlsson, 2004].  
In [Lethien, 2005] the transmission of digital signal modulated on radio-frequency 
subcarriers through GMMF by using low-cost 850nm vertical-cavity surface-emitting lasers 
and 50µm/62.5µm core matched receptacle photodiodes. Several mobile telecommunication 
(GSM, UMTS FDD) and WLAN standards (IEEE802.11a, b, g) have been transmitted over 
the OM2 Corning Infinicor 600 and the Corning Infinicor SXi (BL product at 850nm: 
500MHz.km and 1500MHz.km) and high bandwidth OM3 Infinicor SX+ (BL product at 
850nm: 2000MHz.km) GMMF. Several fibre lengths (100, 300m and 600 m) have been tested 
in an RF over fibre transmission scheme.. Characterization has been carried out to exhibit 
the error vector magnitude (EVM) variation as a function of fibre type and length. EVM 
minor to IEEE requirements are obtained for all standards being tested such as IEEE 802.11 g 
with 1.8% root-mean-square for 300 m of 50µm-OM2 GMMF at 850 nm as shown in the fig. 
26. The UMTS transmission over GMMF and using a singlemode VCSEL has been realized 
by [Persson, 2006]. An EVM value close to 3% is reported in this paper when using the OM3 
type GMMF in a link operating at 850nm. In [Nkansah, 2006], the performance 
measurements of different combinations of digital enhanced cordless telecommunications 
packet radio service, global system for mobile communications,  universal mobile 
telecommunication service, and IEEE802.11g (54 Mbps) signals in a dual band configuration 
has been performed (fig. 27). The RoF system consists in the use of the RF over fibre 
topology with 300 m OM2 GMMF combined with low cost 850nm COTS VCSEL and 
photodiode. 
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at 1.3µm. On fig. 24, the constellation as well as the eye diagrams of such a signal is 
represented before and after the optical transmission. As it can be observed, no real 
degradation appears even considering the bandwidth of the optical fibre is 500MHz.km. 
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Modulated signal (SCM) over 300-m length at 1300nm. 
Chia et al. [Chia, 2003] have reported the transmission performance (error vector magnitude 
(EVM) variation) of the 50- m-core high bandwidth MMF (2000 MHz km at 850 nm) used in 
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MMF (500MHz km) for WLAN distribution system [Hartmann, 2004]. The performance 
(frequency response, spurious-free dynamic range, link gain, and noise figure) of two RF 
links using two 50µm-core MMF have been compared by Carlson et al. for the transmission 
of wireless telecom and local area networks signals at 840 nm [Carlsson, 2004].  
In [Lethien, 2005] the transmission of digital signal modulated on radio-frequency 
subcarriers through GMMF by using low-cost 850nm vertical-cavity surface-emitting lasers 
and 50µm/62.5µm core matched receptacle photodiodes. Several mobile telecommunication 
(GSM, UMTS FDD) and WLAN standards (IEEE802.11a, b, g) have been transmitted over 
the OM2 Corning Infinicor 600 and the Corning Infinicor SXi (BL product at 850nm: 
500MHz.km and 1500MHz.km) and high bandwidth OM3 Infinicor SX+ (BL product at 
850nm: 2000MHz.km) GMMF. Several fibre lengths (100, 300m and 600 m) have been tested 
in an RF over fibre transmission scheme.. Characterization has been carried out to exhibit 
the error vector magnitude (EVM) variation as a function of fibre type and length. EVM 
minor to IEEE requirements are obtained for all standards being tested such as IEEE 802.11 g 
with 1.8% root-mean-square for 300 m of 50µm-OM2 GMMF at 850 nm as shown in the fig. 
26. The UMTS transmission over GMMF and using a singlemode VCSEL has been realized 
by [Persson, 2006]. An EVM value close to 3% is reported in this paper when using the OM3 
type GMMF in a link operating at 850nm. In [Nkansah, 2006], the performance 
measurements of different combinations of digital enhanced cordless telecommunications 
packet radio service, global system for mobile communications,  universal mobile 
telecommunication service, and IEEE802.11g (54 Mbps) signals in a dual band configuration 
has been performed (fig. 27). The RoF system consists in the use of the RF over fibre 
topology with 300 m OM2 GMMF combined with low cost 850nm COTS VCSEL and 
photodiode. 
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Fig. 27. Error Vector Magnitude as a function of the fibre length for the GSM, UMTS, 
IEEE802.11a and IEEE802.11g standards [Lethien, 2005] 
 
The feasibility of such a system is demonstrated with error vector magnitude measurements 
which are within the required specifications. Inexpensive and omnidirectional multiband 
antennas were used in the wireless path. EVM has been evaluated both for the transmission 
of UMTS and IEEE802.11g standards over 300m OM2 GMMF followed by 4m wireless 
transmission. 8.8% and 4.7% EVM values are respectively obtained for the UMTS and the 
WiFi at the central unit in the uplink configuration. 
 

  
Fig. 28. Downlink (left) and uplink (right) configuration of a simultaneous transmission of 
dual band radio standards [Nkansah, 2006] 
 
Today, one of the interesting topic concerns the feasibility of using the RoF concept to 
optically deliver the ultra-wide band signal to achieve long haul and high speed hybrid 
network. Previous studies have been already achieved on the UWB radio over fibre system 
but have been limited to one type of glass fibre (singlemode fibre: [Tabatabai, 2006] and 
multimode fibre [Yee, 2007], [Guo, 2008]) and packet error ratio (PER) measurement. In [Ben 
Ezra, 2008] paper, a theoretical modelling of a 4GHz Ultrawide Band (UWB RoF) radio over 
multimode fibre link operating at 850nm is presented as well as the experimental 
measurement over GMMF having a length more than 500m. The PER has been evaluated as 
a function of the fibre length. A 1m wireless path strongly degrades the overall performance 
of the used system developed in the framework of the UROOF European project (Photonic 
components for UWB over optical fiber IST-5-033615). Pizzinat et al [Pizzinat, 2007] have 
demonstrated the possibility of transmitting a MB OFDM UWB signal having a data rate of 
1.92Gbps over 500m link length composed of the OM2 GMMF (BL product: 700MHz.km at 
850nm). The measured BER in the two different frequency bands of the transmitted signal 

 

(3.1GHz – 4.7GHz or 6 to 7.6GHz) are respectively 10-8 and 10-6, values obtained with TOSA 
and ROSA devices (Transmitted or Received Optical Sub-Assembly) inserted in a point to 
point topology. The feasibility of a multipoint to multipoint architecture has been 
demonstrated by Pizzinat et al [Pizzinat, 2008] for the distribution of UWB MB OFDM signal 
over multimode fibre with low cost devices. 

 
4.3.2 RoF system developed with PMMF  
Regarding to the PMMF available on the market, only the perfluorinated CYTOP® based 
PMMF is used for the distribution of radio signals over optical multimode fibre, mainly 
owing to its relative low attenuation in the infrared domain (contrary to the Plexiglas based 
PMMF). The use of the PMMF in RoF systems is mainly exploited by two different groups 
localized on the one hand in Eindhoven University of Technology (The Netherlands) and on 
the other hand, in the University of Lille 1 (France).  
Koonen’s group [Koonen, 2008] has developed a special topology based on optical 
frequency multiplication (OFM) to transmit radio signal over the Lucina fibre as described 
in figure 28. The so called OFM technique is based on FM to IM conversion and is very 
robust against modal dispersion occurring in multimode fibre communication. 
 

 
Fig. 29. Overview of the OFM method [Koonen, 2008] 
 
The wavelength of a tunable optical source is periodically swept over a range 0 in the 
central station. The antenna station is composed of a periodic optical band-pass filter where 
the band-pass transmission peaks are spaced by the wavelength free spectral range (FSR). 
The light issued from the frequency sweeping optical source goes back and forth inside the 
cavity of the band-pass filter resulting in the presence of transmission peaks. Light intensity 
bursts are then detected on the photodiode. A microwave signal is so generated at the 
fundamental frequency and also higher harmonics. An electrical band-pass filter (BPF) is 
used to select the specific harmonic allowing the propagation of the pure radiofrequency 
signal thanks to the antenna. A Mach Zehnder intensity modulator is used to modulate the 
frequency-swept optical carrier with the data stream: the resulting signal is not affected by 
the OFM process and is considered as the envelope of the optical sweeping signal before the 
photodetection. This OFM process could be used also with the GMMF. 
In [Lethien, 2006], the improvement of the indoor coverage of radiocellular signals such as 
GSM and UMTS has been realized with the use of the Lucina fibre in a RoF topology based 
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The wavelength of a tunable optical source is periodically swept over a range 0 in the 
central station. The antenna station is composed of a periodic optical band-pass filter where 
the band-pass transmission peaks are spaced by the wavelength free spectral range (FSR). 
The light issued from the frequency sweeping optical source goes back and forth inside the 
cavity of the band-pass filter resulting in the presence of transmission peaks. Light intensity 
bursts are then detected on the photodiode. A microwave signal is so generated at the 
fundamental frequency and also higher harmonics. An electrical band-pass filter (BPF) is 
used to select the specific harmonic allowing the propagation of the pure radiofrequency 
signal thanks to the antenna. A Mach Zehnder intensity modulator is used to modulate the 
frequency-swept optical carrier with the data stream: the resulting signal is not affected by 
the OFM process and is considered as the envelope of the optical sweeping signal before the 
photodetection. This OFM process could be used also with the GMMF. 
In [Lethien, 2006], the improvement of the indoor coverage of radiocellular signals such as 
GSM and UMTS has been realized with the use of the Lucina fibre in a RoF topology based 
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on the IMDD technique. The EVM has been evaluated after the transmission over a GMMF 
and PMMF in order to exhibit a different behaviour of the two fibres regarding to the radio 
signals. The results show that, the Lucina fibre constitutes without any doubt a promising 
candidate in RoF system using COTS components dedicated for GMMF. Moreover, because 
of its higher core diameter, PMMF does not induce modal noise penalties as occurred in 
GMMF link [Ishigure, 2003] and the alignment is also less critical what reduces the cost of 
the optical active and passive devices including the installation and maintenance costs of the 
connections. Its higher flexibility based on “plastic” material offers a great advantage 
compared to the silica fibre which is more brittle. Nevertheless, the higher core diameter of 
the fibre with respect to the active area of some high speed detectors is the cause of an 
additional power penalty. 
Lethien et al [Lethien, 2009] has demonstrated the potential of GMMF and PMMF to 
transmit the Wimedia MB OFDM UWB standard over more than 1km and 200m 
respectively for the GMMF and the PMMF. The influence of the fibres properties 
(attenuation, bandwidth/length product…) on the link quality (fig. 29) has been performed 
and two different behaviours regarding to the core material have been exhibited. 
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Fig. 30. IQ constellation diagrams (QPSK and Dual Carrier Modulation schemes) and 
evolution of the EVM as a function of the fibre length and the fibre attenuation 
 
By using this preinstalled multimode fibre Ethernet networks, it would be possible to use 
the high potential of the fibre bandwidth coupled with the wavelength division 
multiplexing technique to successfully transmit multi-services application without 
impairments aiming to obtain a low cost infrastructure in term of service integration. The 
successful transmission on a single GMMF of the IEEE802.11g signal with the optical power 
used to supply the remote access points (principally composed by a laser, a photodiode and 
RF amplifier) is also reported by Wake et al [Wake, 2008] thanks to the use of the 

 

wavelength multiplexing method. The so obtained EVMs with electrical or optical power 
supplies are in the same order of magnitude. 
The simultaneous transmission of a digital 10GbE signal and a radiofrequency MultiBand 
Orthogonal Frequency Division Multiplexing Ultra-Wide Band (band group 5) MB-OFDM 
UWB signal at 480 Mbps has been successfully achieved over 1.1km fiber length without any 
error and with RCE less than 5.5% rms, respectively by Lethien et al [Lethien2, 2009, 
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Fig. 30. IQ constellation diagrams (QPSK and Dual Carrier Modulation schemes) and 
evolution of the EVM as a function of the fibre length and the fibre attenuation 
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1. Introduction  
 

This chapter deals with innovative optical systems specific to the high-data-rate hybrid 
networks operating in the millimetre-wave frequency band. With the incoming of high-data-
rate communications protocols, the Radio Frequency (RF) systems operating in the near 60-
GHz frequency band are a current alternative to the conventional Ultra Wide Band (UWB) 
technologies which are limited by drastic power regulations (-41dBm/MHz). To enhance 
the connectivity of the 60-GHz Wireless LANs, a vast amount of Radio over Fibre (RoF) 
systems have been developed by the international research community and their 
performances are demonstrated for data rate in the range of several hundredths of Mbps. 
Most of them are based on Single Mode Fibres (SMF) assuming that an obvious optical 
transmission of the 60-GHz carrier signal is required: this chapter will detail the main 
principles of usual SMF RoF systems. In particular, such systems have to meet specific 
requirements concerning the access points to prevent degradation performance due to 
limitations such as the chromatic dispersion inherent to the optical fibre and owing to the 
phase-noise of the 60-GHz signal. We conclude the compliance of the SMF RoF systems with 
low-cost applications is still difficult due to the sensitivity of SMF regarding to a 
misalignment between the fibre core and the active area of the electro-optic and opto-
electronic converters. The weak tolerance regarding to an offset launch increases the 
connection cost. To get rid of the limitations described above, we propose alternative 
solutions to SMF techniques assuming that the optical transmission of the 60-GHz carrier 
signal is not necessary required. These solutions for hybrid optical-wireless networks are 
based on Polymer MultiMode Fibres (PMMF) and include novel monolithically integrated 
60-GHz RF systems. The following topics will be detailed in this chapter:  

-the usual topologies and requirements of 60-GHz SMF RoF systems.  
-a first alternative based on a subcarrier radio signal transmission over PMMF for 

60-GHz WLAN using a phase-noise cancellation technique  
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-a second one involving an impulse system for 60-GHz wireless networks based on 
PMMF. 

 
2. 60-GHz RoF system based on Single Mode Fibres 
 

2.1 Topologies of  60 GHz SMF RoF systems 
The most popular topologies of 60-GHz RoF systems are still today based on SMF solutions. 
The aim of such architectures is to transmit efficiently a millimetre-wave signal over a few 
dozen of kilometres. This objective is motivated by the fact the 60 GHz frequency sources 
have to meet strong requirements of phase-noise and frequency stability which are not 
compliant with a real integration of the access points. The characteristics of these SMF 
systems are described by the figure 1. The millimetre-wave signal cannot directly modulate 
the bias current of usual lasers having limited modulation bandwidth.  By the way, an 
external modulation is achieved in most of the SMF topologies involving Optical External 
Modulators (OEM) such as an Electro-Absorption Modulator or an interferometric Mach-
Zehnder Modulator (Vegas Olmos 2008). The modulated optical signal suffers from the 
chromatic dispersion which induces severe link budget penalties even if the photodetector 
(PD) owns a sufficient detection bandwidth. Several techniques have been investigated to 
overcome this limitation. We can note the chromatic dispersion compensation and the 
achievement of single Sideband optical sources (Woo-Kyung Kim 2008).  To relax the 
constraints of frequency bandwidth, solutions performing the optical transmission of sub-
harmonic Local Oscillator signals on SMF have been developed. Good performances are 
obtained for most of these SMF solutions which are well suited for inter-building optical 
transmission.  
 

 
Fig. 1. 60-GHz RoF SMF system 

 
2.2 Evolution towards PMMF systems 
For short distances in the range of a few hundredth of meters, alternative solutions based on 
PMMF optical solutions can be used especially for in-building communication. Polymer 
fibre has been chosen since its easy handling and connection is a real asset compared to the 
silica fibre: clip-on connector has been developed as to be fixed directly on the external 
coating of the polymer fibre without the use of expensive tools like in the silica fibre world. 
Even if these polymer optical fibres exhibit some drawbacks – main one is its high 
attenuation –, they are well matched to a small office/home office environment use and 
open the road of the “do it yourself” concept.  The chapter titled “Potentialities of 
multimode fibres as transmission support for multiservice applications: from the wired 
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small office/home office network to the hybrid radio over fibre concept” summarizes the 
properties of such a fibre. 
The techniques describe hereafter overcome the phase-noise limitation and enable the use of 
fully integrated oscillator in access points, such as MMIC (Monolithic Microwave Integrated 
Circuit) oscillators which exhibits a die size  less than 1mm². Then, the optical transmission 
of the 60–GHz local oscillator is not the most interesting solution since fibre-radio systems 
based on a simple RF architecture using optical COTS (commercial off the shelf) components 
can be efficient. 

 
3. Self-heterodyne system 
 

3.1 Overall description 
This first topology includes a self-heterodyne device based on the RF transmission of an 
additional signal carrier. This topology is depicted by the figure 2: a Vector Signal Generator 
generates the desired data signal (modulation scheme, data rate) on a 500 MHz subcarrier 
signal. 500 MHz is chosen to be compatible with the Vector Signal Analyser (VSA) 
performance, even though a PMMF (62.5 μm core diameter) could transmit microwave 
signal at higher frequencies due to its high optical bandwidth. Before the optical 
transmission, Transmitter / Receiver (T/R) modules performs the 60-GHz radio 
transmission of the resulting subcarrier signal. These modules described hereafter include a 
phase-noise cancellation technique. At the output of the receiver, this recovered IF signal 
directly modulates the current of a 850 nm distributed feedback laser. The optical signal is 
transmitted through the PMMF before to be collected by a multimode pigtailed photodiode. 
Then, a vector signal analyser measures the rms EVM of the recovered signal. The used 
PMMF is a perfluorinated graded index polymer optical fibre (PF GIPOF). This one has a 
100 m length and owns a bandwidth-length product close to 600MHz.km 
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small office/home office network to the hybrid radio over fibre concept” summarizes the 
properties of such a fibre. 
The techniques describe hereafter overcome the phase-noise limitation and enable the use of 
fully integrated oscillator in access points, such as MMIC (Monolithic Microwave Integrated 
Circuit) oscillators which exhibits a die size  less than 1mm². Then, the optical transmission 
of the 60–GHz local oscillator is not the most interesting solution since fibre-radio systems 
based on a simple RF architecture using optical COTS (commercial off the shelf) components 
can be efficient. 
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3.1 Overall description 
This first topology includes a self-heterodyne device based on the RF transmission of an 
additional signal carrier. This topology is depicted by the figure 2: a Vector Signal Generator 
generates the desired data signal (modulation scheme, data rate) on a 500 MHz subcarrier 
signal. 500 MHz is chosen to be compatible with the Vector Signal Analyser (VSA) 
performance, even though a PMMF (62.5 μm core diameter) could transmit microwave 
signal at higher frequencies due to its high optical bandwidth. Before the optical 
transmission, Transmitter / Receiver (T/R) modules performs the 60-GHz radio 
transmission of the resulting subcarrier signal. These modules described hereafter include a 
phase-noise cancellation technique. At the output of the receiver, this recovered IF signal 
directly modulates the current of a 850 nm distributed feedback laser. The optical signal is 
transmitted through the PMMF before to be collected by a multimode pigtailed photodiode. 
Then, a vector signal analyser measures the rms EVM of the recovered signal. The used 
PMMF is a perfluorinated graded index polymer optical fibre (PF GIPOF). This one has a 
100 m length and owns a bandwidth-length product close to 600MHz.km 
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Fig. 2. Self-heterodyne / IF over MMF system 

 
3.2 60GHz T/R modules including the phase-noise cancellation technique 
In order to cancel the phase-noise, two RF signals with correlated phases are transmitted in 
order to perform a frequency mixing between them in the receiver. Exploiting the large 
amount of spectral resources of the 60 GHz band, this kind of solution has already been 
reported (Shoji 2002). Nevertheless, such systems had, up to now, the drawback of 
degrading the Carrier-to-Noise power Ratio of the recovered signal. In comparison with a 
conventional system including LOs with excellent phase-noise, this degradation is at least of 
9 dB. The architecture of our system cancels the phase-noise without significant degradation 
of the CNR. This system is lightly different from a conventional heterodyne system, 
especially for the transmitter which is designed to transmit an additional signal Sc(t). 
Nevertheless, this architecture is still convenient since it takes advantage of the naturally 
strong power of the LO pump signal. Figure 2 describes in details the transceiver topology. 
Before the up-conversion of the IF signal ))t(tf.2cos(A)t(S IFIF0IF   with fIF = 500 
MHz, the LO signal is separated in two paths. The first path provides a pump signal to up-
convert the IF signal as in a conventional heterodyne transmitter. The second path delivers 
the LO signal which is amplified before emission. By this way, we control the power of each 
signal and we prevent the power amplifier from compression due to the additional signal. 
The global emitted signal is then expressed as follows: 
          ))t(t)cos((A))t(tcos(A)t(S)t(S)t(S RFRFcccRFC    (1)
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Assuming that the phase-noise is much lower for the IF signal than for the LO, the 
correlation between the signals is verified. The signal propagation is performed with 
directive antennas. The receiver presents a conventional topology. After propagation, the 
two transmitted signals are down-converted by using a LO whose phase-noise can be very 
detrimental. During these operations, the phase-noise of the two resulting signals S’C(t) and 
S’RF(t) increases but the phase correlation between them is not affected. The global signal 
S’(t) is then described by the expression (2) : 
 ))t('t)cos(('A))t('t)cos(('A)t('S)t('S)t('S RFLOIFccLOcRFC     

)t('c : Cumulated phase-noise contributions of T/R local oscillators. 

)t('RF = )t('c + )t(FI + 0  ; 
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Then, an IF mixer based on a polarized Schottky diode performs a frequency mixing 
between the two input signals S’C(t) and S’RF(t). After a low-pass filtering, the recovered IF 
signal m(t) is then expressed by the equation (3) : 
                              ))t(tcos('A)t(h*)t('S)t(m 0IFIF

2
lF

2                                        (3) 
This brief theoretical analysis shows that the Schottky diode mixer acts well as a cancellation 
device of phase-noise by recovering the original signal without contributions of the T/R 
LOs. To verify experimentally the cancellation of phase-noise, the T/R modules described 
above have been achieved by using a MMIC technology. In a first place, the T/R LOs were 
replaced by synthesized signal generators. Figure 3 presents characteristics of the input 
signal. The signals SC’(t) and SRF’(t) cumulate the phase-noise of T/R LOs as shown figures 4 
and 5. We can note the strong similarity between the two spectral densities due to the phase 
correlation. The input signal levels are adjusted to ensure an equal power emission PT equal 
to 5 dBm for both the signal SRF(t) and SC(t). The cumulate gain of the T/R antennas, GT(dB) 
and GR(dB), is around 16 dB. Up to the input of the Schottky diode, the power equality of 
the S’C(t) and S’RF(t) signals is preserved using a broadband IF LNA. After the Schottky 
diode mixer, the phase-noise of the resulting signal m(t) drops drastically as illustrated the 
figure 6, which shows that the cancellation of local oscillator phase-noise has been 
performed successfully. The only difference between the input and output signals is due to 
the thermal noise Geq.Feq.k.To = -112 dBc/Hz in this case.  
 

 
Fig. 3. Phase noise of the Input IF signal           Fig. 4. Phase noise of the signal Sc’(t) 
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Assuming that the phase-noise is much lower for the IF signal than for the LO, the 
correlation between the signals is verified. The signal propagation is performed with 
directive antennas. The receiver presents a conventional topology. After propagation, the 
two transmitted signals are down-converted by using a LO whose phase-noise can be very 
detrimental. During these operations, the phase-noise of the two resulting signals S’C(t) and 
S’RF(t) increases but the phase correlation between them is not affected. The global signal 
S’(t) is then described by the expression (2) : 
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signal m(t) is then expressed by the equation (3) : 
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2                                        (3) 
This brief theoretical analysis shows that the Schottky diode mixer acts well as a cancellation 
device of phase-noise by recovering the original signal without contributions of the T/R 
LOs. To verify experimentally the cancellation of phase-noise, the T/R modules described 
above have been achieved by using a MMIC technology. In a first place, the T/R LOs were 
replaced by synthesized signal generators. Figure 3 presents characteristics of the input 
signal. The signals SC’(t) and SRF’(t) cumulate the phase-noise of T/R LOs as shown figures 4 
and 5. We can note the strong similarity between the two spectral densities due to the phase 
correlation. The input signal levels are adjusted to ensure an equal power emission PT equal 
to 5 dBm for both the signal SRF(t) and SC(t). The cumulate gain of the T/R antennas, GT(dB) 
and GR(dB), is around 16 dB. Up to the input of the Schottky diode, the power equality of 
the S’C(t) and S’RF(t) signals is preserved using a broadband IF LNA. After the Schottky 
diode mixer, the phase-noise of the resulting signal m(t) drops drastically as illustrated the 
figure 6, which shows that the cancellation of local oscillator phase-noise has been 
performed successfully. The only difference between the input and output signals is due to 
the thermal noise Geq.Feq.k.To = -112 dBc/Hz in this case.  
 

 
Fig. 3. Phase noise of the Input IF signal           Fig. 4. Phase noise of the signal Sc’(t) 
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Fig. 5. Phase noise of the signal SRF’(t)    Fig. 6. Phase noise of the output signal m(t) 
 
As announced by the equation (3), the residual phase-noise is only the fact of the properties 
of the signal SIF(t) and drops below -90 dBc/Hz at 10 kHz off-carrier. Such performances are 
very attractive in millimeter band. Secondly, MMIC VCOs associated to a frequency 
multiplication module were used as T/R LOs. 
Even if these characteristics of phase-noise are very mitigated by additional parasitic signals, 
the phase-noise of the output signal m(t) is still rigorously  unchanged. This result shows 
that MMIC VCOs with degraded characteristics of phase-noise can be included as LO in 
T/R modules by using this approach. 

 
3.3 Noise Figure considerations and Carrier to Noise Ratio Measurements 
The comparison of phase-noise between the SRF’(t) and m(t) signals, respectively plotted in 
figures 5 and 6, shows a strongly similar contribution of the thermal noise equal to –112 
dBc/Hz. This means that the CNR level remains unchanged before and after the cancellation 
device. In this part, we deal with the conversion losses Ld of the Schottky diode mixer and 
its impact on the noise figure Feq of the receiver. In particular, we detail the appropriate 
design to prevent noise figure and, by the way, CNR degradations. As described by the Friis 
formula (4), the power gain and noise figure of each component are needed to determine 
Feq. 

dIF_LNAMIXLNA

IF_MPA

IF_LNAMIXLNA

det

MIXLNA

IF_LNA

LNA

MIX
LNA G.G.G.G

)1F(
G.G.G
)1F(

G.G
)1F(

G
)1F(FFeq











   (4) 

 

                                       IF_LNAMIXLNA2RTTIN G.G.G.
R.4

.G.G.PP 









                                      (5) 

These data are summarized in Table 1. The RF LNA and mixer are designed to reduce the 
noise figure Feq. For a conventional receiver, the value Feq would be around 6 dB. In the 
case of this system, the conversion losses Ld have to be measured. 
 
 
 
 

 

 Component LNA Mixer LNA_IF Diode Mixer MPA_IF 

Gain (dB) 40 -12 GLNA_IF Gd = - Ld 20 

Noise Factor (dB) 6 15 3 Fd 3 
 

Table 2. Gain and noise figure of components in the receiver 
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Fig. 7. Conversion losses Ld of  Schottky diode mixer 
  
The Schottky diode mixer presents important conversion losses, especially for a low input 
power. Figure 7 displays these conversion losses, Ld, versus the input signal power Pin. The 
link budget, expressed by equation (5) and applied to these experimental results, concludes 
that the conversion losses Ld could reach up to 40 dB for a propagation distance of 15 
meters. As a consequence, such conversion losses had to be taken into account in the 
receiver design concerning the noise figure. 
According to the results described above, the Friis formula (4) and the link budget (5) enable 
to calculate the degradation of the noise figure Feq versus the propagation distance. 
Concerning the noise figure Fd of the Schottky diode mixer, we assumed Fd = Ld + 9 dB 
when the power equality of the two input signals, SC’(t) and S’RF(t), is ensured. In these 
conditions, a gain of LNA equal to 15 dB allows a transmission distance of 15 meters with a 
Feq degradation less than 1 dB.  
This approach of the receiver design prevents theoretically the noise figure from an 
additional damage due to the cancellation. To confirm these results experimentally, 
measurements of the CNR, versus the propagation distance, have been achieved 
respectively for the SRF’(t) and m(t) signals. For these measurements, we integrated the 
approximate spectral power noise density in considering an equivalent noise bandwidth of 
25 MHz. In figure 8, these experimental results confirm that the CNR of the received signal 
undergoes no significant degradation due to the phase-noise cancellation. 
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Fig. 8.  CNR Measurements 

 
3.4 EVM measurements 
The 500 MHz modulated subcarrier is generated by a vector signal generator. The 
modulation schemes are QPSK, 16QAM and 64QAM allowing data-rates up to 300 Mbps. 
The T/R base-band filters are root raised-cosine filters with a roll-off factor α = 0.35. The 
recovered signal is analysed by using a vector signal analyser. Experimental results of rms 
EVM for different modulation schemes are promising. We can note that these results are not 
strongly limited by the optical link. The EVM measurements have been performed as a 
function of the RF range. The results corresponding to RF range equal to 5 meters are 
presented hereafter:  EVM results are less than 6.5% value for a QPSK 100 Mbps 
transmission. Since a direct QPSK 100 Mbps link between the ESG and the VSA leads to 
EVM results in the range of 4% to 5%, the degradation of the signal quality due to the 
overall transmission is not significant. Reaching such results using only MMIC VCOs is 
unrealisable without phase-noise cancellation technique. To transmit higher data rate, 
16QAM modulation is tested up to 200 Mbps. For this case, EVM results never exceed 6.5 % 
even though measurement of a direct link provides EVM in range of 3.5%. The constellation 
diagram of figure 9 shows that this weak degradation is only due to thermal noise and non-
linear behaviour of the 60-GHz transceiver. No alteration due to phase-noise can be 
observed, verifying the performance of phase-noise cancellation technique. To reach data 
rates of 300 Mbps, 64QAM modulation scheme is used. Once again, the phase-noise 
cancellation is applied and thermal noise and non-linearities are the only degradation 
factors. EVM results are in the range of 6 %: they are very promising and can be greatly 
enhanced by using a RF system having a better 1dB compression point. It will be then 
possible to transmit RF signals with the same power level (5dBm) but with a more 
important back-off. 
 
 
 

 

 
Fig. 9. Constellation Diagram (16QAM - 200 Mbps) 

 
3.5 Multiple access strategy 
A weak spectral efficiency is the only drawback of the topology detailed above. 
Furthermore, the multiple access strategy of such a technique is reduced to Frequency 
Division Multiple Access (FDMA). To reduce the spectral bandwidth of a channel, it is 
worth transmitting the additional carrier with a frequency fc very close to one limit of the 
RF signal spectrum. Further works are in progress to achieve high-data-rate FDMA systems 
having an excellent trade-off between channel capacity and architecture compactness.  

 
4. 60-GHZ Frequency Up-Converted Impulse System¶ 
 

4.1 Physical and MAC layers considerations 
Concerning the physical layer, the main characteristic of this 60-GHz system is to inhibit the 
impact of both the LO phase-noise and the system non-linearities on signal quality. By the 
way, the Pulse Position Modulation (PPM) technique applied to sub-nanosecond pulses that 
are up-converted in the 60-GHz band is an attractive solution: the data information 
supported by the pulse position can not be affected by any phase deviation or power 
saturation. Furthermore, the use of sub-nanosecond pulses performs a wide spread 
spectrum which robustness against signal fading due to multi-path propagation has already 
been widely reported. Another consideration is relative to the Medium Access Control 
(MAC) layer: contention-based protocols such as CSMA/CA (Carrier Sense Multiple Access 
with Collision Avoidance) present suitable abilities for ad hoc network performance 
(Sobrinho 1999). To multiplex the radio-communications, we use such protocols based on a 
Time Hopping (TH) technique which takes advantage of the characteristics of the UWB 
pulses (Bo Hu 2005). Figure 9 illustrates the PPM and TH operations for a specific time 
interval. 
 

 

user 1 Time Slot of 1 ns 

N x Time Slots  

500 ps 

0 1 
user 2 

user 1 

 
Fig. 10. PPM and TH technique using sub-ns pulses  
4.2 Overall topology 
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The overall topology is depicted in the figure 10. The RF emitter and receiver include 
MMICs realized with different pHEMTs from OMMIC foundry (ft up to 120 GHz). The 
main component of the emitter is a pulse generator. This generator consists of a high-speed 
NOR logic gate associated to a varactor diode which enables to delay the relative position of 
generated pulses. The 60-GHz carrier signal is generated by a 30-GHz VCO associated to a 
frequency doubler. The frequency up-conversion of the sub-nanosecond pulses is obtained 
by modulating the amplitude of the 60-GHz OL signal. This Amplitude Modulation (AM) is 
performed by a switch having a SPDT (Single-Pole Double-Throw) topology and ensuring 
an isolation of more than 23 dB. The RF modulated signal is then amplified using a Medium 
Power Amplifier (MPA) which provides an output power of 16 dBm. The receiver includes a 
low noise amplifier, a RF detector and a correlator. The Low-Noise Amplifier has a Noise 
Figure equal to 6.5 dB and a power gain of 42 dB at 60-GHz. The RF detector performs the 
envelope detection of 60-GHz up-converted IR-UWB pulses. Next, the correlator mainly 
consists of a matched filter and a fast sampling and hold amplifier (SHA). Another pulses 
generator is used to trig this SHA. This second pulses generator is synchronised with the 
incoming signal by using a specific synchronisation technique which renders output binary 
data (Deparis 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. multi-hops opto-RF transmission 
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4.3 Experimental Set-Up and Results 
The multi-hop transmission is described in Figure 10: the binary data stream is provided by 
a data timing generator Tektronix. These data modulate the pulse position of a first 
transmitter operating at 60 GHz. After the MPA, the time evolution of the RF signal is 
measured and shows an isolation between the ON-state and the OFF-state greater than 20 
dB.  The pulse width is close to 300 ps and corresponds to a good trade-off between channel 
capacity and spectral band filling: the narrowness of the pulse width enables to decrease the 
probability of collisions between users and offers a sufficient spread spectrum to prevent 
signal fading due to multipath propagation. The radiated signal has a peak power of 22 dBm 
and is transmitted over a range of 4 meters.  The emitter and receiver antennas have a 3dB 
aperture beam-width equal to 60 degrees. The RF part of the electro-optic transceiver is only 
composed by a LNA and a detector enabling to recover the pulse envelope. Then, theses 
pulses modulate the intensity of a Distributed Feedback Laser (DFB) operating at 1300nm. 
The intensity modulated optical signal is transmitted through a PMMF based on 
perfluorinated polymer and having a core diameter close to 62.5 μm. The measured optical 
power after 100 m link length is -4dBm (optical).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Eye diagram of received PPM signal 
 
A low cost PIN photodiode followed by a DC-6GHz amplifier delivers the sub-nanosecond 
pulses to the RF part of the optoelectronic transceiver. Recovered pulses modulate a second 
60-GHz LO signal. The modulated signal is amplified in the same manner as for the first 
hop. Once again, the modulated RF signal is transmitted over a distance of 4 meters. Same 
antennas as for the first RF hop are used. The MMW receiver, as the first one, is only 
composed by a LNA and a detector which enables to recover the pulse envelope. At this 
stage, the eye diagram of the received pulse stream can be observed in Figure 11. The eye 
aperture shows the high quality of the multi-hop transmission. These results are quantified 
by BER measurements on a logic analysis system: for a data rate of 100 Mbps, BER 
measurements reach values greater than 10-6 and validate by this way the MMW RoF system 
performance. Further experimental results have been led successfully for data rates up to 
200 Mbps with BER measurements under the threshold value of 10-6 without using 
additional signal processing. 
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5. Conclusion 
 

In this chapter, we have presented two innovative hybrid systems based on specific 60-GHz 
wireless systems. The compliance of these systems with opto-RF transceivers has been 
experimentally demonstrated, proposing by the way two efficient alternatives to 60-GHz 
SMF RoF systems. Lower cost optical solutions, i.e. 62.5µm core polymer fibre and IM-DD 
technique, were used. 
We have detailed an unidirectional transmission by using a PMMF based optical link 
operating at 1300nm. Assuming the low material dispersion properties (and so the potential 
high bandwidth) of the PMMF in a wide wavelength range (from 800nm to 1400nm), the 
bidirectional transmission could be performed by using the Wavelength Division 
Multiplexing (WDM) technique available for the Glass Multimode Fibre. 
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1. Introduction  
 

The explosive growth of broadband multimedia applications, such as video streaming, high-
definition television (HDTV), video on demand, and interactive games, a huge demand for 
bandwidth has been imposed on the access infrastructure. The next generation access 
solutions have to be cost efficient to provide huge bandwidth. However, to gain this 
bandwidth usually needs high performance and high cost optical and electrical components. 
To reduce the cost is the main motivation for researchers, carriers and equipment providers. 
Fortunately, people have found some good solutions. Specially, newly developed plastic 
optical fiber (POF) has been demonstrated that it can be used to provide huge bandwidth 
and low insertion loss by some special design. Recently, graded index POF (GI-POF) has 
demonstrated that it can provide over 40GHz banwidth. Some advanced modulation 
formats can also be employed to extend the bandwidth of the GI-POF further. Directly 
modulated laser with special optical filtering technique can generate a laser to increase the 
dispersion tolerance and extend the transmission distance of signal in GI-POF. Optical 
orthogonal frequency division multiplexing signal (OFDM) can be used to transmit signal in 
narrow bandwidth so that it can be also used to increase the bandwidth of the GI-POF. In 
this chapter, we will review these new techniques and report our lastest results. 

 
2. Access optical network 
 

Access networks connect business and residential premises to metropolitan area networks 
(MANs) or wide area networks (WANs). Because of the explosive growth of broadband 
multimedia applications, such as video streaming, high-definition television (HDTV), video 
on demand, and interactive games, a huge demand for bandwidth has been imposed on the 
access infrastructure. As DWDM technology was developed for the long haul network and 
gigabit Ethernet for the local area network (LAN), access networks tend to be the bottle neck 
for end-to-end broadband applications. Today, the two most popular access network 
solutions are digital subscriber loop (xDSL) technologies deployed by telephone companies, 
and cable modems from cable companies. These access technologies do not have 
comparable bandwidth capability with Gigabit Ethernet and have limitations in providing 
high quality integrated services, including video, voice, and data. Unlike metro and long-
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haul networks, access networks must serve a more diverse and cost sensitive customer base. 
End users may range from individual homes, to corporate premises, to hotels, and services 
must therefore be provisioned accordingly. Data, voice, and video must be offered over the 
same high-speed connection with guarantees on quality of service (QoS), and the ability to 
upgrade bandwidth and purchase content on a needed basis. Therefore, the next generation 
access solutions have to be cost efficient when providing more bandwidth.  
In the so-called FTTx access networks, optical fiber replaces copper in the distribution 
network. For example, in fiber to the curb (FTTC) or home (FTTH), the capacity of access 
networks is sufficiently increased to provide broadband services to subscribers. Because of 
the cost sensitivity of access networks, passive optical networks (PONs) are considered to be 
the most promising technology as they can provide reliable yet integrated data, voice, and 
video services to end users at bandwidths far exceeding current access technologies. Unlike 
other access networks, PONs are point to multipoint networks capable of transmitting over 
20 kilometers of single mode fiber. PONs can offer symmetrical data transmission on both 
the upstream and downstream links, allowing the end user to provide Internet services such 
as music file sharing and Web hosting. In addition to providing a good alternative, PONs 
represent an excellent evolutionary path for current access technologies such as cable and 
DSL. By using passive components (such as optical splitters and couplers) and eliminating 
regenerators and active equipment normally used in fiber networks, PONs reduce the 
installation and maintenance costs of fiber as well as connector termination space. These 
costs still require laying fiber, which makes PONs more expensive to install. However, since 
fiber is not bandwidth limited but loss limited (as opposed to copper wires, cable, and 
wireless), the potential performance gains and long-term prospects make PONs well-suited 
for new neighborhoods or installations. 
PONs typically fall under 2 groups: ATM PON (APON) and Gigabit PON (GPON) from Full 
Service Access Network (FSAN) and the International Telecommunication Union – 
Telecommunication Standardization Sector (ITU-T); and Ethernet PON (EPON) from IEEE 
802.11ah Ethernet in the first mile (EFM) working group. In the APON and BPON 
specifications, ATM is used as the native protocol data unit (PDU), which implies protocol 
conversion between Ethernet and ATM is needed. EPON combines low-cost Ethernet 
equipment and low cost passive optical components, and has therefore attracted more 
attention in recent years. 
Current access technologies represent a significant bottleneck in bandwidth and service 
quality between a high-speed residential/enterprise network and a largely overbuilt core 
backbone network. Backbone networks are provisioned for operation under worst-case 
scenarios of link failures, and thus backbone links are lightly loaded most of the time. In 
addition, high capacity routers and ultra-high capacity fiber links have created a true 
broadband architecture. However, large backbones are not the whole the equation; 
distribution of that connectivity to individual enterprises and homes is just as critical for 
meeting the huge demand for more bandwidth (Fig. 1). Unfortunately, the cost of deploying 
true broadband access networks with current technologies remains prohibitive. This in turn 
makes it difficult to support end-to-end Quality of Service (QoS) for a wide variety of 
applications, particularly non-elastic applications such as voice, video, and multimedia that 
cannot tolerate variable or excessive delay or data loss.  

 

 
Fig. 1. Distributing optical backbone connectivity to enterprises and homes. 

 
2.1 Existing Access Solutions  
When it comes to access networks, network operators have a difficult choice among 
competing technologies – Digital Subscriber Line (DSL), cable, optical, and fixed wireless. 
Key considerations to the choice include deployment cost and time, service range, and 
performance. The most widely deployed solutions today are DSL and cable modem 
networks, which have a combined total of roughly 25 million users by the end of 2003. 
Although they offer better performance over 56 Kbit/s dial-up telephone lines, they are not 
true broadband solutions for several reasons. For instance, they may not be able to provide 
enough bandwidth for emerging services such as content-rich services, media storage, peer-
to-peer services, multi-player games with audio/video chat to teammates, streaming 
content, on-line collaboration, high-definition video-on-demand, and interactive TV 
services. In addition, fast Web-page download still poses a significant challenge, particularly 
with rich, engaging, and value-added information involving high-resolution DVD video 
streaming, multimedia animation or photo quality images. Finally, only a handful of users 
can access multimedia files at the same time, which is in stark contrast to direct broadcast 
TV services. To encourage broad use, a true broadband solution must be scalable to 
thousands of users and must have the ability to create an ultra-fast Web-page download 
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same high-speed connection with guarantees on quality of service (QoS), and the ability to 
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access solutions have to be cost efficient when providing more bandwidth.  
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network. For example, in fiber to the curb (FTTC) or home (FTTH), the capacity of access 
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quality between a high-speed residential/enterprise network and a largely overbuilt core 
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broadband architecture. However, large backbones are not the whole the equation; 
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effect, superior to turning the pages of a book or flipping program channels on a TV, 
regardless of the content.  
A major weakness of both DSL and cable modem technologies is that they are built on top of 
existing access infrastructures not optimized for data traffic. In cable modem networks, RF 
channels that are left over after accommodating legacy analog TV services are dedicated for 
data. DSL networks do not allow sufficient data rates at required distances due to signal 
distortion and crosstalk. Most network operators have come to realize that a new, data-
centric solution is necessary, most likely optimized over the Internet Protocol (IP) platform. 
The new solution should be inexpensive, simple, scalable, and capable of delivering 
integrated voice, video, and data services to the end-user over a single network. 

 
2.2 Ethernet for the First Mile 
Ethernet for the First Mile (EFM) is an effort to extend Ethernet’s reach over the first-mile 
access link between end-users and carriers, and make Ethernet a low-cost broadband 
alternative to technologies such as DSL and cable. The motivation for doing this is sound 
since there are currently over 500 million Ethernet ports deployed globally and it is 
advantageous to preserve the native Ethernet frame format rather than terminate it and 
remap its payload into another layer 2 protocol (e.g., Point-to-Point Protocol, PPP). The EFM 
specifications are developed by the IEEE 802.3ah Task Force (http://www. 
ieee802.org/3/efm), which was formed in November 2000. The draft standard (version 3.0 
was issued on January 2004) includes physical layer specifications for copper, fiber point-to-
point, fiber point-to-multipoint topologies. It is supported by the EFM Alliance or EFMA 
(www.efmalliance.org), a vendor consortium formed in December 2001 to: 

 Promote industry awareness and acceptance of EFM standard; 
 Contribute technical resources to facilitate standard development; 
 Provide resources for multi-vendor interoperability. 

 
2.3 Broadband Optical Access 
DSL or cable-modem access provides benefits of installed infrastructure, virtually 
eliminating deployment costs. If fixed wireless access is chosen, network providers gain the 
benefit of quick and flexible deployment. However, these access methods may suffer 
bottlenecks in bandwidth-on-demand performance and service range. For example, cable 
networks are susceptible to ingress noise, DSL systems can be plaqued with significant 
crosstalk, and unprotected broadcast wireless links are prone to security breach and 
interference. Furthermore, current DSL and cable deployments tend to have a much higher 
transmission rate on the downstream link, which restricts Internet applications to mostly 
Web browsing and file downloads. 
While wireless access is excellent for bandwidth scalability in terms of the number of users, 
optical access is excellent for bandwidth provisioning per user. Furthermore, the longer 
reach offered by optical access potentially leads to more subscribers. Optical access 
networks offer symmetrical data transmission on both the upstream and downstream links, 
allowing the end user to provide Internet services such as music/video file sharing and Web 
hosting. In addition to providing a good alternative, such networks represent an excellent 
evolutionary path for current access technologies. These costs still require laying fiber, 
which makes optical access networks more expensive to install. However, since fiber is not 

 

bandwidth limited but loss limited (as opposed to copper wires, cable, and wireless), the 
potential performance gains and long-term prospects make optical access networks well-
suited for new neighborhoods or installations. In addition, there are innovative solutions for 
deploying fiber in the last mile, even in established neighborhoods. For example, instead of 
investing in expensive dedicated fiber conduits, existing sanitary sewers, storm drains, 
waterlines, and natural gas lines that reach the premises of many end users can be exploited. 
Fiber can be housed in these utilities by forming creative business partnerships among 
optical fiber owners, service providers, utility pipe owners, vendors, and city municipalities. 
Access networks should be scalable in bandwidth provisionable per-user. To be scalable 
with number of subscribers, it is highly important to identify architectures that allow low 
equipment cost per subscriber. As new applications appear and demand higher bandwidth, 
the network should be gracefully upgraded. It is important to be able to perform an 
incremental upgrade where only the subscribers requiring higher bandwidth are upgraded, 
not the entire network. Since the lifespan of optical fiber plant is longer compared to copper 
or coaxial cables, it is expected that the optical network will be upgraded multiple times 
during its lifetime. As such, it is important to design access architectures that allow seamless 
upgrade. In addition, the deployment of fibers between residences can be used to connect 
end-users directly, forming an autonomous communication network among residential end-
users, thereby improving the overall service reliability through provision of redundant data 
paths similar to the multihop wireless architecture described in the previous section.  

 
2.4 Passive Optical Networks 
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Fig. 3. Upstream and downstream optical bands for dual and single-fiber PONs. 
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Passive optical network (PON) is a technology viewed by many as an attractive solution to 
the last mile problem as PONs can provide reliable yet integrated data, voice, and video 
services to end users at bandwidths far exceeding current access technologies. Unlike other 
access networks, PONs are point to multipoint networks capable of transmitting over 20 
kilometers of single-mode fiber. As shown in Fig. 2, a PON minimizes the number of optical 
transceivers, central office terminations, and fiber deployment compared to point-to-point 
and curb-switched fiber solutions. By using passive components (such as optical splitters 
and couplers) and eliminating regenerators and active equipment normally used in fiber 
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networks (e.g., curb switches, optical amplifiers), PONs reduce the installation and 
maintenance costs of fiber as well as connector termination space. The general PON 
architecture consists of the Optical Line Terminator (OLT) on the service provider side and 
Optical Network Unit (ONU) (or sometimes the Optical Network Terminal) on the user side 
(Fig. 3). The ONUs are connected to the OLT through one shared fiber and can take different 
FTTx configurations e.g., Fiber to the Home (FTTH), Fiber to the Curb (FTTC), and more 
recently Fiber to the Premise (FTTP). The upstream and downstream optical bands specified 
by ITU-T for dual and single-fiber PONs are shown in Fig. 4. 
PONs typically fall under two groups: ATM PONs (APONs) and Ethernet PONs (EPONs). 
APON is supported by FSAN and ITU-T due to its connection-oriented QoS feature and 
extensive legacy deployment in backbone networks. EPON is standardized by the IEEE 
802.3ah Ethernet in the First Mile (EFM) Task Force. EPONs leverage on low cost, high 
performance, silicon-based optical Ethernet transceivers. With the growing trend of GigE 
and 10GigE in the metro and local area networks, EPONs ensure that IP/Ethernet packets 
start and terminate as IP/Ethernet packets without expensive and time consuming protocol 
conversion, or tedious connection setup. 

 
2.5 Wavelength Division Multiplexing Optical Access  
Wavelength Division Multiplexing (WDM) is a high capacity and efficient optical signal 
transmission technology that is prevalent in long-haul backbone applications, but is now 
emerging in Metropolitan Area Networks (MAN). WDM uses multiple wavelengths of light, 
each wavelength corresponding to a distinct optical channel (also known as lightpath or 
lamda, ), to transmit information over a single fiber optic cable simultaneously. Current 
backbone commercial WDM systems have been increased up to 40 (100GHz spacing),80 
(50GHz spacing) in C-band or 160 wavelengths in C+L-band on a single fiber. It is an 
economical alternative to installing more fibers and a means to dramatically provide higher 
capacity.  
Current demand of bandwidth is nearly approaching the limit of transmission capacity of 
copper-based technologies like Digital Subscriber Line (DSL) or cable modem. Although 
based on aforementioned TDMA PON has the ability to provide up to 1-2.5Gb/s, burst 
mode reception at OLT and the clock synchronization of different ONUs have already been 
the main barrier to limit the TDMA mechanism up to higher signal rates. Therefore, WDM 
has been considered as a transition path from the current access technologies to the ultimate 
access solution. WDM itself inherits many advantages from the WDM technology of 
backbone or metro area such as large capacity, data transparent, multi-service, easy 
management, network security, and upgradability . And also combined the merits of PON 
network, WDM PON has been considered as future-proof ideal solution. Regarding the 
wavelength assignment for WDM PON, there are two choices: Coarse WDM (CWDM) or 
Dense WDM (DWDM). CWDM utilizes 18 wavelengths from 1270nm to 1610nm covering 
O, E, S, C, L-band with a wide channel spacing 20nm, therefore, athermal AWG and 
uncooled laser sources are good enough. Low cost is the most attractive advantage for 
CWDM. However, the elimination of strong absorption at the water peak in E-band and the 
need for effective all band amplification become the two critical issues that must be 
addressed in order to longer reach. On the other hand, DWDM achieves greater spectral 
efficiency using 50/100GHz channel spacing and with commercially available fiber-based 
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networks (e.g., curb switches, optical amplifiers), PONs reduce the installation and 
maintenance costs of fiber as well as connector termination space. The general PON 
architecture consists of the Optical Line Terminator (OLT) on the service provider side and 
Optical Network Unit (ONU) (or sometimes the Optical Network Terminal) on the user side 
(Fig. 3). The ONUs are connected to the OLT through one shared fiber and can take different 
FTTx configurations e.g., Fiber to the Home (FTTH), Fiber to the Curb (FTTC), and more 
recently Fiber to the Premise (FTTP). The upstream and downstream optical bands specified 
by ITU-T for dual and single-fiber PONs are shown in Fig. 4. 
PONs typically fall under two groups: ATM PONs (APONs) and Ethernet PONs (EPONs). 
APON is supported by FSAN and ITU-T due to its connection-oriented QoS feature and 
extensive legacy deployment in backbone networks. EPON is standardized by the IEEE 
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2.5 Wavelength Division Multiplexing Optical Access  
Wavelength Division Multiplexing (WDM) is a high capacity and efficient optical signal 
transmission technology that is prevalent in long-haul backbone applications, but is now 
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each wavelength corresponding to a distinct optical channel (also known as lightpath or 
lamda, ), to transmit information over a single fiber optic cable simultaneously. Current 
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Current demand of bandwidth is nearly approaching the limit of transmission capacity of 
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mode reception at OLT and the clock synchronization of different ONUs have already been 
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O, E, S, C, L-band with a wide channel spacing 20nm, therefore, athermal AWG and 
uncooled laser sources are good enough. Low cost is the most attractive advantage for 
CWDM. However, the elimination of strong absorption at the water peak in E-band and the 
need for effective all band amplification become the two critical issues that must be 
addressed in order to longer reach. On the other hand, DWDM achieves greater spectral 
efficiency using 50/100GHz channel spacing and with commercially available fiber-based 
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EDFA, can be scalable in distance and number of users, which makes it a better upgrade 
option in the long-term future. 
WDM optical access is a future-proof last mile technology with enough flexibility to support 
new, unforeseen applications. WDM switching can dynamically offer each end user a 
unique optical wavelength for data transmission as well as the possibility of wavelength 
reuse and aggregation, thereby ensuring scalability in bandwidth assignment. For instance, 
heavy users (e.g., corporate users) may be assigned a single wavelength whereas light users 
(e.g., residential users) may share a single wavelength (Fig. 2), all on a single fiber. Based on 
wavelength switched scheme, in a WDM PON network, the OLT contains a multi-
wavelength source used to send signals across different wavelengths. In the remote node, an 
optical switch (MUX/DEMUX) selects out one or more associated wavelengths and 
transmits them to the subscriber ONU as shown in Fig.4 in detail. We are also witnessing 
the exciting convergence of WDM and Ethernet, the most notable example being the 
National LamdaRail or NRL (www.nationallambdarail.org), which is a high-speed, 
experimental 40-wavelength DWDM optical testbed developed to rival the scale of research 
provided by the Arpanet (the Internet’s precursor) in the 1960s. NLR is the first wide-area 
use of 10 Gbit/s switched Ethernet and is based on a routed IP network. It is owned by the 
university community, thanks to the plunge in dark fiber prices over the last 4 years. 

 
2.6 Enabling Technologies of WDM PON Optical devices 
One of the biggest challenges for successful DWDM PON deployment is the adoption of 
cost effective light source components. It is desirable to have tunable laser sources which not 
only support network provisioning and reconfigurability, but also minimize the production 
costs and backup stock numbers in the carrier’s network. Several sources exist: 1) tunable 
VCSEL, although long wavelength (C-band) VCSEL are not yet mature up to now, it will be 
an ideal candidate since it has the potential for high-level system integration characteristics; 
2) Spectrum-slicing using a broadband incoherent light source such as a LED may be used to 
realize the wavelength independent ONT. The LED can be fabricated at a low cost and 
modulated directly. However, its output power and modulation speed are insufficient for 
high speed operation; 3) a wavelength locked Fabry-Perot laser diode (F-P LD) with external 
spectrum spliced amplified spontaneous emission (ASE) injection was proposed recently. By 
injecting spectrum-sliced broadband light source (BLS) into a F-P LD, the laser is forced to 
operate in a quasi single mode and the mode partition noise of the F-P LD is suppressed. 
Although modulation index, bias current and the power of external optical excitation must 
be carefully chosen to maximize the efficiency, it is a promising solution to reduce cost.  
Another key problem involves the survivability of the optical access network. Compared to 
ring networks as used in SONET/SDH, the tree-and-branch structure used in PONs is more 
vulnerable to single points of failures due to its topology and the lack of an alternative 
redundant path. If a fiber link from the RN and to the ONU is broken, the affected ONU will 
become unreachable from the OLT. Thus, the protection and restoration will be 
indispensable to provide high availability. This field is still relatively new and only few 
bidirectional self-healing WDM PON architectures have been proposed. These architectures 
utilize two different wavelength bands for the neighboring WDM PON’s and cyclic 
property of arrayed wavelength grating (AWG). 

 

3. Plastic optical fiber 
 

3.1 Regular plastic optical fiber 
Currently, different types of optical fiber are employed in the field. These types of fiber 
mainly include quartz optical fiber, glass optical fiber and plastic optical fiber. Quartz 
optical fiber is suitable for long distance transmission (over 1km). The quartz optical fiber 
has two types: single mode and multi-mode with different core area. The telecommunication 
fiber is usually single mode fiber due to requirment of high bandwidth, small dispersion 
and polarization mode dispersion. For office networks, multi-mode fiber can be employed 
due to low-cost. Glass optical fiber is mainly used along with POF for lighting. While for 
polymethylmethacrylate (PMMA) plastic optical fiber (POF), it is used for short-distance 
electronic appliances and cars. 
POF is an optical fiber which is made out of plastic. POF typically uses PMMA (acrylic), a 
general-purpose resin, as the core material, and fluorinated polymers for the clad material. 
In large diameter fibers, the core comprises 96% of the cross section to allow the 
transmission of light.  The core size of POF is in some cases 100 times larger than glass fiber. 
Although quartz fiber is widely used for infrastructures and fiber to the home, POF has been 
called the "consumer" optical fiber because the fiber and associated optical links, connectors, 
and installation are all inexpensive. In relation to the future request of high-speed home 
networking, there has been an increasing interest in POF as a possible option for next-
generation Gigabit/s links inside the house. For telecommunications, the more difficult-to-
use glass optical fiber is more common. This fiber has a core made of germania-doped silica. 
Although the actual cost of glass fibers are lower than plastic fiber, their installed cost is 
much higher due to the special handling and installation techniques required. 
 

 
Fig. 5. GI-POF attenuation. 

 
3.2 Graded-Index Polymer Optical Fiber (GI-POF) 
Perfluorinated graded-index polymer optical fibers (GI-POFs) can provide large bandwidth 
and low attenuation (60dB/km) at 850–1300nm, so it is a good replacement and a low cost 
alternative to traditional glass. With ease of use and affordability, GI-POFs make an 
excellent choice for the installation of high performance fiber networks. In addition, GI-
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3.2 Graded-Index Polymer Optical Fiber (GI-POF) 
Perfluorinated graded-index polymer optical fibers (GI-POFs) can provide large bandwidth 
and low attenuation (60dB/km) at 850–1300nm, so it is a good replacement and a low cost 
alternative to traditional glass. With ease of use and affordability, GI-POFs make an 
excellent choice for the installation of high performance fiber networks. In addition, GI-
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POFs provide a higher transmission bandwidth than any other type of plastic optical fiber. 
Recently, a few 40Gb/s transmisison experiments have been demonstrated. Until recently, 
all commercially available POFs have been fabricated from non-fluorinated polymers such 
as PMMA and, as a result, have had a refractive index that changes in steps. Although 
inexpensive, these fibers are characterized by large modal dispersion and typically operate 
at 530nm or 650nm, which is well outside of standard communication wavelengths (850nm 
or 1300nm), which is where high-speed transceivers are readily available. Due to the high 
attenuation in the near infrared, these fibers are restricted to low performance (<100Mb/s), 
short range (<50m) applications in the visible region. With the advent of an amorphous 
perfluorinated polymer, polyperfluoro-butenylvinylether (commercially known as 
CYTOP®), the limitations presented by step-index POFs have been overcome. 
Perfluorinated fiber exhibits very low attenuation in the near infrared (~10dB/km) as shown 
in Fig. 5. Moreover, since the perfluorinated optical fiber can be constructed with a graded 
refractive index, it is capable of supporting bandwidths that are 100 times larger than those 
provided by conventional POFs. This is due to the interplay between high mode coupling, 
low material dispersion, and differential mode attenuation. Unlike conventional glass fibers, 
which suffer from high interconnection and receiver costs, perfluorinated GI-POFs are easy 
to install. To add a connector to a glass fiber, the fiber needs to be cleaved using an 
expensive, specialized tool. Then, epoxy is used to attach the fiber to the connector 
hardware. Finally, the assembled connector must be polished. In contrast, the GI-POF can be 
terminated using simple and inexpensive tools, connectors are crimped on, and polishing 
occurs in mere seconds, leading to a high quality optical link in a fraction of the time. 
Moreover, GI-POFs are compatible with standard multimode glass fiber transceivers.  As an 
example, Table 2 lists the specification of the commerical GI-POF from Thorlabs. 
 

Fiber model 50SR 62SR 120SR 
Attenuation at 850nm <60dB/km 
Attenuation at 850nm <60dB/km 
Bandwidth at 850nm >300MHz.km 
Numerical aperture 0.190+0.015 0.190+0.015 0.190+0.015 
Macrobend loss <0.25dB <0.35dB <0.60dB 
Zero dispersion wavelength 1200~1650nm 
Dispersion slope <0.06ps/nm2.km 
Core diameter 50+5um 62.5+/-5m 120+/-

10m 
Cladding diameter 490+/-5m 
Temperature induced atteuation at 
850nm (-20 to +70OC) 

<5dB/km 

Table 2. specification of Thorlab’s GI-POF. 
 
Since 2006, a few world records by employing GI-POF have been achieved. The optical fiber 
communication conference (OFC) 2006, Georgia Tech’s researchers reported that 30Gb/s 
on/off keying (OOK) signals are transmitted over 30m GI-POF. In ECOC 2007, Schollmann 
et al., reported the 40Gb/s OOK signals are delivered over 50m GI-POF with new designed 
multi-mode high-speed receiver. In OFC 2008, Yu in NEC Labs America reported 42.8Gb/s 
optical signal generated by chirped managed laser transmission over 100m GI-POF. In 

 

ECOC 2008, Yu in NEC Labs America demonstrated 16Gb/s OFDM signal transmission 
over 50m GI-POF. In OFC 2009, Yang reported 40Gb/s signal transmission over 100m GI-
POF based on discrete multimode modulation. By using the new spectral efficiency 
modulation format, such as CML and OFDM, can furthermore increase the bandwidth of 
the GI-POF. 

 
4. Enabling techniques to expand the bandwidth of GI-POF 
 

4.1 Chirped Management Laser 
The demand of bandwidth for Internet traffic and access networks in the premises are 
rapidly increasing, fueled by video and graphic-rich applications. Therefore, the data rate at 
40-Gb/s per channel is expanding to next-generation optical access networks and very-
short-reach (VSR) optical links. Unlike long-haul and metro networks, access and VSR 
networks require low hardware cost and low operation expenses to make the transmission 
technology attractive and practical. Currently, there is a growing interest in utilizing directly 
modulated lasers (DMLs) in cost-sensitive metro and access optical links because of their 
potentially low cost, compact size, low power consumption, and high output power 
characteristics when compared with other transmitter sources using external modulation 
(EM) scheme such as electro-absorption modulator (EAM) or Mach-Zehnder modulator 
(MZM). As it is well known, however, DMLs are the carrier density modulation via drive 
current, giving rise to inherent and highly component-specific frequency chirp, i.e., a 
residual phase modulation (PM) accompanying the desired  intensity modulation (IM). This 
chirp results in broad spectrum that severely limits the maximum transmission distance 
within ~20 and ~2-km SSMF for 10 and 40 Gb/s without dispersion compensation because 
of its interaction with fiber dispersion along the transmission link. One way to overcome 
this issue is to use the special fiber with a negative dispersion characteristic, which is a good 
choice to take advantage of the positive chirp characteristics of DMLs to increase the reach 
without dispersion compensation modules that can cost as much as the transmission fiber. 
However, it is only suitable to new deployment of optical transport system but not fit to 
upgrade and change of the installed base of metro fiber links. 
Chirp-managed laser (CML) can provide a good optical source for access systems. In order 
to support high dispersion tolerance, a DFB laser biased at high direct current (DC) far 
above the threshold is used, digital data directly modulate this DFB laser, and a suitable 
optical filter is used to control the phase between the adjacent bits. The additional benefits of 
the higher bias are high output power, wide modulation bandwidth, low timing jitter, and 
suppressed transient chirp. CML technology simultaneously meets two market needs: (1) 
the data rate upgrade from 2.5 to 10 Gb/s, even to 40 Gb/s, in the emerging metro market, 
and (2) the migration of small form factor pluggable optics from short reach to high-
performance long reach and WDM links. The directly modulated signals have low 
extinction ratio (ER) and an accompanying adiabatic chirp. An optical spectrum reshaping 
(OSR) filter is placed at the laser output to perform frequency modulation (FM) to amplitude 
modulation (AM) conversion to increase the ER and convert the slowly-varying 
adiabatically chirped pulses to flat-topped chirp pulses with abrupt phase transitions [9]. 
The output of the CML has been shown to have tolerance to both negative and positive 
dispersion for 10-Gb/s optical links. 
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The CML technique has been applied in 10-Gb/s data links with 200-km transmission over 
SMF without dispersion compensation and 675-km transmission using a combination of 
electronic dispersion compensation (EDC) and tunable dispersion compensating modules at 
the receiver. We have developed a 40-Gb/s CML transmitter with high dispersion tolerance 
using a simple combination of a directly modulated DFB laser and the subsequent 
conventional optical filter. 
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Fig. 6. Schematic of chirped-managed DML transmitter. 
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Fig. 7. Schematic of signal waveform. 

 
4.2 The Principle of the CML Transmitter 
 

4.2.1 Chirp Characteristics of DMLs 
The performance of DMLs strongly depends on the characteristics of the laser frequency 
chirp. At high data rates (≥ 2.5Gbit/s), the frequency chirp of DMLs has two major 
components: the transient chirp and the adiabatic chirp. At lower data rates, the thermal 

 

chirp becomes dominant. Here we focus on high data rate operation. The chirp ( )v t of a 

DML is related to the laser output optical power ( )P t through the expression 
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Where  is the linewidth enhancement factor and  is the adiabatic chirp coefficient. In (1), 
the first term is a structure-independent transient chirp, and the second term is a structure-
dependent adiabatic chirp. DMLs can be classified as transient or adiabatic chirp dominated. 
Transient chirp dominated DMLs exhibit significantly more overshoot and ringing in output 
power and frequency deviations. The frequency difference between steady-state “1”s and 
“0”s is relatively small. On the other hand, adiabatic chirp dominated DMLs exhibit damped 
oscillations and large frequency difference between steady-state “1”s and “0”s. In the 
equation (1), the output power P(t) is related to the photon density S(t) through the relation: 

                                                               ( ) ( )
2 p

V hvP t S t





                                                             

(2) 
And the photon density S(t) is determined by the well-known small signal single mode laser 
rate equations in the simple form as follows: 

                                     0 0( ( ) )( ) ( ) ( )( )
1 ( ) p c

g N t NdS t S t N tS t
dt S t


  

  
  


,                                  (3) 

                                       0 0( ( ) )( ) ( ) ( ) ( )
1 ( )c

g N t NdN t I t N t S t
dt eV S t 


  


,                                      (4) 

                                                    0 0
1[ ( ( ) ) ]

2 p

d g N t N
dt
 


    ,                                         (5) 

Where I(t) is the current waveform injected in the active layer, N(t) is the carrier density, v is 
the optical frequency, h is the Plank’s constant, is the differential quantum efficiency, is 
the confinement factor, N0 is the carrier density at transparency, is the fraction of 
spontaneous emission noise coupled into the lasing mode, g0 is the differential gain 
coefficient, is the nonlinear gain compression factor (gain saturation coefficient), p is the 
photon lifetime, c is the carrier lifetime, V is the volume of the active layer and  is the same 
as in Eq. 1, i.e. the linewidth enhancement factor. It should be noticed that, in a first 
approximation, static temperature (25oC) dependence of the value of each parameter has 
been ignored here. From Eqs. 1-5, we can see that the minimum number of parameters that 
have to be estimated is ten (VN0g0pc) in addition to the lasing 
wavelength . In the (1), the  parameter can be calculated as well as the adiabatic chirp 
coefficient , which is directly related to the nonlinear gain compression factor: 
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The CML technique has been applied in 10-Gb/s data links with 200-km transmission over 
SMF without dispersion compensation and 675-km transmission using a combination of 
electronic dispersion compensation (EDC) and tunable dispersion compensating modules at 
the receiver. We have developed a 40-Gb/s CML transmitter with high dispersion tolerance 
using a simple combination of a directly modulated DFB laser and the subsequent 
conventional optical filter. 
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Fig. 6. Schematic of chirped-managed DML transmitter. 
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Fig. 7. Schematic of signal waveform. 

 
4.2 The Principle of the CML Transmitter 
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The performance of DMLs strongly depends on the characteristics of the laser frequency 
chirp. At high data rates (≥ 2.5Gbit/s), the frequency chirp of DMLs has two major 
components: the transient chirp and the adiabatic chirp. At lower data rates, the thermal 

 

chirp becomes dominant. Here we focus on high data rate operation. The chirp ( )v t of a 
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Fig. 8. Transfer function of the Gaussian filter. 
 
Therefore, based on the Eqs. 1-6 of the chirp model (already including the drive current 
(DC) bias), we can design the parameters of the DMLs to offer suitable chirp response for 
the generation of the phase correlation. 

 
4.2.2 Operating Principle 
The high dispersion tolerance is mainly because of the phase-correlative modulation among 
the adjacent bits via precisely controlling the frequency chirp in the DML modulation. The 
adiabatic chirp makes the “1” bits blue shifted relative to the “0” bits. By controlling the 
modulation depth, the phase flip between 0 and  in the middle of the space bit could be 
realized, which leads to the destructive interference between the energies on either side of 
the middle of the space after the dispersion-induced broad spectrum. The  out of phase is 
the key to the dispersion tolerance. This resulting phase correlation and destructive 
interference along the fiber transmission are similar to that for optical duobinary 
modulation, but here, we don’t require pre-coder, encoder, and external modulator in the 
transmitter side and the decoder in the receiver side.  
The CML transmitter comprises a DML and the subsequent optical filter, the schematic 
diagram is shown in Fig. 6. The DML is a high-speed standard DFB laser, the optical filter is 
a conventional bandpass filter. The highly chirp-controlled modulation creates two distinct 
frequency peaks in Fig. 6 inset (i). The main function of the filter is to increase the extinction 
ratio by passing the “1” bits while attenuating “0” bits in inset (ii), and simultaneously 
suppress the transient chirp and shape it into the top-flatted chirp. To realize the proper 
phase flip between the bits, much higher driven bias compared to the conventional direct 
modulation is employed. The additional benefits of the higher bias are high output power 
and wide modulation bandwidth due to the high operation point. We can also achieve the 
stable single mode operation and low timing jitter, and make the laser be the adiabatic chirp 
dominated via suppression of the transient chirp because the working condition is far away 
from the threshold of the laser. For a 40-Gb/s data rate, the pulse width is 25 ps, to get the 

phase shift, adiabatic chirp need to be equal to  20
2 25

GHz
ps







, that means the “1” 

bit has 20 GHz blue shift relative to entire “0” bit. The generation of suitable adiabatic chirp 

 

by adjusting bias and laser parameters is the first step to achieve the higher dispersion 
tolerance, which is due to the AM to FM conversion (“1” bit has blue shift due to the higher 
intensity compared to “0” bits). However, this results in a low extinction ratio (ER~1-2 dB) 
accompanying the higher bias. Therefore, a subsequent optical filter is employed to perform 
the FM to AM conversion by passing the “1” bits and attenuating the “0” bits for increasing 
the ER. Considering the 1 0 1 bit sequence, the original binary signal, the directly modulated 
signal, the filtered signal and the transmitted signal are shown in Fig. 7. The change of 
correlative phase flips and ER are also shown here. It is clearly seen that the eye would close 
and the original bit could not be recognized (the dashed line in “after transmission”) 
without the destructive interference between the adjacent “1” bits. 

 
4.2.3 Optimization Parameters of the Optical Filter 
Since the filter plays an important part in the CML generation, we study the optimization 
parameters of the optical filter. The subsequent optical filter has two main functions: one is 
to perform the FM to AM conversion by passing the “1” bits and attenuating the “0” bits for 
increasing the ER. Additional effect of the optical filter is to suppress the transient chirp and 
shape it into the top-flatted chirp waveform for keeping the  out of phase difference during 
the “0” bit. In dependence on the specific application, the filter design includes development 
of the filter with prescribed magnitude and phase response. Various types of optical filters 
can be a candidate for optimal OSR filter:  

1) Butterworth: Maximally flat magnitude response in the pass band, the 
disadvantage is some overshoot and ringing in step response. 

2) Chebyshev: Better rate of attenuation beyond the pass-band than Butterworth, the 
disadvantage is considerably more ringing in step response than Butterworth.  

3) Bessel: A uniform time delay within pass band and the best step response with 
minimal overshoot or ringing. The advantage is slower initial rate of attenuation 
beyond the pass band compared with Butterworth and other filters. 

4) Rectangular and Trapezoid: Ideal selectivity, absolutely flat magnitude and phase 
of the frequency response. The disadvantage is that it requires truncation of the 
impulse response and signal delay at simulations with periodic boundary 
conditions. 

5) Gaussian: Smooth transfer function without dispersion, more importantly, it is 
easily implemented to the real design and application in optical communication 
systems. 

Based on the above mentioned reasons, we select the Gaussian filter type in our simulation 
model. The Gaussian filter transfer characteristic is determined by the parameter bandwidth  
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Fig. 9. Transfer characteristics of bandpass optical Gaussian filters. (a) Gaussian filter with 
different orders and the same 3 dB bandwidth, (b) Gaussian filter with different bandwidths 
and the same order. 
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Fig. 10. Transfer spectrum for 40Gb/s signals 
 

 

 
Fig. 11. Resonant frequency and damping as functions of bias current 

 

 
Fig. 12. Amplitude and phase response in the DML intensity modulation 
 
(f3dB), central frequency (fc) and Gaussian order (n) of the filter, the expression is shown in 
(7): 
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Filter order sets the attenuation rate at transition from pass band to stop band. Fig. 8 shows 
the basic transfer function of the Gaussian filter. 
As mentioned before, passing the signal through the edge of the filter not only improves the 
ER but also produces vestigial sideband (VSB) effect, which adds blue transient chirp at the 
“1” to “0” and “0” to “1” transitions, further improving the eye opening after fiber 
dispersion. The VSB filtering reduces the information bandwidth as well. Fig. 9(a) and 9(b) 
shows the transfer spectrum of this Gaussian optical filter in the different of order and 
bandwidths set, respectively. It is noted that the Gaussian order can be set as the non-integer 
value. It is clearly seen that the top becomes flat and the roll- off response is very sharp. 
Regarding the 40-Gb/s signals, we simulate the best transfer spectrum with the bandwidth 
of 54 GHz and Gaussian order of 1.7. The transfer spectrum is shown in Fig. 10.  

 
4.2.4 Parameters Optimization of DML (Laser Model) 
A typical single-mode dynamic laser model (LaserSM_RE module in VPI) based on standard 
rate equations is used in the simulation. This module simulates the dynamics and noise 
characteristics of a directly-modulated single-mode laser driven by an electrical current 
waveform. The model describes the evolution of optical power, phase and carrier density 
averaged over the whole laser cavity. The model is ideal for modeling metro transmission 
systems using directly-modulated lasers, as it takes into account the relaxation oscillation, 
turn-on jitter, laser chirp, intensity and phase noise which can significantly affect the system 
performance. The chirp control in this directly modulated transmitter comes from two 
important sections: (1) Generating proper chirp frequency in the laser; (2) chirp filtering and 
conversion in the subsequent optical filters. We provide the theoretical analysis for the 
proper chirp generation (adiabatic chirp) in the laser with very high bias. According to the 
analysis of the chirp model, we performed the multi-parameters sweeping so as to find the 
optimized laser structure which is suitable to get the π out of phase for the transmission of 
the directly modulated signals. The results are provided below in table1: 
 

Column Name Units Value 
Emission Frequency Hz 193.1e12 
Reference Power W 6.0e-3 
Laser Chip Length m 200e-6 
Linear Material Gain Coefficient m2 9e-20 
Transparency Carrier Density 1/m3 1.5e24 
Confinement Factor  0.3 
Group Effective Index  4.0 
Material Linewidth Enhancement 
Factor  3.5 

Left Facet Reflectivity  0.3 
Right Facet Reflectivity  0.3 

 

Bimolecular Recombination 
Coefficient m3/s 1.0e-16 

Spontaneous Emission Factor  1.0e-4 
Nonlinear Gain Coefficient  3.0e-23 

Table 1. Summary of laser intrinsic parameters 
 
All the parameters above are used for 10-Gb/s signals, regarding 40-Gb/s signals, the drive 
amplitude is 21 mA and the bias is 85 mA, the nonlinear gain coefficient is changed into 
5.0e-23, others keep the same as parameters for 10-Gb/s signals. 

 
4.2.5 Bias current related characteristics 
Compared with the conventional DML, the lower threshold is required because we need to 
bias this laser roughly 5~6 times threshold. Because of inaccuracy of the results below the 
threshold operation, the sweep is generated above the laser threshold for obtaining the 
whole working conditions. The resonant frequency and damping as a function of bias 
current are shown in Fig. 11. It generally increases with increasing the bias current. At the 
operating range of 60-80 mA bias, the slope of these two curves keeps almost stable. 
 

 
(a) Frequency response 

 
(b) RIN response 

Fig. 13. Frequency modulation response and relative intensity noise spectrum. 
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Fig. 13. Frequency modulation response and relative intensity noise spectrum. 
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Fig. 14. Internal states as functions of time. 
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Fig. 15. 40-Gb/s signal spectra before and after optical filtering. 

 
4.2.6 Frequency related characteristics 
Figure 12 shows the small-signal intensity modulation amplitude and phase response 
computed at different bias currents. These response curves can be compared with measured 
data and used to assist in fitting the model parameter to real devices. At 14 GHz, the laser 
has the maximum amplitude response at the operation point of 72 mA. It is shown in Fig. 13 
that the small-signal frequency modulation response and the relative intensity noise 
spectrum of the laser at different bias current. The frequency response increases with the 
optical emitted power, the 3-dB bandwidth at the bias of 72mA is larger than 10GHz and the 
peak of resonant frequency is 15 GHz. From the (b) in Fig. 13, the relative intensity noise 
(RIN) is low enough at resonant frequency of 14 GHz at the bias of 72 mA. 

 

 

4.2.7 Time related characteristics 
The carrier, the photon density and the phase of the optical field as a function of time are 
shown in Fig. 14. These results are based on the internal states of the rate equation model. 
We can see that the carrier and photon density have the transient change at the drop and 
down of the optical pulse, which is directly related to the transient chirp. And the photon 
density, the optical power, is the key to the conversion from amplitude modulation to 
frequency modulation via the adiabatic chirp. As shown in Fig. 15, the direct modulation 
leads to the broader spectrum compared with the external modulation scheme. Fig. 16 
shows simulation results of signal waveform and chirp response at the output of this DML, 
after the Gaussian filter and eye diagrams after transmission. The drive amplitude to this 
DML is 21 mA and the bias is 85 mA. It is clearly seen that the chirp response is flat top, and 
the eye diagrams are wide open over 15-km SSMF transmission. 
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Fig. 16. (a) Waveform and flat-topped chirp and (b) eye diagrams in different distance for 
40-Gb/s signals. 

 
4.3 CML transmission performance 
The experimental setup is shown in Fig. 17. A commercially available DFB laser at 1548.9 
nm is directly modulated at 40-Gb/s using a PRBS with a word length of 27-1 or 231-1 
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Fig. 15. 40-Gb/s signal spectra before and after optical filtering. 
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Fig. 16. (a) Waveform and flat-topped chirp and (b) eye diagrams in different distance for 
40-Gb/s signals. 

 
4.3 CML transmission performance 
The experimental setup is shown in Fig. 17. A commercially available DFB laser at 1548.9 
nm is directly modulated at 40-Gb/s using a PRBS with a word length of 27-1 or 231-1 
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generated from SHF 50 GHz pattern generator (SHF 12100B). The laser is biased at 94 mA 
and driven by 2.7 V (peak-to-peak) to produce 9 dBm average power and ~ 11 GHz of 
adiabatic chirp. The bias and drive voltage are optimized for the best BER performance after 
transmission. After the DML, a tunable optical filter (TOF) with 3-dB bandwidth of 0.32 nm 
and 20-dB bandwidth of 0.76 nm is used as the OSR filter to generate the desired chirp-
managed signals. The optical eye diagrams before and after the filter are inserted in Fig. 18. 
The extinction ratio of the DML output before the OSR filter is 1.3 dB and increased to 5 dB, 
after the OSR filter. The optical spectra before and after the OSR filter are shown in Fig. 19. 
After the OSR filter, the CML signal is launched into different lengths of standard SMF-28 
fiber. The dispersion and loss at 
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Fig. 17. Chirp-managed 40-Gb/s transmission experimental setup. (TOF: tunable optical 
filter.) 
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Fig. 18. Received optical spectra with 0.01-nm resolution before and after OSR filter. 

 

 

 
Fig. 19. Measured BER curves of 40-Gb/s CML signals in different distance and PRBS 
length. 
 
1548.9 nm of this fiber are 17 ps/nm/km and 0.2 dB/km, respectively. The receiver consists 
of an EDFA pre-amplifier and a 50 GHz PIN photodiode. Another TOF with 3-dB 
bandwidth of 1.4 nm is used to reduce amplified spontaneous emission (ASE) noise from 
the EDFA. A SHF 50 GHz error analyzer (SHF11100A) is used to measure the BER 
performance. The clock signals for the SHF error analyzer are directly obtained from the 
pattern generator. Fig. 19 shows the BER performance for the 40-Gb/s CML signals 
transmission over different fiber lengths with different patterns. When the PRBS pattern is 
27-1, the receive sensitivity at a BER of 10-9 after transmission over 14.8 km and 15.8 km are -
17.6 and  -16.5 dBm, respectively. Increasing the pattern length to 231-1, the BER increases to 
10-8 after transmission over 15.8 km at -16.5 dBm received power. The pattern dependence 
penalty is mainly due to the low frequency thermal chirp of the DFB, which is not 
compensated in this experiment. 

 
4.4 Transmission over Graded-Index Plastic Optical Fiber 
In the above section, we have reported the application of the chirp-managed transmitter 
operating at 42.8-Gb/s data rate over standard SMF without dispersion compensation. In 
this section, we demonstrate that GI-POF can transmit 40Gb/s signal with a BER smaller 
than 2x10-3. 
The experimental configuration is shown schematically in Fig. 20. The CML transmitter 
setup, including the driving voltage of the laser, and the OSR filter is kept similar as these in 
Fig. 16. The optical spectra with 0.01-nm resolution before and after OSR filter are shown in 
Fig. 20 insets (a) and (b). After the OSR filter and EDFA, the CML signal is launched into 
100-m commercially available GI-POF (GigaPOF-50SR, Thorlabs) for transmission.  
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Fig. 19. Measured BER curves of 40-Gb/s CML signals in different distance and PRBS 
length. 
 
1548.9 nm of this fiber are 17 ps/nm/km and 0.2 dB/km, respectively. The receiver consists 
of an EDFA pre-amplifier and a 50 GHz PIN photodiode. Another TOF with 3-dB 
bandwidth of 1.4 nm is used to reduce amplified spontaneous emission (ASE) noise from 
the EDFA. A SHF 50 GHz error analyzer (SHF11100A) is used to measure the BER 
performance. The clock signals for the SHF error analyzer are directly obtained from the 
pattern generator. Fig. 19 shows the BER performance for the 40-Gb/s CML signals 
transmission over different fiber lengths with different patterns. When the PRBS pattern is 
27-1, the receive sensitivity at a BER of 10-9 after transmission over 14.8 km and 15.8 km are -
17.6 and  -16.5 dBm, respectively. Increasing the pattern length to 231-1, the BER increases to 
10-8 after transmission over 15.8 km at -16.5 dBm received power. The pattern dependence 
penalty is mainly due to the low frequency thermal chirp of the DFB, which is not 
compensated in this experiment. 

 
4.4 Transmission over Graded-Index Plastic Optical Fiber 
In the above section, we have reported the application of the chirp-managed transmitter 
operating at 42.8-Gb/s data rate over standard SMF without dispersion compensation. In 
this section, we demonstrate that GI-POF can transmit 40Gb/s signal with a BER smaller 
than 2x10-3. 
The experimental configuration is shown schematically in Fig. 20. The CML transmitter 
setup, including the driving voltage of the laser, and the OSR filter is kept similar as these in 
Fig. 16. The optical spectra with 0.01-nm resolution before and after OSR filter are shown in 
Fig. 20 insets (a) and (b). After the OSR filter and EDFA, the CML signal is launched into 
100-m commercially available GI-POF (GigaPOF-50SR, Thorlabs) for transmission.  
 



Optical	Fibre,	New	Developments356

 

1547 1548 1549 1550 1551

-60

-40

-20

0

O
pt

ic
al

 p
ow

er
 (d

Bm
)

Wavelength (nm)
1547 1548 1549 1550 1551
-40

-30

-20

-10

0

10
 

Wavelength (nm)

DML TOF 
(0.3nm)

EDFA 

100m
GI-POF

EDFA TOF 
(1nm)

BERT
SMF/GI-POF GI-POF/SMF

PD

42.8Gb/s

(a)

1547 1548 1549 1550 1551

-60

-40

-20

0

Wavelength (nm)

(b) (c)

 
Fig. 20. Schematic of experimental setup for the chirp-managed signal transmission over 100 
m GI-POF at 42.8 Gb/s. Inset: received optical spectrum (0.01 nm). (a): Before OSR filter; (b): 
After OSR filter; (c): After 100m GI-POF. 
 
Due to the lack of a photodiode with multi-mode input and a bandwidth up to 40 GHz, we 
use a regular photodiode with single-mode input and bandwidth of 45 GHz. Therefore, 
there is additional insertion loss when we connect the GI-POF with the SMF-28. The coupler 
loss from GI-POF to SMF-28 is approximately 10 dB. The signal power launched into GI-
POF is 23 dBm, and the output power after the 100-m GI-POF is  -4 dBm. The insertion loss 
is over 27 dB, however, the insertion loss at this wavelength can be largely reduced when 
the laser is operated at 1310 nm or 850 nm. After coupling with the SMF-28, the optical 
power is -14 dBm. The receiver consists of an EDFA preamplifier and a 45 GHz high-speed 
single-mode coupled photodiode. The received optical spectrum after preamplifier is shown 
in Fig. 20 inset (c). Another TOF with 3-dB bandwidth of 1 nm is used to reduce ASE noise 
from the EDFA. A commercial error analyzer is used to measure BER performance while the 
clock signals for the error analyzer are directly obtained from the pattern generator. We 
evaluate the optical signal-to-noise ratio (OSNR) requirement for this CML laser at 42.8-
Gb/s as shown in Fig. 20. The measurement results show that the required OSNR for the 
42.8-Gb/s CML signal is 24.8 dB (0.1 nm) when the BER equals to 2╳10-3. 
Fig. 21 shows the measured BER performance and the corresponding eye diagrams after 
100-m GI-POF transmission at different bit rates, including 34, 36, 40 and 42.8 Gb/s. For the 
CML signal before transmission, the lowest BERs are 3╳10-6 and 1╳10-7 at the bit rate of 
42.8 and 40-Gb/s, respectively. After transmission over 100-m GI-POF, the BER value is 
raised from 1.0╳10-9 to 3.6╳10-4 while the bit rate increased from 34 Gb/s to 42.8 Gb/s. 
Even if the bit rate is 42.8 Gb/s, error-free transmission can be realized at the BER of 3.6╳10-

4 using FEC modules. 
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Fig. 21. Measured BER as a function of OSNR for the CML signal at 42.8 Gb/s before 
transmission. 

 
4.5 OFDM technique and application in POF system 
 

4.5.1 OFDM technique 
Orthogonal frequency division multiplexing (OFDM) is a particular frequency-division 
multiplexing (FDM) scheme utilized a digital multi-carrier modulation method. Every 
portion of input data is transmitted on one of the available closely-spaced orthogonal 
subcarriers. OFDM is divided into several parallel data up and down streams or channels. 
Sub-carriers are modulated with conventional digital modulation schemes (such as 
Quadrature Amplitude Modulation (QAM) or Phase Shift Keying (PSK)) at a low symbol 
rate, which can maintain total data rates similar to conventional single-carrier modulation 
schemes at the same bandwidth. 
The primary advantage of OFDM over single-carrier schemes is its ability to conquer severe 
channel conditions, especially the Multi-Path Effect. Channel equalization is simplified 
because it could be viewed as using a lot of slowly modulated narrowband signals rather 
than one rapidly modulated wideband signal. The low symbol rate makes the use of a guard 
interval between symbols affordable, which makes it possible to handle time-spreading and 
eliminates inter-symbol interference (ISI). This mechanism also facilitates the design of 
single-carrier networks, where several adjacent transmitters send the same signal 
simultaneously at the same frequency, as the signals from multiple transmitters could be 
combined constructively, rather than interfering that would typically occur in a traditional 
single-carrier system. 
The first OFDM experiments were presented is 1960s’ military radio link. At that time, 
actual civil use of OFDM was limited and the practicability of the concept was questioned. 
When the digital communication and integrated circuit chip have been tremendously 
promoted, OFDM are developed as a popular scheme for broadband digital communication, 
whether wireless or over copper wires, adopted in applications such as digital television 
and audio broadcasting. Over the last decade, OFDM is exploited for wireless 
communication system, and also becoming a basic technique for next generation broadband 
wireless access network. Today it is proved in practice that traditional wireless 
communication systems, like TDMA, FDMA or even CDMA are not capable of meeting the 
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Fig. 20. Schematic of experimental setup for the chirp-managed signal transmission over 100 
m GI-POF at 42.8 Gb/s. Inset: received optical spectrum (0.01 nm). (a): Before OSR filter; (b): 
After OSR filter; (c): After 100m GI-POF. 
 
Due to the lack of a photodiode with multi-mode input and a bandwidth up to 40 GHz, we 
use a regular photodiode with single-mode input and bandwidth of 45 GHz. Therefore, 
there is additional insertion loss when we connect the GI-POF with the SMF-28. The coupler 
loss from GI-POF to SMF-28 is approximately 10 dB. The signal power launched into GI-
POF is 23 dBm, and the output power after the 100-m GI-POF is  -4 dBm. The insertion loss 
is over 27 dB, however, the insertion loss at this wavelength can be largely reduced when 
the laser is operated at 1310 nm or 850 nm. After coupling with the SMF-28, the optical 
power is -14 dBm. The receiver consists of an EDFA preamplifier and a 45 GHz high-speed 
single-mode coupled photodiode. The received optical spectrum after preamplifier is shown 
in Fig. 20 inset (c). Another TOF with 3-dB bandwidth of 1 nm is used to reduce ASE noise 
from the EDFA. A commercial error analyzer is used to measure BER performance while the 
clock signals for the error analyzer are directly obtained from the pattern generator. We 
evaluate the optical signal-to-noise ratio (OSNR) requirement for this CML laser at 42.8-
Gb/s as shown in Fig. 20. The measurement results show that the required OSNR for the 
42.8-Gb/s CML signal is 24.8 dB (0.1 nm) when the BER equals to 2╳10-3. 
Fig. 21 shows the measured BER performance and the corresponding eye diagrams after 
100-m GI-POF transmission at different bit rates, including 34, 36, 40 and 42.8 Gb/s. For the 
CML signal before transmission, the lowest BERs are 3╳10-6 and 1╳10-7 at the bit rate of 
42.8 and 40-Gb/s, respectively. After transmission over 100-m GI-POF, the BER value is 
raised from 1.0╳10-9 to 3.6╳10-4 while the bit rate increased from 34 Gb/s to 42.8 Gb/s. 
Even if the bit rate is 42.8 Gb/s, error-free transmission can be realized at the BER of 3.6╳10-

4 using FEC modules. 
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Fig. 21. Measured BER as a function of OSNR for the CML signal at 42.8 Gb/s before 
transmission. 

 
4.5 OFDM technique and application in POF system 
 

4.5.1 OFDM technique 
Orthogonal frequency division multiplexing (OFDM) is a particular frequency-division 
multiplexing (FDM) scheme utilized a digital multi-carrier modulation method. Every 
portion of input data is transmitted on one of the available closely-spaced orthogonal 
subcarriers. OFDM is divided into several parallel data up and down streams or channels. 
Sub-carriers are modulated with conventional digital modulation schemes (such as 
Quadrature Amplitude Modulation (QAM) or Phase Shift Keying (PSK)) at a low symbol 
rate, which can maintain total data rates similar to conventional single-carrier modulation 
schemes at the same bandwidth. 
The primary advantage of OFDM over single-carrier schemes is its ability to conquer severe 
channel conditions, especially the Multi-Path Effect. Channel equalization is simplified 
because it could be viewed as using a lot of slowly modulated narrowband signals rather 
than one rapidly modulated wideband signal. The low symbol rate makes the use of a guard 
interval between symbols affordable, which makes it possible to handle time-spreading and 
eliminates inter-symbol interference (ISI). This mechanism also facilitates the design of 
single-carrier networks, where several adjacent transmitters send the same signal 
simultaneously at the same frequency, as the signals from multiple transmitters could be 
combined constructively, rather than interfering that would typically occur in a traditional 
single-carrier system. 
The first OFDM experiments were presented is 1960s’ military radio link. At that time, 
actual civil use of OFDM was limited and the practicability of the concept was questioned. 
When the digital communication and integrated circuit chip have been tremendously 
promoted, OFDM are developed as a popular scheme for broadband digital communication, 
whether wireless or over copper wires, adopted in applications such as digital television 
and audio broadcasting. Over the last decade, OFDM is exploited for wireless 
communication system, and also becoming a basic technique for next generation broadband 
wireless access network. Today it is proved in practice that traditional wireless 
communication systems, like TDMA, FDMA or even CDMA are not capable of meeting the 
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required criteria because of their inherent limitations. This is the reason why a large amount 
of research effort in radio communications is focused on multicarrier transmission methods, 
and these techniques are now considered the only way to support future demands. 
OFDM/OFDMA is the criteria technique of Long Term Evolution (LTE) which is the 
extension of 3GPP (3rd Generation Partnership Project).  
In recent years, seamless integrated wired and wireless access technology is becoming an 
interesting research subject. A significant solution of this subject is OFDM radio frequency 
signal transmission over fiber. Radio-Over-Fiber (ROF) has well known scheme for 
distributing RF and microwave signals, such as low transmission loss and wide bandwidth. 
OFDM is more and more attractive in optical communication application, which appears in 
a large number of optical researches, such as long-haul transmission and WDM-PON. The 
combination of OFDM and ROF is increasing the high-speed wireless data transmission and 
video distribution in future broadband access network.  
People are paying more attention to do channel optimization in optical domain, such as 
dispersion shift fiber or dispersion compensating fiber. However, electrical optimization is 
more effective to make received OFDM-ROF signal better. For instance, pilots that are 
padded into OFDM symbol can equalize noises and phase distortions of received signal. 
OFDM-QPSK baseband signal transmitted over 50 km SSMF by 60-GHz ROF technique is 
used to prove the effect of electrical equalization. The received QPSK constellations without 
and with equalization are shown in Fig.22 (a) and (b). In this demonstration, 60 of 64 sub-
carriers are used to transmit data with QPSK modulation; pilots are carried by the other 4 
sub-carriers. Coarse channel estimation is achieved from received pilots. Fig.22 (a) depicts 
QPSK constellation with severe noises and phase distortion caused by dispersion and 
nonlinear effect. Great impact of electrical equalization which compensates signal‘s 
distortions is shown in Fig. 22 (b). 
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(a)                                                           (b) 

Fig. 22. QPSK constellations without (a) and with (b) equalization. 

 
4.5.2 Optical OFDM Signals over GI-POF 
In this section we will experimentally demonstrate the transmission of upconverted 
16Gbit/s OFDM signals on 24GHz microwave carrier over 50m GI-POF at 1310nm.  
The experimental setup of the proposed OFDM signals transmission over GI-POF is shown 
in Fig. 23. The lightwave from the DFB laser-diode (LD) at 1310nm with the output power 
around 10dBm is modulated by an intensity modulator (IM) driven by up-converted OFDM 

 

signals. The 16Gbit/s OFDM signals are generated by OFDM transmitter and then up-
converted to 24GHz to realize RF-OFDM signals via an electrical mixer. The up-converted 
spectrum is inserted in Fig. 21. We can see that the bandwidth of the OFDM signal is 8GHz. 
The OFDM baseband signal is generated offline and uploaded into a Tektronix AWG7102. 
The waveforms produced by the arbitrary wave generator (AWG) are continuously output 
at a sample rate of 20GHz (8bits DAC, 4GHz bandwidth). The FFT size is 256, from which 
200 channels are used for data transmission, 55 channels at high frequencies are set to zero 
for over-sampling, and one channel in the middle of the OFDM spectrum is set to zero for 
DC in baseband. 10 training sequences are applied for each 150 OFDM-symbol frame in 
order to enable phase noise compensation. At the output of the AWG, the low-pass filter 
(LPF) with 5GHz bandwidth is used to remove the high-spectral components. Subsequently, 
the RF-pilot tone is created by inserting a small DC offset before an analogue I/Q mixer is 
used to up-convert the OFDM signal from the baseband to an 8.5GHz intermediate 
frequency (IF). The electrical spectrum of the original signal is shown in Fig. 24(a) 
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Fig. 23. Experimental configuration for 16Gb/s OFDM transmission over GI-POF. EA: 
electrical amplifier; IM: intensity modulator; GI-POF: graded-index plastic optical fiber; PIN: 
receiver; LPF: low pass filter. Inset: electrical spectrum of the OFDM signal after up-
conversion. 
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required criteria because of their inherent limitations. This is the reason why a large amount 
of research effort in radio communications is focused on multicarrier transmission methods, 
and these techniques are now considered the only way to support future demands. 
OFDM/OFDMA is the criteria technique of Long Term Evolution (LTE) which is the 
extension of 3GPP (3rd Generation Partnership Project).  
In recent years, seamless integrated wired and wireless access technology is becoming an 
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distributing RF and microwave signals, such as low transmission loss and wide bandwidth. 
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a large number of optical researches, such as long-haul transmission and WDM-PON. The 
combination of OFDM and ROF is increasing the high-speed wireless data transmission and 
video distribution in future broadband access network.  
People are paying more attention to do channel optimization in optical domain, such as 
dispersion shift fiber or dispersion compensating fiber. However, electrical optimization is 
more effective to make received OFDM-ROF signal better. For instance, pilots that are 
padded into OFDM symbol can equalize noises and phase distortions of received signal. 
OFDM-QPSK baseband signal transmitted over 50 km SSMF by 60-GHz ROF technique is 
used to prove the effect of electrical equalization. The received QPSK constellations without 
and with equalization are shown in Fig.22 (a) and (b). In this demonstration, 60 of 64 sub-
carriers are used to transmit data with QPSK modulation; pilots are carried by the other 4 
sub-carriers. Coarse channel estimation is achieved from received pilots. Fig.22 (a) depicts 
QPSK constellation with severe noises and phase distortion caused by dispersion and 
nonlinear effect. Great impact of electrical equalization which compensates signal‘s 
distortions is shown in Fig. 22 (b). 
  

-4 -2 0 2 4

-4

-3

-2

-1

0

1

2

3

4

Q
ua

dr
at

ur
e

In-Phase

Scatter plot

-1.5 -1 -0.5 0 0.5 1 1.5
-1.5

-1

-0.5

0

0.5

1

1.5

Q
ua

dr
at

ur
e

In-Phase

Scatter plot

 
(a)                                                           (b) 

Fig. 22. QPSK constellations without (a) and with (b) equalization. 

 
4.5.2 Optical OFDM Signals over GI-POF 
In this section we will experimentally demonstrate the transmission of upconverted 
16Gbit/s OFDM signals on 24GHz microwave carrier over 50m GI-POF at 1310nm.  
The experimental setup of the proposed OFDM signals transmission over GI-POF is shown 
in Fig. 23. The lightwave from the DFB laser-diode (LD) at 1310nm with the output power 
around 10dBm is modulated by an intensity modulator (IM) driven by up-converted OFDM 

 

signals. The 16Gbit/s OFDM signals are generated by OFDM transmitter and then up-
converted to 24GHz to realize RF-OFDM signals via an electrical mixer. The up-converted 
spectrum is inserted in Fig. 21. We can see that the bandwidth of the OFDM signal is 8GHz. 
The OFDM baseband signal is generated offline and uploaded into a Tektronix AWG7102. 
The waveforms produced by the arbitrary wave generator (AWG) are continuously output 
at a sample rate of 20GHz (8bits DAC, 4GHz bandwidth). The FFT size is 256, from which 
200 channels are used for data transmission, 55 channels at high frequencies are set to zero 
for over-sampling, and one channel in the middle of the OFDM spectrum is set to zero for 
DC in baseband. 10 training sequences are applied for each 150 OFDM-symbol frame in 
order to enable phase noise compensation. At the output of the AWG, the low-pass filter 
(LPF) with 5GHz bandwidth is used to remove the high-spectral components. Subsequently, 
the RF-pilot tone is created by inserting a small DC offset before an analogue I/Q mixer is 
used to up-convert the OFDM signal from the baseband to an 8.5GHz intermediate 
frequency (IF). The electrical spectrum of the original signal is shown in Fig. 24(a) 
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Fig. 23. Experimental configuration for 16Gb/s OFDM transmission over GI-POF. EA: 
electrical amplifier; IM: intensity modulator; GI-POF: graded-index plastic optical fiber; PIN: 
receiver; LPF: low pass filter. Inset: electrical spectrum of the OFDM signal after up-
conversion. 
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Fig. 24. Received electrical spectra: (a) after arbitrary waveform generator, (b) after LPF; 
received optical spectra with 0.01nm resolution: (c) before, and (d) after GI-POF at the point 
(a)-(d) in Fig. 1, respectively.  
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Fig. 25. Measured BER curves and the constellation figure of back-to-back and after 50m GI-
POF. 
 
that was measured at the point (a) in Fig. 23. The IM is driven by the OFDM signals to create 
double sideband (DSB) optical signals. The bias and the power of the RF signals are 
carefully adjusted to obtain proper power ratio between the optical carrier and the first-
order sideband signals. The optical spectrum with 0.01nm resolution after the intensity 
modulator is shown in Fig. 24(c). After IM, the signal was launched into 50m of 
commercially available GI-POF for transmission. The core of the GI-POF is 50 m with 
60dB/km attenuation at 1300 nm. The signal power launched and output of GI-POF was 5.5 
and 2.5dBm. The optical spectrum after transmission is presented in Fig. 24(d). A PIN 

 

receiver is used in the receiver side with the bandwidth of 29GHz and a 50m multimode-
coupled input. Before low pass filter (LPF), a 24GHz electrical LO signal is mixed to down-
convert the electrical signal to its baseband form. The down-converted signals are sampled 
with a real-time oscilloscope (Tektronix 6154C) and processed off-line. The electrical 
spectrum of down-converted signals is shown in Fig. 24(b). The measured BER of back-to-
back and after transmission is shown in Fig. 25 and the constellation figure after 50m GI-
POF is inserted. One million bits have been evaluated for all values of BER reported in this 
work. We can see that there exists signal degradation after 50m GI-POF. But the BER is still 
lower than 1x10-3, which is below the limitation of forward error correction (FEC) at 2x10-3. 
The main reason is the degradation of optical signal-to-noise- ratio (OSNR) from the fiber 
with an insertion loss of 3dB and modal dispersion.  

 
5. Conclusions 
 

We have reviewed broadband optical access networks to provide the needed bandwidth 
and flexible connectivity for future Internet users. For transmission fiber in broadband 
optical access network, GI-POF can be used to provide up to 40Gb/s huge bandwidth and 
low insertion loss by some special design. New modulation format signals can further 
extend the transmission distance of the signal in the GI-POF. Directly modulated laser with 
special optical filtering technique can generate a laser to increase the dispersion tolerance, 
and further more increase the bandwidth of the GI-POF.  We have demonstrated that this 
40Gb/s CML signals can be tranmitted in GI-POF over 100m distance with BER smaller than 
FEC limitation. We have proposed and experimentally demonstrated a transmission system 
with ultra-bandwidth up to 16Gbit/s OFDM signals over 50m GI-POF. The experimental 
results illustrate that the transmission over GI-POF degrades the optical signal performance 
due to the reduction of OSNR in the fiber link. However, this system still can realize error-
free transmission when the FEC is used.  
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that was measured at the point (a) in Fig. 23. The IM is driven by the OFDM signals to create 
double sideband (DSB) optical signals. The bias and the power of the RF signals are 
carefully adjusted to obtain proper power ratio between the optical carrier and the first-
order sideband signals. The optical spectrum with 0.01nm resolution after the intensity 
modulator is shown in Fig. 24(c). After IM, the signal was launched into 50m of 
commercially available GI-POF for transmission. The core of the GI-POF is 50 m with 
60dB/km attenuation at 1300 nm. The signal power launched and output of GI-POF was 5.5 
and 2.5dBm. The optical spectrum after transmission is presented in Fig. 24(d). A PIN 
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convert the electrical signal to its baseband form. The down-converted signals are sampled 
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back and after transmission is shown in Fig. 25 and the constellation figure after 50m GI-
POF is inserted. One million bits have been evaluated for all values of BER reported in this 
work. We can see that there exists signal degradation after 50m GI-POF. But the BER is still 
lower than 1x10-3, which is below the limitation of forward error correction (FEC) at 2x10-3. 
The main reason is the degradation of optical signal-to-noise- ratio (OSNR) from the fiber 
with an insertion loss of 3dB and modal dispersion.  

 
5. Conclusions 
 

We have reviewed broadband optical access networks to provide the needed bandwidth 
and flexible connectivity for future Internet users. For transmission fiber in broadband 
optical access network, GI-POF can be used to provide up to 40Gb/s huge bandwidth and 
low insertion loss by some special design. New modulation format signals can further 
extend the transmission distance of the signal in the GI-POF. Directly modulated laser with 
special optical filtering technique can generate a laser to increase the dispersion tolerance, 
and further more increase the bandwidth of the GI-POF.  We have demonstrated that this 
40Gb/s CML signals can be tranmitted in GI-POF over 100m distance with BER smaller than 
FEC limitation. We have proposed and experimentally demonstrated a transmission system 
with ultra-bandwidth up to 16Gbit/s OFDM signals over 50m GI-POF. The experimental 
results illustrate that the transmission over GI-POF degrades the optical signal performance 
due to the reduction of OSNR in the fiber link. However, this system still can realize error-
free transmission when the FEC is used.  
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1. Introduction  
 

The tremendous increase in the required volume of wireless data-transmission has 
stimulated attention on ways to use the millimeter wave (MMW) bands above 60GHz (V-
band) or above 100GHz (W-band) as the carrier frequency for the realization of systems with 
very high transmission data rates in excess of many gigabits-per-second [1,2].  
Unfortunately, there is a large propagation loss of the MMW signal in the >W-band or V-
band frequencies, whether in free space or in a coaxial cable.   One promising solution to this 
problem is the radio-over-fiber (ROF) technique [1-3], where the MMW signal is distributed 
through a lossless optical fiber and then radiated over the last-mile to the user-end. High-
speed, high responsivity, and high-power photodiodes (PD) serve as a key component in 
photonic MMW communication systems [1] for transducing the intense optical power to 
high-power MMW power. The saturation current-bandwidth product is thus a key 
parameter for evaluating the performance of high-power photodiodes (PD) for such 
applications, especially when the operating frequency is around 100GHz or higher. By 
increasing the saturation current of the PD, we can boost the injected optical power and 
further increase the maximum available MMW power. The burden imposed on the MMW 
power amplifier can thus be relaxed [4,5].  Recently, a research group at NTT reported 
excellent results for a 10Gb/s wireless link at 120GHz, achieved by using a high-power uni-
traveling-carrier photodiode (UTC-PD) based photonic transmitter [1,2].      
There are two approaches to improve the high-power performance of PDs.  One is to 
distribute and uniform the photocurrents along the edge-coupled PDs to minimize the 
thermal problem [6] and space-charge screening effect [4,5] by improving the geometric 
structure of optical and electrical waveguides, such as, evanescently-coupled photodiode 
(ECPD) [7-9]; the other is to minimize the space-charge screening effect in the photo-
absorption volume by changing the structure or material of epitaxial layers, such as UTC-PD 
[4,5], partially depleted absorber photodiode (PDP) [10], and separated-transport-
recombination photodiode (STR-PD) [11]. In this chapter, we reviewed our recent works on 
InP and GaAs based high-power photodiodes, which can overcome the above-mentioned 
problems and achieve state-of-the-art output power without seriously sacrificing the 
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responsivity and speed performance.    
 
2. Geometric Structure of High-power, High-responsivity, and High-speed 
Photodiode  
 

2.1 Introduction 
Figure 1 (a) and (b) shows the cross-sectional view of vertical-illuminated PDs (VPD) and 
WGPD, respectively. Compared with the structure of typical VPDs, the structure of the 
edge-coupled waveguide photodiode WGPD [4] has attracted a lot of attention due to its 
superior bandwidth-responsivity product performance [4].  In VPDs strcuture, the direction 
of carrier transport is parallel with the direction of incident photon and in order to shorten 
the carrier drift-time inside the absorption regime, we must decrease the absorption layer 
thickenss and the reponsivity performance will thus be sacrifieced for high-speed 
perfroamnce.  On the other hand, in WGPD structure, the direction of carrier transport is 
perpicdular to the direction of incident photon and we can still  use a thin absorption layer 
(<200nm) to absorb the edge-coupling photon completely by using a proper length of active 
waveguide, however, its maximum output photocurrent is seriously limited, due to the 
problem of saturation at the input-end of device [4].  Figure 2 shows the conceptual diagram 
of input-end-satutaion problem in WGPD.  As can be seen, most of the incident photon will 
be absorbed near the input-end of WGPD and the high density of photo-generated carriers 
would thus saturate the device output power.   There are two major trends being followed 
to improve the high-power performance of the WGPD.  One is to distribute and make 
uniform the photocurrents by improving the structure of optical and electrical waveguides, 
such as research into the velocity matched distributed photodetector (VMDP) [12] and the 
other is evanescently-coupled photodiode (ECPD) [7-9].  As can be seen in Figure 2, the 
incident photon is launched to the bottom passive optical waveguide of ECPD and 
gradually coupled to the upper active absorption region.  Becasue the gradually coupling 
process into the absorption regime, the distribution of photo-generated carriers thus 
becoems more uniform and the problem of input-end saturation in traditional WGPD can 
thus be minimized.   Recently, several research groups have demonstrated the state-of-the-
art performance of ECPDs with a short coupling length (~20μm) and partially depleted 
absorber [8,9].  However, the tolerance of the cleaved coupling length of such devices is very 
small (less than 5μm) and different coupling lengths have a serious effect on the 
responsivity performance [8].    This problem can be overcome by dry etching a deep trench 
to precisely define the waveguide length [13].  However, any roughness on the dry-etched  
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of a p-i-n based VPD (a) and WGPD (b) structure. 
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Fig. 2. The conceptual diagram of launched optical wave in the input-end of WGPD 
structure and ECPD structure 
 
facets can degrade the responsivity performance.  Other groups have also developed 
photodiodes with an asymmetric twin waveguide (tapered) structure to improve the 
cleaving tolerance and achieve high responsivity performance [7] but the misalignment 
between these twin waveguides and the optical scattering loss, which is induced by very 
long waveguide lengths (>700m), can both seriously affect the responsivity [7]. In additiom, 
by integrating an edge-coupled PD with a leaky optical waveguide, is another possible 
soulution to increase the tolerance of the cleaving process [12], although the electrical 
bandwidth performance may be sacrificed for the high responsivity performance, due to the 
fact that a much larger photo-absorption volume than that of the traditional WGPD is 
necessary to completely absorb the diluted optical power [4,12]. In this chapter, we 
reviewed our recent works [14,15], which can overcome the abvoe-mentioned problems of 
ECPD and achieve the goal of high-bandwdith, high-responsivity, and high saturation 
power. At first, we combined a partially p-doped photo-absorption layer with a leaky 
optical waveguide and a distributed-bragg-reflector (DBR) in the structure of an edge-
coupled photodiode.  The integrated DBR mirror can fold the injected optical path and 
enhance the responsivity performance without increasing the device-absorption-length.  The 
demonstrated device can achieve superior performance in terms of bandwidth, saturation 
power, and quantum efficiency for the control, without DBR mirrors. Furthermore, the 
responsivity performance of our demonstrated device is much less sensitive to the cleaved 
coupling length than is that that of the ECPD (7% vs. 30% [8]).  The another structure we 
demonstarted for solving the problems of ECPD is the dual-step evanescently-coupled 
waveguide photodiode [15] (DECPD).  By separating the fiber-guide region and coupling-
guide region into different parts of the optical waveguide [15], the dependence of the 
responsivity on the cleaved-length can be minimized, nor is a long (~700m) passive 
waveguide with complex tapered stages any longer necessary.   
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facets can degrade the responsivity performance.  Other groups have also developed 
photodiodes with an asymmetric twin waveguide (tapered) structure to improve the 
cleaving tolerance and achieve high responsivity performance [7] but the misalignment 
between these twin waveguides and the optical scattering loss, which is induced by very 
long waveguide lengths (>700m), can both seriously affect the responsivity [7]. In additiom, 
by integrating an edge-coupled PD with a leaky optical waveguide, is another possible 
soulution to increase the tolerance of the cleaving process [12], although the electrical 
bandwidth performance may be sacrificed for the high responsivity performance, due to the 
fact that a much larger photo-absorption volume than that of the traditional WGPD is 
necessary to completely absorb the diluted optical power [4,12]. In this chapter, we 
reviewed our recent works [14,15], which can overcome the abvoe-mentioned problems of 
ECPD and achieve the goal of high-bandwdith, high-responsivity, and high saturation 
power. At first, we combined a partially p-doped photo-absorption layer with a leaky 
optical waveguide and a distributed-bragg-reflector (DBR) in the structure of an edge-
coupled photodiode.  The integrated DBR mirror can fold the injected optical path and 
enhance the responsivity performance without increasing the device-absorption-length.  The 
demonstrated device can achieve superior performance in terms of bandwidth, saturation 
power, and quantum efficiency for the control, without DBR mirrors. Furthermore, the 
responsivity performance of our demonstrated device is much less sensitive to the cleaved 
coupling length than is that that of the ECPD (7% vs. 30% [8]).  The another structure we 
demonstarted for solving the problems of ECPD is the dual-step evanescently-coupled 
waveguide photodiode [15] (DECPD).  By separating the fiber-guide region and coupling-
guide region into different parts of the optical waveguide [15], the dependence of the 
responsivity on the cleaved-length can be minimized, nor is a long (~700m) passive 
waveguide with complex tapered stages any longer necessary.   
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2.2 Leaky-Waveguide PDs 
In order to determine the influence of DBR mirrors on the responsivity performance of 
photodiodes, two kinds of device, with the same geometry and epi-layer structures, but 
with and without DBR mirrors, were fabricated.  The DBR mirror device has twice the 
reflected input optical power and absorption of the folded optical power. Thus, compared 
with the DBR device, the control device requires a much longer device-absorption-length, 
which results in poorer speed performance.  The cross-sectional view and top-view of the 
demonstrated devices are given in Figure 3 and the inset shows the fabricated DBR mirror.  
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Fig. 3. The cross-sectional and top views of the demonstrated devices. The inset pictures the 
fabricated DBR mirrors. 
 
The DBR mirror pairs (500 pairs), as labeled in Figure 3, are designed to produce a reflection 
maximum at around the 1550nm wavelength regime.  The leaky optical waveguide used 
was composed of two lower undoped InGaAsP core layers, a thin heavily doped n-type InP 
etching stop layer, an In0.53Ga0.47As based photo-absorption layer, 0.3μm undoped and 
0.2μm p-doped in thickness, and a topmost p-type InP cladding  
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Fig. 4. The measured responsivity of both devices (with and without DBR mirrors) versus 
length of active diodes. The bias voltage is fixed at -3V and the waveguide widths of both 

 

devices are 2m and 5m. The inset shows the measured responsivities of DBR devices with 
the same active area (136μm2) and different cleaved lengths of passive optical waveguide. 
 
structure, without DBR mirrors, is around 200μm, and the theoretical calculated RC-limited 
bandwidth is just around 10GHz, in the case of a 50load. By the incorporation of highly 
reflective DBR mirrors into our optical leaky waveguide, the required absorption-length can 
be shorten, meaning a superior bandwidth-responsivity performance product. The partially 
p-doped photo-absorption layer, shortens the thickness of the depletion layer and 
significantly increases the saturation current of the PD [10]. Figure 4 shows the measured 
maximum responsivity of both devices vs. the active diode lengths with different 
waveguide widths (2μm and 5μm). We can clearly see that all devices with DBR mirrors and 
different waveguide widths exhibit a much higher responsivity than that of the control 
device without DBR. The inset shows the measured responsivity of the DBR device vs. the 
cleaved waveguide length. We can clearly see that the measured responsivity is almost 
independent of the cleaved length. In comparison with the reported ECPD results, the 
measured responsivity will vary much more significantly (from ~0.7A/W to ~1A/W) when 
the cleaved length increases from 10m to 20m [7]. As shown in this figure, for a device 
with a DBR mirror, the achieved responsivity can be as high as 0.9A/W. Furthermore, our 
demonstrated device does not exhibit serious wavelength selectivity, which is a serious 
problem for the resonant-cavity-enhanced PD (RCEPD) [12]. This is because our cavity 
length is much longer than the operating wavelength and that an AR coating is applied to 
the input facet. The bandwidth and saturation current were measured with a heterodyne 
beating system. The traces shown in figure 5 (a) were from devices with and without DBR 
mirrors, with different active areas (96μm2 and 136μm2) and almost similar responsivity 
performance (0.8 vs. 0.7A/W). Both devices were measured under the same dc bias voltage 
(-3V) and output photocurrent (5mA). Compared with the control, the device with DBR 
mirrors not only has higher electrical bandwidth performance (~40GHz vs. ~30GHz) but 
also produces higher bandwidth-responsivity (~32GHz-A/W vs. ~21GHz-A/W). Figure 5 
(b) shows the measured frequency responses of devices with DBR mirrors and different 
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2.2 Leaky-Waveguide PDs 
In order to determine the influence of DBR mirrors on the responsivity performance of 
photodiodes, two kinds of device, with the same geometry and epi-layer structures, but 
with and without DBR mirrors, were fabricated.  The DBR mirror device has twice the 
reflected input optical power and absorption of the folded optical power. Thus, compared 
with the DBR device, the control device requires a much longer device-absorption-length, 
which results in poorer speed performance.  The cross-sectional view and top-view of the 
demonstrated devices are given in Figure 3 and the inset shows the fabricated DBR mirror.  
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Fig. 3. The cross-sectional and top views of the demonstrated devices. The inset pictures the 
fabricated DBR mirrors. 
 
The DBR mirror pairs (500 pairs), as labeled in Figure 3, are designed to produce a reflection 
maximum at around the 1550nm wavelength regime.  The leaky optical waveguide used 
was composed of two lower undoped InGaAsP core layers, a thin heavily doped n-type InP 
etching stop layer, an In0.53Ga0.47As based photo-absorption layer, 0.3μm undoped and 
0.2μm p-doped in thickness, and a topmost p-type InP cladding  
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Fig. 4. The measured responsivity of both devices (with and without DBR mirrors) versus 
length of active diodes. The bias voltage is fixed at -3V and the waveguide widths of both 

 

devices are 2m and 5m. The inset shows the measured responsivities of DBR devices with 
the same active area (136μm2) and different cleaved lengths of passive optical waveguide. 
 
structure, without DBR mirrors, is around 200μm, and the theoretical calculated RC-limited 
bandwidth is just around 10GHz, in the case of a 50load. By the incorporation of highly 
reflective DBR mirrors into our optical leaky waveguide, the required absorption-length can 
be shorten, meaning a superior bandwidth-responsivity performance product. The partially 
p-doped photo-absorption layer, shortens the thickness of the depletion layer and 
significantly increases the saturation current of the PD [10]. Figure 4 shows the measured 
maximum responsivity of both devices vs. the active diode lengths with different 
waveguide widths (2μm and 5μm). We can clearly see that all devices with DBR mirrors and 
different waveguide widths exhibit a much higher responsivity than that of the control 
device without DBR. The inset shows the measured responsivity of the DBR device vs. the 
cleaved waveguide length. We can clearly see that the measured responsivity is almost 
independent of the cleaved length. In comparison with the reported ECPD results, the 
measured responsivity will vary much more significantly (from ~0.7A/W to ~1A/W) when 
the cleaved length increases from 10m to 20m [7]. As shown in this figure, for a device 
with a DBR mirror, the achieved responsivity can be as high as 0.9A/W. Furthermore, our 
demonstrated device does not exhibit serious wavelength selectivity, which is a serious 
problem for the resonant-cavity-enhanced PD (RCEPD) [12]. This is because our cavity 
length is much longer than the operating wavelength and that an AR coating is applied to 
the input facet. The bandwidth and saturation current were measured with a heterodyne 
beating system. The traces shown in figure 5 (a) were from devices with and without DBR 
mirrors, with different active areas (96μm2 and 136μm2) and almost similar responsivity 
performance (0.8 vs. 0.7A/W). Both devices were measured under the same dc bias voltage 
(-3V) and output photocurrent (5mA). Compared with the control, the device with DBR 
mirrors not only has higher electrical bandwidth performance (~40GHz vs. ~30GHz) but 
also produces higher bandwidth-responsivity (~32GHz-A/W vs. ~21GHz-A/W). Figure 5 
(b) shows the measured frequency responses of devices with DBR mirrors and different 
active areas (96μm2 and 160μm2) under a -3V bias voltage and a fixed 15mA output 
photocurrent. Even under such a high output photocurrent (15mA), both devices achieved  
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96μm2 and 136 μm2, respectively. (b) The measured frequency responses of devices with 
DBR mirrors and two different active areas (96μm2 and 160 μm2) under a fixed output 
photocurrent (15mA) and dc bias voltage (-3V). 
 
an electrical bandwidth of around 40GHz. The high responsivity (0.8A/W and 0.9A/W) and 
high electrical bandwidth (~40GHz) that the demonstrated devices achieved under high 
current operation ensure their suitability for application to 40Gbit/sec analog and digital 
fiber communication systems. As compared to the results shown in Figure 5, we can clearly 
see that although the DBR device has larger active area than those of the control device 
(160m2 vs. 136m2), the electrical bandwidth performance is still much better (~40GHz vs. 
~30GHz) even under a much higher output photocurrent (15mA vs. 5mA).  The superior 
high-power performance of the DBR device to the control device can possibly be attributed 
to its more uniform distribution of photo-generated carriers, because of the folded photo-
absorption process.  Figure 6 represents the photo-generated RF power versus dc 
photocurrent of devices under a fixed dc bias voltage (-3V). The ideal relation between the 
RF power of a 100% modulated large-signal and the average current with a 50Ω load is also 
plotted as a straight line for reference. As shown in this figure, DBR devices with a smaller 
geometric size (96m2 vs. 160m2) can have a slightly larger photo-generated RF power 
under the same photocurrent, due to having a larger RC limited bandwidth.  Furthermore, 
we can clearly see that the two DBR devices have a higher saturation current (~18mA vs. 
~15mA) and RF power (6.4dBm vs. 2dBm) than that of the control devices with a 136m2 
active area, due to their superior high power performance as discussed in Figure 3 and 4.  
The values achieved for RF power (6.4dBm), saturation photocurrent (~18mA), responsivity 
(0.8A/W), and electrical bandwidth (~40GHz) are comparable with the ECPD with PDP 
structure [16]. 
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Fig. 6. The RF power versus dc photocurrent of both devices (with and without DBR) with 
three different active areas (squares: 96m2, open squares: 160m2, open circles: 136m2) 
under a fixed 40GHz operating frequency and dc bias voltage (-3V). 

 

 

2.3 Dual-Step Evanescently-Coupled Uni-Traveling-Carrier Photodiodes 
A cross-sectional schematic diagram and the top view of the demonstrated DECPD are 
shown in Figures 7(a) and (b), respectively.  Figure 7(c) shows a top view of the DECPD 
after zooming in on  
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Fig. 7. (a) Cross-sectional view and (b) top-view of the demonstrated DECPD; (c) shows the 
top-view after zooming in on the active part of device.  T and g represents the thickness 
and bandgap wavelength of the specified epi-layer, respectively. 
 
its active region. As shown in Figure 7(a), the first step in the bottom of our ECPD is a 
single-mode fiber-guide while the second step is the coupling-guide region.  The lengths (Lf 
and Lc) of these two regions are marked in Figure 7(c). The fiber-guide is composed of nine 
InGaAsP layers, whose thicknesses increase from 100nm (bottom) to 314nm (top), in 
increments of 30nm, interspersed between the 80-nm-thick InP layers.  In order to achieve 
low polarization dependence, low coupling loss, and maintain single-mode propagation, 
(which can benefit integration with other active or passive components in the planar-
lightwave-circuit [17]), the index difference and thickness between InGaAsP and InP layers 
and the width (~5m) and depth (~3m) of the cross-section of our fiber-guide are all 
optimized using commercial three-dimensional (3-D) beam propagation method software 
(BPM). The insets to Figure 8 show the simulated mode spectrum and mode profile of light 
that propagates in the single-mode fiber-guide.  Obviously, there is one significant 
dominant peak, of nearly 89% of the total input power, in this inset, which indicates that our 
fiber-guide can only support one mode (single-mode) propagation.  We can thus understand 
that as the injected light couples into the upper coupling-guide region, it is always 
transferred with the same optical mode shape, regardless of the value of Lf, which is 
determined by the cleaving process.  The second step in our passive waveguide is the 
coupling-guide region, which is composed of two n-doped InGaAsP (1×1018cm-3) optical 
matching layers [8,9], for optical power coupling to the absorption region and good n-type 
ohmic contacts.  The length of this coupling region Lc is precisely defined by the mask 
design rather than by the cleaving process.  We can thus optimize Lc to achieve complete 
optical absorption for different active areas (lengths).  Figure 8 shows the simulated optical 
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96μm2 and 136 μm2, respectively. (b) The measured frequency responses of devices with 
DBR mirrors and two different active areas (96μm2 and 160 μm2) under a fixed output 
photocurrent (15mA) and dc bias voltage (-3V). 
 
an electrical bandwidth of around 40GHz. The high responsivity (0.8A/W and 0.9A/W) and 
high electrical bandwidth (~40GHz) that the demonstrated devices achieved under high 
current operation ensure their suitability for application to 40Gbit/sec analog and digital 
fiber communication systems. As compared to the results shown in Figure 5, we can clearly 
see that although the DBR device has larger active area than those of the control device 
(160m2 vs. 136m2), the electrical bandwidth performance is still much better (~40GHz vs. 
~30GHz) even under a much higher output photocurrent (15mA vs. 5mA).  The superior 
high-power performance of the DBR device to the control device can possibly be attributed 
to its more uniform distribution of photo-generated carriers, because of the folded photo-
absorption process.  Figure 6 represents the photo-generated RF power versus dc 
photocurrent of devices under a fixed dc bias voltage (-3V). The ideal relation between the 
RF power of a 100% modulated large-signal and the average current with a 50Ω load is also 
plotted as a straight line for reference. As shown in this figure, DBR devices with a smaller 
geometric size (96m2 vs. 160m2) can have a slightly larger photo-generated RF power 
under the same photocurrent, due to having a larger RC limited bandwidth.  Furthermore, 
we can clearly see that the two DBR devices have a higher saturation current (~18mA vs. 
~15mA) and RF power (6.4dBm vs. 2dBm) than that of the control devices with a 136m2 
active area, due to their superior high power performance as discussed in Figure 3 and 4.  
The values achieved for RF power (6.4dBm), saturation photocurrent (~18mA), responsivity 
(0.8A/W), and electrical bandwidth (~40GHz) are comparable with the ECPD with PDP 
structure [16]. 
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Fig. 6. The RF power versus dc photocurrent of both devices (with and without DBR) with 
three different active areas (squares: 96m2, open squares: 160m2, open circles: 136m2) 
under a fixed 40GHz operating frequency and dc bias voltage (-3V). 

 

 

2.3 Dual-Step Evanescently-Coupled Uni-Traveling-Carrier Photodiodes 
A cross-sectional schematic diagram and the top view of the demonstrated DECPD are 
shown in Figures 7(a) and (b), respectively.  Figure 7(c) shows a top view of the DECPD 
after zooming in on  
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Fig. 7. (a) Cross-sectional view and (b) top-view of the demonstrated DECPD; (c) shows the 
top-view after zooming in on the active part of device.  T and g represents the thickness 
and bandgap wavelength of the specified epi-layer, respectively. 
 
its active region. As shown in Figure 7(a), the first step in the bottom of our ECPD is a 
single-mode fiber-guide while the second step is the coupling-guide region.  The lengths (Lf 
and Lc) of these two regions are marked in Figure 7(c). The fiber-guide is composed of nine 
InGaAsP layers, whose thicknesses increase from 100nm (bottom) to 314nm (top), in 
increments of 30nm, interspersed between the 80-nm-thick InP layers.  In order to achieve 
low polarization dependence, low coupling loss, and maintain single-mode propagation, 
(which can benefit integration with other active or passive components in the planar-
lightwave-circuit [17]), the index difference and thickness between InGaAsP and InP layers 
and the width (~5m) and depth (~3m) of the cross-section of our fiber-guide are all 
optimized using commercial three-dimensional (3-D) beam propagation method software 
(BPM). The insets to Figure 8 show the simulated mode spectrum and mode profile of light 
that propagates in the single-mode fiber-guide.  Obviously, there is one significant 
dominant peak, of nearly 89% of the total input power, in this inset, which indicates that our 
fiber-guide can only support one mode (single-mode) propagation.  We can thus understand 
that as the injected light couples into the upper coupling-guide region, it is always 
transferred with the same optical mode shape, regardless of the value of Lf, which is 
determined by the cleaving process.  The second step in our passive waveguide is the 
coupling-guide region, which is composed of two n-doped InGaAsP (1×1018cm-3) optical 
matching layers [8,9], for optical power coupling to the absorption region and good n-type 
ohmic contacts.  The length of this coupling region Lc is precisely defined by the mask 
design rather than by the cleaving process.  We can thus optimize Lc to achieve complete 
optical absorption for different active areas (lengths).  Figure 8 shows the simulated optical 
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power distributions in our demonstrated devices. The simulated two DECPDs have the 
same active areas (76μm2) and active lengths (20m), but different Lc (20m and 35m). The 
values of Lf obtained during the simulation are both around 300m.   
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Fig. 8. Simulated optical power distributions without considering the optical scattering loss 
for devices with different coupling lengths and a fixed active area (76m2). Triangle: 
Lc=35m; circle: Lc=20m. The arrowheads indicate the residual optical power after 
propagation through the active length (20m). The insets show simulated cross-sectional 
views of the optical mode and mode spectrum in the fiber-guide region. 
 
We can clearly see that by optimizing the value of Lc to be 35m, the injected optical power 
for the active area (length) can be absorbed completely. The optimized values of Lc for 
devices with three different active areas; 56m2, 76m2, and 116m2, and a fixed waveguide 
width 2m, are 40μm, 35μm, and 25μm, respectively. The active absorption region of our 
device has a typical UTC-PD structure [5]. The abrupt graded p-type doping profile 
(2.5 31710  cm  to 3 31810  cm ) in the absorption region is expected to minimize the speedy 
degradation phenomenon of our UTC-PD, especially when operating under a low output 
photocurrent [5]. Figure 9 shows the measured responsivity of our devices under a fixed 
bias voltage -3V and different polarization states versus different fiber-guide (cleaved) 
lengths Lf.  The Lc of all the measured devices is fixed at 40m.  We can clearly see that the 
responsivity decreases as Lf increases, which may be attributed to the increase of optical 
scattering loss with Lf. The measured responsivity of our devices, which have the same 
76μm2 (56μm2) active area and different fiber-guide lengths (from 20m to 50m), is as high 
as around 1A/W (0.9A/W). The responsivity of the reported ECPD will oscillate seriously 
with the cleaved length (from ~0.7A/W to ~1A/W for cleaved lengths varying in the same 
range, 20m to 50m) [8,9].  We can thus conclude that, not only does our device 
demonstrate device high responsivity (~1A/W), but the cleaving tolerance is much higher 
(~around 50m) than that of reported planar multi-mode ECPDs [8,9].  
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Fig. 9. Measured responsivity versus different Lf for devices with different active areas 
under a fixed bias voltage -3V. 
 
The bandwidth and saturation current are measured with a heterodyne beating system. 
Figure 10 shows the measured frequency responses of the DECPD with different active 
areas under a fixed -1V bias voltage and a fixed photocurrent 5mA. The achieved 3-dB 
bandwidths of devices with actives areas of 56μm2, 76μm2, and 116μm2 are around 60GHz, 
50GHz, and 40GHz, respectively.  The inset to Figure 10 shows the measured frequency 
responses of a device with an 116μm2 active area under different reverse bias voltages and a 
small output photocurrent (0.5mA). We can clearly see that the speed performance of device 
is not degraded, even given such a small output photocurrent density (0.43kA/cm2) and 
different bias voltages.  The past results reported for UTC-PDs indicate that they usually 
exhibit degradation of speed performance under low output photocurrent [5,18], which is an 
issue for high-speed fiber communication system [19]. The abrupt graded p-type doping 
profile in the absorption region of our device means that the static built-in electric field (1.6 
to 19kV/cm) is around the critical field for the overshoot-velocity of the electrons.  This in 
turn means that a smaller self-  
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Fig. 10. Measured frequency responses of devices with different active areas under a fixed 
dc bias voltage (-1V) and a fixed output photocurrent (5mA).  The inset shows the device 
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power distributions in our demonstrated devices. The simulated two DECPDs have the 
same active areas (76μm2) and active lengths (20m), but different Lc (20m and 35m). The 
values of Lf obtained during the simulation are both around 300m.   
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Fig. 8. Simulated optical power distributions without considering the optical scattering loss 
for devices with different coupling lengths and a fixed active area (76m2). Triangle: 
Lc=35m; circle: Lc=20m. The arrowheads indicate the residual optical power after 
propagation through the active length (20m). The insets show simulated cross-sectional 
views of the optical mode and mode spectrum in the fiber-guide region. 
 
We can clearly see that by optimizing the value of Lc to be 35m, the injected optical power 
for the active area (length) can be absorbed completely. The optimized values of Lc for 
devices with three different active areas; 56m2, 76m2, and 116m2, and a fixed waveguide 
width 2m, are 40μm, 35μm, and 25μm, respectively. The active absorption region of our 
device has a typical UTC-PD structure [5]. The abrupt graded p-type doping profile 
(2.5 31710  cm  to 3 31810  cm ) in the absorption region is expected to minimize the speedy 
degradation phenomenon of our UTC-PD, especially when operating under a low output 
photocurrent [5]. Figure 9 shows the measured responsivity of our devices under a fixed 
bias voltage -3V and different polarization states versus different fiber-guide (cleaved) 
lengths Lf.  The Lc of all the measured devices is fixed at 40m.  We can clearly see that the 
responsivity decreases as Lf increases, which may be attributed to the increase of optical 
scattering loss with Lf. The measured responsivity of our devices, which have the same 
76μm2 (56μm2) active area and different fiber-guide lengths (from 20m to 50m), is as high 
as around 1A/W (0.9A/W). The responsivity of the reported ECPD will oscillate seriously 
with the cleaved length (from ~0.7A/W to ~1A/W for cleaved lengths varying in the same 
range, 20m to 50m) [8,9].  We can thus conclude that, not only does our device 
demonstrate device high responsivity (~1A/W), but the cleaving tolerance is much higher 
(~around 50m) than that of reported planar multi-mode ECPDs [8,9].  
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Fig. 9. Measured responsivity versus different Lf for devices with different active areas 
under a fixed bias voltage -3V. 
 
The bandwidth and saturation current are measured with a heterodyne beating system. 
Figure 10 shows the measured frequency responses of the DECPD with different active 
areas under a fixed -1V bias voltage and a fixed photocurrent 5mA. The achieved 3-dB 
bandwidths of devices with actives areas of 56μm2, 76μm2, and 116μm2 are around 60GHz, 
50GHz, and 40GHz, respectively.  The inset to Figure 10 shows the measured frequency 
responses of a device with an 116μm2 active area under different reverse bias voltages and a 
small output photocurrent (0.5mA). We can clearly see that the speed performance of device 
is not degraded, even given such a small output photocurrent density (0.43kA/cm2) and 
different bias voltages.  The past results reported for UTC-PDs indicate that they usually 
exhibit degradation of speed performance under low output photocurrent [5,18], which is an 
issue for high-speed fiber communication system [19]. The abrupt graded p-type doping 
profile in the absorption region of our device means that the static built-in electric field (1.6 
to 19kV/cm) is around the critical field for the overshoot-velocity of the electrons.  This in 
turn means that a smaller self-  
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Fig. 10. Measured frequency responses of devices with different active areas under a fixed 
dc bias voltage (-1V) and a fixed output photocurrent (5mA).  The inset shows the device 
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with an 116m2 active area measured under three different dc bias voltages (-1V, -3V, and -
5V) and much lower output photocurrent (0.5mA) 
 
induced field (photocurrent density) will be required to accelerate an electron to near its 
overshoot-velocity, thereby minimizing the problem of bandwidth degradation under low 
currents. Figure 11 shows the photo-generated RF power of the devices with (a) 56μm2, and 
(b) 116μm2 active areas.  The three traces show the results measured under three different 
bias voltages (-1V, -2V, and -3V).  The operating frequency is fixed at 60GHz and 40GHz for 
(a) and (b), respectively.  The ideal relation between the RF power of a 100% modulated 
large-signal and the average current on a 50Ω load is also plotted as a straight line for 
reference.  The maximum values of the RF power and dc photocurrent of the device with a 
56μm2 active area are limited by the thermal failure of the device.  On the other hand, for a 
device with a larger active area (116μm2), significant saturation occurs at around 19mA 
photocurrent.  The observed thermal-damage in our small device (56μm2) may be attributed 
to its larger electrical and thermal resistance, compared with that of a large device (116μm2).  
The values obtained for saturation current-bandwidth are around 780mA-GHz for both 
devices. In comparison with other reported high-performance ECPDs with a 25 effective 
load [20] or partially depleted absorbers (PDA)-ECPDs [16] with a 50load, our 
demonstrated device can achieve a comparable bandwidth-responsivity (54GHz-A/W vs. 
60GHz-A/W [20] and 40GHz-A/W [16]), and a higher saturation current-bandwidth 
performance (780mA-GHz vs. 520mA-GHz [20] and 680mA-GHz [16]). 
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Fig. 11. The RF power versus dc photocurrent of both devices (with and without DBR) with 
three different active areas (squares: 96m2, open squares: 160m2, open circles: 136m2) 
under a fixed 40GHz operating frequency and dc bias voltage (-3V). 

 
3. Epitaxial Layer Structure of High-Power Photodiodes 
 

3.1 Introduction 
Ultra-high-speed and high-output-power performances are two main trends in the progress 
of all semiconductor-based devices for telecommunication.  However, in most cases, speed 
and power performances are usually two-trade off parameters in the design of these 
devices, which include ultra-high speed PDs [4]. By properly down scaling the photo-

 

absorption volumes of PDs, ultra-high speed performances can be achieved, due to the 
reduction of parasitic capacitance and resistance in PDs.  However, the small photo-
absorption volume (~ 31 m ) would cause a high density of photo-generated free carriers and 
induce a strong space charge field that screens the external applied bias field.  The electrical 
bandwidth would thus seriously degrade due to the reduction in drift velocity of photo-
generated carriers [4,5]. There are two major ways to increase the output saturation current 
(power) and electrical bandwidth product performances, the one is to distribute the 
photocurrents along edge-coupled PDs, such as the velocity matched distributed 
photodetector (VMDP) [12] and ECPD as we discussed before, the other is to shorten the 
carrier drift-time in the active photo-absorption volume, such as UTC-PD [4,5] and 
seperated-transport-recombintaion PD (STR-PD) [11].  In this chapter, we will introduce the 
fundamental trade-off between speed and power of ultra-high speed PDs,  review the 
previous reported ultra-high speed/power PDs, and also our recent work about PD with 
state-of-the-art saturation current-bandwidth product performance.  

 
3.2 Space-Charge-Screening (SCS) Effect in Photodidoe  
Field-screening is a fundamental mechanism that limits the output power and electrical 
bandwidth of PDs under high optical power illumination.  A simple model illustrates 
physical phenomena that mitigate field-screening effects in high-speed PDs, as discussed 
below.  Filed screening arises when the dipole due to spatial separation of photo-generated 
charges, significantly reduces the drift field.  This is especially serious when the photo-
generated hole resides in the photo-absorption volume, due to its low mobility and the 
existence of hetero-structure barriers in p-i-n PDs as illustrated in Figure 12. 
 

 
Fig. 12. The serious space-charge screening is originated from hole storage in photo-
absorption volume.  
 
The electric field in the photo-absorption layer is the sum of the built-in field (Eb), the field 
due to photo-generated free charges (Ef), and the fields of waves originating elsewhere and 
propagating inside the structure (Ew), wfb EEEE  . The space charge field is found 

by Gauss’s law and is proportional to the charge area density.  For simplicity and clarity, the 
built-in field and the charge densities of the electrons and holes are approximated as 
rectangle functions in Figure 13. Figure 13 shows three sets of conceptual graphs at 
successive times after photo-generation of electrons and holes in the photo-absorption 
volume by a short optical pulse. The upper plot shows the photo-generated charge densities, 
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with an 116m2 active area measured under three different dc bias voltages (-1V, -3V, and -
5V) and much lower output photocurrent (0.5mA) 
 
induced field (photocurrent density) will be required to accelerate an electron to near its 
overshoot-velocity, thereby minimizing the problem of bandwidth degradation under low 
currents. Figure 11 shows the photo-generated RF power of the devices with (a) 56μm2, and 
(b) 116μm2 active areas.  The three traces show the results measured under three different 
bias voltages (-1V, -2V, and -3V).  The operating frequency is fixed at 60GHz and 40GHz for 
(a) and (b), respectively.  The ideal relation between the RF power of a 100% modulated 
large-signal and the average current on a 50Ω load is also plotted as a straight line for 
reference.  The maximum values of the RF power and dc photocurrent of the device with a 
56μm2 active area are limited by the thermal failure of the device.  On the other hand, for a 
device with a larger active area (116μm2), significant saturation occurs at around 19mA 
photocurrent.  The observed thermal-damage in our small device (56μm2) may be attributed 
to its larger electrical and thermal resistance, compared with that of a large device (116μm2).  
The values obtained for saturation current-bandwidth are around 780mA-GHz for both 
devices. In comparison with other reported high-performance ECPDs with a 25 effective 
load [20] or partially depleted absorbers (PDA)-ECPDs [16] with a 50load, our 
demonstrated device can achieve a comparable bandwidth-responsivity (54GHz-A/W vs. 
60GHz-A/W [20] and 40GHz-A/W [16]), and a higher saturation current-bandwidth 
performance (780mA-GHz vs. 520mA-GHz [20] and 680mA-GHz [16]). 
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Fig. 11. The RF power versus dc photocurrent of both devices (with and without DBR) with 
three different active areas (squares: 96m2, open squares: 160m2, open circles: 136m2) 
under a fixed 40GHz operating frequency and dc bias voltage (-3V). 
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Field-screening is a fundamental mechanism that limits the output power and electrical 
bandwidth of PDs under high optical power illumination.  A simple model illustrates 
physical phenomena that mitigate field-screening effects in high-speed PDs, as discussed 
below.  Filed screening arises when the dipole due to spatial separation of photo-generated 
charges, significantly reduces the drift field.  This is especially serious when the photo-
generated hole resides in the photo-absorption volume, due to its low mobility and the 
existence of hetero-structure barriers in p-i-n PDs as illustrated in Figure 12. 
 

 
Fig. 12. The serious space-charge screening is originated from hole storage in photo-
absorption volume.  
 
The electric field in the photo-absorption layer is the sum of the built-in field (Eb), the field 
due to photo-generated free charges (Ef), and the fields of waves originating elsewhere and 
propagating inside the structure (Ew), wfb EEEE  . The space charge field is found 

by Gauss’s law and is proportional to the charge area density.  For simplicity and clarity, the 
built-in field and the charge densities of the electrons and holes are approximated as 
rectangle functions in Figure 13. Figure 13 shows three sets of conceptual graphs at 
successive times after photo-generation of electrons and holes in the photo-absorption 
volume by a short optical pulse. The upper plot shows the photo-generated charge densities, 
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and the lower plots show the net electric field in the absorption region. Electron and hole 
velocities are assumed equal. The field resulting from the separation of the free charges 
opposes the built-in field, and if the charge density is large enough, may actually cancel it, 
as shown in the third set of graphs. Further, besides these, from the above figures, we can 
clearly see that the region with the least electric field is near the center of absorption region, 
where the carriers, especially for the case of hole, in the low-field region will travel slow, 
causing a slow component in the device photocurrent response. Field-screening is said to 
occur when the device response is perceptibly affected.  
 

 
Fig. 13. Conceptual illustration of field-screening mechanism. Simplified electron and hole 
distributions and net electric fields in the depletion region are plotted at three times after 
photo-generation by a short optical pulse. 

 

 

   

                 

 

 

 
 
 
 
 
 
Table 1. Symbols and quantities for equation (1) & (2) 
 
Eq. 1 and 2 is the transcendental equation for solving the net magnitude of electric field in 
the photo-absorption region and the drift velocity of photo-generated hole, respectively. The 
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physical meanings and values of each parameter are given in Table 1. We can clealrly see 
that in order to increae the Eeff and saturation current of photodode, we must reduce the 
depeletion layer thickness (D) or increase the carrier drift-velocity (Vhole). By increasing the 
drift-velocity of photo-generated carriers, such as with the structure of a UTC-PD, is one 
way to minimize the SCS effect. Excellent high-speed and high-power performance has been 
demonstrated [4,5] in UTC-PD. Figure 14 shows the conceptual band diagram of UTC-PD. 
Compared with the traditional p-i-n structure, the photo-absorption layer in the UTC-PD is 
a p-type doped epi layer instead of an intrinsic layer, thus the photo-generated holes will 
relax to the p contact metal directly without drift, diffusion or accumulation in photo-
absorption layer, which will cause serious bandwidth degradation due to the space-charge 
screening effect.  The photo-generated electrons in the absorption layer will diffuse into an 
intrinsic layer. In order to reduce the diffusion time of electrons in p-type layer, graded-
doped or graded-bandgap absorption layers have been demonstrated in UTC-PDs [4,5] as in 
the n-p-n hetero-junction bipolar transistor (HBT) devices. Without the poor transport 
properties, such as low mobility and low drift velocity of the photo-generated holes, high 
power-bandwidth product performance of VPD type, WGPD type, and distributed type 
UTC-PDs have been demonstrated [4,5,21]. 

 

 
Fig. 14. The conceptual band diagram of UTC-PD 

 
3.3 Near-Ballistic Uni-Traveling Carrier Photodidoe (NBUTC-PD) 
The structure of UTC-PD, as discussed before, has attracted much attention due to its 
excellent speed and output power performance. However, such a device usually suffers 
from the problem of bandwidth degradation under high dc external bias voltage [4,5] due to 
both the high electric field existing at the junction of the collector (C) and photo-absorption 
(P) layer, and the decrease in the overshoot drift-velocity of photo-generated electrons. One 
possible way to enhance the speed performance of UTC-PD is to reduce the externally 
applied bias voltage and let the value of the electric field in the C-P junction approximately 
for the critical field, which will enhance the drift-velocity of photo-generated electrons [4,5]. 
However, under such low reverse bias voltage (around -1V for 200nm collector), the field-
screening effect, which originates from the difference in polarity between the output ac 
voltage across the standard 50Ω load and the dc bias voltage, will seriously limit the 
maximum output photocurrent of the UTC-PD. Near-ballistic UTC-PD (NBUTC-PD) with 
state-of-the-art performance has been demonstarted to overcome the above-mentioned 
problems [22,23]. By inserting an additional delta-doped p+ charge layer and an electric-
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and the lower plots show the net electric field in the absorption region. Electron and hole 
velocities are assumed equal. The field resulting from the separation of the free charges 
opposes the built-in field, and if the charge density is large enough, may actually cancel it, 
as shown in the third set of graphs. Further, besides these, from the above figures, we can 
clearly see that the region with the least electric field is near the center of absorption region, 
where the carriers, especially for the case of hole, in the low-field region will travel slow, 
causing a slow component in the device photocurrent response. Field-screening is said to 
occur when the device response is perceptibly affected.  
 

 
Fig. 13. Conceptual illustration of field-screening mechanism. Simplified electron and hole 
distributions and net electric fields in the depletion region are plotted at three times after 
photo-generation by a short optical pulse. 
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physical meanings and values of each parameter are given in Table 1. We can clealrly see 
that in order to increae the Eeff and saturation current of photodode, we must reduce the 
depeletion layer thickness (D) or increase the carrier drift-velocity (Vhole). By increasing the 
drift-velocity of photo-generated carriers, such as with the structure of a UTC-PD, is one 
way to minimize the SCS effect. Excellent high-speed and high-power performance has been 
demonstrated [4,5] in UTC-PD. Figure 14 shows the conceptual band diagram of UTC-PD. 
Compared with the traditional p-i-n structure, the photo-absorption layer in the UTC-PD is 
a p-type doped epi layer instead of an intrinsic layer, thus the photo-generated holes will 
relax to the p contact metal directly without drift, diffusion or accumulation in photo-
absorption layer, which will cause serious bandwidth degradation due to the space-charge 
screening effect.  The photo-generated electrons in the absorption layer will diffuse into an 
intrinsic layer. In order to reduce the diffusion time of electrons in p-type layer, graded-
doped or graded-bandgap absorption layers have been demonstrated in UTC-PDs [4,5] as in 
the n-p-n hetero-junction bipolar transistor (HBT) devices. Without the poor transport 
properties, such as low mobility and low drift velocity of the photo-generated holes, high 
power-bandwidth product performance of VPD type, WGPD type, and distributed type 
UTC-PDs have been demonstrated [4,5,21]. 
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both the high electric field existing at the junction of the collector (C) and photo-absorption 
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possible way to enhance the speed performance of UTC-PD is to reduce the externally 
applied bias voltage and let the value of the electric field in the C-P junction approximately 
for the critical field, which will enhance the drift-velocity of photo-generated electrons [4,5]. 
However, under such low reverse bias voltage (around -1V for 200nm collector), the field-
screening effect, which originates from the difference in polarity between the output ac 
voltage across the standard 50Ω load and the dc bias voltage, will seriously limit the 
maximum output photocurrent of the UTC-PD. Near-ballistic UTC-PD (NBUTC-PD) with 
state-of-the-art performance has been demonstarted to overcome the above-mentioned 
problems [22,23]. By inserting an additional delta-doped p+ charge layer and an electric-
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field-suffer layer into the collector layer, we can produce an appropriate value of electric 
field in most of the collector layers so as to sustain a peak velocity of photo-generated 
electrons under certain ranges of bias voltage and output photocurrent.   
Figure 15 shows the conceptual band diagram of InP based NBUTC-PD. The major 
difference in the epi-layer structure between the UTC-PD and the demonstrated NBUTC-PD 
is the additional planar-doped p+ In0.52Al0.48As charge layer and the 100nm thick undoped 
In0.52Al0.48As electric-field-suffered layer (E). The basic working principle of the NBUTC-PD 
is similar to that of the reported “Ballistic Collection Transistor (BCT)” [24], whose near-
ballistic transport property has been verified through Monte Carlo simulations and 
experiments [25]. By introducing the proper planar doping density (51011cm-2) into the 
depleted p+ charge layer, the maximum electric field in the In0.52Al0.15Ga0.33As collector layer 
can be controlled to produce an appropriate value (around 40kV/cm at -5V bias) to sustain 
the overshoot velocity of the photo-generated electrons under a certain range of bias  
 

 
Fig. 15. The conceptual band diagram of NBUTC-PD 
 
voltages and output photocurrents.  The adopted graded p-type doping profile of the P 
layer can produce a built-in electric field (1.6 to 19kV/cm) around the critical field for the 
electron overshoot velocity. This means that a small self-induced field (photocurrent 
density) will be required to accelerate an electron to near its overshoot-velocity in the P layer 
[15]. Through this special P and C two-layer design, near-ballistic-transport of photo-
generated electrons throughout the whole epi-layer structure can thus be expected.  
NBUTC-PDs with ECPD and back-side illuminated VPD structures [22,23] have both been 
demonstarted.  Both kinds of strcuture have demonsatrted ecellent speed and power 
performance.    
Figure 16 (a), (b) shows cross-sectional view and top views of the demonstrated NBTUC-PD 
with ECPD structure, respectively.  The optical waveguide structure of our demonstrated 
NBUTC-PD is based on the reported high-performance planar evanescently-coupled 
photodiode as discussed before [8,9]. Extremely high responsivity of 1.01A/W and 1.02A/W 
was achieved with 150m2 and 200m2 active areas, respectively.  The responsivity of the 
device with an 8m waveguide/diode width and 40m (320m2 active area) absorption 
length could be further improved to 1.14A/W. To our knowledge, these are the highest 
values ever reported for the responsivity of high-speed and high power UTC-PDs [4,5].  
Figure 17 shows the typical frequency responses of the device with a 200m2 active area 
under different levels of the output photocurrent (0.5mA, 5mA, and 20mA) and a fixed dc 
bias voltages (-5V).  One can clearly see that under 0.5 and 5mA operation, the electrical 

 

bandwidth was around 40GHz.  When the photocurrent reached 20mA, the bandwidth of 
device increased to 50GHz.   Figure 18 shows the measured and fitted frequency responses 
of the device with a 320m2 active area under 10mA and 15mA  
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Fig. 16. Cross-sectional view (a) and top-view (b) of NBUTC-PD, which incorporates with an 
evanescently-coupled optical waveguide. 
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Fig. 17. The measured frequency responses of the device with a 200m2 active area under 
different levels of the output photocurrent and a fixed dc bias voltage (-5V). (square: 0.5mA; 
open square: 5mA; open triangular: 20mA). 
 
output photocurrent values. The dc bias voltage was fixed at -4V. According to our 
simulation results, the bandwidth improvement under high current operation (15mA) is 
associated to the reduction of the transport time as discussed above and the ac capacitance 
[18]. The total capacitance is reduced due to the subtraction of the differential ac 

capacitance ( )C
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 , proportional to the current, from the depletion capacitance 

[13,18]. Where, Vac is the output ac voltage of device, IC is the photocurrent, and C  is the 
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field-suffer layer into the collector layer, we can produce an appropriate value of electric 
field in most of the collector layers so as to sustain a peak velocity of photo-generated 
electrons under certain ranges of bias voltage and output photocurrent.   
Figure 15 shows the conceptual band diagram of InP based NBUTC-PD. The major 
difference in the epi-layer structure between the UTC-PD and the demonstrated NBUTC-PD 
is the additional planar-doped p+ In0.52Al0.48As charge layer and the 100nm thick undoped 
In0.52Al0.48As electric-field-suffered layer (E). The basic working principle of the NBUTC-PD 
is similar to that of the reported “Ballistic Collection Transistor (BCT)” [24], whose near-
ballistic transport property has been verified through Monte Carlo simulations and 
experiments [25]. By introducing the proper planar doping density (51011cm-2) into the 
depleted p+ charge layer, the maximum electric field in the In0.52Al0.15Ga0.33As collector layer 
can be controlled to produce an appropriate value (around 40kV/cm at -5V bias) to sustain 
the overshoot velocity of the photo-generated electrons under a certain range of bias  
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voltages and output photocurrents.  The adopted graded p-type doping profile of the P 
layer can produce a built-in electric field (1.6 to 19kV/cm) around the critical field for the 
electron overshoot velocity. This means that a small self-induced field (photocurrent 
density) will be required to accelerate an electron to near its overshoot-velocity in the P layer 
[15]. Through this special P and C two-layer design, near-ballistic-transport of photo-
generated electrons throughout the whole epi-layer structure can thus be expected.  
NBUTC-PDs with ECPD and back-side illuminated VPD structures [22,23] have both been 
demonstarted.  Both kinds of strcuture have demonsatrted ecellent speed and power 
performance.    
Figure 16 (a), (b) shows cross-sectional view and top views of the demonstrated NBTUC-PD 
with ECPD structure, respectively.  The optical waveguide structure of our demonstrated 
NBUTC-PD is based on the reported high-performance planar evanescently-coupled 
photodiode as discussed before [8,9]. Extremely high responsivity of 1.01A/W and 1.02A/W 
was achieved with 150m2 and 200m2 active areas, respectively.  The responsivity of the 
device with an 8m waveguide/diode width and 40m (320m2 active area) absorption 
length could be further improved to 1.14A/W. To our knowledge, these are the highest 
values ever reported for the responsivity of high-speed and high power UTC-PDs [4,5].  
Figure 17 shows the typical frequency responses of the device with a 200m2 active area 
under different levels of the output photocurrent (0.5mA, 5mA, and 20mA) and a fixed dc 
bias voltages (-5V).  One can clearly see that under 0.5 and 5mA operation, the electrical 

 

bandwidth was around 40GHz.  When the photocurrent reached 20mA, the bandwidth of 
device increased to 50GHz.   Figure 18 shows the measured and fitted frequency responses 
of the device with a 320m2 active area under 10mA and 15mA  
 

Co-Planar 
Waveguide(a) (b)

Diluted-waveguide-layers

Active layers of NBUTC-PD

Optical matching layers

 
 

Fig. 16. Cross-sectional view (a) and top-view (b) of NBUTC-PD, which incorporates with an 
evanescently-coupled optical waveguide. 
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Fig. 17. The measured frequency responses of the device with a 200m2 active area under 
different levels of the output photocurrent and a fixed dc bias voltage (-5V). (square: 0.5mA; 
open square: 5mA; open triangular: 20mA). 
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associated to the reduction of the transport time as discussed above and the ac capacitance 
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electron drift time. For the case of demonstrated device, such effect should be significant 
due to that under near-ballistic transport, the variation of drift-velocity (time) vs. the electric 
field (Vac) is obvious, according to the reported field dependence electron drift velocity of 
III-V semiconductors.  On the other hand, for the case of UTC-PD operated in the velocity-
saturation regime, such effect can almost be neglected due to the fact that electron velocity is 
insensitive to the electric field.   In our bandwidth simulation model, we thus used different  
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Fig. 18. The measured and fitted frequency responses of the device with a 320m2 active 
area under different output photocurrent values and a fixed dc bias voltage (-4V) (square: 
measured trace under 10mA operation; circle: measured trace under 15mA operation; open 
square: fitted trace under 10mA operation; open circle: fitted trace under 15mA operation.). 
 
drift-velocities and the variation of slopes of electron drift-velocity vs. the electric field in 
In0.53Ga0.47As material to roughly estimate the reduction of total capacitance and fit the 
measured frequency responses. Figure 19 shows the fitted and measured microwave S22 
parameters of NBUTC-PD with a 320m2 active region for a broad frequency range (from 40 
MHz to 50 GHz) under two different output photocurrents (1mA and 20mA) and a fixed 
bias voltage of -5V.  The obvious difference between the S22 parameters under low and high 
photocurrents indicates the variation of the elements’ values in the equivalent-circuit-model.  
Under high current operation (20mA), the traces of S22 in the Smith-Chart are closer to the 
S22 traces of the case of ideal open-circuit than the measured S22 trace under low current 
operation (1mA) are, which implies a significant improvement in the microwave 
characteristics of device. This phenomenon has never been observed before in the traditional 
p-i-n PD. The measured frequency responses of the S22 parameters of ordinary PDs or UTC-
PD are usually insensitive to their output photocurrent [26]. As compared with the reported 
UTC-PD [4,5], NBUTC-PD can achieve almost the same electrical bandwidth (around 
40GHz), even with a much larger device size (320m2 vs. ~120�m2), and responsivity.  This 
implies that the NBUTC-PD can achieve better output power and responsivity performance 
with a larger device size without sacrificing speed seriously due to the superior transport 
property of photo-generated electrons. The traces shown in Figure20 represent the photo-
generated RF power vs. dc photocurrent of the NBUTC-PD under different bias voltages (-
1V, -3V, and -5V).  
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Fig. 19. The measured and the fitted S22 parameters of the device with a 320m2 active area 
under different levels of output photocurrent (1mA and 20mA) and a fixed dc bias voltage (-
5V). The two solid lines represent the measured S22 under 1mA and 20mA. Traces with open 
circle and close triangle symbols represent the fitted results under 1mA and 20mA, 
respectively. 
 
The operating frequency was fixed at 40GHz. The ideal relation between the RF power of a 
100% modulated large-signal and the average current on a 50Ω load is also plotted as a 
straight line for reference. For the case of a –5V bias, the traces of the device with different 
active areas (200m2 and 320m2) are also shown for the purpose of comparison. Since, the 
bandwidth of the device with a 320m2 active area increases as the photocurrent increases 
significantly under a -5V bias, the output RF power is closer to the ideal line than is the case 
with a low photocurrent.  
  

 
Fig. 20. RF power versus dc photocurrent of the devices with different active areas under 
different reverse bias voltages (square: -1V, circle: -3V, triangle (open triangle): -5V) at a 
40GHz operating frequency. The ideal relation between the RF power and current on a 50Ω 
load is plotted as a straight line for reference purpose. 
 
As compared to the structure of ECPD, the VPD structure may have further improved high-
power performance due to that the input-end saturation problem can be eliminated. 
However, its responsivity may be poorer. Fortunately, when the operation frequency is over 
100GHz, the maximum output saturation power from PD becomes a key isssue instead of 
efficiency due to that the over 100GHz MMW power amplifier still remains a challenge.  The 
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electron drift time. For the case of demonstrated device, such effect should be significant 
due to that under near-ballistic transport, the variation of drift-velocity (time) vs. the electric 
field (Vac) is obvious, according to the reported field dependence electron drift velocity of 
III-V semiconductors.  On the other hand, for the case of UTC-PD operated in the velocity-
saturation regime, such effect can almost be neglected due to the fact that electron velocity is 
insensitive to the electric field.   In our bandwidth simulation model, we thus used different  
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Fig. 18. The measured and fitted frequency responses of the device with a 320m2 active 
area under different output photocurrent values and a fixed dc bias voltage (-4V) (square: 
measured trace under 10mA operation; circle: measured trace under 15mA operation; open 
square: fitted trace under 10mA operation; open circle: fitted trace under 15mA operation.). 
 
drift-velocities and the variation of slopes of electron drift-velocity vs. the electric field in 
In0.53Ga0.47As material to roughly estimate the reduction of total capacitance and fit the 
measured frequency responses. Figure 19 shows the fitted and measured microwave S22 
parameters of NBUTC-PD with a 320m2 active region for a broad frequency range (from 40 
MHz to 50 GHz) under two different output photocurrents (1mA and 20mA) and a fixed 
bias voltage of -5V.  The obvious difference between the S22 parameters under low and high 
photocurrents indicates the variation of the elements’ values in the equivalent-circuit-model.  
Under high current operation (20mA), the traces of S22 in the Smith-Chart are closer to the 
S22 traces of the case of ideal open-circuit than the measured S22 trace under low current 
operation (1mA) are, which implies a significant improvement in the microwave 
characteristics of device. This phenomenon has never been observed before in the traditional 
p-i-n PD. The measured frequency responses of the S22 parameters of ordinary PDs or UTC-
PD are usually insensitive to their output photocurrent [26]. As compared with the reported 
UTC-PD [4,5], NBUTC-PD can achieve almost the same electrical bandwidth (around 
40GHz), even with a much larger device size (320m2 vs. ~120�m2), and responsivity.  This 
implies that the NBUTC-PD can achieve better output power and responsivity performance 
with a larger device size without sacrificing speed seriously due to the superior transport 
property of photo-generated electrons. The traces shown in Figure20 represent the photo-
generated RF power vs. dc photocurrent of the NBUTC-PD under different bias voltages (-
1V, -3V, and -5V).  
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The operating frequency was fixed at 40GHz. The ideal relation between the RF power of a 
100% modulated large-signal and the average current on a 50Ω load is also plotted as a 
straight line for reference. For the case of a –5V bias, the traces of the device with different 
active areas (200m2 and 320m2) are also shown for the purpose of comparison. Since, the 
bandwidth of the device with a 320m2 active area increases as the photocurrent increases 
significantly under a -5V bias, the output RF power is closer to the ideal line than is the case 
with a low photocurrent.  
  

 
Fig. 20. RF power versus dc photocurrent of the devices with different active areas under 
different reverse bias voltages (square: -1V, circle: -3V, triangle (open triangle): -5V) at a 
40GHz operating frequency. The ideal relation between the RF power and current on a 50Ω 
load is plotted as a straight line for reference purpose. 
 
As compared to the structure of ECPD, the VPD structure may have further improved high-
power performance due to that the input-end saturation problem can be eliminated. 
However, its responsivity may be poorer. Fortunately, when the operation frequency is over 
100GHz, the maximum output saturation power from PD becomes a key isssue instead of 
efficiency due to that the over 100GHz MMW power amplifier still remains a challenge.  The 
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key point to pursuit the ultimate high saturation current-bandwidth product of the PD is to 
downscale the area of the photo-absorption active area and the thickness of the depletion 
layer. However, device-heating [6] and high parasitic resistance could become problems, 
which would seriously limit the saturation current of a PD with such a small active area 
(~10m2). It has been demonstrated that such problems can be minimized by the 
incorporation of flip-chip bonding structures or an epitaxial layer transferring process [27]. 
Figures 21 (a) to (d) show the top view of the NBUTC-PD with VPD structure before flip-
chip bonding, cross-sectional views of the device, the flip-chip bonded NBUTC-PD, and the 
layout of the flip-chip bonding pedestal, respectively. The details of the geometric structure 
of the back-side illuminated NBUTC-PD are similar to those described in our previous work 
[25]. Figure 22 (a) and (b) shows the measured O-E frequency resposne and measured 
output photocurrent vs. MMW power of NBUTC-PD with a 144m2 active area, respectively.  
The measured saturation-current bandwidth product is a record-high, over 4070mA-GHz 
(>110GHz, 37mA). This is superior to all values reported for high-performance 
evanescently-coupled p-i-n PDs (624mA-GHz, 120GHz, 5.2mA) [20], parallel-fed traveling 
wave photodetectors (1760mA-GHz, 80GHz, 22mA), [17], and UTC-PDs (>2380mA-GHz [4], 
(2500mA-GHz [28])) under the similar heterodyne-beating CW-measurement.   
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Fig. 21. (a) Top-view of the NBUTC-PD, (b) conceptual cross-sectional view of the NBUTC-
PD  (c) NBUTC-PD after flip-chip bonding, (d) and flip-chip bonding pedestal. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22. (a) The measured and fitted O-E frequnecy resposne of NBUTC-PD with VPD 
structure.  Device C and D have 100m2 and 144m2 active areas, respectively.  

0 100 200 300
-18

-12

-6

0

6

 

 

Frequency(GHz)

 C, Measured
 D, Measured
 C, Fitted
 D, Fitted

Bias Voltage: -3V
Photocurrent: 7.5mA

10 20 30 40

0

10

 With Center Bonding Pad
 W/O Center Bonding Pad
 Ideal Curve

 

 

O
ut

pu
t P

ow
er

(d
B

m
)

Photocurrent(mA)

Device D
37mA, 10.7dBm
Under 25Load
Bias at -3V

(a) (b) 

 

3.4 Partially-Depleted PDs 
Thinng the absorption layer thickness [4] or using the p-type absorption layer [4,5], such as 
the case of UTC-PD, are both possible ways to increase the saturation power of PD, however, 
the quantum efficiency performance of PDs are usually sacrificed due to its thin intrinsic 
layer or the recombination process of photo-generated carriers in the photo-absorption layer 
with p-type dopant [1,11]. Recently, some research groups have demonstrated a new 
photodiode design that combines the depleted and neutral absorption layers (p-type 
doping) to maximize the bandwidth-efficiency product of photodiode [10]. Excellent 
bandwidth  
 
 
 
 
 
 
 
 
 
 
 
Fig. 23. The conceptual picture, which illustrate why that the PDP structure can have higher 
stauration current than that of a traditional p-i-n diode. 
 
(over 50GHz) and efficiency performance (0.98A/W) have been demonstrated by use of 
such technique with the structure of vertical-illuminated PD. Figure 23 shows the 
conceptual band diagram of a partially depleted PD (PDP) and a traditional PD with a pure  
intrinsic absoprtion layer. We can clealy see that by replacing some part of intrincsic 
absoprtion layer with p-type doping layer, the depeltion layer thickness can be downscaled 
and the drift-time of photo-genearted hole can be effectively reduced. The diffsuion time of 
electron in the p-type absorption layer is not an isse due to that it can be minimized by use 
of the graded doping profile to create a built-in electric field and accelearte the diffusion 
process. Such technique has already been reported in the UTC-PD structure [4,5]. 
Futhermore, the PDP structure can have superior responsivity performance to the high-
power PD by downscaling the absorption layer thickness. ECPD with PDP structure as 
active photodidoe [9] have already been demonstarted.  In order to study the influence of  
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key point to pursuit the ultimate high saturation current-bandwidth product of the PD is to 
downscale the area of the photo-absorption active area and the thickness of the depletion 
layer. However, device-heating [6] and high parasitic resistance could become problems, 
which would seriously limit the saturation current of a PD with such a small active area 
(~10m2). It has been demonstrated that such problems can be minimized by the 
incorporation of flip-chip bonding structures or an epitaxial layer transferring process [27]. 
Figures 21 (a) to (d) show the top view of the NBUTC-PD with VPD structure before flip-
chip bonding, cross-sectional views of the device, the flip-chip bonded NBUTC-PD, and the 
layout of the flip-chip bonding pedestal, respectively. The details of the geometric structure 
of the back-side illuminated NBUTC-PD are similar to those described in our previous work 
[25]. Figure 22 (a) and (b) shows the measured O-E frequency resposne and measured 
output photocurrent vs. MMW power of NBUTC-PD with a 144m2 active area, respectively.  
The measured saturation-current bandwidth product is a record-high, over 4070mA-GHz 
(>110GHz, 37mA). This is superior to all values reported for high-performance 
evanescently-coupled p-i-n PDs (624mA-GHz, 120GHz, 5.2mA) [20], parallel-fed traveling 
wave photodetectors (1760mA-GHz, 80GHz, 22mA), [17], and UTC-PDs (>2380mA-GHz [4], 
(2500mA-GHz [28])) under the similar heterodyne-beating CW-measurement.   
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Fig. 21. (a) Top-view of the NBUTC-PD, (b) conceptual cross-sectional view of the NBUTC-
PD  (c) NBUTC-PD after flip-chip bonding, (d) and flip-chip bonding pedestal. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22. (a) The measured and fitted O-E frequnecy resposne of NBUTC-PD with VPD 
structure.  Device C and D have 100m2 and 144m2 active areas, respectively.  
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layer or the recombination process of photo-generated carriers in the photo-absorption layer 
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Fig. 24. The simulated electrical bandwidth vs. the ratio of p-doped photo-absorption layer 
thickness to undoped photo-absorption layer thickness under different operation current (5, 
10, 20 mA). The thickness of InGaAs photo-absorption layer is fixed at 500nm. 
 
partially p-doped photo-absorption layers on the high power performance of photodiode, 
two kinds of devices, which have the same structures of epi-layers except for the photo-
absorption active region, were fabricated.  Device A has the graded partially p-doped photo-
absorption layer to accelerate the drift velocity of photo-generated electrons and device B 
has a pure intrinsic photo-absorption layer. The ratio of p-doped to undoped layer thickness 
of device A has been optimized due to the trade-off between RC time constant and drift time 
of photo-generated carriers [29]. Figure 24 shows the simulation result. As can be seen, by 
choosing that the ratio of p-type layer thickness over the total absorption layer thickness, 
which is fixed at 0.5m, equals to 0.5, we can get a optimized speed performance. The 
measured DC responsivity of both devices are the same as 1A/W. The measured frequency 
responses and f3dB electrical bandwidths of device A and B are shown in Fig. 25 (a). Device A 
and B have the same sizes of active area (150m2) under the same dc bias voltage (-1V) and 
output photocurrent (5.5mA). According to the measurement results, we can clearly see that 
device A with partially p-doped photo-absorption layer has superior electrical bandwidth 
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Fig. 25. (a) The measured frequency responses of device A and B under the same high 
output current (5.5mA) and dc bias voltage (-1V). The active area of device A and B is about 
150m2 (b) RF power versus dc photocurrent of device A and device B under different 
reverse bias voltages (close triangle: -5V of device A, open triangle: -5V of device B, close 
circle: -1V of device A, open circle: -1V of device B) at 40GHz operating frequency. The 
active area of both devices is 150m2. 
 
performance (~26GHz vs. ~8GHz) especially under high current (5.5mA) and low bias 
voltage operation (-1V). Fig. 25 (b) shows the photo-generated RF power versus dc 
photocurrent of device A and B with the same active area (150 m2) under different reverse 
bias voltages (-1V and -5V). As this figure indicates, both devices exhibit significant 
saturation behaviors under low bias voltage (-1V) and high current operation (~10mA). 
Besides, device A has significant higher values of RF saturation power then device B 
especially under low dc bias voltage (-1V). These measurement results, as shown in Fig. 23 
to 25, indicate that the technique of partially p-doped photo-absorption layer will enhance 
the speed and output power performance of photodiode significantly without sacrificing the 
responsivity performance. Furthermore, as compared to downscale the thickness of intrinsic 
InGaAs photo-absorption layer directly, this demonstrated technique would not increase the 
device absorption length or sacrifice the responsivity.     

 
3.5 Separated-Transport-Recombination PDs 
Based on equation 1, downscaling the depletion layer thickness is the most straightforward 
way to increase the saturation power of a photodiode [4,11] due to the shortening of carrier 
drift-time. However, PDs with thin depletion layers usually suffer from the problems of low 
quantum efficiency and very limited RC bandwidth. As discussed before, PDP structure is 
one kind of structure to overcome the above-mentioned problems, however, its speed 
performance may still be limited by the drift-diffusion time of carriers. A novel p-i-n 
photodiode structure: the Separated-Transport-Recombination photodiode (STR-PD), which 
can greatly relieve the trade-offs among output saturation power, quantum efficiency, and 
electrical bandwidth performance, have been demonstarted to further imprve the speed 
performance [11]. In the demonstrated GaAs based STR-PD, the LTG-GaAs layer, which has 
an extremely short carrier lifetime (less than 1ps) [30], is adopted to serve as the 
recombination center in the active photo-absorption region and futher break the bandwdith 
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Fig. 24. The simulated electrical bandwidth vs. the ratio of p-doped photo-absorption layer 
thickness to undoped photo-absorption layer thickness under different operation current (5, 
10, 20 mA). The thickness of InGaAs photo-absorption layer is fixed at 500nm. 
 
partially p-doped photo-absorption layers on the high power performance of photodiode, 
two kinds of devices, which have the same structures of epi-layers except for the photo-
absorption active region, were fabricated.  Device A has the graded partially p-doped photo-
absorption layer to accelerate the drift velocity of photo-generated electrons and device B 
has a pure intrinsic photo-absorption layer. The ratio of p-doped to undoped layer thickness 
of device A has been optimized due to the trade-off between RC time constant and drift time 
of photo-generated carriers [29]. Figure 24 shows the simulation result. As can be seen, by 
choosing that the ratio of p-type layer thickness over the total absorption layer thickness, 
which is fixed at 0.5m, equals to 0.5, we can get a optimized speed performance. The 
measured DC responsivity of both devices are the same as 1A/W. The measured frequency 
responses and f3dB electrical bandwidths of device A and B are shown in Fig. 25 (a). Device A 
and B have the same sizes of active area (150m2) under the same dc bias voltage (-1V) and 
output photocurrent (5.5mA). According to the measurement results, we can clearly see that 
device A with partially p-doped photo-absorption layer has superior electrical bandwidth 
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Fig. 25. (a) The measured frequency responses of device A and B under the same high 
output current (5.5mA) and dc bias voltage (-1V). The active area of device A and B is about 
150m2 (b) RF power versus dc photocurrent of device A and device B under different 
reverse bias voltages (close triangle: -5V of device A, open triangle: -5V of device B, close 
circle: -1V of device A, open circle: -1V of device B) at 40GHz operating frequency. The 
active area of both devices is 150m2. 
 
performance (~26GHz vs. ~8GHz) especially under high current (5.5mA) and low bias 
voltage operation (-1V). Fig. 25 (b) shows the photo-generated RF power versus dc 
photocurrent of device A and B with the same active area (150 m2) under different reverse 
bias voltages (-1V and -5V). As this figure indicates, both devices exhibit significant 
saturation behaviors under low bias voltage (-1V) and high current operation (~10mA). 
Besides, device A has significant higher values of RF saturation power then device B 
especially under low dc bias voltage (-1V). These measurement results, as shown in Fig. 23 
to 25, indicate that the technique of partially p-doped photo-absorption layer will enhance 
the speed and output power performance of photodiode significantly without sacrificing the 
responsivity performance. Furthermore, as compared to downscale the thickness of intrinsic 
InGaAs photo-absorption layer directly, this demonstrated technique would not increase the 
device absorption length or sacrifice the responsivity.     
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Based on equation 1, downscaling the depletion layer thickness is the most straightforward 
way to increase the saturation power of a photodiode [4,11] due to the shortening of carrier 
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electrical bandwidth performance, have been demonstarted to further imprve the speed 
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an extremely short carrier lifetime (less than 1ps) [30], is adopted to serve as the 
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Fig. 26. The conceptual band diagram of the demonstrated STR-PD. 
 
carrier lifetime [30] serves as a recombination center sandwiched between two high quality 
GaAs based photo-absorption layers. As shown in Fig. 26, the external applied electric field 
is concentrated in the two GaAs layers due to the high defect density and field-screening 
effect of the inserted LTG-GaAs layer [11]. These two photo-absorption layers can, thus, be 
treated as a “transport layer” or “depletion layer” in our structure due to their much higher 
mobility compared to LTG-GaAs and the concentration of the applied electric field.  To 
recombine the photo-generated carriers, which exhibit low drift-velocity under high current 
operation, the position of this inserted LTG-GaAs based layer is located near the center of 
the photo-absorption region [4].  Under optical illumination, most of the photo-generated 
electrons in the transport layer, which is near the P+ Al0.2Ga0.8As layer, will be injected into 
the LTG-GaAs layer and will recombine with the photo-generated hole from the other side 
of transport layer. The effective carrier-drift distance in the STR-PD will be roughly 
approximated by the thickness of the one-sided GaAs based photo-absorption (depletion) 
layer, which can be thinned down to shorten the drift-time of photo-generated carriers and 
increase the output saturation current. In our structure, the trade-off between the output 
saturation current and R-C bandwidth limitation can also be relieved significantly due to the 
increase in the thickness of the total intrinsic (i) layer, which is composed of undoped GaAs 
and LTG-GaAs layers with high resistivity, and to the reduction of the device capacitance 
without affecting the carrier drift-time.  Compared with the traditional p-i-n photodiode, it 
can minimize the RC bandwidth limitation by increasing the thickness of the intrinsic photo-
absorption layer directly. However, the drift-time will be increased and the output 
saturation power will be seriously degraded [4].  Due to the separation of the transport layer 
(GaAs) from the recombination layer (LTG-GaAs) in our STR-PD structure, the applied 
electric field will be concentrated in the two GaAs based transport layers, and the problems 
of low drift-velocity and lifetime increasing effect of the LTG-GaAs based layer can, thus, be 
compromised [31,32]. In order to study the influence of the recombination layers on the high 
power performance of photodiodes, two kinds of devices, which have the same epi-layer 
structure except for the photo-absorption active region, were fabricated.  As shown in Fig. 
26, device A has an LTG-GaAs-based recombination layer with a 200nm thickness in the 
center of the photo-absorption region, and the thickness of the surrounding GaAs layer is 
75nm.  Device B has a pure GaAs based photo-absorption layer with a 350nm thickness, 
which is around five times thicker than the effective carrier-drift distance of device A 
(350nm vs. 75nm). The two types of fabricated devices have the same geometry of the 
WGPD, which can achieve bandwidth-efficiency product performance superior to that of  

 

VPDs as discussed before. A mode-locked Ti:sapphire laser, which has a center wavelength 
of 850nm, as the light source for dc photocurrent and ac transient measurements. Figure 27 
(a) and (b) shows the FWHM of the measured impulse responses versus reverse bias 
voltage, respectively. As the diagrams indicate, device A achieved better speed performance 
than device B especially under a high output photocurrent and low dc bias voltage. 
Furthermore, we can clearly see that in the case of device A, the measured FWHM was 
insensitive to both the reverse bias voltages (-1 ~ -7V) and input optical power (0.02mW, 
0.4mW). As shown in Fig. 27(b), the lifetime increasing effect of the traditional LTG-GaAs 
based p-i-n photodiode under a high dc bias voltage [30] is eliminated in our novel structure 
due to the concentration of the applied electric field in the GaAs based transport layers.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 27. The normalized impulse responses of device A (a) and device B (b) with a 400m2 
active area under a fixed optical pumping power (0.4mW) and different reverse bias 
voltages (-1V, -4V, -7V). 
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system to eliminate the necessity of MMW electronic mixer and remote signal re-generation 
[38].  In this section, we will review several kinds of photonic transmitter and introduce the 
nonlinear operation of NBUTC-PD based PT for the application of W-band RoF system. 
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carrier lifetime [30] serves as a recombination center sandwiched between two high quality 
GaAs based photo-absorption layers. As shown in Fig. 26, the external applied electric field 
is concentrated in the two GaAs layers due to the high defect density and field-screening 
effect of the inserted LTG-GaAs layer [11]. These two photo-absorption layers can, thus, be 
treated as a “transport layer” or “depletion layer” in our structure due to their much higher 
mobility compared to LTG-GaAs and the concentration of the applied electric field.  To 
recombine the photo-generated carriers, which exhibit low drift-velocity under high current 
operation, the position of this inserted LTG-GaAs based layer is located near the center of 
the photo-absorption region [4].  Under optical illumination, most of the photo-generated 
electrons in the transport layer, which is near the P+ Al0.2Ga0.8As layer, will be injected into 
the LTG-GaAs layer and will recombine with the photo-generated hole from the other side 
of transport layer. The effective carrier-drift distance in the STR-PD will be roughly 
approximated by the thickness of the one-sided GaAs based photo-absorption (depletion) 
layer, which can be thinned down to shorten the drift-time of photo-generated carriers and 
increase the output saturation current. In our structure, the trade-off between the output 
saturation current and R-C bandwidth limitation can also be relieved significantly due to the 
increase in the thickness of the total intrinsic (i) layer, which is composed of undoped GaAs 
and LTG-GaAs layers with high resistivity, and to the reduction of the device capacitance 
without affecting the carrier drift-time.  Compared with the traditional p-i-n photodiode, it 
can minimize the RC bandwidth limitation by increasing the thickness of the intrinsic photo-
absorption layer directly. However, the drift-time will be increased and the output 
saturation power will be seriously degraded [4].  Due to the separation of the transport layer 
(GaAs) from the recombination layer (LTG-GaAs) in our STR-PD structure, the applied 
electric field will be concentrated in the two GaAs based transport layers, and the problems 
of low drift-velocity and lifetime increasing effect of the LTG-GaAs based layer can, thus, be 
compromised [31,32]. In order to study the influence of the recombination layers on the high 
power performance of photodiodes, two kinds of devices, which have the same epi-layer 
structure except for the photo-absorption active region, were fabricated.  As shown in Fig. 
26, device A has an LTG-GaAs-based recombination layer with a 200nm thickness in the 
center of the photo-absorption region, and the thickness of the surrounding GaAs layer is 
75nm.  Device B has a pure GaAs based photo-absorption layer with a 350nm thickness, 
which is around five times thicker than the effective carrier-drift distance of device A 
(350nm vs. 75nm). The two types of fabricated devices have the same geometry of the 
WGPD, which can achieve bandwidth-efficiency product performance superior to that of  

 

VPDs as discussed before. A mode-locked Ti:sapphire laser, which has a center wavelength 
of 850nm, as the light source for dc photocurrent and ac transient measurements. Figure 27 
(a) and (b) shows the FWHM of the measured impulse responses versus reverse bias 
voltage, respectively. As the diagrams indicate, device A achieved better speed performance 
than device B especially under a high output photocurrent and low dc bias voltage. 
Furthermore, we can clearly see that in the case of device A, the measured FWHM was 
insensitive to both the reverse bias voltages (-1 ~ -7V) and input optical power (0.02mW, 
0.4mW). As shown in Fig. 27(b), the lifetime increasing effect of the traditional LTG-GaAs 
based p-i-n photodiode under a high dc bias voltage [30] is eliminated in our novel structure 
due to the concentration of the applied electric field in the GaAs based transport layers.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 27. The normalized impulse responses of device A (a) and device B (b) with a 400m2 
active area under a fixed optical pumping power (0.4mW) and different reverse bias 
voltages (-1V, -4V, -7V). 
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As discussed in the introduction, the “killer application” of high power PD is in the RoF 
communication system.  In this system, high-power PD is used for converting the intense 
optical power to strong MMW signal and then radiating it to the user-end in last-mile. 
Photonic transmitter [2, 33-35] (PT), which is composed of a high-power PD and printed-
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Fig. 28. (a) Top-view of the flip-chip bonding and (b) monolithic integrated photonic 
transmitters. 
 
In Fig. 28 (a), the integrated active PD is NBUTC-PD, and the passive antenna is quasi-Yagi 
antenna with end-fire pattern [35]. The active NBUTC-PD is flip-chip bonded with antenna 
on an AlN substarte. As compared to the reported UTC-PD based PT with taper-slot 
antenna (TSA) also with end-fire pattern, the size of our quasi-Yagi antenna [39] has 
comparable directivity (~10dB) and is more compact than that of TSA. In addition, the 
quasi-yagi antenna is more immune to the substarte–modes, which should be a serious issue 
of antenna when the operating frequency is over 100GHz, than those of other kinds of 
planar antenna, such as dipole, slot, and TSA [40]. In Figure 31, the integarted active PD is 
STR-PD and the antenna is circular disk monopole antenna with broadside pattern [41].  By 
use of such PT under 850nm femto-second Ti:sapphire mode-locked laser excitation, high 
radiated peak power without using Si substarte-lens can be achieved [34]. As discussed 
before, NBUTC-PD has strong bias dependent speed performance. By use of such 
characteristics, high-power and low up-conversion-loss optoelectronic mixer, which is used 
for nonlinear photodetection system [36], has been demonstrated [35,42]. Compared with 
UTC-PD based OE mixer, NBUTC-PD based OE mixer can have wide operation (up-
conversion) bandwidth due to the forward bias operation is eliminated [43]. Figure 29 
shows the system setup of BPSK and QPSK RoF wireless data tranamission system. In such 
system, the NBUTC-PD based PT, as shown in Figure 28(a), is adopted to convert the optical 
LO signal at 100GHz to electrical and the electrical QPSK and BPSK data signal is injected 
onto the NBUTC-PD and the bias point of device is thus modulated by injected signal. The 
QPSK or BPSK data signal is then up-converted to W-band and radiated to the receiver end.  
Compared to the traditional On-Off Keying (OOK) data transmission process [1] using a PT, 
the modulation format of the BPSK and QPSK techniques allows for higher spectral 
efficiency and is compatible with today’s wireless communication systems. In order to 
realize the goal of free-space data transmission, a high-performance W-band optical 
photonic source [44] is installed in such system. The inset to Figure 29 shows the output 
optical spectrum from this optical source. As can be seen, the optical harmonic distortion 
suppression ratio is 18 dB, and is limited by the bandwidth of our dual-parallel E-O 
modulator (i.e., 10 GHz) [44]. This source is much less noisy than the two-laser heterodyne-
beating system, which was used for device characterization. During the experiment, the 
BPSK signal is a 1.25Gbit/sec pseudo random bit sequence (PRBS) 231-1 signal. The 
0.625Gbit/sec QPSK signal is generated by an arbitrary waveform generator (AWG) at a 
data rate of 625Mb/s. The receiver end is composed of a W-band horn antenna, a W-band 
low-noise-amplifier (LNA), and a fast W-band power detector to detect the envelope and 
phase of data signal.  The signal detected by the power detector is boosted by an IF amplifier 

 

and then fed into a high-speed real time scope prior to performing off-line signal processing. 
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Fig. 29. The system setup for BPSK or QPSK data transmission. 
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Fig. 30. (a) Constellation of the 0.625-Gb/sec QPSK signal. Eye diagrams of the 0.625-Gb/s 
QPSK signal: (b) I; (c) Q. 
 
Figure 30 (a) shows the constellation of the received 0.625-Gb/s QPSK signal when the 
output photocurrent is 10mA; while (b) and (c) show the digital signal processing (DSP) re-
constructed I and Q eye diagrams.  The corresponding EVM is around 24.7%. 
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efficiency and is compatible with today’s wireless communication systems. In order to 
realize the goal of free-space data transmission, a high-performance W-band optical 
photonic source [44] is installed in such system. The inset to Figure 29 shows the output 
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Fig. 29. The system setup for BPSK or QPSK data transmission. 
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Fig. 30. (a) Constellation of the 0.625-Gb/sec QPSK signal. Eye diagrams of the 0.625-Gb/s 
QPSK signal: (b) I; (c) Q. 
 
Figure 30 (a) shows the constellation of the received 0.625-Gb/s QPSK signal when the 
output photocurrent is 10mA; while (b) and (c) show the digital signal processing (DSP) re-
constructed I and Q eye diagrams.  The corresponding EVM is around 24.7%. 
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5. Conclusion 
 

The motivation for developing high-power and high-speed PDs arises from the power and 
speed limitations on conventional p-i-n PDs. There are two approaches to improve the high-
power performance of PDs without downscaling the device active area aggressively and 
seriously sacrificing its responsivity. One is to distribute and uniform the photocurrents 
along the edge-coupled PDs by improving the geometric structure of optical and electrical 
waveguides, such as, evanescently-coupled photodiode (ECPD); the other is to minimize the 
space-charge effect in the photo-absorption volume by changing the structure or material of 
epitaxial layers, such as UTC-PD, PDP, and STR-PD. 
In this book chapter, at first, we discusssed the geometric structures of high-power PD.  In 
order to overcome the significant variation of quantum efficinecy vs. cleaved length in the 
traditional ECPD, two kinds of strcutrure have been discussed.  One is DECPD and the 
other is the leaky-waveguide with DBR mirror. In the structure of DECPD, the fiber-
coupling waveguide and absorpion-layer coupling wavegudie is seperated in space and the 
celaved tolearnce can thus be grealty improved. With repsect to the structure of leaky-
waveguide PD with DBR mirror, it can reduce the required photo-absorption voulme due to 
the optical path is folded and the improvement in O-E bandwidth. Excellent high-
responsivity and high-saturation-current-bandwidth product perfroamnce have been 
demonstarted by use of both structures.       
In the second part of this chapter, we discuss the mechansim of saturation of PD under high-
power operation and disclsoe several kinds of high-power PDs to overcome the limiation of 
high-power performance. The key issue to improve the high-power performance of PD is to 
shorten the carreir drift time inside the absorption region. There are two possible ways to 
realize this goal; one is to increase the drift-velocity of photo-generated carriers and the 
other is to directly downscale the depletion layer thickness. By eliminating the slow hole-
transport in the  UTC-PD, the effective caerrier drift-velocity is improved and excellent high-
speed and high-power perfromance has been demonstarted. By further increasing the 
electron drift-velocity in UTC-PD, the NBUTC-PD structure has demonsatretd superior 
saturation-current bandwidth product with high responsivity. Although to directly 
downscale the depletion layer thickness is the most straightforward way to improve high-
power performance of PD, its RC-limited bandwidth and responsivity performance are 
usually sacrificed. In order to release the tarde-off among depletion layer thickness, RC-
limimited bandwidth, and responsivity performance of PDs, STR-PD and PDP strcuctures 
have been demonstarted.  By inserting a p-type region and a material with extermely short 
lifetime (<1ps) in the absorption region of PDP and STR-PD, respectively, superior high-
power performance of both structure to traditional p-i-n PDs have both been demonstarted. 
In the third part of this chapter, we disscussed the application of one kind of high-power PD: 
NBUTC-PD, and photonic transmitter to the RoF communication system.  By use of the bias 
modualtion technique on NBUTC-PD, the QPSK and BPSK wirless data transmission at 
100GHz frequency has been successfully demonstarted.   
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5. Conclusion 
 

The motivation for developing high-power and high-speed PDs arises from the power and 
speed limitations on conventional p-i-n PDs. There are two approaches to improve the high-
power performance of PDs without downscaling the device active area aggressively and 
seriously sacrificing its responsivity. One is to distribute and uniform the photocurrents 
along the edge-coupled PDs by improving the geometric structure of optical and electrical 
waveguides, such as, evanescently-coupled photodiode (ECPD); the other is to minimize the 
space-charge effect in the photo-absorption volume by changing the structure or material of 
epitaxial layers, such as UTC-PD, PDP, and STR-PD. 
In this book chapter, at first, we discusssed the geometric structures of high-power PD.  In 
order to overcome the significant variation of quantum efficinecy vs. cleaved length in the 
traditional ECPD, two kinds of strcutrure have been discussed.  One is DECPD and the 
other is the leaky-waveguide with DBR mirror. In the structure of DECPD, the fiber-
coupling waveguide and absorpion-layer coupling wavegudie is seperated in space and the 
celaved tolearnce can thus be grealty improved. With repsect to the structure of leaky-
waveguide PD with DBR mirror, it can reduce the required photo-absorption voulme due to 
the optical path is folded and the improvement in O-E bandwidth. Excellent high-
responsivity and high-saturation-current-bandwidth product perfroamnce have been 
demonstarted by use of both structures.       
In the second part of this chapter, we discuss the mechansim of saturation of PD under high-
power operation and disclsoe several kinds of high-power PDs to overcome the limiation of 
high-power performance. The key issue to improve the high-power performance of PD is to 
shorten the carreir drift time inside the absorption region. There are two possible ways to 
realize this goal; one is to increase the drift-velocity of photo-generated carriers and the 
other is to directly downscale the depletion layer thickness. By eliminating the slow hole-
transport in the  UTC-PD, the effective caerrier drift-velocity is improved and excellent high-
speed and high-power perfromance has been demonstarted. By further increasing the 
electron drift-velocity in UTC-PD, the NBUTC-PD structure has demonsatretd superior 
saturation-current bandwidth product with high responsivity. Although to directly 
downscale the depletion layer thickness is the most straightforward way to improve high-
power performance of PD, its RC-limited bandwidth and responsivity performance are 
usually sacrificed. In order to release the tarde-off among depletion layer thickness, RC-
limimited bandwidth, and responsivity performance of PDs, STR-PD and PDP strcuctures 
have been demonstarted.  By inserting a p-type region and a material with extermely short 
lifetime (<1ps) in the absorption region of PDP and STR-PD, respectively, superior high-
power performance of both structure to traditional p-i-n PDs have both been demonstarted. 
In the third part of this chapter, we disscussed the application of one kind of high-power PD: 
NBUTC-PD, and photonic transmitter to the RoF communication system.  By use of the bias 
modualtion technique on NBUTC-PD, the QPSK and BPSK wirless data transmission at 
100GHz frequency has been successfully demonstarted.   
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1. Introduction  
 

In the last few years, there has been a growing interest in the generation of ultrawideband 
(UWB) radio-frequency (RF) signals. Due to the high-data-rate capabilities, low power 
consumption and immunity to multi-path fading, these pulses have an unprecedented 
opportunity to impact radio communication systems in personal area networks, and 
promise as well substantial applications in radar, safety, and biomedicine. The UWB RF 
spectrum was regulated between the 3.1 and 10.6 GHz band with a power spectral density 
of -41.3dBm/MHz, according to the Federal Communications Commission (FCC) of the 
United States. Later, Asian and also European regulations stated similar masks (Porcine et 
al., 2003; Di Benedetto et al., 2006). Any signal to be considered as UWB must have an RF 
spectral bandwidth greater than 500 MHz or a fractional bandwidth greater than 20%. Due 
to these strict regulations concerning the power levels, UWB systems for wireless 
communications are constrained to operate over few tens of meters. In addition, this huge 
spectrum challenges most of the current electronics devices aiming to provide arbitrary 
waveform generation and simplicity in a single low-cost platform. 
However, the synergy between UWB and fiber technologies offers an alternative solution, 
providing undisrupted service over different networks, while still preserving the high-data-
rate capabilities. Moreover, UWB-over-fiber technology opens the possibility to generate the 
UWB compliant signals directly in the optical domain, thus relaxing the requirements for 
high-frequency electrical components.  
In this Chapter, we review the basic notions of UWB-compliant signals and several 
widespread all-optical solutions for their generation and distribution. The central core of the 
Chapter will focus on simple techniques for the generation of doublet and monocycle UWB 
impulses, particularly those exploiting the dynamics of gain-switched semiconductor laser 
sources. Finally, we discuss new areas of research in this rapidly evolving field. 
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2. Review of photonically assisted UWB signal generation 
 

The normalized version (in dB) FCC regulated UWB mask for indoor applications is 
depicted in Fig. 1 (right column) in dashed line, together with several electrical signals in 
time and their corresponding RF spectrum. As one can notice, a Gaussian electrical impulse 
does not satisfy the UWB requirements because it exhibits a high amount of energy at low 
frequencies. However, monocycle and doublet pulses, corresponding to first- and second-
order derivation of Gaussian impulses, start to fit better into the UWB domain. Although 
they do not strictly fall into the FCC mask, an extra electronic filter could be placed before 
the transmitting antenna in order to achieve the UWB compliant pulse. Actually, the UWB 
radiating antenna helps to reduce this low frequency content. Although not a perfect 
solution, most researchers have focused into the generation of this kind of pulses because of 
their relative simplicity. A higher-order UWB pulse matches the mask without the need of 
filtering, but their generation requires more advanced techniques. 
 

 

Fig. 1. Different impulse signals in time (left column) and their corresponding RF spectra 
(right column). The FCC UWB normalized mask is displayed in dashed line. 
 
In this section we aim to review some of the work previously published on optical 
approaches for UWB signal generation. The list of references does not pretend to be 

 

exhaustive, but it gives a flavour of the research trend in this topic from a historical and 
intuitive perspective. 

 
2.1 Dispersion-induced frequency-to-time mapping 
The first photonic approaches about generation of UWB pulses focused on the technique 
now known as “frequency-to-time mapping”. This solution aims at synthesizing the power 
spectrum of an ultrashort optical pulse and subsequently launching the signal into a linear 
dispersive medium. Because each frequency component travels at a different group velocity, 
after a certain amount of dispersion, the output intensity pulse becomes a scaled replica of 
the synthesized power spectrum (Fetterman et al. 1979; Tong et al. 1997). The scaling factor 
is provided by the group-delay-dispersion (GDD) coefficient of the dispersive medium 
(Muriel et al. 1999). Larger amounts of dispersion do not change the shape of the pulse, only 
increase the scale. The electrical UWB impulse is subsequently obtained by ideal 
photodetection. Due to the scaling factor capabilities, this technique for arbitrary waveform 
generation allows for entering into the low-frequency regime. An added advantage of this 
technique is that when a single-mode optical fiber is used as the stretching element, the 
signal is generated and transported in the same optical component without the need for 
chromatic dispersion compensation. 
 
 

 

Fig. 2. Example of arbitrary microwave waveform generation based on Fourier transform 
pulse shaping and dispersion induced frequency-to-time mapping. 
 
The first demonstration used a supercontinuum light source and a Fourier transform pulse 
shaper for the spectrum synthesizer (Chou et al., 2003). Later on, this technique incorporated 
a closed loop enabling rapid waveform design thanks to the reconfigurability of the spatial 
light modulator used in the pulse shaper (Lin et al., 2005). The high flexibility and resolution 
of this technique allow for the elimination of undesired ripples (apodization) and 
optimization of the RF spectrum of the signal to satisfy the FCC spectral regulations with a 
precision better than that offered by monocycle or doublet impulses (McKinney et al. 2006). 
More recently, fiber filters have been used to replace the Fourier transform shaper device, 



Ultrawideband-over-fiber	technologies	with	directly-modulated	semiconductor	lasers 399

 

2. Review of photonically assisted UWB signal generation 
 

The normalized version (in dB) FCC regulated UWB mask for indoor applications is 
depicted in Fig. 1 (right column) in dashed line, together with several electrical signals in 
time and their corresponding RF spectrum. As one can notice, a Gaussian electrical impulse 
does not satisfy the UWB requirements because it exhibits a high amount of energy at low 
frequencies. However, monocycle and doublet pulses, corresponding to first- and second-
order derivation of Gaussian impulses, start to fit better into the UWB domain. Although 
they do not strictly fall into the FCC mask, an extra electronic filter could be placed before 
the transmitting antenna in order to achieve the UWB compliant pulse. Actually, the UWB 
radiating antenna helps to reduce this low frequency content. Although not a perfect 
solution, most researchers have focused into the generation of this kind of pulses because of 
their relative simplicity. A higher-order UWB pulse matches the mask without the need of 
filtering, but their generation requires more advanced techniques. 
 

 

Fig. 1. Different impulse signals in time (left column) and their corresponding RF spectra 
(right column). The FCC UWB normalized mask is displayed in dashed line. 
 
In this section we aim to review some of the work previously published on optical 
approaches for UWB signal generation. The list of references does not pretend to be 

 

exhaustive, but it gives a flavour of the research trend in this topic from a historical and 
intuitive perspective. 

 
2.1 Dispersion-induced frequency-to-time mapping 
The first photonic approaches about generation of UWB pulses focused on the technique 
now known as “frequency-to-time mapping”. This solution aims at synthesizing the power 
spectrum of an ultrashort optical pulse and subsequently launching the signal into a linear 
dispersive medium. Because each frequency component travels at a different group velocity, 
after a certain amount of dispersion, the output intensity pulse becomes a scaled replica of 
the synthesized power spectrum (Fetterman et al. 1979; Tong et al. 1997). The scaling factor 
is provided by the group-delay-dispersion (GDD) coefficient of the dispersive medium 
(Muriel et al. 1999). Larger amounts of dispersion do not change the shape of the pulse, only 
increase the scale. The electrical UWB impulse is subsequently obtained by ideal 
photodetection. Due to the scaling factor capabilities, this technique for arbitrary waveform 
generation allows for entering into the low-frequency regime. An added advantage of this 
technique is that when a single-mode optical fiber is used as the stretching element, the 
signal is generated and transported in the same optical component without the need for 
chromatic dispersion compensation. 
 
 

 

Fig. 2. Example of arbitrary microwave waveform generation based on Fourier transform 
pulse shaping and dispersion induced frequency-to-time mapping. 
 
The first demonstration used a supercontinuum light source and a Fourier transform pulse 
shaper for the spectrum synthesizer (Chou et al., 2003). Later on, this technique incorporated 
a closed loop enabling rapid waveform design thanks to the reconfigurability of the spatial 
light modulator used in the pulse shaper (Lin et al., 2005). The high flexibility and resolution 
of this technique allow for the elimination of undesired ripples (apodization) and 
optimization of the RF spectrum of the signal to satisfy the FCC spectral regulations with a 
precision better than that offered by monocycle or doublet impulses (McKinney et al. 2006). 
More recently, fiber filters have been used to replace the Fourier transform shaper device, 



Optical	Fibre,	New	Developments400

 

leading to a more compact setup, but at the expense of sacrifying the reconfigurability 
capabilities (Wang et al. 2007). A recent solution deserves a special mention (Abtahi et al., 
2008). There, an all-fiber reconfigurable optical filter, together with differential 
photodetection, permits obtaining Gaussian, monocycle, doublet and higher-order UWB 
impulses in a single device just by tuning a simple band-pass optical filter. 
Although this frequency-to-time mapping technique provides an impressive flexibility in 
the synthesis of the UWB RF spectrum, the use of a broadband laser pulse as optical source 
restricts the repetition rate to a few MHz. A recent solution replaces the mode-locked laser 
by a broadband incoherent light source (Torres-Company et al., 2008). However, in this case, 
the shaping is performed on the averaged intensity profile, which means that because of the 
incoherent nature of the approach, there are uncontrolled changes in the pulse to pulse 
shape (Torres-Company et al., 2007). 

 
2.2 Nonlinear optics 
The first alternative approaches to the frequency-to-time mapping made use of the cross-
phase modulation effect either in a highly nonlinear fiber (HNLF) (Zeng et al., 2007) or in a 
semiconductor optical amplifier (SOA) (Dong et al., 2007). The idea behind this is to induce 
a frequency chirp with a Gaussian pump pulse on a continuous wave (CW) probe laser. This 
phase modulation can be transformed into intensity modulation by using an appropriate 
optical band-pass filter. A nice feature of this system is that it permits the control of the 
polarity of the generated UWB pulse just by tuning the wavelength of the CW to fit in the 
positive or negative slope region of the optical Gaussian filter. Optimized spectral filters 
lead to a better control of the shape of the pulse, extending the technique to include doublet 
impulses too (Zeng et al., 2007). However, the HNLF approach still requires of a high-power 
laser pulse as pump signal to induce the chirping on the CW probe. On the other hand, the 
monocycle impulses generated using the SOA approach deviate from the ideal shape due to 
undesired effects such as the chirping in the dynamics of the process. 
A recent approach has demonstrated the generation of generating UWB monocycle 
impulses with polarity control using sum-frequency generation (SFG) in a periodically-
poled lithium niobate waveguide. This system provides a compact device and does not 
require a femtosecond light source (Wang et al., 2009). Doublet impulses could in principle 
be generated as well. However, the required power levels to excite SFG in the waveguide 
are still very high, leading to a low-efficiency global process. 

 
2.3 Microwave photonic filtering design 
Microwave photonics is nowadays a well-established research field. In general terms, it aims 
to provide processing functions of RF and microwave signals that are difficult to achieve 
using purely electronic approaches (Capmany and Novak, 2007). One of the most widely 
explored aspects of microwave photonics is radio-frequency filtering (Capmany et al., 2005). 
The advantages offered by photonics are reconfigurability, high bandwidth, immunity to 
electromagnetic interference, high-speed processing, and potential integrability with fiber 
optics technology. In a photonic microwave filter, the input RF signal modulates an optical 
source, the modulated optical waveform is then processed in a photonic circuit, and finally 
the signal is recovered back in the electrical domain by optoelectronic (O/E) conversion 
(Capmany et al., 2005). In the former approaches, filtering functions were implemented 

 

using “positive” taps only, which implies that the filter is always pass-band at low 
frequencies. This drawback may be solved, e.g., by employing alternative modulation 
formats combined with differential photodetection, or nonlinear effects in either SOAs or 
SMFs (You and Minasian, 2004; Minasian, 2004; Capmany et al., 2005). 
It has been recently recognized that monocycle impulses can be generated by filtering a 
Gaussian electrical impulse in a two-tap (one positive and another negative) microwave 
photonic filter; whereas doublet impulses are obtained in a three-tap configuration (two-
positives and another negative and vice versa) (Yao, 2007). This general rule permits to 
recover the previous research work on incoherent filter design with positive and negative 
taps for the particular problem of UWB signal generation. Microwave photonic filters 
featuring reconfigurability are the preferred ones because they provide extra control on the 
UWB generated signal. In addition, since many of the synthesized filters require the use of a 
single-mode-fiber to achieve the required delays, the system generates and transports the 
signal simultaneously.  
 

 

Fig. 3. General concept of a microwave photonic filter. Scheme for the generation of a 
monocycle and doublet with a microwave photonic filter with positive and negative taps. 
 
For example, we mention the generation of monocycle and doublet impulses based on cross-
gain modulation (XGM) in an SOA (Wang et al., 2006). XGM was one of the first approaches 
that recognized the capabilities to generate negative taps in a microwave photonic filter 
(Coppinger et al., 1997). Other approaches include the use of a polarization modulator and 
birefringent fibers (Yao & Wang, 2007) or the bias dependence with the wavelength in an 
electro-optic modulator (Li et al., 2008; Vidal et al. 2005). A very recent approach (Bolea et 
al., 2009) deals with the performance of an N-tap microwave photonic filter implemented 
with two EOMs and several switches (Capmany et al. 2003). Although the performance of 



Ultrawideband-over-fiber	technologies	with	directly-modulated	semiconductor	lasers 401

 

leading to a more compact setup, but at the expense of sacrifying the reconfigurability 
capabilities (Wang et al. 2007). A recent solution deserves a special mention (Abtahi et al., 
2008). There, an all-fiber reconfigurable optical filter, together with differential 
photodetection, permits obtaining Gaussian, monocycle, doublet and higher-order UWB 
impulses in a single device just by tuning a simple band-pass optical filter. 
Although this frequency-to-time mapping technique provides an impressive flexibility in 
the synthesis of the UWB RF spectrum, the use of a broadband laser pulse as optical source 
restricts the repetition rate to a few MHz. A recent solution replaces the mode-locked laser 
by a broadband incoherent light source (Torres-Company et al., 2008). However, in this case, 
the shaping is performed on the averaged intensity profile, which means that because of the 
incoherent nature of the approach, there are uncontrolled changes in the pulse to pulse 
shape (Torres-Company et al., 2007). 

 
2.2 Nonlinear optics 
The first alternative approaches to the frequency-to-time mapping made use of the cross-
phase modulation effect either in a highly nonlinear fiber (HNLF) (Zeng et al., 2007) or in a 
semiconductor optical amplifier (SOA) (Dong et al., 2007). The idea behind this is to induce 
a frequency chirp with a Gaussian pump pulse on a continuous wave (CW) probe laser. This 
phase modulation can be transformed into intensity modulation by using an appropriate 
optical band-pass filter. A nice feature of this system is that it permits the control of the 
polarity of the generated UWB pulse just by tuning the wavelength of the CW to fit in the 
positive or negative slope region of the optical Gaussian filter. Optimized spectral filters 
lead to a better control of the shape of the pulse, extending the technique to include doublet 
impulses too (Zeng et al., 2007). However, the HNLF approach still requires of a high-power 
laser pulse as pump signal to induce the chirping on the CW probe. On the other hand, the 
monocycle impulses generated using the SOA approach deviate from the ideal shape due to 
undesired effects such as the chirping in the dynamics of the process. 
A recent approach has demonstrated the generation of generating UWB monocycle 
impulses with polarity control using sum-frequency generation (SFG) in a periodically-
poled lithium niobate waveguide. This system provides a compact device and does not 
require a femtosecond light source (Wang et al., 2009). Doublet impulses could in principle 
be generated as well. However, the required power levels to excite SFG in the waveguide 
are still very high, leading to a low-efficiency global process. 

 
2.3 Microwave photonic filtering design 
Microwave photonics is nowadays a well-established research field. In general terms, it aims 
to provide processing functions of RF and microwave signals that are difficult to achieve 
using purely electronic approaches (Capmany and Novak, 2007). One of the most widely 
explored aspects of microwave photonics is radio-frequency filtering (Capmany et al., 2005). 
The advantages offered by photonics are reconfigurability, high bandwidth, immunity to 
electromagnetic interference, high-speed processing, and potential integrability with fiber 
optics technology. In a photonic microwave filter, the input RF signal modulates an optical 
source, the modulated optical waveform is then processed in a photonic circuit, and finally 
the signal is recovered back in the electrical domain by optoelectronic (O/E) conversion 
(Capmany et al., 2005). In the former approaches, filtering functions were implemented 

 

using “positive” taps only, which implies that the filter is always pass-band at low 
frequencies. This drawback may be solved, e.g., by employing alternative modulation 
formats combined with differential photodetection, or nonlinear effects in either SOAs or 
SMFs (You and Minasian, 2004; Minasian, 2004; Capmany et al., 2005). 
It has been recently recognized that monocycle impulses can be generated by filtering a 
Gaussian electrical impulse in a two-tap (one positive and another negative) microwave 
photonic filter; whereas doublet impulses are obtained in a three-tap configuration (two-
positives and another negative and vice versa) (Yao, 2007). This general rule permits to 
recover the previous research work on incoherent filter design with positive and negative 
taps for the particular problem of UWB signal generation. Microwave photonic filters 
featuring reconfigurability are the preferred ones because they provide extra control on the 
UWB generated signal. In addition, since many of the synthesized filters require the use of a 
single-mode-fiber to achieve the required delays, the system generates and transports the 
signal simultaneously.  
 

 

Fig. 3. General concept of a microwave photonic filter. Scheme for the generation of a 
monocycle and doublet with a microwave photonic filter with positive and negative taps. 
 
For example, we mention the generation of monocycle and doublet impulses based on cross-
gain modulation (XGM) in an SOA (Wang et al., 2006). XGM was one of the first approaches 
that recognized the capabilities to generate negative taps in a microwave photonic filter 
(Coppinger et al., 1997). Other approaches include the use of a polarization modulator and 
birefringent fibers (Yao & Wang, 2007) or the bias dependence with the wavelength in an 
electro-optic modulator (Li et al., 2008; Vidal et al. 2005). A very recent approach (Bolea et 
al., 2009) deals with the performance of an N-tap microwave photonic filter implemented 
with two EOMs and several switches (Capmany et al. 2003). Although the performance of 



Optical	Fibre,	New	Developments402

 

this microwave filter is more complex than the previous setups, the reconfiguration 
capabilities and the possibilities to implement alternative modulation schemes to ON-OFF 
keying makes the system very promising for UWB-over-fiber technologies. 

 
3. UWB signal generation based on semiconductor laser dynamics 
 

In this section we report an alternative photonic technique to generate UWB pulses. It 
involves the use of a distributed feedback (DFB) laser whose driving current is modulated 
by an electrical data signal (Torres-Company et al., 2008b; Torres-Company et al., 2008c). 
With respect to previous approaches, our configuration offers an efficient solution in terms 
of power consumption and constitutes a low-cost alternative, since there are no optical 
nonlinear processes involved requiring extra light sources or additional active optical 
devices. Our approach requires a single optical light source and avoids the use of external 
electro-optic modulation. It is worth mentioning that a previous reported work (Lin & Chen, 
2006) used a current modulated Fabry-Perot laser for the generation of UWB signals. 
However, unlike in our approach, the frequency chirp was not used for achieving UWB 
signal generation. Instead, monocycle pulses were obtained by O/E conversion and 
subsequent differentiation performed in the electrical domain. 
With our setup, monocycle or doublet pulse shapes can be achieved. Although the 
experimental arrangement is the same in both cases, the physical mechanism behind is 
different. The general setup consists on a DFB semiconductor laser, a 12.5 Gb/s bit pattern 
generator, and a spectral pass-band optical filter. The DFB laser is nominally specified for 
operation at 10 Gb/s, but the driving data signal was selected at the maximum bit rate. The 
output pulse from the laser is spectrally filtered by the band- pass filter, which had a 
Gaussian profile and a FWHM of 0.3 nm. The way of selecting the UWB-pulse shape is by 
adjusting the bias voltage applied to the laser, the amplitude of the data driving signal and 
the tunable filter. There are two sets of parameters that lead to either monocycle or doublet 
shapes. We now proceed to formulate a heuristic explanation for each of the different 
physical phenomenon behind this achievement. 

 
3.1 Monocycle generation using the chirping effect 
In this case, the laser is forward biased far from the threshold, and a relatively low value of 
modulating amplitude is selected. The laser dynamics is found in the linear region of the 
Power–Intensity curve. The key is that, as a result of the changes in the carrier population, 
the refractive index also changes, leading to a phase-modulation changing with time 
(Agrawal, 2002). Therefore, in the small-signal case the laser pulse becomes highly chirped, 
with an instantaneous frequency resembling the shape of a monocycle. Then, as heuristically 
explained in Fig. 4, the process of chirp-to-intensity conversion can be achieved by using a 
spectrally linear optical filter. This behavior is obtained approximately by placing our 
Gaussian bandpass filter at the linear slope region. 
Of course, this is just a heuristic explanation and instantaneous frequencies do not always 
exist in the spectrum of a coherent signal (Mandel, 1974). Even more, the case displayed in 
Fig. 4 is only valid for phase-only modulated signals. However, let us formulate 
mathematically our problem. The complex field of the frequency-chirped pulse is filtered by 
a linear optical filter H(ω) = A(ω + ωs), where A is a real constant that determines the slope of 

 

the filter and ωs denotes the vertical offset from the zero-crossing point. The temporal 
envelope at the output of the filter is given by 

ψout(t) = i A [ψin(t) − i ωsψin(t)] (1) 

where the prime denotes temporal derivation and ψin(t) is the input temporal envelope. We 
have taken into account that FT−1[−i ωΨin(ω)] = ψin(t), where Ψin(ω) = FT[ψin(t)], with FT and FT−1 
denoting Fourier and inverse Fourier transformation, respectively. We can always rewrite 
the input envelope as ψin(t) = I1/2in(t) exp[−iϕin(t)], where ϕin(t) and Iin(t) denote the phase and 
normalized intensity modulation, respectively. We now assume that the frequency 
modulation dominates respect to the intensity modulation, but its contribution value is less 
than the corresponding frequency offset of the filter, i.e., |Iin'(t)| << |ϕin'(t)| << ωs. With this 
assumption, and after some algebra, the optical intensity at the output of the filter can be 
approximated to 

Iout(t) ≈ 2 A2 ωs Iin(t) [ϕin'(t) + ωs/2] . 
 

(2) 

The above equation establishes that the light intensity at the output of the optical filter is 
given essentially by the frequency chirp of the input optical pulse if the intensity profile is 
relatively smooth. The derivation of Eq. (2) accounts for the heuristic explanation provided 
in Fig. 4. 
 

 

Fig. 4. Schematic overview of chirp-to-intensity conversion. 
 
To test this approach we have built the setup corresponding to Fig. 5. The laser was biased 
at 67 mA, a value far from the threshold of 30 mA, and the bit pattern generator produced a 
sequence of one ”1” followed by seven ”0” with a peak-to-peak voltage of 0.57 V. The 
measured intensity and chirp are displayed at Fig. 6(a) in solid and dashed line, 
respectively. For the measurement of the chirp we employed the transport-of-intensity 
equation procedure (Dorrer, 2005), for which an SMF of 0.415km was used. We can 
appreciate the monocycle-like profile of the chirp. The spectrum corresponding to the laser 
and the filter, when located at the optimal point to achieve the monocycle shape, are 
displayed together in Fig. 6(b). The average optical power level before and after the filter 
was measured to be 5.6dBm and −9.1dBm, respectively.  
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Fig. 5. Experimental setup to achieve monocycle UWB pulses based on chirp-to-intensity 
conversion. 
 

 

Fig. 6. (a) Input laser intensity pulse in amplitude (solid line) and chirp (dotted line) and (b) 
normalized spectrum of laser pulse (solid line) and amplitude filter (dotted line). 
 
In order to test the validity of the signal for UWB communications we performed an 
additional transmission experiment. The optical signal is amplified by an Erbium-doped 
fiber amplifier (EDFA) and propagated through 20 km of non-zero dispersion shifted fiber 
(NZDSF) with 4.5dB loss and 5 ps/nm/km dispersion. This dispersion leads to a GDD 
parameter very low to distort the achieved UWB pulse. The intensity waveform at the 
output is detected by a 10GHz bandwidth photodiode (PD) which intrinsically assists in 
smoothing undesired high-frequency RF components that do not fall into the UWB range. 
The resultant electrical signal is measured in the RF domain by an electrical spectrum 
analyzer (ESA) with a resolution of 1MHz, and in the time domain by a sampling 
oscilloscope. The EDFA is adjusted so that the receiver gets an average optical input power 
of −0.5 dBm. Figure 7 shows the measured resultant UWB signal consisting of a monocycle-
like pulse in time and frequency domain. For the frequency domain picture, we selected a 
repetition rate of 390.6MHz (a ”1” followed by 32 ”0”) so that the achieved spectral shape is 
properly sampled. As it can be appreciated, the RF spectrum spreads over the UWB region. 
Due to the monocycle-like waveform, non-disregarding low-frequency content still remains, 
which can be minimized by reducing the power into the photodiode with some extra 
attenuator. 

 

 

Fig. 7. UWB monocycle in (a) time domain and (b) frequency domain. 

 
3.2 Overshooting effect 
Using the same components we can also achieve a doublet UWB pulse. The physical 
principle behind is showed in Fig. 8 (a). We drive the DFB laser with the electrical inverted 
data from the pattern generator, and forward bias it with a current close to the threshold (at 
35mA in the experiments). In the large-signal modulation regime, the laser power 
overshoots at the rising edge due to relaxation oscillations and then reaches the steady state 
(Agrawal, 2002). We can then filter this radiation with an optical filter in order to reshape 
the waveform to achieve the desired doublet UWB profile. 
 

 
 

Fig. 8. (a) Heuristic explanation of the physical principle to achieve the UWB doublet. (b) 
Experimental setup. 
 
Figure 9(a) shows the electrical data pulse (green dash-dotted line) applied to the laser, and 
the output optical intensity (red solid line). The overshooting effect at the trailing edge of the 
pulse is apparent. The power oscillates at the relaxation oscillation frequency before 
achieving a steady state following the shape of the driving electrical signal. We measured 
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the RF spectrum of this waveform with the 10 GHz bandwidth PD and verified that it was 
not UWB compliant. However, we were able to produce the required pulse characteristics 
by passing this laser pulse through the same Gaussian spectral filter as before, but at a 
different operation point. In Fig. 9(b) we show the output laser spectrum (blue solid line) 
and the filter profile placed in the optimal position to achieve the doublet shape. As we can 
see, the high-frequency optical components are smoothed. It should be mentioned that 
previously-reported approaches for optical filtering of gain-switched lasers tried to avoid 
this overshooting effect and aimed to generate bellshaped ultrashort waveforms (Nakazawa 
et al. 1990; Niemi et al. 2001). Our goal here is instead to optimize the intensity profile so 
that this waveform can be exploited for UWB RF signal generation. After the optical 
filtering, we converted the optical signal into the electrical domain with a 10 GHz 
bandwidth PD, and succeeded in generating a doublet-like UWB impulse, as shown by the 
green line in Fig. 10 (a). 
 

 

Fig. 9. (a) Intensity laser profile (red solid line) and electrical data signal (green dashed line). 
The temporal scale has a different origin for the electrical and optical signals. (b) 
Normalized spectrum of laser pulse (solid line) and amplitude filter (dotted line). 
 
In order to verify the usefulness of this method we performed an additional experiment for 
propagating the signal through an optical fiber link. For this evaluation, the signal needed to 
be amplified after optical filtering and the O/E converter was placed at the receiver. As 
indicated in Fig. 8(b), the fiber link is comprised of two stages. We first propagated the 
signal through two SMF coils of 44km length each. Then the optical signal was further 
amplified and propagated through 30 km of NZDSF as well as 13km of DCF, matched to 
compensate for the dispersion introduced by the SMF in the first stage. This constitutes a 
total optical link length of 118 km, which represents the largest distance ever reported for 
UWB signal distribution, to the best of our knowledge. The output optical pulse is detected 
with the 10GHz bandwidth photodiode and measured simultaneously in the time domain 
with a sampling oscilloscope, and in frequency domain with an ESA with 1MHz 
measurement resolution. The achieved signal is displayed in Figs. 10(b) and (c). It possesses 
a central frequency of 7 GHz and has a 10 dB bandwidth of 10.2 GHz, hence a fractional 
bandwidth of 146 %. The pulse duration was measured to be 236 ps. Comparison of Figs. 
10(a) and (b) indicates that there is no significant distortion of the UWB pulse during 
propagation. The spikes in Fig. 10c are due to the fact that we introduced a data sequence of 
one ”1” followed by sixteen ”0”, so that the RF spectrum of a single UWB pulse is 
conveniently sampled at 0.78 GHz for illustration purposes. We achieved higher data 

 

transmission rates with this optical pulse shape, up to a soft limit related to the output UWB 
pulse duration. We have successfully transmitted similar pulses at 3.12 GHz over this fiber 
link. 
 

 

Fig. 10. Generated UWB doublet in (a) time domain before transmission; (b) after 
propagation in the 118 km fiber link and (c) spectral domain. 

 
4. Current trends in photonically assisted UWB-over-fiber 
 

4.1 Advanced modulation formats 
Most of the discussion carried out through the Chapter has dealt with the generation of 
direct sequence (DS) UWB impulses assuming an ON-OFF keying modulation format. 
However, different modulation schemes such as pulse-position-modulation, pulse-polarity 
modulation, orthogonal pulse modulation or amplitude pulse modulation are being 
investigated. For instance, DS code division multiple access (DS-CDMA) is a widespread 
technique in multiple-user wireless communications. In this direction, several photonic 
approaches for bi-phase coded UWB impulse generation exist. We mention, for example, the 
use of phase-to-amplitude conversion in multichannel fiber gratings (Dai and Yao, 2008); a 
spectral filter in a Sagnac loop (Li et al., 2007); or polarization modulation (Ou et al., 2008). A 
recent solution based on a higher-order multi-tap reconfigurable microwave photonic filter 
features most of the previous modulation formats in a single platform (Bolea et al., 2009). 
Another approach worth mentioning  is the generation of direct-sequence binary phase shift 
keying (DS-BPSK) modulated UWB signals based on the overshooting effect in a distributed 
feedback (DFB) laser (Yu et al., 2009). The experimental setup is shown in Fig. 11. A 
continuous wave (CW) laser modulated by a 12.5 Gb/s Mach-Zenhder modulator (MZM) is 
injected into the first-order lasing side mode of a DFB laser biased close to the threshold. As 
a consequence of this, the DFB laser experiences cross-gain modulation along with 
associated overshooting relaxation oscillations. The effect is similar to that described in 
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section 3.2, the difference being that the DFB laser is not directly modulated, but instead 
undergoes indirect optical cross-gain modulation. No optical pulse shaper is required, 
making this UWB generation technique particularly simple and attractive.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. The schematic configuration for generation of BPSK modulated UWB pulses. CW: 
continuous-wave laser, MZM: Mach-Zenhder modulator, PC: polarization controller, DFB: 
distributed feedback laser, OSA: optical spectrum analyzer, PD: photodiode, ESA: electrical 
spectrum analyzer. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. (a) the output pattern from CW wavelength, (b) the output pattern from DFB 
wavelength, (c) the calculated biphase UWB pulses from summation of (a) and (b). 
 
At the output of the circulator an UWB pulse is formed from the incoherent summation of 
the CW and DFB wavelengths. This is shown in Fig. 12, where Fig. 12(a) is the measured 
output pattern from CW wavelength, (b) is the measured output pattern from DFB 
wavelength, and (c) is the calculated biphase UWB pulses calculated from the summation of 
the measured signals of (a) and (b). Assuming the phase of the pulse generated by the 
12.5 Gbit/s pattern ‘1010 0000 0000 0000’ in is π, and the phase of the pulse generated by 
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pattern ‘0101 1111 1111 1111’ is 0, then it is evident from that binary phase shift keying 
coded pulses are generated. 
Figure 13 shows the experimentally generated 781.25 Mb/s UWB signals in the time and 
frequency domains for the bit sequence 0 π 0 π. The electrical spectrum shows good 
compliance with the FCC mask. Use of externally injected DFB lasers is not limited to the 
generation of DS-BPSK UWB signals and has also been used for OOK UWB signals as well 
(Gibbon et al., 2009) . 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13. The generated BPSK coded pulses in the time and frequency domains by using the 
pattern sequence 0 π 0 π. 

 
4.2 UWB pulse shapes “on demand” and antenna distortion compensation 
UWB is a wireless communication technology. Most of the previous approaches for 
photonic generation of UWB impulses assume that the photodetected signal is going to be 
transferred into the antenna without any significant degradation. However, as recently 
realized by several groups, this is not the case (McKinney et al., 2008; Abtahi et al., 2008b). 
The reason is that most UWB antennas do not have a perfect flat response into the UWB 
region specified by the FCC regulations. Besides, the wireless transmission and the receiver 
antenna also introduce appreciable changes in the phase and amplitude of the spectrum of 
the UWB signal. Therefore, the pulse measured at the photodiode is usually significantly 
different to the one measured at the receiver, thus limiting the range, speed and capabilities 
of the technology. However, most of these distortions are linear and can be compensated for 
by synthesizing a predistorted pulse (McKinney and Weiner, 2006; Abtahi et al., 2008b) or 
by post-compensating the pulse (Hamidi and Weiner, 2009), so that the received signal is a 
truly UWB impulse waveform.  
To this aim, optical pulse shaping technology using either spatial light modulators or fiber 
Bragg gratings and the frequency-to-time mapping effect has been employed. This 
constitutes an excellent example of the capabilities of photonic approaches to overcome 
some of the problems that current electronics-based technology suffers. 

 
4.3 Range extension of high bit rate UWB signals 
The users’ increasing demands on broadband and seamless services require that cellular 
voice and multimedia services are always available everywhere. Therefore, a system high bit 
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section 3.2, the difference being that the DFB laser is not directly modulated, but instead 
undergoes indirect optical cross-gain modulation. No optical pulse shaper is required, 
making this UWB generation technique particularly simple and attractive.  
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rate and long reach distance is highly desired for next generation networks to meet this 
requirement. In this case, the generation of high speed UWB signals and its range extension 
become more and more attractive. However, the communication range of UWB technology 
is limited due to the FCC mask and emission power level constraints. This becomes more 
critical as the data rate increases. Basically, the higher the data rate, the lower is the range. 
This provides a big challenge. Recently, a 500Mb/s UWB signal transmission over 65cm 
wireless distance has been demonstrated (Abtahi et al., 2008b), and a research group in 
Singapore demonstrated an experiment with 500 Mbps data rate wireless UWB transmission 
over 4m in 2003 (Peng et al., 2005). 
Digital signal processing (DSP) technology has the well-known advantages of good noise 
tolerance, high sensitivity and high flexibility. DSP based receivers are expected to improve 
the wireless propagation performance and subsequently extend the range, which is an 
important feature to further enhance the usefulness of UWB based high-rate products. 

 
5. Conclusions 
 

UWB-over-fiber is an emerging research field offering an increased range of operation for 
this high-rate wireless technology. We have focused on simple photonic solutions based on 
semiconductor laser dynamics to generate UWB electrical impulses. In particular, we have 
demonstrated that monocycle and doublet impulses can be generated based on the chirping 
and overshooting effects, respectively. As basic equipment, we have used directly 
modulated laser and optical band-pass filtering with a Gaussian spectral profile. Although 
our approach constitutes a very simple solution, the price to pay is the low flexibility in the 
design of the pulse shape and the absence of reconfigurability capabilities. We have pointed 
out alternative solutions that feature different modulation formats and shapes, as well as 
reviewed some exciting possibilities enabled by photonic approaches. 
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rate and long reach distance is highly desired for next generation networks to meet this 
requirement. In this case, the generation of high speed UWB signals and its range extension 
become more and more attractive. However, the communication range of UWB technology 
is limited due to the FCC mask and emission power level constraints. This becomes more 
critical as the data rate increases. Basically, the higher the data rate, the lower is the range. 
This provides a big challenge. Recently, a 500Mb/s UWB signal transmission over 65cm 
wireless distance has been demonstrated (Abtahi et al., 2008b), and a research group in 
Singapore demonstrated an experiment with 500 Mbps data rate wireless UWB transmission 
over 4m in 2003 (Peng et al., 2005). 
Digital signal processing (DSP) technology has the well-known advantages of good noise 
tolerance, high sensitivity and high flexibility. DSP based receivers are expected to improve 
the wireless propagation performance and subsequently extend the range, which is an 
important feature to further enhance the usefulness of UWB based high-rate products. 

 
5. Conclusions 
 

UWB-over-fiber is an emerging research field offering an increased range of operation for 
this high-rate wireless technology. We have focused on simple photonic solutions based on 
semiconductor laser dynamics to generate UWB electrical impulses. In particular, we have 
demonstrated that monocycle and doublet impulses can be generated based on the chirping 
and overshooting effects, respectively. As basic equipment, we have used directly 
modulated laser and optical band-pass filtering with a Gaussian spectral profile. Although 
our approach constitutes a very simple solution, the price to pay is the low flexibility in the 
design of the pulse shape and the absence of reconfigurability capabilities. We have pointed 
out alternative solutions that feature different modulation formats and shapes, as well as 
reviewed some exciting possibilities enabled by photonic approaches. 
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1. Introduction

1.1 Impulse Radio (IR) Ultra Wideband (UWB) Communications
Ultra wideband (UWB) communication is a fast emerging technology that offers new oppor-
tunities such as high data rates, low equipment cost, low power, precise positioning capability
and extremely low interference Ghawami (2005). A wide range of possible UWB communica-
tion system applications includes radars due to UWB ultra high precision ranging at the cen-
timeter level, wireless personal area networks (WPAN), sensor networks, imaging systems,
UWB positioning systems, etc. Yang (2004), Kshetrimayum (2009). From a commercial point
of view, the high data rates are the most attractive feature of UWB systems for which speeds
of over 100Mb/s have been demonstrated Ghawami (2005). There exist three main types of
UWB technologies: impulse radio (IR UWB), direct sequence (DS UWB), and multi-band or-
thogonal frequency division multiplexing (MB OFDM) Ran (2009). IR UWB communication
technique is essentially different from all other communication techniques because it is carrier
free and uses for communication between transmitters and receivers very narrow radio fre-
quency (RF) pulses generated from the UWB pulse generator, while traditional transmission
systems transmit information by varying the power, frequency, and/or phase of a sinusoidal
wave in a modulation process Kshetrimayum (2009), Yao (2007). Consequently, complicated
frequency mixers and local oscillators for carrier frequency up and down conversion are not
necessary Yao (2007). IR UWB modulation techniques are especially important because the
UWB spectrum has been made available by the Federal Communication Commission (FCC)
and it can be used with IRs developed to date Lin (2005).
Waveforms for IR UWB are designed to obtain a flat frequency response over the bandwidth
of the pulse and to avoid a DC component. The large spectrum of a UWB signal may interfere
with existing users. In order to keep this interference to the minimum, FCC specifies spec-
tral masks for different applications, i.e. the allowed power output for specific frequencies
Ghawami (2005). A contiguous bandwidth of 7.5GHz is available in the frequency interval
of (3.1 − 10.6)GHz at a maximum power output of −41.3dBm/MHz which is considered as
extremely low Ghawami (2005). The power spectral density (PSD) of UWB systems defined
as a ratio of the transmitted power P in watts and a signal bandwidth B in hertz is extremely
low as compared to other communication systems due to the very wide bandwidth B of short
pulses that are typically of nanosecond or picosecond order Ghawami (2005). The selection
of the impulse signal type for IR UWB communication system is essential since it determines
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the system performance Yao (2007). The fast switching in UWB systems results in a non-
rectangular pulse shape which can approximated by a zero-mean Gauss function G (x) with a
standard deviation σ Ghawami (2005)

G (x) =
1√

2πσ2
exp

(
− x2

2σ2

)
(1)

A whole class of waveforms are called Gaussian waveforms due to their similarity to the
Gauss function (1). The basis of these Gaussian waveforms is a Gaussian pulse given by
Ghawami (2005)

yg1 = K1 exp
(
− t2

τ2

)
(2)

where −∞ < t < ∞, τ is the time-scaling factor, and K1is a constant. A Gaussian monocycle
yg2 and a Gaussian doublet yg3 are given by the first and the second derivative of a Gaussian
pulse, respectively Ghawami (2005)

yg2 = K2

(
− 2t

τ2

)
exp

(
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τ2

)
; yg3 = K3

(
− 2
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)(
1 − 2t2
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exp

(
− t2

τ2

)
(3)

For the energies E1,2,3 of the Gaussian pulses yg1, yg2, yg3, the normalization constants K1,2,3
can be evaluated as follows.

K1 =

√
E1

τ
√

π/2
; K2 =

√
τE2√
π/2

; K3 = τ

√
τE3

3
√

π/2
(4)

The spectra of the Gaussian pulses (2), (3) determined by their Fourier transforms Yg1 ( f ),
Yg2 ( f ), Yg3 ( f ), respectively, have the form Ghawami (2005)

Yg1 ( f ) = K1τ
√

π exp
[
− (πτ f )2

]
(5)

Yg2 ( f ) = K2τ
√

π (j2π f )exp
[
− (πτ f )2

]
(6)

Yg3 ( f ) = −K3 (2π f )2 exp
[
− (πτ f )2

]
(7)

Gaussian pulses are the most widely used waveforms due to their simplicity and achievability
Yao (2007). The important property of the Gaussian pulses (2), (3) is that they are almost
uniformly distributed over their frequency spectrum Ghawami (2005). UWB waveform can
be generated by passing a Gaussian pulse through a bandpass filter acting similar to a first- or
second-order differentiator Ghawami (2005), Yao (2007). However, it is difficult and expensive
to generate such pulses with a fractional bandwidth greater than 100% at the central frequency
of about 7GHzYao (2007).
The current high data rate UWB systems are inherently limited to short-ranges of less than
10m due the constraints on allowed emission levels Yao (2007), Ran (2009). The transmis-
sion of high data rate UWB signals over larger distances of about 10 − 10000m is needed for
broadband access technology. In order to increase the IR UWB transmission distances, a new
concept combining the high data rate wireless short-range communications based on UWB
technologies and the optical fiber technology has been proposed Ran (2009). This concept
is called UWB radio over optical fibre (UROOF) Ran (2009). In this approach, the IR UWB
signals of several GHz are superimposed on the optical continuous wave (CW) carrier and

transmitted transparently over an optical fiber Ran (2009), Yao (2007).The UROOF technology
permits to avoid the high cost additional electronic components required for signal process-
ing and makes it possible the integration of all the RF and optical transmitter/receiver com-
ponents on a single chip. The overall combination of these features results in a cost-effective
broadband system that can easily support 1Gb/s suitable for WPAN applications Ran (2009).
Previously, most of the approaches to generating of IR UWB signals were based on electronic
methods Wang (2006). UWB pulses can be generated electrically using electronic circuits such
as a microwave ring filter, a microwave resonator-based bandpass filter, or a microwave dif-
ferentiator Yao (2007). However, in order to distribute UWB signals over the optical fiber, it
is desirable to generate these signals directly in the optical domain without extra electrical-
to-optical (E/O) conversion Yao (2007). Recently, optically based methods of the Gaussian
IR UWB monocycles and doublets generation for low-cost high-data rate UWB wireless sys-
tems have been proposed Lin (2005), Le Guennec (2007), Yao (2007), Zeng (April 2006), Zeng
(October 2006), Zeng (2007). The advantages of these methods are following: the decreas-
ing of interference between electrical devices, low loss and light weight of optical fibers Lin
(2005), Yao (2007), Wang (2006). Below, in section 1.2, we consider the existing techniques of
all-optical IR UWB generation.

1.2 Optical Techniques of IR UWB Generation
Optical IR UWB generation techniques are divided into 3 groups Yao (2007)

1. UWB pulse generation based on phase-modulation-to-intensity-modulation (PM-IM)
conversion.

2. UWB pulse generation based on a photonic microwave delay line where the cross gain
modulation (XGM) in a semiconductor optical amplifier (SOA) is used.

3. UWB pulse generation based on optical spectral shaping and dispersion-induced
frequency-to-time mapping.

All these techniques can be implemented using fiber optic components such as an electro-optic
phase modulator (EOM), a singlemode fiber (SMF), Erbium doped fiber amplifier (EDFA), a
fiber Bragg grating (FBG) and a photodetector (PD) which provide the potential for integra-
tion based on integrated photonic circuits Yao (2007), Wang (2006), Zeng (April 2006), Zeng
(October 2006). It should be noted that PM-IM conversion techniques are simpler than the
techniques related to groups 2 and 3 while the approach based on the group 3 techniques has
more flexibility in generating UWB pulses with arbitrary shapes Yao (2007). Recently novel
UWB pulse generation techniques have been developed where UWB pulses were directly gen-
erated in the optical domain and distributed over optical fiber without the need for an extra
E/O conversion Yao (2007).
In this work, we concentrate on the all-optical methods of UWB pulse generation based on
nonlinear optical processes in SOA such as cross phase modulation (XPM) and XGM. Con-
sider first the method based on XPM. The experimental setup for all-optical UWB doublet
generation is shown in Fig. 1 Dong (2009). A probe CW signal is generated by CW laser diode
at the wavelength λ = 1550.56nm with a 1mW output power. A tunable laser emits CW light
at λ = 1558.7nm modulated by the Mach-Zehnder modulator (MZM) in order to form optical
Gaussian pulses of the type (2). The bit pattern generator (BPG) drives the MZM at a repe-
tition rate of 20Gb/s with a fixed pattern equivalent to a Gaussian pulse train Ps (t) with a
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the system performance Yao (2007). The fast switching in UWB systems results in a non-
rectangular pulse shape which can approximated by a zero-mean Gauss function G (x) with a
standard deviation σ Ghawami (2005)

G (x) =
1√

2πσ2
exp
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− x2

2σ2

)
(1)

A whole class of waveforms are called Gaussian waveforms due to their similarity to the
Gauss function (1). The basis of these Gaussian waveforms is a Gaussian pulse given by
Ghawami (2005)

yg1 = K1 exp
(
− t2

τ2

)
(2)

where −∞ < t < ∞, τ is the time-scaling factor, and K1is a constant. A Gaussian monocycle
yg2 and a Gaussian doublet yg3 are given by the first and the second derivative of a Gaussian
pulse, respectively Ghawami (2005)
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For the energies E1,2,3 of the Gaussian pulses yg1, yg2, yg3, the normalization constants K1,2,3
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The spectra of the Gaussian pulses (2), (3) determined by their Fourier transforms Yg1 ( f ),
Yg2 ( f ), Yg3 ( f ), respectively, have the form Ghawami (2005)
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Gaussian pulses are the most widely used waveforms due to their simplicity and achievability
Yao (2007). The important property of the Gaussian pulses (2), (3) is that they are almost
uniformly distributed over their frequency spectrum Ghawami (2005). UWB waveform can
be generated by passing a Gaussian pulse through a bandpass filter acting similar to a first- or
second-order differentiator Ghawami (2005), Yao (2007). However, it is difficult and expensive
to generate such pulses with a fractional bandwidth greater than 100% at the central frequency
of about 7GHzYao (2007).
The current high data rate UWB systems are inherently limited to short-ranges of less than
10m due the constraints on allowed emission levels Yao (2007), Ran (2009). The transmis-
sion of high data rate UWB signals over larger distances of about 10 − 10000m is needed for
broadband access technology. In order to increase the IR UWB transmission distances, a new
concept combining the high data rate wireless short-range communications based on UWB
technologies and the optical fiber technology has been proposed Ran (2009). This concept
is called UWB radio over optical fibre (UROOF) Ran (2009). In this approach, the IR UWB
signals of several GHz are superimposed on the optical continuous wave (CW) carrier and

transmitted transparently over an optical fiber Ran (2009), Yao (2007).The UROOF technology
permits to avoid the high cost additional electronic components required for signal process-
ing and makes it possible the integration of all the RF and optical transmitter/receiver com-
ponents on a single chip. The overall combination of these features results in a cost-effective
broadband system that can easily support 1Gb/s suitable for WPAN applications Ran (2009).
Previously, most of the approaches to generating of IR UWB signals were based on electronic
methods Wang (2006). UWB pulses can be generated electrically using electronic circuits such
as a microwave ring filter, a microwave resonator-based bandpass filter, or a microwave dif-
ferentiator Yao (2007). However, in order to distribute UWB signals over the optical fiber, it
is desirable to generate these signals directly in the optical domain without extra electrical-
to-optical (E/O) conversion Yao (2007). Recently, optically based methods of the Gaussian
IR UWB monocycles and doublets generation for low-cost high-data rate UWB wireless sys-
tems have been proposed Lin (2005), Le Guennec (2007), Yao (2007), Zeng (April 2006), Zeng
(October 2006), Zeng (2007). The advantages of these methods are following: the decreas-
ing of interference between electrical devices, low loss and light weight of optical fibers Lin
(2005), Yao (2007), Wang (2006). Below, in section 1.2, we consider the existing techniques of
all-optical IR UWB generation.

1.2 Optical Techniques of IR UWB Generation
Optical IR UWB generation techniques are divided into 3 groups Yao (2007)

1. UWB pulse generation based on phase-modulation-to-intensity-modulation (PM-IM)
conversion.

2. UWB pulse generation based on a photonic microwave delay line where the cross gain
modulation (XGM) in a semiconductor optical amplifier (SOA) is used.

3. UWB pulse generation based on optical spectral shaping and dispersion-induced
frequency-to-time mapping.

All these techniques can be implemented using fiber optic components such as an electro-optic
phase modulator (EOM), a singlemode fiber (SMF), Erbium doped fiber amplifier (EDFA), a
fiber Bragg grating (FBG) and a photodetector (PD) which provide the potential for integra-
tion based on integrated photonic circuits Yao (2007), Wang (2006), Zeng (April 2006), Zeng
(October 2006). It should be noted that PM-IM conversion techniques are simpler than the
techniques related to groups 2 and 3 while the approach based on the group 3 techniques has
more flexibility in generating UWB pulses with arbitrary shapes Yao (2007). Recently novel
UWB pulse generation techniques have been developed where UWB pulses were directly gen-
erated in the optical domain and distributed over optical fiber without the need for an extra
E/O conversion Yao (2007).
In this work, we concentrate on the all-optical methods of UWB pulse generation based on
nonlinear optical processes in SOA such as cross phase modulation (XPM) and XGM. Con-
sider first the method based on XPM. The experimental setup for all-optical UWB doublet
generation is shown in Fig. 1 Dong (2009). A probe CW signal is generated by CW laser diode
at the wavelength λ = 1550.56nm with a 1mW output power. A tunable laser emits CW light
at λ = 1558.7nm modulated by the Mach-Zehnder modulator (MZM) in order to form optical
Gaussian pulses of the type (2). The bit pattern generator (BPG) drives the MZM at a repe-
tition rate of 20Gb/s with a fixed pattern equivalent to a Gaussian pulse train Ps (t) with a
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repetition rate of 1.25GHz given by Dong (2009)

Ps (t) =
∞

∑
n=−∞

Ω (t − nTr) (8)

where Ω (t) is an ideal Gaussian waveform of the type (2) with a duty cycle of about 1/16
and full width at half maximum (FWHM) of about 50ps, and Tr is the pulse repetition inter-
val. When the Gaussian pulses (8) and the probe signal are simultaneously fed into SOA, the
probe signal will undergo both XGM and XPM, and the phase Φc is varying approximately
proportionally to Ps (t) Dong (2009)

Φc = KPs (t) + Φ0 (9)

where K is the proportionality constant and Φ0 is the initial phase. The chirp ∆νc (t) of the
probe signal is the first order derivative of the phase given by Dong (2009)

∆νc (t) = − 1
2π

dΦc

dt
= − K

2π

dPs (t)
dt

(10)

The chirp (10) is a monocycle, according to definition (3). Its positive or negative value cor-
responds to blue or red shift of the probe wavelength, respectively Dong (2009). The SOA is
followed by Gaussian optical blue shifted optical bandpass filter (OBF) and red shifted OBF
forming the two polarity-reversed monocycle pulses with an opposite detuning to the probe
carrier λc. Then, UWB doublet pulses can be obtained by combining the positive and negative
monocycles with a proper delay Dong (2009). EDFA is necessary to amplify the output optical
signal power due to large loss of OBFs, and OBF at the output with 1nm bandwidth is used in
order to suppress the amplified spontaneous emission (ASE) noise Dong (2009).
The necessity of OBFs and EDFA makes the UWB pulse generation system based on XPM a
costly one Dong (2009). Two polarity-reversed pulses can be obtained with a pump-probe
scheme based on XGM in SOA where the time delay between the pump and probe waves is
appropriately chosen. The experimental setup for the realization of such a scheme is shown
in Fig. 2 Dong (2009). A CW probe light at λc and an optical Gaussian pulse train (8) at the
wavelength λs are emitted by a CW laser diode and a tunable laser externally modulated by
MZM, respectively, and launched into the SOA simultaneously. Two attenuators (ATTs) are
used for the SOA input power adjustment. The CW probe signal obtains an inverted Gaussian
shape due to XGM in the SOA. The peak of the Gaussian pulse and the pit of the probe signal
at the SOA output are misaligned due to the non-uniform amplification which results in a
monocycle shape without optical filter and time delay Dong (2009). A SMF section of 2.5 km
serves as a dispersion medium in order to induce a group delay between the optical Gaussian
pulse and the inverted probe light. Both positive and negative monocycle pulses can be
obtained depending on the SMF group delay Dong (2009).
All-optical UWB pulse generation based on a hybrid of self phase modulation (SPM) and
XGM, has also been demonstrated where the monocycle pulse is generated from a dark return-
to-zero (RZ) signal and converted to a doublet pulse by injecting an additional probe signal
with the SMF transmission Dong (2009).
An alternative approach based on optical cross polarization modulation has been recently
proposed and demonstrated Chen (2008). Optical signal is cross-polarized modulated with
simple electric pulses. An electrical pulse is used to drive an optical phase modulator (PM)
where the phase shift between the two optical axes depends on the drive voltage V. If the

Fig. 1. Experimental setup for all-optical UWB generation based on XPM scheme (BPG: bit
pattern generator; OC: optical coupler; MZM: Mach-Zehnder modulator; OBF: optical band-
pass filter; ODL: optical delay line; PC: polarization controller)

Fig. 2. Experimental setup for filter-free UWB generation based on XGM scheme (ATT: atten-
uator; SMF: single mode fiber; other abbreviations are similar to 1)

voltage V = Vπ , then the polarization will rotate to the orthogonal direction at the output
of PM. As a result, at the original input orientation there exists simultaneously a negative
pulse. This process is called cross-polarization modulation (CPM) Chen (2008). Then, the
monocycle pulses are obtained after a proper birefrigence time delay and optical-to-electrical
(O/E) conversion, and doublet pulses are obtained by using gain saturation and recovery
processes in SOA Chen (2008).
The shortages of the proposed methods are the necessity of the sophisticated circuit for the
generation of short electric Gaussian pulses, the use of EOM, and the need for a comparatively
long SMF. Bulk SOAs are characterized by a comparatively low operation rate and high bias
currents.
We proposed a theoretical analysis of a novel all-optical method of the IR UWB pulse gener-
ation in an integrated Mach-Zehnder interferometer (MZI) with quantum dot semiconductor
optical amplifier (QD SOA) as an active element inserted into one arm of the integrated MZI
which results in an intensity dependent optical signal interference at the output of MZI Ben
Ezra (2008). The IR UWB pulse generation process is based both on XPM and on XGM in QD
SOA characterized by an extremely high optical nonlinearity, low bias currents, and high op-
eration rate Sugawara (2004). Unlike other proposed all-optical methods, we need not optical
fibers, FBG and EOM substantially reducing the cost and complexity of a IR UWB genera-
tor. The IR UWB signals generated by the proposed QD SOA based MZI structure have the
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MZM, respectively, and launched into the SOA simultaneously. Two attenuators (ATTs) are
used for the SOA input power adjustment. The CW probe signal obtains an inverted Gaussian
shape due to XGM in the SOA. The peak of the Gaussian pulse and the pit of the probe signal
at the SOA output are misaligned due to the non-uniform amplification which results in a
monocycle shape without optical filter and time delay Dong (2009). A SMF section of 2.5 km
serves as a dispersion medium in order to induce a group delay between the optical Gaussian
pulse and the inverted probe light. Both positive and negative monocycle pulses can be
obtained depending on the SMF group delay Dong (2009).
All-optical UWB pulse generation based on a hybrid of self phase modulation (SPM) and
XGM, has also been demonstrated where the monocycle pulse is generated from a dark return-
to-zero (RZ) signal and converted to a doublet pulse by injecting an additional probe signal
with the SMF transmission Dong (2009).
An alternative approach based on optical cross polarization modulation has been recently
proposed and demonstrated Chen (2008). Optical signal is cross-polarized modulated with
simple electric pulses. An electrical pulse is used to drive an optical phase modulator (PM)
where the phase shift between the two optical axes depends on the drive voltage V. If the
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Fig. 2. Experimental setup for filter-free UWB generation based on XGM scheme (ATT: atten-
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voltage V = Vπ , then the polarization will rotate to the orthogonal direction at the output
of PM. As a result, at the original input orientation there exists simultaneously a negative
pulse. This process is called cross-polarization modulation (CPM) Chen (2008). Then, the
monocycle pulses are obtained after a proper birefrigence time delay and optical-to-electrical
(O/E) conversion, and doublet pulses are obtained by using gain saturation and recovery
processes in SOA Chen (2008).
The shortages of the proposed methods are the necessity of the sophisticated circuit for the
generation of short electric Gaussian pulses, the use of EOM, and the need for a comparatively
long SMF. Bulk SOAs are characterized by a comparatively low operation rate and high bias
currents.
We proposed a theoretical analysis of a novel all-optical method of the IR UWB pulse gener-
ation in an integrated Mach-Zehnder interferometer (MZI) with quantum dot semiconductor
optical amplifier (QD SOA) as an active element inserted into one arm of the integrated MZI
which results in an intensity dependent optical signal interference at the output of MZI Ben
Ezra (2008). The IR UWB pulse generation process is based both on XPM and on XGM in QD
SOA characterized by an extremely high optical nonlinearity, low bias currents, and high op-
eration rate Sugawara (2004). Unlike other proposed all-optical methods, we need not optical
fibers, FBG and EOM substantially reducing the cost and complexity of a IR UWB genera-
tor. The IR UWB signals generated by the proposed QD SOA based MZI structure have the
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form of the Gaussian doublet. The shape of the signal and its spectrum can be tailor-made for
different applications by changing the QD SOA bias current and optical power.
Another novel approach of all-optical generation of UWB Gaussian monocycles and doublets
is based on the system of two integrated unbalanced Mach-Zehnder Interferometers (MZIs)
connected in parallel that does not contain any active elements. The MZIs are chosen in such
a way that the phase difference of the interfering signals at the output is equal to π. Each one
of the MZI is characterized by time delay differences τ and 2τ. As a result, at the output of the
MZIs the interfering optical signals modulated by a Gaussian UWB pulse form the first-order
difference approximating the Gaussian monocycle and the second-order difference approxi-
mating the Gaussian doublet. At the output of the system the UWB monocycles and doublets
can be converted to a UWB signal by means of a homodyne detection where the local oscil-
lator frequency ωLO coincides with the optical carrier frequency ω Agrawal (2002). In such a
case the homodyne detected signal is proportional to the UWB modulated optical signal am-
plitude Agrawal (2002), i.e. to the Gaussian monocycle or doublet in our case. The analysis
shows that the performance of the proposed system is stable with respect to reasonable devi-
ations of the MZI arm length and an input coupler ratio. The system can be made tunable by
including into MZIs a tunable delay line.
We also discuss an all-optical signal processing based on wavelet transform (WT) applications.
We proposed the implementation of the WT analysis for all-optical signal denoising, and all-
optical passive generation of a so-called Mexican hat mother wavelet (MHMW) Rao (1998).
The chapter is constructed as follows. The original results are presented in sections 2-6. The
analysis of all-optical method of the IR UWB pulse generation in an integrated MZI with QD
SOA can be divided into three stages. First, in section 2, we discuss the operation principle of
unbalanced MZI (UMZI) containing QD SOA as a basic nonlinear component for the proposed
scheme of all-optical IR UWB generation. Then, in section 3, ultra-fast nonlinear phenomena
in QD SOA and are reviewed. Finally, in section 4, we present the simulation results for the IR
UWB pulse generation in an integrated MZI with QD SOA. In sections 5 and 6, we propose a
theory of all-optical passive generation of UWB Gaussian monocycles and doublets, all-optical
passive generation of MHMW and all-optical signal denoising. The conclusions are presented
in section 7.

2. Mach-Zehnder Interferometer (MZI) Containing Nonlinear Elements

There exist both all-fiber MZI Agrawal (2001) and monolithic integrated ones Joergensen
(1996). The couplers at the input and output of MZI can have different power-splitting frac-
tions, and two arms of MZI can have different lengths and propagation constants. Typically,
in the linear case an input optical signal splits into two parts which acquire different phase if
arm lengths are different. In such a case, MZI can be unbalanced since the two optical fields
inside MZI have physically separated paths Agrawal (2001). Nonlinear applications of MZIs
make use of the SPM- or XPM-induced phase shifts. The nonlinear response of an MZI can
be switched from low to high or vice versa by changing the input peak power of the inci-
dent signal Agrawal (2001). The successful operation of integrated SOA-MZI structures in
an essentially nonlinear regime providing wavelength conversion (WC), all-optical logic gate,
and all-optical regeneration due to XGM has been demonstrated experimentally Chen (2002),
Joergensen (1996), Kanellos (2007).
We discuss now the operation principle of the MZI containing in one arm a QD SOA as a
nonlinear element. The block diagram of the proposed all-optical IR UWB pulse generator

consisting of CW laser, a pulsed laser, and MZI with a QD SOA in its upper arm is shown in
Fig. 3 Ben Ezra (2008).

Fig. 3. Block diagram of the proposed IR UWB generator

A CW signal of a wavelength λ and an optical power P0 is split by an optical splitter (OS) into
two signals with equal optical power and fed into the two ports of the integrated MZI one of
which contains a QD SOA. In QD SOA XGM gain and XPM phase shift are related due to the
linewidth enhancement factor (LEF) α Agrawal (1989). The pulsed laser produces a train of
short Gaussian pulses counter-propagating with respect to the input CW optical signal. The
CW signal propagating through the upper arm of MZI transforms into the Gaussian pulse
at the output of the MZI due to XPM and XGM with the train of Gaussian pulses whereas
the optical signal in the linear lower arm of MZI remains CW. Both these pulses interfere at
the output of MZI, and the output pulse shape is defined by the power dependent phase
difference ∆φ (t) = φ1 (t) − φ2 (t) where φ1,2 (t) are the phase shifts in the upper and lower
arms of MZI, respectively. Evidently, the phase shift in lower arm of MZI is constant: φ2 =
const. The MZI output optical power Pout is given by Wang (2004).

Pout =
P0
4

[
G1 (t) + G2 (t)− 2

√
G1 (t)G2 (t)cos∆φ (t)

]
(11)

where G1,2 (t) are amplification factors of the upper and lower arms of MZI. The upper arm
amplification factor exp (gsatL) ≤ G1 (t) = exp (gL) ≤ exp (g0L) defined by the QD SOA gain
g and its active region length L is limited by the saturation gain gsat and the maximum modal
gain g0 typical for the linear regime. The linear lower arm amplification factor is simply
unity G2 = 1. The losses can be neglected due to a small length of integrated elements. Then
the relation between the MZI phase shift and its amplification factor is given by ∆φ (t) =
− (α/2) ln G1 (t). The shape of the output pulse is determined by the time dependence of
G1 (t) both directly and through ∆φ (t) according to equation (11) resulting in a Gaussian
doublet under certain conditions determined by the QD SOA dynamics that will be discussed
in section 3.
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ations of the MZI arm length and an input coupler ratio. The system can be made tunable by
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A CW signal of a wavelength λ and an optical power P0 is split by an optical splitter (OS) into
two signals with equal optical power and fed into the two ports of the integrated MZI one of
which contains a QD SOA. In QD SOA XGM gain and XPM phase shift are related due to the
linewidth enhancement factor (LEF) α Agrawal (1989). The pulsed laser produces a train of
short Gaussian pulses counter-propagating with respect to the input CW optical signal. The
CW signal propagating through the upper arm of MZI transforms into the Gaussian pulse
at the output of the MZI due to XPM and XGM with the train of Gaussian pulses whereas
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where G1,2 (t) are amplification factors of the upper and lower arms of MZI. The upper arm
amplification factor exp (gsatL) ≤ G1 (t) = exp (gL) ≤ exp (g0L) defined by the QD SOA gain
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− (α/2) ln G1 (t). The shape of the output pulse is determined by the time dependence of
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3. Ultra-fast Nonlinear Phenomena in QD SOA

In this section, we will discuss the structure and operation principles of QD SOA. We briefly
review the QD specific properties, energy bands, and electron transitions responsible for the
stimulated light emission and amplification in subsection 3.1. Theory of QD SOA operation
based on the electron rate equations and photon propagation equation has been developed in
a large number of works. See, for example, Berg (2004), Qasaimeh (2003), Qasaimeh (2004),
Ben Ezra (September 2005), Ben Ezra (October 2005), Ben Ezra (2007) and references therein.
It is considered in subsections 3.2 and 3.3.

3.1 Structure and Operation Principles of QD SOA
Quantization of of electron states in all three dimensions results in a creation of a novel phys-
ical object - a macroatom, or quantum dot (QD) containing a zero dimensional electron gas.
Size quantization is significantly effective when the quantum dot three dimensions are of the
same order of magnitude as the electron de Broglie wavelength Ustinov (2003). Detailed theo-
retical and experimental investigations of InAs/GaAs and InAs QDs electronic structure tak-
ing into account their shape (lens-shaped, pyramidal), size, composition profile, and produc-
tion technique (Stranski-Krastanow, colloidal) have been carried out Bimberg (1999), Bányai
(2005), Ustinov (2003). The different types of QDs based on different technologies and operat-
ing in different parts of spectrum are known such as In(Ga)As QDs grown on GaAs substrates,
InAs QDs grown on InP substrates, and colloidal free-standing InAs QDs. In(Ga)As/GaAs
QDs are characterized by emission at wavelengths no longer than λ = 1.35µm, while the
InAs/InP structures have been proposed for emission at the usual telecommunication wave-
length λ = 1.55µm.
A system of QDs can be approximated with a three energy level model in the conduction
band containing a spin degenerate ground state GS, fourfold degenerate excited state (ES)
with comparatively large energy separations of about 50 − 70meV, and a narrow continuum
wetting layer (WL). The electron WL is situated 150meV above the lowest electron energy
level in the conduction band, i.e. GS and has a width of approximately 120meV. In real cases,
the QDs vary in size, shape, and local strain which leads to the fluctuations in the quantized
energy levels and the inhomogeneous broadening in the optical transition energy. A Gaussian
distribution may be used for the description of the QD sizes, and it shows that the discrete
resonances merge into a continuous structure with widths around 10% Bányai (2005). The
QDs and WL are surrounded by a barrier material which prevents direct coupling between
QD layers. The absolute number of states in the WL is much larger than in the QDs. GS and
ES in QDs are characterized by homogeneous and inhomogeneous broadening Bányai (2005).
The homogeneous broadening caused by the scattering of the optically generated electrons
and holes with imperfections, impurities, phonons, or through the radiative electron-hole pair
recombination Bányai (2005) is about 15meV at room temperature.
The active region of a QD SOA is a layer including self-assembled InGaAs QDs on a GaAs sub-
strate Sugawara (2004). Typically, the QD density per unit area is about

(
1010 − 1011) cm−2.

The bias current is injected into the active layer including QDs, and the input optical sig-
nals are amplified via the stimulated emission or processed via the optical nonlinearity by
QDs Sugawara (2004). The stimulated radiative transitions occur between GS and the valence
band of QDs. A detailed theory of QD SOAs based on the density matrix approach has been
developed in the pioneering work Sugawara (2004) where the linear and nonlinear optical re-
sponses of QD SOAs with arbitrary spectral and spatial distribution of quantum dots in active

region under the multimode light propagation have been considered. It has been shown the-
oretically that XGM takes place due to the coherent terms under the condition that the mode
separation is comparable to or less than the polarization relaxation rate ∣ωm − ωn∣ ≤ Γg where
ωm,n are the mode frequencies and the relaxation time τ = Γ−1

g = 130 f s Sugawara (2004). XGM
is also possible in the case of the incoherent nonlinear polarization, or the so-called incoherent
spectral hole burning Sugawara (2004). It has been assumed that XGM occurred only for sig-
nals with a detuning limited by the comparatively small homogeneous broadening, and for
this reason the ensemble of QDs should be divided into groups by their resonant frequency of
the GS transition between the conduction and valence bands Sugawara (2004).

3.2 Rate Equations and Dynamics of QD SOA
The phenomenological approach to the QD SOA dynamics is based on the rate equations
for the electron densities of GS, ES and for combined WL and barrier serving as a reser-
voir. It is determined by electrons, because of the much larger effective mass of holes and
their smaller state spacing Berg (2004). The carrier dynamics is characterized by slow relax-
ation processes between WL and ES, and the rapidly varying coherent nonlinear population
terms vanish after the averaging over the comparatively large relaxation time τw2 ∼several
ps from the two-dimensional WL to the ES. We have taken into account only incoherent pop-
ulation terms because for XGM between modes with the maximum detuning ∆λmax = 30nm
within the especially important in optical communications conventional band (C-band) of
λ = (1530 ÷ 1565)nm the condition ω1 − ω2 > Γ−1

g is valid even for the lowest relaxation
time from the ES to GS τ21 = 0.16ps, and the rapidly varying coherent beating terms are in-
significant Sugawara (2004). The direct carrier capture into the GS is neglected due to the fast
intradot carrier relaxation and the large energy separation between the GS and the WL and it
is assumed that the charge neutrality condition in the GS is valid. The rate equations account
for both the fast transitions form WL to ES and GS and the slow dynamics of the spontaneous
transitions and electron escape from ES back to WL Qasaimeh (2003), Qasaimeh (2004), Ben
Ezra (2007). They have the form Qasaimeh (2003), Qasaimeh (2004), Ben Ezra (2007).
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Here, Sp, Ss are the CW pump and on-off-keying (OOK) modulated signal wave photon den-
sities, respectively, L is the length of SOA, gp, gs are the pump and signal wave modal gains,
respectively, f is the electron occupation probability of GS, h is the electron occupation proba-
bility of ES, e is the electron charge, t is the time, τ2w is the electron escape time from the ES to
the WL, τwR is the spontaneous radiative lifetime in WL, τ1R is the spontaneous radiative life-
time in QDs, NQ is the surface density of QDs, Nw is the electron density in the WL, Lw is the
effective thickness of the active layer, τ21 is the electron relaxation time from the ES to GS and
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3. Ultra-fast Nonlinear Phenomena in QD SOA
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a large number of works. See, for example, Berg (2004), Qasaimeh (2003), Qasaimeh (2004),
Ben Ezra (September 2005), Ben Ezra (October 2005), Ben Ezra (2007) and references therein.
It is considered in subsections 3.2 and 3.3.
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A system of QDs can be approximated with a three energy level model in the conduction
band containing a spin degenerate ground state GS, fourfold degenerate excited state (ES)
with comparatively large energy separations of about 50 − 70meV, and a narrow continuum
wetting layer (WL). The electron WL is situated 150meV above the lowest electron energy
level in the conduction band, i.e. GS and has a width of approximately 120meV. In real cases,
the QDs vary in size, shape, and local strain which leads to the fluctuations in the quantized
energy levels and the inhomogeneous broadening in the optical transition energy. A Gaussian
distribution may be used for the description of the QD sizes, and it shows that the discrete
resonances merge into a continuous structure with widths around 10% Bányai (2005). The
QDs and WL are surrounded by a barrier material which prevents direct coupling between
QD layers. The absolute number of states in the WL is much larger than in the QDs. GS and
ES in QDs are characterized by homogeneous and inhomogeneous broadening Bányai (2005).
The homogeneous broadening caused by the scattering of the optically generated electrons
and holes with imperfections, impurities, phonons, or through the radiative electron-hole pair
recombination Bányai (2005) is about 15meV at room temperature.
The active region of a QD SOA is a layer including self-assembled InGaAs QDs on a GaAs sub-
strate Sugawara (2004). Typically, the QD density per unit area is about
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nals are amplified via the stimulated emission or processed via the optical nonlinearity by
QDs Sugawara (2004). The stimulated radiative transitions occur between GS and the valence
band of QDs. A detailed theory of QD SOAs based on the density matrix approach has been
developed in the pioneering work Sugawara (2004) where the linear and nonlinear optical re-
sponses of QD SOAs with arbitrary spectral and spatial distribution of quantum dots in active

region under the multimode light propagation have been considered. It has been shown the-
oretically that XGM takes place due to the coherent terms under the condition that the mode
separation is comparable to or less than the polarization relaxation rate ∣ωm − ωn∣ ≤ Γg where
ωm,n are the mode frequencies and the relaxation time τ = Γ−1
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is also possible in the case of the incoherent nonlinear polarization, or the so-called incoherent
spectral hole burning Sugawara (2004). It has been assumed that XGM occurred only for sig-
nals with a detuning limited by the comparatively small homogeneous broadening, and for
this reason the ensemble of QDs should be divided into groups by their resonant frequency of
the GS transition between the conduction and valence bands Sugawara (2004).

3.2 Rate Equations and Dynamics of QD SOA
The phenomenological approach to the QD SOA dynamics is based on the rate equations
for the electron densities of GS, ES and for combined WL and barrier serving as a reser-
voir. It is determined by electrons, because of the much larger effective mass of holes and
their smaller state spacing Berg (2004). The carrier dynamics is characterized by slow relax-
ation processes between WL and ES, and the rapidly varying coherent nonlinear population
terms vanish after the averaging over the comparatively large relaxation time τw2 ∼several
ps from the two-dimensional WL to the ES. We have taken into account only incoherent pop-
ulation terms because for XGM between modes with the maximum detuning ∆λmax = 30nm
within the especially important in optical communications conventional band (C-band) of
λ = (1530 ÷ 1565)nm the condition ω1 − ω2 > Γ−1

g is valid even for the lowest relaxation
time from the ES to GS τ21 = 0.16ps, and the rapidly varying coherent beating terms are in-
significant Sugawara (2004). The direct carrier capture into the GS is neglected due to the fast
intradot carrier relaxation and the large energy separation between the GS and the WL and it
is assumed that the charge neutrality condition in the GS is valid. The rate equations account
for both the fast transitions form WL to ES and GS and the slow dynamics of the spontaneous
transitions and electron escape from ES back to WL Qasaimeh (2003), Qasaimeh (2004), Ben
Ezra (2007). They have the form Qasaimeh (2003), Qasaimeh (2004), Ben Ezra (2007).
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Here, Sp, Ss are the CW pump and on-off-keying (OOK) modulated signal wave photon den-
sities, respectively, L is the length of SOA, gp, gs are the pump and signal wave modal gains,
respectively, f is the electron occupation probability of GS, h is the electron occupation proba-
bility of ES, e is the electron charge, t is the time, τ2w is the electron escape time from the ES to
the WL, τwR is the spontaneous radiative lifetime in WL, τ1R is the spontaneous radiative life-
time in QDs, NQ is the surface density of QDs, Nw is the electron density in the WL, Lw is the
effective thickness of the active layer, τ21 is the electron relaxation time from the ES to GS and
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τ12 is the electron relaxation time from the GS to the ES, εr is the SOA material permittivity, c
is the velocity of light in free space.The modal gain gp,s (ω) is given by Uskov (2004)

gp,s (ω) =
2ΓNQ

a

∫
dωF (ω)σ (ω0) (2 f − 1) (15)

where the number l of QD layers is assumed to be l = 1, the confinement factor Γ is assumed
to be the same for both the signal and the pump waves, a is the mean size of QDs, σ (ω0) is
the cross section of interaction of photons of frequency ω0 with carriers in QD at the tran-
sition frequency ω including the homogeneous broadening factor, F (ω) is the distribution
of the transition frequency in the QD ensemble which is assumed to be Gaussian Qasaimeh
(2004), Uskov (2004). It is related to the inhomogeneous broadening and it is described by the
expression Uskov (2004)
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1
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]
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where the parameter ∆ω is related to the inhomogeneous linewidth γinhom = 2
√

ln2∆ω, and
ω is the average transition frequency.

3.3 XGM and XPM in QD SOA
In order to describe adequately XGM and XPM in QD SOA we should take into account the
interaction of QDs with optical signals. The optical signal propagation in a QD SOA is de-
scribed by the following truncated equations for the slowly varying CW and pulse signals

photon densities and phases SCW,P = PCW,P/
(

h̄ωCW,P
(
vg

)
CW,P Ae f f

)
and θCW,P Agrawal

(1989).
∂SCW,P (z,τ)

∂z
= (gCW,P − αint)SCW,P (z,τ) (17)
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= −α

2
gCW,P (18)

Here PCW,P are the CW and pulse signal optical powers, respectively, Ae f f is the QD SOA
effective cross-section, ωCW,P,

(
vg

)
CW,P are the CW and pulse signal group angular frequen-

cies and velocities, respectively, gCW,P are the active medium (SOA) gains at the corre-
sponding optical frequencies, αint is the absorption coefficient of the SOA material. For the
pulse propagation analysis, we replace the variables (z, t) with the retarded frame variables(
z,τ = t ∓ z/vg

)
. For optical pulses with a duration T ≳ 10ps the optical radiation of the pulse

is filling the entire active region of a QD SOA of the length L ≲ 1mm and the propagation ef-
fects can be neglected Gehrig (2002). Hence, in our case the photon densities

SCW,P (z,τ) = (SCW,P (τ))in exp

⎡
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z∫
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(gCW,P − αint)dz′

⎤
⎦ (19)

can be averaged over the QD SOA length L which yields
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Solution of equation (18) yields for the phases which should be inserted into MZI equation
(11)

θCW,P (τ) = − (α/2)
L∫

0

dzgCW,P. (21)

The time-dependent variations of the carrier distributions in the QDs and WL result in the
strong phase changes (18) during the light propagation in the QD SOA Gehrig (2002). System
of equations (12)-(14) with the average pump and signal photon densities (20) and phases (21)
constitutes a complete set of equations describing XGM and XPM in QD SOA related by the
LEF α as it is seen from equations (17), (18) and (21).

4. Simulation Results for IR UWB Generation in MZI with QD SOA

The analytical solution of nonlinear and extremely complicated equations (12)-(14) in a closed
form is hardly possible, and for this reason, the system of these equations has been solved
numerically for the following typical values of the QD SOA parameters Ben Ezra (2007), Ben
Ezra (2008). The QD SOA active region length L and width W are, respectively, L = 2mm,
W = 10µm; the confinement factor Γ = 3 × 10−2, the maximum gain gmax = 11.5cm−1,
αint = 3cm−1, the fastest relaxation time for the transitions between ES and GS is τ21 = 0.16ps,
while the largest relaxation time for the transition between ES and WL is about τ2w ∼ 1ns.
The simulation results for the output power Gaussian doublet and temporal variations of the
optical signal power and phase in upper and lower arms of MZI are shown in Fig. 4.

Fig. 4. Gaussian doublet of the output power pulse (solid line) and the second derivative of
the Gaussian pulse (dashed line) for the pulsed laser optical power of Pp = 0.5mW (upper
box); optical signal powerin the upper arm of MZI (middle box); phase difference ∆φ (lower
box)

At high Gaussian pulse power levels QD SOA passes to the nonlinear saturation regime where
the amplification factor G1 (t) and XPM phase shift ∆φ (t) decrease to their minimum values.
In this case, Pout also reaches its lowest level due to the maximum value of the oscillating term
in equation (11). In such a case the XPM process is dominant, and the Gaussian doublet occurs
as it is seen from Fig.4. The local maxima of the doublet can be explained by the dominant
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τ12 is the electron relaxation time from the GS to the ES, εr is the SOA material permittivity, c
is the velocity of light in free space.The modal gain gp,s (ω) is given by Uskov (2004)
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where the number l of QD layers is assumed to be l = 1, the confinement factor Γ is assumed
to be the same for both the signal and the pump waves, a is the mean size of QDs, σ (ω0) is
the cross section of interaction of photons of frequency ω0 with carriers in QD at the tran-
sition frequency ω including the homogeneous broadening factor, F (ω) is the distribution
of the transition frequency in the QD ensemble which is assumed to be Gaussian Qasaimeh
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expression Uskov (2004)

F (ω) =
1

∆ω
√

π
exp

[
− (ω − ω)2

(∆ω)2

]
(16)

where the parameter ∆ω is related to the inhomogeneous linewidth γinhom = 2
√

ln2∆ω, and
ω is the average transition frequency.
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effective cross-section, ωCW,P,
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CW,P are the CW and pulse signal group angular frequen-

cies and velocities, respectively, gCW,P are the active medium (SOA) gains at the corre-
sponding optical frequencies, αint is the absorption coefficient of the SOA material. For the
pulse propagation analysis, we replace the variables (z, t) with the retarded frame variables(
z,τ = t ∓ z/vg

)
. For optical pulses with a duration T ≳ 10ps the optical radiation of the pulse

is filling the entire active region of a QD SOA of the length L ≲ 1mm and the propagation ef-
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Solution of equation (18) yields for the phases which should be inserted into MZI equation
(11)

θCW,P (τ) = − (α/2)
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0
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The time-dependent variations of the carrier distributions in the QDs and WL result in the
strong phase changes (18) during the light propagation in the QD SOA Gehrig (2002). System
of equations (12)-(14) with the average pump and signal photon densities (20) and phases (21)
constitutes a complete set of equations describing XGM and XPM in QD SOA related by the
LEF α as it is seen from equations (17), (18) and (21).

4. Simulation Results for IR UWB Generation in MZI with QD SOA

The analytical solution of nonlinear and extremely complicated equations (12)-(14) in a closed
form is hardly possible, and for this reason, the system of these equations has been solved
numerically for the following typical values of the QD SOA parameters Ben Ezra (2007), Ben
Ezra (2008). The QD SOA active region length L and width W are, respectively, L = 2mm,
W = 10µm; the confinement factor Γ = 3 × 10−2, the maximum gain gmax = 11.5cm−1,
αint = 3cm−1, the fastest relaxation time for the transitions between ES and GS is τ21 = 0.16ps,
while the largest relaxation time for the transition between ES and WL is about τ2w ∼ 1ns.
The simulation results for the output power Gaussian doublet and temporal variations of the
optical signal power and phase in upper and lower arms of MZI are shown in Fig. 4.

Fig. 4. Gaussian doublet of the output power pulse (solid line) and the second derivative of
the Gaussian pulse (dashed line) for the pulsed laser optical power of Pp = 0.5mW (upper
box); optical signal powerin the upper arm of MZI (middle box); phase difference ∆φ (lower
box)

At high Gaussian pulse power levels QD SOA passes to the nonlinear saturation regime where
the amplification factor G1 (t) and XPM phase shift ∆φ (t) decrease to their minimum values.
In this case, Pout also reaches its lowest level due to the maximum value of the oscillating term
in equation (11). In such a case the XPM process is dominant, and the Gaussian doublet occurs
as it is seen from Fig.4. The local maxima of the doublet can be explained by the dominant
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Fig. 5. Simulated Gaussian doublet (solid line) and the second derivative the standard Gaus-
sian pulse (dashed line (upper box); the spectra (FFTs) of the simulated IR UWB pulse (solid
line) and second derivative of the standard Gaussian pulse (dashed line) (lower box)

role of XGM process in the regions of small variations of ∆φ (t). In such a case, the variation
of the oscillating term in equation (11) is negligible. This term is varying more slowly as
compared to G1 (t) because of the logarithmic form of the argument ∆φ (t), except for the QD
SOA saturation regime where G1 (t) tends to its minimum value.
The simulated IR UWB doublet, second derivative of the standard Gaussian pulse and their
fast Fourier transforms (FFTs), i.e. spectra are shown in Fig. 5. The spectrum of the simulated
IR UWB signal manifests the filtering features of the proposed IR UWB generator Ghawami
(2005). For the Gaussian pulse duration of about tens of picoseconds, the filtering behavior
of the proposed IR UWB generator is caused by the fast transition relaxation time between
GS and ES τ12 ∼ 1ps in QD SOA limiting a rise time and a fall time of the pulse propagating
through QD SOA. The operation rate of QD SOA is also strongly influenced by the SOA bias
current and optical power Sugawara (2004), Ben Ezra (2007).

5. All-optical Passive Generation of IR UWB

UWB pulse generation techniques in optical domain discussed above are characterized by
complicated and costly systems combining electronic and active nonlinear photonic elements
such as SOA which are necessary for mixing and conversion of UWB modulated optical car-
riers with different optical frequencies. We propose an alternative method of all-optical gen-
eration of UWB Gaussian monocycles and doublets based on the system of two integrated
unbalanced MZIs (UMZIs) connected in parallel that does not contain any active elements.
The UMZIs are chosen in such a way that the phase difference of the interfering signals at the
output is equal to π. Each one of the UMZIs is characterized by time delay differences τ and
2τ. As a result, at the output of the UMZIs the interfering optical signals UWB modulated
by a Gaussian UWB pulse form the first-order difference approximating the Gaussian mono-
cycle and the second-order difference approximating the Gaussian doublet. At the output of
the system the UWB monocycles and doublets can be converted to a UWB signal by means

of a homodyne detection where the local oscillator frequency ωLO coincides with the optical
carrier frequency ω Agrawal (2002). In such a case the detected signal is proportional to the
UWB modulated optical signal amplitude Agrawal (2002), i.e. to the Gaussian monocycle or
doublet in our case. The system can be made tunable by including into UMZIs a tunable delay
line.
The block diagram of the UMZIs is shown in Fig. 6. The UWB modulated optical carrier field
at the system input is given by

E (t) = A (t)exp [−i (ωt + φ)] (22)

where A (t) and φ are the amplitude and phase of the input signal, respectively. The signal (22)
is split in the in the two equal parts at the input of the system, and then the each signal is split
equally once more at the input of the both UMZIs. Assuming the delay time τ of the lower
arm of the upper UMZI1 and of the upper arm of the lower UMZI2 and the delay time 2τ of
the lower arm of the lower UMZI2 we can describe the interfering optical fields as follows.

Fig. 6. The UMZIs connected in parallel

E1,2in =
1
2

E (t) ; E1up =
1
4

E (t) ; E1low =
1
4

E (t − τ) (23)

E1out = E1up − E1low =
1
4
[E (t)− E (t − τ)] (24)

E2up =
1
4

E (t − τ) ; E2low =
1
4

E (t − 2τ) (25)

E2out = E2up − E2low =
1
4
[E (t − τ)− E (t − 2τ)] (26)

Eout = E1out − E2out =
1
4
[E (t)− 2E (t − τ) + E (t − 2τ)] (27)

Equations (24)-(27) show that the output fields E1out, E2out of the UMZI1 and UMZI2, respec-
tively, correspond to the first-order difference of the input signal E (t), and the system output
signal Eout corresponds to the second-order difference of E (t) which represent the approx-
imations of the first and second derivative of E (t), respectively Yao (2007). In the case of
the Gaussian UWB modulated input signal, the first derivative is the monocycle and second
derivative is the doublet Ghawami (2005). In order to down-convert the output monocycle
and doublet modulated optical signals, the coherent-detection technique is used where the
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Fig. 5. Simulated Gaussian doublet (solid line) and the second derivative the standard Gaus-
sian pulse (dashed line (upper box); the spectra (FFTs) of the simulated IR UWB pulse (solid
line) and second derivative of the standard Gaussian pulse (dashed line) (lower box)

role of XGM process in the regions of small variations of ∆φ (t). In such a case, the variation
of the oscillating term in equation (11) is negligible. This term is varying more slowly as
compared to G1 (t) because of the logarithmic form of the argument ∆φ (t), except for the QD
SOA saturation regime where G1 (t) tends to its minimum value.
The simulated IR UWB doublet, second derivative of the standard Gaussian pulse and their
fast Fourier transforms (FFTs), i.e. spectra are shown in Fig. 5. The spectrum of the simulated
IR UWB signal manifests the filtering features of the proposed IR UWB generator Ghawami
(2005). For the Gaussian pulse duration of about tens of picoseconds, the filtering behavior
of the proposed IR UWB generator is caused by the fast transition relaxation time between
GS and ES τ12 ∼ 1ps in QD SOA limiting a rise time and a fall time of the pulse propagating
through QD SOA. The operation rate of QD SOA is also strongly influenced by the SOA bias
current and optical power Sugawara (2004), Ben Ezra (2007).

5. All-optical Passive Generation of IR UWB

UWB pulse generation techniques in optical domain discussed above are characterized by
complicated and costly systems combining electronic and active nonlinear photonic elements
such as SOA which are necessary for mixing and conversion of UWB modulated optical car-
riers with different optical frequencies. We propose an alternative method of all-optical gen-
eration of UWB Gaussian monocycles and doublets based on the system of two integrated
unbalanced MZIs (UMZIs) connected in parallel that does not contain any active elements.
The UMZIs are chosen in such a way that the phase difference of the interfering signals at the
output is equal to π. Each one of the UMZIs is characterized by time delay differences τ and
2τ. As a result, at the output of the UMZIs the interfering optical signals UWB modulated
by a Gaussian UWB pulse form the first-order difference approximating the Gaussian mono-
cycle and the second-order difference approximating the Gaussian doublet. At the output of
the system the UWB monocycles and doublets can be converted to a UWB signal by means

of a homodyne detection where the local oscillator frequency ωLO coincides with the optical
carrier frequency ω Agrawal (2002). In such a case the detected signal is proportional to the
UWB modulated optical signal amplitude Agrawal (2002), i.e. to the Gaussian monocycle or
doublet in our case. The system can be made tunable by including into UMZIs a tunable delay
line.
The block diagram of the UMZIs is shown in Fig. 6. The UWB modulated optical carrier field
at the system input is given by

E (t) = A (t)exp [−i (ωt + φ)] (22)

where A (t) and φ are the amplitude and phase of the input signal, respectively. The signal (22)
is split in the in the two equal parts at the input of the system, and then the each signal is split
equally once more at the input of the both UMZIs. Assuming the delay time τ of the lower
arm of the upper UMZI1 and of the upper arm of the lower UMZI2 and the delay time 2τ of
the lower arm of the lower UMZI2 we can describe the interfering optical fields as follows.

Fig. 6. The UMZIs connected in parallel

E1,2in =
1
2

E (t) ; E1up =
1
4

E (t) ; E1low =
1
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[E (t)− E (t − τ)] (24)
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E2out = E2up − E2low =
1
4
[E (t − τ)− E (t − 2τ)] (26)

Eout = E1out − E2out =
1
4
[E (t)− 2E (t − τ) + E (t − 2τ)] (27)

Equations (24)-(27) show that the output fields E1out, E2out of the UMZI1 and UMZI2, respec-
tively, correspond to the first-order difference of the input signal E (t), and the system output
signal Eout corresponds to the second-order difference of E (t) which represent the approx-
imations of the first and second derivative of E (t), respectively Yao (2007). In the case of
the Gaussian UWB modulated input signal, the first derivative is the monocycle and second
derivative is the doublet Ghawami (2005). In order to down-convert the output monocycle
and doublet modulated optical signals, the coherent-detection technique is used where the
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local oscillator frequency ωLO = ω Agrawal (2002). In order to improve the accuracy of the
homodyne detection we use the same laser as a source of the externally UWB modulated op-
tical signal and the CW optical signal. The block diagram of the system is shown in Fig. 7.
The detector photocurrent I (t) is given by Agrawal (2002)

Fig. 7. Block diagram of UWB pulse photonic generation system

I (t) = R
[

Pout + PLO + 2
√

PoutPLO cos
(
φout − φLO

)]
(28)

where R is the detector responsivity, Pout = KA2
out, PLO = KA2

LO, Aout, ALO, φout, φLO are the
output signal and local oscillator optical powers, amplitudes and phases, respectively, K is a
constant of proportionality. The phase difference

(
φout − φLO

)
can be eliminated by using a

phase shifter. Then, the detected signal IH (t) is given by Agrawal (2002)

IH (t) = 2R
√

KPLO Aout ∼ ∣Eout∣ (29)

Equations (27) and (29) show that the detected signal IH (t) is proportional to the Gaussian
doublet. Typically, the local oscillator power is much larger than the output signal, and optical
losses in the MZI system can be neglected. For the typical values of R = (0.4 − 0.9)A/W
Agrawal (2002), PLO = 10mW, Pout = 0.1mW we obtain IH (t) ≈ (0.8 − 1.8)mA.
The numerical simulations results for equations (24)-(27) are shown in Figs. 8, 9.

Fig. 8. Gaussian monocycles (the upper and middle boxes) and doublet (the lower box)

Fig. 9. Simulated Gaussian doublet at the output of the passive UNMZI system - solid line, the
second derivative of Gaussian pulse - dashed line (the upper box); the spectra of the Gaussian
doublet (solid line) and of the second derivative of Gaussian pulse (dashed line) (the lower
box)

As it is seen from Fig. 8, the Gaussian monocycles and doublets can be optically generated
by using the system of the passive UMZIs connected in parallel and coherent homodyne de-
tector. Fig. 9 shows a satisfactory coincidence between the simulated Gaussian doublet and
its spectrum and the calculated second derivative of the standard Gaussian pulse (3) and its
spectrum.
Unlike the existing methods, the proposed method is based on the generation of the field
pulses instead of the power pulses. The advantages of the proposed method are mainly re-
lated to the absence of the nonlinear active elements which results in the stability, simplicity
and easy control of the proposed system.

6. All-optical Processing of UWB Signals

A wavelet transform (WT) involves time-frequency representation of nonstationary signals
and can be successfully used in optical communications for signal processing operations such
as an ultrafast image transmission, signal denoising, time-frequency multiplexing, spectral
and temporal encoding Cincotti (2005). The use of WTs in optical communications can sig-
nificantly improve a system capacity due to the two-dimensional processing capability of the
multiresolution analysis (MRA) providing a high resolution at low frequency and low reso-
lution at high frequency and permitting to localize a particular portion of the signal Cincotti
(2005). The continuous WT (CWT) of a signal s (t) is given by Rao (1998)

CWTs (a,τ) =
1
∣a∣

∫
s (t)Ψ∗

(
t − τ

a

)
dt (30)

where a is a real scale parameter, τ is the translation factor, and ψ (t) is the mother wavelet
function. In digital signal processing and multiplexing the orthogonal wavelet series expan-
sions or discrete WTs (DWTs) are more useful that can be obtained from CWT (30) when the
scale and translation factors have discrete values. DWT decomposes the input signal at differ-
ent scales and resolutions using bases localized in time and frequency domains and extracting
specific information from the signal. Under certain conditions, a signal s (t) can be represented



All	Optical	Generation	and	Processing	of	IR	UWB	Signals 429

local oscillator frequency ωLO = ω Agrawal (2002). In order to improve the accuracy of the
homodyne detection we use the same laser as a source of the externally UWB modulated op-
tical signal and the CW optical signal. The block diagram of the system is shown in Fig. 7.
The detector photocurrent I (t) is given by Agrawal (2002)

Fig. 7. Block diagram of UWB pulse photonic generation system

I (t) = R
[

Pout + PLO + 2
√

PoutPLO cos
(
φout − φLO

)]
(28)

where R is the detector responsivity, Pout = KA2
out, PLO = KA2

LO, Aout, ALO, φout, φLO are the
output signal and local oscillator optical powers, amplitudes and phases, respectively, K is a
constant of proportionality. The phase difference

(
φout − φLO

)
can be eliminated by using a

phase shifter. Then, the detected signal IH (t) is given by Agrawal (2002)

IH (t) = 2R
√

KPLO Aout ∼ ∣Eout∣ (29)

Equations (27) and (29) show that the detected signal IH (t) is proportional to the Gaussian
doublet. Typically, the local oscillator power is much larger than the output signal, and optical
losses in the MZI system can be neglected. For the typical values of R = (0.4 − 0.9)A/W
Agrawal (2002), PLO = 10mW, Pout = 0.1mW we obtain IH (t) ≈ (0.8 − 1.8)mA.
The numerical simulations results for equations (24)-(27) are shown in Figs. 8, 9.

Fig. 8. Gaussian monocycles (the upper and middle boxes) and doublet (the lower box)

Fig. 9. Simulated Gaussian doublet at the output of the passive UNMZI system - solid line, the
second derivative of Gaussian pulse - dashed line (the upper box); the spectra of the Gaussian
doublet (solid line) and of the second derivative of Gaussian pulse (dashed line) (the lower
box)

As it is seen from Fig. 8, the Gaussian monocycles and doublets can be optically generated
by using the system of the passive UMZIs connected in parallel and coherent homodyne de-
tector. Fig. 9 shows a satisfactory coincidence between the simulated Gaussian doublet and
its spectrum and the calculated second derivative of the standard Gaussian pulse (3) and its
spectrum.
Unlike the existing methods, the proposed method is based on the generation of the field
pulses instead of the power pulses. The advantages of the proposed method are mainly re-
lated to the absence of the nonlinear active elements which results in the stability, simplicity
and easy control of the proposed system.
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nificantly improve a system capacity due to the two-dimensional processing capability of the
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sions or discrete WTs (DWTs) are more useful that can be obtained from CWT (30) when the
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ent scales and resolutions using bases localized in time and frequency domains and extracting
specific information from the signal. Under certain conditions, a signal s (t) can be represented
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by a smoothed approximation at resolution 2M given by Cincotti (2005)

s (t) = ∑
k

2−M/2cM [k]φ
(

2−Mt − k∆τ
)
+

M

∑
l=1

∑
k

2−l/2dl [k]ψ
(

2−l t − k∆τ
)

(31)

where ψ (t) is the mother wavelet function, φ (t) is the scaling function, cM [k] are the scal-
ing/approximation coefficients, dl [k] the detail coefficients, and ∆τ is the inverse of the signal
free spectral range (FSR). The DWT decomposition (31) halves the time resolution and doubles
the frequency band of original signal. In the case of the signal corruption by white Gaussian
noise, the signal denoising scheme is based on the selective wavelet reconstruction since an
inhomogeneous signal is described by a small number of wavelet coefficients while the white
noise is distribute over a large number of coefficients Cincotti (2005).
Passive networks for a physical implementation of the discrete WT (DWT) can be based on
passive MZIs described in section 5 with output asymmetric couplers Cincotti (2002). We
propose a passive UMZI as a basic component for the all-optical passive generation of the
Mexican hat mother wavelet (MHMW) and for the realization of the Haar wavelet decompo-
sition which can be used for the all-optical signal denoising.
Using the system of passive UMZIs shown in Fig. 6 with the time delay ∆τ instead of τ and
applying equations (23)-(27) to the Gaussian input signal we indeed obtain the approximation
of the Gaussian second derivative which is MHMW given by Rao (1998)

E (t) =
(

1 − t2
)

exp
(
−t2

)
(32)

The inverse MHMW corresponds to the doublet shown in Fig. 8.
Consider now the all-optical signal denoising. It is based on the Haar recursive decomposition
with the quadrature mirror filter (QMF) coefficients h [k] and g [k]. These coefficients can be
realized by the digital filters given by

h [k] =
1
2
[δ (k) + δ (k + 1)] ; g [k] =

1
2
[δ (k)− δ (k + 1)] (33)

These filters can be implemented by the UMZI. In the case of low pass filter h [k] the interfer-
ence at the UMZI output should be constructive. In the opposite case of the high pass filter
g [k], the interference at the UMZI output should be destructive. We generated a noisy 10Gb/s
NRZ optical signal. The eye diagram of this input signal is shown in Fig. 10. In order to carry
out the denoising of the input NRZ signal we used a three stage cascade of the UMZIs of the
type shown in Fig. 6 with FSR of ∆τ, 2∆τ, 3∆τ, respectively, which permits the realization of
the three level Haar decomposition of the input signal. By eliminating the higher order detail
components dl [k] we filter the noise components and simultaneously slightly reshape the in-
put waveform itself. The eye diagram of the denoised signal is shown in Fig. and manifests a
substantial improvement of the signal-to-noise ratio (SNR).

7. Conclusions

We have proposed a theoretical analysis of novel all-optical methods of the IR UWB signal
generation.

1. We proposed a novel method of the IR UWB signal generation based on integrated MZI
with a QD SOA as a nonlinear component. The generation mechanism is related to

Fig. 10. The eye diagram of the input optical signal

Fig. 11. The eye diagram of the optical signal after the wavelet denoising process

XPM and XGM phenomena in QD SOA Unlike other proposed all-optical methods, we
need not optical fibers, FBG and EOM substantially reducing the cost and complexity
of a IR UWB generator. The IR UWB signals generated by the proposed QD SOA based
MZI structure have the form of the Gaussian doublet. The shape of the signal and its
spectrum can be tailor-made for different applications by changing the QD SOA bias
current and optical power.

2. We have shown theoretically that the Gaussian monocycles and doublets can be op-
tically generated by using the system consisting of the passive UMZIs connected in
parallel, and coherent homodyne detector. Unlike the existing methods, the proposed
method is based on the generation of the field pulses instead of the power pulses and
does not require nonlinear components.

3. We proposed the implementation scheme of the all-optical signal denoising and
MHMW generation based on the system of the passive UMZIs.
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1. Introduction

1.1 State of the Art of High Spectral Efficiency Transmission Techniques
1.1.1 Spectral Efficiency and Advanced Optical Modulation Formats
Modern optical communication systems fulfilling optical networking functionalities and op-
erating at data rates of about 40Gb/s are now commercially available due to the rapid devel-
opment of high-speed electronics and optical component technologies in recent years (Winzer,
December 2006). In wavelength division multiplexing (WDM) systems the increase of system
reach and capacity and, at the same time, the reduction of the cost per transported informa-
tion bit are achieved by sharing optical components among many WDM channels (Winzer,
May 2006). All shared optical components operate within limited wavelength windows, and
consequently, WDM channels should be spaced as closely together as possible (Winzer, May
2006). Consequently, it is necessary to increase the system spectral efficiency (SE), or infor-
mation spectral density defined as the ratio of net per-channel information data rate to WDM
channel spacing and measured in b/s/Hz (Bigo, 2004). For instance, transmission of 40Gb/s
data information per WDM channel on the 100GHz International Telecommunication Union
(ITU) frequency grid yields a SE of 0.4b/s/Hz (Winzer, May 2006). The cost per information
bit can be also decreased by increasing of the per-channel data rates.
Progress in high SE, high capacity optically routed transport networks is defined by the fol-
lowing key technologies: (i) low-loss optical components such as transmission fiber, disper-
sion compensation devices, optical switching/routing elements; (ii) low-noise optical ampli-
fiers; (iii) advanced optical fibers reducing nonlinearity and enabling higher signal launch
powers; (iv) forward error correction (FEC); advanced modulation formats (Winzer, May
2006). At per-channel data rates of 40Gb/s and above special modulation formats and line
coding are used to mitigate linear and nonlinear impairments from fiber-optic transmission
and to achieve high spectral efficiencies in optically routed network scenarios (Winzer, Decem-
ber 2006). Record numbers of transmission distances and capacities in research laboratories
reach up to 6100km and 6Tb/s, or 10000km and 1.6Tb/s which correspond to capacity-distance
products of 36Pb/s ⋅ km and 16Pb/s ⋅ km, respectively (Winzer, May 2006).
The most common intensity data modulation format (DMF) is a binary nonreturn to zero
(NRZ) on/off keying (OOK). However, it has a low SE. For this reason, other more ad-
vanced DMFs are proposed and developed such as binary chirped and chirp-free nonreturn
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to zero (NRZ) and return to zero (RZ); vestigial sideband (VSB); single sideband (SSB); al-
ternate chirped return to zero (ACRZ); dispersion supported transmission (DST), and mul-
tilevel amplitude-shift keying (M-ASK). Typical phase DMFs are binary and multilevel NRZ
and RZ; differential phase-shift keying (DPSK), and differential quadrature phase-shift keying
(DQPSK) (Winzer, December 2006). Polarization degree of freedom is mainly used to improve
the propagation properties of a format, or in research experiments to increase spectral effi-
ciency. The detailed analysis of these formats can be found in Ref. (Winzer, December 2006)
and references therein.

1.1.2 Orthogonal Frequency Division Multiplexing (OFDM)
The optical communication system performance at high transmission data rate per channel
approaching 100Gb/s strongly deteriorates due to the optical dispersion effects (Agrawal,
2002), (Shieh, 2008). Conventional dispersion compensation methods at these bit rates are
costly, time-consuming, require precise optical fiber dispersion measurement and precise
matching of the dispersion compensation across a broad wavelength range (Shieh, 2008). In
particular, a dynamically reconfigurable network with a fast link setup makes the manual
optical dispersion compensation impractical (Shieh, 2008). The recently proposed coherent
optical orthogonal frequency division multiplexing (OFDM) can provide a solution of these
problems (Shieh, 2008), (Armstrong, 2009). OFDM is a technique for transmitting data in par-
allel by using a large number of modulated carriers with the subcarrier frequencies chosen
in such a way that they are orthogonal over one OFDM symbol period (Armstrong, 2009),
(Couch II, 2001). DMFs mentioned above can be used in OFDM technology (Couch II, 2001).
In the last decade, OFDM has emerged as the leading physical-layer interface in broadband
wireless communication systems because it has the following advantages that are especially
important for high data rate signal transmission (Shieh, 2008), (Armstrong, 2009).

1. In the case of OFDM, the intersymbol interference (ISI) caused by a dispersive channel
is much smaller as compared to quadrature amplitude modulation (QAM), NRZ, and
other conventional modulation schemes.

2. OFDM transfers the complexity of transmitters and receivers from the analog to the
digital domain.

In OFDM the spectra of individual subcarriers overlap, but for linear channels the subcarri-
ers can be demodulated without interference and without an analog filtering to separate the
received subcarriers, due to the orthogonality property (Armstrong, 2009). Optical OFDM is
based on electronic signal processing before the optical modulator and after the photo detec-
tor (PD). The sources of Optical OFDM solutions are divided into two groups (Armstrong,
2009).

1. For optical wireless, multimode fiber (MMF) systems, and plastic optical fiber systems
characterized by many different optical modes the OFDM signal is represented by the
intensity of the optical signal.

2. For SMF with only one mode of the signal the OFDM signal is represented by the optical
field.

Coherent optical OFDM combines the advantages of coherent detection and OFDM modula-
tion (Shieh, 2008). In particular, in the case of OFDM, the chromatic dispersion and polariza-
tion mode dispersion of the transmission system can be effectively estimated and mitigated,

and SE can be increased due to the partial overlapping of OFDM subcarrier spectra (Shieh,
2008).
OFDM has been thoroughly investigated in mobile communications in order to overcome
hostile frequency-selective fading (Shieh, 2008). OFDM has been incorporated into a number
of wireless network standards (802.11a/g WiFi, HiperLAN2, 802.16 WiMax) and digital audio
and video broadcasting (DAB, DVB-T) (Shieh, 2008).
OFDM can be successfully applied to ultra wideband (UWB) signals transmission combining
the advantages of the both technologies which results in a significant SE increase.

1.2 UWB OFDM Technology
UWB radio is a fast emerging technology widely used in wireless communications, network-
ing, radar, imaging, and positioning systems (Yang, 2004). UWB characterizes transmission
systems with instantaneous spectral occupancy in excess of 500MHz or a fractional band-
width defined as B/ fc of more than 20%, where B = fH − fL denotes the −10dB bandwidth,
and center frequencies fc = ( fH + fL) /2, fH , fL are the upper and lower frequency of the
−10dB emission point, respectively (Yang, 2004). Historically, UWB radar systems were first
developed mainly as a military tool due to their enhanced capability to penetrate through ob-
stacles and ultra high precision ranging at the centimeter level (Ghavami, 2005), (Yang, 2004).
Recently, UWB technology has been focused on consumer electronics and communications
where UWB systems are characterized by low power, low cost, very high data rates, precise
positioning capability and extremely low interference (Ghavami, 2005). For this reason, UWB
technology is suitable for broadband services in the mass markets of wireless personal area
networks (WPAN), and it is a promising candidate for such applications as accurate track-
ing and location, safety and homeland security. UWB technology may be implemented in
the global positioning system (GPS) and wireless local area networks (WLAN) (Yang, 2004).
A relatively new UWB technology application for communication is caused in particular by
rapid advancement of semiconductor technology (Kshetrimayum, 2009).
The UWB technology development was stimulated in 2002 when Federal Communication
Commission (FCC) released a spectral mask allowing operation of UWB radios at the noise
floor, but over a huge bandwidth up to 7.5GHz (Yang, 2004). For UWB systems, the transmit-
ted power is comparable to the level of parasitic emissions in a typical indoor environment
being of the order 0.5mW (Kshetrimayum, 2009). For wireless communications, the FCC regu-
lated power levels are below −41.3dBm (Yang, 2004). Low power, short-range UWB commu-
nications are potentially capable of providing high spatial capacity. UWB connectivity may be
used successfully in applications related to flexible location-aware communication networks
(Yang, 2004). The general model of a single-link communication consists of a transmitter, a
channel, and a receiver where the channel is the medium through which the transmitted data
reaches a receiver (Kshetrimayum, 2009).
There exist three main types of UWB technologies: impulse radio (IR-UWB), direct sequence
(DS-UWB), and multi-band OFDM (MB-OFDM) (Ran, 2009). In IR-UWB, information is car-
ried by a set of narrow electromagnetic pulses. Their bandwidth is inversely proportional
to the pulse width. Unlike conventional wireless communication systems that are based on
carrier modulation, IR-UWB is essentially a baseband carrier free technology. The center fre-
quency in IR-UWB is determined by the zero crossing rate of the pulse waveform. In general,
waveforms for IR-UWB are designed to obtain a flat frequency response over the bandwidth
of the pulse and to avoid a DC component. Various monocycle waveforms have been pro-
posed to meet these characteristics including Gaussian, Raleigh, Laplacian and cubic. Various
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tilevel amplitude-shift keying (M-ASK). Typical phase DMFs are binary and multilevel NRZ
and RZ; differential phase-shift keying (DPSK), and differential quadrature phase-shift keying
(DQPSK) (Winzer, December 2006). Polarization degree of freedom is mainly used to improve
the propagation properties of a format, or in research experiments to increase spectral effi-
ciency. The detailed analysis of these formats can be found in Ref. (Winzer, December 2006)
and references therein.

1.1.2 Orthogonal Frequency Division Multiplexing (OFDM)
The optical communication system performance at high transmission data rate per channel
approaching 100Gb/s strongly deteriorates due to the optical dispersion effects (Agrawal,
2002), (Shieh, 2008). Conventional dispersion compensation methods at these bit rates are
costly, time-consuming, require precise optical fiber dispersion measurement and precise
matching of the dispersion compensation across a broad wavelength range (Shieh, 2008). In
particular, a dynamically reconfigurable network with a fast link setup makes the manual
optical dispersion compensation impractical (Shieh, 2008). The recently proposed coherent
optical orthogonal frequency division multiplexing (OFDM) can provide a solution of these
problems (Shieh, 2008), (Armstrong, 2009). OFDM is a technique for transmitting data in par-
allel by using a large number of modulated carriers with the subcarrier frequencies chosen
in such a way that they are orthogonal over one OFDM symbol period (Armstrong, 2009),
(Couch II, 2001). DMFs mentioned above can be used in OFDM technology (Couch II, 2001).
In the last decade, OFDM has emerged as the leading physical-layer interface in broadband
wireless communication systems because it has the following advantages that are especially
important for high data rate signal transmission (Shieh, 2008), (Armstrong, 2009).

1. In the case of OFDM, the intersymbol interference (ISI) caused by a dispersive channel
is much smaller as compared to quadrature amplitude modulation (QAM), NRZ, and
other conventional modulation schemes.

2. OFDM transfers the complexity of transmitters and receivers from the analog to the
digital domain.

In OFDM the spectra of individual subcarriers overlap, but for linear channels the subcarri-
ers can be demodulated without interference and without an analog filtering to separate the
received subcarriers, due to the orthogonality property (Armstrong, 2009). Optical OFDM is
based on electronic signal processing before the optical modulator and after the photo detec-
tor (PD). The sources of Optical OFDM solutions are divided into two groups (Armstrong,
2009).

1. For optical wireless, multimode fiber (MMF) systems, and plastic optical fiber systems
characterized by many different optical modes the OFDM signal is represented by the
intensity of the optical signal.

2. For SMF with only one mode of the signal the OFDM signal is represented by the optical
field.

Coherent optical OFDM combines the advantages of coherent detection and OFDM modula-
tion (Shieh, 2008). In particular, in the case of OFDM, the chromatic dispersion and polariza-
tion mode dispersion of the transmission system can be effectively estimated and mitigated,

and SE can be increased due to the partial overlapping of OFDM subcarrier spectra (Shieh,
2008).
OFDM has been thoroughly investigated in mobile communications in order to overcome
hostile frequency-selective fading (Shieh, 2008). OFDM has been incorporated into a number
of wireless network standards (802.11a/g WiFi, HiperLAN2, 802.16 WiMax) and digital audio
and video broadcasting (DAB, DVB-T) (Shieh, 2008).
OFDM can be successfully applied to ultra wideband (UWB) signals transmission combining
the advantages of the both technologies which results in a significant SE increase.

1.2 UWB OFDM Technology
UWB radio is a fast emerging technology widely used in wireless communications, network-
ing, radar, imaging, and positioning systems (Yang, 2004). UWB characterizes transmission
systems with instantaneous spectral occupancy in excess of 500MHz or a fractional band-
width defined as B/ fc of more than 20%, where B = fH − fL denotes the −10dB bandwidth,
and center frequencies fc = ( fH + fL) /2, fH , fL are the upper and lower frequency of the
−10dB emission point, respectively (Yang, 2004). Historically, UWB radar systems were first
developed mainly as a military tool due to their enhanced capability to penetrate through ob-
stacles and ultra high precision ranging at the centimeter level (Ghavami, 2005), (Yang, 2004).
Recently, UWB technology has been focused on consumer electronics and communications
where UWB systems are characterized by low power, low cost, very high data rates, precise
positioning capability and extremely low interference (Ghavami, 2005). For this reason, UWB
technology is suitable for broadband services in the mass markets of wireless personal area
networks (WPAN), and it is a promising candidate for such applications as accurate track-
ing and location, safety and homeland security. UWB technology may be implemented in
the global positioning system (GPS) and wireless local area networks (WLAN) (Yang, 2004).
A relatively new UWB technology application for communication is caused in particular by
rapid advancement of semiconductor technology (Kshetrimayum, 2009).
The UWB technology development was stimulated in 2002 when Federal Communication
Commission (FCC) released a spectral mask allowing operation of UWB radios at the noise
floor, but over a huge bandwidth up to 7.5GHz (Yang, 2004). For UWB systems, the transmit-
ted power is comparable to the level of parasitic emissions in a typical indoor environment
being of the order 0.5mW (Kshetrimayum, 2009). For wireless communications, the FCC regu-
lated power levels are below −41.3dBm (Yang, 2004). Low power, short-range UWB commu-
nications are potentially capable of providing high spatial capacity. UWB connectivity may be
used successfully in applications related to flexible location-aware communication networks
(Yang, 2004). The general model of a single-link communication consists of a transmitter, a
channel, and a receiver where the channel is the medium through which the transmitted data
reaches a receiver (Kshetrimayum, 2009).
There exist three main types of UWB technologies: impulse radio (IR-UWB), direct sequence
(DS-UWB), and multi-band OFDM (MB-OFDM) (Ran, 2009). In IR-UWB, information is car-
ried by a set of narrow electromagnetic pulses. Their bandwidth is inversely proportional
to the pulse width. Unlike conventional wireless communication systems that are based on
carrier modulation, IR-UWB is essentially a baseband carrier free technology. The center fre-
quency in IR-UWB is determined by the zero crossing rate of the pulse waveform. In general,
waveforms for IR-UWB are designed to obtain a flat frequency response over the bandwidth
of the pulse and to avoid a DC component. Various monocycle waveforms have been pro-
posed to meet these characteristics including Gaussian, Raleigh, Laplacian and cubic. Various
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DMFs may be used in the case of IR-UWB such as pulse amplitude modulation (PAM), pulse
position modulation (PPM) and pulse shape modulation (PSM). DS-UWB is based on con-
cepts of conventional DS spread spectrum (DS-SS). MB-OFDM is based on subdividing the
UWB spectrum into 5 band groups and 14 sub-bands of 528MHz width composed of 128
sub-carriers OFDM signals, and each one is QPSK modulated.
The MB UWB OFDM technology combines the advantages of SE DMFs and OFDM. For this
reason, recently, we proposed a new concept that combines the advantages of the high data
rate wireless short-range communications based on UWB technologies, and in particular high
SE, and the optical fiber communication technology (Ran, 2009). The fiber-optic communica-
tion systems can be applied in any area that requires transfer of information from one place
to another (Agrawal, 2002). Their advantages are well known. For instance, the bandwidth
of the modulated carrier can reach a few percent of the carrier frequency which provides the
optical communication systems with the potential of carrying information at bit rates up to
1Tb/s (Agrawal, 2002). The fiber losses are extremely low compared to other channel materi-
als exhibiting a minimum loss of about 0.2dB/km near the wavelength λ = 1.55µm (Agrawal,
2002). The proposed concept enables the transmission of UWB radio signals over optical fibers
by superimposing the UWB RF signals of several GHz on the optical continuous wave (CW)
carrier. This concept is called UWB radio over fiber (UROOF). It has the following advantages:

1. The conversion process becomes transparent to the UWB modulation method.
2. The high costs of additional electronic components required for synchronization and

other processes can be avoided.
3. The integration of all the RF and optical transmitter/receiver components on a single

chip is possible.

UROOF technology can be successfully applied in the following areas (Ran, 2009).

1. UROOF technology can significantly improve WPAN by range extension up to 2-3 or-
ders of magnitude.

2. Novel optical/wireless infrastructures can be developed capable of delivering broad-
band multimedia and above 1000Mb/s traffic to subscribers in remote areas.

3. UROOF technology can be used in security systems for collecting data from a large
number of sensors and cameras equipped with UWB and transmitting it over optical
infrastructures.

We proposed OFDM technology application to the high SE optical transmission of UWB sig-
nals beyond 40Gb/s (Ben-Ezra, 2008). The highly efficient method of RF and optical sig-
nal mixing is based on two different architectures: the parallel-RF/serial-optics architecture
characterized by all-optical mixing for sub-carrier multiplexing, and the parallel-RF/parallel-
optics architecture based on the array of 12x10GHz components with directly modulated ver-
tical cavity surface emitting lasers (VCSELs) and 12 multimode optical fibers. The main ad-
vantages of the both architectures are simplicity and low-cost implementation.
The original results are presented in Sections 2-6 of this work. The proposed novel parallel-
RF/serial-optics and parallel-RF/parallel-optics architectures are considered in Section 2. In
Section 3, the building blocks of these architectures are described. We discuss in detail the
optical link model containing a directly modulated VCSEL as a transmitter, MMF, and a p-
i-n diode as PD. A SiGe based optically controlled microwave convertor (OCMC) as a novel
component for the UWB MB OFDM signal detection is developed in Section 4. Experimental
and simulation results concerning the proposed MB UWB OFDM transmission system perfor-
mance are presented in Section 5. Conclusions are presented in Section 6.

Fig. 1. 61.44Gb/s based on parallel RF/serial optics with N = 128 channels

2. Architecture of UWB OFDM Systems

In this section parallel and serial architectures of UWB OFDM systems are explored in order
to construct multi-band OFDM signals capable of delivering a multi-gigabit analog signal. We
address beyond 40Gb/s data rates by parallel transmission over more than 128 conventional
baseband channels, each having 528MHz bandwidth.

2.1 Parallel RF/Serial Optic Architecture
A novel concept for a scalable radio-over-fiber (ROF) system enables to bring the bit rate
up to 100Gb/s is shown in Fig. 1. The system is scalable in such a way that it enables
various operations with channels and bands. It is necessary for development of novel op-
tical/electrical (O/E) and electrical/optical (E/O) components and subsystems for the ex-
tended band UWB signal transmission over the fiber. For instance, photodetection up to
64GHz may be achieved through the lateral illumination and resonant-cavity-enhancement
of SiGe heterojunction phototransistors (HPTs). Additionally, UWB and highly linear E/O
modulator is needed for the implementation of the proposed architecture. SMF can be used
in long-haul applications.

2.2 Parallel RF/Parallel Optics Architecture
In the alternative scheme of the parallel RF/parallel optics architecture shown in Fig. 2, each
directly modulated low-cost multimode VCSEL with a 10 Gb/s bandwidth transmits its signal
over a separate MMF. This architecture based on 12x10GHz transceiver for digital 100GbE was
proposed in Ref. (IEEE). We enhanced this architecture for ROF applications. In contrast to
the parallel RF/serial optics architecture with SMF suitable for long-haul applications, this
version based on MMF is appropriate for short-range applications. The parallel RF/parallel
optics architecture is expected to operate at wavelength λ = 850nm over MMF of a length of
about several hundred of meters. The input lanes are directly connected to 12 Laser Drivers
(LDs), which are in turn connected to a 12-element VCSEL array. The output lanes are directly
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DMFs may be used in the case of IR-UWB such as pulse amplitude modulation (PAM), pulse
position modulation (PPM) and pulse shape modulation (PSM). DS-UWB is based on con-
cepts of conventional DS spread spectrum (DS-SS). MB-OFDM is based on subdividing the
UWB spectrum into 5 band groups and 14 sub-bands of 528MHz width composed of 128
sub-carriers OFDM signals, and each one is QPSK modulated.
The MB UWB OFDM technology combines the advantages of SE DMFs and OFDM. For this
reason, recently, we proposed a new concept that combines the advantages of the high data
rate wireless short-range communications based on UWB technologies, and in particular high
SE, and the optical fiber communication technology (Ran, 2009). The fiber-optic communica-
tion systems can be applied in any area that requires transfer of information from one place
to another (Agrawal, 2002). Their advantages are well known. For instance, the bandwidth
of the modulated carrier can reach a few percent of the carrier frequency which provides the
optical communication systems with the potential of carrying information at bit rates up to
1Tb/s (Agrawal, 2002). The fiber losses are extremely low compared to other channel materi-
als exhibiting a minimum loss of about 0.2dB/km near the wavelength λ = 1.55µm (Agrawal,
2002). The proposed concept enables the transmission of UWB radio signals over optical fibers
by superimposing the UWB RF signals of several GHz on the optical continuous wave (CW)
carrier. This concept is called UWB radio over fiber (UROOF). It has the following advantages:

1. The conversion process becomes transparent to the UWB modulation method.
2. The high costs of additional electronic components required for synchronization and

other processes can be avoided.
3. The integration of all the RF and optical transmitter/receiver components on a single

chip is possible.

UROOF technology can be successfully applied in the following areas (Ran, 2009).

1. UROOF technology can significantly improve WPAN by range extension up to 2-3 or-
ders of magnitude.

2. Novel optical/wireless infrastructures can be developed capable of delivering broad-
band multimedia and above 1000Mb/s traffic to subscribers in remote areas.

3. UROOF technology can be used in security systems for collecting data from a large
number of sensors and cameras equipped with UWB and transmitting it over optical
infrastructures.

We proposed OFDM technology application to the high SE optical transmission of UWB sig-
nals beyond 40Gb/s (Ben-Ezra, 2008). The highly efficient method of RF and optical sig-
nal mixing is based on two different architectures: the parallel-RF/serial-optics architecture
characterized by all-optical mixing for sub-carrier multiplexing, and the parallel-RF/parallel-
optics architecture based on the array of 12x10GHz components with directly modulated ver-
tical cavity surface emitting lasers (VCSELs) and 12 multimode optical fibers. The main ad-
vantages of the both architectures are simplicity and low-cost implementation.
The original results are presented in Sections 2-6 of this work. The proposed novel parallel-
RF/serial-optics and parallel-RF/parallel-optics architectures are considered in Section 2. In
Section 3, the building blocks of these architectures are described. We discuss in detail the
optical link model containing a directly modulated VCSEL as a transmitter, MMF, and a p-
i-n diode as PD. A SiGe based optically controlled microwave convertor (OCMC) as a novel
component for the UWB MB OFDM signal detection is developed in Section 4. Experimental
and simulation results concerning the proposed MB UWB OFDM transmission system perfor-
mance are presented in Section 5. Conclusions are presented in Section 6.

Fig. 1. 61.44Gb/s based on parallel RF/serial optics with N = 128 channels

2. Architecture of UWB OFDM Systems

In this section parallel and serial architectures of UWB OFDM systems are explored in order
to construct multi-band OFDM signals capable of delivering a multi-gigabit analog signal. We
address beyond 40Gb/s data rates by parallel transmission over more than 128 conventional
baseband channels, each having 528MHz bandwidth.

2.1 Parallel RF/Serial Optic Architecture
A novel concept for a scalable radio-over-fiber (ROF) system enables to bring the bit rate
up to 100Gb/s is shown in Fig. 1. The system is scalable in such a way that it enables
various operations with channels and bands. It is necessary for development of novel op-
tical/electrical (O/E) and electrical/optical (E/O) components and subsystems for the ex-
tended band UWB signal transmission over the fiber. For instance, photodetection up to
64GHz may be achieved through the lateral illumination and resonant-cavity-enhancement
of SiGe heterojunction phototransistors (HPTs). Additionally, UWB and highly linear E/O
modulator is needed for the implementation of the proposed architecture. SMF can be used
in long-haul applications.

2.2 Parallel RF/Parallel Optics Architecture
In the alternative scheme of the parallel RF/parallel optics architecture shown in Fig. 2, each
directly modulated low-cost multimode VCSEL with a 10 Gb/s bandwidth transmits its signal
over a separate MMF. This architecture based on 12x10GHz transceiver for digital 100GbE was
proposed in Ref. (IEEE). We enhanced this architecture for ROF applications. In contrast to
the parallel RF/serial optics architecture with SMF suitable for long-haul applications, this
version based on MMF is appropriate for short-range applications. The parallel RF/parallel
optics architecture is expected to operate at wavelength λ = 850nm over MMF of a length of
about several hundred of meters. The input lanes are directly connected to 12 Laser Drivers
(LDs), which are in turn connected to a 12-element VCSEL array. The output lanes are directly
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Fig. 2. 850 nm 400m 100Gb/s based on parallel RF/parallel optics

connected to a 12-element PIN-diode array. After the detection the RF signals are amplified
by 12 transimpedance amplifiers (TIAs) as it is seen in Fig. 2.

3. Optical Link

In this section we consider the theoretical model of the optical link consisting of a transmitter,
an optical fiber and a PD (Pepeljugoski, 2003). Transmitter, MMF and connections are the most
important factors determining the 3-dB optical bandwidth of the link. The transmitter, VCSEL
is a key device in local area networks using MMFs, and it possesses the following advantages:
low power consumption; high-speed modulation with low driving current; narrow circular
beam for direct fiber coupling; low cost and small packaging capability; single longitudinal
mode operation with vertical microcavity (Koyama, 2006). The operational characteristics of
directly modulated VCSEL are described by the rate equations for the photon density P (t),
electron density N (t) and the phase φ (t) since the amplitude modulation in semiconductor
lasers is accompanied by the phase modulation determined by the linewidth enhancement
factor (LEF) αc (Agrawal, 2002), (Pepeljugoski, 2003):
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=
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where a is the differential gain, N0 is a transparency electron concentration, Γ is the confine-
ment factor, vg is the group velocity of light in the active region, V is the active region volume,

τp,e are the photon and electron lifetimes, respectively, ε is the gain compression factor, β is the
spontaneous emission fraction coupled into a lasing mode, q is the electron charge, I (t) is the
VCSEL bias current, B is the bimolecular recombination factor, C is the Auger recombination
factor, αtot is the total loss coefficient given by

αtot = αloss +
1
L

ln R (4)

where αloss is the VCSEL absorption coefficient, L is the VCSEL active region length, and R is
the reflectivity of the mirrors. The terms FP (t), FN (t), Fφ (t) are the Langevin forces assumed
to be Gaussian random processes. Single mode rate equations (1)-(3) have been found to be a
very good approximation to the large signal behavior for MMF (Pepeljugoski, 2003).
The proposed model mainly concentrates on the signal degradation due to the intermodal
dispersion because the largest part of the link power budget is consumed by pulse spread-
ing caused by intermodal dispersion (Pepeljugoski, 2003). At the operating wavelength
λ = 850nm , the 50µm, 1% ∆ MMF initially supports 19 mode groups, each of which can
have its own group velocity vg (Pepeljugoski, 2003). In actual MMFs there exists coupling
between the modes due to the fiber imperfections. However, only the coupling of modes
within a mode group is significant over the short length scales of hundreds of meters, while
the modal dispersion between mode groups is neglected, and the coupling between them is
absent (Pepeljugoski, 2003). The attenuation of the coupling modes within each group µ is
described by the attenuation rate γµ, and the amplitude of a pulse launched into group µ is

proportional to the factor exp
(
−γµz

)
as it propagates through MMF (Pepeljugoski, 2003). As

a result, the bandwidth and the MMF transfer function strongly depend on the excitation con-
ditions determining how much power will be coupled into each mode group, and the signal
at the receiver output is determined by the launch conditions, MMF properties, and the link
configuration (Pepeljugoski, 2003).
The transverse modes of a VCSEL are assumed to be Gaussian beam modes upl (r, ϕ, z, w0, k)
centered at the origin r = 0 of MMF and parallel to the z axis. They are given by (Pepeljugoski,
2003)
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where p ≥ 0, l ≥ 0 are the radial and angular mode numbers, w0 is the spot size at the waist,
k = 2π/λ is the free space wavenumber, Ll

p are the generalized Laguerre polynomials, and
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For the few-moded VCSEL the Gaussian beam model is a reasonable approximation (Pepelju-
goski, 2003). A VCSEL upl mode at the air-fiber interface is transformed into a different Gaus-
sian beam mode which then excites the various modes ψlmνp (r, θ) of MMF corresponding
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Fig. 2. 850 nm 400m 100Gb/s based on parallel RF/parallel optics

connected to a 12-element PIN-diode array. After the detection the RF signals are amplified
by 12 transimpedance amplifiers (TIAs) as it is seen in Fig. 2.

3. Optical Link

In this section we consider the theoretical model of the optical link consisting of a transmitter,
an optical fiber and a PD (Pepeljugoski, 2003). Transmitter, MMF and connections are the most
important factors determining the 3-dB optical bandwidth of the link. The transmitter, VCSEL
is a key device in local area networks using MMFs, and it possesses the following advantages:
low power consumption; high-speed modulation with low driving current; narrow circular
beam for direct fiber coupling; low cost and small packaging capability; single longitudinal
mode operation with vertical microcavity (Koyama, 2006). The operational characteristics of
directly modulated VCSEL are described by the rate equations for the photon density P (t),
electron density N (t) and the phase φ (t) since the amplitude modulation in semiconductor
lasers is accompanied by the phase modulation determined by the linewidth enhancement
factor (LEF) αc (Agrawal, 2002), (Pepeljugoski, 2003):
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where a is the differential gain, N0 is a transparency electron concentration, Γ is the confine-
ment factor, vg is the group velocity of light in the active region, V is the active region volume,

τp,e are the photon and electron lifetimes, respectively, ε is the gain compression factor, β is the
spontaneous emission fraction coupled into a lasing mode, q is the electron charge, I (t) is the
VCSEL bias current, B is the bimolecular recombination factor, C is the Auger recombination
factor, αtot is the total loss coefficient given by

αtot = αloss +
1
L

ln R (4)

where αloss is the VCSEL absorption coefficient, L is the VCSEL active region length, and R is
the reflectivity of the mirrors. The terms FP (t), FN (t), Fφ (t) are the Langevin forces assumed
to be Gaussian random processes. Single mode rate equations (1)-(3) have been found to be a
very good approximation to the large signal behavior for MMF (Pepeljugoski, 2003).
The proposed model mainly concentrates on the signal degradation due to the intermodal
dispersion because the largest part of the link power budget is consumed by pulse spread-
ing caused by intermodal dispersion (Pepeljugoski, 2003). At the operating wavelength
λ = 850nm , the 50µm, 1% ∆ MMF initially supports 19 mode groups, each of which can
have its own group velocity vg (Pepeljugoski, 2003). In actual MMFs there exists coupling
between the modes due to the fiber imperfections. However, only the coupling of modes
within a mode group is significant over the short length scales of hundreds of meters, while
the modal dispersion between mode groups is neglected, and the coupling between them is
absent (Pepeljugoski, 2003). The attenuation of the coupling modes within each group µ is
described by the attenuation rate γµ, and the amplitude of a pulse launched into group µ is

proportional to the factor exp
(
−γµz

)
as it propagates through MMF (Pepeljugoski, 2003). As

a result, the bandwidth and the MMF transfer function strongly depend on the excitation con-
ditions determining how much power will be coupled into each mode group, and the signal
at the receiver output is determined by the launch conditions, MMF properties, and the link
configuration (Pepeljugoski, 2003).
The transverse modes of a VCSEL are assumed to be Gaussian beam modes upl (r, ϕ, z, w0, k)
centered at the origin r = 0 of MMF and parallel to the z axis. They are given by (Pepeljugoski,
2003)
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where p ≥ 0, l ≥ 0 are the radial and angular mode numbers, w0 is the spot size at the waist,
k = 2π/λ is the free space wavenumber, Ll

p are the generalized Laguerre polynomials, and
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For the few-moded VCSEL the Gaussian beam model is a reasonable approximation (Pepelju-
goski, 2003). A VCSEL upl mode at the air-fiber interface is transformed into a different Gaus-
sian beam mode which then excites the various modes ψlmνp (r, θ) of MMF corresponding
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to the transverse components Ex,y of the electric field in the fiber. The normalized modes
ψlmνp (r, θ) are given by (Pepeljugoski, 2003)

ψlmνp (r, θ) = flm (r) ν (lθ) p (8)

where l ≥ 0 and m > 0 are the eigen-values of the radial and and angular parts of (8), the
index ν denotes angular dependence sin lθ or cos lθ, and polarization p = x, y. The coupling
amplitudes al′mν

pl of the incident Gaussian beam mode with the fiber mode ψlmνp (r, θ) are given
by (Pepeljugoski, 2003)
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where the integration is carried out over the area A of the fiber end face. Assuming that im-
pulses from the transmitter induced electric fields at the input end face of MMF have the form
∑pl cplupl′
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0, k′
)

δ (t) we write the impulse response of MMF h (z, t) (Pepeljugoski,
2003)
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where cpl are the complex amplitudes, wµ = ∑lmν∈µ wlmν′ is the mode power distribution
(MPD), and

wlmν′ = ∑
pl′
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A typical p-i-n PD is characterized by the quantum efficiency η and the bandwidth ∆ f given
by (Agrawal, 2002),(Malyshev, 2004)
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where ζ is p-i-n PD internal quantum efficiency close to unity, Pin
opt is the incident optical power

at the input of PD, Pabs is the optical power absorbed in PD, r is the reflection coefficient of
the PD surface, αPD is the PD material absorption coefficient, and d is the thickness of the PD
absorption intrinsic layer, vd is the average charge carrier drift velocity in the PD absorption
intrinsic layer, ε0 is the free space permittivity, εr is the PD permittivity, S is the PD photosen-
sitive area, Rs, Rl are the series and load resistances in the PD equivalent circuit, respectively.
The p-i-n PD bandwidth ∆ f is determined by the carrier transit time and RC time constant of
the p-i-n PD equivalent circuit.

4. SiGe Technology Based Novel Microwave Photonic Component

The SiGe/Si structures are promising candidates for the high-speed optoelectronics receivers
due to the high operation rate, comparatively optical high absorption coefficient, the possibil-
ity of operation in the near IR spectrum from 850nm to 1550nm, low noise and compatibility
with Si based electronic components. We propose an analytical model of the thin layer SiGe/Si
OCMC structure with a detecting layer thickness of about d = (0.5 ÷ 2) µm. The numerical
estimations based on this model show that a bandwidth of at least 20GHz can be achieved.

Fig. 3. Schematic view of an optically controlled microstrip convertor (OCMC)

4.1 Physical Model of a SiGe Based OCMC
In UROOF technology, detection of the multiplexed MB OFDM UWB modulated optical sig-
nal is required. The down conversion from the optical domain to the UWB, or microwave
(MW) domain can be modeled by an optically controlled load connected at the open end of
a microstrip (MS) line. The direct optical control of MW devices and circuits is based on
the physical process of carriers photo-generation within the device by the incident optical
radiation having a photon energy hν ≥ Eg where h is the Planck constant, ν is the light fre-
quency, and Eg is the semiconductor energy gap (Mathieu, 1998), (Seeds, 2002). As a result,
the photo-induced electron-hole plasma produces a local change in the relative permittivity
εr and conductivity σ of the substrate (Mathieu, 1998). The optical controlling technique has
been successfully applied to MW devices such as directional couplers, phase shifters, attenua-
tors, ultra-fast MW switches, etc. The advantages of this approach are following: low cost, low
power consumption, high responsivity, flat spectral response over the desired band, low noise
characteristics, possibility of creation of compact components which can be easily integrated
with other electronic and photonics systems (Seeds, 2002).
Typically, optical control of MW devices is carried out in a steady-state regime. The down
conversion from the optical domain to the MW domain can be modeled by an optically con-
trolled load connected at the open end of the MS line. The conditions of the detection process
are essentially different from the steady state optical control of the MS load. The input signal
of the system in our case is the UWB modulated optical radiation fed from an optical fiber.
Typically, the optical carrier power Popt is comparatively low: Popt ∼ 1mW. For a multimode
optical fiber with an optical beam radius rb ∼ 10µm, it yields a comparatively low intensity
I = Popt/

(
πr2

b
)
∼ 3W/mm2. In the proposed method we used OCMC consisting of an open

ended MS line with a semiconducting substrate shown in Fig. 3. The optical beam, modulated
by UWB RF signal, illuminates the substrate near the open end of the MS line.
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to the transverse components Ex,y of the electric field in the fiber. The normalized modes
ψlmνp (r, θ) are given by (Pepeljugoski, 2003)

ψlmνp (r, θ) = flm (r) ν (lθ) p (8)

where l ≥ 0 and m > 0 are the eigen-values of the radial and and angular parts of (8), the
index ν denotes angular dependence sin lθ or cos lθ, and polarization p = x, y. The coupling
amplitudes al′mν

pl of the incident Gaussian beam mode with the fiber mode ψlmνp (r, θ) are given
by (Pepeljugoski, 2003)
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where the integration is carried out over the area A of the fiber end face. Assuming that im-
pulses from the transmitter induced electric fields at the input end face of MMF have the form
∑pl cplupl′
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δ (t) we write the impulse response of MMF h (z, t) (Pepeljugoski,
2003)
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where cpl are the complex amplitudes, wµ = ∑lmν∈µ wlmν′ is the mode power distribution
(MPD), and

wlmν′ = ∑
pl′

∣∣∣cpl′ a
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A typical p-i-n PD is characterized by the quantum efficiency η and the bandwidth ∆ f given
by (Agrawal, 2002),(Malyshev, 2004)
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where ζ is p-i-n PD internal quantum efficiency close to unity, Pin
opt is the incident optical power

at the input of PD, Pabs is the optical power absorbed in PD, r is the reflection coefficient of
the PD surface, αPD is the PD material absorption coefficient, and d is the thickness of the PD
absorption intrinsic layer, vd is the average charge carrier drift velocity in the PD absorption
intrinsic layer, ε0 is the free space permittivity, εr is the PD permittivity, S is the PD photosen-
sitive area, Rs, Rl are the series and load resistances in the PD equivalent circuit, respectively.
The p-i-n PD bandwidth ∆ f is determined by the carrier transit time and RC time constant of
the p-i-n PD equivalent circuit.

4. SiGe Technology Based Novel Microwave Photonic Component

The SiGe/Si structures are promising candidates for the high-speed optoelectronics receivers
due to the high operation rate, comparatively optical high absorption coefficient, the possibil-
ity of operation in the near IR spectrum from 850nm to 1550nm, low noise and compatibility
with Si based electronic components. We propose an analytical model of the thin layer SiGe/Si
OCMC structure with a detecting layer thickness of about d = (0.5 ÷ 2) µm. The numerical
estimations based on this model show that a bandwidth of at least 20GHz can be achieved.

Fig. 3. Schematic view of an optically controlled microstrip convertor (OCMC)

4.1 Physical Model of a SiGe Based OCMC
In UROOF technology, detection of the multiplexed MB OFDM UWB modulated optical sig-
nal is required. The down conversion from the optical domain to the UWB, or microwave
(MW) domain can be modeled by an optically controlled load connected at the open end of
a microstrip (MS) line. The direct optical control of MW devices and circuits is based on
the physical process of carriers photo-generation within the device by the incident optical
radiation having a photon energy hν ≥ Eg where h is the Planck constant, ν is the light fre-
quency, and Eg is the semiconductor energy gap (Mathieu, 1998), (Seeds, 2002). As a result,
the photo-induced electron-hole plasma produces a local change in the relative permittivity
εr and conductivity σ of the substrate (Mathieu, 1998). The optical controlling technique has
been successfully applied to MW devices such as directional couplers, phase shifters, attenua-
tors, ultra-fast MW switches, etc. The advantages of this approach are following: low cost, low
power consumption, high responsivity, flat spectral response over the desired band, low noise
characteristics, possibility of creation of compact components which can be easily integrated
with other electronic and photonics systems (Seeds, 2002).
Typically, optical control of MW devices is carried out in a steady-state regime. The down
conversion from the optical domain to the MW domain can be modeled by an optically con-
trolled load connected at the open end of the MS line. The conditions of the detection process
are essentially different from the steady state optical control of the MS load. The input signal
of the system in our case is the UWB modulated optical radiation fed from an optical fiber.
Typically, the optical carrier power Popt is comparatively low: Popt ∼ 1mW. For a multimode
optical fiber with an optical beam radius rb ∼ 10µm, it yields a comparatively low intensity
I = Popt/

(
πr2

b
)
∼ 3W/mm2. In the proposed method we used OCMC consisting of an open

ended MS line with a semiconducting substrate shown in Fig. 3. The optical beam, modulated
by UWB RF signal, illuminates the substrate near the open end of the MS line.
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Fig. 4. Illuminated SiGe layer on a Si substrate

The efficiency of the optical-MW frequency down conversion depends on the ability to collect
the photocarriers at the bottom contact. In the case of silicon technology, the thickness of
conventional substrates is in the range of 350 − 500µm which is very large compared to the
diffusion length of the photocarriers Ln,p =

√
Dn,pτ ∼ (10 ÷ 30) µm. In the case of surface

absorption characterized by large values of absorption coefficient α and consequently a very
small absorption length ∼ α−1, the effective photocarrier penetration depth is determined by
the diffusion and drift properties of the photocarriers. The feasibility of the proposed OCMC
device was experimentally verified by an open-ended MS line with Z0 = 50Ω implemented on
a high resistivity ρ > 3000Ωcm slightly p-type Si substrate shown in Fig. 3. The optical source
was a tunable laser diode with wavelengths from λ = 680 up to λ = 980nm. It appeared to be
that the results for the OCMC response function at the different levels of the optical power do
not satisfy the requirements of the UWB RF signal detection.
An alternative approach has been proposed recently (Gupta, 2004), (Huang, 2006). It has been
demonstrated experimentally that thin Ge-on-Si, or SiGe on Si layers of a thickness about one
up to several micrometers can operate successfully as UWB RF signal detectors providing a
bandwidth of about (10 ÷ 20) GHz (Huang, 2006). For operation at longer wavelengths Ge-
on-Si PDs with the bandwidth up to 21 GHz at λ = 1.31µm are attractive for monolithic
optical receivers (Huang, 2006). A theoretical model of such thin film devices has not yet been
developed to our best knowledge.
We have developed an analytical description of a SiGe/Si OCMC based on the photocarriers
drift-diffusion model for photocarriers generated by a UWB modulated optical wave. Con-
sider an infinite in the x, y directions layer of thickness d in the z direction placed on a semi-
infinite in the z direction substrate presented in Fig. 4.
The electric and magnetic fields of the incident and reflected optical waves E1x, H1y in the

free space z < 0, E2x, H2y in the layer 0 ≤ z ≤ d , and E3x, H3y in the substrate z > d are given
by

z < 0 → E1x =
[
E+

1 exp (−ik1z) + E−
1 exp (ik1z)

]

× exp
(
iωoptt

)
(14)

H1y =
1

Z1

[
E+

1 exp (−ik1z)− E−
1 exp (ik1z)

]
exp

(
iωoptt

)
(15)

0 ≤ z ≤ d → E2x =
[
E+

2 exp (−γ2z) + E−
2 exp (γ2z)

]

× exp
(
iωoptt

)
(16)

H2y =
1

Z2

[
E+

2 exp (−γ2z)− E−
2 exp (γ2z)

]
exp

(
iωoptt

)
(17)

z > d → E3x = E+
3 exp (−ik3z) exp

(
iωoptt

)
; (18)

H3y =
1

Z3
E+

3 exp (−ik3z) (19)

Here the wave impedances of the media have the form

Z1 =

√
µ0
ε0

= 377Ω; Z2 = ∣Z2∣ exp iθ; Z3 =

√
µ0

ε0εr3
(20)

µ0 is the free space permeability, the absorption layer wave impedance Z2 is assumed to be
complex, εr3 is the permittivity of the substrate, ωopt is the optical frequency,

k1 =
ω

c
, γ2 =

α

2
+ iβ, k3 =

ω

c
√

εr3 (21)

β is the propagation constant, and c is the speed of light in vacuum.
The standard solution of the boundary problem for the electric and magnetic fields in the layer
between the surfaces z = 0 and z = d yields the time averaged total optical intensity Itot

opt in
the layer consisting of the incident and reflected wave intensities

〈
P+

〉
and

〈
P−〉, respectively

(Rao, 2000). It has the form
Itot
opt (z) =

〈
P+〉+ 〈

P−〉 (22)

where 〈
P+〉 = Re

(
1
2

E+
2x (z, t)

(
H+

2y (z, t)
)∗)

= Re

⎧⎨
⎩

∣∣E+
1

∣∣2 exp [−2 Re (γ2) (z − d)]
∣∣∣1 + Z3

Z2

∣∣∣2

2Z∗
2

∣∣∣sinh (γ2d)
[
1 + Z1Z3

Z2
2

]
+ (Z1+Z3) cosh(γ2d)

Z2

∣∣∣2

⎫⎬
⎭

(23)

〈
P−〉 = Re

(
1
2

E−
2x (z, t)

(
H−

2y (z, t)
)∗)

= Re

⎧⎨
⎩
−

∣∣E+
1

∣∣2 exp (2 Re (γ2) (z − d))
∣∣∣1 − Z3

Z2

∣∣∣2

2Z∗
2

∣∣∣sinh (γ2d)
[
1 + Z1Z3

Z2
2

]
+ (Z1+Z3) cosh(γ2d)

Z2

∣∣∣2

⎫⎬
⎭

(24)

Taking into account that according to (21) 2 Re (γ2) = α and substituting (23) and (24) into
(22) we finally obtain

Itot
opt (z) = I0[

2Z3 cos θ

∣Z2∣
cosh (α (z − d))− sinh (α (z − d))

(
1 +

Z2
3

∣Z2∣2

)
] (25)
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Fig. 4. Illuminated SiGe layer on a Si substrate

The efficiency of the optical-MW frequency down conversion depends on the ability to collect
the photocarriers at the bottom contact. In the case of silicon technology, the thickness of
conventional substrates is in the range of 350 − 500µm which is very large compared to the
diffusion length of the photocarriers Ln,p =

√
Dn,pτ ∼ (10 ÷ 30) µm. In the case of surface

absorption characterized by large values of absorption coefficient α and consequently a very
small absorption length ∼ α−1, the effective photocarrier penetration depth is determined by
the diffusion and drift properties of the photocarriers. The feasibility of the proposed OCMC
device was experimentally verified by an open-ended MS line with Z0 = 50Ω implemented on
a high resistivity ρ > 3000Ωcm slightly p-type Si substrate shown in Fig. 3. The optical source
was a tunable laser diode with wavelengths from λ = 680 up to λ = 980nm. It appeared to be
that the results for the OCMC response function at the different levels of the optical power do
not satisfy the requirements of the UWB RF signal detection.
An alternative approach has been proposed recently (Gupta, 2004), (Huang, 2006). It has been
demonstrated experimentally that thin Ge-on-Si, or SiGe on Si layers of a thickness about one
up to several micrometers can operate successfully as UWB RF signal detectors providing a
bandwidth of about (10 ÷ 20) GHz (Huang, 2006). For operation at longer wavelengths Ge-
on-Si PDs with the bandwidth up to 21 GHz at λ = 1.31µm are attractive for monolithic
optical receivers (Huang, 2006). A theoretical model of such thin film devices has not yet been
developed to our best knowledge.
We have developed an analytical description of a SiGe/Si OCMC based on the photocarriers
drift-diffusion model for photocarriers generated by a UWB modulated optical wave. Con-
sider an infinite in the x, y directions layer of thickness d in the z direction placed on a semi-
infinite in the z direction substrate presented in Fig. 4.
The electric and magnetic fields of the incident and reflected optical waves E1x, H1y in the

free space z < 0, E2x, H2y in the layer 0 ≤ z ≤ d , and E3x, H3y in the substrate z > d are given
by

z < 0 → E1x =
[
E+

1 exp (−ik1z) + E−
1 exp (ik1z)

]

× exp
(
iωoptt

)
(14)

H1y =
1

Z1

[
E+

1 exp (−ik1z)− E−
1 exp (ik1z)

]
exp

(
iωoptt

)
(15)

0 ≤ z ≤ d → E2x =
[
E+

2 exp (−γ2z) + E−
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]
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(
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)
(16)

H2y =
1

Z2

[
E+

2 exp (−γ2z)− E−
2 exp (γ2z)

]
exp

(
iωoptt

)
(17)

z > d → E3x = E+
3 exp (−ik3z) exp

(
iωoptt

)
; (18)

H3y =
1

Z3
E+

3 exp (−ik3z) (19)

Here the wave impedances of the media have the form

Z1 =

√
µ0
ε0

= 377Ω; Z2 = ∣Z2∣ exp iθ; Z3 =

√
µ0

ε0εr3
(20)

µ0 is the free space permeability, the absorption layer wave impedance Z2 is assumed to be
complex, εr3 is the permittivity of the substrate, ωopt is the optical frequency,

k1 =
ω

c
, γ2 =

α

2
+ iβ, k3 =

ω

c
√

εr3 (21)

β is the propagation constant, and c is the speed of light in vacuum.
The standard solution of the boundary problem for the electric and magnetic fields in the layer
between the surfaces z = 0 and z = d yields the time averaged total optical intensity Itot

opt in
the layer consisting of the incident and reflected wave intensities

〈
P+

〉
and

〈
P−〉, respectively

(Rao, 2000). It has the form
Itot
opt (z) =

〈
P+〉+ 〈

P−〉 (22)

where 〈
P+〉 = Re

(
1
2

E+
2x (z, t)

(
H+

2y (z, t)
)∗)

= Re

⎧⎨
⎩

∣∣E+
1

∣∣2 exp [−2 Re (γ2) (z − d)]
∣∣∣1 + Z3

Z2

∣∣∣2

2Z∗
2

∣∣∣sinh (γ2d)
[
1 + Z1Z3

Z2
2

]
+ (Z1+Z3) cosh(γ2d)

Z2

∣∣∣2

⎫⎬
⎭

(23)

〈
P−〉 = Re

(
1
2

E−
2x (z, t)

(
H−

2y (z, t)
)∗)

= Re

⎧⎨
⎩
−

∣∣E+
1

∣∣2 exp (2 Re (γ2) (z − d))
∣∣∣1 − Z3

Z2

∣∣∣2

2Z∗
2

∣∣∣sinh (γ2d)
[
1 + Z1Z3

Z2
2

]
+ (Z1+Z3) cosh(γ2d)

Z2

∣∣∣2

⎫⎬
⎭

(24)

Taking into account that according to (21) 2 Re (γ2) = α and substituting (23) and (24) into
(22) we finally obtain

Itot
opt (z) = I0[

2Z3 cos θ

∣Z2∣
cosh (α (z − d))− sinh (α (z − d))

(
1 +

Z2
3

∣Z2∣2

)
] (25)
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where

I0 =
2Z1Popt

Ae f f

cos θ

∣D∣2 ∣Z2∣
; Popt =

∣∣E+
1

∣∣2 Ae f f

2Z1
; Ae f f = πr2

b (26)

∣D∣2 =

∣∣∣∣∣sinh (γ2d)

[
1 +

Z1Z3

Z2
2

]
+

(Z1 + Z3)

Z2
cosh (γ2d)

∣∣∣∣∣
2

(27)

Popt is the optical power of the incident wave in the free space z < 0, and rb is the light
beam radius. The explicit expression of ∣D∣2 in general case is hardly observable, and we
do not present it here. It can be substantially simplified under the realistic quasi-resonance
assumption for λopt ∼ 1µm and d ∼ (0.5 ÷ 2) µm

sin βd = 0, βd = πm, m = 1, 2, .... (28)

Then, a simplified expression of ∣D∣2 takes the form

∣D∣2 =
(Z1 + Z3)

2

∣Z2∣2
cosh2

(α

2
d
)
+ sinh2

(α

2
d
)

+ sinh2
(α

2
d
) [

1 + 2
Z1Z3 cos 2θ

∣Z2∣2
+

(Z1Z3)
2

∣Z2∣4

]

+ sinh (αd)
(Z1 + Z3) cos θ

∣Z2∣

[
1 +

Z1Z3

∣Z2∣2

]
(29)

Now we evaluate the concentration of the photocarriers in the framework of the drift-diffusion
model (Mathieu, 1998). The continuity equations for the photoinduced electron and hole con-
centrations n (z, t) and p (z, t) have the form, respectively,

∂n
∂t

= nµn
∂E
∂z

+ µnE
∂n
∂z

+ Dn
∂2n
∂z2 + gn (z, t)− n − n0

τn
(30)

∂p
∂t

= −pµp
∂E
∂z

− µpE
∂p
∂z

+ Dp
∂2 p
∂z2 + gp (z, t)− p − p0

τp
(31)

gn (z, t) = gp (z, t) = g (z, t) =
η

hν

∂I (z, t)
∂z

(32)

I (z, t) = Itot
opt (z) [1 + f (t)] (33)

Then the generation rates of electrons and holes gn,p (z, t) = g (z, t) can be written as follows

g (z, t) = g0 (z) + g1 (z, t) ; (34)

g0 (z) =
η

hν

∂Itot
opt (z)

∂z
(35)

g1 (z, t) =
η

hν

∂Itot
opt (z)

∂z
f (t) = g0 (z) f (t) (36)

where τn,p, Dn,p, µn,p are the lifetime, diffusion coefficients, and mobilities of electrons and
holes, respectively, n0, p0 are the equilibrium electron and hole concentrations, η is quantum

efficiency, E is the electrostatic field applied, and f (t) is the UWB RF envelope of the optical
carrier (25). Substituting (25) into equation (35) we obtain

g0 (z) = I01 sinh (α (z − d))− I02 cosh (α (z − d)) (37)

where

I01 =
ηα

hν
I0

2Z3 cos θ

∣Z2∣
; I02 =

ηα

hν
I0

(
1 +

Z2
3

∣Z2∣2

)
(38)

Typically, in the photoinduced plasma, the electron and hole relaxation time is much smaller
than the carrier lifetime, and electroneutrality condition can be applied (Gary, May 2006),
(Gary, September 2006), (Mathieu, 1998).

n = p (39)

At the illuminated surface of the semiconductor the strong injection mode and ambipolar
diffusion are realized when n ≫ n0, p0 so that the ambipolar mobility µa vanishes (Arnoud,
2002), (Arnoud, 2004)

µa =
µnµp (p − n)

µp p + µnn
= 0 (40)

In our case the thin layer is entirely occupied by the strong injection mode region. Under
such conditions continuity equations (30), (31) reduce to the ambipolar diffusion equation
(Mathieu, 1998)

∂n
∂t

= Da
∂2n
∂z2 − n

τ
+ g (z, t) (41)

where it is assumed that τn = τp = τ. According to expressions (34)-(36) we separate the
steady-state and time dependent parts nph0 (z), n1 (z,t) of the photocarrier concentration n.

n = nph0 (z) + n1 (z,t) (42)

Substituting (42) into equation (41) we obtain two equations for nph0 (z) and n1 (z,t), respec-
tively

Da
∂2nph0

∂z2 −
nph0

τ
+ g0 (z) = 0 (43)

∂n1
∂t

= Da
∂2n1
∂z2 − n1

τ
+ g0 (z) f (t) (44)

where the ambipolar diffusion coefficient Da is given by (Arnoud, 2002)

Da =
2DnDp(

Dn + Dp
) (45)

We use the boundary conditions of the mixed type, assuming a finite surface recombination
velocity s0 on the top surface z = 0 and a kind of an ohmic contact at the interface between
the layer and the substrate which yields (Gary, May 2006)

∂n
∂z

∣z=0 =
s0
Da

n (z = 0) ; n (z = d) = 0 (46)

We are interested in the time-dependent part of the photocarrier concentration n1 (z, t) which
is responsible for the UWB RF signal detection. Hence we should solve equation (44) with the
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where

I0 =
2Z1Popt

Ae f f

cos θ

∣D∣2 ∣Z2∣
; Popt =

∣∣E+
1

∣∣2 Ae f f

2Z1
; Ae f f = πr2

b (26)

∣D∣2 =

∣∣∣∣∣sinh (γ2d)

[
1 +

Z1Z3

Z2
2

]
+

(Z1 + Z3)

Z2
cosh (γ2d)

∣∣∣∣∣
2

(27)

Popt is the optical power of the incident wave in the free space z < 0, and rb is the light
beam radius. The explicit expression of ∣D∣2 in general case is hardly observable, and we
do not present it here. It can be substantially simplified under the realistic quasi-resonance
assumption for λopt ∼ 1µm and d ∼ (0.5 ÷ 2) µm

sin βd = 0, βd = πm, m = 1, 2, .... (28)

Then, a simplified expression of ∣D∣2 takes the form

∣D∣2 =
(Z1 + Z3)

2

∣Z2∣2
cosh2

(α

2
d
)
+ sinh2

(α

2
d
)

+ sinh2
(α

2
d
) [

1 + 2
Z1Z3 cos 2θ

∣Z2∣2
+

(Z1Z3)
2

∣Z2∣4

]

+ sinh (αd)
(Z1 + Z3) cos θ

∣Z2∣

[
1 +

Z1Z3

∣Z2∣2

]
(29)

Now we evaluate the concentration of the photocarriers in the framework of the drift-diffusion
model (Mathieu, 1998). The continuity equations for the photoinduced electron and hole con-
centrations n (z, t) and p (z, t) have the form, respectively,

∂n
∂t

= nµn
∂E
∂z

+ µnE
∂n
∂z

+ Dn
∂2n
∂z2 + gn (z, t)− n − n0

τn
(30)

∂p
∂t

= −pµp
∂E
∂z

− µpE
∂p
∂z

+ Dp
∂2 p
∂z2 + gp (z, t)− p − p0

τp
(31)

gn (z, t) = gp (z, t) = g (z, t) =
η

hν

∂I (z, t)
∂z

(32)

I (z, t) = Itot
opt (z) [1 + f (t)] (33)

Then the generation rates of electrons and holes gn,p (z, t) = g (z, t) can be written as follows

g (z, t) = g0 (z) + g1 (z, t) ; (34)

g0 (z) =
η

hν

∂Itot
opt (z)

∂z
(35)

g1 (z, t) =
η

hν

∂Itot
opt (z)

∂z
f (t) = g0 (z) f (t) (36)

where τn,p, Dn,p, µn,p are the lifetime, diffusion coefficients, and mobilities of electrons and
holes, respectively, n0, p0 are the equilibrium electron and hole concentrations, η is quantum

efficiency, E is the electrostatic field applied, and f (t) is the UWB RF envelope of the optical
carrier (25). Substituting (25) into equation (35) we obtain

g0 (z) = I01 sinh (α (z − d))− I02 cosh (α (z − d)) (37)

where

I01 =
ηα

hν
I0

2Z3 cos θ

∣Z2∣
; I02 =

ηα

hν
I0

(
1 +

Z2
3

∣Z2∣2

)
(38)

Typically, in the photoinduced plasma, the electron and hole relaxation time is much smaller
than the carrier lifetime, and electroneutrality condition can be applied (Gary, May 2006),
(Gary, September 2006), (Mathieu, 1998).

n = p (39)

At the illuminated surface of the semiconductor the strong injection mode and ambipolar
diffusion are realized when n ≫ n0, p0 so that the ambipolar mobility µa vanishes (Arnoud,
2002), (Arnoud, 2004)

µa =
µnµp (p − n)

µp p + µnn
= 0 (40)

In our case the thin layer is entirely occupied by the strong injection mode region. Under
such conditions continuity equations (30), (31) reduce to the ambipolar diffusion equation
(Mathieu, 1998)

∂n
∂t

= Da
∂2n
∂z2 − n

τ
+ g (z, t) (41)

where it is assumed that τn = τp = τ. According to expressions (34)-(36) we separate the
steady-state and time dependent parts nph0 (z), n1 (z,t) of the photocarrier concentration n.

n = nph0 (z) + n1 (z,t) (42)

Substituting (42) into equation (41) we obtain two equations for nph0 (z) and n1 (z,t), respec-
tively

Da
∂2nph0

∂z2 −
nph0

τ
+ g0 (z) = 0 (43)

∂n1
∂t

= Da
∂2n1
∂z2 − n1

τ
+ g0 (z) f (t) (44)

where the ambipolar diffusion coefficient Da is given by (Arnoud, 2002)

Da =
2DnDp(

Dn + Dp
) (45)

We use the boundary conditions of the mixed type, assuming a finite surface recombination
velocity s0 on the top surface z = 0 and a kind of an ohmic contact at the interface between
the layer and the substrate which yields (Gary, May 2006)

∂n
∂z

∣z=0 =
s0
Da

n (z = 0) ; n (z = d) = 0 (46)

We are interested in the time-dependent part of the photocarrier concentration n1 (z, t) which
is responsible for the UWB RF signal detection. Hence we should solve equation (44) with the
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boundary conditions (46). In general case of the UWB RF signal f (t) we carry out the Fourier
transform of equation (44) with respect to time. We obtain

Da
∂2N1 (z, ω)

∂z2 −
(

iω +
1
τ

)
N1 (z, ω) + g0 (z) F (ω) = 0 (47)

where

N1 (z, ω) =

∞∫

−∞

n1 (z, t) exp (−iωt) dt; F (ω) =

∞∫

−∞

f (t) exp (−iωt) dt (48)

The boundary conditions (46) can be applied to the general solution of (47). The result has the
form.

N1 (z, ω) =
F (ω) τ (1 − iωτ)(

α2L2
aeq − 1

) [
1 + (ωτ)2

]

×{−g0 (z) +
1[

1
Laeq

cosh
(
d/Laeq

)
+ s0

Da
sinh

(
d/Laeq

)]

×[

[
∂g0
∂z

(0)− s0
Da

g0 (0)
]

sinh
[
(z − d)

Laeq

]

+ g0 (d)
[

1
Laeq

cosh
(

z
Laeq

)
+

s0
Da

sinh
(

z
Laeq

)]
]} (49)

where

L2
aeq =

Daτ (1 − iωτ)

1 + (ωτ)2 (50)

4.2 Simulation and Design of a SiGe Based OCMC
Expression (49) for N1 (z, ω) averaged over the layer thickness d can be used as the frequency
response of the illuminated layer when f (t) = δ (t) and consequently F (ω) = 1. Using the
explicit expression (37) for g0 (z) we obtain

N1 (ω) =
1
d

d∫

0

N1 (z, ω) dz =
F (ω) τ (1 − iωτ)

d
(
α2L2

aeq − 1
) [

1 + (ωτ)2
]

×{ 1
α
[I01 (cosh (αd)− 1) + I02 sinh (αd)]

+
1[

1
Laeq

cosh
(
d/Laeq

)
+ s0

Da
sinh

(
d/Laeq

)]

×[

[
∂g0
∂z

(0)− s0
Da

g0 (0)
]

Laeq

[
1 − cosh

(
d

Laeq

)]

+g0 (d)
[

sinh
(

d
Laeq

)
+

s0Laeq

Da

(
cosh

(
d

Laeq

)
− 1

)]
]}

The results of the numerical evaluations of the response function
∣∣N1 (ω)

∣∣ for typical values
of material parameters of SiGe on Si are presented in Fig. 5.

Fig. 5. Normalized transfer function
∣∣N1 (ω)

∣∣ for different SiGe layer thicknesses d =
0.5; 1; 1.5; 2µm

The power absorption coefficient of SixGe1−x compounds is α ∼ 103cm−1 in the interval of
λopt ∼ 850nm. The electron mobility reaches its maximum value of µn = 7700cm2/ (Vs) for
Si0.5Ge0.5. For smaller concentrations of Ge the charge carrier mobilities are closer to those of
a pure Ge, while in the opposite case they tend to the values of charge carrier mobilities in a
pure Si.

5. Simulation and Experimental Results for UWB OFDM Transmission System Per-
formance

5.1 Simulation Results
The numerical simulations have been carried out for the parallel RF/parallel optics architec-
ture. We investigated the mixing of 10 RF channels each one with a 0.5GHz bandwidth. The
resulting signal was applied to the multimode 10GHz VCSEL, the modulated optical signal
was transmitted through the 50m MMF and at the output detected by the p-i-n PD. The simu-
lation results are shown in Fig. 6.
The mixed RF spectrum at the VCSEL input, the modulated optical signal at the VCSEL out-
put, and the detected RF spectrum are shown in the upper box, the middle box, and the lower
box of Fig. 6, respectively. The internal structure of one of the RF channels located at 3.5GHz
central frequency at the corresponding transmission stages is shown in Fig. 7. This channel in-
cludes 128 subcarriers and is transmitting 496Mb/s over 0.5GHz bandwidth. In order to study
the dispersion influence on the quality of the transmitted MB OFDM signals we have carried
out simulations for different MMF lengths. A short MMF with a length of 50m has an almost
flat frequency response up to the frequency of 10GHz. The strongly inhomogeneous behavior
in such a case in the vicinity of 10GHz is caused by the VCSEL bandwidth limitations. The
p-i-n PD used in these measurements has the bandwidth of about 25GHz. The bandpass filter
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boundary conditions (46). In general case of the UWB RF signal f (t) we carry out the Fourier
transform of equation (44) with respect to time. We obtain

Da
∂2N1 (z, ω)

∂z2 −
(

iω +
1
τ

)
N1 (z, ω) + g0 (z) F (ω) = 0 (47)

where

N1 (z, ω) =

∞∫

−∞

n1 (z, t) exp (−iωt) dt; F (ω) =

∞∫

−∞

f (t) exp (−iωt) dt (48)

The boundary conditions (46) can be applied to the general solution of (47). The result has the
form.

N1 (z, ω) =
F (ω) τ (1 − iωτ)(

α2L2
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where

L2
aeq =

Daτ (1 − iωτ)

1 + (ωτ)2 (50)

4.2 Simulation and Design of a SiGe Based OCMC
Expression (49) for N1 (z, ω) averaged over the layer thickness d can be used as the frequency
response of the illuminated layer when f (t) = δ (t) and consequently F (ω) = 1. Using the
explicit expression (37) for g0 (z) we obtain
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The results of the numerical evaluations of the response function
∣∣N1 (ω)

∣∣ for typical values
of material parameters of SiGe on Si are presented in Fig. 5.

Fig. 5. Normalized transfer function
∣∣N1 (ω)

∣∣ for different SiGe layer thicknesses d =
0.5; 1; 1.5; 2µm

The power absorption coefficient of SixGe1−x compounds is α ∼ 103cm−1 in the interval of
λopt ∼ 850nm. The electron mobility reaches its maximum value of µn = 7700cm2/ (Vs) for
Si0.5Ge0.5. For smaller concentrations of Ge the charge carrier mobilities are closer to those of
a pure Ge, while in the opposite case they tend to the values of charge carrier mobilities in a
pure Si.

5. Simulation and Experimental Results for UWB OFDM Transmission System Per-
formance

5.1 Simulation Results
The numerical simulations have been carried out for the parallel RF/parallel optics architec-
ture. We investigated the mixing of 10 RF channels each one with a 0.5GHz bandwidth. The
resulting signal was applied to the multimode 10GHz VCSEL, the modulated optical signal
was transmitted through the 50m MMF and at the output detected by the p-i-n PD. The simu-
lation results are shown in Fig. 6.
The mixed RF spectrum at the VCSEL input, the modulated optical signal at the VCSEL out-
put, and the detected RF spectrum are shown in the upper box, the middle box, and the lower
box of Fig. 6, respectively. The internal structure of one of the RF channels located at 3.5GHz
central frequency at the corresponding transmission stages is shown in Fig. 7. This channel in-
cludes 128 subcarriers and is transmitting 496Mb/s over 0.5GHz bandwidth. In order to study
the dispersion influence on the quality of the transmitted MB OFDM signals we have carried
out simulations for different MMF lengths. A short MMF with a length of 50m has an almost
flat frequency response up to the frequency of 10GHz. The strongly inhomogeneous behavior
in such a case in the vicinity of 10GHz is caused by the VCSEL bandwidth limitations. The
p-i-n PD used in these measurements has the bandwidth of about 25GHz. The bandpass filter
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Fig. 6. The mixed RF channels spectrum before VCSEL (the upper box), after VCSEL (the
middle box), and after the detection (the lower box)

Fig. 7. The internal spectral structure of the individual UWB OFDM channel before VCSEL
(the upper box), after VCSEL (the middle box), and after the detection (the lower box)

Fig. 8. The calculated magnitude (the upper box) and the phase (the lower box) of the 650m
MMF transfer function

Fig. 9. Simulation results for the optical link response (MMF length 650m, TFC7 frequency
interval 4.2 − 4.7GHz)
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Fig. 10. Simulation results for the optical link response (MMF length 650m, TFC6 frequency
interval 3696 − 4224MHz)

behavior of the MMF caused by the multimode dispersion is strongly manifested for longer
MMFs. The magnitude and the phase of the 650m MMF are shown in Fig. 8.
The simulations have been carried out for the time frequency code 6 (TFC6) and TFC7 bands
of MB OFDM UWB signals determined by the frequency intervals (3696 ÷ 4224) MHz and
(4224 ÷ 4752) MHz, respectively. The simulations results for the frequency response and the
constellation diagram of TFC6 and TFC7 MB OFDM signals transmitted through the 650m
MMF are shown in Figs. 9, 10. In the TFC7 frequency range the transfer function magnitude
curve is flat, and therefore the constellation diagram and the spectrum of the TFC7 MB OFDM
signals are of high quality and not affected by the MMF dispersion as it is seen from Fig. 9. On
the contrary, in the TFC6 frequency range the transfer function magnitude has a notch, and
for this reason, the constellation and the spectrum of the TFC6 MB OFDM signals strongly
deteriorate as it is seen from Fig. 10. Consequently, the transmission of the multiplexed MB
OFDM signals is limited by the MMF length of about 100m.

5.2 The Experimental Results for MB OFDM Signal Transmission
In our experiments, MB OFDM UWB signal was directly applied to the VCSEL and after prop-
agation through the MMF was detected by the p-i-n PD. The objective of the measurements
was to study the performance of the proposed link by means of the packet error rate (PER).
The measurements have been carried out for the TFC5 determined by the frequency interval
(3168 ÷ 3696) MHz, TFC6 and TFC7 bands of MB OFDM UWB signals. Fig. 11 presents the
PER versus MMF length for the optical link.
The PER dependence versus the MMF length for the different MB OFDM UWB signals shows
a peculiar behavior. The PER of the TFC7 band located at higher carrier frequency (4.488GHz)
stays flat and has values of an order of magnitude of 10−6 for MMF lengths up to 1km. How-
ever, the PER in the case of TFC5 band located at the 3.5GHz carrier frequency and the TFC6
band located at the 4.0GHz carrier frequency increases dramatically for the MMF lengths
longer than 300m.
In order to understand this behavior of the PER versus MMF length we have measured the
MMF transfer function for different MMF lengths. The short MMF with a length of 10m has

Fig. 11. The PER dependence on the MMF length for TFC5, TFC6, and TFC7 frequency bands
for the optical link

Fig. 12. The measurement results for the optical link frequency response

an almost flat frequency response up to the frequency of 10GHz as it is shown in Fig. 12. The
strongly inhomogeneous behavior in such a case in the vicinity of 10GHz is caused by the VC-
SEL bandwidth limitations. The p-i-n PD used in these measurements has the bandwidth of
about 25GHz. The bandpass filter behavior of the MMF caused by the multimode dispersion
is strongly pronounced for longer MMFs.
According to Fig. 12, the MMF transfer function has strong notches in the frequency range
of TFC5 band at the fiber lengths longer than 500m. These experimental results are in good
accord with the simulations results mentioned above.

6. Conclusions

We proposed two possible architectures for high spectral efficiency optical transmission of
OFDM UWB signals beyond 40Gb/s: the parallel RF/serial optics architecture and parallel
RF/parallel optics architecture. We presented the detailed theoretical analysis and numeri-
cal results for a novel OCMC detecting device based on SiGe/Si structure. We have carried
out numerical simulations for the parallel RF/parallel optics architecture and predicted its



High	Spectral	Efficiency	Optical	Transmission	of	OFDM	Ultra-wideband	Signals	beyond	40	Gb/s 453

Fig. 10. Simulation results for the optical link response (MMF length 650m, TFC6 frequency
interval 3696 − 4224MHz)

behavior of the MMF caused by the multimode dispersion is strongly manifested for longer
MMFs. The magnitude and the phase of the 650m MMF are shown in Fig. 8.
The simulations have been carried out for the time frequency code 6 (TFC6) and TFC7 bands
of MB OFDM UWB signals determined by the frequency intervals (3696 ÷ 4224) MHz and
(4224 ÷ 4752) MHz, respectively. The simulations results for the frequency response and the
constellation diagram of TFC6 and TFC7 MB OFDM signals transmitted through the 650m
MMF are shown in Figs. 9, 10. In the TFC7 frequency range the transfer function magnitude
curve is flat, and therefore the constellation diagram and the spectrum of the TFC7 MB OFDM
signals are of high quality and not affected by the MMF dispersion as it is seen from Fig. 9. On
the contrary, in the TFC6 frequency range the transfer function magnitude has a notch, and
for this reason, the constellation and the spectrum of the TFC6 MB OFDM signals strongly
deteriorate as it is seen from Fig. 10. Consequently, the transmission of the multiplexed MB
OFDM signals is limited by the MMF length of about 100m.

5.2 The Experimental Results for MB OFDM Signal Transmission
In our experiments, MB OFDM UWB signal was directly applied to the VCSEL and after prop-
agation through the MMF was detected by the p-i-n PD. The objective of the measurements
was to study the performance of the proposed link by means of the packet error rate (PER).
The measurements have been carried out for the TFC5 determined by the frequency interval
(3168 ÷ 3696) MHz, TFC6 and TFC7 bands of MB OFDM UWB signals. Fig. 11 presents the
PER versus MMF length for the optical link.
The PER dependence versus the MMF length for the different MB OFDM UWB signals shows
a peculiar behavior. The PER of the TFC7 band located at higher carrier frequency (4.488GHz)
stays flat and has values of an order of magnitude of 10−6 for MMF lengths up to 1km. How-
ever, the PER in the case of TFC5 band located at the 3.5GHz carrier frequency and the TFC6
band located at the 4.0GHz carrier frequency increases dramatically for the MMF lengths
longer than 300m.
In order to understand this behavior of the PER versus MMF length we have measured the
MMF transfer function for different MMF lengths. The short MMF with a length of 10m has

Fig. 11. The PER dependence on the MMF length for TFC5, TFC6, and TFC7 frequency bands
for the optical link

Fig. 12. The measurement results for the optical link frequency response

an almost flat frequency response up to the frequency of 10GHz as it is shown in Fig. 12. The
strongly inhomogeneous behavior in such a case in the vicinity of 10GHz is caused by the VC-
SEL bandwidth limitations. The p-i-n PD used in these measurements has the bandwidth of
about 25GHz. The bandpass filter behavior of the MMF caused by the multimode dispersion
is strongly pronounced for longer MMFs.
According to Fig. 12, the MMF transfer function has strong notches in the frequency range
of TFC5 band at the fiber lengths longer than 500m. These experimental results are in good
accord with the simulations results mentioned above.

6. Conclusions

We proposed two possible architectures for high spectral efficiency optical transmission of
OFDM UWB signals beyond 40Gb/s: the parallel RF/serial optics architecture and parallel
RF/parallel optics architecture. We presented the detailed theoretical analysis and numeri-
cal results for a novel OCMC detecting device based on SiGe/Si structure. We have carried
out numerical simulations for the parallel RF/parallel optics architecture and predicted its
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highly quality performance. We investigated theoretically and experimentally the optical link
consisted of the directly modulated VCSEL, MMF, and p-i-n PD.
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1. Introduction  
 

The ultimate information capacity of fiber is limited by the Kerr nonlinearity, wherein the 
refractive index of the waveguide changes in proportion to the signal intensity. Nonlinearity 
makes it impossible to achieve an arbitrarily high capacity by increasing the launched 
power, as nonlinear distortion ultimately grows faster than the signal-to-noise ratio (SNR). 
At low launched power, system performance is limited by additive white Gaussian noise 
(AWGN), so the capacity increases with power. At high power, however, nonlinear effects 
dominate. For a given channel, there exists an optimum launched power and ultimate 
capacity that are dependent on the system design parameters. The capacity of fiber has been 
studied in (Mitra & Stark, 2001) and (Essiambre et al., 2008).  
Recently, coherent optical receivers have begun to approach technological maturity. In a 
coherent receiver, the optical signal is downconverted to the electronic domain, preserving 
all relevant information on the optical electric fields in the two polarizations. The baseband 
equivalent electrical signals can be sampled and processed by a digital signal processor 
(DSP), enabling software algorithms to compensate channel impairments (Ip, et al. 2008). 
Various methods of compensating nonlinearity have been proposed. It was shown in (Ho & 
Kahn, 2004) that in zero-dispersion fiber, interaction between nonlinearity and noise, known 
as nonlinear phase noise (NLPN), causes the received constellation to be spiral-shaped. A 
receiver can partially compensate NLPN by either de-rotating the received signal by a phase 
proportional to the received power, or by using modified decision boundaries. 
Improvement in system performance by 0.5 to 1 dB has been observed in submarine systems 
with low local dispersion and near-perfect dispersion compensation per span (Charlet et al., 
2006).  
Nonlinear phase rotation has also been used in orthogonal frequency-division multiplexing 
(OFDM) systems, where it is called self-phase modulation compensation (SPMC). In 
(Lowery, 2007a), transmitter-side SPMC was proposed, while (Lowery, 2007b) showed that 
further performance improvement can be obtained by splitting the SPMC between the 
transmitter and receiver. An investigation of the performance dependence on the dispersion 
map was carried out in (Liu & Tkach, 2009). 
Signal propagation is ultimately governed by a nonlinear Schrödinger equation (NLSE). We 
shall see later that the efficacy of a nonlinear compensation algorithm depends on how 
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accurately it estimates the optical signal amplitude at each point in the fiber. In the 
aforementioned algorithms, the signal amplitude at the receiver and/or transmitter is 
assumed to be an accurate estimator of the signal profile in the fiber, and nonlinear 
compensation is applied using the received and/or transmitted signal(s). For zero-
dispersion fiber, in which signal amplitude changes are small, arising only from noise, this is 
a good assumption, so performance improvement has been observed in submarine systems. 
In systems where local dispersion exceeds a symbol period, however, nonlinear phase 
rotation fails (Ip & Kahn, 2008), as interaction between intersymbol interference (ISI) and 
nonlinearity gives rise to “intra-channel” nonlinear effects, which have been studied in 
(Essiambre et al, 1999). As a first-order approximation, it has been assumed that the 
nonlinear phase distortion at a given symbol depends not only on the instantaneous 
amplitude, but on the amplitude profile of the received signal spanning a time interval 
equal to the fiber’s impulse response duration. An intra-channel four-wave mixing (IFWM) 
compensation scheme was studied in (Lau et al., 2008), and can lead to a small improvement 
in performance. 
The ultimate nonlinear compensation method is backpropagation, which inverts the NLSE. 
In this framework, receiver-based optical dispersion compensation or electronic linear 
equalization can be seen as special cases of backpropagation where the receiver inverts only 
chromatic dispersion (CD). Similarly, mid-span phase conjugation is an example of 
backpropagation where the second half of the transmission link inverts the impairments of 
the first half (Chowdhury & Essiambre, 2004). Electronic backpropagation was first studied 
in (Roberts et al., 2006) as a transmitter-side compensation method, since in the absence of 
coherent detection, manipulation of the field is only possible at the modulator. With 
coherent detection, however, recovery of the received electric field enables receiver-side 
backpropagation, which was first studied in (Mateo et al, 2008). Receiver-side 
backpropagation has the advantage that it can ultimately be adaptive without the need for a 
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where E  is the signal electric field, D̂  and N̂  are the linear and nonlinear operators, and 
 , 2 , 3  and   are the fiber’s attenuation, group velocity dispersion, dispersion slope, 
and nonlinear coefficients, respectively. In (1)−(3), we have specified the electric field in a 
moving co-ordinate system that propagates at the group velocity of the fiber, so the  t  
term has been neglected. 
It has been shown that the NLSE is an accurate model for a wide variety of optical 
phenomena, including single-wavelength and dense wavelength-division-multiplexed 
(DWDM) systems, solitons, and ultra-short pulses down to a few optical cycles in duration.  
Only in very special conditions (e.g., solitons) does the NLSE yield analytical solutions. In 
general, the NLSE must be solved numerically. Various solution methods have been 
developed, including finite-difference methods and split-step methods (SSMs). The latter are 
generally preferred because of the computational advantage of the fast Fourier transform 
and related transforms. 
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where     
ˆ ˆ ˆˆ ˆ ˆ,a b ab ba  is the commutator. It can be shown that the A-SSM and S-SSM lead to: 
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In (8) and (9), all other terms inside the exponential apart from  ˆ ˆh D N  are error terms. 

When high accuracy is required, the S-SSM has superior performance because the error is 
third order in h, whereas the error in the A-SSM is only second order in h. Split-step 
methods with accuracy higher than third order have been studied in (Muslu & Erbay, 2005), 
but have higher complexity. In backpropagation, high accuracy is generally not required 
because the signal is already corrupted by noise. Depending on the SNR and the power 
penalty requirement, a global relative accuracy of ~10−3 is typically sufficient. Thus, 
computational cost, and the ability to parallelize and pipeline the algorithm are more 
pertinent considerations for real-time implementations. The S-SSM is considered here 
because it is possible to combine the linear half-step operators between adjacent sections so 
there is no difference between the complexities of S-SSM and the A-SSM (Fig. 3c).  
To propagate a signal using (5) or (6), we can evaluate the linear operator as a multiplication 
by an all-pass filter in the frequency domain:  

 
          

     



       
  

2 32 3

ˆ ˆexp , exp ,

exp ,
2 2! 3!

hD E z t h D E z t

j j h E z

F F F

 (10) 

where  ,E z  is the Fourier transform of the time-domain signal  ,E z t . This is known as 
the split-step Fourier method (SSFM). 
The nonlinear operator, on the other hand, is most easily evaluated as a phase rotation in 
time:  
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In contrast with the linear operator, the nonlinear operator depends on signal amplitude. 
One way to improve the accuracy of the SSM is to use the trapezoidal rule for the integral of 
N̂ . For the S-SSM, we have (Agrawal, 2001):  

 

     

     

               
               

ˆ ˆ ˆ, exp exp ' ' exp ,
2 2

ˆ ˆ
ˆ ˆexp exp exp , .

2 2 2

z h

z

h hE z h t D N z dz D E z t

N z h N zh hD h D E z t
 (12) 

 

Since      
2ˆ ,N z h j E z h t  depends on the output, (12) is solved iteratively using the 

numerical procedure in Fig. 2. We initially assume that    ˆ ˆN z h N z  . Using (12), we 

compute an updated estimate of the output,  ,newE z h t , which enables a new estimate for 

 N̂ z h . We then apply (12) again, and so forth, until convergence or until a preset number 
of iterations is reached. This method is known as the iterative, symmetric SSFM (IS-SSFM). 
Since iteration is time-consuming, a faster, but less accurate non-iterative method can also be 
used. These are: 

           ˆ ˆ, exp exp ,E z h t hD hN z E z t , and (13)  
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for the A-SSM and S-SSM, respectively. Note that for non-iterative case (NA-SSM), the order 
of the operators is based on the heuristic that nonlinear effects occur at high power, which is 
typically found at the beginning of a fiber section unless backward Raman pumping is used, 
so for large step sizes, the nonlinear operator should be applied first.1 
The SSFM algorithm is thus summarized in Fig. 3. The linear and nonlinear operators are 
successively evaluated in the frequency- and time-domains, with fast Fourier transforms 
(FFT) and inverse fast Fourier transforms (IFFT) used to switch between the domains. The 
complexity of the algorithm is dominated by the Fourier transforms, since the evaluation of 
an N-point FFT or IFFT requires  logO N N  operations, whereas the filtering and phase 

rotation operations in (10) and (11) are only  O N . 
 

                                                                 
1 In backpropagation, we would apply the linear operator first. 
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Fig. 2. Iterative, symmetric split-step method evaluation.  
 
In offline simulations, it is possible to take the FFT/IFFT of the entire signal. This approach 
has high computational cost due to a large N, and cannot work in real-time systems. As (10) 
is a linear filtering operation, well-known methods can be used to design a digital filter that 
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employed, the required filter length for a target accuracy will be proportional to the impulse 
duration of ~   2

22 T  samples. It is also possible to use an infinite-impulse response (IIR) 
filter to reduce the tap requirement (Plura et al., 2001). However, IIR filters are not desirable 
for real-time implementation because the delay of digital multipliers is typically much 
longer than a symbol period. Hence, an IIR filter output can only respond to input samples 
after this multiple-symbol delay has elapsed. Since FIR filters have no feedback, they are not 
constrained by delay. Moreover, FIR filters can be parallelized and efficiently implemented 
in the frequency-domain (Oppenheim & Schafer), and are therefore more suitable for real-
time implementation. Other methods of evaluating the linear operator, such as using 
wavelets have studied in (Kremp & Freude, 2005; Goldfarb & Li, 2009), and may lead to 
further computational savings compared to the standard SSFM. 
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Fig. 3. (a) S-SSM with optional iterative procedure for solving each section. (b) S-SSFM with 
optional iterative procedure for solving each section. (c) If non-iterative method is used, 
adjacent linear operators can be combined so the total complexity is the same as the A-SSM. 

 
2.2 Step Size Selection 
The SSFM can be made increasingly accurate by reducing the step size h. For a given 
numerical accuracy, the step size requirement was studied in (Sinkin et al., 2003) and 
(Zhang & Hayee, 2008). Traditionally, the step size was selected based on the characteristic 
lengths of the system, which are the distances over which each impairment induces one 
radian of phase distortion. For CD and nonlinearity, these are: 

   2
2 max~ 2CDl , and (15) 

 ~ 1NL txl P , (16) 
where max  is the highest frequency component of the signal and txP  is the launched 
power.2 We can bound the maximum distortion of each step by setting:  

    min ,CD CD NL NLh l l . (17) 
The choice of CD  and NL  depends on the accuracy required. Since CD is usually the 
larger impairment, (Sinkin et al., 2003) found that setting h based on CD walkoff length 

                                                                 
2  Strictly speaking, no signal is bounded in frequency. For single-carrier signals, we can 
define  max 2 sR  where sR  is the symbol rate. For OFDM, we define     max 2 1u sN f , 
where uN  is the number of used subcarriers and  sf  is the subcarrier frequency spacing. 
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2  Strictly speaking, no signal is bounded in frequency. For single-carrier signals, we can 
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gives good numerical performance for both single- and multi-channel systems over the 
accuracy range of interest. 
Another approach is to bound the error of each step directly. (Sinkin et al., 2003) proposed a 
“local error method” approach, where the step size is varied throughout a fiber to ensure 
that the relative local error   t SSM tE E E  between the numerical SSM solution and the 
true NLSE solution is constant for every step. Relative local error is related to the closeness 
with which the A-SSM and S-SSM in (5) and (6) approximate the integral in (4). According 
to (8) and (9), the error in the exponential involves the commutator of D̂  and N̂ . (Rieznik et 
al., 2005) used quantum mechanics to derive results, while (Zhang & Hayee, 2008) used a 
related approach that considered the change in pulse width when the ordering of operators 
is swapped. Both analyses produced the same result that to keep relative local error 
constant, the step sizes of the A-SSM and S-SSM should be:  

           
2 2

2 maxh z P z , and (18) 

             
23 2

2 maxh z P z . (19) 

In comparison with (17), the dispersion and nonlinear parameters have a multiplicative 
contribution in h. This is intuitively satisfying, since the NLSE can be solved analytically in 
the limit when either dispersion or nonlinearity is zero, allowing the use of an arbitrarily 
large step size. Secondly, the step size requirement varies with z  because power is 
decreasing with distance. 
Ultimately, signal propagation involves evaluating many steps of the SSM. The parameter of 
interest is not the error of each step, but the global relative error between the numerical 
solution and the true NLSE solution over the entire propagation path. In WDM transmission 
over multiple spans of fiber, (Zhang & Hayee, 2008) showed that global error grows linearly 
with the number of spans. To keep global error constant,  h  or  h  should be kept 

constant. For the A-SSM, h should therefore vary as 21 ,  2
max1  and  1 P z  with respect 

to the dispersion strength, signal bandwidth, and signal power; while for the S-SSM, h 
should vary as 21 ,  2

max1  and  1 P z . These rules provide useful guidelines on the 

change in the complexity of backpropagation as system parameters are varied. For example, 
a WDM signal with chN  channels has roughly chN  times the bandwidth and chN  the power 
of a single channel, so using the S-SSM, complexity increases as 5 2

chN . Whereas a typical step 
size for simulating a single wavelength channel is tens of kilometers, the requirement for a 
16-channel WDM signal is reduced to less than 100 meters.  
Finally, although local error methods may be computationally efficient, a variable step size 
may not be desirable because it will require different filter coefficients and FFT sizes for each 
linear operator of the different sections. Practical implementation may dictate using a 
constant step size for each fiber type in the channel, in which case, (18) or (19) may still be 
used, but a single h is computed for each fiber replacing P(z) with the maximum power Pmax. 
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signal processor (DSP) converts input symbols into four digital signals corresponding to the 
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example, the transmitter DSP can implement any signal pre-distortion algorithms, including 
CD pre-compensation, nonlinear phase noise pre-compensation or transmitter-side 
backpropagation. Similarly, the receiver DSP can implement any algorithm to combat signal 
distortion by the channel, including linear equalization, nonlinear phase noise post-
compensation, receiver-side backpropagation, carrier recovery and clock recovery. We note 
that Fig. 4 is a canonical model for any modulation format. In OFDM, for example, the DSP 
algorithm at the transmitter and receiver include FFT and IFFT operations to convert 
between frequency-domain symbols and time-domain signals. For single-polarization 
transmission, the unneeded MZ modulator and D/As can be removed; while for single-
carrier transmission, pulse shaping can be performed digitally by the DSP, or a pair of MZ 
modulators for pulse carving can be inserted before or after the data modulators. 

 
4. Backpropagation 
 

The NLSE is an invertible equation. In the absence of noise, the transmitted signal can be 
exactly recovered by “backpropagating” the received signal through the inverse NLSE given 
by:  

  
  


ˆ ˆE D N E

z
. (20) 

 
This operation is equivalent to passing the received signal through a fictitious fiber having 
opposite-signed parameters (Fig. 5a). It is also possible to perform backpropagation at the 
transmitter side by pre-distorting the signal to invert the channel, and then transmitting the 
pre-distorted waveform (Fig. 5b). In the absence of noise, both schemes are equivalent. We 
shall focus on receiver-side backpropagation. 
Backpropagation operates directly on the complex-valued field  ,E z t . Hence, the 
technique is universal, as the transmitted signal can have any modulation format or pulse 
shape, including multicarrier transmission using OFDM. Moreover, as backpropagation 
simply involves finding a numerical solution to the NLSE, the methods and step size 
settings developed in Section 2 are applicable. 
Some differences between optical system simulation and impairment compensation should 
be noted. In the former, knowing the input to a fiber enables the output be computed to 
arbitrary precision; whereas in backpropagation, noise prevents exact recovery of the 
transmitted signal. It has been demonstrated that in the presence of noise, a modified 
backpropagation equation is effective in compensating nonlinearity:  

          ˆ ˆ, exp ,BP BPE z t h D N E z h t , (21) 

where  0 1  is the fraction of the nonlinearity compensated. For every set of system 
parameters, there exists an optimum   that minimizes the mean square error (MSE) 
between the transmitted signal  0,E t  and the backpropagation solution  0,BPE t . In zero-
dispersion fiber, for example, where backpropagation is equivalent to nonlinear phase 
rotation, it was shown that   0.5  is optimal (Ho & Kahn, 2004). 
The existence of an optimum   can be appreciated by considering that in a typical fiber, the 
magnitude of the dispersion operator is much greater than the nonlinear operator. Thus, 

 

nonlinearity can be viewed as a perturbation to a mostly dispersive channel. The optimum 
phase to de-rotate at each backpropagation step depends on the accuracy of  ,BPE z t  as an 

estimate of  ,E z t . The more accurately the receiver estimates  ,E z t , the closer we can set 
  to one, since we are confident that the nonlinear phase rotation will lead to an an output 
closer to the original signal. Conversely, if  ,E z t  is not known accurately, error in 

amplitude will be converted to random phase rotations by the nonlinear operator  ˆh N , 
yielding an output that is even further away from the desired signal in Euclidean distance. 
Hence, the optimum   depends on the received SNR as well as any uncompensated 
distortions that are present during backpropagation. In particular, simulation results in 
Section 4.1 will show that system performance depends on the dispersion map, owing to 
interaction between signal and noise. Thus, the optimum  is also dependent on the 
dispersion map and other system parameters, and needs to be individually optimized for 
each application. 
 

 

Fig. 5. (a) Transmitter-side and (b) receiver-side backpropagation. 
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The fiber and EDFA parameters are shown in Table 1, and the system dispersion map is 
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that of either the transmitted or received signal. Interaction between dispersion and 
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nonlinearity leads to strong IFWM, and the nonlinear phase de-rotation method (NLPN + 
Lin. Eq.) offers no performance gain over linear equalization alone (Fig. 6d). Fig. 7 shows the 
constellations obtained at the output of each method at a launched power of 0 dBm. Rather 
than spiral-shaped, circular clusters are observed in Fig. 7a, so nonlinear phase de-rotation is 
not effective. In contrast, even a crude backpropagation approximation: NA-SSFM with a 
step size equal to the length of a span (Fig. 6b), improves performance at high power (Fig. 
6d).  
 

 SMF DCF  EDFA 
#1 

EDFA 
#2 

Attenuation ( ) 0.2 dB/km 0.6 dB/km Gain G  G  
Dispersion ( 2 ) 17 ps/nm −80 ps/nm Noise Figure 5 dB 5 dB 
Nonlinear parameter 
(  ) 0.0013 m−1W−1 0.0053 m−1W−1    

Length ( L ) 80 km 
0% RDPS: 17 km 

10% RDPS: 15.3 km 
100% RDPS: 0 km 

   

Table 1. Fiber and EDFA simulation parameters. 
 

 
 

Fig. 6. (a) Long-haul transmission over multiple identical spans of fiber with amplification 
and dispersion compensation, (b) backpropagation model using A-SSFM with step size 
equal to a span length, (c) dispersion map, (d) system performance using different channel 
compensation algorithms for 21.4 Gb/s RZ QPSK over 25×80-km SMF with 10% RDPS.  
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Fig. 7. Constellation diagrams obtained using (a) linear equalization only, (b) nonlinear 
phase noise compensation + linear equalization, and (c) backpropagation using A-SSFM 
with step size equal to a span length. 
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nonlinearity leads to strong IFWM, and the nonlinear phase de-rotation method (NLPN + 
Lin. Eq.) offers no performance gain over linear equalization alone (Fig. 6d). Fig. 7 shows the 
constellations obtained at the output of each method at a launched power of 0 dBm. Rather 
than spiral-shaped, circular clusters are observed in Fig. 7a, so nonlinear phase de-rotation is 
not effective. In contrast, even a crude backpropagation approximation: NA-SSFM with a 
step size equal to the length of a span (Fig. 6b), improves performance at high power (Fig. 
6d).  
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Fig. 7. Constellation diagrams obtained using (a) linear equalization only, (b) nonlinear 
phase noise compensation + linear equalization, and (c) backpropagation using A-SSFM 
with step size equal to a span length. 
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different sampling rates were used for each map. It is observed that performance improves 
with (i) increased CD undercompensation, and (ii) increased oversampling. The first result 
can be explained because DCF incurs loss and nonlinearity. In coherent systems, CD can be 
compensated by a digital linear equalizer without undesired effects, so DCF is unnecessary 
and should be removed. This reduces the amplification requirement and thus optical 
amplifier noise. In addition, dispersion facilitates walkoff between the signal and out-of-
band noise, reducing their nonlinear interactions. Increasing oversampling also improves 
performance because digital backpropagation becomes a better approximation to ideal 
analog backpropagation. As the nonlinear term in the NLSE is third order in the electric 
field, there is a performance gain when backpropagation is performed at an oversampling 
ratio of at least 3.  
 

 

 

 

Fig. 9. System performance for 21.4 Gb/s RZ QPSK 100% RDPS versus number of 80-km 
spans at (a) 2 and (b) 3 oversampling. 
 

   

 
 

Fig. 10. Performance versus number of taps used to emulate linear operator for 21.4 Gb/s 
RZ QPSK over 25×80-km SMF with 100% RDPS. 
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With DCF removed, Fig. 9 shows the increase in transmission distance enabled by 
backpropagation. For a target bit-error ratio (BER) of 10−3, the phase error standard 
deviation should be less than 0.23 radians. Whereas linear equalization achieves a system 
reach of 2,000 km (2580-km spans), backpropagation extends this to over 6,400 km (8080-
km spans). At 2 oversampling, backpropagation using the IS-SSFM with 20 steps per span 
gives the same performance as the crude NA-SSFM method with span-length step size. This 
is because at a low oversampling rates, the backpropagated signal is not very accurate,  and 
numerical errors due to insufficient sampling rate are the dominant effect. At 3 
oversampling, IS-SSFM offers somewhat better performance, but has much higher 
computational cost. 
To estimate the complexity of backpropagation, Fig. 10 shows the filter length required to 
emulate the linear operator in NA-SSFM for the system considered in Fig. 9, when h is equal 
to one span at 3 oversampling. Approximately 70 taps are required. The most efficient 
realization of an FIR filter this length is frequency-domain implementation (Oppenheim & 

Schafer), whose complexity is       

      
 

2
: 1 2

4min 1 log 1 1h h
B N Bh

N B N B
B  

real 

multiplications per sample, where B is the block size, and hN  is the filter length. The 
nonlinear operator further requires 7 real multiplications per sample. 
Table 2 compares the complexity of backpropagation with linear equalization, where the 
filter length requirement is    2

22 span span sN L R M K  = 47 taps at 3/2 oversampling. The 
complexities of direct implementation of both methods are also shown. It is observed that 
backpropagation is two orders of magnitude more computationally expensive than linear 
equalization. We also note that the length of the linear operator, at 70 taps, is much larger 
than expected from    2

22 span sL R M K (Ip, et al. 2008). This is due to amplitude ringing in 
the frequency domain when an FIR filter is designed using the windowing method. Since 
backpropagation requires multiple iterations of the linear filter, amplitude distortion due to 
ringing accumulates (Goldfarb & Li, 2009).  
 

 Linear Equalization Backpropagation 
Direct Implementation 188 21515 

Frequency domain 
implementation 44 3992 

Table 2. System complexity in real multiplications per symbol for linear equalization and 
backpropagation for 21.4 Gb/s RZ QPSK over 25×80-km SMF with 100% RDPS 
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In DWDM transmission, the ability to overcome interchannel nonlinear impairments 
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deterministic effects. Hence, they can be effectively compensated by backpropagation. In a 
mesh network, however, signals of different wavelengths can be dynamically routed by 
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may not be the same signals that were transmitted in adjacent channels. Two sources of 
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different sampling rates were used for each map. It is observed that performance improves 
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can be explained because DCF incurs loss and nonlinearity. In coherent systems, CD can be 
compensated by a digital linear equalizer without undesired effects, so DCF is unnecessary 
and should be removed. This reduces the amplification requirement and thus optical 
amplifier noise. In addition, dispersion facilitates walkoff between the signal and out-of-
band noise, reducing their nonlinear interactions. Increasing oversampling also improves 
performance because digital backpropagation becomes a better approximation to ideal 
analog backpropagation. As the nonlinear term in the NLSE is third order in the electric 
field, there is a performance gain when backpropagation is performed at an oversampling 
ratio of at least 3.  
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With DCF removed, Fig. 9 shows the increase in transmission distance enabled by 
backpropagation. For a target bit-error ratio (BER) of 10−3, the phase error standard 
deviation should be less than 0.23 radians. Whereas linear equalization achieves a system 
reach of 2,000 km (2580-km spans), backpropagation extends this to over 6,400 km (8080-
km spans). At 2 oversampling, backpropagation using the IS-SSFM with 20 steps per span 
gives the same performance as the crude NA-SSFM method with span-length step size. This 
is because at a low oversampling rates, the backpropagated signal is not very accurate,  and 
numerical errors due to insufficient sampling rate are the dominant effect. At 3 
oversampling, IS-SSFM offers somewhat better performance, but has much higher 
computational cost. 
To estimate the complexity of backpropagation, Fig. 10 shows the filter length required to 
emulate the linear operator in NA-SSFM for the system considered in Fig. 9, when h is equal 
to one span at 3 oversampling. Approximately 70 taps are required. The most efficient 
realization of an FIR filter this length is frequency-domain implementation (Oppenheim & 

Schafer), whose complexity is       
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multiplications per sample, where B is the block size, and hN  is the filter length. The 
nonlinear operator further requires 7 real multiplications per sample. 
Table 2 compares the complexity of backpropagation with linear equalization, where the 
filter length requirement is    2

22 span span sN L R M K  = 47 taps at 3/2 oversampling. The 
complexities of direct implementation of both methods are also shown. It is observed that 
backpropagation is two orders of magnitude more computationally expensive than linear 
equalization. We also note that the length of the linear operator, at 70 taps, is much larger 
than expected from    2

22 span sL R M K (Ip, et al. 2008). This is due to amplitude ringing in 
the frequency domain when an FIR filter is designed using the windowing method. Since 
backpropagation requires multiple iterations of the linear filter, amplitude distortion due to 
ringing accumulates (Goldfarb & Li, 2009).  
 

 Linear Equalization Backpropagation 
Direct Implementation 188 21515 

Frequency domain 
implementation 44 3992 

Table 2. System complexity in real multiplications per symbol for linear equalization and 
backpropagation for 21.4 Gb/s RZ QPSK over 25×80-km SMF with 100% RDPS 
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In DWDM transmission, the ability to overcome interchannel nonlinear impairments 
depends on the system design. Consider the two systems shown in Fig. 11. In point-to-point 
transmission, cross-phase modulation (XPM) and four-wave mixing (FWM) are 
deterministic effects. Hence, they can be effectively compensated by backpropagation. In a 
mesh network, however, signals of different wavelengths can be dynamically routed by 
reconfigurable add/drop multiplexers (ROADMs). Signals received in adjacent channels 
may not be the same signals that were transmitted in adjacent channels. Two sources of 
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error can arise when backpropagation is performed. Firstly, the receiver has no knowledge 
of the channels that were dropped, so nonlinear effects involving their fields cannot be 
compensated. Secondly, nonlinear effects arising from channels added at a intermediate 
nodes do not extend all the way back to the transmitter, hence when the received signal is 
fully backpropagated, spurious nonlinear effects will result. In the worst case, channels are 
either added or dropped just prior to the receiver3. Both uncompensated and spurious 
nonlinear effects can severely degrade system performance, especially if the channels added 
or dropped are near neighbors of the desired channel. Hence, backpropagation may not 
always be effective in mitigating nonlinear effects in mesh networks. In such systems, cross-
channel nonlinearity may still be reduced using dispersion-unmanaged transmission, 
exploiting walkoff to suppress interchannel nonlinearity. The receiver can then perform  
single-channel backpropagation to mitigate SPM. 
 

 

Fig. 11. Wavelength-division-multiplexed (WDM) transmission. (a) Point-to-point link, 
backpropagation can effectively mitigate interchannel nonlinearity, (b) Mesh network, 
backpropagation has limited benefit. 
 
For point-to-point links, multichannel backpropagation can be used to mitigate interchannel 
nonlinearity. This was studied in (Mateo et al., 2008). Since the bandwidth of a DWDM 
signal is typically much greater than that of a single photoreceiver, we can need to use a 
structure like that shown in Fig 12a, where a bank of local oscillator lasers are tuned to the 
frequencies of the channels, translating the signal around each LO frequency to baseband. 
Provided the frequencies and phases of the local oscillators are synchronized, possibly using 
mode-locked lasers, the full electric field of the WDM signal can be reconstructed via the 
coherent sum:  

        , , expm
m

E z t E z t jm t , (22) 

where   is the channel spacing. Recovery of  ,E z t  enables the receiver to perform a 
“total-field” backpropagation using the procedure discussed in Section 2. The step size 

                                                                 
3 Conversely, for transmit-side backpropagation, the worst-case scenario involves channels 
added or dropped near the transmitter. 
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Fig. 12. Multichannel backpropagation using (a) total-field NLSE, (b) coupled NLSE. 
 
In most installed fibers, CD results in low FWM efficiency. If (22) is substituted into the 
NLSE in (3), and the FWM terms are neglected, the total-field NLSE reduces to a set of 
coupled equations each describing the evolution of an individual WDM channel through the 
channel (Leibrich & Rosenkranz, 2003):  
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We observe that different DWDM channels have different group velocities, dispersions, and 
dispersion slopes, whose values are given by the Taylor Series expansion  
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s

i s , where   0 ,k k  denotes the values defined at the center wavelength. 

In addition, the nonlinear operator for channel-i in (25) has contributions from the fields of 

the other channels. But since this interaction only depends on the amplitude 
2

jE  and is 
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error can arise when backpropagation is performed. Firstly, the receiver has no knowledge 
of the channels that were dropped, so nonlinear effects involving their fields cannot be 
compensated. Secondly, nonlinear effects arising from channels added at a intermediate 
nodes do not extend all the way back to the transmitter, hence when the received signal is 
fully backpropagated, spurious nonlinear effects will result. In the worst case, channels are 
either added or dropped just prior to the receiver3. Both uncompensated and spurious 
nonlinear effects can severely degrade system performance, especially if the channels added 
or dropped are near neighbors of the desired channel. Hence, backpropagation may not 
always be effective in mitigating nonlinear effects in mesh networks. In such systems, cross-
channel nonlinearity may still be reduced using dispersion-unmanaged transmission, 
exploiting walkoff to suppress interchannel nonlinearity. The receiver can then perform  
single-channel backpropagation to mitigate SPM. 
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backpropagation has limited benefit. 
 
For point-to-point links, multichannel backpropagation can be used to mitigate interchannel 
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signal is typically much greater than that of a single photoreceiver, we can need to use a 
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Fig. 12. Multichannel backpropagation using (a) total-field NLSE, (b) coupled NLSE. 
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therefore phase-insensitive, synchronization of the local oscillators is not required. The 
coupled NLSE may therefore be more practical to implement than the total-field NLSE. The 
receiver structure for the coupled NLSE is shown in Fig. 12b. 

 
6. Dual-polarization Systems 
 

6.1 Signal Propagation 
In real fibers, birefringence causes PMD. Since it is impractical – if not impossible – to 
estimate the Jones matrix of each increment in the fiber, the performance of backpropagation 
will be degraded. PMD may ultimately limit the signal bandwidth over which 
backpropagation can be performed. Additionally, polarization-multiplexed transmission 
enables the doubling of capacity keeping the same receiver sensitivity in SNR per bit. To 
study signal propagation in two polarizations, we use the vector NLSE: 
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In these equations,    
T

x yE EE  is the Jones vector of the electric field, and α , 1β , 2β  and 

3β  are the loss, group velocity, CD and dispersion slope parameters. The 22 matrix 
representation of the parameters allows the most general polarization dependence. For 
example, setting α  to have unequal eigenvalues enables polarization-dependent loss (PDL) 
be modeled. In comparison with (3), the nonlinear operator has an extra term that arises as a 
result of the cross-polarization nonlinearity. The matrix 3σ  is a Pauli spin matrix expressed 
in the standard notation of (Gordon & Kogelnik, 2000): 
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Fig. 13. Model of a fiber with polarization-mode dispersion. 
 
In most fibers, the polarization dependence of α , 2β  and 3β  is negligible, so they may be 
replaced by scalars. To model arbitrary PMD of all orders, a fiber is typically divided into 
short sections, each possessing only first-order PMD, and the principal states of polarization 
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(PSP) are randomly rotated between adjacent sections (Fig. 13). Thus, for the k-th fiber 
section, 1β  can be expressed as: 

          1 2 1, ,H
k k k kzβ R σ R , (30) 

where,  
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is a generalized polarization rotation matrix whose columns are the Jones vectors of the 
PSPs. The first column denotes the slow axis and is a unit vector on the Poincaré sphere with 
azimuth and ellipticity angles of 2 k  and 2 k , respectively.  k  is the differential group 

delay (DGD) of the section, and is a Maxwellian-distributed variable with mean  pmd h , 
where  pmd  is the mean PMD of the fiber and h is the section length. 
In order to model PMD accurately, the section length should be less than the PMD 
characteristic length given by:  

  
2~PMD s PMDl T . (32) 

Typically, this number is large compared to the characteristic length of CD. Hence in 
practical fibers, the step sizes derived in Section 2.2 are sufficiently fine for accurate 
modeling of PMD. 
The dual-polarization NLSE can be solved using the split-step methods introduced in 
Section 2 with the linear and nonlinear operators applied successively in the frequency- and 
time-domains. Note that for clarity, we have expressed (26) to (28) in Jones co-ordinates. For 
implementation, the nonlinear operator of the vector NLSE has a slightly simpler form when 
the electric field is specified in circular polarization co-ordinates.  

 
6.2 Backpropagation 
Like the scalar NLSE, the vector NLSE is invertible. In the absence of noise, knowledge of 
the fiber parameters enables backpropagation to exactly invert the channel. We define the 
backpropagation equation as:  

          ˆ ˆ, exp ,z t h z h tE D N E , (33) 

where D̂  and N̂  are given in (27) and (28), and  0 1  is a parameter to be optimized. 
We note that reversing the sign of the PMD term            1 2 1, ,k H

k k k kβ R σ R  has the 
intuitive meaning of rotating the signal into the fiber PSPs and then undoing the section’s 
DGD. The difference between the scalar and vector NLSE is that PMD makes the linear 
operator  ˆh zD  dependent on z even if a constant step size is used. Fig. 14 shows dual-
polarization backpropagation. The order of the linear operators applied should be in reverse 
order to forward propagation. 
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enables the doubling of capacity keeping the same receiver sensitivity in SNR per bit. To 
study signal propagation in two polarizations, we use the vector NLSE: 
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In these equations,    
T

x yE EE  is the Jones vector of the electric field, and α , 1β , 2β  and 

3β  are the loss, group velocity, CD and dispersion slope parameters. The 22 matrix 
representation of the parameters allows the most general polarization dependence. For 
example, setting α  to have unequal eigenvalues enables polarization-dependent loss (PDL) 
be modeled. In comparison with (3), the nonlinear operator has an extra term that arises as a 
result of the cross-polarization nonlinearity. The matrix 3σ  is a Pauli spin matrix expressed 
in the standard notation of (Gordon & Kogelnik, 2000): 
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Fig. 13. Model of a fiber with polarization-mode dispersion. 
 
In most fibers, the polarization dependence of α , 2β  and 3β  is negligible, so they may be 
replaced by scalars. To model arbitrary PMD of all orders, a fiber is typically divided into 
short sections, each possessing only first-order PMD, and the principal states of polarization 
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(PSP) are randomly rotated between adjacent sections (Fig. 13). Thus, for the k-th fiber 
section, 1β  can be expressed as: 

          1 2 1, ,H
k k k kzβ R σ R , (30) 

where,  
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is a generalized polarization rotation matrix whose columns are the Jones vectors of the 
PSPs. The first column denotes the slow axis and is a unit vector on the Poincaré sphere with 
azimuth and ellipticity angles of 2 k  and 2 k , respectively.  k  is the differential group 

delay (DGD) of the section, and is a Maxwellian-distributed variable with mean  pmd h , 
where  pmd  is the mean PMD of the fiber and h is the section length. 
In order to model PMD accurately, the section length should be less than the PMD 
characteristic length given by:  

  
2~PMD s PMDl T . (32) 

Typically, this number is large compared to the characteristic length of CD. Hence in 
practical fibers, the step sizes derived in Section 2.2 are sufficiently fine for accurate 
modeling of PMD. 
The dual-polarization NLSE can be solved using the split-step methods introduced in 
Section 2 with the linear and nonlinear operators applied successively in the frequency- and 
time-domains. Note that for clarity, we have expressed (26) to (28) in Jones co-ordinates. For 
implementation, the nonlinear operator of the vector NLSE has a slightly simpler form when 
the electric field is specified in circular polarization co-ordinates.  

 
6.2 Backpropagation 
Like the scalar NLSE, the vector NLSE is invertible. In the absence of noise, knowledge of 
the fiber parameters enables backpropagation to exactly invert the channel. We define the 
backpropagation equation as:  

          ˆ ˆ, exp ,z t h z h tE D N E , (33) 

where D̂  and N̂  are given in (27) and (28), and  0 1  is a parameter to be optimized. 
We note that reversing the sign of the PMD term            1 2 1, ,k H

k k k kβ R σ R  has the 
intuitive meaning of rotating the signal into the fiber PSPs and then undoing the section’s 
DGD. The difference between the scalar and vector NLSE is that PMD makes the linear 
operator  ˆh zD  dependent on z even if a constant step size is used. Fig. 14 shows dual-
polarization backpropagation. The order of the linear operators applied should be in reverse 
order to forward propagation. 
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Fig. 14. Dual-polarization backpropagation.  
If the Jones vector for each fiber section not be known at the receiver, the best estimate of the 
linear operator is:  
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The receiver shown in Fig. 15 can be used, where a linear equalizer follows 
backpropagation. In the absence of nonlinearity, backpropagation inverts the fiber CD, so 
PMD is mitigated by the linear equalizer. At realistic transmission distances and symbol 
rates, PMD has only short duration, so we expect the signal amplitude profile will not be 
significantly distorted by PMD. Hence, backpropagation with the linear operator in (34) can 
still compensate most of the interactions between CD and nonlinearity. The linear equalizer 
compensates PMD and any residual linear effects not already compensated by 
backpropagation. This receiver structure is general. If backpropagation includes PMD, the 
linear equalizer is reduced to a fixed downsampler. 
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Fig. 15. Backpropagation receiver with output linear equalizer to mitigate residual linear 
distortion for (a) single-carrier, (b) OFDM. 

 
6.3 Results 
The performances of single-carrier and OFDM at 107 Gb/s over 25×80-km SMF are 
compared for different dispersion maps in Fig. 16. The fiber and EDFA parameters are 
shown in Table 3. Gain is fully compensated after each span, but unlike Section 4, the 
individual gains of the two EDFAs 1G  and 2G  are optimized for best performance. For 
single-carrier, we assume polarization-multiplexed QPSK (PM-QPSK) with 50% RZ pulse 
shaping, corresponding to 4 bits encoded per symbol. For OFDM, the FFT-size ( cN ), 
number of used subcarriers ( uN ) and prefix length ( preN ) are shown for different dispersion 
maps in Table 4, and PM-QPSK was transmitted on all the used subcarriers. The metric of 
comparison is the phase error standard deviation, which in the absence of nonlinearity, 
satisfies   1 2 s , where  s is the SNR per symbol. For OFDM, all the subcarriers were 
found to have similar  , so the average   across all the subcarriers is shown. In each plot 
shown in Fig. 16, linear equalization is compared to different backpropagation methods. IS-
SSFM denotes using the iterative, symmetric SSFM for solving the inverse NLSE, with the 
same step size equal to that used in simulating forward propagation. NA-SSFM denotes 
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Fig. 15. Backpropagation receiver with output linear equalizer to mitigate residual linear 
distortion for (a) single-carrier, (b) OFDM. 

 
6.3 Results 
The performances of single-carrier and OFDM at 107 Gb/s over 25×80-km SMF are 
compared for different dispersion maps in Fig. 16. The fiber and EDFA parameters are 
shown in Table 3. Gain is fully compensated after each span, but unlike Section 4, the 
individual gains of the two EDFAs 1G  and 2G  are optimized for best performance. For 
single-carrier, we assume polarization-multiplexed QPSK (PM-QPSK) with 50% RZ pulse 
shaping, corresponding to 4 bits encoded per symbol. For OFDM, the FFT-size ( cN ), 
number of used subcarriers ( uN ) and prefix length ( preN ) are shown for different dispersion 
maps in Table 4, and PM-QPSK was transmitted on all the used subcarriers. The metric of 
comparison is the phase error standard deviation, which in the absence of nonlinearity, 
satisfies   1 2 s , where  s is the SNR per symbol. For OFDM, all the subcarriers were 
found to have similar  , so the average   across all the subcarriers is shown. In each plot 
shown in Fig. 16, linear equalization is compared to different backpropagation methods. IS-
SSFM denotes using the iterative, symmetric SSFM for solving the inverse NLSE, with the 
same step size equal to that used in simulating forward propagation. NA-SSFM denotes 
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using the crude non-iterative, asymmetric SSFM with a step size equal to one span. For each 
method, comparison is made with the receiver including PMD ( D̂  given by (27)) and 
excluding PMD ( D̂  given by (34)) during backpropagation. 
 

 SMF DCF  EDFA 
#1 

EDFA 
#2 

Attenuation ( ) 0.2 dB/km 0.5 dB/km Gain 1G  2G  

Dispersion ( 2 ) 17 ps/nm −85 ps/nm Noise Figure 4 dB 4 dB 
Dispersion Slope 
( 3 ) 0.09 ps/nm2/km −0.3 ps/nm2/km    

Nonlinear parameter 
(  ) 0.0013 m−1W−1 0.0053 m−1W−1    

Mean PMD ( pmd ) 0.1 ps/ km  0.1 ps/ km     

Length ( L ) 80 km 
0% RDPS: 16 km 

10% RDPS: 14.4 km 
100% RDPS: 0 km 

   

Table 3. Fiber and EDFA simulation parameters.  
 

 preN  uN  cN  

0% RDPS 4 13 16 
10% RDPS 43 213 256 
100% RDPS 391 1706 2048 

Table 4. OFDM parameters used for different dispersion maps. 
 
The results show that at 0% RDPS using linear equalization only, single-carrier outperforms 
OFDM, because the FWM between subcarriers makes OFDM susceptible to nonlinearity. At 
100% RDPS using backpropagation, the performances of single-carrier and OFDM become 
similar, because dispersion causes both signals to become approximately Gaussian-
distributed regardless of the signal profile at transmission. It is observed that using the more 
accurate IS-SSFM to solve the inverse NLSE despite the receiver not knowing the channel 
PMD gives better performance than the receiver knowing the PMD but using the less 
accurate NA-SSFM. As expected, IS-SSFM (including PMD) delivers the best performance, 
reducing phase error standard deviation by 1 to 3 dB compared to linear equalization only. 

 

 

Fig. 16. System performance for polarization-multiplexed 107-Gb/s transmission through 
25×80-km SMF for (a) single-carrier at 0% RDPS, (b) OFDM at 0% RDPS, (c) single-carrier at 
100% RDPS, and (d) OFDM at 100% RDPS. 

 
7. Further Discussion 
 

The ability of backpropagation to undo nonlinear effects depends on how accurately it can 
estimate the signal amplitude profile at every point in the fiber. Noise, PMD, and other 
distortions not estimated by the receiver, but which change the signal intensity profile, thus 
degrading performance. Since these effects accumulate with distance, the further a signal is 
backpropagated, the higher the relative error. In receiver-side backpropagation, the signal 
intensity profile is known accurately at the receiver, but becomes progressively less accurate 
as it is traced back to the transmitter. We may therefore expect a small improvement in 
performance using the setup in Fig. 17, where backpropagation is split evenly between the 
transmitter and receiver: transmit-side backpropagation inverts the first half of the channel, 
while receive-side backpropagation inverts the second half. To account for the change in 
relative error with distance, the parameter   should also vary with distance; a larger   is 
used for the spans closer to the transmitter (and receiver), while a smaller   is used for 
spans further away, where the estimated signal intensity is less reliable. 
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using the crude non-iterative, asymmetric SSFM with a step size equal to one span. For each 
method, comparison is made with the receiver including PMD ( D̂  given by (27)) and 
excluding PMD ( D̂  given by (34)) during backpropagation. 
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distributed regardless of the signal profile at transmission. It is observed that using the more 
accurate IS-SSFM to solve the inverse NLSE despite the receiver not knowing the channel 
PMD gives better performance than the receiver knowing the PMD but using the less 
accurate NA-SSFM. As expected, IS-SSFM (including PMD) delivers the best performance, 
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Fig. 17. Backpropagation at transmitter and receiver. 
 
Since backpropagation reduces the effects of nonlinearity, the nonlinear regime of the 
channel is pushed towards higher launched power (Fig. 18). This has the impact of 
increasing the optimum launched power and the ultimate achievable capacity. With 
backpropagation, deterministic nonlinearities do not decrease capacity as they can be 
mitigated. Furthermore, dispersion-unmanaged transmission causes walkoff between signal 
and out-of-band noise, reducing their nonlinear interaction. The ultimate limit to capacity 
therefore arises as a result of nonlinear interaction between signal and in-band noise.  
 

 

Fig. 18. Effect of backpropagation on capacity. 

 
8. Conclusion 
 

Backpropagation is a universal method for jointly compensating linear and nonlinear 
impairments in an arbitrary channel. The method works independently of the modulation 
format, and requires finding a numerical solution to the inverse nonlinear Schrödinger 
equation, which is obtained by reversing the order of the fibers in the link and the signs of 
the parameters of each fiber. The performance of backpropagation depends on how 
accurately it estimates the signal amplitude profile at every point in the fiber. Noise, PMD, 
and other effects not taken into account by the receiver can degrade performance. The best 
system performance is obtained using dispersion-unmanaged transmission because walkoff 
reduces nonlinear interaction between signal and out-of-band noise. Interaction between 
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signal and in-band noise ultimately limits capacity. Using backpropagation in conjunction 
with dispersion-unmanaged transmission extends the linear regime of the fiber, enabling 
higher usable launched power and higher capacity. 
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Fig. 17. Backpropagation at transmitter and receiver. 
 
Since backpropagation reduces the effects of nonlinearity, the nonlinear regime of the 
channel is pushed towards higher launched power (Fig. 18). This has the impact of 
increasing the optimum launched power and the ultimate achievable capacity. With 
backpropagation, deterministic nonlinearities do not decrease capacity as they can be 
mitigated. Furthermore, dispersion-unmanaged transmission causes walkoff between signal 
and out-of-band noise, reducing their nonlinear interaction. The ultimate limit to capacity 
therefore arises as a result of nonlinear interaction between signal and in-band noise.  
 

 

Fig. 18. Effect of backpropagation on capacity. 

 
8. Conclusion 
 

Backpropagation is a universal method for jointly compensating linear and nonlinear 
impairments in an arbitrary channel. The method works independently of the modulation 
format, and requires finding a numerical solution to the inverse nonlinear Schrödinger 
equation, which is obtained by reversing the order of the fibers in the link and the signs of 
the parameters of each fiber. The performance of backpropagation depends on how 
accurately it estimates the signal amplitude profile at every point in the fiber. Noise, PMD, 
and other effects not taken into account by the receiver can degrade performance. The best 
system performance is obtained using dispersion-unmanaged transmission because walkoff 
reduces nonlinear interaction between signal and out-of-band noise. Interaction between 
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signal and in-band noise ultimately limits capacity. Using backpropagation in conjunction 
with dispersion-unmanaged transmission extends the linear regime of the fiber, enabling 
higher usable launched power and higher capacity. 
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1. Introduction  
 

In this chapter, using numerical simulation and experimental results, the optical signal 
processing characteristics of Fiber-based Optical Parametric Amplifier (FOPA) using novel 
highly non-linear fibers (HNLFs) including Photonic Crystal Fibers (PCFs) will be described.  
In the last decade, to overcome the limitation of the electrical signal processing to the ultra 
high bit-rate optical data streams, ultrafast all-optical signal processing techniques including 
OTDM (Optical Time Division Multiplex), transparent wavelength conversion and all-
optical sampling have been studied and proposed for over 160 Gb/s optical data streams. 
For those ultrafast optical processing techniques, highly-nonlinear glass fiber-based optical 
signal processors have been promising due to its ultrafast response time of the nonlinear 
effects in glass fibers and low loss characteristic to the light signals.   
FOPA exploiting four-wave mixing (FWM) occurs in HNLFs has been one of those highly-
nonlinear glass fiber-based all optical signal processors for ultrafast On-Off Keyed (OOK) 
optical signals such as Return-to-Zero (RZ) and Non-Return-to-Zero (NRZ).  In recent years, 
with the emergences of novel glass fiber-based HNLFs with periodical microstructures 
including PCFs, which shows high nonlinearity using newly proposed germanium oxide 
silica glasses and novel heavy-metal oxide glasses, FWM-based FOPA has shortened its fiber 
device length drastically from tens of kilometers to tens of meters and improved its ultrafast 
optical signal processing characteristics remarkably.  Also, with increasing application of the 
phase shift keyed (PSK) optical signals such as Differential Phase Shift Keying (DPSK) and 
Differential Quadrature Phase Shift Keying (DQPSK) in the feasibility studies of 40 Gb/s-
based optical communication systems, FWM-based FOPA has attracted much more 
attention again to its ultrafast optical phase controllability on time scale of a few 
femtoseconds.  In Section 2 of this chapter, we will overview the development of the highly 
nonlinear glass fibers and the highly-nonlinear glass fiber-based optical signal processors 
including FWM-based- FOPAs.  Numerical model of the signal processing characteristics of 
FWM-based FOPA will be introduced and overview the signal processing characteristics of 
FWM-based FOPA with the numerically simulated parametric gain characteristics of FWM-
based FOPA In Section 4, we will introduce our experimental results of the parametric gain 
enhancement and the ultrafast signal processing experiments using highly-nonlinear silica 
glass-based FOPAs with over 160 Gb/s ultrafast optical signal data streams.  Practical 
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applications of FOPA for optical signals are discussed and we will summarizes results and 
suggests directions of FOPA as an ultra fast optical signal processing device in Section 5.  

 
2. Optical Signal Processors based on Novel Glass-Based HNLFs 
 

2.1 Fiber-Based Ultrafast Optical Signal Processors 
To overcome the limitation of the electrical signal processing to the ultra  high bit-rate data 
streams, ultrafast all-optical signal processing techniques including the Optilcal Time 
Domain Multiplexing (OTDM), the transparent wavelength conversion and all-optical 
samplings have been eagerly studied and proposed in last decades (Westlund et al., 2002; 
Hedekvist et al., 1997; J. Li et al., 2001;  Ho et al., 2001). 
In particular, fiber-based optical signal processors exploiting the nonlinear optical effects in 
the glass fibers such as Self Phase Modulation (SPM), Cross Phase Modulation (XPM) and 
Four-Wave Mixing (FWM) and Stimulated Raman Scattering (SRS) have been promising to 
realize the ultrafast all optical processing devices (Optical Add/Drop Multiplexer (OADM), 
Demultiplexer (DEMUX), Wavelength Converter (WC), Fiber Optical Parametric Amplifier 
(FOPA) etc.) due to its ultrafast response time and low loss characteristic. 
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Fig. 1. Schematic diagrams of all optical ultrafast signal processors: (a) Optical DEMUX, (b) 
WC, and (c) OADM. 
 
Figure 1 shows the schematic diagrams of all optical ultrafast signal processors: Optical 
DEMUX, WC and OADM.  In particular, WC shows three active optical processings 
including wavelength conversion, re-amplification and re-shaping of distorted optical 
signals. The optical processing with re-amplification and re-shaping is usually called as 
optical “2R”. 
Generally, the nonlinear optical effects in glasses are known to occur on time scale of femto 
seconds (fs) which can realize the optical signal processing devices that have ultrafast 
response times.  However, fiber-based optical signal processors have been also less realistic 
devices compared to other electrical signal processing devices because of their long fiber 
lengths.  Because the fiber-based optical signal processors have been basically proposed 
using the silica-based glass fibers such as Dispersion Shifted Fibers (DSFs) without high 
nonlinearities to process the ultrafast optical signals, the fiber lengths of the silica-based 
nonlinear fiber devices have became very long in excess of a few hundred meters to achieve 
enough nonlinearities to process optical signals (Yang et al., 1997).   

(a) 

(b) 

(c) 
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Figure 1 shows the schematic diagrams of all optical ultrafast signal processors: Optical 
DEMUX, WC and OADM.  In particular, WC shows three active optical processings 
including wavelength conversion, re-amplification and re-shaping of distorted optical 
signals. The optical processing with re-amplification and re-shaping is usually called as 
optical “2R”. 
Generally, the nonlinear optical effects in glasses are known to occur on time scale of femto 
seconds (fs) which can realize the optical signal processing devices that have ultrafast 
response times.  However, fiber-based optical signal processors have been also less realistic 
devices compared to other electrical signal processing devices because of their long fiber 
lengths.  Because the fiber-based optical signal processors have been basically proposed 
using the silica-based glass fibers such as Dispersion Shifted Fibers (DSFs) without high 
nonlinearities to process the ultrafast optical signals, the fiber lengths of the silica-based 
nonlinear fiber devices have became very long in excess of a few hundred meters to achieve 
enough nonlinearities to process optical signals (Yang et al., 1997).   
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In general, we can obtain larger nonlinear effects in glass fibers as the fiber lengths get 
longer.  Therefore, in order to obtain high nonlinearities, long device lengths have been 
required for fiber-based optical signal processors.  However, such long fiber lengths have 
led to the relative time delay among optical signals caused by the chromatic dispersions of 
the fibers.  As in recent commercially deployed wavelength division multiplexing (WDM) 
optical telecommunication systems, equally frequency-spaced many optical signal channels 
have been used to enhance the transmission capacities of optical transmission systems.  
When the fiber lengths of the fiber-based optical signal processors become longer, the 
chromatic dispersions of these fiber devices give rise to the relative time delay among the 
optical signals in WDM transmission systems, which makes it difficult to process the 
ultrafast optical signals allocated in wide wavelength region simultaneously.   
Thus, in order to work as ultrafast optical signal processors, undesirable long device lengths 
have been required for fiber-based optical devices to obtain enough high nonlinearities.   

 
2.2 Developments of Highly-Nonlinear Fibers based on Novel Glasses 
In last decade, due to the development of the synthetic techniques of the novel glass 
materials, nonlinear characteristics of glass materials have been improved drastically and 
made it realize to emerge various highly-nonlinear fibers (HNLFs).   
In addition, owing to the establishment of the design techniques for the spatial strong 
photon localization in the periodically microstructured materials and fibers based on novel 
highly-nonlinear glasses, Photonic Crystal Fibers (PCFs) (Birks et al., 1997), have realized 
extremely high nonlinearities in considerably shorter fiber lengths than those of fibers with 
simple core-cladding structures.  The emergences of these HNLFs and PCFs fabricated by 
novel highly-nonlinear glass materials have given different kinds of applications for 
ultrafast all optical processing devices.  Among these optical signal processing applications 
in large capacity communication networks, wavelength conversion plays a major role in 
providing wavelength flexibility.  Therefore, in particular, WC based on FWM have been 
mainly proposed as a possible application for newly proposed HNLFs and PCFs in order to 
evaluate the optical signal processing characteristics of these HNLFs and PCFs.    
On the basis of the glass fiber compositions of HNLFs and PCFs, two types of highly-
nonlinear fibers have been proposed.  One is the type of the glass ibers fabricated by 
conventional silica-based glasses and the other is the type of the glass fibers fabricated by 
non-silica-based glasses.   
Table 1 shows the typical fiber parameters of various newly proposed silica-based and non-
silica-based highly-nonlinear fibers.  In particular, heavy metal oxide glass-based highly-
nonlinear fibers are introduced as non-silica-based highly-nonlinear fibers.   
As shown in Table 1, owing to the silica-based glass composition, silica-based highly-
nonlinear fiber shows very low loss   to be 0.0005 dB/m (Onishi et al., 1997).  This low loss 
characteristic of silica-based highly-nonlinear fiber means good compatibilities to the silica-
based fibers used as transmission fibers in telecommunication systems, which leads to the 
low loss characteristics of silica-based highly-nonlinear fiber devices.  In addition, nonlinear 
coefficient  of silica-based HNLF has been reported to be ~20 W-1km-1 (Onishi et al., 1997).  
Silica-based HNLF realizes the high refractive index contrast between the core and clad 
refractive indices using germanium-doped and fluoride-doped silica glasses as the materials 
for the core and clad.  Silica-based PCF enhances nonlinearity due to its periodical special 

 

microstructure and achieves over three times higher nonlinear coefficient than that of the 
silica-based HNLF with simple core-cladding structure (Onishi et al., 1997).   
Owing to the enhanced nonlinearities of silica-based HNLFs, the fiber lengths of optical 
signal processors using silica-based HNLFs have become much shorter than those of ones 
based on conventional DSFs.  Also, with effectively shortening the required fiber length 
from kilometers to tens of meters, good optical signal processing characteristics have been 
evaluated for silica-based PCF using WC characteristic (Lee et al., 2003). Nevertheless, 
optical signal processing devices using silica-based HNLFs and PCFs still have tens of 
meters long fiber lengths. These rather long device lengths are much likely to bring the 
relative time delay among ultrafast optical signals over 160 Gb/s.    
   

Glass 
composition Structure 

n2  
(x10-20m2/W) 

 

  
(W-1km-1)        

 

D@1.5  m 
(ps/nm/km)     
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As shown in Table 1, nonlinear coefficients of the heavy metal oxide glass-based HNLFs and 
PCFs become nearly over ten times larger than those of silica-based HNLFs and PCFs.  
These enhancements of nonlinearities of heavy metal oxide glass-based HNLFs and PCFs 
are due to the high refractive indices of heavy metal oxide glasses.  Owing to the extremely 
high nonlinearities of heavy metal oxide glasses, heavy metal oxide glass-based HNLFs 
have shortened fiber device lengths successfully from tens of meters to a few meters.  In 
addition, using bismuth oxide glass-based HNLF, less than 1 meter-long fiber-based WC has 
been proposed (Lee et al., 2005)  However, bismuth oxide glass-based HNLF inevitably has 
large material dispersion similar with other non-silica-based HNLFs fabricated by heavy 
metal oxide glasses, which limits the working bandwidth of WC.  In general, heavy metal 
oxide glass-based HNLFs have been found to have extremely high nonlinearities but at the 
same time suffer from large group velocity dispersions (GVD), large fiber losses and large 
splice losses between heavy metal oxide glass-based HNLFs and conventional silica-based 
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In general, we can obtain larger nonlinear effects in glass fibers as the fiber lengths get 
longer.  Therefore, in order to obtain high nonlinearities, long device lengths have been 
required for fiber-based optical signal processors.  However, such long fiber lengths have 
led to the relative time delay among optical signals caused by the chromatic dispersions of 
the fibers.  As in recent commercially deployed wavelength division multiplexing (WDM) 
optical telecommunication systems, equally frequency-spaced many optical signal channels 
have been used to enhance the transmission capacities of optical transmission systems.  
When the fiber lengths of the fiber-based optical signal processors become longer, the 
chromatic dispersions of these fiber devices give rise to the relative time delay among the 
optical signals in WDM transmission systems, which makes it difficult to process the 
ultrafast optical signals allocated in wide wavelength region simultaneously.   
Thus, in order to work as ultrafast optical signal processors, undesirable long device lengths 
have been required for fiber-based optical devices to obtain enough high nonlinearities.   

 
2.2 Developments of Highly-Nonlinear Fibers based on Novel Glasses 
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for the core and clad.  Silica-based PCF enhances nonlinearity due to its periodical special 

 

microstructure and achieves over three times higher nonlinear coefficient than that of the 
silica-based HNLF with simple core-cladding structure (Onishi et al., 1997).   
Owing to the enhanced nonlinearities of silica-based HNLFs, the fiber lengths of optical 
signal processors using silica-based HNLFs have become much shorter than those of ones 
based on conventional DSFs.  Also, with effectively shortening the required fiber length 
from kilometers to tens of meters, good optical signal processing characteristics have been 
evaluated for silica-based PCF using WC characteristic (Lee et al., 2003). Nevertheless, 
optical signal processing devices using silica-based HNLFs and PCFs still have tens of 
meters long fiber lengths. These rather long device lengths are much likely to bring the 
relative time delay among ultrafast optical signals over 160 Gb/s.    
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As shown in Table 1, nonlinear coefficients of the heavy metal oxide glass-based HNLFs and 
PCFs become nearly over ten times larger than those of silica-based HNLFs and PCFs.  
These enhancements of nonlinearities of heavy metal oxide glass-based HNLFs and PCFs 
are due to the high refractive indices of heavy metal oxide glasses.  Owing to the extremely 
high nonlinearities of heavy metal oxide glasses, heavy metal oxide glass-based HNLFs 
have shortened fiber device lengths successfully from tens of meters to a few meters.  In 
addition, using bismuth oxide glass-based HNLF, less than 1 meter-long fiber-based WC has 
been proposed (Lee et al., 2005)  However, bismuth oxide glass-based HNLF inevitably has 
large material dispersion similar with other non-silica-based HNLFs fabricated by heavy 
metal oxide glasses, which limits the working bandwidth of WC.  In general, heavy metal 
oxide glass-based HNLFs have been found to have extremely high nonlinearities but at the 
same time suffer from large group velocity dispersions (GVD), large fiber losses and large 
splice losses between heavy metal oxide glass-based HNLFs and conventional silica-based 
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fibers.  In order to obtain broadband wavelength conversion characteristics using FWM, the 
glass fiber used as WC should have high nonlinearity, low dispersion and low loss 
characteristics (Inoue et al., 1992).   
Thus, in order to realize practical  optical signal processing devices such as OADM, WC, 
DEMUX and FOPA, high nonlinearity, low dispersion, low fiber loss, low coupling loss with 
conventional silica-based fiber are the required fiber characteristics for silica-glass based and 
heavy metal oxide glass-based highly nonlinear fibers. However, at the moment, we have 
not obtained the highly nonlinear fiber that can satisfy all required these fiber characteristics 
simultaneously.    

 
3. Optical Parametric Amplification using Four-Wave Mixing 
 

FWM has been as a main nonlinear effect to realize all optical signal processors.  The optical 
signal processing characteristics of newly proposed HNLFs have been examined initially 
with the FWM efficiencies of WC using newly proposed HNLFs.  Therefore, in this Section, 
we will introduce the precise theory of FWM and derive the coupling propagation equations 
of a signal, an idler and a pump light waves to establish numerical simulation model for 
FWM.  In addition, we will overview the signal processing characteristics of FWM-based 
FOPA with the numerically simulated propagation characteristics of the signal along highly-
nonlinear glass fibers.  

 
3.1 Theory of Optical Parametric Amplification based on Four-Wave Mixing 
As cited in Section 1 and Section 2, FWM is one of the well-known nonlinear effects occur in 
glass fibers similar with SPM and XPM.  SPM and XPM mainly affect the phase of the 
pulsed optical signals due to the additional nonlinear phase shifts and cause the spectral 
broadening of pulsed signals, whereas FWM gives rise to the energy exchange among 
optical signals.  Figure 2 shows the schematic diagram of FWM in the frequency domain.  As 
shown in Figure 2, when a signal light wave and two pump light waves are input into a 
nonlinear glass fiber, an additional new light wave that has higher frequency than those of 
the two pump light waves is generated.  The additional new light wave is usually called as 
an “idler” light. 
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Fig. 2. Schematic diagrams of FWMs with (a) two pump lights and (b) one pump light in the 
frequency domain. 
 
When the frequencies of two pump light waves are different, the relationship among the 
frequencies of the signal, the two pump and the idler light waves is given by, 

s2p1pi   , (1) 

where s , 1p , 2p and i are the frequencies of the signal, pumps and idler, respectively.  
As can be seen from Eq. (1), the energies of the signal and two pump lights are transferred to 
that of the idler.  Therefore, FWM is usually thought to be the energy transfer phenomenon 
caused by the nonlinear effects in glass fibers.   
When the frequencies of two pump lights are identical ( 1p = 2p = p ), the energies of two 
pump lights are equally transferred to those of the signal and the idler.   
Therefore, Eq. (1) becomes as follows: 

lsp2   . (2) 

This case where 1pump and 2pump  coincide is called as “Degenerated” Four-Wave Mixing 
(DFWM). In this degenerated case, the frequencies of the three waves are symmetrically 

(a) 

(b) 
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fibers.  In order to obtain broadband wavelength conversion characteristics using FWM, the 
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Thus, in order to realize practical  optical signal processing devices such as OADM, WC, 
DEMUX and FOPA, high nonlinearity, low dispersion, low fiber loss, low coupling loss with 
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pulsed optical signals due to the additional nonlinear phase shifts and cause the spectral 
broadening of pulsed signals, whereas FWM gives rise to the energy exchange among 
optical signals.  Figure 2 shows the schematic diagram of FWM in the frequency domain.  As 
shown in Figure 2, when a signal light wave and two pump light waves are input into a 
nonlinear glass fiber, an additional new light wave that has higher frequency than those of 
the two pump light waves is generated.  The additional new light wave is usually called as 
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frequencies of the signal, the two pump and the idler light waves is given by, 
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where s , 1p , 2p and i are the frequencies of the signal, pumps and idler, respectively.  
As can be seen from Eq. (1), the energies of the signal and two pump lights are transferred to 
that of the idler.  Therefore, FWM is usually thought to be the energy transfer phenomenon 
caused by the nonlinear effects in glass fibers.   
When the frequencies of two pump lights are identical ( 1p = 2p = p ), the energies of two 
pump lights are equally transferred to those of the signal and the idler.   
Therefore, Eq. (1) becomes as follows: 
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positioned relatively to each other in the frequency domain.  Optical parametric 
amplification can be viewed from a quantum mechanical picture.  Here, the degenerated 
parametric amplification case is manifested as the conversion of two pump photons at 
frequency pump to a signal and an idler photon at frequencies signal and idler .  The 
conversion needs to satisfy the energy conservation relation as in Eq. (2).  From the 
quantum-mechanical point of view, in the degenerated case, the photon momentum 
conservation relation is also needed to be satisfied as follows:   

0)(2)()( pis   , (3) 

where )( s , )( i and )( p  are the wave number  in vacuum, respectively and   is 
the mismatch among these wave numbers.  For the rest of this chapter, we will focus on the 
degenerated case including one pump at p , one signal at s  and one idler light wave at i .  
From the electromagnetic point of view, Eq. (3) is also called as “linear phase matching” 
condition because the wave numbers of the three light waves are directly linked to the 
phases of those light waves. Therefore, Eq. (3) can be considered to be the relative phase 
shift among the three light waves.  The propagation equations of these three light waves in a 
transmission media are given by the following three nonlinear couple-mode equations 
(Agrawal., 1995): 
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where sA iA and pA are the complex field amplitude of the signal, the idler and pump light 
waves, respectively.  z is the longitudinal coordinate along the fiber as the transmission 
media.  is the loss of the glass fiber for these three light waves.  eff2 A/n2   is the 
nonlinear coefficient of the fiber where 2n  is the nonlinear parameter and effA  is the 
effective modal area of the fiber. In Eq. (4), Eq. (5) and Eq. (6), the first two terms are 
responsible for the nonlinear phase shift caused by SPM and XPM, respectively. The last 
terms of these couple-mode equations contribute to the energy transfer among the signal, 
the idler and the pump light waves.   
Furthermore, to obtain further understanding to the propagation characteristics of the three 
light waves in the fiber, Eq. (4), Eq. (5) and Eq. (6) are rewritten by using )iexp(PA j

2/1
jj   

(j=s, i, p) where jP  (j=s, i, p) is the power of the three light waves and j  (j=s, i, p)  is the 
phases of the these light waves, respectively.   Thus, we can obtain practical propagating 
equations to describe the propagation characteristics of the signal, the idler and the pump 
lights as follows:   
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Here, Eq. 10 describes the propagation characteristics of the relative phase among three light 
waves. The first term of Eq. 10 is the contribution from the linear phase shift that does not 
depend on the powers of three light waves.  The second and third term of Eq. 10 show the 
contributions from the nonlinear phase shifts caused by the nonlinearity of the glass fiber.   
To simulate the frequency dependence of the optical amplification characteristics based on 
FWM, we will expand the linear phase shift   in Taylor series to the fourth order around 
the zero-dispersion frequency 0 . Thus, we can obtain the frequency-dependent linear 
phase shift  given by,  
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Here, 3 and 4 is the third and fourth order dispersions defined at 0 .  Also, 2 ( the 
second order dispersion of )( ) becomes zero because 0)( 02  .  Usually, 2 and 3 are 
called as “dispersion” and “dispersion slope“ of the fiber, respectively.  In addition, when 
the pump frequency p  is chosen to become p = 0 , the frequency dependent part of 
 is fully dominated by the fourth-order dispersion 4 .  Therefore, the gain bandwidth of 

FOPA is strongly limited by the fourth-order dispersion 4  (Marhic et al., 1996).  To realize 
the broad band optical signal wavelength converter using FOPA based on FWM, the value 
of 4 has been improved in silica-based highly nonlinear glass fibers (Hirano et al., 2005).  
Higher order dispersions become an important limiting factor as the optical signal operating 
bandwidth sp   exceeds 100 nm.  

 
3.2 Numerical Analysis on Gain Characteristics of FWM-based FOPA  
Next, using the simulation model based on the reduced propagation equations (7), (8), (9) & 
(10), we will overview the signal processing characteristics of FWM-based FOPA with the 
numerically simulated parametric gain characteristics of FWM-based FOPA.  In this 
numerical simulation, we used further reduced Eq. (12) and Eq. (13) obtained by neglecting 

4 and by assuming that FOPA are operated in a phase-matching condition that the relative 
phase remains near in Eq. (10) and Eq. (11)Eq. (12) and Eq. (13) are given by;,  
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where  and  show the linear and total phase mismatch parameters, respectively.   is 
the nonlinear coefficient of HNLF.  Pj (j=s, p, i) and j  (j=s, p, i) show the powers and 
wavelengths of signal, pump and idler, respectively.  dD/dc is the dispersion slope at the 
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positioned relatively to each other in the frequency domain.  Optical parametric 
amplification can be viewed from a quantum mechanical picture.  Here, the degenerated 
parametric amplification case is manifested as the conversion of two pump photons at 
frequency pump to a signal and an idler photon at frequencies signal and idler .  The 
conversion needs to satisfy the energy conservation relation as in Eq. (2).  From the 
quantum-mechanical point of view, in the degenerated case, the photon momentum 
conservation relation is also needed to be satisfied as follows:   

0)(2)()( pis   , (3) 

where )( s , )( i and )( p  are the wave number  in vacuum, respectively and   is 
the mismatch among these wave numbers.  For the rest of this chapter, we will focus on the 
degenerated case including one pump at p , one signal at s  and one idler light wave at i .  
From the electromagnetic point of view, Eq. (3) is also called as “linear phase matching” 
condition because the wave numbers of the three light waves are directly linked to the 
phases of those light waves. Therefore, Eq. (3) can be considered to be the relative phase 
shift among the three light waves.  The propagation equations of these three light waves in a 
transmission media are given by the following three nonlinear couple-mode equations 
(Agrawal., 1995): 
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where sA iA and pA are the complex field amplitude of the signal, the idler and pump light 
waves, respectively.  z is the longitudinal coordinate along the fiber as the transmission 
media.  is the loss of the glass fiber for these three light waves.  eff2 A/n2   is the 
nonlinear coefficient of the fiber where 2n  is the nonlinear parameter and effA  is the 
effective modal area of the fiber. In Eq. (4), Eq. (5) and Eq. (6), the first two terms are 
responsible for the nonlinear phase shift caused by SPM and XPM, respectively. The last 
terms of these couple-mode equations contribute to the energy transfer among the signal, 
the idler and the pump light waves.   
Furthermore, to obtain further understanding to the propagation characteristics of the three 
light waves in the fiber, Eq. (4), Eq. (5) and Eq. (6) are rewritten by using )iexp(PA j
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(j=s, i, p) where jP  (j=s, i, p) is the power of the three light waves and j  (j=s, i, p)  is the 
phases of the these light waves, respectively.   Thus, we can obtain practical propagating 
equations to describe the propagation characteristics of the signal, the idler and the pump 
lights as follows:   
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Here, Eq. 10 describes the propagation characteristics of the relative phase among three light 
waves. The first term of Eq. 10 is the contribution from the linear phase shift that does not 
depend on the powers of three light waves.  The second and third term of Eq. 10 show the 
contributions from the nonlinear phase shifts caused by the nonlinearity of the glass fiber.   
To simulate the frequency dependence of the optical amplification characteristics based on 
FWM, we will expand the linear phase shift   in Taylor series to the fourth order around 
the zero-dispersion frequency 0 . Thus, we can obtain the frequency-dependent linear 
phase shift  given by,  
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Here, 3 and 4 is the third and fourth order dispersions defined at 0 .  Also, 2 ( the 
second order dispersion of )( ) becomes zero because 0)( 02  .  Usually, 2 and 3 are 
called as “dispersion” and “dispersion slope“ of the fiber, respectively.  In addition, when 
the pump frequency p  is chosen to become p = 0 , the frequency dependent part of 
 is fully dominated by the fourth-order dispersion 4 .  Therefore, the gain bandwidth of 

FOPA is strongly limited by the fourth-order dispersion 4  (Marhic et al., 1996).  To realize 
the broad band optical signal wavelength converter using FOPA based on FWM, the value 
of 4 has been improved in silica-based highly nonlinear glass fibers (Hirano et al., 2005).  
Higher order dispersions become an important limiting factor as the optical signal operating 
bandwidth sp   exceeds 100 nm.  

 
3.2 Numerical Analysis on Gain Characteristics of FWM-based FOPA  
Next, using the simulation model based on the reduced propagation equations (7), (8), (9) & 
(10), we will overview the signal processing characteristics of FWM-based FOPA with the 
numerically simulated parametric gain characteristics of FWM-based FOPA.  In this 
numerical simulation, we used further reduced Eq. (12) and Eq. (13) obtained by neglecting 

4 and by assuming that FOPA are operated in a phase-matching condition that the relative 
phase remains near in Eq. (10) and Eq. (11)Eq. (12) and Eq. (13) are given by;,  
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where  and  show the linear and total phase mismatch parameters, respectively.   is 
the nonlinear coefficient of HNLF.  Pj (j=s, p, i) and j  (j=s, p, i) show the powers and 
wavelengths of signal, pump and idler, respectively.  dD/dc is the dispersion slope at the 
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zero dispersion wavelength of HNLF.  It is known that the parametric gain of FWM-based 
FOPA shows the maximum value when FWM-based FOPA is operated in the total phase-
matching condition  =is satisfied.   
As shown in Eq. (12), the total phase mismatch consists of the linear phase mismatch part 
 and the nonlinear phase mismatch part )PPP(2 isp  .  The linear phase mismatch part 
 does not depend on the powers of signal, pump and idler.  Therefore,  becomes the 

constant phase mismatch factor for FOPA.  On the other hand, the nonlinear phase 
mismatch part )PPP(2 isp  apparently depends on the powers of signal, pump and idler.  
Therefore, when the powers of signal, pump and idler are varied in FWM-based FOPA, 
parametric gain characteristics of FWM-based FOPA are affected sensitively by the total 
phase mismatching due to the variation of these powers. 
Firstly, we will overview this parametric gain variation of FWM-based FOPA induced by 
the input power with the gain characteristics of FWM-based FOPA with different pump 
powers shown in Figure 3.   
Table 2 shows the fiber parameters of silica-based HNLF used in this analysis on the 
parametric gain characteristics of FWM-based FOPA.  In this numerical simulation, the 
parametric gain media of FOPA is assumed to be a germanium-doped silica-based HNLF 
with nonlinear coefficient 25 W-1Km-1 and 150 m of the fiber length. Then, the pump 
wavelength is set to be 1562 nm longer than zero dispersion wavelength of the fiber 1555.5 
nm. The input signal power into HNLF is -30 dBm. As shown in Figure 3, the parametric 
gain of FOPA becomes to show two symmetrical peaks about the pump wavelength as the 
higher pump power input into HNLF. At the wavelengths where the parametric gain shows 
its peaks, total phase-matching condition  =is fully satisfied.  Whereas the parametric 
gain shows peaked gain shape with high pump power (Pp = 30 dBm), almost flat parametric 
gain shape is obtained with low pump power (Pp = 20 dBm).  This pump power dependence 
of the parametric gain characteristics shows that the difference in the parametric gain 
evolution rates is induced by the power-dependent nonlinear phase mismatch part 

)PPP(2 isp  . Generally, it is known that the parametric gain characteristics are 
exponentially proportional to the applied pump power in the wavelength region where the 
perfect phase-matching condition  = is satisfied. Also, the parametric gain characteristics 
are quadratically proportional to the applied pump power in the wavelength region where 
the linear phase-matching condition  =is satisfied. Figure 4 shows the simulated 
parametric gain evolutions of a signal and an idler along the silica-based HNLF with two 
different wavelengths. One is 1540 nm where the total phase-matching condition  =is 
found to be almost satisfied show in Figure 3. The other is 1560.5 nm near the pump 
wavelength 1562 nm where the linear phase-matching condition  =is satisfied.   
As shown in Figure 4, the difference between parametric gains at 1540 nm and 1560.5 nm 
becomes larger as the signal propagation distance gets longer. This implies that the fiber 
length should be shortened to obtain the flat parametric gain shape of FOPA. On the other 
hand, long fiber length is required to obtain large parametric gain of FOPA. Thus, it is 
difficult to realize large and flat gain characteristics of FOPA simultaneously. So far, in order 
to achieve large and flat gain characteristics of FOPA, the gain enhancement schemes of 
FOPA with broad gain characteristics have been proposed. Therefore, in Section 4, in order 
to realize the FOPA with large and flat gain characteristics, we will propose a novel 
parametric gain enhancement scheme of FOPA with flat gain characteristics.   
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zero dispersion wavelength of HNLF.  It is known that the parametric gain of FWM-based 
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Fig. 4. Fiber propagation characteristics of the parametric gains of signals and idlers with 
different wavelengths (s = 1540 nm and 1560.5 nm).  

 
4. Application of FOPA to Ultrafast Optical Signal Processing Device  
 

In this Section, we will introduce our experimental results of the ultrafast signal processing 
experiments using single-pumped FOPAs as an broadband ultrafast optical DEMUX with 
large parametric gain characteristics for over 160 Gb/s optical signal data streams. On the 
basis of our proposed design schemes for FOPA, we performed evaluations on the 
parametric gain characteristics of the single-pumped cascaded silica-glass-based HNLFs 
with different dispersions and dispersion slopes.   
As results of this evaluation, it was shown that over 20 dB parametric gains can be achieved 
in ~ 50 nm band width in C-band wavelength region.  Apparent improvement in the 
parametric gain characteristics was observed in the wavelength region near the pump 
wavelength.  Furthermore, to verify the capability of our proposed FOPA as an ultrafast 
optical signal processor, we performed transparent 160 Gb/s – 10 Gb/s DEMUX 
experiments using 160 Gb/s On-Off keyed (OOK) data using the parametric gain-enhanced 
FOPA by our proposed design scheme. As a result, no error penalty occurred for 160 Gb/s 
ultrafast data streams in the transparent 160 Gb/s – 10 Gb/s DEMUX experiment.   

 
4.1 Broadband FOPA Design Scheme with Perfect Phase-matching Condition 
So far, FOPA and Nonlinear Loop Mirror (NOLM) have been proposed as all optical fiber-
based DEMUX. In principle, the optical gating action controlled by optical clock pulses is 
required for optical DEMUX. Figure 5 shows the comparison of the optical DEMUX 
characteristics of NOLM-based DEMUX and FOPA-based DEMUX.   
As shown in Figure 5, NOLM-based DEMUX cannot amplify the input signal and can bring 
the interference between incoming and counter propagate pulse. For ultrafast optical fast 
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signals, this interference between incoming and counter propagate pulse can deteriorate the 
optical data streams in NOLM-based DEMUX. On the other hand, FOPA based DEMUX can 
amplify the incoming data signal with parametric gain. Also, there is no interference of data 
pulses in FOPA-based DEMUX. Therefore, in this work, we used FOPA as optical DEMUX 
for ultrafast optical signal processing. The results of transparent 160 Gb/s – 10 Gb/s 
DEMUX experiments using FOPA-based ultrafast DEMUX are will be shown in Section 4.  
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Fig. 5. Schematic diagrams of the principles of the optical gating operations in (a) NOLM 
and (b) FOPA.   
 
In order to realize the broadband ultrafast optical DEMUX using FOPA, large FOPA gain 
characteristics in a wide wavelength region should be realized. So far, in order to achieve 
large and broad gain characteristics of FOPA, the gain enhancement schemes of FOPA with 
broad gain characteristics have been proposed using many cascaded HNLFs with dual 
pump scheme. However, using many HNLFs and dual pump scheme is not suitable way to 
realize the practical FOPA for optical signal processors because of the complicated HNLF’s 
configuration and the use of two pump lasers, which leads to the increase of splice losses 
between HNLFs and the less cost effectiveness. Particularly, in order to realize an optical 
DEMUX using FOPA, the optical gating of the optical DEMUX should be controlled by 
single pump light source as an optical clock pulse because it is extremely difficult to adjust 
and control the relative timing among ultrafast optical signals over 160 Gb/s and multi-
pump light pulses.  In order to realize a practical FOPA with large and broad parametric 
gain characteristics using single pump light source, simpler design scheme of FOPA are 
required.  Therefore, we propose a simple and practical design scheme to achieve large and 
broad parametric gain characteristics of FOPA exploiting the perfect phase-matching 
condition of FWM.  
Figure 6 shows the optical parametric gain characteristics of FOPA achieved in the perfect-
matched and linear phase-matching conditions.  When the perfect phase-matching condition 

)PPP(2 isp   = is achieved, the parametric gain shows the exponential 
characteristics in terms of the pump power as shown in Section 3.  In addition, if the linear 
phase-matching condition  =is only satisfied, the parametric gain characteristics 
becomes quadratic one.  In our design scheme, we particularly tried to improve the gain 
characteristics in the wavelength region near the pump wavelength because the gain 
depletion occurs significantly in that wavelength region.   

(a) (b) 
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signals, this interference between incoming and counter propagate pulse can deteriorate the 
optical data streams in NOLM-based DEMUX. On the other hand, FOPA based DEMUX can 
amplify the incoming data signal with parametric gain. Also, there is no interference of data 
pulses in FOPA-based DEMUX. Therefore, in this work, we used FOPA as optical DEMUX 
for ultrafast optical signal processing. The results of transparent 160 Gb/s – 10 Gb/s 
DEMUX experiments using FOPA-based ultrafast DEMUX are will be shown in Section 4.  
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In order to realize the broadband ultrafast optical DEMUX using FOPA, large FOPA gain 
characteristics in a wide wavelength region should be realized. So far, in order to achieve 
large and broad gain characteristics of FOPA, the gain enhancement schemes of FOPA with 
broad gain characteristics have been proposed using many cascaded HNLFs with dual 
pump scheme. However, using many HNLFs and dual pump scheme is not suitable way to 
realize the practical FOPA for optical signal processors because of the complicated HNLF’s 
configuration and the use of two pump lasers, which leads to the increase of splice losses 
between HNLFs and the less cost effectiveness. Particularly, in order to realize an optical 
DEMUX using FOPA, the optical gating of the optical DEMUX should be controlled by 
single pump light source as an optical clock pulse because it is extremely difficult to adjust 
and control the relative timing among ultrafast optical signals over 160 Gb/s and multi-
pump light pulses.  In order to realize a practical FOPA with large and broad parametric 
gain characteristics using single pump light source, simpler design scheme of FOPA are 
required.  Therefore, we propose a simple and practical design scheme to achieve large and 
broad parametric gain characteristics of FOPA exploiting the perfect phase-matching 
condition of FWM.  
Figure 6 shows the optical parametric gain characteristics of FOPA achieved in the perfect-
matched and linear phase-matching conditions.  When the perfect phase-matching condition 

)PPP(2 isp   = is achieved, the parametric gain shows the exponential 
characteristics in terms of the pump power as shown in Section 3.  In addition, if the linear 
phase-matching condition  =is only satisfied, the parametric gain characteristics 
becomes quadratic one.  In our design scheme, we particularly tried to improve the gain 
characteristics in the wavelength region near the pump wavelength because the gain 
depletion occurs significantly in that wavelength region.   
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Figure 7 shows the schematic design concept of the switching gain band width enhancement 
using quasi-cascaded two HNLFs with different dispersions and dispersion slopes.  The 
term “quasi” is used because there is not much difference between the optical parameters of 
these two HNLFs.  In this two HNLFs configuration scheme, the zero dispersion wavelength 
of 1st HNLF is set to become slightly shorter than the pump wavelength, which makes the 
wavelength of the parametric gain peak relatively far from the pump wavelength.  Also, the 
zero dispersion wavelength of 2nd HNLF is set to become shorter than that of the 1st HNLF 
in order to make the wavelength of the gain peak of 2nd HNLF longer.  In addition, the 
dispersion slope of the 2nd HNLF is set to be relatively steeper than that of 1st HNLF to make 
the maximum gain peak of the 2nd HNLF shift toward the pump wavelength in the shorter 
wavelength.  With this design scheme, the improvement of the parametric gain 
characteristics particularly in the wavelength region near the pump wavelength can be 
expected. 

 
4.2 Experimental Setup 
 

4.2.1 Evaluations of Optical Parametric Gain Characteristics of FOPA 
Figure 8 shows the experimental configuration for the parametric gain characteristic 
evaluation.  The proposed design scheme for HNLFs to achieve high and broadened 
parametric switching gains was tested using a quasi-cascaded HNLF consists of two 
HNLFs.   
 

 
Fig. 6. Schematic diagrams of the optical parametric gain characteristics of FOPA achieved 
in the perfect-matched ( 0 ) and the linear phase-matching conditions ( 0 ). 

 

 
Fig. 7. Schematic diagram of the design concept for the parametric gain bandwidth 
enhancement using the quasi-cascaded two HNLFs with different dispersions and 
dispersion slopes. 
 
Two HNLFs have the zero dispersion slopes and the zero dispersion wavelengths01, 
dD/d1) = (1570 nm, 0.03 ps/nm2/km) and02, dD/d2) = (1555 nm, 0.035 ps/nm2/km), 
respectively.  The nonlinear coefficients  of the HNLFs are ~21 W-1km-1.  A modelocked 
Fiber laser (MLFL) as a signal source generated a 10 GHz optical pulse train at wavelengths 
in the wavelength region from 1520 nm to 1550 nm.  A tunable laser source was used as 
pump source, which was modulated by an Electro-Absorbtive (EA) modulator and a 
LiNbO3 intensity modulator (LN, 10 Gb/s, PRBS: 223-1) to realize the wide pulse width with 
the repetition rate 311MHz and a high peak power at the fiber input.  Maximum pump peak 
power was about 43 dBm.  A signal was input to the quasi-cascaded HNLFs together with a 
pump pulse that had ~45 degree-aligned polarization to that of the signal pulse.  The 
wavelength of the pump pulse was 1570.5 nm to have almost the same wavelength of the 1st 
HNLF.  The pulse widths (FWHM) of the signal and control pulses were 1.6 ps and 25 ps, 
respectively.    
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Fig. 8. Schematic diagram of the experimental setup for the evaluation on the parametric 
gain characteristic of proposed quasi-cascaded HNLFs. 

 
4.2.2 160 Gb/s -10 Gb/s DEXUM Experiment using Quasi-Cascaded HNLFs 
Furthermore, we evaluated the signal processing characteristics of the perfect phase-
matching FOPA using ultrafast pulse trains.  160 Gb/s – 10 Gb/s OTDM DEMUX 
experiment was performed using another modelocked fiber laser, which generates 1.6 ps 
light pulse with the pulse repetition rate 10 GH/z at the wavelength s = ~1540 nm where 
the parametric gain characteristics improved by our proposed FOPA design scheme.  This 
10 Gb/s pulse was optically time-division multiplexed to generate a single polarized 160 
Gb/s data pulse train.  Using this pulse train as a signal, we performed 160 Gb/s – 10 Gb/s 
OTDM DEMUX experiments to verify the capability of the proposed FOPA as an ultrafast 
optical signal processor.   

 
4.3 Results 
 

4.3.1 Parametric Gain Characteristic of Quasi-Cascaded HNLFs 
Figure 9 shows the parametric signal gain characteristics of 1st, 2nd and 1st + 2nd HNLFs.  As 
shown in Figure 9, parametric signal gain characteristics of 1st and 2nd HNLF show the 
parametric gain peaks at the wavelengths ~1520 nm and ~1550 nm where phase-matching 
conditions =in 1st and 2nd HNLF are satisfied.  Parametric signal gain characteristic of 
quasi-cascaded HNLFs (1st + 2nd HNLFs) is also shown in Figure 8.  As shown in Figure 8, 
with our proposed design concept for FOPA, parametric signal gain characteristic of 
cascaded HNLFs becomes flat shape compared to those of 1st and 2nd HNLF.  As results of 
this evaluation, it was shown that over ~20 dB parametric gains can be achieved in ~ 50 nm 
bandwidth (from 1510 nm to 1560 nm) in C-band wavelength region.  In particular, 
improvement in the parametric gain characteristics was observed in the wavelength region 
near the pump wavelength 1570 nm. 
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Fig. 9. Parametric gain characteristics of 1st HNLF, 2nd HNLF and 1st + 2nd HNLFs. 

 
4.3.2 High Speed Switching Characteristics in 160 Gb/s – 10 Gb/s DEMUX 
Figure 10 shows the measured bit error rates (BERs) obtained by 160 Gb/s - 10 Gb/s OTDM 
DEMUX experiments.  The eye-patterns in the BER measurements of 10 Gb/s reference and 
160 Gb/s - 10 Gb/s OTDM DEMUX are also shown (inset (a) and inset (b)).  As shown in 
Figure 10, error free operations were demonstrated successfully without wavelength 
conversion for the OTDM DEMUXs of 160 Gb/s pulse trains.  No penalty was occurred in 
the 160 Gb/s – 10 Gb/s transparent OTDM experiment compared to the 10 Gb/s reference 
BER curve. Therefore, No degradations of demuxed 10 Gb/s signal pulses occur after 
optical signal processing using our proposed FOPA-based optical demultiplexer.  Also, 
compared to the input 160 Gb/s pulse trains, DEMUXed 10 Gb/s signal pulses show over 20 
dB pulse gain induced by a perfect phase-matching.  As results of 160 Gb/s - 10 Gb/s 
OTDM DEMUX experiments, our proposed FOPA is considered to be work as optical 
DEMUX with large parametric gain for up to 160 Gb/s ultrafast optical data streams.  
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parametric gain peaks at the wavelengths ~1520 nm and ~1550 nm where phase-matching 
conditions =in 1st and 2nd HNLF are satisfied.  Parametric signal gain characteristic of 
quasi-cascaded HNLFs (1st + 2nd HNLFs) is also shown in Figure 8.  As shown in Figure 8, 
with our proposed design concept for FOPA, parametric signal gain characteristic of 
cascaded HNLFs becomes flat shape compared to those of 1st and 2nd HNLF.  As results of 
this evaluation, it was shown that over ~20 dB parametric gains can be achieved in ~ 50 nm 
bandwidth (from 1510 nm to 1560 nm) in C-band wavelength region.  In particular, 
improvement in the parametric gain characteristics was observed in the wavelength region 
near the pump wavelength 1570 nm. 
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Fig. 9. Parametric gain characteristics of 1st HNLF, 2nd HNLF and 1st + 2nd HNLFs. 

 
4.3.2 High Speed Switching Characteristics in 160 Gb/s – 10 Gb/s DEMUX 
Figure 10 shows the measured bit error rates (BERs) obtained by 160 Gb/s - 10 Gb/s OTDM 
DEMUX experiments.  The eye-patterns in the BER measurements of 10 Gb/s reference and 
160 Gb/s - 10 Gb/s OTDM DEMUX are also shown (inset (a) and inset (b)).  As shown in 
Figure 10, error free operations were demonstrated successfully without wavelength 
conversion for the OTDM DEMUXs of 160 Gb/s pulse trains.  No penalty was occurred in 
the 160 Gb/s – 10 Gb/s transparent OTDM experiment compared to the 10 Gb/s reference 
BER curve. Therefore, No degradations of demuxed 10 Gb/s signal pulses occur after 
optical signal processing using our proposed FOPA-based optical demultiplexer.  Also, 
compared to the input 160 Gb/s pulse trains, DEMUXed 10 Gb/s signal pulses show over 20 
dB pulse gain induced by a perfect phase-matching.  As results of 160 Gb/s - 10 Gb/s 
OTDM DEMUX experiments, our proposed FOPA is considered to be work as optical 
DEMUX with large parametric gain for up to 160 Gb/s ultrafast optical data streams.  
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Fig. 10. Bit error rates (BERs) obtained by 160 Gb/s - 10 Gb/s OTDM DEMUX experiments.  
The eye-patterns in the BER measurements of 10 Gb/s reference (inset (a)) and 160 Gb/s - 10 
Gb/s OTDM DEMUX (inset (b)) are also shown.   

 
5. Conclusion 
 

In this chapter, we overviewed the developments of highly-nonlinear glass materials and 
the optical signal processing functions of highly-nonlinear glass-based FOPA. The 
parametric gain characteristics of highly-nonlinear glass based FOPA in phase-matching 
conditions were introduced using numerical simulations based on FWM coupling equations. 
Using the parametric gain characteristics of FOPA in perfect phase-matching condition, in 
order to realize a practical glass-fiber based FOPA, we proposed the simple and practical 
design scheme to achieve the broad and large parametric gain characteristics of FOPA using 
silica glass-based HNLF and single pump   As a result, with proposed FOPA design scheme, 

(a) 

(b) 

 

over 20 dB parametric gain was achieved in 50 nm band width in the C-band wavelength 
region.  In particular, apparent improvement in the parametric gain characteristics was 
observed in the wavelength region near the pump wavelength.  Furthermore, we performed 
160 Gb/s – 10 Gb/s OTDM DEMUX experiments at the wavelength where the parametric 
gain characteristics improved. In the ultrafast DEMUX experiments, we verified that no 
error penalty occurred for 160 Gb/s pulse trains.  This result shows that our design scheme 
for FOPA using the perfect phase-matching condition of FWM is effective for the 
transparent DEMUX of the ultra high bit-rate pulses over 160 Gb/s. 
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1. Nonlinear Optical Loop Mirrors: an introduction 
 

All-optical technology is nowadays one of the most promising alternatives to electronics in 
various applications, ranging over a wide variety of fields such as information transmission 
and signal processing due to its ultrafast performances and electromagnetic interference 
immunity. 
In this scenario, fibre-based devices are interesting because of the ultrafast response of the 
Kerr effects that leads to fast dynamics.  
In this Chapter an exhaustive analysis of the structure of a Nonlinear Optical Loop Mirror 
(NOLM) is given together with the theoretical description of the phenomena behind NOLM 
behaviour putting emphasis on the Cross Phase Modulation (XPM) and Self Phase 
Modulation (SPM) effects. The theoretical description is followed by a simple and 
straightforward matrix model of a NOLM that allows an effortless design of multiple 
NOLM structures by interleaving the basic element describing the mirror. The Mickey 
NOLM is investigated as an example of multiple NOLM structures design and shows the 
potential of the model. 
The Chapter also introduces novel applications by means of theoretical design and 
experimental results. In this section, all-optical logic gates based on NOLMs are illustrated 
together with the scheme of an optical decision element that allows the improvement of the 
receiver performances in an optical Return to Zero (RZ) transmission system and with the 
three stage regeneration and demultiplexing for 160-Gb/s Transmission Systems based on 
nonlinear optical loop mirrors. 

 
1.1 Structure 
Nonlinear Optical Loop Mirrors are powerful nonlinear interferometric devices often used 
in all-optical processing because of their ultra-fast time response due to the Kerr effect in 
fibre, and could therefore represent the answer to the mentioned issues. NOLMs are based 
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on the Sagnac interferometer structure where the phase shift of the counterpropagating 
signals are unbalanced to made them interfering in a way that is suitable for the desired 
processing aim.  
The loop is simply composed by an optical fibre coupler where the two output arms are 
connected to form a ring as shown in Fig. 1(a). Nonlinear elements such as Highly 
Nonlinear optical Fibre (HNLF) can be inserted in the loop to perform the phase shift 
unbalancing.   
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Fig. 1. (a) Main Structure of a Sagnac Interferometer; (b) HNLF-based NOLM exploiting 
SPM effect; (b) HNLF-based NOLM exploiting XPM effect. 

 
1.2 XPM and SPM 
When dealing with HNLF as nonlinear element inside the loop, two main nonlinear effects 
can be exploited to unbalance the phase-shifts of the counter-propagating signals interfering 
in the loop: Self Phase Modulation and Cross Phase Modulation.  
In the former case, the fibre itself acts as nonlinear medium and a lumped loss is utilized to 
unbalance the two counter-propagating signal components as depicted in Fig. 1(b); since the 
amount of SPM (and consequently of nonlinear phase shift) experienced by a signal depends 
on its optical power, the presence of the lumped loss affects the system dynamic response.  
In the latter case, a pump signal is introduced in the loop and circulates in only one 
direction as shown in Fig. 1(c); the phase shift induced in the co-propagating part of the 
input field depends on the instantaneous pump power, while the other portion of the input 
signal (counter-propagating with respect to the pump) experiences a phase shift that is 
determined by the pump average power.  

 
2. NOLM Simple and Straightforward Model 
 

Modular models based on basic building blocks are easy to handle when dealing with 
analytical description of complex physical phenomena. Assembling basic blocks allows 
building composite structure in a simple way and releases the model for further 
complications. In the model described here, each basic block is associated with a physical 
device and it is therefore straightforward to use. 
Fig. 2(a)Left shows the structure of a Cross Phase Modulation based Polarization 
Maintaining NOLM (PM-NOLM) in the case of clockwise propagating pump. This 
interferometer was chosen to be the principal basic block of our model because of its 
flexibility given by the chance to use a pump signal to opportunely drive the device, 

 

although Self Phase Modulation based NOLM could be preferred in some application where 
a control signal is not required. The loop comprises a Highly Non-Linear Fibre (HNLF) of 
length LHNLF [Km], non-linear coefficient γ [W-1Km-1], negligible chromatic dispersion and 
dispersion slope, and two couplers, the former used to introduce the power of a pump 
signal at a wavelength λp (dashed arrows) into the loop, the latter to complete the NOLM 
structure as well as to allow the insertion of input fields and drop of output ones. The 
couplers have splitting ratios ρp and ρ respectively. 
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Fig. 2. (a) XPM based PM NOLM structure (Left) and its representation as a quadripole 
(Right) in the case of a clockwise propagating pump; (b) XPM based PM NOLM structure 
(Left) and its representation as a quadripole (Right) in the case of a counterclockwise 
propagating pump. 
 
In a PM-NOLM all the components are polarization maintaining. Although this aspect can 
affect the system performances (non-PM fibres require the use of a polarization controller in 
the loop that adds a degree of freedom in the optimization process (Scaffardi et al., 2004), we 
choose to use a PM configuration in order to simplify the model that thus considers all fields 
as polarized along one of the fibre birefringence axes. 
In our approach we describe each NOLM as a single basic quadripole defined through its 
dimensionless 2x2 matrix N. This way, each NOLM that composes the multiple structure is 
completely characterized and can be simply taken into account in the overall transfer 
function computing. 
The block accepts an input vector inE (solid arrows) and returns an output vector outE  
(dotted arrows) that can be found as: 
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The loop is simply composed by an optical fibre coupler where the two output arms are 
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Fig. 1. (a) Main Structure of a Sagnac Interferometer; (b) HNLF-based NOLM exploiting 
SPM effect; (b) HNLF-based NOLM exploiting XPM effect. 
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direction as shown in Fig. 1(c); the phase shift induced in the co-propagating part of the 
input field depends on the instantaneous pump power, while the other portion of the input 
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determined by the pump average power.  

 
2. NOLM Simple and Straightforward Model 
 

Modular models based on basic building blocks are easy to handle when dealing with 
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building composite structure in a simple way and releases the model for further 
complications. In the model described here, each basic block is associated with a physical 
device and it is therefore straightforward to use. 
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Maintaining NOLM (PM-NOLM) in the case of clockwise propagating pump. This 
interferometer was chosen to be the principal basic block of our model because of its 
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Fig. 2. (a) XPM based PM NOLM structure (Left) and its representation as a quadripole 
(Right) in the case of a clockwise propagating pump; (b) XPM based PM NOLM structure 
(Left) and its representation as a quadripole (Right) in the case of a counterclockwise 
propagating pump. 
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Equations  (1)-(6) state that the PM-NOLM processes the input fields introducing two 
different phase shifts: a linear one,  L , which is referable to the delay caused by the loop 
length Lloop,  L =  Lloop (where  is the propagation constant of the field into the optical 
fibre) and a nonlinear one,  NL,  that is due to the XPM effect induced by the pump power 
in the highly non linear fibre as stated in the following equation: 

  pHNLFpNL PL  12   (7) 
where Pp is the instantaneous pump power and the coupler loss has been taken into account 
All the elements nij(φNL), i,j=1,2 are periodic functions of period 2π. 
The model assumes the input signals to be continuous waves at a certain wavelength λin ≠ λp 
and, for the sake of simplicity, it neglects nonlinearities due to counter-propagating signals. 
This last simplification can be done considering the pump average power low enough, as in 
the case of a pulsed train with an appropriate duty cycle (Bogoni et al., 2004 a). Due to the 
low value for D and S, walk-off effect is also neglected.  
The model validity domain can be estimated by considering following standard fibre 
parameters: LHNLF = 0.5 Km, γ = 10 W-1Km-1, D < 0.1 psnm-1km-1, and S<0.01ps2nm-1km-1. 
Accumulated chromatic dispersion Dtot < 0.05psnm-1 gives 175 fs pulse broadening for a 1 
ps, 3.5 nm Gaussian pulse width or, similarly, a walk-off of about 1 ps when spectral 
displacement between interacting signal is 20 nm. 

Fig. 3. XPM based PM NOLM structure (a), its representation as a quadripole (b). 
Reflectivity (c) and Transmittivity (d) functions in the case of a clockwise propagating pump 
with a single input Field. 
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On the other hand, phase shift due to SPM effect is limited to γ LHNLF Pin and can be 
considered negligible if lower than 10° thus giving an upper bound for input signal power 
of about 15 dBm. 
Fig. 2(b) shows a XPM based PM NOLM structure and its representation as a quadripole in 
the case of counter-clockwise propagating pump. Assuming the same references for the 
input and output fields as in Fig. 2(a), it is possible to demonstrate that the dimensionless 
matrix that describes the NOLM corresponds to the transpose of N, i.e. N’.  
The model introduced above can be used to describe a single NOLM as Fig. 3 shows. The 
results suppose the structure to be fed with a single input field (E2in=0) represented by a 
continuous wave at λin=1550 nm. Fig. 3 shows both the Reflectivity and the Transmittivity as 
functions of the nonlinear phase shift induced by the pump power as stated in  (7).  
 
3. Multiple Structure Design 
 

Fig. 4. Example of multiple NOLM device schemes. Left – A principal NOLM structure is 
connected to M-1 single NOLMs. Right – NOLM no. 1 is united to two separated NOLMs 
(no. 2 and no.3), while NOLM no.4 is attached only to NOLM no.3. 
 
Once the modular model is verified for single and cascaded NOLMs, more complex 
structures can be considered in order to investigate for new schemes where a simple 
parameters tuning can lead to considerable changes in the output functions. Single NOLM 
response in terms of Transmittivity and Reflectivity have a sinusoidal shape, whilst 
numerical (Nayar et al., 1991) and experimental (Nayar et al., 1993) investigations have 
shown that cascading several NOLMs leads to a sharpening of the overall switching 
characteristics that results in steeper switching edges and flatter peaks. Single or cascaded 
NOLMs structures are therefore used to perform diverse all-optical processing tasks such as 
wavelength conversion (Sakamoto et al., 2001) and to build important network devices like 
soliton switches (Pattison et al., 1995). However, to the best of our knowledge, no work has 
been done to describe analytically or experimentally the performance of multiple and 
interleaved NOLM configurations such as the ones shown in Fig. 4.  

 
3.1 Interleaving the basic element 
Multiple and interleaved NOLM configurations can be composed by interconnecting the 
basic block defined in this Section with other elements such as fibre spans and couplers; for 
this purpose these elements can be described with matrices as reported in equations   (8) and   
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(9), where C models the behaviour of a coupler with splitting ratio ρ  and D represents the 
phase shift induced by a fibre span of length LF.  
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The corresponding blocks are depicted in Fig. 5 that shows the structure, block diagram and 
results of a two XPM based PM NOLMs cascade fed with a single input field (E2in=0) 
represented by a continuous wave at λin=1550 nm. In this case, Transmittivity and 
Reflectivity were studied as functions of the normalized pump powers defined as: 

k
NL

k
pP    (10) 

where: 
)1(2 k

p    (11) 
By introducing a linear dependence between the normalized pump powers, different 
Reflectivity and Transmittivity curves can be extracted from the bi-dimensional plots as 
shown in Fig. 6(c). In order to give an accurate performance comparison with the 
corresponding single NOLM characteristics the curves are plotted as functions of the 
normalized total pump power: 

     11 2221  mmPPPPtot NLppp    (12) 
The linear dependence P p 2 = P p 1 m is shown by the black superimposed line on the bi-
dimensional plots. All curves are compared with the corresponding single NOLM T or R 
functions (dashed curves) that have sinusoidal shapes. Simulations were run using 
following parameters: φ1L=0°, φ2L=0°, θ=0°, m=1. 

Fig. 5. (a) – Fibre span (left) and block representation (right); (b) – Coupler (left) and block 
representation (right). 

outE

inE
D(θ)inE outE

C(ρ)

1
inE

2
inE

1
outE

2
outE

1
inE

2
inE

1
outE 2

outE

outE

inE
D(θ)inE outE

outE

inE

outE

inE
D(θ)inE outE

C(ρ)

1
inE

2
inE

1
outE

2
outE

1
inE

2
inE

1
outE 2

outE

C(ρ)

1
inE

2
inE

1
outE

2
outE

1
inE

2
inE

1
outE 2

outE

(a) 

(b) 

 

 

Fig. 6. Cascade of two XPM based PM NOLMs structure (a), block diagram (b) and 
simulation results (c) in the case of a clockwise propagating pumps with a single input Field. 
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Fig. 6. Cascade of two XPM based PM NOLMs structure (a), block diagram (b) and 
simulation results (c) in the case of a clockwise propagating pumps with a single input Field. 
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3.2 Mickey NOLM 
A particular configuration, which we will address to as Mickey NOLM, was designed to test 
the model described in section II. The structure of Mickey NOLM is shown in Fig. 7. 
Considering the NOLM versions related to clockwise and counter-clockwise propagating 
pumps, we can imagine to have four diverse configurations corresponding to the possible 
XPM-based PM NOLMs combinations. Ignoring the redundant configurations due to the 
possible input and output ports switch, we end up with only three versions of the Mickey 
NOLM that are shown in Fig. 7. 
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Fig. 7. Mickey NOLM possible structures; the three versions differ from each other in the 
pumps propagating directions; (a) – the XPM-based PM NOLMs both present clockwise 
propagating pumps; (b) – the XPM-based PM NOLM on the left side of the device present 
clockwise propagating pump while the one on the right makes use of counter-clockwise 
propagating pump; (c) – the XPM-based PM NOLM on the right side of the device present 
clockwise propagating pump while the one on the left makes use of counter-clockwise 
propagating pump. 
 
To compose the Mickey NOLM, two XPM-based PM NOLM are connected with three fibre 
spans of certain lengths  321 ,,mLmF   and one coupler (C(ρ) as in equation  (8)). One input 
field is fed into the structure (solid arrow in Fig. 7) to produce two outputs: the transmitted 
and the reflected fields (dotted arrows in Fig. 7). Our interest is focused on Reflectivity (R) 
and Transmittivity (T) as functions of the nonlinear phase shifts 21

NLNL ,  that can be easily 

 

ascribed to the pump powers ( 21
pp P,P ) by linear conversion as established in equation  (7)); 

to compute R and T, we first need to outline the Mickey NOLM block diagram by means of 
the basic elements shown in Figures Fig. 2Fig. 5. The resulting diagram is shown in Fig. 8(a) 
where N k (k = 1, 2.) indicate the XPM-based PM NOLMs,   m

F
mjm L,eD

m
   indicate the 

three different fibre spans, and C is the coupler as described in   (8). 
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Fig. 8. Mickey NOLM block diagram. 
 
Linear phase shifts introduced in the structure depend on the particular fibre span or loop 
lengths, and are considered as parameters in the following equations that define the 
Transmittivity (T) and the Reflectivity (R):  
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lengths, and are considered as parameters in the following equations that define the 
Transmittivity (T) and the Reflectivity (R):  
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To find the complete R and T expressions, the block diagram in Fig. 8(a) can be simplified as 
shown in Fig. 8(b), where block P substitutes N1, N2 and D3, and is defined by the following 
2x2 matrix:  
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Furthermore, block K in Fig. 8(c) replaces P, D1 and D2 blocks, and it is characterized by the 
matrix defined in (): 
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Finally, the expressions of T and R can be obtained by matrix computing: 
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The null value in the input vector, states that only one input field has been considered. 
By substituting expressions  (1)-(6), (8)-(9), (14)-(24) in (13) we find that the Transmittivity 
and Reflectivity functions depend on the phase difference Δθ = θ1-θ2 and not on the single 
linear phase shifts, thus resulting in a dependence of T and R on the relative length of paths 
D1 and D2 and not on the specific lengths of the fibre spans: 
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As a result of nkij(φkNL), i,j,k=1,2 periodicity, T and R are periodic functions of φ1NL and φ2NL 
of period 2π. 

 

By a proper linear phase shifts tuning, different Transmittivity and Reflectivity functions 
can be obtained. To opportunely tune the linear phase shifts, optical delay lines can be used. 
In order to reduce the number of tunable parameters in our simulations, we fixed all the 
couplers splitting ratios equal to 0.5 and we considered the HNLF to be of equal length 
LHNLF and to have the same nonlinear coefficient γ. We show here a set of results obtained 
for different configurations and parameters values. 
 

(b)(a)

(d)(c)

 
Fig. 9. All figures are obtained with: φL1=0°, φL2 =20°, θ3=10°, Δθ=280° applied to Fig. 7(a) 
structure; (a) – Reflectivity for θ1=280° and θ2=0°; (b) – Transmittivity for θ1=280° and 
θ2=0°;(c) – Reflectivity for θ1=0° and θ2 =80°; (d) –Transmittivity for θ1=0° and θ2 =80°.Mickey 
NOLM block diagram. 
 
All results suppose the input field Ein to be a continuous wave at λin=1550 nm. 
The property stated in equation (25) can be confirmed graphically as in Fig. 9, where the 
transfer functions (R and T) are shown for two different sets of linear phase shifts: while φL1, 
φL2 , θ3 and Δθ are kept constant, the values of θ1and θ2 are varied, but the overall 
Transmittivity and Reflectivity functions do not differ. 
Fig. 10-Fig. 12 show the Transmittivity and Reflectivity bi-dimensional plots and the 
corresponding curves obtained by introducing a linear dependence between the pump 
powers. 
A scheme with a steep soft limiting function, like the one reported in Fig. 10, can be used as 
an efficient in-line data regenerator of the pump signals. Fig. 10 shows a T-curve  that can be 
exploited as logical port: the port input signals S1(t) and S2(t) are combined to form the 
pump signals that are exactly the same for the two XPM-based NOLM blocks. Fig. 11(c) 
shows the truth table of the corresponding NOR logic gate. In this case the single port can be 
physically realized by means of a 3dB coupler that adds S1(t) and S2(t) and then splits the 
signal obtained in order to produce two identical pump signals. 
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The null value in the input vector, states that only one input field has been considered. 
By substituting expressions  (1)-(6), (8)-(9), (14)-(24) in (13) we find that the Transmittivity 
and Reflectivity functions depend on the phase difference Δθ = θ1-θ2 and not on the single 
linear phase shifts, thus resulting in a dependence of T and R on the relative length of paths 
D1 and D2 and not on the specific lengths of the fibre spans: 
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All results suppose the input field Ein to be a continuous wave at λin=1550 nm. 
The property stated in equation (25) can be confirmed graphically as in Fig. 9, where the 
transfer functions (R and T) are shown for two different sets of linear phase shifts: while φL1, 
φL2 , θ3 and Δθ are kept constant, the values of θ1and θ2 are varied, but the overall 
Transmittivity and Reflectivity functions do not differ. 
Fig. 10-Fig. 12 show the Transmittivity and Reflectivity bi-dimensional plots and the 
corresponding curves obtained by introducing a linear dependence between the pump 
powers. 
A scheme with a steep soft limiting function, like the one reported in Fig. 10, can be used as 
an efficient in-line data regenerator of the pump signals. Fig. 10 shows a T-curve  that can be 
exploited as logical port: the port input signals S1(t) and S2(t) are combined to form the 
pump signals that are exactly the same for the two XPM-based NOLM blocks. Fig. 11(c) 
shows the truth table of the corresponding NOR logic gate. In this case the single port can be 
physically realized by means of a 3dB coupler that adds S1(t) and S2(t) and then splits the 
signal obtained in order to produce two identical pump signals. 
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Steeper curves can be obtained by tuning the set of parameters as in Fig. 12; this aspect is 
quite important because steeper curves mean that lower power is needed to cover the whole 
switching characteristic 
 

 
Fig. 10. Parameters used in the simulation: φ1L=0°, φ2L=20°, θ3=170°, Δθ=10°, m=1.71 applied 
to Fig. 7(a) structure; results are compared to the Reflectivity of a single XPM-based NOLM 
(dashed curve); Left – Reflectivity bi-dimensional plot as function of normalized pump 
powers; Right – R-curve (solid curve) obtained by introducing a linear dependence between 
the pump powers that can be exploited in in-line pulse train regeneration . 
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Fig. 11. Parameters used in the simulation: φ1L=0°, φ2L=20°, θ3=170°, Δθ=70°, m=1.00 applied 
to Fig. 7(c) structure; results are compared to the Transmittivity of a single XPM-based 
NOLM (dashed curve); (a) – Transmittivity bi-dimensional plot as function of normalized 
pump powers; (a) – T-curve obtained by introducing a linear dependence between the 
pump powers that can be exploited for building a NOR logic gate as truth table explains (c). 
 
Fig. 13 shows a different use of the bi-dimensional plot: here the pump powers are utilized 
as binary input signal for a NOR logical gate. 
 

 

 
Fig. 12. Parameters used in the simulation: φ1L=0°, φ 2L =20°, θ3=170°, Δθ=0°, m=0.99; results 
are compared to the Reflectivity of a single XPM-based NOLM (dashed curve); Left – 
Reflectivity bi-dimensional plot as function of normalized pump powers; Right – R-curve 
obtained by introducing a linear dependence between the pump powers that shows fast 
dynamics 
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Fig. 13. Parameters used in the simulation: φ1L=0°, φ 2L =190°, θ3=130°, Δθ=0° applied to Fig. 
7(c) structure; Reflectivity bi-dimensional plot as function of normalized pump powers 
(Left) exploited for building a NOR logic gate as truth table explains (Right); in this case the 
pump signals are used as input signal of the logical port. 

 
4. Novel Experimental Applications 
 

4.1 Logic Gates 
All-optical digital logic gates are indispensable in the ultra-fast all-optical signal processing. 
In literature examples of all-optical logic gates have been presented, exploiting nonlinear 
effects in semiconductor devices (Stubkjaer 2000; Ibrahim et al., 2003; Webb et al., 2003; Hall 
& Rauschenbach, 1998), optical fibre (Olsson & Andrekson, 1998; Ahn et al., 1997; Chbat et 
al., 1992), or waveguides (Collecutt & Drummond, 2000) .Self Phase Modulation and Cross 
Phase Modulation in Dispersion Shifted Fibre (DSF) can be used in Nonlinear Optical Loop 
Mirror to obtain AND/OR/XOR, and NOR/XNOR functions respectively. These same 
structures have been presented in (Olsson & Andrekson, 1998; Ahn et al., 1997) to obtain 
reconfigurable logic gates with advantages in term of flexibility and low complexity. 
With reference to the NOLM behaviour (Bogoni et al., 2004 a; Agrawal, 1994), if the NOLM 
is built with non-Polarization-Maintaining (non-PM) fibre, a polarization controller into the 
loop can change the NOLM characteristic (power of the signal inducing the phase shift in 
DSF versus the output power), adding a constant shift of the phase difference between the 
counterpropagating signals at the output  of the loop. This shift allows changing the pump 
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Fig. 13. Parameters used in the simulation: φ1L=0°, φ 2L =190°, θ3=130°, Δθ=0° applied to Fig. 
7(c) structure; Reflectivity bi-dimensional plot as function of normalized pump powers 
(Left) exploited for building a NOR logic gate as truth table explains (Right); in this case the 
pump signals are used as input signal of the logical port. 
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power levels that produce constructive or destructive interference at the output. This 
property due to the interaction between the linear transformation operated by the 
polarization controller and the nonlinear effect in the DSF (Bogoni et al., 2004 a), can be 
exploited in order to obtain different logic functions with the same scheme. 
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Fig. 14. Nonlinear characteristics of a SPM-based (top) and XPM-based (bottom) NOLM 
scheme. 
 
Fig. 14 shows the different nonlinear characteristics that can be obtained with the SPM-
based (left) and a XPM-based (right) NOLM reported in Fig. 15, by opportunely adjusting 
the polarization controller into the loop. If we consider the signal inducing the phase shift in 
the DSF, (abscissa in the plot) as the sum of two digital signals A and B, both with the low 
level equal to 0 W and the high level at 1.5 W, the characteristics in the figure represent the 
logic function AND, OR,  XOR (left) and XNOR, NOR (right) of the signals A and B. Note 
that the non-PM fibre implementation in the case of XPM-based NOLM allows the 
realization of inverting functions (Bogoni et al., 2004 a). The optimization of the polarization 
controller state can be experimentally made. In Fig. 14 it is also possible to evaluate the on-
off contrast ratio for each considered logic gate: in the best cases (AND, XOR, OR) the ratio 
is more than 20 dB, while in the worst case (XNOR) it is higher than 6.5 dB due to the 
pedestal of the output signal. Anyway, the contrast ratio can be further improved by adding 
a SPM-based NOLM in cascade, acting as pedestal suppressor (Bogoni et al., 2004 b). 
  

     
Fig. 15. Experimental set-up for AND/OR/XOR (left) and XNOR/NOR (right) gates. 
 
Fig. 15 shows the experimental set-up of the all-optical logic gates. The signals A and B are 
combined at the same wavelength, in order to avoid four wave mixing in the DSF and walk-

 

off impairments, and with orthogonal polarization in order to eliminate instability due to 
phase interference. 
 

 

      
 

Fig. 16. Signal A and B at the input of the all-optical logic gates (top) and corresponding 
output of AND, OR, XOR, XNOR, and NOR (bottom) for NRZ (left) and RZ (right) signals; 
RZ Results obtained by means of 4ps wide pulses. 
 
Fig. 16 shows the normalized time behaviour of the signals A and B at the input of the 
implemented all-optical logic gates (top) and the normalized outputs (bottom), considering 
10 GHz Non Return to Zero (NRZ) (left) and 40GHz RZ (right) signals. In a NOLM the 
counter-propagating light experiences SPM/XPM due to nonlinear interaction between 
counter-propagating signals, depending on the mean power of the light responsible for the 
effect (Chbat et al., 1992). If the duty-cycle d of the signal inducing SPM or XPM is low (low-
bit rate ultra-short pulsed signal), this effect can be neglected, since the mean power is much 
smaller than the peak power. But when the duty-cycle gets higher these effects rapidly 
increase and they can strongly affect the NOLM performance. The use of a NRZ modulation 
format (high d value  0.5) allows verifying the effectiveness of a non-PM loop 
implementation, compensating for undesirable counter-propagating effects (Chbat et al., 
1992). The AND, XOR, and OR logic gates present also regenerative properties. In fact an 
improvement of 3 dB of the output signal on-off contrast ratio has been measured with 
respect to the 17 dB on-off contrast ratio of the input signals. This improvement is due to the 
capability of the SPM-based NOLM to act as pedestal suppressor (Bogoni et al., 2004 b). 
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power levels that produce constructive or destructive interference at the output. This 
property due to the interaction between the linear transformation operated by the 
polarization controller and the nonlinear effect in the DSF (Bogoni et al., 2004 a), can be 
exploited in order to obtain different logic functions with the same scheme. 
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Fig. 14. Nonlinear characteristics of a SPM-based (top) and XPM-based (bottom) NOLM 
scheme. 
 
Fig. 14 shows the different nonlinear characteristics that can be obtained with the SPM-
based (left) and a XPM-based (right) NOLM reported in Fig. 15, by opportunely adjusting 
the polarization controller into the loop. If we consider the signal inducing the phase shift in 
the DSF, (abscissa in the plot) as the sum of two digital signals A and B, both with the low 
level equal to 0 W and the high level at 1.5 W, the characteristics in the figure represent the 
logic function AND, OR,  XOR (left) and XNOR, NOR (right) of the signals A and B. Note 
that the non-PM fibre implementation in the case of XPM-based NOLM allows the 
realization of inverting functions (Bogoni et al., 2004 a). The optimization of the polarization 
controller state can be experimentally made. In Fig. 14 it is also possible to evaluate the on-
off contrast ratio for each considered logic gate: in the best cases (AND, XOR, OR) the ratio 
is more than 20 dB, while in the worst case (XNOR) it is higher than 6.5 dB due to the 
pedestal of the output signal. Anyway, the contrast ratio can be further improved by adding 
a SPM-based NOLM in cascade, acting as pedestal suppressor (Bogoni et al., 2004 b). 
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Fig. 15 shows the experimental set-up of the all-optical logic gates. The signals A and B are 
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Fig. 16. Signal A and B at the input of the all-optical logic gates (top) and corresponding 
output of AND, OR, XOR, XNOR, and NOR (bottom) for NRZ (left) and RZ (right) signals; 
RZ Results obtained by means of 4ps wide pulses. 
 
Fig. 16 shows the normalized time behaviour of the signals A and B at the input of the 
implemented all-optical logic gates (top) and the normalized outputs (bottom), considering 
10 GHz Non Return to Zero (NRZ) (left) and 40GHz RZ (right) signals. In a NOLM the 
counter-propagating light experiences SPM/XPM due to nonlinear interaction between 
counter-propagating signals, depending on the mean power of the light responsible for the 
effect (Chbat et al., 1992). If the duty-cycle d of the signal inducing SPM or XPM is low (low-
bit rate ultra-short pulsed signal), this effect can be neglected, since the mean power is much 
smaller than the peak power. But when the duty-cycle gets higher these effects rapidly 
increase and they can strongly affect the NOLM performance. The use of a NRZ modulation 
format (high d value  0.5) allows verifying the effectiveness of a non-PM loop 
implementation, compensating for undesirable counter-propagating effects (Chbat et al., 
1992). The AND, XOR, and OR logic gates present also regenerative properties. In fact an 
improvement of 3 dB of the output signal on-off contrast ratio has been measured with 
respect to the 17 dB on-off contrast ratio of the input signals. This improvement is due to the 
capability of the SPM-based NOLM to act as pedestal suppressor (Bogoni et al., 2004 b). 
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Note that here the input signals have been intentionally generated with a not negligible zero 
level in order to obtain a on-off contrast ratio of 17 dB. 
Finally, considering an input Q-factor of 5 for both A and B signals, an increase in the output 
Q-factor between 1 and 2 has been measured for all the logic gates but the XNOR, which, on 
the other hand, has shown a decrease of 1. This Q-factor decrease due to the pedestal of the 
output signal can be avoided inserting a pedestal suppressor stage. Note that the Q-factor in 
this case directly gives the scheme performances without strong relationship with any 
system bit error rate (BER). 

 
4.2 Optical Decision Element 
The development of new generation optical networks is gathering increasing interest 
towards Return to Zero data formats, since they will be used in both systems exploiting 
Optical Time Division Multiplexing (OTDM) and Wavelength Division Multiplexing 
(WDM) (Rhode et al., 2004; Murakami et al., 1998). Optical RZ signals present a bandwidth 
B exceeding the bit rate R of the single channel, and the bandwidth of the optimum RZ 
receiver should be proportional to B (Winzer et al., 2001), rather than to R as for NRZ data 
formats. Therefore, since future increases in RZ system capacity would require pulsed 
signals with increasing bandwidths, the optimum conventional RZ receivers will 
consequently need expensive very fast electronic and optoelectronic components to match 
the input signal characteristics, even in the case of relatively low bit rates as for 
demultiplexed OTDM channels. In this scenario an attractive alternative to conventional 
optimum receivers, which performs an electrical decision, could be the use of an additional 
all-optical ultra-fast decision element just before the conventional band-limited receiver, as 
shown in Fig. 17. This way, a first decision is carried out in the optical domain without any 
bandwidth limitation, improving the quality of the signal to be received. The very large 
bandwidth of all-optical nonlinear phenomena, together with the possibility to develop bit 
rate transparent, integrable and low-cost optical schemes, make this solution competitive 
with the conventional optimum receiver. 
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Fig. 17. Scheme of the proposed receiver. The HNLF has a nonlinear coefficient  =10W-1km-1 
and 0=1553nm. Attenuation in the first NOLM: 2.5dB. 
 
A decision element can be obtained in the optical domain exploiting the nonlinear 
characteristic of NOLM structures (Bogoni et al., 2004 b), which allow faster operations 
compared to other schemes, based for example on semiconductor devices. Moreover the 
possibility to use short spans of new highly nonlinear fibres allows increasing the stability 
and efficiency of the interferometric scheme. Fig. 17 shows the implemented ODE, 
constituted by an Erbium Doped Fibre Amplifier (EDFA) followed by two cascaded 

 

NOLMs. The first one exploits a 3dB coupler and 250m of Highly Non-Linear Fibre (Bogoni 
et al., 2004 b). The second NOLM comprises a 10/90 coupler and 500m of HNLF (Meissner 
et al., 2003). Finally an optical filter eliminates the out-of-band Amplified Spontaneous 
Emission (ASE) noise. Note that this configuration allows using just one EDFA at the input 
of the first NOLM, since the power required by the second fibre loop is available at the 
output of the first NOLM without further amplification. 
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Fig. 18. Left: nonlinear characteristic of the ODE made with 1 and 2 NOLMs. Right: BER 
measured for 0.3nm bandwidth input signal, with OSNR=15dB. Insets: eye-diagrams at the 
receiver (20ps/div). 
 
In Fig. 18(left) the nonlinear characteristics of the first NOLM alone and of the two cascaded 
fibre loops are shown. The contribution of the second NOLM on the total characteristic is 
evident, making it very similar to the ideal step function. Moreover, in order to evaluate the 
advance in using two cascaded NOLMs, the all-optical schemes based on one or on two 
fibre loops can be compared in terms of BER using the set-up described in the following. 
Fig. 18(right) shows the BER curve measured at the input of the ODE, at the output of the 
first NOLM, and at the output of the second one. It can be noted that, in the considered case, 
the use of the additional ODE improves the performance of the conventional receiver of 1dB 
and 1.5dB at BER=10-9, using respectively one single NOLM and two cascaded NOLMs. The 
improvement in the signal quality passing through the two stages of the ODE is also evident 
from the eye-diagrams in the insets of Fig. 18. 
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Fig. 19. BER measured with OSNR=15dB, for different signal bandwidths. 
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Note that here the input signals have been intentionally generated with a not negligible zero 
level in order to obtain a on-off contrast ratio of 17 dB. 
Finally, considering an input Q-factor of 5 for both A and B signals, an increase in the output 
Q-factor between 1 and 2 has been measured for all the logic gates but the XNOR, which, on 
the other hand, has shown a decrease of 1. This Q-factor decrease due to the pedestal of the 
output signal can be avoided inserting a pedestal suppressor stage. Note that the Q-factor in 
this case directly gives the scheme performances without strong relationship with any 
system bit error rate (BER). 

 
4.2 Optical Decision Element 
The development of new generation optical networks is gathering increasing interest 
towards Return to Zero data formats, since they will be used in both systems exploiting 
Optical Time Division Multiplexing (OTDM) and Wavelength Division Multiplexing 
(WDM) (Rhode et al., 2004; Murakami et al., 1998). Optical RZ signals present a bandwidth 
B exceeding the bit rate R of the single channel, and the bandwidth of the optimum RZ 
receiver should be proportional to B (Winzer et al., 2001), rather than to R as for NRZ data 
formats. Therefore, since future increases in RZ system capacity would require pulsed 
signals with increasing bandwidths, the optimum conventional RZ receivers will 
consequently need expensive very fast electronic and optoelectronic components to match 
the input signal characteristics, even in the case of relatively low bit rates as for 
demultiplexed OTDM channels. In this scenario an attractive alternative to conventional 
optimum receivers, which performs an electrical decision, could be the use of an additional 
all-optical ultra-fast decision element just before the conventional band-limited receiver, as 
shown in Fig. 17. This way, a first decision is carried out in the optical domain without any 
bandwidth limitation, improving the quality of the signal to be received. The very large 
bandwidth of all-optical nonlinear phenomena, together with the possibility to develop bit 
rate transparent, integrable and low-cost optical schemes, make this solution competitive 
with the conventional optimum receiver. 
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Fig. 17. Scheme of the proposed receiver. The HNLF has a nonlinear coefficient  =10W-1km-1 
and 0=1553nm. Attenuation in the first NOLM: 2.5dB. 
 
A decision element can be obtained in the optical domain exploiting the nonlinear 
characteristic of NOLM structures (Bogoni et al., 2004 b), which allow faster operations 
compared to other schemes, based for example on semiconductor devices. Moreover the 
possibility to use short spans of new highly nonlinear fibres allows increasing the stability 
and efficiency of the interferometric scheme. Fig. 17 shows the implemented ODE, 
constituted by an Erbium Doped Fibre Amplifier (EDFA) followed by two cascaded 

 

NOLMs. The first one exploits a 3dB coupler and 250m of Highly Non-Linear Fibre (Bogoni 
et al., 2004 b). The second NOLM comprises a 10/90 coupler and 500m of HNLF (Meissner 
et al., 2003). Finally an optical filter eliminates the out-of-band Amplified Spontaneous 
Emission (ASE) noise. Note that this configuration allows using just one EDFA at the input 
of the first NOLM, since the power required by the second fibre loop is available at the 
output of the first NOLM without further amplification. 
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Fig. 18. Left: nonlinear characteristic of the ODE made with 1 and 2 NOLMs. Right: BER 
measured for 0.3nm bandwidth input signal, with OSNR=15dB. Insets: eye-diagrams at the 
receiver (20ps/div). 
 
In Fig. 18(left) the nonlinear characteristics of the first NOLM alone and of the two cascaded 
fibre loops are shown. The contribution of the second NOLM on the total characteristic is 
evident, making it very similar to the ideal step function. Moreover, in order to evaluate the 
advance in using two cascaded NOLMs, the all-optical schemes based on one or on two 
fibre loops can be compared in terms of BER using the set-up described in the following. 
Fig. 18(right) shows the BER curve measured at the input of the ODE, at the output of the 
first NOLM, and at the output of the second one. It can be noted that, in the considered case, 
the use of the additional ODE improves the performance of the conventional receiver of 1dB 
and 1.5dB at BER=10-9, using respectively one single NOLM and two cascaded NOLMs. The 
improvement in the signal quality passing through the two stages of the ODE is also evident 
from the eye-diagrams in the insets of Fig. 18. 
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Fig. 19. BER measured with OSNR=15dB, for different signal bandwidths. 



Optical	Fibre,	New	Developments522

 

To evaluate the benefits of using an additional ODE before a band-limited conventional 
receiver, a 10Gbps RZ system including a conventional 10GHz NRZ receiver can be used.  
Fig. 19 and Fig. 20 show Bit Error Rate measurements obtained with the experimental set-up 
depicted in Fig. 17 using an RZ signal generated by a fibre mode-locked laser at 1551nm 
producing 4ps-wide optical pulses at 10GHz. The pulses have been then modulated with a 
231-1 pseudo-random bit sequence. This signal has been coupled with the noise emitted by 
an ASE source. Adjusting the noise level, different Optical Signal to Noise Ratios (OSNRs) 
have been realized. An optical filter then has been exploited to reshape the optical signal 
and to suppress out-of-band noise. Two different filters have been used, with a bandwidth 
of 0.3nm and 1.2nm, generating final pulse widths of about 15ps and 5ps respectively. At the 
receiver input a variable optical attenuator has permitted to change the input power 
maintaining the OSNR unvaried. 
The performance improvement due to the use of the NOLM based ODE can be evaluated by 
changing the signal bandwidth, in order to study the impact of different levels of 
mismatching between the bandwidths of the conventional receiver and the RZ signal. Fig. 19 
reports the BER curves measured with and without the additional ODE, for 0.3nm and 
1.2nm pulse bandwidth, and a fixed OSNR=15dB (@ 0.1nm resolution bandwidth). It is clear 
that the use of the ODE improves the performance of the receiver. Interpolations of the 
linear region of the BER curves allow to measure a negative power penalty at BER=10-9 of 
1.5dB and 2dB for 0.3nm and 1.2nm signal bandwidth, respectively. This result confirms 
that the performance improvement due to the use of the additional ODE increases with the 
mismatching between signal and conventional receiver bandwidth. Moreover, in the case of 
1.2nm signal bandwidth, the conventional receiver reaches a floor in the BER curve, while 
using the proposed scheme this floor is not evident considering BER up to 10-10. 
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Fig. 20. BER measured with 0.3nm signal bandwidth, for different OSNRs. 
 
The behaviour of the proposed receiver can also be investigated for different OSNRs of the 
input signal. Experimental results are shown in Fig. 20 where the BER curves with and 
without the additional ODE are reported for OSNR=10, 12, 15 and 20dB, using 0.3nm signal 
bandwidth. In each considered case the presence of the ODE improves the performance of 
the conventional receiver, with negative power penalties at BER=10-9 from 1.5dB (OSNR 
20dB) to 2dB (OSNR 10dB), increasing for decreasing OSNR. It is important to notice that in 
the cases of OSNR=12, 15, and 20dB, the BER curves obtained using the additional ODE are 
compressed into 0.5dB. This is due to the characteristic of the scheme (Fig. 18), which can 
decide the signal correctly if the input noise is confined into its flat regions. As the noise 

 

exceeds these regions, the ODE can’t decide correctly and the BER increases, as it is in the 
case of OSNR=10dB. 

 
4.3 3R Regeneration 
The development of high bit rate optical transmission systems is facing strong limitations 
due to the impairments caused by fibre nonlinearities, chromatic and polarization mode 
dispersion. Therefore an in-line regeneration of the optical signal is necessary in order to 
increase the maximum transmission distance. For system bit rates higher than 40 Gbit/s the 
regeneration must be done in the optical domain, since the bandwidth of the electronic 
devices does not allow an optoelectronic conversion. Up to now, experimental results of all-
optical regeneration have been presented for signal bit rates up to 40 Gbit/s. 
By splitting the regeneration process in three different steps based on the use of Nonlinear 
Optical Loop Mirrors, it is possible to perform the regeneration of a 160 Gbit/s OTDM 
signal. 
An all-optical pulse regenerator is a functional block that receives a noisy and distorted 
signal and transmits an undistorted and noise-free signal. One of the possible methods to 
realize a signal regeneration is to transfer the information from the incoming data signal to a 
locally generated pulsed clock, whose characteristics in terms of pulse width, pulse shape 
and stability are suitable for the transmission. During this process the noise of the incoming 
data signal must be eliminated. 
Because of the strong limitations due to low efficiency, long response time or high noise of 
the different regeneration techniques, it is very difficult to regenerate a 160 Gbit/s signal in 
a single step. Therefore a possible way to realize the regeneration at very high bit rate is to 
split the process in different steps. This can be done using a pedestal suppressor to eliminate 
the noise on the zero level, an inverting data transfer block to move the data to a 
synchronized clock, so that the noise on the one level is transferred to the zero level; and 
then another zero noise suppressor to eliminate this residual noise (Fig. 21). The advantage 
of this technique is that it requires well-known subsystems: two pedestal suppressors and a 
wavelength converter. 
The functions of data transfer and zero noise suppression could both be realized exploiting 
nonlinear phenomena in semiconductor devices as the electro-absorption modulator or the 
semiconductor optical amplifier (Awad et al., 2000; Gavioli & Bayvel, 2000). Due to their 
limited recovery time and to the low efficiency of their fast dynamics, it is preferable to use 
nonlinear effects in optical fibres. 
 

 
Fig. 21. Scheme of the working principle of the NOLM-based 3-stage regenerator. 
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To evaluate the benefits of using an additional ODE before a band-limited conventional 
receiver, a 10Gbps RZ system including a conventional 10GHz NRZ receiver can be used.  
Fig. 19 and Fig. 20 show Bit Error Rate measurements obtained with the experimental set-up 
depicted in Fig. 17 using an RZ signal generated by a fibre mode-locked laser at 1551nm 
producing 4ps-wide optical pulses at 10GHz. The pulses have been then modulated with a 
231-1 pseudo-random bit sequence. This signal has been coupled with the noise emitted by 
an ASE source. Adjusting the noise level, different Optical Signal to Noise Ratios (OSNRs) 
have been realized. An optical filter then has been exploited to reshape the optical signal 
and to suppress out-of-band noise. Two different filters have been used, with a bandwidth 
of 0.3nm and 1.2nm, generating final pulse widths of about 15ps and 5ps respectively. At the 
receiver input a variable optical attenuator has permitted to change the input power 
maintaining the OSNR unvaried. 
The performance improvement due to the use of the NOLM based ODE can be evaluated by 
changing the signal bandwidth, in order to study the impact of different levels of 
mismatching between the bandwidths of the conventional receiver and the RZ signal. Fig. 19 
reports the BER curves measured with and without the additional ODE, for 0.3nm and 
1.2nm pulse bandwidth, and a fixed OSNR=15dB (@ 0.1nm resolution bandwidth). It is clear 
that the use of the ODE improves the performance of the receiver. Interpolations of the 
linear region of the BER curves allow to measure a negative power penalty at BER=10-9 of 
1.5dB and 2dB for 0.3nm and 1.2nm signal bandwidth, respectively. This result confirms 
that the performance improvement due to the use of the additional ODE increases with the 
mismatching between signal and conventional receiver bandwidth. Moreover, in the case of 
1.2nm signal bandwidth, the conventional receiver reaches a floor in the BER curve, while 
using the proposed scheme this floor is not evident considering BER up to 10-10. 
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Fig. 20. BER measured with 0.3nm signal bandwidth, for different OSNRs. 
 
The behaviour of the proposed receiver can also be investigated for different OSNRs of the 
input signal. Experimental results are shown in Fig. 20 where the BER curves with and 
without the additional ODE are reported for OSNR=10, 12, 15 and 20dB, using 0.3nm signal 
bandwidth. In each considered case the presence of the ODE improves the performance of 
the conventional receiver, with negative power penalties at BER=10-9 from 1.5dB (OSNR 
20dB) to 2dB (OSNR 10dB), increasing for decreasing OSNR. It is important to notice that in 
the cases of OSNR=12, 15, and 20dB, the BER curves obtained using the additional ODE are 
compressed into 0.5dB. This is due to the characteristic of the scheme (Fig. 18), which can 
decide the signal correctly if the input noise is confined into its flat regions. As the noise 

 

exceeds these regions, the ODE can’t decide correctly and the BER increases, as it is in the 
case of OSNR=10dB. 

 
4.3 3R Regeneration 
The development of high bit rate optical transmission systems is facing strong limitations 
due to the impairments caused by fibre nonlinearities, chromatic and polarization mode 
dispersion. Therefore an in-line regeneration of the optical signal is necessary in order to 
increase the maximum transmission distance. For system bit rates higher than 40 Gbit/s the 
regeneration must be done in the optical domain, since the bandwidth of the electronic 
devices does not allow an optoelectronic conversion. Up to now, experimental results of all-
optical regeneration have been presented for signal bit rates up to 40 Gbit/s. 
By splitting the regeneration process in three different steps based on the use of Nonlinear 
Optical Loop Mirrors, it is possible to perform the regeneration of a 160 Gbit/s OTDM 
signal. 
An all-optical pulse regenerator is a functional block that receives a noisy and distorted 
signal and transmits an undistorted and noise-free signal. One of the possible methods to 
realize a signal regeneration is to transfer the information from the incoming data signal to a 
locally generated pulsed clock, whose characteristics in terms of pulse width, pulse shape 
and stability are suitable for the transmission. During this process the noise of the incoming 
data signal must be eliminated. 
Because of the strong limitations due to low efficiency, long response time or high noise of 
the different regeneration techniques, it is very difficult to regenerate a 160 Gbit/s signal in 
a single step. Therefore a possible way to realize the regeneration at very high bit rate is to 
split the process in different steps. This can be done using a pedestal suppressor to eliminate 
the noise on the zero level, an inverting data transfer block to move the data to a 
synchronized clock, so that the noise on the one level is transferred to the zero level; and 
then another zero noise suppressor to eliminate this residual noise (Fig. 21). The advantage 
of this technique is that it requires well-known subsystems: two pedestal suppressors and a 
wavelength converter. 
The functions of data transfer and zero noise suppression could both be realized exploiting 
nonlinear phenomena in semiconductor devices as the electro-absorption modulator or the 
semiconductor optical amplifier (Awad et al., 2000; Gavioli & Bayvel, 2000). Due to their 
limited recovery time and to the low efficiency of their fast dynamics, it is preferable to use 
nonlinear effects in optical fibres. 
 

 
Fig. 21. Scheme of the working principle of the NOLM-based 3-stage regenerator. 
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To realize the zero noise suppressors two NOLMs based on Self Phase Modulation in a 
Dispersion Shifted fibre can be used (Pelusi et al., 1999). The data transfer block is realized 
using a third NOLM exploiting Cross Phase Modulation  in a DS fibre (Kaewplung & 
Thipchatchawanwong, 2002).The input signal of the data transfer block is a pulsed clock, 
while the data stream is used as control signal inducing the phase shift. The data transfer 
block works in inverted logic thanks to an appropriate adjustment of the polarization of the 
two counterpropagating parts of the clock in the NOLM. The complete scheme of 3-stage 
NOLM-based regenerator is shown in Fig. 21. 
Fig. 22 to Fig. 24 show experimental results obtained using two synchronized harmonic 
mode locked fibre lasers at 10 GHz, at 1557 nm and 1550 nm respectively. The signal pulses 
were modulated in a PRBS-driven Mach-Zehnder modulator and then distorted, so that the 
pulses to be regenerated were noisy and about 16 ps wide. The second pulsed laser was 
compressed with a higher order soliton compressor, and the pedestal was suppressed in a 
NOLM (Pelusi et al., 1999) obtaining a pulse width of 2 ps. Since it is not possible to 
visualize a 160 Gbit/s signal on the oscilloscope due to its limited bandwidth, the results 
shown are obtained at 10 Gbit/s using clock pulse width suitable for a 160 Gbit/s signal. 
 

 
Fig. 22. Eye diagrams at the regenerator input and after each regenerator stage. Inset: 2nd 
stage output eye diagram working in direct logic. 
 
The improvement of the signal along the regenerator is shown in Fig. 22. In the first stage, 
the noise on the low level of the data signal is well suppressed using 1 km of dispersion 
shifted fibre and a mean input power of 20 dBm. In order to induce the same non linear 
effects, a 160 Gbit/s data signal should have a mean power lower than 27 dBm. The fibre 
length is a trade-off between high power requirements using a short fibre, and instability 
and pulse broadening using a long fibre. In the second stage the mean optical power of the 
data signal inducing the phase shift is 19.4 dBm. The DS fibre is about 1 km long since this 
fibre length, working with a 160 Gbit/s signal, is the best trade-off between cross-talk due to 
the walk-off, instability and pulse broadening on one hand, and high power requirements 
on the other. The data transfer block transfers the information to the clock signal with a logic 
inversion, so that the high level of the eye diagram is clean, while the zero level is still noisy. 
In the third stage, even this noise contribution is cancelled and the signal is regenerated, 
using 1 km of DS fibre and 15 dBm mean power (27 dBm at 160 Gbit/s). In the inset of Fig. 
22 the output of the data transfer block working in direct logic is reported: in this case the 
input noise is transferred to the clock and amplified, and can not be reduced afterwards. The 
logic inversion instead moves the noise to the zero level allowing its reduction using the 
zero noise suppressor. 

 

Measuring the Q-factor of the eye diagrams, the bit error rate of the signal before and after 
the regeneration can be evaluated. In Fig. 23 the results in four different cases are reported, 
demonstrating the improvement in the quality of the signal. For each case, the input and 
output eye diagrams are reported in the insets. Best results show a BER improvement from 
7·10-4 to 9·10-9. The performance of the regenerator depends on the input conditions: high 
noise on the zero level, on the one level or on both. In any case the regenerator ensured a 
BER improvement of a factor higher than 103. 
 

 
Fig. 23. BER improvement in four different cases. The insets show the eye diagrams for each 
considered case. Gray dots: regenerator input (inverting photodiode). Black dots: 
regenerator output. 
 
To analyse the behaviour of the scheme in presence of cross-talk the signals can be 
multiplexed with 25 ps delay, as in a 40 Gbit/s system, so that the oscilloscope could still 
resolve the two pulses. Fig. 24 shows that the regenerator can transfer the information with 
a significant improvement of the eye diagram and a complete suppression of the cross-talk. 
A BER improvement of a factor 106 is performed. 
 

output
input BER˜ 10-9

BER˜ 10-3

 
Fig. 24. Eye diagram and BER value for 40 Gbit/s transmitted pulses (black dots) and 
regenerated 2 ps pulses (gray dots). 
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To realize the zero noise suppressors two NOLMs based on Self Phase Modulation in a 
Dispersion Shifted fibre can be used (Pelusi et al., 1999). The data transfer block is realized 
using a third NOLM exploiting Cross Phase Modulation  in a DS fibre (Kaewplung & 
Thipchatchawanwong, 2002).The input signal of the data transfer block is a pulsed clock, 
while the data stream is used as control signal inducing the phase shift. The data transfer 
block works in inverted logic thanks to an appropriate adjustment of the polarization of the 
two counterpropagating parts of the clock in the NOLM. The complete scheme of 3-stage 
NOLM-based regenerator is shown in Fig. 21. 
Fig. 22 to Fig. 24 show experimental results obtained using two synchronized harmonic 
mode locked fibre lasers at 10 GHz, at 1557 nm and 1550 nm respectively. The signal pulses 
were modulated in a PRBS-driven Mach-Zehnder modulator and then distorted, so that the 
pulses to be regenerated were noisy and about 16 ps wide. The second pulsed laser was 
compressed with a higher order soliton compressor, and the pedestal was suppressed in a 
NOLM (Pelusi et al., 1999) obtaining a pulse width of 2 ps. Since it is not possible to 
visualize a 160 Gbit/s signal on the oscilloscope due to its limited bandwidth, the results 
shown are obtained at 10 Gbit/s using clock pulse width suitable for a 160 Gbit/s signal. 
 

 
Fig. 22. Eye diagrams at the regenerator input and after each regenerator stage. Inset: 2nd 
stage output eye diagram working in direct logic. 
 
The improvement of the signal along the regenerator is shown in Fig. 22. In the first stage, 
the noise on the low level of the data signal is well suppressed using 1 km of dispersion 
shifted fibre and a mean input power of 20 dBm. In order to induce the same non linear 
effects, a 160 Gbit/s data signal should have a mean power lower than 27 dBm. The fibre 
length is a trade-off between high power requirements using a short fibre, and instability 
and pulse broadening using a long fibre. In the second stage the mean optical power of the 
data signal inducing the phase shift is 19.4 dBm. The DS fibre is about 1 km long since this 
fibre length, working with a 160 Gbit/s signal, is the best trade-off between cross-talk due to 
the walk-off, instability and pulse broadening on one hand, and high power requirements 
on the other. The data transfer block transfers the information to the clock signal with a logic 
inversion, so that the high level of the eye diagram is clean, while the zero level is still noisy. 
In the third stage, even this noise contribution is cancelled and the signal is regenerated, 
using 1 km of DS fibre and 15 dBm mean power (27 dBm at 160 Gbit/s). In the inset of Fig. 
22 the output of the data transfer block working in direct logic is reported: in this case the 
input noise is transferred to the clock and amplified, and can not be reduced afterwards. The 
logic inversion instead moves the noise to the zero level allowing its reduction using the 
zero noise suppressor. 

 

Measuring the Q-factor of the eye diagrams, the bit error rate of the signal before and after 
the regeneration can be evaluated. In Fig. 23 the results in four different cases are reported, 
demonstrating the improvement in the quality of the signal. For each case, the input and 
output eye diagrams are reported in the insets. Best results show a BER improvement from 
7·10-4 to 9·10-9. The performance of the regenerator depends on the input conditions: high 
noise on the zero level, on the one level or on both. In any case the regenerator ensured a 
BER improvement of a factor higher than 103. 
 

 
Fig. 23. BER improvement in four different cases. The insets show the eye diagrams for each 
considered case. Gray dots: regenerator input (inverting photodiode). Black dots: 
regenerator output. 
 
To analyse the behaviour of the scheme in presence of cross-talk the signals can be 
multiplexed with 25 ps delay, as in a 40 Gbit/s system, so that the oscilloscope could still 
resolve the two pulses. Fig. 24 shows that the regenerator can transfer the information with 
a significant improvement of the eye diagram and a complete suppression of the cross-talk. 
A BER improvement of a factor 106 is performed. 
 

output
input BER˜ 10-9

BER˜ 10-3

 
Fig. 24. Eye diagram and BER value for 40 Gbit/s transmitted pulses (black dots) and 
regenerated 2 ps pulses (gray dots). 
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1. Introduction  
 

Optical delay, buffering, filtering, and switching are very important devices in both of 
optical communications and optical sensing areas. In order to decrease the cost of optical 
signal transferring/switching for digital data or analogue sensing signal, easy way is to 
increase the bandwidth utilities of optical communication/sensing systems to support 
mountains of users, like computers, sensor nodes in one network. However, the dynamic 
abilities of the above devices are becoming a big challenge, and which are also the bottle-
neck in available technologies. This chapter presents a comprehensive review and overview 
on the cutting-edge frontier science and engineering of fast digital optical signal processing 
application. It discusses on the theory, design, fabrications of several typical examples of 
digital optical signal processor (DOSP) devices, which is in the form of semiconductor 
optical amplifier (SOA) and optical fibre delay lines (OFDL). The issues include the fast 
programmable optical fibre true delays, the fast programmable optical fibre buffer, the 
digital optical wavelength selective switches, etc.  

 
2. Programmable optical fibre true delay (Li, 2007 ) 
 

In last several years, the programmable optical fibre true delay has shown its powerful 
application abilities in microwave photonics and other areas. One typical example is the 
application of optical fibre delay lines as a notch filter replacing the traditional radio 
frequency (RF) signal processing to carry out the unwanted signals from the targets in the 
moving target identification ground radar system. In this section, we will introduce a kind 
of feed-forward optical fibre delay lines. 

 
2.1 Brief review of optical fibre delay lines (OFDLs)  
Programmable optical fibre delay lines (OFDLs) have many applications, such as antenna 
beam forming in phase array radar system(Seeds, 2006) and microwave signal 
processing(Capmany, 2005; Wilner, 1976), due to various advantages in comparison with 
the traditional electronical methods. It can provide true delay of microwave signal, very 
high product of time-bandwidth, immunization to electromagnetic interference (EMI) and 
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the possibility of spatial and wavelength parallelism by using WDM techniques. So far, two 
types of optical fibre delay lines have been proposed as buffers for optical packet 
communication networks: re-circulating type and traveling-wave type(Chang, 2006). Re-
circulating buffers are compact and require fewer components to implement. However, the 
fibre loop length is fixed and hence it is not suitable for applications in phase array radar 
system and microwave signal processing. Traveling-wave buffer has the potential for the 
above applications, which will be introduced in thefollowing section. It can be cascaded to 
provide desired delay using, e.g., 2×2 optical switches or broadcast-and-select configuration 
(Chang, 2006). Of course, high-speed ( ≤1ns) and low-loss ( ≤1dB) optical switches are 
required(Seeds, 2005; Seeds2002).  
Two typical high speed devices, i.e. LiNbO3 switch(Murphy, 1996) and semiconductor 
optical amplifier (SOA) ON–OFF gate, can be considered. For LiNbO3 2×2 switch, the large 
insertion loss, polarization dependence and crosstalk need to be addressed before they can 
be used in phase array radar system and microwave signal processing. SOA ON–OFF gate 
has nanosecond switching speed, large on-off extinction ratio and wide optical bandwidth. 
It seems more suitable for traveling-wave type of fibre delay lines(Yeo, 2004).  
In this section, we proposed a novel 3n feed-forward OFDL using SOAs as switching 
components. Theoretical analysis and experimental verification are presented. Important 
issues, such as the attenuation(Moslehi, 1992), polarization, delay precision, and etc., are 
addressed in detail(Capmany, 2006; Ho-Quoc, 1996). 

 
2.2 Design of kn feed-forward optical fibre true delay line 
Traditionally, the programmable traveling-wave fibre delay line is implemented by using 
1×N optical switch, or equally by using 1×N coupler plus on-off gate (e.g. SOA) in each arm, 
as shown in Fig. 1(a)(Blumenthal, 1994). In this configuration, the maximum number of 
possible delays, y, is equal to the mount of SOAs, x. It is apparently not suitable to be scaled 
for large delays. The delay performance can be enhanced by configuring it in an alternative 
way with 2×2 switches(or 2×2 couplers plus ON-OFF SOA gates) and same number of SOAs 
as shown in Fig. 1(b). In this configuration, the total number of delays can be expressed as 
follows: 

/22xy                                                                   (1) 
where the number of SOAs, x, is supposed to even. We define such structure as 2n structure, 
where, n=x/2, is the number of stages.  
Similarly, we can use x SOAs to build kJ structure as shown in Fig. 1(c), where k is the 
dimension of each stage and J is the number of stages( J=x/k is an integer). It can be derived 
the total number of delays, y, is given by: 

/x ky k                                                                 (2) 
Equation (2) can be rewritten as: 

log( ) log( )y k
x k

                                                        (3) 

Equation (3) shows that for the same x, there is an optimal k that gives maximum y. We use 
L(k) to express the right side of Equation(3): 

 

log( )( ) kL k
k

                                                          (4) 

The peak value of L(k) can be obtained mathematically by differential operation on L(k) as 
follows: 

( ) 0dL k
dk

                                                                  (5) 

So, the k can be obtained by solving Equations (4) and (5): 
2.718k e                                                             (6) 

 
 

0

1  

( 2)k 

( 1)k 

 
(a) 

 0  

1  

0

2

0

( /2 1)2 x 

 
(b) 

 0  

1  

( 2)k 

( 1)k 

0

( 1)Jk 

( 1)( 2) Jk k  

( 1)( 1) Jk k  

0

( / 1)x kk 

( / 1)( 2) x kk k  

( / 1)( 1) x kk k  
 

(c) 
Fig. 1. The architectures of traveling-wave fibre delay lines  
(y=x for (a), y=2x/2 for (b), and y=kx/k for (c), where y is the maximum number of possible 
delays, and x is the number of SOAs) 
 
However, as shown in Fig. 1, the physics meaning of k is the number of delay lines in each 
stage, so, k should be integer. Fig. 2 shows the relationship between L(k) and k. It can be 
easily found that the optimal value k is 3. It can also be proved that 4n structure is exactly the 
same as 2n structure: 

4/ /4 2 /4 2 /4 /2( ) ( ) 4 (2 ) 2 2 2kx k x x x xy x k y x k                (7) 
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the possibility of spatial and wavelength parallelism by using WDM techniques. So far, two 
types of optical fibre delay lines have been proposed as buffers for optical packet 
communication networks: re-circulating type and traveling-wave type(Chang, 2006). Re-
circulating buffers are compact and require fewer components to implement. However, the 
fibre loop length is fixed and hence it is not suitable for applications in phase array radar 
system and microwave signal processing. Traveling-wave buffer has the potential for the 
above applications, which will be introduced in thefollowing section. It can be cascaded to 
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(Chang, 2006). Of course, high-speed ( ≤1ns) and low-loss ( ≤1dB) optical switches are 
required(Seeds, 2005; Seeds2002).  
Two typical high speed devices, i.e. LiNbO3 switch(Murphy, 1996) and semiconductor 
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insertion loss, polarization dependence and crosstalk need to be addressed before they can 
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possible delays, y, is equal to the mount of SOAs, x. It is apparently not suitable to be scaled 
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as shown in Fig. 1(b). In this configuration, the total number of delays can be expressed as 
follows: 
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However, as shown in Fig. 1, the physics meaning of k is the number of delay lines in each 
stage, so, k should be integer. Fig. 2 shows the relationship between L(k) and k. It can be 
easily found that the optimal value k is 3. It can also be proved that 4n structure is exactly the 
same as 2n structure: 

4/ /4 2 /4 2 /4 /2( ) ( ) 4 (2 ) 2 2 2kx k x x x xy x k y x k                (7) 
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When the number of SOAs used is small, the difference between the maximum numbers of 
delays available for k=2 and k=3, respectively, are also small. However, as more SOAs are 
used, the difference becomes significant, as shown in Fig. 3. From the figure, we can see that 
fast tunable true delay line with large number of delays can be obtained by employing 3n 
structure and certain number of SOAs. Fig. 4 shows the structure of 3n delay lines, and Table 
1 shows the delays of two stages from 0 to 8 respectively. 
 

 
Fig. 2. L(k) as a function of k 
 

 
Fig. 3. Dependence of total delay number on the delay units per stage 
(x: the number of SOAs) 
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Fig. 4. The structure of 3n delay lines 
 
 

 

Total delay Stage 1 (0, 1, 2 ) Stage 2 (0, 3, 6 ) 
0 0 0 
1 1 0 
2 2 0 
3 0 3 
4 1 3 
5 2 3 
6 0 6 
7 1 6 
8 2 6 

Table 1. Delays of two stages from 0 to 8 in series 

 
2.3 Implementation and performance measurement 
According to the above analysis, 3n feed-forward optical fibre true delay line based on SOAs 
can provide large amount of delays with fast tunability and easier scalability. For practical 
applications, problems such as insertion loss and polarization dependence should be 
considered. The former can be overcome by SOA itself for it provides gain in addition to 
ON-OFF gating. In fact, this is also one of advantages of employing SOAs. For the factors of 
the polarization dependence in optical fibre and in SOAs, we use Farady rotation mirrors 
(FRMs) to alleviate it. The SOAs we used are bi-directional SOA without inside optical 
isolators at input and output. Due to the low backward reflection of the SOA and the 
polarization rotation by FRM, no oscillation can be observed. Fig. 5 shows the structure for 
practical implementation and we built a two-stage (the first two stages in the experiment in 
hand) feed-forward optical fibre true delay line for experimental verification. For each stage, 
the light is fed from the input port of the optical circulator. It experiences delay whose 
amount is determined by turning on one of the SOAs and is then forwarded to the next 
stage via the output port. 
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The main insertion loss is caused by 1×3 coupler. The light beam passes the coupler twice 
and experience about 12 dB loss (excluding the coupler’s excess loss). By taking the losses 
resulted from the FRM and the circulator into consideration, the total loss of each stage is 
around 13 dB. It should be noted that the beam also passes SOA twice. Usually, an SOA can 
provide with 5-8 dB gain for small optical signals, e.g. -10dBm, under moderate drive 
current (~ 80mA). Therefore, by careful design of the drive current of each SOA, it is 
possible to obtain a delay stage with no insertion loss. This feature is particularly important 
for practical applications. It enables the proposed structure to be cascaded without 
limitation on the stage number. 
The resolution is another key issue to be addressed. The delay introduced by a light path 
distance of 0.15mm, or fibre length of 0.103mm (group refractive index of 1.46 is supposed), 
is about 0.5 ps. It corresponds to a phase control precision of about 1.8° in X-band (λ ～ 
3cm). In order to reach the above precision level, we used hydrogen flame to precisely 
adjust the fibre length, with the help of the high precision reflectometer (HP8504)(Shi, 2006). 
This equipment is used to precisely measure the lightpath difference between the measured 
arm and reference arm of Michelson interferometer. The measurement span (equivalent 
distance in air) is up to 400mm with resolution of 20 μm. Fig. 6 show the delay length 
measurements scheme using high precision reflectometer (HP8504). 
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Fig. 6. The delay length measurements scheme 
 
Fig. 7 shows the result when we set all six SOAs ON. It can be clearly seen that there are 9 
peaks, which represent the all possible delays to be obtained, and each delay can be 
programmablely switched by setting of the relative one SOA per stage. The measured 
relative light path distances in three arms of the first stage are 20.756mm, 20.914mm, 
21.056mm, respectively. The correspondent fibre lengths are 14.216 mm, 14.325mm, 
14.422mm, respectively. These data indicate that τ as shown in Fig. 7 is 0.5 ps and the 
precision is kept within 0.03ps. One may note that there are insertion losses in stages 2 and 

 

3. This is because of the limited drive current of the circuit we used, resulting in small SOA 
gain incapable to compensate the inherent insertion loss mentioned above.  

 
Fig. 7. Measured result of relative fibre lengths 
x-axis: light path difference(0.2 mm/div), y-axis: relative intensity of the output(dB) 

 
Fig. 8 and Fig. 9 show the measurement schemes and results of tuning speed respectively. 
The rise time is 18.6 ns and the fall time is 39.4 ns. Such speed can enhance the scanning 
performance of microwave significantly. The scanning frequency may be improved from 
tens of kHz up to 10 MHz. The drive circuit for the SOAs was implemented with 
conventional electronic devices at hand. There is large potential to improve the tuning 
speed, especially the switching-off performance. One may note that there is extra delay in 
switching-off process, which is mainly resulted in from the large junction capacitance in the 
device.  
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Fig. 8. The measurement scheme of tuning speed 
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Fig. 9. Photograph of tuning speed measurement 
(lower trace: drive pulse, upper trace: optical output) 
 
We also measured the polarization dependence loss (PDL) using polarization controller. The 
measured result is 0.18 dB. In comparison with the PDL of SOA (~0.3dB), there is 
improvement that is mainly due to the employment of FRM. Fig. 10 shows the experiment 
scheme of measuring the polarization dependence loss (PDL). 
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Fig. 10. The experiment scheme of measuring the polarization dependence loss 
 
The relatively low noise figure of the SOA may bring a certain limitation to the proposed 
structure for some applications, especially for those requiring high transmission SNR. This 
indicates that for expansion purpose, noise performance should be taken into consideration, 
which is a topic worthy of intensive study and, however, beyond the scope of the paper. The 
following Table.2 exhibitis the description of five specifications. From the Table. 2, we can 
see that the insertion loss and polarization dependent loss are very low, and the switch 
speed of ON/OFF is are very fast, meanwhile we can use small number of SOAs to obtain 
large number of delays in series. 

 

 

Specification Description 
Insertion loss <1dB 
Switch 
speed 

Rise time 18.6ns 
Fall time 39.4ns 

Polarization dependent loss  0.18dB 
Delay efficiency Small SOAs to obtain large delays 
Delay precision 1ps, error <10% 

Table 2. Specification of 3n feed-forward optical fibre delay lines 

 
3. Fast programmable travelling-wave buffer (Li, 2008) 
 

The novel structure mentioned in the second section can be applied for a fast programmable 
traveling-wave buffer with a re-circulating one. The round trip time of the loop can be 
controlled as wanted.  

 
3.1 Brief Introduction of traveling-wave buffer 
As well known, the fast programmable optical buffering is quite an important technique to 
provide dynamic delay for photonic packets in an optical switching node. So far, two types 
of optical fibre delay lines have been proposed as buffers for optical communication 
networks: the re-circulating and traveling-wave structures (Chang, 2006) as addressed in the 
second sections of this chapter. Re-circulating buffers are compact and require fewer 
components to implement. However, the fibre loop length is fixed and hence the delay can 
only be the multiple of the round trip length of fibre loop. Traveling-wave buffers have the 
potential to avoid the above limitation. It can be cascaded to provide desired delay using, 
e.g., 2×2 optical switches or broadcast-and-select configuration(Blumenthal, 1994; 
Murphy,1996). However, large delay requires tremendous fibre length, which results in 
bulky structure. In this section, we present a novel structure, which combines a fast 
programmable traveling-wave buffer with a re-circulating one. The round trip time of the 
loop can be controlled as wanted. Such structure is applicable to optical packet switching, 
especial to optical burst switching, and also to other fields such as microwave photonics.  In 
order to obtain high systematic performance, fast (e.g., ≤1ns) and low-loss (e.g., ≤1dB) 
optical switches are required(Blumenthal, 1994). 

 
3.2 The principle and implementation 
The proposed structure is shown in Fig.11. The optical fibre loop is interconnected via a 2×2 
optical switch to the input and output. In order to support high speed switching, LiNbO3 
switch(Murphy, 1996) can be used. In the loop, there are M in-fibre optical circulators, each 
of which connects a stage of delay lines via a 1×3 coupler. In each stage, the amount of delay 
is selected by one of the gated semiconductor optical amplifiers (SOAs) on three delay units 
(e.g. 0 , 1  and 2 ) with a Faraday rotation mirror (FRMs, marked as M in Fig.11) at 
each end. Each stage can be regarded as a programmable traveling-wave delay line. It has 
been found that the total number of delays for the J stages of delay lines can be expressed as 
Equation (2)(Li, 2007). The relation among x, y and k is shown in Fig.12. For the same 
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amount of total delays, the minimum number of SOAs needed can be found in the case of 
k=3. Hence, each stage containing three delay lines is the optimal structure.  
With the proposed J-stage traveling-wave fibre delay line embedded in a re-circulating loop, 
the total number of delays per loop, N, can be expressed as:  

/33xN                                                                   (8) 
And the maximum delay per loop is  

33x/Rtotal τττ                                                   (9) 

where, R  is the reference delay induced in the loop excluding the traveling-wave delay 
lines. The number of SOAs, x, is supposed to be the multiples of 3.  
 

 
Fig. 11. The layout of re-circulating structure embedded with traveling-wave delay 

 

 
Fig. 12. The relation among the x, y ,and k 

 

Next, we will analyze some properties of this buffer structure, such as the insertion loss, 
polarization dependent loss, the resolution of the fibre delay lines, and the tuning speed.     
SOAs are used here to compensate the insertion loss mainly induced by couplers(excluding 
the coupler’s excess loss). Because of the potential gain of SOA, it is possible to obtain a 
delay stage with no insertion loss. We use FRM here decrease the polarization dependent 
loss(PDL) for the polarization’s elimination of FRM. 
Several experiments have been carried out. The first is the length measurement with high 
precision reflectometer (HP8504)(Shi, 2006)of different buffer route. This scheme includes 
two stages of the buffer unit with six arms, and the results are the same as the second 
section, for we used the same basic fibre delay lines structure. The measured relative light 
path distances in three arms of the first stage are 20.756mm, 20.914mm, 21.056mm, 
respectively. The correspondent fibre lengths are 14.216 mm, 14.325mm, 14.422mm, 
respectively. These data indicate that τ as marked in Fig. 7(same delay lines used for these 
two applications: feed-forward OFDLs in section 2 and programmable optical buffer in this 
section) is 0.5 ps and the precision is kept within 0.03ps.The loop length was measured as 
532 ps excluding the traveling-wave delay induced in each stage, which can be multiplied 
by re-circulating. The second experiment is about the tuning speed. The rise time is 17.7 ns 
and the fall time is 31.3 ns. The drive circuit for the SOAs was implemented with 
conventional electronic devices at hand. There is large potential to improve the tuning 
speed. Also the gain of SOAs was not optimized due to the limited drive ability of the circuit 
(one may note there are relatively large insertion loss, which can be overcome via the careful 
increase of the drive current). For this structure, we also measured the polarization 
dependence loss (PDL) using polarization controller with the result of 0.18 dB. Compared 
with the PDL of SOA (~0.3dB), there is improvement due to the employment of FRM. 

 
4. Digitally tunable optical filter based on DWDM thin film filters and 
semiconductor optical amplifiers (Li, 2005) 
 

Tunable optical filters have important application in fibre optic communications and other 
optical fields. Tuning ability is usually achieved by introducing extra phase shift via the 
electro optic, thermo optic, acoustic optic or piezoelectric effect, etc. The most commonly 
component for phase shift is interferometric structure(Sadot,1998) such as Fabry-Perot (FP), 
Mach-Zehnder (MZ) and Michelson interferometer. Those device based on interferometric 
structure have the similar defect — instability in operating wavelength, so the electronics 
should be adapted to stabilize the central wavelength.   
Other kinds of tunable optical filters, digitally tunable optical filters (DTOFs)( Ishida, 1997), 
which can get over the problem of instability, have received widely attentions. One of DTOF 
structure based on arrayed waveguide grating (AWG) has been reported (Glance,1996; 
Zirngibl, 1994; Glance, 1994). Compared with the interferometric structure consisting of FP, 
MZ or Michelson interferometer, the AWG offers the advantages of low losses, high port 
counts, and mass productivity. However, AWG usually suffers the problem of temperature 
dependence, so the DTOF based on AWG may require precision thermal control. Another 
DTOF based on DWDM thin film filters (TTFs) and semiconductor optical amplifier (SOA) 
show the very stable characteristic in temperature performance. Furthermore it requires less 
SOAs to achieve the same wavelength tuning range in comparison with the reported 
structure( Zirngibl, 1994; Glance, 1994). Next, this structure will be introduced in detail.  
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4.1 The configuration of this digitally tunable filter  
Fig. 13 shows the experimental configuration of the proposed DTOF. It consists of eight 
DWDM TTFs, six SOAs, one 1×2 splitter and one 4×1 combiner. Each of the TTFs is used as 
1×2 or 2×2 wavelength selection element, as depicted in Fig. 14, depending on the position 
in the structure. For the 1×2 structure, we used a dual fibre collimator as one pair of 
input/output fibre ports and a single fibre collimator as the second output port. All the 
wavelengths from the input fibre will be reflected to the dual fibre collimator output, except 
for the wavelength which is equal to the center wavelength, i, of the TTF (thin film filter). 
This wavelength will pass through the filter and arrive at the second output. In the 2×2 
structure, we used another single fibre collimator as the second input. The work principle of 
the 2×2 structure is the same as the 1×2 one. Because the TTF only allows one wavelength to 
pass through, the wavelengths of the two input ports are arbitrary, i.e., independent of each 
other. In the DTOF of the proposed, TTFs of 2, 4, 6, 8 are set as 2×2 wavelength selection 
element, TTFs (thin film filters) of 3, 5, are set as 1×2 wavelength selection element, and 
TTFs of 1, 7 function as optical filters. The eight TTFs are connected in the order as shown 
in Fig. 13. 
The input light to the DTOF is divided into two portions via the splitter and is firstly 
“selected” by SOA11 or SOA12. For example, when SOA11 is turned on (SOA12 is off), all the 
wavelengths will arrive at the thin film filter with center wavelength of 2 and only one 
wavelength, namely 2, will pass through the filter, all the other wavelengths will be 
reflected and arrive at the subsequent TTFs (thin film filters). SOA2i (i=1, 2, 3, 4) performs 
the second “selection” of wavelengths. In the above case, �2 will arrive at the output 
through the 4×1 combiner if SOA21 is on. The control table is listed in Table 3. In the table, 
“1” means that the SOA is turned “ON” and “0” means that the SOA is turned “off”. It can 
be seen that this structure allows the center wavelength to be arbitrarily selected among the 
eight TTF wavelengths. For example, the DTOF is set at 1 with SOA12 and SOA21 “ON”. The 
routing path for 1 is as follows: Input (multiple wavelengths)→ SOA12 (ON)→ 4 
(Reflection)→5 (Reflection)→8 (Reflection)→1 (Transmission)→2 (Reflection)→ SOA21 
(ON)→Output. 
The above configuration can be expanded to larger size. The expansion will not bring 
additional insertion loss for every wavelength undergoes transmission or reflection at most 
five times (four reflections and one transmission), independent of the filter size (i.e., the 
number of wavelengths). Of course the TTFs should be rearranged, i.e. configured as 1×2 or 
2×2 structures according to the scale.  
The number of SOAs to be used, which is important for cost consideration, is determined as 
follows. Suppose the number of wavelengths to be digitally tuned is N, where N=2n . The 
numbers of SOAs at the output side and the input are: 

Noutput=2n-1                                                                       (10) 
and, 

Ninput=2n-2                                                                        (11) 
respectively. The total number of SOAs is: 

Ntotal=Ninput+Noutput=2n-2+2n-1=3·2n-2                                              (12) 
In comparison with the structure reported in Ref(Glance,1996). and Ref(Zirngibl, 1994)., the 
proposed structure can save up 25% of SOAs for the same wavelength tuning range. The 
center wavelengths of the proposed DTOF are well in consistency with the ITU-T suggested 

 

ones. Furthermore it does not have the thermal stability problem as the arrayed waveguide 
grating does (Hibino, 2002). 
 

 
Fig. 13. The configuration of eight-channel digitally tunable optical filter 

 

 
(a) 1×2 wavelength selection element            (b) 2×2 wavelength selection element 

Fig. 14. The structures of 1×2 and 2×2 wavelength selection elements 
 

SOA11 SOA12 SOA21 SOA22 SOA23 SOA24 
Selected wavelength 

at output 
0 1 1 0 0 0 1 
1 0 1 0 0 0 2 
1 0 0 1 0 0 3 
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0 1 0 1 0 0 4 
0 1 0 0 1 0 5 
1 0 0 0 1 0 6 
1 0 0 0 0 1 7 
0 1 0 0 0 1 8 

Table 3. The control table of the proposed DTOF (control states of SOAs:”1” stands for ON; 
“0” for OFF) 

 
4.2 The performance of this digitally tunable filter 
Fig. 15 is the transmission spectrum of the proposed DTOF. Its performance is list in Table 4 
and 5. The eight wavelengths range from 1552.54nm to 1558.14nm. Table 4 lists the insertion 
loss for each wavelength channel. The maximum difference of the insertion loss among all 
eight wavelength channels is 3.76dB. The drive current of each SOA was set at 80mA for the 
“ON” state. The insertion loss difference can be compensated by optimizing the SOA drive 
current. In Table 5, the polarization dependent loss is less than 0.4dB and the isolation is 
better than 40 dB. The relatively large polarization dependent loss is partially induced by 
SOA. Another contribution may arise from the angled incidence on TTF (thin film filters) for 
its 1×2 and 2×2 application, which may decrease via careful design. The tuning speed was 
tested. It can be seen that the rise time and fall time of the optical response are 8.82 ns and 
15.49 ns, respectively, and the delay time between the control signal and the optical 
response 31.07 ns. As is known, SOA has faster response than the measured results. This 
relatively larger rise/fall time and delay are mainly due to the poor response of the driving 
system which uses components at hand. 
 

 
Fig. 15. The measured transmission spectrum of the proposed DTOF 
 

Specification Unit Value Notes 
Polarization dependent 
loss dB < 0.4 Induced by SOA and the angled 

incidence on TTF 
Isolation dB >40  
Tuning 
speed 

Raise time ns <8.82 The poor response of driving 
system lead to this relatively larger Fall time ns <15.49 

 

rise/fall time 
Insertion loss dB In table 3  

Table 4. Specifications of the proposed DTOF 
 

Wavelength (nm) 1552.54 1553.36 1554.14 1554.95 

Insertion loss (dB) 5.94 5.56 6.67 6.9 

Wavelength (nm) 1555.74 1556.55 1557.33 1558.14 

Insertion loss (dB) 5.2 2.21 4.08 2.14 

Table 5. The insertion loss for each wavelength channel 

 
5. Digital wavelength selective optical switch 
 

Digital wavelength selective optical switches (DWSS) have played an important role in 
wavelength-division-multiplexing (WDM) networking, and inspired widely research 
interest. Digital wavelength selective optical switch is a kind of optical switch which can 
make certain wavelengths from multiwavelength pass through or not according to the 
requirement of user(Li,2005). Several methods for optical switch have reported (Wang, 2006; 
Baxter, 2006; Goebuchi, 2006; Kishikawa, 2005). Optical switch based on those reported 
structure is polarization dependent, so strictly polarization control is necessary. In recently, 
we designed a new structure of wavelength selective optical switch based on Michelson 
interferometer, Faraday Rotation Mirror and Semiconductor Optical Amplifier. 

 
5.1 The operating principle  
Fig. 16 is the schematic for proposed digital wavelength selective optical switch. As shown 
in Fig. 16, it is divided into three sections: section I is a 1×N coupler; section II is constituted 
serials of fibre delay line, it‘s a key part, we can select the wavelengths we want by 
assembling different fibre delay line. In theory, 2

NC  wavelengths can be selected, if there are 
N fibre delay fibres; section III is the control part of this digital wavelength selective optical 
switch, according to the requirement two of the SOAs are turn on, then a set of wavelengths 
are selected and others turn off immediately.  

Under normal operating state, only two SOAs would be turned on. So in fact, the 
proposed structure is a Michelson interferometer. And the transfer can be written as: 

out C D S FM S D C inE T T T T T T T E                                                (13) 
Where, Ein and Eout are the electric field complex amplitude of input and output light 
respectively; TC, TD, TS and TFM are the transfer matrixes of coupler, fibre delay lines, SOAs 
and Faraday rotation mirrors respectively. For simplifying the question, we assume the 
coupler is a 3dB direction coupler, and then those matrixes can be described as: 
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Where,   is the splitting ratio of coupler. 
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  is the propagation constant of light, 
1l  and 2l  are the length of Michelson interference 

arms. Matrixes S and FM are identity matrixes.  
 

 

 

 
Fig. 16. Schematic of experimentally digitally wavelength selective optical switch. 
 SOAN (N=1, 2, 3 …) is the Semiconductor Optical Amplifiers in the Nth interference arm; 
FRM is Faraday rotation mirror. ASE is a light source of Amplified Spontaneous Emission. 
OSA is an Optical spectrum analyzer. 

 
It can be seen, from above expressions, the length difference between interference arms 
determine the selective wavelength. So the fibre delay lines play an important role in this 
device. Another important component of the device is Faraday rotation mirror, which 
consist of a 45° Faraday rotator and an ordinary mirror. It can automatically compensate for 
any polarization dependent effect. As a result, the wavelength selective optical switch is a 
polarization independent device. 

 
5.2 Relation between the number of choice wavelength and insertion loss 
With the increasing number of fibre delay line, as we know, the number of choice 
wavelength increase following the rule NC

2 . However, the insertion loss of this wavelength 
selective optical switch also increases.  
According to the definition of insertion loss for optical switch, if the gain of SOAs is set at 0, 
the expression of insertion loss can be written theoretically as: 
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Where, IL is the insertion loss; N is the number of SOA. 

 

 
Fig. 17. Relation among N, number of choice wavelength and insertion loss 
 
Fig. 17 shows the relation among N, number of choice wavelength and insertion loss. From 
it, we can see with the increase in the number of choice wavelength, the insertion loss also 
increase. So, the compromise between the number of choice wavelength and the insertion 
loss should be adapted in the design of this structure. Fig. 17 (left) shows the insertion loss is 
increasing with the number of SOA at exponential function and the number of choice 
wavelength at square function. Fig. 17 (right) shows the relationship between insertion loss 
and the number of choice wavelength, it indicates that the insertion loss began to increase 
rapidly, then slowly increased until stabilized with the number of choice wavelength. 
However in this structure, the insertion loss can be compensated by optimizing the SOA 
gain.  

 
5.3 Performance measurement  
Fig. 18 shows the transmission spectrum of our proposed digital wavelength selective 
optical switch. The operating wavelength is set at 1550.5 nm. While the difference between 
Michelson interferometer arms (L) is 0.172 mm, the working state is “ON” as shown in Fig. 
18 (a), otherwise the working state is “OFF” as shown in Fig. 18 (b).  
Fig. 19 is the result of insertion loss for proposed DWSS (SOA1 and SOA2 gain> 0). As can 
be seen about four wavelengths are selective from the range of 1530 ~ 1560nm and the 
insertion loss of selective wavelengths are about -6 ~-2dBm. 
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(a) ∆L=0.172 mm                                     (b) ∆L =0.132 mm 

Fig. 18. The transmission spectrum of proposed DWSS.  
(∆L: the difference between Michelson interferometer arms) 
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Fig. 19. Insertion loss of the proposed DWSS.  
(The red line is output spectrum without switch and blue line with switch, the difference 
between two lines is the insertion loss of operating wavelength) 
 
The response speed of proposed DWSS was test and the result is shown in Fig. 20. The red 
trace is control signal to drive SOAs, and the green trace is the response curve of the DWSS 
in time domain. It can be seen that rise time of the response curve is 65.05 ns. As is known, 
the response speed of SOA can achieve a few hundred picoseconds. So the relatively larger 
rise time is mainly owing to the poor response speed of the signal generator which generates 
the control signal in our measurement. 
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Fig. 20. Response speed of proposed DWSS 

 
6. Micro/nano-photonic integration for VLSI photonics 
 

The demand for higher communication speeds and greater capacity has grown 
exponentially. Especially, as the world entered the 21st century, it is experiencing an 
explosive increase which is driven by popular, bandwidth-hungry video applications 
(Nilsson, 2009). 
Increase of communication capacity can be achieved by utilizing several resources including 
dense wavelength division multiplexing (DWDM), optical time division multiplexing 
(OTDM) and space division multiplexing techniques and so on. However, those techniques 
may encounter many technical bottlenecks, if the 40Gbit/s or 100Gbit/s transponders are 
launched largely. At present, it is a challenge for traditional discrete-component-based 
optical systems to drive down space and power per bit because the complex modulation 
techniques required for higher fibre capacity require a large number of optical and 
electronic components. To solve this question, micro & nano photonic integration was 
proposed recently due to photonic integration device have many crucial advantages 
comparing with discrete optical components(Nilsson, 2009), such as enabling rapid capacity 
addition in optical networks, reducing overall size and power consumption and improving 
reliability and so on.  
Many progress of micro & nano photonic integration has been reported (Corzine, 2008; 
Ticknor, 2000; Park,2000). In March 23, 2009, Infinera has demonstrated photonic integrated 
circuits delivering 400 Gigabits/second (Gb/s) of optical capacity in a single pair of chips 
using complex modulation formats. It will enable Infinera’s next generation optics to deliver 
up to 80% power savings over competitor 40 Gb/s wavelength optics based on conventional 
discrete optical components (Bob Blair, 2009).  
On the other hand, photonic device based on micro/nano fibre has attracted widely 
attention owing to its characteristics of ultra-low-loss, compact structure and easily coupled 
with optic-fibre(Tong,2003; Brambilla, 2004; Yu, 2008). So the integrated photonics based on 
micro/nano fibre will provide a new way for very large-scale integration (VLSI) photonics. 
At present, our most efforts focus on the design and fabrication of photonics device based 
on micro/nano optic-fibre. Fig. 21 shows an architecture of the photonics integrated chip 
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(a) ∆L=0.172 mm                                     (b) ∆L =0.132 mm 

Fig. 18. The transmission spectrum of proposed DWSS.  
(∆L: the difference between Michelson interferometer arms) 
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Fig. 19. Insertion loss of the proposed DWSS.  
(The red line is output spectrum without switch and blue line with switch, the difference 
between two lines is the insertion loss of operating wavelength) 
 
The response speed of proposed DWSS was test and the result is shown in Fig. 20. The red 
trace is control signal to drive SOAs, and the green trace is the response curve of the DWSS 
in time domain. It can be seen that rise time of the response curve is 65.05 ns. As is known, 
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Fig. 20. Response speed of proposed DWSS 
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(Nilsson, 2009). 
Increase of communication capacity can be achieved by utilizing several resources including 
dense wavelength division multiplexing (DWDM), optical time division multiplexing 
(OTDM) and space division multiplexing techniques and so on. However, those techniques 
may encounter many technical bottlenecks, if the 40Gbit/s or 100Gbit/s transponders are 
launched largely. At present, it is a challenge for traditional discrete-component-based 
optical systems to drive down space and power per bit because the complex modulation 
techniques required for higher fibre capacity require a large number of optical and 
electronic components. To solve this question, micro & nano photonic integration was 
proposed recently due to photonic integration device have many crucial advantages 
comparing with discrete optical components(Nilsson, 2009), such as enabling rapid capacity 
addition in optical networks, reducing overall size and power consumption and improving 
reliability and so on.  
Many progress of micro & nano photonic integration has been reported (Corzine, 2008; 
Ticknor, 2000; Park,2000). In March 23, 2009, Infinera has demonstrated photonic integrated 
circuits delivering 400 Gigabits/second (Gb/s) of optical capacity in a single pair of chips 
using complex modulation formats. It will enable Infinera’s next generation optics to deliver 
up to 80% power savings over competitor 40 Gb/s wavelength optics based on conventional 
discrete optical components (Bob Blair, 2009).  
On the other hand, photonic device based on micro/nano fibre has attracted widely 
attention owing to its characteristics of ultra-low-loss, compact structure and easily coupled 
with optic-fibre(Tong,2003; Brambilla, 2004; Yu, 2008). So the integrated photonics based on 
micro/nano fibre will provide a new way for very large-scale integration (VLSI) photonics. 
At present, our most efforts focus on the design and fabrication of photonics device based 
on micro/nano optic-fibre. Fig. 21 shows an architecture of the photonics integrated chip 
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based on micro/nano fibre(nf-PIC). In this chip most of function of an optical switching 
node can be realized. Next, we will simply introduce mainly micro/nano photonic device in 
this chip. 
 

nf-PICs 
 

Fig. 21. Architecture of photonic integrated chip for optical switching node based on 
micro/nano fibre device (nf-PIC) 

 
6.1 Micro/nano fibre taper 
Fig. 21 doesn’t show the details of each device, but it is play important role in photonic 
integrated chip. Optical signal transport in different devices maybe have different modes, so 
a mode adapter is necessary to convert one mode to another. Otherwise, the excess loss will 
be very large in high-density photonic integrated chip due to the mode mismatch. So, to min 
imize the excess loss in micro/nano photonic integrated chip, a kind of optimized low loss 
micro/nano fibre taper is an important device. This micro/nano fibre taper can meet the 
desire of low loss and compact structure in photonic integrated chip.  

 
6.2 Clock recovery 
Clock recovery is key element for communication system. In the proposed photonic 
integrated chip mode-locked lasers based on micro ring resonator will be adapted to achieve 
the function of clock recovery. 
Fig. 22 shows the operation principle of clock recovery based on fibre microring resonator. 
While an optical pulse signal with cycle T pass through the nonlinear optical modulator, a 
period phased modulation is appeared  in the laser due to cross-phase modulation effect, 
and output clock signal is synchronized with input signal. 

 

 
Fig. 22.  Schematic of clock recovery. BPF:  band-pass filter 

 
6.3 Optical logic gate.  
So far, almost the entire commercial logical device, its logic function is completed in 
electrical domain. As the development of higher speed and greater capacity communication, 
logic operation based on electronic component will don’t encounter the demand owing to 
the bottleneck speed of electronic calculating. All-optical logic operation is one of choice to 
break the bottleneck speed of electronic component. 
 

 
Fig. 23. AND logic gate based on microring and Mach-Zehnder interferometer 
 
Fig. 23 addresses a kind of optical AND logic gate based on microring and Mach-Zehnder 
interferometer. On the one hand, if the control is “0“ , the output will be “0“ owing to the 
symmetrical arms of Mach-Zehnder interferometer; on the other hand, if the control and 
data are  “1“ simultaneously, the symmetrical structure will be break, then the output will 
be “1“.  Table 6 shows the truth table of this logic gate. 
 

Control Data Output 
0 0 0 
0 1 0 
1 0 0 
1 1 1 

Table 6. The truth table 

 
6.4 Slow light 
Slow light is a promising solution for memory, buffering and time domain processing of 
optical signal. There are many procedures to control velocity of light, one of is arrays of 
microrings resonator. Arrays of microring based on Micro/nano fibre have good prospects 
for generating slow light because they are compact, low loss and higher nonlinear effect, 
and can offer wide-bandwidth propagation.  
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Fig. 24. Delay time tunable device for slow light 
 
Accroding to Kramers-Kronig relationship, as long as there are Gain or transparency 
window, the slow light phenomenon will appear. So the resonator, such as microring , fibre 
grating and Fabry-perot, can generate slow light in its transparency window.    
Microring shown in Fig. 24 can realize the function of delay time tunable because the ring 
was fabricated by Doped-Erbium Fibre, so the loss can be tunable of the ring, and the loss of 
microring resonator is one of a factor which can influence the delay time. As a result, we can 
tune the delay time by change the gain of EDF. 

 
6.5 MUX/DEMUX 
MUX/DEMUX is used frequently in optical communication system. Many techniques are 
adapted to fabricate MUX/DEMUX, such as optical lens, interferometric filter, holographic 
grating, fibre grating, waveguide grating, Mach-Zehnder interferometer and array 
waveguide grating and so on. But those structures are not easy to be integrated on chip. 
Arrays of fibre microrings due to the characteristic of high-Q, high finesse and compact 
structure and the convenience integrated on chip will be adapted on our proposed photonic 
integrated chip.  
Fig. 25 shows a wavelength demultiplexer, it can also serve as wavelength multiplexer. The 
structure of microring resonator determines the wavelength which can set up resonance in 
microring, so multi-wavelength signal can be demultiplied by arrays of microring resonator. 
  

 
Fig. 25. Schematic of wavelength demultiplexer.(It also can be served as wavelength 
multiplexer. )   

 

6.6 Optical switching 
It is the core component in our proposed photonic integrated chip. The switching packets of 
this chip is achieved finally just by the optical switching. With the characteristics of 
microring, integrated arrays of fibre microring can also finish the optical switching with 
excellent performance. 
 

 
Fig. 26. Reconfigurable optical add-drop multiplexing 
 
Fig. 26 shows a structure of reconfigurable optical add-drop multiplexing (ROADM) based 
on arrays of fibre microring resonator. Demultiplexed wavelength signals are input into 
ROADM, some of them pass through the ROADM, others dropped from drop port while the 
corresponding microrings are turned on by control signal. At the same principle, the 
wavelength can also be added in add port. 

 
7. Conclusion  
 

This chapter includes six sections. Except for the section of introduction, we will give brief 
conclusion the left five sections as follows: 
In the second section, we introduced a new kind of 3n feed-forward optical fibre delay lines. 
Theoretical analysis shows that it can provide large delays and is easy to be expanded. 
Experimental demonstration to implement such delay lines using SOAs and Farady rotation 
mirrors is presented. Delay step as small as 0.5 ps with precision of about 0.03 ps was 
realized. Measured results verify the feasibility of the proposed method. Its excellent 
expandability, low insertion loss, low polarization dependence loss and high tuning speed 
are suitable for application in phase array radar system and microwave signal processing.  
Based on the structure above, we introduced a new kind of buffering structure by 
embedding 3J feed-forward optical fibre delay lines into a re-circulating loop in the third 
section. Measurements have been carried out and the results have shown the fine property. 
In the fourth section, a novel structure of eight-channel digitally tunable optical fibre based 
on thin film filters and semiconductor optical amplifiers has been demonstrated. The tuning 
speed is up to 8.82ns, the total insertion loss is between 2.14dB and 6.76dB. The isolation is 

over 40dB. The number of SOAs used in the proposed configuration is 2(log N)-23 2  where 
N is the number of tuned wavelengths. This means that the structure can save up 25% SOAs 
in comparison with the conventional digitally tunable optical filters. It can be expanded to 
large size with no additional insertion loss. Its wavelengths are well agreed with the defined 
ones by ITU-T and its temperature performance is stable. This kind of filter has potential 
application in wavelength selective switching based optical networks. 
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In the fifth section, a novel structure of digitally wavelength selective optical switch based 
on Michelson interferometer and semiconductor optical amplifiers has been demonstrated. 
The response speed is up to 65.05ns, the insertion loss is between -6 dB and -2 dB. In this 
structure, Faraday rotation mirrors are adapted, which can automatically compensate for 
any polarization dependent effect. As a result, the wavelength selective optical switch is a 
polarization independent device. 
Many techniques for photonic integration have been reported. In the sixth section, we 
proposed another way based on micro/nano fibre device for VSLI photonics. Micro/nano-
photonic integration is exhibiting its superiority in almost all of aspects of optical 
information process and communication technology. We hope the Micro/nano-photonic 
integration will achieve great success in 21st century like what the microelectronics had gain 
in 20th century.  
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1. Introduction  
 

Micro-structured fibres with air holes have been studied widely in the last decade for a large 
variety of applications (Russell, 2006). The first notable one is the ability to engineer 
anomalous dispersions below 1.3m (Ranka 2000). Material dispersion of silica is normal 
when wavelength falls below 1.3m. Substantial anomalous waveguide dispersion is 
required for a total anomalous dispersion at these short wavelengths. This is made possible 
by the strong refractive index contrast between glass and air holes in micro-structured fibres 
with air holes. Octave-spanning super-continuum generation in these micro-structured 
fibres at wavelengths where femtosecond lasers are readily available leads quickly to the 
development of fceo-stabilised frequency combs and a new convenient timing standard at 
optical frequencies (Jones 2000).  
A second major application of micro-structured fibres with air holes is the possibility of 
making a pump cladding with air holes in a double clad fibres used in high power lasers to 
convert a low brightness large pump beam into a much smaller diffraction-limited output 
beam guided in a rare-earth-doped single mode core in the middle of the pump guide 
(Limpert 2004, 2005, 2006). The high refractive index contrast between glass and air is 
especially beneficial for the guiding of pump power in a relatively small pump guide for 
efficient pump absorption. Optical fibres with large heat-dissipating surface placed very 
close to an active core have proven in the recent years to be very effective in producing high 
average powers in excess of multi-kilowatts while mitigating thermal effects commonly 
found in solid state lasers (Gapontsev 2009). Commercial realm of high power fibre lasers 
has been rapidly expanding in recent years. 
It is worth noting that, in the two applications mentioned above, air holes do not need to be 
placed periodically, and consequently I have referred to the fibres as micro-structured fibres 
instead of photonic crystal fibres, where a periodicity is implied. Indeed, in both cases, non-
periodical cladding is proven to be highly sufficient (Dong 2008, Fu 2008, Limpert 2004, 
2005, 2006). In the third important application, periodic cladding is critical (Robert 2005). 
This is the case of hollow-core photonic crystal fibres, where optical mode is guided in a 
larger air hole in the centre of the fibre. The largely air-guidance leads to low nonlinearity 
for high peak power delivery and strong interaction between the guided mode and gas in 
the core for gas spectroscopy. The high refractive index contrast and periodic cladding are 
both essential in these fibres. 
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Fibre lasers have been very successful in producing high average powers and are, however, 
limited in their ability to generate high peak powers. This is due the small core found in 
most conventional single mode fibres. The tight confinement in combination with long 
effective length allows nonlinear effects to accumulate, ultimately limiting fibre laser’s 
ability for high peak power generations. Self-phase modulation (SPM) originates from 
nonlinear Kerr effect, where different temporal part of an optical pulse propagates at 
different group velocity, and can lead to new frequency generation at the leading and 
trailing edges of an optical pulse. It can eventually lead to significant spectral broadening 
for sub-ps pulses. Stimulated Raman scattering (SRS) originates from the interaction of 
optical power with optical phonons and can lead to significant power transfer to longer 
wavelengths for high peak power pulses. Stimulated Brillouin scattering (SBS) originates 
from the interaction of optical power with acoustic phonons and can lead to significant 
power transfer to the backward-propagating and slightly frequency-downshifted optical 
powers in spectrally narrow fibre lasers. 
There is, therefore, an urgent need for large core fibres that supports single spatial mode 
operation to further extent peak powers of fibre lasers. These high peak power lasers of 
femtosecond, picoseconds and nanosecond durations are especially useful for micro-
machining in material processing, biological and medical applications. Conventionally, 
single mode operation is ensured when normalized frequency V=2NA/ is below 2.405, 
where  is core radius, NA is numerical aperture, and  is wavelength. A lower NA is 
clearly desirable for large core size. It is, however, limited by two issues. The first one is that 
a lower NA leads to a reduction in guidance and consequently higher bend loss. The second 
issue is the control accuracy of refractive index during fibre preform fabrication. It is 
generally accepted that the minimum NA=0.06 is a good compromise of all factors involved. 
This leads to a maximum core diameter of ~13m at 1m and ~20m at 1.55m. It has been 
pointed out that single mode operation in multimode fibres can be achieved, assuming one 
is careful in launching only the fundamental mode (Fermamn 1998). In practice coiling is 
also used to create additional propagation loss for the higher order modes (Koplow 2000). 
This extends core diameters to ~30m at 1m for effective single mode operation. Further 
increase of core diameter leads to much increased difficulties in launching only fundamental 
mode and in creating differential mode loss by coiling to due the much higher mode density 
in much larger core fibres which leads to a high degree of mode coupling. 
2D micro-structuring of cladding can lead to new designs which are not possible in 
conventional optical fibres with essentially 1D design in radial direction. Leakage channel 
fibres described in this chapter are one of the new designs made possible by 2D micro-
structuring of cladding for much improved differential mode loss controls (Dong 2007, 2008, 
2009). Micro-structuring also allows much lower NAs to be implemented for strictly single 
mode fibres with large cores. Two examples are given in this chapter, i.e. endless single 
mode fibres (Dong 2008) and stress-induced waveguides (Fu 2009). These two types of fibre 
have very limited ability to be coiled. It is very useful, however, in applications where a 
short straight fibre is usually sufficient, e.g. in short fibre amplifiers with highly doped cores 
which are demonstrated recently (Suzuki 2009) and generations of SPM-broadened spectra 
for compression in ultra short pulse generations. A very important point to note is that high 
refractive index contrast is not necessary for these large core fibre designs, where a low 
refractive index contrast is sufficient and advantageous for further limiting higher order 

 

mode propagations. This leads to all glass micro-structured fibres with much improved ease 
of fabrication and use comparing to micro-structured fibres with air holes. 
Despite the fact that air is a readily available ingredient there are a number of drawbacks 
related to the use of air holes in fibres. The first one is the difficulty in precisely controlling 
the dimension of air holes in fibre fabrication, an intrinsic problem of a holey structure due 
to the air hole’s tendency to collapse during fibre drawing. This is usually countered by a 
precise control of pressurization of the air holes, a process dependent on drawing conditions 
such as furnace temperature, feed rate, and drawing speed. When small air holes are 
desirable as in endless single-mode PCFs (Birks 1997), high pressure is required to maintain 
air hole dimensions due to the significantly increased tendency for the air holes to collapse 
by surface tension in this regime. This can make air hole dimensions to become highly 
sensitive to drawing conditions. This delicate balance of pressurization and collapse can 
lead to issues of controllability and repeatability in PCF fabrication. The air holes in a PCF 
can also disturb smooth fracture wave propagation during fibre cleaving, leading to a poor 
cleaved surface due to the appearance of deep fractures behind the air holes, a problem 
often aggravated by large air holes and high cleaving tensions. In addition, air holes are 
often thermally sealed at fibre ends to minimize environmental contaminations, and mode 
distortion can occur due to asymmetrical stress over the fibre cross section and along the 
fibre from the collapsing or splicing process. This is especially true for large-mode-area 
fibres, which are much more susceptible to small perturbation.                             

 
2. All Glass Endlessly Single Mode Fibres 
 

The first endless single-mode photonic crystal fibre (PCF) was demonstrated in 1996 (Knight 
1996). It is the first application, followed by many others, where unique features of PCFs are 
demonstrated. In the case of an endless single-mode PCF, the dispersive nature of a 
photonic crystal cladding is used to make a fibre that supports single-mode operation over 
its entire range of guidance. The fibre possesses a short wavelength cut-off, due to 
diminishing guidance as a result of light’s increasing ability to avoid air holes, and a long-
wavelength cut-off, due to the vanishing ability of the fibre to confine the localized mode at 
an increasing wavelength as in any conventional fibres. One major application of the endless 
single-mode PCF has been in making fibres with a large effective mode area, a topic under 
intense study for power scaling in optical fibre lasers limited by nonlinear effects (Limpert 
2004, 2005). 
The first analysis of an endless single-mode PCF was performed using a method 
approximating a hexagonal unit cell with a circular one and assuming  (Birks 1997), 
where  being centre-to-centre hole separation or pitch. This allows effective V value to be 
evaluated and gives an endless singe mode regime for designs with relative hole size 
d/<0.16, where d being hole diameter. A number of theoretical studies subsequently 
refined the single mode and multimode boundary of the PCFs and allow these PCFs to be 
easily designed. Using a multipole mode solver, Kuhlmey et al could accurately simulate 
confinement loss of modes in a PCF (Kuhlmey 2002). They showed that the confinement loss 
of the 2nd order mode displays two distinctive regimes over wavelength. The two regimes 
both have near linear dependence on normalized wavelength when plotted on a logarithmic 
scale. The 2nd order mode is well confined to the core in the short wavelength regime and is 
no longer localized in the long wavelength regime, indicating a loss of core guidance. The 
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Fibre lasers have been very successful in producing high average powers and are, however, 
limited in their ability to generate high peak powers. This is due the small core found in 
most conventional single mode fibres. The tight confinement in combination with long 
effective length allows nonlinear effects to accumulate, ultimately limiting fibre laser’s 
ability for high peak power generations. Self-phase modulation (SPM) originates from 
nonlinear Kerr effect, where different temporal part of an optical pulse propagates at 
different group velocity, and can lead to new frequency generation at the leading and 
trailing edges of an optical pulse. It can eventually lead to significant spectral broadening 
for sub-ps pulses. Stimulated Raman scattering (SRS) originates from the interaction of 
optical power with optical phonons and can lead to significant power transfer to longer 
wavelengths for high peak power pulses. Stimulated Brillouin scattering (SBS) originates 
from the interaction of optical power with acoustic phonons and can lead to significant 
power transfer to the backward-propagating and slightly frequency-downshifted optical 
powers in spectrally narrow fibre lasers. 
There is, therefore, an urgent need for large core fibres that supports single spatial mode 
operation to further extent peak powers of fibre lasers. These high peak power lasers of 
femtosecond, picoseconds and nanosecond durations are especially useful for micro-
machining in material processing, biological and medical applications. Conventionally, 
single mode operation is ensured when normalized frequency V=2NA/ is below 2.405, 
where  is core radius, NA is numerical aperture, and  is wavelength. A lower NA is 
clearly desirable for large core size. It is, however, limited by two issues. The first one is that 
a lower NA leads to a reduction in guidance and consequently higher bend loss. The second 
issue is the control accuracy of refractive index during fibre preform fabrication. It is 
generally accepted that the minimum NA=0.06 is a good compromise of all factors involved. 
This leads to a maximum core diameter of ~13m at 1m and ~20m at 1.55m. It has been 
pointed out that single mode operation in multimode fibres can be achieved, assuming one 
is careful in launching only the fundamental mode (Fermamn 1998). In practice coiling is 
also used to create additional propagation loss for the higher order modes (Koplow 2000). 
This extends core diameters to ~30m at 1m for effective single mode operation. Further 
increase of core diameter leads to much increased difficulties in launching only fundamental 
mode and in creating differential mode loss by coiling to due the much higher mode density 
in much larger core fibres which leads to a high degree of mode coupling. 
2D micro-structuring of cladding can lead to new designs which are not possible in 
conventional optical fibres with essentially 1D design in radial direction. Leakage channel 
fibres described in this chapter are one of the new designs made possible by 2D micro-
structuring of cladding for much improved differential mode loss controls (Dong 2007, 2008, 
2009). Micro-structuring also allows much lower NAs to be implemented for strictly single 
mode fibres with large cores. Two examples are given in this chapter, i.e. endless single 
mode fibres (Dong 2008) and stress-induced waveguides (Fu 2009). These two types of fibre 
have very limited ability to be coiled. It is very useful, however, in applications where a 
short straight fibre is usually sufficient, e.g. in short fibre amplifiers with highly doped cores 
which are demonstrated recently (Suzuki 2009) and generations of SPM-broadened spectra 
for compression in ultra short pulse generations. A very important point to note is that high 
refractive index contrast is not necessary for these large core fibre designs, where a low 
refractive index contrast is sufficient and advantageous for further limiting higher order 

 

mode propagations. This leads to all glass micro-structured fibres with much improved ease 
of fabrication and use comparing to micro-structured fibres with air holes. 
Despite the fact that air is a readily available ingredient there are a number of drawbacks 
related to the use of air holes in fibres. The first one is the difficulty in precisely controlling 
the dimension of air holes in fibre fabrication, an intrinsic problem of a holey structure due 
to the air hole’s tendency to collapse during fibre drawing. This is usually countered by a 
precise control of pressurization of the air holes, a process dependent on drawing conditions 
such as furnace temperature, feed rate, and drawing speed. When small air holes are 
desirable as in endless single-mode PCFs (Birks 1997), high pressure is required to maintain 
air hole dimensions due to the significantly increased tendency for the air holes to collapse 
by surface tension in this regime. This can make air hole dimensions to become highly 
sensitive to drawing conditions. This delicate balance of pressurization and collapse can 
lead to issues of controllability and repeatability in PCF fabrication. The air holes in a PCF 
can also disturb smooth fracture wave propagation during fibre cleaving, leading to a poor 
cleaved surface due to the appearance of deep fractures behind the air holes, a problem 
often aggravated by large air holes and high cleaving tensions. In addition, air holes are 
often thermally sealed at fibre ends to minimize environmental contaminations, and mode 
distortion can occur due to asymmetrical stress over the fibre cross section and along the 
fibre from the collapsing or splicing process. This is especially true for large-mode-area 
fibres, which are much more susceptible to small perturbation.                             

 
2. All Glass Endlessly Single Mode Fibres 
 

The first endless single-mode photonic crystal fibre (PCF) was demonstrated in 1996 (Knight 
1996). It is the first application, followed by many others, where unique features of PCFs are 
demonstrated. In the case of an endless single-mode PCF, the dispersive nature of a 
photonic crystal cladding is used to make a fibre that supports single-mode operation over 
its entire range of guidance. The fibre possesses a short wavelength cut-off, due to 
diminishing guidance as a result of light’s increasing ability to avoid air holes, and a long-
wavelength cut-off, due to the vanishing ability of the fibre to confine the localized mode at 
an increasing wavelength as in any conventional fibres. One major application of the endless 
single-mode PCF has been in making fibres with a large effective mode area, a topic under 
intense study for power scaling in optical fibre lasers limited by nonlinear effects (Limpert 
2004, 2005). 
The first analysis of an endless single-mode PCF was performed using a method 
approximating a hexagonal unit cell with a circular one and assuming  (Birks 1997), 
where  being centre-to-centre hole separation or pitch. This allows effective V value to be 
evaluated and gives an endless singe mode regime for designs with relative hole size 
d/<0.16, where d being hole diameter. A number of theoretical studies subsequently 
refined the single mode and multimode boundary of the PCFs and allow these PCFs to be 
easily designed. Using a multipole mode solver, Kuhlmey et al could accurately simulate 
confinement loss of modes in a PCF (Kuhlmey 2002). They showed that the confinement loss 
of the 2nd order mode displays two distinctive regimes over wavelength. The two regimes 
both have near linear dependence on normalized wavelength when plotted on a logarithmic 
scale. The 2nd order mode is well confined to the core in the short wavelength regime and is 
no longer localized in the long wavelength regime, indicating a loss of core guidance. The 
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peak in the second order derivative of the 2nd order mode confinement loss is used in to 
pinpoint the exact transitional point where the 2nd order mode is no longer guided in the 
core. This gives an endless single-mode regime for PCFs with d/<0.406. This method also 
gets around the arbitrariness of defining = (Birks 1997). Furthermore, Kuhlmey et al in a 
separate paper also point out that fundamental mode does not have the same clear cut-off 
(Kuhlmey 2002), a point analogous to that of a fundamental mode in conventional step 
index fibres, which is always guided and just gets weaker in guidance at smaller V values. It 
is also worth noting that Nielsen et al puts endless single mode regime to be at d/<0.43, 
using a more geometrical argument involving transverse mode dimension (Nielsen 2003). 
 

  
Fig. 1. Single mode and multimode boundary of PCFs, where all glass PCFs have a refractive 
index difference of 1.210-3 between the background and cladding features. 
 
The multipole method can be used to evaluate  confinement loss of the 2nd order mode in all 
glass PCFs with refractive index difference between that of the low index glass rods nr and 
the background glass nb n=nb-nr=1.210-3 (Dong 2008). This low refractive index contrast is 
chosen because the fluorine-doped silica glass is commercially available and especially 
suitable for large core operation. This refractive index contrast is also used throughout this 
chapter. The single mode and multimode boundary, i.e. 2nd order mode cut-off, is 
summarized in fig. 1 as a solid line for the all glass PCFs, along with the corresponding 
dashed-line curve for PCFs with air holes (Kuhlmey 2002). Single mode regime is to the top-
left of each curve while multimode regime is to the bottom-right of each curve. Endless 
single-mode regime is characterized by being single mode for the entire wavelength range. 
This requires d/<0.42 for the all glass PCFs, which is only slightly different from 
d/<0.406 for PCFs with air holes. This is remarkable, considering the refractive index 
contrast has changed by over two orders of magnitude in these two cases. This is, however, 
an indication that the dispersive behaviour of the photonic crystal cladding responsible for 
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peak in the second order derivative of the 2nd order mode confinement loss is used in to 
pinpoint the exact transitional point where the 2nd order mode is no longer guided in the 
core. This gives an endless single-mode regime for PCFs with d/<0.406. This method also 
gets around the arbitrariness of defining = (Birks 1997). Furthermore, Kuhlmey et al in a 
separate paper also point out that fundamental mode does not have the same clear cut-off 
(Kuhlmey 2002), a point analogous to that of a fundamental mode in conventional step 
index fibres, which is always guided and just gets weaker in guidance at smaller V values. It 
is also worth noting that Nielsen et al puts endless single mode regime to be at d/<0.43, 
using a more geometrical argument involving transverse mode dimension (Nielsen 2003). 
 

  
Fig. 1. Single mode and multimode boundary of PCFs, where all glass PCFs have a refractive 
index difference of 1.210-3 between the background and cladding features. 
 
The multipole method can be used to evaluate  confinement loss of the 2nd order mode in all 
glass PCFs with refractive index difference between that of the low index glass rods nr and 
the background glass nb n=nb-nr=1.210-3 (Dong 2008). This low refractive index contrast is 
chosen because the fluorine-doped silica glass is commercially available and especially 
suitable for large core operation. This refractive index contrast is also used throughout this 
chapter. The single mode and multimode boundary, i.e. 2nd order mode cut-off, is 
summarized in fig. 1 as a solid line for the all glass PCFs, along with the corresponding 
dashed-line curve for PCFs with air holes (Kuhlmey 2002). Single mode regime is to the top-
left of each curve while multimode regime is to the bottom-right of each curve. Endless 
single-mode regime is characterized by being single mode for the entire wavelength range. 
This requires d/<0.42 for the all glass PCFs, which is only slightly different from 
d/<0.406 for PCFs with air holes. This is remarkable, considering the refractive index 
contrast has changed by over two orders of magnitude in these two cases. This is, however, 
an indication that the dispersive behaviour of the photonic crystal cladding responsible for 
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output mode patterns are shown in fig. 2 along with the simulated mode at 1000nm. Loss of 
fundamental mode guidance is observed at below 800nm. This would give us a maximum 
2/ of ~60. The simulation gives an effective mode area of 2147m2 at 1m wavelength. 
The loss of the fabricated fibre is estimated to be less than 0.1dB/m at ~1m when kept 
straight, dominated by material losses.  

 
3. Stress-induced Waveguides 
 

In all glass micro-structured fibres with fluorine-doped silica glass features, the cladding 
features have a slightly larger coefficient of thermal expansion than that of the surrounding 
silica glass. It would contract more than the surrounding silica during cooling after exiting 
the furnace on the fibre drawing tower. This contraction is, however, constrained by the 
surrounding silica glass and will consequently put the surrounding silica glass under 
compression and the adjacent fluorine-doped glass under tension. This stress causes a 
refractive index rise in the silica glass next to each fluorine-doped rod and a corresponding 
refractive index reduction in the adjacent fluorine-doped glass. Frozen-in drawing tension 
can also contribute towards this refractive index change. It is worth noting that the refractive 
index change from a mismatch of coefficients of thermal expansion cannot be eliminated by 
thermal annealing, while the index change from the frozen-in drawing tension can be 
annealed above glass transition temperature. This stress-induced refractive index change is 
very small. Its effect is negligible in the all glass endless PCF with core diameter of ~50m or 
lower described in the last section. It is, however, a convenient and controllable way to 
produce very small refractive index contrast, and can be used to make strictly single mode 
waveguide with V<2.405 with very large core diameters.  

 

 
Fig. 3. (a) Fibre cross section and (b) refractive index scan through the centre of the fibre. 
 
The cross sections of all the fabricated fibres are identical and an example is shown in fig. 3a, 
along with its refractive index profile in fig. 3b. The fibres are made with a hexagonal array 
of slightly fluorine-doped silica rods in a silica background. A single fluorine-doped rod is 
missing in the centre. This fibre is very similar to the fibre used in the all glass endless 
single-mode PCF described in the last section, but has a much larger core. A rod diameter d 
to a centre-to-centre spacing  ratio, d/=0.36 is used. A hexagonal low index trench, 

 

shown as dark line in the fibre cross section in fig. 3a, develops half way between the low 
index rods. This effectively forms an index guiding core in the centre of the fibre with a near 
parabolic refractive index profile and a core diameter 2 (see fig. 3b). The refractive index 
scan in fig. 3b is right through the centre of the fibre and the centres of six low index rods. 
The six low index rods can be clearly seen, along with the refractive index rise in the silica 
glass adjacent to each low index rod due to the compressive stress as well as the 
corresponding refractive index reduction in the fluorine-doped silica glass adjacent to the 
silica glass due to the tensile stress. The low index trench between the low index rods (dark 
hexagonal line in fig. 3a) can also be seen clearly in the refractive index profile in fig. 3b. 
Clearly visible is also the parabolic core with a diameter of 2. 
 

 
Fig. 4. (a) Measured modes at various wavelengths in the fibre with 2=82m by a broad 
band supercontinuum source and a band-pass filter, (b) captured mode image in the fibre 
when fibre end is illuminated and captured mode image when launched power is increased 
to saturate the mode on the CCD. White dotted circles mark the location of the inner six low 
index rods. 
 
Of the several fibres fabricated, the first one has =90m, 2=82m, and a fibre diameter of 
835m. The second fibre has =142m, 2=130m, and a fibre diameter of 1.32mm. Since we 
are not able to measure refractive index of large fibres, two smaller fibres with =18m and 
31m are also drawn for refractive index measurements. Both sets of measurements show a 
parabolic index profile of the core and a refractive index difference between the centre of the 
core and the low index trench N of ~610-5, largely independent of pitch . Our waveguide 
mode analysis with a parabolic index profile of N=610-5 and 2=82m gives a LP11 mode 
cut-off wavelength at 960nm for the first fibre. This makes the first fibre a strictly single 
mode fibre at 1m. The same analysis also gives a MFD of ~68m and an effective mode 
area of ~3600m2 at 1m, setting a record for effective mode area of a single mode fibre at 
1m. Similar analysis with 2=130m gives a LP11 mode cut-off wavelength of 1.5m for 
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can also contribute towards this refractive index change. It is worth noting that the refractive 
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annealed above glass transition temperature. This stress-induced refractive index change is 
very small. Its effect is negligible in the all glass endless PCF with core diameter of ~50m or 
lower described in the last section. It is, however, a convenient and controllable way to 
produce very small refractive index contrast, and can be used to make strictly single mode 
waveguide with V<2.405 with very large core diameters.  
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along with its refractive index profile in fig. 3b. The fibres are made with a hexagonal array 
of slightly fluorine-doped silica rods in a silica background. A single fluorine-doped rod is 
missing in the centre. This fibre is very similar to the fibre used in the all glass endless 
single-mode PCF described in the last section, but has a much larger core. A rod diameter d 
to a centre-to-centre spacing  ratio, d/=0.36 is used. A hexagonal low index trench, 

 

shown as dark line in the fibre cross section in fig. 3a, develops half way between the low 
index rods. This effectively forms an index guiding core in the centre of the fibre with a near 
parabolic refractive index profile and a core diameter 2 (see fig. 3b). The refractive index 
scan in fig. 3b is right through the centre of the fibre and the centres of six low index rods. 
The six low index rods can be clearly seen, along with the refractive index rise in the silica 
glass adjacent to each low index rod due to the compressive stress as well as the 
corresponding refractive index reduction in the fluorine-doped silica glass adjacent to the 
silica glass due to the tensile stress. The low index trench between the low index rods (dark 
hexagonal line in fig. 3a) can also be seen clearly in the refractive index profile in fig. 3b. 
Clearly visible is also the parabolic core with a diameter of 2. 
 

 
Fig. 4. (a) Measured modes at various wavelengths in the fibre with 2=82m by a broad 
band supercontinuum source and a band-pass filter, (b) captured mode image in the fibre 
when fibre end is illuminated and captured mode image when launched power is increased 
to saturate the mode on the CCD. White dotted circles mark the location of the inner six low 
index rods. 
 
Of the several fibres fabricated, the first one has =90m, 2=82m, and a fibre diameter of 
835m. The second fibre has =142m, 2=130m, and a fibre diameter of 1.32mm. Since we 
are not able to measure refractive index of large fibres, two smaller fibres with =18m and 
31m are also drawn for refractive index measurements. Both sets of measurements show a 
parabolic index profile of the core and a refractive index difference between the centre of the 
core and the low index trench N of ~610-5, largely independent of pitch . Our waveguide 
mode analysis with a parabolic index profile of N=610-5 and 2=82m gives a LP11 mode 
cut-off wavelength at 960nm for the first fibre. This makes the first fibre a strictly single 
mode fibre at 1m. The same analysis also gives a MFD of ~68m and an effective mode 
area of ~3600m2 at 1m, setting a record for effective mode area of a single mode fibre at 
1m. Similar analysis with 2=130m gives a LP11 mode cut-off wavelength of 1.5m for 
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the second fibre. This would make the second fibre few-moded at 1m, but single mode at 
1.55m. The same analysis also gives the second fibre a MFD of ~80m and effective mode 
area of ~5000m2 at 1m and a MFD of ~108m and an effective mode area of ~9100m2 at 
1.55m.  
 
The mode at various wavelengths is further characterized with a broad band 
supercontinuum source and a band-pass filter. Stable single-mode operation is easily seen 
above 850nm (see Fig 4(a)). At shorter wavelengths, evidence of higher order mode is 
observed. Strictly single-mode operation at ~1m is also tested when the output mode is 
continuously monitored while the launch positioning stage is moved away from the optimal 
position and then back. An ytterbium ASE source is used for this test. No higher order mode 
is observed while adjusting the launch position up to the point where the fundamental 
mode is entirely turned off at the fibre output. Total transmission with reference to the 
power just before the fibre input end is measured to be 91.4% at ~1m. This includes 
reflection losses at the two fibre ends, indicating extremely high launch efficiency and low 
transmission loss of less than 0.05dB/m at ~1m. To confirm that the mode is guided in the 
high index region in the centre of the fibre, not by PCF guidance, the fibre output end is 
illuminated by additional white light source while the output mode is monitored at ~1m. It 
can be clearly seen that the mode only occupies the centre part of the PCF core and does not 
extend to the low index rods (see the captured image shown on in Fig. 4(a)). White circles 
mark the location of the inner six low index rods. A further test is done by monitoring the 
output mode while increasing the launched power until the centre part of the mode is 
saturated (see Fig. 4(b)). This way, faint structures away from the mode can be observed. 
The weak light in the high index ring around each low index rods can be clearly seen (the 
location of the inner six low index rods is marked by white circles). Also visible is that the 
output mode is confined within the low index trench around the parabolic refractive index 
core. It is clearly evident from the two tests shown in fig. 4 that the mode is guided by the 
local high index core in the centre of the fibre. 
 
Robust single-mode propagation is also easily observed in the second fibre at ~1m using a 
similar experimental set-up, an ytterbium ASE source and ~1m straight fibre. The second 
mode can be seen in this second fibre at ~1m when launch is optimized to excite it. No 
higher order mode than the second mode is observed. Both the fundamental and second 
mode are clearly seen being guided by the parabolic index core in the centre of the fibre. 

 
4. All Glass Leakage Channel Fibres 
 

4.1 Introduction 
Leakage channel fibres (LCFs) differ from conventional optical fibres by breaking up the 
continuity of the core and cladding boundary. This broken boundary at the core and 
cladding interface in a LCF effectively ensures that internal reflection cannot be satisfied 
everywhere, unlike in a conventional optical fibre, and, consequently, makes the waveguide 
leaky for all modes. This unique property of LCFs enables them to be precisely engineered 
to have high confinement loss for all higher order modes and low confinement loss for the 
fundamental mode, significantly extending the fundamental mode effective area comparing 

 

to that of a conventional single mode optical fibre. We essentially exploited the increased 
ability of higher order modes to leak through small gaps in the core and cladding boundary 
while maintaining good fundamental mode confinement, a concept elegantly explained 
recently by Russell (Russell 2006). 

 
4.2 Differential Mode Loss in LCFs 

 
Fig. 5. Effect of d/ on confinement loss and the loss ratio between the 2nd mode and 
fundamental mode for a LCF with 2=50m. 
 

 
Fig. 6. Effect of core diameters on upper limit, 2nd=1dB/m, and lower limits, FM=0.1dB/m, 
of LCF designs and the modal index difference of the fundamental and 2nd order modes 
near the lower limit in LCFs with n=1.210-3. 
 
The effect of normalized hole diameter d/ is studied in fig. 5 for confinement losses and 
the ratio of the 2nd mode loss to the fundamental mode loss. The confinement loss for both 
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illuminated by additional white light source while the output mode is monitored at ~1m. It 
can be clearly seen that the mode only occupies the centre part of the PCF core and does not 
extend to the low index rods (see the captured image shown on in Fig. 4(a)). White circles 
mark the location of the inner six low index rods. A further test is done by monitoring the 
output mode while increasing the launched power until the centre part of the mode is 
saturated (see Fig. 4(b)). This way, faint structures away from the mode can be observed. 
The weak light in the high index ring around each low index rods can be clearly seen (the 
location of the inner six low index rods is marked by white circles). Also visible is that the 
output mode is confined within the low index trench around the parabolic refractive index 
core. It is clearly evident from the two tests shown in fig. 4 that the mode is guided by the 
local high index core in the centre of the fibre. 
 
Robust single-mode propagation is also easily observed in the second fibre at ~1m using a 
similar experimental set-up, an ytterbium ASE source and ~1m straight fibre. The second 
mode can be seen in this second fibre at ~1m when launch is optimized to excite it. No 
higher order mode than the second mode is observed. Both the fundamental and second 
mode are clearly seen being guided by the parabolic index core in the centre of the fibre. 

 
4. All Glass Leakage Channel Fibres 
 

4.1 Introduction 
Leakage channel fibres (LCFs) differ from conventional optical fibres by breaking up the 
continuity of the core and cladding boundary. This broken boundary at the core and 
cladding interface in a LCF effectively ensures that internal reflection cannot be satisfied 
everywhere, unlike in a conventional optical fibre, and, consequently, makes the waveguide 
leaky for all modes. This unique property of LCFs enables them to be precisely engineered 
to have high confinement loss for all higher order modes and low confinement loss for the 
fundamental mode, significantly extending the fundamental mode effective area comparing 

 

to that of a conventional single mode optical fibre. We essentially exploited the increased 
ability of higher order modes to leak through small gaps in the core and cladding boundary 
while maintaining good fundamental mode confinement, a concept elegantly explained 
recently by Russell (Russell 2006). 

 
4.2 Differential Mode Loss in LCFs 

 
Fig. 5. Effect of d/ on confinement loss and the loss ratio between the 2nd mode and 
fundamental mode for a LCF with 2=50m. 
 

 
Fig. 6. Effect of core diameters on upper limit, 2nd=1dB/m, and lower limits, FM=0.1dB/m, 
of LCF designs and the modal index difference of the fundamental and 2nd order modes 
near the lower limit in LCFs with n=1.210-3. 
 
The effect of normalized hole diameter d/ is studied in fig. 5 for confinement losses and 
the ratio of the 2nd mode loss to the fundamental mode loss. The confinement loss for both 
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the fundamental and 2nd modes increases towards small d/ with the loss ratio changed 
very little over the entire range of d/, from 22 to 28. This almost constant nature of the loss 
ratio against d/ makes it a good measure of design quality when studying LCFs. Once a 
design is optimized for the maximum loss ratio, differential loss between modes, a more 
meaningful measure of higher order mode suppression in a fibre amplifier, can be obtained 
after d/ is determined to give an acceptable fundamental mode loss. The loss ratio of all 
glass LCFs is very similar to a LCF with air holes (Dong 2007). Slightly larger d/ is, 
however, required for achieving a similar confinement loss. 
Using an example design criteria which requires the fundamental mode loss, FM<0.1dB/m, 
and the 2nd order mode loss, 2nd>1dB/m, the design space at various core diameters is 
studied in fig. 6. It is interesting to see that the design space rapidly disappears below 
2<30m and totally vanishes at 2=~24m, limited by d/<1. Design space widens at large 
core diameters and smaller d/ is required for large core diameters. It is, nevertheless, easy 
to see from fig. 6 that designs for very large core diameters are possible. Maximum 
achievable core diameter will ultimately be limited by intermodal coupling due to the 
vanishing modal index difference. Core diameters of over 200µm may indeed be possible 
with appropriate choice of fibre diameters. 
 

 
Fig. 7. Effect of d/ on confinement loss and the loss ratio between the 2nd mode and 
fundamental mode for a LCF with two layers of features and 2=50m. 
 
LCFs with two layers of features can be used to further improve the differential confinement 
loss between the fundamental and 2nd order mode at the expense of bending performance. 
Acceptable fundamental mode loss at smaller feature sizes can be realized in LCFs with two 
layers of features due to the improved fundamental mode confinement, while leakage of 
higher order modes is substantially increased by a reduction of feature size despite the 
additional layer of features. Higher differential loss between modes can therefore be 
realized. Since bending loss of the fundamental mode is very strongly dependent on feature 
size, a reduction of feature size increases bend loss of the fundamental mode in LCFs. A LCF 

 

with two layers of features is studied in fig. 7. Both the fundamental mode and 2nd order 
mode loss shows the characteristic increase at small d/, while the loss ratio 2nd/FM is 
increased by over an order of magnitude comparing to the designs in fig. 5. At d/0.548, 
the fundamental mode loss FM0.1dB/m, while the 2nd order mode loss 2nd48dB/m, a 
loss ratio 2nd/FM of ~480. A very high loss ratio 2nd/FM of ~700 is possible at d/=0.62. 
In LCFs with two layers of features, the loss ratio 2nd/FM can change significantly over a 
small range of d/ and will no longer serves as a useful parameter as that in the LCFs with 
a single layer of features. 

 
4.3 Bend Loss of LCFs 
LCFs with hexagonal features as illustrated in fig. 8 are also studied for bending effects. 
Circular features have also been studied and the conclusion in this section is found to be 
largely independent of feature shapes. The fundamental, 2nd and 3rd modes in a LCF at bend 
radius R=20cm for both AA and BB bends are shown in fig. 8. This LCF has 2=50m, and 
d/=0.75. Generally, modes moves away from the bend centres and can be severely 
distorted from the straight case. The 2nd mode loss versus the fundamental loss for various 
bend radii and both AA and BB bends is summarized in fig. 9. For the AA bends, the loss 
ratio 2nd/FM converges to a line defined by 2nd/FM8 at small bend radius regardless 
d/ values. For the BB bends, the 2nd mode loss can be much lower than that of the 
corresponding AA bend at small bend radius. Bend orientation needs to be carefully 
managed if it is required to operate at very small bend radii. It is, therefore, preferable not to 
operate at very small bend radii. 
 

 
Fig. 8. Illustration of the simulated LCF with hexagonal features and the fundamental mode 
(bottom), the 2nd mode (middle) and the 3rd mode (top) for 2=50m, d/=0.75 and bend 
radius R=20cm for both AA (left) and BB (right) bend planes. The structure for the AA plane 
simulation is shown in the top figure. For the BB bend plane simulation, the fibre is rotated 
by 90 degree and the top half is chosen for the simulation. 
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vanishing modal index difference. Core diameters of over 200µm may indeed be possible 
with appropriate choice of fibre diameters. 
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Acceptable fundamental mode loss at smaller feature sizes can be realized in LCFs with two 
layers of features due to the improved fundamental mode confinement, while leakage of 
higher order modes is substantially increased by a reduction of feature size despite the 
additional layer of features. Higher differential loss between modes can therefore be 
realized. Since bending loss of the fundamental mode is very strongly dependent on feature 
size, a reduction of feature size increases bend loss of the fundamental mode in LCFs. A LCF 

 

with two layers of features is studied in fig. 7. Both the fundamental mode and 2nd order 
mode loss shows the characteristic increase at small d/, while the loss ratio 2nd/FM is 
increased by over an order of magnitude comparing to the designs in fig. 5. At d/0.548, 
the fundamental mode loss FM0.1dB/m, while the 2nd order mode loss 2nd48dB/m, a 
loss ratio 2nd/FM of ~480. A very high loss ratio 2nd/FM of ~700 is possible at d/=0.62. 
In LCFs with two layers of features, the loss ratio 2nd/FM can change significantly over a 
small range of d/ and will no longer serves as a useful parameter as that in the LCFs with 
a single layer of features. 

 
4.3 Bend Loss of LCFs 
LCFs with hexagonal features as illustrated in fig. 8 are also studied for bending effects. 
Circular features have also been studied and the conclusion in this section is found to be 
largely independent of feature shapes. The fundamental, 2nd and 3rd modes in a LCF at bend 
radius R=20cm for both AA and BB bends are shown in fig. 8. This LCF has 2=50m, and 
d/=0.75. Generally, modes moves away from the bend centres and can be severely 
distorted from the straight case. The 2nd mode loss versus the fundamental loss for various 
bend radii and both AA and BB bends is summarized in fig. 9. For the AA bends, the loss 
ratio 2nd/FM converges to a line defined by 2nd/FM8 at small bend radius regardless 
d/ values. For the BB bends, the 2nd mode loss can be much lower than that of the 
corresponding AA bend at small bend radius. Bend orientation needs to be carefully 
managed if it is required to operate at very small bend radii. It is, therefore, preferable not to 
operate at very small bend radii. 
 

 
Fig. 8. Illustration of the simulated LCF with hexagonal features and the fundamental mode 
(bottom), the 2nd mode (middle) and the 3rd mode (top) for 2=50m, d/=0.75 and bend 
radius R=20cm for both AA (left) and BB (right) bend planes. The structure for the AA plane 
simulation is shown in the top figure. For the BB bend plane simulation, the fibre is rotated 
by 90 degree and the top half is chosen for the simulation. 
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Critical bend radius for FM =1dB/m and 2dB/m for LCFs with of six circular features, 
2=50m, and d/=0.9, is plotted in fig. 10. The critical radius changes slowly at small core 
diameters, but increases faster at large core diameters. Coil diameters of less than 0.5m can 
be realized for core diameters as large as 100m.  
 

 
Fig. 9. The 2nd order mode bend loss versus the fundamental mode loss for AA and BB bend 
planes is plotted for LCFs with six hexagonal features, 2=50m, and d/=0.75, 0.8, 0.85, 0.9 
and 0.95. 
 

 
Fig. 10. Critical bend radius for FM =1dB/m and 2dB/m for LCFs with six circular features, 
n=1.210-3, 2=50m, and d/=0.9. 

 
 

 

4.4 Resonantly Enhanced LCFs 
The analysis so far is performed considering a waveguide formed by six or eighteen features 
in an infinite background glass. In reality, there is a finite fibre diameter and additional 
coatings on the optical fibre. There are typically two types of coatings used. A high index 
polymer coating is typically employed for standard optical fibres and a low index coating is 
used to form a double clad fibre which supports a multimode pump within the low index 
coating. In case of LCFs, there is a strong optical coupling between the core formed by the 
six low index features and the second cladding region beyond the six low index features. A 
deeper understanding of LCFs requires a study of the overall fibre with coating included. 
For high average output powers, a high power multimode pump is usually deployed in 
combination with a double clad fibre. An example of a double clad fibre is a LCF with low 
index polymer coating where a multimode pump is guided within the low index coating 
while a single spatial mode laser beam is guided in the core doped with active ions. Many 
modes are guided in a double clad LCF when considering the overall fibre. Fig. 11 tracks a 
number of lower order modes for a LCF with 2=50m, d/=0.7, and ncoating=1.37, while 
varying fibre outer diameter. The refractive index of the background silica glass is simulated 
by an empirical formula at =1.05m (Ghatak 1998). 
 

 
Fig. 11. Effective index of modes in a double clad LCF with 2=50m, d/=0.7 and 
ncoating=1.37 at =1.05m. 
 
The Fundamental core mode is represented by red dots (top horizontal line) and the second 
core mode by blue dots (bottom horizontal line) respectively in fig. 11. All the other modes 
are represented by black circles. The first point to note is that the fundamental core mode is 
no longer the fundamental mode (the mode with largest effective index) of the fibre at larger 
fibre diameters, which is a mode with most of its power in the second cladding region 
beyond the six low index features. In other words, the fundamental core mode is just 
another higher order mode of the fibre, which happens to resemble a Gaussian beam in the 
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Critical bend radius for FM =1dB/m and 2dB/m for LCFs with of six circular features, 
2=50m, and d/=0.9, is plotted in fig. 10. The critical radius changes slowly at small core 
diameters, but increases faster at large core diameters. Coil diameters of less than 0.5m can 
be realized for core diameters as large as 100m.  
 

 
Fig. 9. The 2nd order mode bend loss versus the fundamental mode loss for AA and BB bend 
planes is plotted for LCFs with six hexagonal features, 2=50m, and d/=0.75, 0.8, 0.85, 0.9 
and 0.95. 
 

 
Fig. 10. Critical bend radius for FM =1dB/m and 2dB/m for LCFs with six circular features, 
n=1.210-3, 2=50m, and d/=0.9. 
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polymer coating is typically employed for standard optical fibres and a low index coating is 
used to form a double clad fibre which supports a multimode pump within the low index 
coating. In case of LCFs, there is a strong optical coupling between the core formed by the 
six low index features and the second cladding region beyond the six low index features. A 
deeper understanding of LCFs requires a study of the overall fibre with coating included. 
For high average output powers, a high power multimode pump is usually deployed in 
combination with a double clad fibre. An example of a double clad fibre is a LCF with low 
index polymer coating where a multimode pump is guided within the low index coating 
while a single spatial mode laser beam is guided in the core doped with active ions. Many 
modes are guided in a double clad LCF when considering the overall fibre. Fig. 11 tracks a 
number of lower order modes for a LCF with 2=50m, d/=0.7, and ncoating=1.37, while 
varying fibre outer diameter. The refractive index of the background silica glass is simulated 
by an empirical formula at =1.05m (Ghatak 1998). 
 

 
Fig. 11. Effective index of modes in a double clad LCF with 2=50m, d/=0.7 and 
ncoating=1.37 at =1.05m. 
 
The Fundamental core mode is represented by red dots (top horizontal line) and the second 
core mode by blue dots (bottom horizontal line) respectively in fig. 11. All the other modes 
are represented by black circles. The first point to note is that the fundamental core mode is 
no longer the fundamental mode (the mode with largest effective index) of the fibre at larger 
fibre diameters, which is a mode with most of its power in the second cladding region 
beyond the six low index features. In other words, the fundamental core mode is just 
another higher order mode of the fibre, which happens to resemble a Gaussian beam in the 
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core. The second point to note is that there are strong anti-crossings, where strongly 
interacting modes take on each other’s features, e.g., a fundamental core mode at ~170m or 
a second core mode at ~135m (see insets in fig. 11 for modes), and weak anti-crossings, e.g. 
fundamental core mode at ~195m (see inset for mode), where the concerned modes share 
very little common features in practice (coupling is forbidden by symmetry). A third point 
to note is that there are many more strong anti-crossings for the second core mode. Strong 
anti-crossing is interesting, because the mode can have a larger part of its power in the 
cladding where there is no gain and, more importantly, the increased reliance on the glass 
and coating boundary for its guidance makes it more vulnerable to power leakage to coating 
and higher order modes through macro and micro bending as well as perturbation-induced 
coupling at the glass and coating interface. If a fibre diameter is chosen such that the second 
core mode is at a strong anti-crossing, further higher order mode suppression and much 
improved single mode operation in the core can be achieved. 
 

 
Fig. 12. Confinement loss and modal index of fundamental and 2nd order mode in a LCF 
with 2=50m, d/=0.7 and ncoating=1.54 at =1.05m. 
 
In a double clad LCF with low index coating, all guided modes are theoretically lossless, i.e. 
there is total internal reflection for the large number of guided modes at the glass and 
coating boundary. Though all modes are guided in this case, the modes which derives 
significant part of its guidance from glass and coating interface and less of their guidance 
from the inner cladding features are much more susceptible to macro and micro bending 
due their much large spatial presence and to glass and coating interface imperfections. This 
will effectively remove power away from these modes and reduce their effective 
propagation distance in the core, effectively rendering them lossy. Robust single mode 
operation in the core in this case implies that adequate core guidance is only possible for the 
fundamental core mode. In case where the core is doped with active ions, only the 
fundamental core mode will be strongly amplified.  
While all guided modes are lossless in a LCF with low index coating, all modes are leaky in 
a LCF with high index coating and modes which rely strongly on glass and coating interface 

 

and less on the inner cladding features for its guidance will leak out quickly. Confinement 
loss, in this case, provides a good measure of how much a mode is guided by the inner 
cladding features, and, consequently, of mode discrimination in propagation. The 
significant part of the respective mode features remain unchanged when the higher index 
coating is replaced by a lower one, and, consequently, the analysis for the case of high index 
coating also provides a good measurements in terms of mode robustness for the case of low 
index coating in a double clad fibre. The confinement losses of the same LCF with a high 
index coating of ncoating=1.54 and =1.05m is shown in fig. 12. Modes higher than 2nd 
mode, in general, have much higher loss and do not need to be considered in practice (Dong 
2007). The peaks in the confinement loss are from strong anti-crossings. They remain at the 
same locations as those in fig. 11 with low index coating. It can be clearly seen that a 
significant increase of mode discrimination can be achieved by operating at a strong second 
core mode anti-crossing.  

 
4.5 Experiments 

 
Fig. 13. Some examples of fabricated all Glass LCFs. 
 

 
Fig. 14. Measured and simulated bend loss in a LCF with 2=50m and d/0.9. 
 
A wide range of all glass LCFs are fabricated from core diameters from 35m to well over 
100m. All fibres are made with silica glass as the background glass and slightly fluorine-
doped silica glass as the features. LCFs with both circular and hexagonal features are 
fabricated and tested. The condition for the fabrication of LCFs with hexagonal features also 
creates LCFs with rounded hexagonal outline (see fig. 13). Such a shape is known to be 
preferred for the pump mode mixing in a double clad fibre where pump propagates in a 
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core. The second point to note is that there are strong anti-crossings, where strongly 
interacting modes take on each other’s features, e.g., a fundamental core mode at ~170m or 
a second core mode at ~135m (see insets in fig. 11 for modes), and weak anti-crossings, e.g. 
fundamental core mode at ~195m (see inset for mode), where the concerned modes share 
very little common features in practice (coupling is forbidden by symmetry). A third point 
to note is that there are many more strong anti-crossings for the second core mode. Strong 
anti-crossing is interesting, because the mode can have a larger part of its power in the 
cladding where there is no gain and, more importantly, the increased reliance on the glass 
and coating boundary for its guidance makes it more vulnerable to power leakage to coating 
and higher order modes through macro and micro bending as well as perturbation-induced 
coupling at the glass and coating interface. If a fibre diameter is chosen such that the second 
core mode is at a strong anti-crossing, further higher order mode suppression and much 
improved single mode operation in the core can be achieved. 
 

 
Fig. 12. Confinement loss and modal index of fundamental and 2nd order mode in a LCF 
with 2=50m, d/=0.7 and ncoating=1.54 at =1.05m. 
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there is total internal reflection for the large number of guided modes at the glass and 
coating boundary. Though all modes are guided in this case, the modes which derives 
significant part of its guidance from glass and coating interface and less of their guidance 
from the inner cladding features are much more susceptible to macro and micro bending 
due their much large spatial presence and to glass and coating interface imperfections. This 
will effectively remove power away from these modes and reduce their effective 
propagation distance in the core, effectively rendering them lossy. Robust single mode 
operation in the core in this case implies that adequate core guidance is only possible for the 
fundamental core mode. In case where the core is doped with active ions, only the 
fundamental core mode will be strongly amplified.  
While all guided modes are lossless in a LCF with low index coating, all modes are leaky in 
a LCF with high index coating and modes which rely strongly on glass and coating interface 

 

and less on the inner cladding features for its guidance will leak out quickly. Confinement 
loss, in this case, provides a good measure of how much a mode is guided by the inner 
cladding features, and, consequently, of mode discrimination in propagation. The 
significant part of the respective mode features remain unchanged when the higher index 
coating is replaced by a lower one, and, consequently, the analysis for the case of high index 
coating also provides a good measurements in terms of mode robustness for the case of low 
index coating in a double clad fibre. The confinement losses of the same LCF with a high 
index coating of ncoating=1.54 and =1.05m is shown in fig. 12. Modes higher than 2nd 
mode, in general, have much higher loss and do not need to be considered in practice (Dong 
2007). The peaks in the confinement loss are from strong anti-crossings. They remain at the 
same locations as those in fig. 11 with low index coating. It can be clearly seen that a 
significant increase of mode discrimination can be achieved by operating at a strong second 
core mode anti-crossing.  

 
4.5 Experiments 

 
Fig. 13. Some examples of fabricated all Glass LCFs. 
 

 
Fig. 14. Measured and simulated bend loss in a LCF with 2=50m and d/0.9. 
 
A wide range of all glass LCFs are fabricated from core diameters from 35m to well over 
100m. All fibres are made with silica glass as the background glass and slightly fluorine-
doped silica glass as the features. LCFs with both circular and hexagonal features are 
fabricated and tested. The condition for the fabrication of LCFs with hexagonal features also 
creates LCFs with rounded hexagonal outline (see fig. 13). Such a shape is known to be 
preferred for the pump mode mixing in a double clad fibre where pump propagates in a 
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much large cladding guide. A LCF with 2=30m and d/=0.9 is also fabricated and tested. 
The fundamental mode in this fibre is found to be not well confined with much of its power 
in the cladding. This is not too surprising, considering that it has been anticipated from fig. 6 
that design space for LCFs with core diameter below 30m rapidly vanishes. All other 
fabricated fibres in fig. 13 are easy to achieve fundamental mode propagation with a varying 
degree of bend loss performance. In general, bend loss increases rapidly with a core 
diameter increase. 
A fabricated LCF with hexagonal features, 2=50m and d/=0.9 (see insets in fig. 14) is  
first have it bend loss measured without any deliberate effort to identify bend orientations. 
This LCF is also simulated by FEM using the extracted feature contours from the measured 
cross section photo of the fibre (see bottom inset in fig. 14). All fibre parameters used in the 
simulation are directly from the measured cross section, which define the locations and sizes 
of each feature. The simulated fundamental mode bend losses along AA and BB bend planes 
are found to be reasonably close for this fibre over this range of bend radius. The bend loss 
of AA bend plane is plotted and is found to fit very well with the measured data, providing 
a reasonable level of confidence in the FEM simulation. 
 

 
Fig. 15. Cross section, measured mode and fibre details are given for the LCF with 101m 
core, left inset, and the LCF with 183.3m core, right inset. Both fibres have coating index of 
1.54. Measured bend loss for LCFs with various core diameters. 
 
The LCF, shown on the top left inset in fig. 15, has 2=101m, d/=0.9 and a coating with 
ncoating=1.54. The effective mode area of the LCF is calculated to be 5117m2. A length of the 
LCF ~6m long is loosely coiled in a 1m coil and the Measured M2 with an ASE source and 
Spiricon M2-200 is M2x=1.26 and M2y=1.29. M2 is commonly used for beam quality 
measurement. A M2 value of 1 corresponds to a perfect Gaussian beam profile, with all 
practical beams having an M2 value >1. The LCF, shown on the top right inset, has 
2=183.3m, d/=0.8 and a coating with ncoating=1.54. A conventional single mode optical 

 

fibre of the same scale is also shown for comparison. The effective mode area of this LCF is 
calculated to be 15861m2, a record effective mode area and over two orders of magnitude 
improvement over conventional single mode optical fibre. The Measured M2 of a 1m 
straight fibre with an ASE source is M2x=1.22 and M2y=1.23. Measured mode pattern at the 
output of the fibres are also shown in fig. 15. Mode, in general, is more sensitive to external 
stress on the fibre at very large core diameters, leading to the distortion on the mode 
pattern. 
Fig. 15 also summarizes bend loss measurements in fibre LCFs with core diameters of 35m, 
40m, 50m, 101m and 152m respectively. The fibre is first laid in prefabricated circular 
grooves with various diameters. Transmission at each coil diameters is then measured after 
the output mode pattern is confirmed. Absolute transmission of the fibres is measured by a 
separate cut-back measurement. The absolute transmission is then used to re-calibrate the 
relative bend loss measurement. The ability of LCFs to be bent diminishes very quickly as 
the core diameter increases. This effect is fundamentally related to the fact that the ability of 
guided modes to navigate a bend is related to how rapidly a mode can change its spatial 
pattern without breaking up while propagating, i.e. maintain adiabatic transition. As the 
mode gets larger, this ability to change diminishes very quickly. 
 

 
Fig. 16. The cross section and measured modes for a LCF with n=1.210-3, 2=52.7m, 
d/=0.8, flat-to-flat dimension=254.2m, effective mode area=1548m2 at 1.05m, pump 
absorption=11dB/m at 976nm, pump NA=0.45. Measured M2 at 1064nm is 1.17/1.18. 
 

 
Fig. 17. Measured mode of the Hi1060-spliced and ytterbium-doped LCF. 
 
Ytterbium-doped all glass LCFs is also fabricated by incorporating ytterbium-doped glass 
with refractive index closely matched to that of the silica glass. An example of such a fibre is 
shown in fig. 16. This LCF is coated with a low index polymer, which guides pump with a 
pump NA of 0.45. This LCF has pump absorption of 11dB/m at the peak of ytterbium 
absorption at ~976nm. This LCF also has 2=52.7m and d/=0.8. This gives simulated 
effective area of 1548m2 at 1.05m. This LCF has a rounded hexagonal shape and a flat-to-
flat dimension of 254.2m. 
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much large cladding guide. A LCF with 2=30m and d/=0.9 is also fabricated and tested. 
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measurement. A M2 value of 1 corresponds to a perfect Gaussian beam profile, with all 
practical beams having an M2 value >1. The LCF, shown on the top right inset, has 
2=183.3m, d/=0.8 and a coating with ncoating=1.54. A conventional single mode optical 

 

fibre of the same scale is also shown for comparison. The effective mode area of this LCF is 
calculated to be 15861m2, a record effective mode area and over two orders of magnitude 
improvement over conventional single mode optical fibre. The Measured M2 of a 1m 
straight fibre with an ASE source is M2x=1.22 and M2y=1.23. Measured mode pattern at the 
output of the fibres are also shown in fig. 15. Mode, in general, is more sensitive to external 
stress on the fibre at very large core diameters, leading to the distortion on the mode 
pattern. 
Fig. 15 also summarizes bend loss measurements in fibre LCFs with core diameters of 35m, 
40m, 50m, 101m and 152m respectively. The fibre is first laid in prefabricated circular 
grooves with various diameters. Transmission at each coil diameters is then measured after 
the output mode pattern is confirmed. Absolute transmission of the fibres is measured by a 
separate cut-back measurement. The absolute transmission is then used to re-calibrate the 
relative bend loss measurement. The ability of LCFs to be bent diminishes very quickly as 
the core diameter increases. This effect is fundamentally related to the fact that the ability of 
guided modes to navigate a bend is related to how rapidly a mode can change its spatial 
pattern without breaking up while propagating, i.e. maintain adiabatic transition. As the 
mode gets larger, this ability to change diminishes very quickly. 
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Fig. 17. Measured mode of the Hi1060-spliced and ytterbium-doped LCF. 
 
Ytterbium-doped all glass LCFs is also fabricated by incorporating ytterbium-doped glass 
with refractive index closely matched to that of the silica glass. An example of such a fibre is 
shown in fig. 16. This LCF is coated with a low index polymer, which guides pump with a 
pump NA of 0.45. This LCF has pump absorption of 11dB/m at the peak of ytterbium 
absorption at ~976nm. This LCF also has 2=52.7m and d/=0.8. This gives simulated 
effective area of 1548m2 at 1.05m. This LCF has a rounded hexagonal shape and a flat-to-
flat dimension of 254.2m. 
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The mode from a 20cm piece of this LCF is measured using a broad band super-continuum 
source followed by a band-pass filter. Captured mode at various wavelengths is shown in 
fig. 16. It can be seen that fundamental mode operation is achieved in such a short length of 
fibre for wavelength as low as 800nm. This LCF is found to robustly guide the fundamental 
mode at ~1m. The output mode pattern is essentially independent of launch conditions. 
This test also shows that mode quality is not compromised by the incorporation of the 
ytterbium-doped glass in the core. It is further demonstrated that this LCF can be directly 
spliced to Hi1060. The splice loss is measured at 1.3µm away from the ytterbium absorption 
to be ~1.5dB. This is much lower than the expected ~10dB from modal overlap, indicating a 
significant level of mode-matching at the splice. No compromise of mode quality is 
observed when light is launched via Hi1060 at ~1m, demonstrating potential for all-fibre 
devices with much improved stability and reliability (see fig. 17). 
 

 
Fig. 18. (a) An all glass active LCF and (b) an all glass PM active LCF with highly fluorine-
doped pump cladding. 
 
Additionally, active double clad all glass leakage channel fibres can be fabricated with 
highly fluorine-doped silica as pump cladding (see fig. 18). The new all glass leakage 
channel fibres have no polymer in the pump path and have independent control of fibre 
outer diameters and pump cladding dimension, and, therefore, enables designs with smaller 
pump guide for higher pump absorption and, at the same time, with large fibre diameters to 
minimize micro and macro bending effects, a much desired features for large core fibres 
where intermodal coupling could an issue due to much increased mode density. Stress rods 
can also be added for PM LCFs (see fig. 18).  
 
5. Conclusion 
 

All glass micro-structured fibres enables access to many new 2D designs beyond 
conventional optical fibres while maintaining the ease of fabrication and use akin to that of 
conventional optical fibres. This new technology has proven to be especially useful for 
single mode operations in fibre with core diameters much beyond conventional optical 
fibres. These fibres are starting to find significant applications for power scaling in fibre 
lasers, potentially enabling fibre lasers to be able to compete with solid state laser in offering 

 

pulsed laser systems of high peak powers for material processing and biomedical 
applications.  
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The mode from a 20cm piece of this LCF is measured using a broad band super-continuum 
source followed by a band-pass filter. Captured mode at various wavelengths is shown in 
fig. 16. It can be seen that fundamental mode operation is achieved in such a short length of 
fibre for wavelength as low as 800nm. This LCF is found to robustly guide the fundamental 
mode at ~1m. The output mode pattern is essentially independent of launch conditions. 
This test also shows that mode quality is not compromised by the incorporation of the 
ytterbium-doped glass in the core. It is further demonstrated that this LCF can be directly 
spliced to Hi1060. The splice loss is measured at 1.3µm away from the ytterbium absorption 
to be ~1.5dB. This is much lower than the expected ~10dB from modal overlap, indicating a 
significant level of mode-matching at the splice. No compromise of mode quality is 
observed when light is launched via Hi1060 at ~1m, demonstrating potential for all-fibre 
devices with much improved stability and reliability (see fig. 17). 
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minimize micro and macro bending effects, a much desired features for large core fibres 
where intermodal coupling could an issue due to much increased mode density. Stress rods 
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conventional optical fibres while maintaining the ease of fabrication and use akin to that of 
conventional optical fibres. This new technology has proven to be especially useful for 
single mode operations in fibre with core diameters much beyond conventional optical 
fibres. These fibres are starting to find significant applications for power scaling in fibre 
lasers, potentially enabling fibre lasers to be able to compete with solid state laser in offering 

 

pulsed laser systems of high peak powers for material processing and biomedical 
applications.  
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