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Preface 
 

The use of satellites in communications systems is very much a fact of everyday life, as 
is evidenced by the many homes equipped with antennas, or dishes used for reception 
of satellite television. What may not be so well known is that satellites form an 
essential part of telecommunication systems worldwide, carrying large amounts of 
data and telephone traffic in addition to the television signals. 

Satellite communication systems are now a major part of most telecommunications 
networks as well as our everyday lives through mobile personal communication 
systems and broadcast television. A sound understanding of such systems is therefore 
important for a wide range of system designers, engineers and users. 

Satellites offer a number of features not readily available with other means of 
communications. Because very large areas of the earth are visible from a satellite, the 
satellite can form the star point of communications network, simultaneously linking 
many who may be widely separated geographically. The same features enable 
satellites to provide communication links to remote communities in sparsely 
populated areas that are difficult to access by other means. Of course, satellites' signals 
ignore political boundaries as well as geographic ones, which may or may not be a 
desirable feature. 

A satellite communications system uses a variety of technologies combining many 
areas of engineering fields, from video compression to access techniques, modulation 
schemes, and error correction capabilities. In addition, a satellite link engineer has to 
consider the constrains of the communication channel; so many radio frequency 
calculations are needed, these include link budget analysis, propagation effects, 
amplifiers' operational points, antennas size, transmission lines, impedance matching, 
etc. 

This book provides a comprehensive review of some applications that have driven this 
growth. It analyzes various aspects of Satellite Communications from Antenna design, 
Real Time applications, Quality of Service (QoS), Atmospheric effects, Hybrid Satellite-
Terrestrial Networks, Sensor Networks and High Capacity Satellite Links. 

It is the desire of the editors that the topics selected for this book can give the reader an 
overview of the current trends in Satellite Systems, and also an in depth analysis of the 
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technical aspects of each one of them. The editors would like to acknowledge the 
support of all of those people at the InTech (Open Access Publisher) who have helped 
during the process of this book. In particular, special thanks to Ms. Mia Devic for her 
valuable comments, hard work and continued guidance. 
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Helical Antennas in Satellite Radio Channel 
Maja Škiljo and Zoran Blažević 

University of Split, Faculty of electrical engineering,  
mechanical engineering and naval architecture,  

Croatia 

1. Introduction 

Monofilar and multifilar helical antennas are the most widely proposed antennas in satellite 
communications systems. The main reason why these antennas constitute an asset in 
applications concerning satellite and space communications generally is circular 
polarization. Good axial ratio provides precise measurement of the polarization of the 
received signal due to immunity of the circularly polarized wave to Faraday rotation of the 
signal propagating through the ionosphere. 
In addition to circular polarization, monofilar helical antennas offer the advantage of high 
gain in axial direction over a wide range of frequencies which makes them suitable for 
applications in broadband satellite communications. Split beam and conical beam radiation 
patterns of bifilar and quadrifilar helical antennas respectively, offer even more applications 
in mobile satellite communications (Kilgus, 1975; Nakano et al., 1991). Also, backfire helical 
antenna has stood out as a better feed element for parabolic reflector than the axial mode 
helical antenna and horn antennas (Nakano et al., 1988). Beside the number of wires in 
helical antenna structure, it is possible to use antenna’s physical parameters to control the 
directivity pattern. Phase velocity of the current can be controlled by changing the pitch 
angle and circumference (Kraus, 1988; Mimaki & Nakano, 1998), and the ground plane can 
be varied in its size and shape to achieve a certain form of radiation pattern and higher 
antenna gain (Djordjevic et al., 2006; Nakano et al., 1988; Olcan et al., 2006). Various 
materials used in helical antenna design, even only for the purpose of mechanical support or 
isolation, can noticeably influence the antenna’s performance so this should be taken into 
account when designing and modeling the desirable helical antenna structure (Casey & 
Basal, 1988a; Casey & Basal, 1988b; Hui et al., 1997; Neureuther et al., 1967; Shestopalov et 
al., 1961; Vaughan & Andersen, 1985). 
A theoretical study of a sheath, tape and wire helix given in (Sensiper, 1951) provided the 
base for a physical model of the helical antenna radiation mechanism. The complex 
solutions of the determinantal equation for the propagation constants of the surface waves 
traversing a finite tape helix are used to calculate the current distribution on helical antenna 
in (Klock, 1963). The understanding of the waves propagating on the helical antenna 
structure can also provide a good assessment of the circular polarization purity as well as 
the estimation of varying the helical antenna radiation characteristics by changing the 
antenna’s physical parameters and using various materials in helical antenna design 
(Maclean & Kouyoumjian, 1959; Neureuther et al., 1967; Vaughan & Andersen, 1985). 
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Although an analytical approach can sometimes provide a fast approximation of helix 
radiation properties (Maclean & Kouyoumjian, 1959), generally it is a very complicated 
procedure for an engineer to apply efficiently and promptly to the specified helical antenna 
design. Therefore, we combine the analytical with the numerical approach, i. e. the thorough 
understanding of the wave propagation on helix structure with an efficient calculation tool, 
in order to obtain the best method for analyzing the helical antenna. 
In this chapter, a theoretical analysis of monofilar helical antenna is given based on the tape 
helix model and the antenna array theory. Some methods of changing and improving the 
monofilar helical radiation characteristics are presented as well as the impact of dielectric 
materials on helical antenna radiation pattern. Additionally, backfire radiation mode formed 
by different sizes of a ground reflector is presented. The next part is dealing with theoretical 
description of bifilar and quadrifilar helices which is followed by some practical examples of 
these antennas and matching solutions. The chapter is concluded with the comparison of 
these antennas and their application in satellite communications.  

2. Monofilar helical antennas 
The helical antenna was invented by Kraus in 1946 whose work provided semi-empirical 
design formulas for input impedance, bandwidth, main beam shape, gain and axial ratio 
based on a large number of measurements and the antenna array theory. In addition, the 
approximate graphical solution in (Maclean & Kouyoumjian, 1959) offers a rough but also a 
fast estimation of helical antenna bandwidth in axial radiation mode. The conclusions in 
(Djordjevic et al., 2006) established optimum parameters for helical antenna design and 
revealed the influence of the wire radius on antenna radiation properties. The optimization 
of a helical antenna design was accomplished by a great number of computations of various 
antenna parameters providing straightforward rules for a simple helical antenna design.  
Except for the conventional design, the monofilar helical antenna offers many various 
modifications governed by geometry (Adekola et al., 2009; Kraft & Monich, 1990; Nakano et 
al., 1986; Wong & King, 1979), the size and shape of reflector (Carver, 1967; Djordjevic et al., 
2006; Nakano et al., 1988; Olcan et al., 2006), the shape of windings (Barts & Stutzman, 1997, 
Safavi-Naeini & Ramahi, 2008), the various guiding (and supporting) structures added 
(Casey & Basal, 1988a; Casey & Basal, 1988b; Hui et al., 1997; Neureuther et al., 1967; 
Shestopalov et al., 1961; Vaughan & Andersen, 1985) and other. This variety of multiple 
possibilities to slightly modify the basic design and still obtain a helical antenna 
performance of great radiation properties with numerous applications is the motivation 
behind the great number of helical antenna studies worldwide.  

2.1 Helix as an antenna array 
A simple helical antenna configuration, consisted of a perfectly conducting helical conductor 
wounded around the imaginary cylinder of a radius a with some pitch angleψ, is shown in 
Fig. 1. The conductor is assumed to be a flat tape of an infinitesimal thickness in the radial 
direction and a narrow width δ in the azimuthally direction. The antenna geometry is 
described with the following parameters: circumference of helix C = πD, spacing p between 
the successive turns, diameter of helix D = 2a, pitch angle ψ = tan-1(p/πD), number of turns 
N, total length of the antenna L = Np, total length of the wire Ln = NL0 where L0 is the wire 
length of one turn L0 = (C2 + p2)1/2.  
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Fig. 1. The tape helix configuration and the developed helix. 

Considering the tape is narrow, δ <<λ, p, a, assuming the existence of electric and magnetic 
currents in the direction of the antenna axis of symmetry and applying the boundary 
conditions on the surface of the helix, we can derive the field expressions for each existing 
free mode as the total of an infinite number of space harmonics caused by helix periodicity 
with the propagation constants hm = h + 2πm/p, where m is an integer (Sensiper, 1951). 
Knowing the field components at the antenna surface, the far field in spherical coordinates 
(R,θ,ϑ) for each existing mode can be obtained upon by the Kirchhoff-Huygens method. The 
contribution to the radiated field of each space harmonic can be written in the form of the 
element factor and the array factor product, thus the total radiated electric field caused by 
the particular mode is expressed as (Cha, 1972; Kraus, 1948; Shestopalov, 1961; Vaughan & 
Andersen, 1985): 

 ( ) ( ) ( ), , ;m m
m

E F G Lθ θθ ϑ θ ϑ ϑ
∞

=−∞

=  , (1) 

 ( ) ( ) ( ), , ;m m
m

E F G Lϑ ϑθ ϑ θ ϑ ϑ
+∞

=−∞

=  . (2) 
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The element factors Fθm and Fϑm represent the contribution of each turn to the total field in 
some far point of the space due to the mth cylindrical space harmonic, and are determined as: 

 ( ) ( )0 1 1, 2 cot sin ,a a a
m zm m m zm m m

m
F E E J jZ H J J

kaθ θθ ϑ ϑ ϑ + −
 = − − − 
 

  (3) 

 ( ) ( )0 1 1, 2 cot sin ,a a a
m zm m m zm m m

m
F Z H H J jE J J

kaϑ θθ ϑ ϑ ϑ + −
 = − + − 
 

  (4) 

where Eaθm, Eaϑm, and Haθm, Haϑm are the mth cylindrical space harmonic amplitudes of electric 
and magnetic field spherical components at the antenna surface respectively, 

0 02 2k f f cπ μ ε π= =  is the free-space wave-number, 0 0 0 120  Z μ ε π= = Ω  is the 
impedance of the free space, and ( )sinm mJ J ka ϑ=  is the ordinary Bessel function of the first 
kind and order m. The complex array factor Gm is calculated for each space harmonic as: 

 ( ) ( ) 2; sinc 2 mjN
m mG L L N eϑ Φ= Φ , (5) 

where Φm is the phase difference for the mth harmonic between the successive turns: 

 cos m
m

h
kL

k
ϑ Φ = − 

 
. (6) 

Unlike the element factor, the array factor defines the directivity and does not influence the 
polarization properties of the antenna. It is found (Kraus, 1949) that, although (3) and (4) are 
different in form, the patterns (1) and (2) for entire helix are nearly the same, and the similar 
could also be stated for the dielectrically loaded antenna. Furthermore, the main lobes of Eθ 
and Eϑ patterns are very similar to the array factor pattern. Hence, the calculation of the 
array factor alone suffices for estimations of the antenna properties at least for long helices.  
Assuming only a single travelling wave on the helical conductor, following (1)-(2), a helix 
antenna can be depicted as an array of isotropic point sources separated by the distance p, as 
in Fig. 2. The normalized array factor is: 

 ( )
( )

sin 2
sin 2A

N
G

N

Φ
=

Φ
. (7) 

This is justified as the absolute of (5) and (7) are approximately equal, and small differences 
become noticeable only for N ≤ 5. Denoting the phase difference for the fundamental space 
harmonic of axial mode as Φ0 = Φ in (6), the Hansen-Woodyard condition for the maximum 
directivity in the axial direction (ϑ = 0) states that (Maclean & Kouyoumjian, 1959): 

 12 1
2N

π  Φ = − + 
 

, (8) 

Ideally, applying (6)-(8), the radiation characteristics of the helical antenna and the antenna 
geometry can be directly connected by single variable, the velocity v of the surface wave 
(Kraus, 1949; Maclean & Kouyoumjian, 1959; Nakano et al., 1986; Wong & King, 1979). As 
the wave velocities in a finite helix are hard to calculate, those calculated for the infinite  
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Fig. 2. The array of N point sources. 

helix can be applied as a fair approximation. The determinantal equation for the wave 
propagation constants on an infinite helical waveguide is given and analyzed in (Klock, 
1963; Mittra, 1963; Sensiper, 1951, 1955) and generalized forms of the equation for helices 
filled with dielectrics are considered in (Blazevic & Skiljo, 2010; Shestopalov et al. 1961; 
Vaughan & Andersen, 1985). The solutions are obtained in a form of the Brillouin diagram 
for periodic structures, which dispersion curves are symmetrical with respect to the ordinate 
(the circumference of the helix in wavelengths). The calculated propagation constants (phase 
velocities) of free modes are real numbers settled within the triangles defined by 
lines cotka ha m ψ= ±  , among which those with |m| = 1 comply with the condition (8) for 
infinite arrays. The m = 0 and m = −1 regions of the diagram refer to the so called normal 
and the axial mode, respectively. The Brillouin diagram provide the information about the 
group velocity of the surface waves calculated as the slope of the dispersion curves at given 
frequency. It is important to note that the phase and group velocities on the helix may have 
opposite directions. When the circumference of the helix is small compared to the 
wavelength, the normal mode dominates over the others and the maximum radiated field is 
perpendicular to helix axis. These electric field components are then out of phase so the total 
far field is usually elliptically polarized. Due to the narrow bandwidth of radiation, the 
normal mode helical antenna is limited to narrow band applications (Kraus, 1988). Axial 
radiation mode is obtained when the circumference of helix is approximately one 
wavelength, achieving a constructive interference of waves from the opposite sides of turns 
and creating the maximum radiation along the axis. Helical antenna in the axial mode of 
radiation is a circularly polarized travelling-wave wideband antenna.  
However, due to the assumption of the existence of only a single travelling wave, the 
modeling of helical antenna as a finite length section of the helical waveguide has some 
practical shortcomings, which becomes more problematical as the antenna length becomes 
shorter. Consider an example of the typical axial mode current distribution on Fig. 3, 
obtained at Cλ = 1.0 for the helical antenna with ψ = 14° and N = 12. We may observe three 
regions: the exponential decaying region away from the source, the surface wave region 
after the first minimum and the standing wave due to reflection of the outgoing wave at the 
open antenna end. The works of (Klock, 1963; Kraus, 1948, 1949; Marsh, 1950) showed that 
the approximate current distribution can be estimated assuming two main current waves, 
one with a complex valued phase constant settled in the region of normal mode (m = 0) that 
forms a standing wave deteriorating antenna radiation pattern, and one with real phase 
constant in the region of the axial mode (m = – 1) that contributes to the beam radiation.  
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Fig. 3. A typical axial mode current distribution on helical antenna. 

The analytical procedure of a satisfying accuracy for determining the relationship between 
the powers of the surface waves traversing the arbitrary sized helical antenna may still be 
sought using a variational technique, assuming the existence of only two principal 
propagation modes (normal and axial), and a sinusoidal current distributions for each of 
them taking into account the velocities calculated for the infinite helical waveguide, as 
shown by (Klock, 1963). However, as the formula for the total current on the helix involves 
integrals of a very complex form, one may rather chose to use the classical design data given 
in (Kraus, 1988) which, for helices longer than three turns, define the optimum design 
parameters in a limited span of the pitch angles in the frequency range of the axial mode. 
The semi-empirical formulas for antenna gain G in dB, input impedance R in ohms, half 
power beam-width HPBW in degrees and axial ratio AR, are given by: 

 
2

11.8 10 logG
p C

N
λ λ

= +
          

, (9) 

 140
C

R
λ

= , (10) 

 2 1
2
N

AR
N

+
= , (11) 

 52
HPBW

C p
N

λ λ

=
   
   
   

. (12) 
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Because of the traveling-wave nature of the axial-mode helical antenna, the input impedance 
is mainly resistive and frequency insensitive over a wide bandwidth of the antenna and can 
be estimated by (10). The discrepancy from a pure circular polarization, described with axial 
ratio AR, depends on the number of turns N and it approaches to unity as the number of 
turns increases. It is interesting to note that this formula is obtained by Kraus using a quasi-
empirical approach where the phase velocity is assumed to always satisfy the Hansen- 
Woodyard condition for increased directivity. The reflected current degrades desired 
polarization in forward direction and by suppressing it (with tapered end for example); the 
formula (11) becomes more accurate (Vaughan & Andersen, 1985). However, King and 
Wong reported that without the end tapering the axial ratio formula often fails (Wong & 
King, 1982). Also, based on a great number of experimental results, they established that in 
the equation (13), valid for 12° < ψ < 15°, 3/4 < C/λ < 4/3 and N > 3, numerical factor can be 
much lower than 15, usually between 4.2 and 7.7 (Djordjevic et al., 2006), providing a 
different expression for the helical antenna gain: 

 
2 1 0.8

2tan 12.5
8.3

tan

NN

p p

D Np
G

π
λ λ ψ

+ −

=
     
             



, (13) 

where λp is wavelength at peak gain. 
The existence of multiple free modes on a helical antenna makes the theoretical analysis 
even more complicated when a dielectric loading is introduced. Consider two examples of 
the Brillouin diagram in the region m = −1 for the case of ψ = 13°, δ = 1 mm, N = 10 given on 
Fig. 4 a) and b) respectively. The first refers to the empty helix and the second to the helix 
filled uniformly with a lossless dielectric of relative permittivity εr = 6. The A points mark 
the intersections of the dispersion curves of the determinantal equation with the line defined 
by the Hansen-Woodyard condition (8). Obviously, their positions depend on the number of 
turns. Point B marks the calculated upper frequency limit of the axial mode, fB i.e. the 
frequency at which the SLL is increased to 45 % of the main beam, the criterion adopted 
from (Maclean & Kouyoumjian, 1959). In the case of helical antenna with dielectric core, due 
to the difference in permittivity of the antenna core and surrounding media, it can be noted 
that the solutions shape multiple branches. It can also be shown that the number of branches 
increases rapidly by increasing the permittivity and decreasing the pitch angle.  
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a)                                                                        b) 

Fig. 4. A section of the Brillouin diagram in the axial mode region (m = −1) for the tape helix 
with parameters ψ = 13°, δ = 1 mm, N = 10, εr = 1 a) and εr = 6 b). 
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The existence of multiple axial modes as in Fig. 4 b) implicates a possibility of the existence 
of a number of optimal frequencies (A points), one for each axial mode. However, if the 
permittivity is high enough and the pitch angle low enough, the power of the lowest axial 
mode may be found to be insufficient to shape a significant beam radiation. Then the 
solution A at the lowest mode branch of the dispersion curve is settled below the minimum 
beam mode frequency fL. This frequency limit marks the frequency at which the axial mode 
power starts to dominate over the normal mode power. It is usually determined as the 
lowest frequency at which the circular polarization is formed i.e. the axial ratio is less than 
two. Also, the HPBW of the main lobe falls below 60 degrees but this criterion can be strictly 
applied only for longer helices (longer than ten turns). As the working frequency starts to 
surmount this limit, the current magnitude distribution is transformed steadily toward the 
classical shape of the axial mode current (Kraus, 1988) as in Fig. 3. Also, as the classical 
current distribution forms, the character of the input impedance starts to be mainly real. It is 
found in (Maclean & Kouyoumjian, 1959) that the lower limit remains approximately 
constant regardless of the antenna length. This fact is confirmed for the dielectrically loaded 
helices as well in (Blazevic & Skiljo, 2010). It is also noted that the change in the maximum 
axial mode frequency with varying permittivity and pitch angle as the consequence of the 
change of the surface wave group velocity is much more emphasized than the change of the 
minimum frequency. This means that, as the optimal frequency becomes lower, the axial 
mode bandwidth shrinks. The overall effect of the permittivity and pitch angle on the 
fractional axial mode bandwidth (defined as the ratio of the bandwidth and twice the central 
frequency) for the various antenna lengths is depicted on Fig. 5. 
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Fig. 5. The axial mode fractional bandwidth of the antennas for various dielectric loadings 
and pitch angles vs. number of turns. 
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2.2 Impact of materials used in helical antenna design 
A frequently used antenna is the conventional monofilar helical structure wrapped around a 
hollow dielectric cylinder providing a good mechanical support, especially for thin and long 
helical antennas. In the case of commercially manufactured helical antennas they are often 
covered with non-loss dielectric material all over, while in amateur applications sometimes 
low cost lossy materials take place. The properties of various materials used in antenna 
design and their selection can be of great importance for meeting the required antenna 
performance, and the purpose of this chapter is to provide an insight to its influence based 
on a practical example.  
The CST Microwave Studio was used to analyze the impact of various materials and their 
composition on helical antenna design and optimal performance. Since the chapter focuses 
on longer antennas, a 12-turn helix was chosen. We created the helical structure with the 
following parameters: f = 2430 MHz, D = 42 mm, C = 132 mm, p = 33 mm, L = 396 mm, N = 
12, a = 1 mm and Ψ = 14°. Instead of infinite ground plane commonly used in numerical 
simulations, we formed a round reflector with the diameter of Dr = 17 cm to be closer to the 
widespread practical design. The resistance of the source is selected to be 50 Ω and the 
thickness of the dielectric tube in practical design is 1mm.   
The antenna shown in Fig. 6 a) is the reference model of the helical antenna constructed of a 
perfectly conducting helical conductor and a finite size circular reflector using the 
hexahedral mesh. 
 

 
a) 

 
b) 

Fig. 6. The simulated helical antenna structures: a) the reference model and b) the practical 
design simulation. 
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The simulation results in Fig. 7 demonstrate the influence of applied materials on the 
antenna VSWR and gain in frequency band from 1.8-2.8 GHz. Each material was examined 
separately except for the practical design of the antenna which included all the materials 
used. First step to practical design of the helical antenna depicted in Fig. 6 a) was the 
replacement of the PEC material with the copper one, which produced negligible effects on 
the antenna parameters as expected. Lossy dielectric wire coating added to reference model 
with permittivity and conductivity selected to be εr = 3 andσ = 0.03 S/m, however, caused 
noticeable change in the overall antenna performance. The antenna input impedance is 
decreased where primarily the capacitive reactance is decreased because of the higher 
permittivity along the helical conductor. Also, the gain is decreased and the frequency 
bandwidth of the antenna is shifted to somewhat lower frequencies. The empty dielectric 
tube (EDT), often used as a mechanical support for long antennas, is analyzed in two steps. 
First, non-loss EDT (with εr = 3) added to the reference model, produced gain decrease and 
the bandwidth shift. At the same time, the antenna input impedance decreases causing the 
improvement of VSWR. When the conductivity of σ = 0.03 S/m is added in second step, 
these effects are much more emphasized, especially for the antenna gain.  
Comparing the obtained antenna gain of 13.96 dB at f = 2.43 GHz of reference PEC model 
with (9) and (13), where calculated gains are G = 17.44 dB and G = 13.21 dB respectively, it is 
found that the first formula is too optimistic as expected, and the second one is acceptable 
for some readily estimation of helical antenna gain. To the reference, the final practical 
antenna design, comprising the copper helical wire covered with lossy dielectric wire 
coating wounded around the lossy dielectric tube, and the finite size circular reflector, 
achieves gain of 10.91 dB at 2.43 GHz and peak gain of 13.18 dB at 2.2 GHz. Thus, in 
comparison with PEC helical antenna in free space, the practical antenna performance is 
significantly influenced by the dielectric coating and supporting EDT. 

2.3 Changing the parameters of helix to achieve better radiation characteristics 
High antenna gain and good axial ratio over a broad frequency band are easily achieved by 
various designs of a helical antenna which can take many forms by varying the pitch angle 
(Mimaki and Nakano, 1998; Nakano et al., 1991; Sultan et al., 1984), the surrounding 
medium (Bulgakov et al., 1960; Casey and Basal, 1988; Vaughan and Andersen, 1985) and 
the size and shape of reflector (Djordjevic et al., 2006; Nakano et al., 1988; Olcan et al., 2006). 
In this chapter, we introduce a design of the helical antenna obtained by combining two 
methods to improve the radiation properties of this antenna; one is changing the pitch 
angle, i.e. combining two pitch angles (Mimaki and Nakano, 1998; Sultan et al., 1984) and 
the other is reshaping the round reflector into a truncated cone reflector (Djordjevic et al., 
2006; Olcan et al., 2006).  
It is shown (Mimaki and Nakano, 1998) that double pitch helical antenna radiates in endfire 
mode with slightly higher gain over wider bandwidth. Two pitch angles were investigated; 
2° and 12.5°, along different lengths of the antenna. Their relative lengths were varied in 
order to obtain a wider bandwidth with higher antenna gain. In (Skiljo et al., 2010) the axial 
mode bandwidth was examined by means of parameters defining the limits of the axial 
radiation mode: axial ratio, HPBW, side lobe level (SLL) and total gain in axial direction, 
whereas the method of changing the pitch angle was applied to a helical antenna wounded 
around a hollow dielectric cylinder with the pitch angle of 14°. The maximum gain of the 
antennas with variable lengths h/H, where h is the antenna length where pitch angle ψh = 2° 
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and H is the rest of the antenna with ψH = 12.5°, is achieved with h/H = 0.26 (Mimaki and 
Nakano, 1998; Skiljo et al., 2010).  
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Fig. 7. The simulation results of material influence on antenna a) gain and b) VSWR. 
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Various shapes of ground plane were considered: infinite ground plane, square conductor, 
cylindrical cup and truncated cone, whereas the later produced the highest gain increase 
relative to the infinite ground plane. So, we used the truncated cone reflector with optimal 
cone diameters D1 = 1.3λ and D2 = 0.4λ and height h = 0.5λ  in order to maximize the gain of 
the previously simulated double pitch helical antenna (Skiljo et al., 2010). Applying the 
criteria for the cut-off frequencies of the axial mode from chapter 2.1, it is observed that the 
bandwidth of the axial mode is not increased (it is slightly shifted towards lower 
frequencies) by using two pitch angles and a truncated cone reflector. Fig 8 a) shows the 
antenna model used in chapter 2.2 with non loss dielectric tube (with εr = 3) and b) the 
simulated double pitch helical antenna.  
 
 

 
a) 

 
b) 

Fig. 8. Simulation of the a) standard twelve turn helical antenna and b) double pitch helical 
antenna with truncated cone reflector. 



 
Helical Antennas in Satellite Radio Channel 

 

15 

1.6 1.8 2 2.2 2.4 2.6 2.8 3
0

10

20

30

40

50

60

70

80

90

Frequency (GHz)

H
P

B
W

 (°
)

 

 

Truncated cone reflector double pitch helical antenna
Round reflector double pitch helical antenna
Standard helical antenna

 
a) 

1.6 1.8 2 2.2 2.4 2.6 2.8 3
4

6

8

10

12

14

16

18

20

22

Frequency (GHz)

M
ax

im
um

 g
ai

n 
(d

B
)

 

 

Tuncated cone reflector double pitch helical antenna
Round reflector double pitch helical antenna
Standard helical antenna

 
b) 

Fig. 9. a) HPBW and b) total antenna gain comparison between the standard twelve turn 
helical antenna, double pitch helical antenna with truncated cone, and with round reflector. 
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The results in Fig. 9 depict that HPBW is mainly better in case of the truncated cone reflector 
but worse with the round reflector, and the antenna gain is improved when using the 
truncated cone. Also, Fig. 9 b) shows a significant gain increase of the double pitch helical 
antenna with truncated cone reflector in comparison with the standard one around 2.4 GHz, 
but the bandwidth of such an antenna gain is not increased. 

2.4 Backfire monofilar helical antenna 
This chapter gives the information about the effect of the ground plane size on the helical 
antenna radiation characteristics. It is found that as the diameter of the reflector decreases, 
the backfire radiation occurs and at the ground plane diameter smaller than the helix 
diameter it becomes dominant (Nakano et al., 1988). The analysis of a monofilar backfire 
helix was carried out through the example from chapter 2.1: λ = 12.34 cm, ψ = 14°, N = 12, rw 
= 0.008λ and D = 0.34λ with the reflector diameter of d = 1.38λ. This antenna can also be 
used in the form of monofilar backfire helix in the focus of a paraboloidal reflector. The 
results of simulations performed in FEKO show the radiation patterns and current 
distributions of the helical antennas with three different diameters of ground plane d1 = 0.7λ, 
d2 = 0.35λ and d3 = 0.3λ. In Fig. 10 a) helical antenna operates in standard axial mode where 
radiation is in forward direction where relative phase velocity p = v/c satisfies the in-phase 
Hansen-Woodyard condition and the current distribution shows that surface wave is 
formed after the first minimum. There are no great discrepancies between this antenna and 
the one with larger reflector, as expected. As the diameter of the reflector decreases below 
0.5λ, the decaying region of current distribution (Fig. 10) slightly shifts toward the end and 
becomes comparable to the surface region of the current. Also the amplitude of current in 
surface wave region decreases meaning that the backward radiation becomes larger. The 
antenna in Fig. 10 c) is the typical backfire monofilar helical antenna with the current 
distribution consisted only of a decaying current and a relative phase velocity nearly equal 
to one. It can be noticed that the forward and backward wave helical antennas achieve good 
but opposite sense circular polarization (Nakano et al., 1988). 
 
 
 

    
a) 
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b) 
 
 

       
c) 
 

Fig. 10. The geometry, radiation pattern and current distribution of helical antenna with 
reflector of the diameter of a) d1 = 0.7λ, b) d2 = 0.35λ, and c) d3 = 0.3λ. 

3. Multifilar helical antennas 
Beside the parameter modifications of monofilar helical antenna, the multiple number of 
wires in helix structure also offers interesting radiation performances for satellite 
communications. While monofilar helices are usually employed in transmission (Kraus, 
1988), the multifilar helical antennas, bifilar and quadrifilar are mostly utilized at reception 
where wide beamwitdh coverage is needed to track as many of the visible satellites as 
possible (Kilgus, 1974; Lan et al., 2004).  

3.1 The bifilar helical antenna 
Patton was the first to describe bifilar helical antenna (BHA) with backfire radiation 
achieving maximum directivity just above the cut-off frequency of the main mode of the 
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helical waveguide. The beamwidth broadens with frequency and for pitch angles of about 
forty five degrees, the beam splits and turns into a scanning mode toward broadside 
direction. As opposed to monofilar helical antenna, the backfire BHA radiates toward the 
feed point, its gain is independent of length (provided that the length is large enough) and 
the beamwidth increases with frequency (Patton, 1962). 
Backfire bifilar helix is often used as a feed antenna because of its high efficiency, circularly 
polarized backward wave and low aperture blockage. In mobile handsets and various 
aerodynamic surfaces requiring low profile antennas side fed bifilar helical antenna can be 
used which produces a slant 45° linearly polarized omnidirectional toroidal pattern 
providing higher diversity gain in all directions (Amin et al., 2007). 
In order for the bifilar helix to operate as backfire antenna, it is necessary that the currents 
flowing from the terminals to the ends of two helices are out of phase and the currents in the 
reversed direction are in phase. Hence, no radiation in forward direction is possible. This 
could be explained by the nature of the backward wave of current, where the phase is 
progressing toward the feed and the group velocity must be away from the feed point. A 
ground plane is not necessary in bifilar helical antenna design but this antenna usually 
achieves poor front-to-back (F/B) ratio which can cause interference problems when used as 
a receiving antenna. However, bifilar helical antenna with tapered feed end improves F/B 
ratio as well as the antenna power gain and axial ratio in comparison with conical and 
standard bifilar helical antenna (Yamauchi et al., 1981).  
The BHA simulations are carried out in FEKO software on the basis of the following 
parameters (Yamauchi et al., 1981); the wavelength λ = 10 cm, circumference of the helical 
cylinder C =λ, the pitch angle ψ = 12.5°, wire radius r = 0.005λ, tapering cone angle θ = 
12.5° and the number of turns in tapered section nt = 2.3 and in uniform section nu = 3.  
Three types of BHA with the same axial length were simulated: standard, conical and 
tapered BHA, Fig. 11 a). Tapered BHA is consisted of two sections of equal axial lengths, 
one corresponding to the first half of the conical BHA and the other to the half of the 
standard BHA. According to the radiation patterns in Fig. 11 b) and the results given in 
the Table 1, the tapered BHA provides the best performance of the BHA considering the 
F/B ratio and gain with satisfying axial ratio and decreased HPBW. It is important to note 
that the conical and tapered BHA’s give better radiation characteristics than the standard 
BHA. Further investigation of the tapered BHA in terms of height reduction concerning 
the growing need for antenna miniaturization, shows that good BHA performance can be 
achieved with even smaller tapered bifilar helical antenna. The height of this antenna was 
reduced with a step of one spacing of the standard BHA (p = C tanψ) and the results are 
summarized in Table 2. The simulations obtained for the reduced version of tapered BHA 
yielded the best results for the one with nu = 1 and nt = 2.3 which corresponds to 2/3 of 
the total length of the original BHA, with the geometry and radiation pattern shown in 
Fig. 12.  
In order to reduce the antenna length, Nakano et al. examined bifilar scanning helical 
antenna with large pitch angle terminated with a resistive load. This antenna generates 
circularly polarized scanning radiation pattern from backfire to normal. The simulations 
show the scanning radiation patterns of the bifilar helix with six turns, pitch angle of 68° 
and diameter of 1.6 cm, through the frequency band from 1.3 – 2.5 GHz (Nakano et. al, 
1991). Fig. 13 illustrates typical radiation patterns, the backfire conical and normal radiation 
pattern reaching the antenna gain of 10 dB, Fig. 13 a) and b), respectively. 
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a) 

 

 
b) 

Fig. 11. a) Standard, conical and tapered BHAs, and b) their radiation patterns. 
 

 F/B (dB) Gain (dB) AR HPBW (°) 
Standard BHA 4.5 5.6 0.79 111 
Conical BHA 15.6 6.5 0.92 113 
Tapered BHA 16 7.6 0.76 87 

Table 1. Simulation results of radiation characteristics of standard, conical and tapered BHA. 
 

 F/B (dB) Gain (dB) AR HPBW (°) 
Tapered BHA 
(nt =  1.5, nu =3) 15.4 7.1 0.72 90 

Tapered BHA 
(nt = 0.8, nu = 3) 11.2 5.7 0.89 120 

Tapered BHA 
(nu = 0, nt = 2.3) 7.5 6 0.72 85 

Tapered BHA 
(nu = 1, nt = 2.3) 14.8 7.8 0.65 82 

Tapered BHA 
(nu = 2, nt = 2.3) 14.0 7.8 0.75 87 

Table 2. Simulation results of reduced size tapered BHA. 
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a)        b) 

 
Fig. 12. Geometry and radiation patterns of reduced size BHA, a) and b) respectively. 

 
 

                  
a)                                                   b) 

 

Fig. 13. Typical radiation patterns of bifilar scanning helical antenna, a) conical at 1.6 GHz 
and b) normal radiation pattern at 2.1 GHz. 

Contrary to monofilar helical antenna, the bifilar helical antenna yields scanning radiation 
mode when relative phase velocity p = v/c = 1.0. This is confirmed with the comparison  
of the simulated results with the experimental and calculated results (Nakano et al.,  
1991; Zimmerman, 2000) of the lobe direction for the different values of phase velocity,  
Fig. 14. 
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Fig. 14. The comparison of the simulated, calculated and experimental results for the lobe 
direction vs. frequency. 

3.2 The quadrifilar helical antenna 
The quadrifilar helical antenna (QHA), also known as the Kilgus coil, is mostly used for 
telemetry, tracking and command (TT&C) satellite systems due to its simplicity, small size, 
wide circularly polarized beam and insensitivity to nearby metal objects. The QHA consists 
of four helical wires equally spaced circumferentially and fed from the top or the bottom. 
The open ended QHA generally uses the length of each wire of λ/4 or 3λ/4 with typical 
input impedance in the range 10 to 20 ohms while the short–circuited QHA uses λ/2 or λ 
length of each wire which produces resonant input impedance of nearly 50 ohms. Printed 
QHAs, convenient for high frequency applications, are manufactured using the dielectric 
substrate (Chew et al., 2002; Hanane et al., 2007) while wire QHA-s can be implemented on 
cylindrical, conical, square and spherical dielectric mechanical supports (Casey & Bansal, 
2002; Hui et al., 2001). The size reduction of quadrifilar helical antennas can be achieved 
with geometrical reduction techniques such as sinusoidal (Fonseca et al., 2009; Takacs et al., 
2010), rectangular (Ibambe et al., 2007), meander line (Chew et al., 2002) and other 
techniques (Letestu et al., 2006). 
Radiation pattern of fractional turn resonant QHA is cardioid-shaped and circularly 
polarized with wide beamwitdh, but by extending the fractional-turn QHA to an integral 
number of turns shaped-conical radiation pattern can be obtained for many applications in 
spacecraft communications (Kilgus, 1975). 
The Kilgus coil consisted of four wires λ/2 long and forming a ½ turn of a helix, generates a 
cardioid-shaped backfire radiation pattern with circular polarization and a very high HPBW 
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when two pairs are fed in phase quadrature and lower ends are short-circuited (Kilgus, 
1968, 1974). The antenna is fed with a split sheath balun and the phase quadrature is 
achieved by adjusting the lengths of the wires.  
The performance of the QHA is described with the following parameters: the length of one 
element consisted of two radials and a helical section lel (integer number of λ/2), axial length 
between the radials lax and the number of turns N. We designed a half turn QHA for GPS L2 
signal with the central frequency of f = 1220 MHz and the following parameters: lel = λ/2, 
wire diameter d = 2 mm, bending radius br = 5 mm and width-to height ratio w/h = 0.44 (the 
length of wires was adjusted to achieve phase quadrature so width w is the longitudinal 
width and h is axial height (lax) of the antenna). This is the so called self-phased QHA where 
the wire of one bifilar helix is longer than the resonant length, so that the current has a phase 
lead of 45° and the other is shorter in order to achieve a phase lag of 45°. Instead of infinite 
balun, we proposed a stripline structure for impedance matching and the support for helical 
wire. Fig. 15 c) shows that matching stripline is made of shorter part designed to counteract 
the imaginary part of the antenna input impedance and longer quarterwave part which is 
used to tune the real component of antenna input impedance to 50-Ω coaxial line impedance 
(Sekelja et al., 2009). 
 

 
 

                     
 

a)                                              b)                                                    c) 
 

Fig. 15. The geometry with wire segments a) and simulated radiation patterns b) of QHA 
and c) the antenna prototype with stripline feeding structure. 

In many satellite applications, it is also desirable to concentrate the radiated energy into a 
shaped conical beam with full cone angles from 120° to 180° (Kilgus, 1975). So, for the same 
frequency, f = 1220 MHz, we simulated a three turn QHA (Fig. 16 a)) fed in phase 
quadrature with short circuited ends which achieves gain decreasing from the maximum of 
5.6 dB at the edge of the cone to the local minimum of -2.5 dB at the centre. Radiation 
pattern in Fig. 16 b) also shows that this antenna gives an excellent axial ratio. 
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       a)                                           b)                                                                   c) 
Fig. 16. a) The geometry, b) the 2D and c) 3D simulated radiation patterns of three turn 
QHA. 

5. Conclusion 
In this chapter, the basic theory and simulations of helical antennas are presented. It is 
shown that various radiation patterns can be obtained with conventional helical antenna 
and its modifications: forward and backward radiation, beam, normal and scanning 
radiation, from hemispherical to conical-shaped radiation patterns. The circular polarization 
is easily achieved (except for the normal mode) and it can be improved by end tapering. 
These modifications include the change of helix geometry, the size and shape of reflector, 
the number of wires and implementing some guiding structure.  
However, when implementing real materials in practical design, they must be evaluated for 
their influence on the overall antenna performance. Thus, while the depicted analytical 
approach offers a tool for the optimal design and basic analysis of the helical antenna, 
although not completely impossible, it becomes too complex to be implemented in final 
decision about the practical design. The performances of the designed antenna must 
therefore be tested by some numerical tool or by measurements. 
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1. Introduction

In electromagnetic wave propagation through the earth’s atmosphere like satellite
communications, it is known that random fluctuations of the dielectric constant of atmosphere
affect propagation characteristics of electromagnetic waves (Fante, 1975; 1980; Ishimaru, 1997;
Rytov et al., 1989; Strohbehn, 1977; Tatarskii, 1961; 1971; Tatarskii et al., 1993; Uscinski, 1977;
Wheelon, 2003). The random fluctuations, called atmospheric turbulence, cause spot dancing,
wave form distortion, scintillations of the received intensity, the decrease in the spatial
coherence of wave beams etc. These effects make the received power decrease, and result
in the degradation in the performance on satellite communication links. Fig. 1 shows the
image of spot dancing and wave form distortion of wave beams. Fig. 2 presents the image of
the decrease in the spatial coherence of transmitted waves due to a wave front distortion.
The effects of atmospheric turbulence are not negligible in satellite communications in high
carrier frequencies at low elevation angles. For example, tropospheric scintillation, caused by
turbulence in the lowest layer of atmosphere, has been observed in satellite communications
in Ku-band at low elevation angles (Karasawa, Yamada & Allnutt, 1988; Karasawa, Yasukawa
& Yamada, 1988). Therefore, it becomes important to consider the effects of atmospheric
turbulence appropriately in the design of such satellite communication systems. Some models
to predict tropospheric scintillation have been developed for applications up to around 14
GHz in the carrier frequency on the basis of both theoretical and empirical studies (Ippolito,
2008). However, because a carrier frequency becomes higher according to the increase in
the required channel capacity of satellite communication links in the next generation, the
analysis of the effects of atmospheric turbulence should be done for applications at the higher
carrier frequencies such as Ka-band, a millimeter wave and an optical wave. Some studies are
conducted for satellite communications in such frequencies (Marzano et al., 1999; Matricciani
et al., 1997; Matricciani & Riva, 2008; Mayer et al., 1997; Otung, 1996; Otung & Savvaris, 2003;
Peeters et al., 1997).
We study the effects of atmospheric turbulence on satellite communications in such high
frequencies by the theoretical analysis of the moments of wave fields given on the basis of a
multiple scattering method (Tateiba, 1974; 1975; 1982). We investigate the method to estimate
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Fig. 1. Spot dancing and wave form distortion of wave beams through atmospheric
turbulence where I(r, z) denotes the intensity of a wave beam at (r, z).

the effect on bit error rate (BER) which is one of the most important parameters to determine
the system performance (Hanada et al., 2008a;b; 2009a;b;c;d). The probability density function
(PDF) of Eb/N0 (the energy per bit to noise power density ratio) is needed in the analysis of
BER for satellite communications. However, it is very difficult to derive the arbitrary order
moment and the PDF by the multiple scattering theory, so that the alternative method to
estimate effects of atmospheric turbulence on BER has to be considered.
In this chapter, we give attention to the average value of received power which can be obtained
by the second moment of a Gaussian wave beam, and then we formulate BER derived from the
average received power. We provide the method to estimate effects of atmospheric turbulence
on satellite communications by analyzing the degradation in BER performance due to the
decrease in the average received power.
Sec. 2 presents formulations which are used in the analysis of BER on satellite
communications. We introduce the second moment of a Gaussian wave beam obtained by
the moment equation. Using the second moment of a Gaussian wave beam, we prepare the
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Fig. 2. Decrease in the spatial coherence of transmitted waves due to a wave front distortion.

modulus of the complex degree of coherence (DOC) and the BER derived from the average
received power.
Sec. 3 shows the results of analysis of the effect of atmospheric turbulence on satellite
communications in Ka-band at low elevation angles. We analyze the DOC and the BER
derived from the average received power for the uplink and the downlink, respectively.
Furthermore, we analyze the effect of atmospheric turbulence on the BER when we make
an aperture radius of the ground station’s antenna large in order to increase the antenna gain
and improve BER performance.
Sec. 4 provides a summary of this chapter and subjects to resolve in future.

2. Formulation

2.1 Moment of received waves
We assume that an inhomogeneous random medium, which represents atmospheric
turbulence, is characterized by fluctuations of the dielectric constant. The dielectric constant
ε, the magnetic permeability μ and the conductivity σ are expressed as

ε = ε0[1 + δε(r, z)] (1)

μ = μ0 (2)

σ = 0, (3)

where r = ixx + iyy (ix and iy denote the unit vectors of x and y coordinates, respectively) and
ε0 and μ0 are the dielectric constant and the magnetic permeability for free space, respectively.
The function δε(r, z) is a Gaussian random function with the properties:

〈δε(r, z)〉 = 0 (4)

〈δε(r1, z1) · δε(r2, z2)〉 = B(r−, z+, z−), (5)

where r− = r1 − r2, z+ = (z1 + z2)/2, z− = z1 − z2, B(r−, z+, z−) is the correlation function
of random dielectric constant and the bracket notation 〈·〉 denotes an ensemble average of the
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quantity inside the brackets. Thus the medium fluctuates inhomogeneously in the z direction
and homogeneously in the r direction. Moreover, we assume that for any z,

B(0, z, 0)� 1 (6)

kl(z)� 1, (7)

where k = 2π/λ is the wave number for free space and λ is the wave length. The wave length
can be described by λ = c/ f , where c and f are velocity of light and the carrier frequency,
respectively. The function l(z) is the local correlation length of δε(r, z). The medium changes
little the state of polarization of the wave under the conditions (6) and (7), and the present
analysis can be made in the scalar approximation. In addition, the forward scattering and the
small angle approximations can be applied.
We represent u(r, z) as a successively forward scattered wave with exp(−jwt) time
dependence in the inhomogeneous random medium. Fig. 3 shows a model of wave
propagation in the inhomogeneous random medium. An arbitrary order moment of u(r, z),
which is defined as

Mμν(z) ≡
〈

μ

∏ u(sm, z)
ν

∏ u∗(tn, z)

〉
, (8)

satisfies the following moment equation (Tateiba, 1982):

[
∂

∂z
−j

1
2k

(
μ

∑∇2
sm
−

ν

∑∇2
tn

)
− j(μ− ν)k

]
Mμν(z)

= −
{

k2

4

∫ z

0
dz′
[
(μ− ν)2B

(
0, z− z′

2
, z′
)
+

μ

∑
m=1

ν

∑
n=1

D
(

sm − tn, z− z′
2

, z′
)

−
μ

∑
m=1

μ

∑
n>m

D
(

sm − sn, z− z′
2

, z′
)
−

ν

∑
m=1

ν

∑
n>m

D
(

tm − tn, z− z′
2

, z′
)]}

Mμν(z)

Mμν(0) = Min
μν(0), (9)

Fig. 3. Model of wave propagation in an inhomogeneous random medium.
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where ∇ = ix∂/(∂x) + iy∂/(∂y),

D (r−, z+, z−) = 2 [B (0, z+, z−)− B (r−, z+, z−)] (10)

Min
μν(z) =

μ

∏ uin(sm, z)
ν

∏ u∗in(tn, z), (11)

and uin(r, z) represents a transmitted waves which is a wave function in free space where
δε(r, z) = 0. The function D (r−, z+, z−) is the structure function of random dielectric
constant. The exact solutions to (9), however, have not been obtained except for the second
moment, which is one of the most important unsolved problems. The second moment of
u(r, z) can be derived as follows (Tateiba, 1985):

M11(r+, r−, z) = 〈u(r1, z)u∗(r2, z)〉
=

1
(2π)2

∫∫ ∞

−∞
dκ+ M̂in

11(κ+, r−, z)

· exp
[

jκ+ · r− − k2

4

∫ z

0
dz1

∫ z1

0
dz2 D

(
r− − z− z1

k
κ+, z1 − z2

2
, z2

)]
, (12)

where r+ = (r1 + r2)/2,

M̂in
11(κ+, r−, z) =

∫∫ ∞

−∞
dr+ Min

11(r+, r−, z) exp (−jκ+ · r+) (13)

Min
11(r+, r−, z) = uin(r1, z)u∗in(r2, z). (14)

2.2 Second moment for Gaussian wave beam
A transmitted wave is assumed to be a Gaussian wave beam, where the transmitting antenna
is located in the plane z = 0 and the amplitude distribution is Gaussian with the minimum
spot size w0 at z = −z0 and w0 denotes the radius at which the field amplitude falls to 1/e of
that on the beam axis (see Fig. 4). Then, the wave field in free space (Tateiba, 1985) is given by

uin(r, z) =

√
2A
π

1
w

exp
[
−(1− jp)

r2

w2 + j(kz− β)

]
, (15)

Fig. 4. Gaussian wave beam.
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where A is constant, r = |r| and

w = w0(1 + p2)1/2 (16)

p = 2(z + z0)/(kw2
0) (17)

β = tan−1 p. (18)

Therefore,

Min
11(r+, r−, z) =

2A
πw2 exp

[
− 2

w2 r2
+ + j

2p
w2 (r+ · r−)−

r2−
2w2

]
(19)

M̂in
11(κ+, r−, z) = A exp

[
−w2

8
κ2
+ +

p
2
(r− · κ+)− r2−

2w2
0

]
. (20)

Substituting (20) into (12), the second moment for a Gaussian wave beam is given by

M11(r+, r−, z) =
A

(2π)2

∫∫ ∞

−∞
dκ+ exp

[
−w2

8
κ2
+ +

(
jr+ +

p
2

r−
)
· κ+ − r2−

2w2
0

− k2

4

∫ z

0
dz1

∫ z1

0
dz2 D

(
r− − z− z1

k
κ+, z1 − z2

2
, z2

)]
. (21)

2.3 Structure function of random dielectric constant
We assume that the correlation function of random dielectric constant defined by (5) satisfies
the Kolmogorov model. We use the von Karman spectrum (Ishimaru, 1997) which is the
modified model of the Kolmogorov spectrum to be applicable over all wave numbers κ for
|r− + izz−|:

Φn(κ, z+) = 0.033C2
n(z+)

exp
(−κ2/κ2

m
)

(
κ2 + 1/L2

0
)11/6 , 0 ≤ κ < ∞ (22)

where κm = 5.92/l0. Parameters C2
n(z+), L0 and l0 denote the refractive index structure

constant, the outer scale and the inner scale of turbulence, respectively.
Here, we assume that the dielectric constant is delta correlated in the direction of propagation,
which is the Markov approximation (Tatarskii, 1971). On this assumption, B(r−, z+, z−) can
be expressed by using the Dirac delta function δ(z) as follows:

B(r−, z+, z−) = 16π2δ(z−)
∫ ∞

0
dκ κΦn(κ, z+)J0(κr−), (23)

where J0(z) is the Bessel function of the first kind and order zero. Therefore, we obtain the
structure function defined by (10) as follows:

D(r−, z+, z−) = 32π2δ(z−)
∫ ∞

0
dκ κΦn(κ, z+) [1− J0(κr−)]

= δ(z−) · 96π2

5
· 0.033C2

n(z+)L5/3
0

[
1− Γ

(
1
6

)(
r−
2L0

)5/6
I−5/6

(
r−
L0

)

+Γ
(

1
6

)(
1

κmL0

)5/3 ∞

∑
n=0

1
n!

(
1

κmL0

)2n

1F1

(
−n− 5

6
; 1;− κ2

mr2−
4

)]
, (24)
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where Γ(z), 1F1(a; b; z) and Iν(z) are the gamma function, the confluent hypergeometric
function of the first kind and the modified Bessel function of the first kind, respectively. Note
that we use the solution including an infinite series (Wang & Strohbehn, 1974) in order to ease
the numerical analysis of the integral with respect to κ.

2.4 Model of analysis
We analyze effects of atmospheric turbulence on the GEO satellite communications for
Ka-band at low elevation angles. Fig. 5 shows the propagation model between the earth
and the GEO satellite. The earth radius, the altitude of satellite and the elevation angle are
expressed by R, L and θ, respectively. A height of the top of atmospheric turbulence is shown
by ht. The zL is the distance from a transmitting antenna to a receiving antenna:

zL =
√
(R + L)2 − (R cos θ)2 − R sin θ, (25)

and zht is the distance of propagation through atmospheric turbulence:

zht =
√
(R + ht)2 − (R cos θ)2 − R sin θ. (26)

Note that zL � zht is satisfied for the GEO satellite communications. Therefore, for the uplink,
we can approximate z− z1 � z in the integral with respect to z1 in (21), and then express the
second moment of received waves at the GEO satellite:

M11(r+, r−, zUL) � A
(2π)2

∫∫ ∞

−∞
dκ+ exp

[
−w2

8
κ2
+ +

(
jr+ +

p
2

r−
)
· κ+ − r2−

2w2
0

− k2

4

∫ zUL

0
dz1

∫ z1

0
dz2 D

(
r− − zUL

k
κ+, z1 − z2

2
, z2

)]
, (27)

Fig. 5. Earth – GEO satellite propagation model.
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where zUL = zL, w = w0
√

1 + p2, p = 2zL/(kw2
0) and the subscript of zUL denotes the uplink.

On the other hand, for the downlink, the statistical characteristics of a wave beam’s
incidence into atmospheric turbulence can be approximately treated as those of a plane
wave’s incidence. Thus the second moment of received waves at the ground station can be
approximately expressed by

M11(r+, r−, zDL) � 2A
πw2 exp

[
− k2

4

∫ zDL

0
dz1

∫ z1

0
dz2 D

(
r−, z1 − z2

2
, z2

)]
, (28)

where zDL = zht, w = w0
√

1 + p2, p = 2(zL − zh1)/(kw2
0) and the subscript of zDL denotes

the downlink.
Here, the refractive index structure constant is assumed to be a function of altitude.
Referring to some researches for the dependence of the refractive index structure
constant in boundary layer (Tatarskii, 1971) and in free atmosphere (Martini et al., 2006;
Vasseur, 1999) on altitude, we assume the following vertical profile as a function of
altitude: h =

√
(z + R sin θ)2 + (R cos θ)2 − R.

C2
n(h) = C2

n0

(
1 +

h
hs1

)−2/3
, for 0 ≤ h < h1

= C2
n0

(
1 +

h1
hs1

)−2/3 ( h
h1

)−4/3
, for h1 ≤ h < h2 (29)

= C2
n0

(
1 +

h1
hs1

)−2/3 ( h2
h1

)−4/3
exp
(
− h− h2

hs2

)
, for h2 ≤ h ≤ ht

Fig. 6. Vertical profile of refractive index structure constant as a function of altitude.
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ITEM VALUE

Carrier frequency (uplink / downlink): f 30.0/20.0 GHz

Velocity of light: c 3.0× 108 m/s

Elevation angle: θ 5.0 deg

Aperture radius of an antenna in the GEO satellite 1.2 m

Aperture radius of an antenna in the ground station 1.2 to 7.5 m

Earth radius: R 6,378 km

Height of GEO satellite: L 35,786 km

Height of the top of atmospheric turbulence: ht 20 km

Refractive index structure constant at the ground level: C2
n0 1.0× 10−10 m−2/3

Outer scale of turbulence: L0 100 m

Inner scale of turbulence: l0 1 mm

Table 1. Parameters used in analysis.

where h1 = 50 m, h2 = 2, 000 m, ht = 20, 000 m, hs1 = 2 m and hs2 = 1, 750 m. Fig. 6 shows a
vertical profile of the refractive index structure constant. We assume C2

n0 = 1.0× 10−10 m−2/3

by referring to the profile of the standard deviation value obtained by Reference (Vasseur,
1999). We set L0 = 100 m and l0 = 1 mm.
Table 1 shows parameters used in analysis.

2.5 Modulus of complex degree of coherence
Using the second moment of received waves, we examine the loss of spatial coherence of
received waves on the aperture of a receiving antenna by the modulus of the complex degree
of coherence (DOC) (Andrews & Phillips, 2005) defined by

DOC(ρ, z) =
M11(0,ρ, z)

[M11(ρ/2, 0, z)M11(−ρ/2, 0, z)]1/2 , (30)

where ρ = |ρ| is the separation distance between received wave fields at two points on the
aperture as shown in Fig. 7.

Fig. 7. Modulus of complex degree of coherence.
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2.6 BER derived from average received power
We define BER derived from the average received power obtained by the second moment
of received waves. Here we assume a parabolic antenna as a receiving antenna. When a
point detector is placed at the focus of a parabolic concentrator, the instantaneous response
in the receiving antenna is proportional to the electric field strength averaged over the area
of the reflector. When the aperture size is large relative to the electromagnetic wavelength,
the electric field strength averaged over the area of the reflector in free space can be
described (Wheelon, 2003) by

uin(z) =
1
Se

∫∫ ∞

−∞
dr uin(r, z)g(r), (31)

where Se is the effective area of a reflector. The field distribution g(r) is defined by a Gaussian
distribution of attenuation across the aperture with an effective radius ae:

g(r) = exp
(
− r2

a2
e

)
. (32)

Then the power received by the antenna in free space is given by

Pin(z) = Se · Re[uin(z) · u∗in(z)]
Z0

=
1

SeZ0
· Re

[∫∫ ∞

−∞

∫∫ ∞

−∞
dr+dr−Min

11(r+, r−, z) exp
(
− 2

a2
e

r2
+ −

1
2a2

e
r2−
)]

, (33)

where Re[x] denotes the real part of x and Z0 is the characteristic impedance. The energy per
bit Eb can be obtained by the product of the received power Pin(z) and the bit time Tb:

Eb = Pin(z) · Tb

=
Tb

SeZ0
· Re

[∫∫ ∞

−∞

∫∫ ∞

−∞
dr+dr− Min

11(r+, r−, z) exp
(
− 2

a2
e

r2
+ −

1
2a2

e
r2−
)]

. (34)

We define the average energy per bit 〈Eb〉 affected by atmospheric turbulence as the product
of the average received power and Tb. The average received power is given by the second
moment of received waves:

〈P(z)〉 = 1
SeZ0

· Re
[∫∫ ∞

−∞

∫∫ ∞

−∞
dr+dr− M11(r+, r−, z) exp

(
− 2

a2
e

r2
+ −

1
2a2

e
r2−
)]

. (35)

Therefore,

〈Eb〉 = 〈P(z)〉 · Tb

=
Tb

SeZ0
· Re

[∫∫ ∞

−∞

∫∫ ∞

−∞
dr+dr− M11(r+, r−, z) exp

(
− 2

a2
e

r2
+ −

1
2a2

e
r2−
)]

. (36)

We consider QPSK modulation which is very popular among satellite communications. It is
known that BER in QPSK modulation is defined by

PE =
1
2

erfc

(√
Eb
N0

)
, (37)
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where erfc(x) is the complementary error function. We define BER derived from the average
received power in order to evaluate the influence of atmospheric turbulence as follows:

PEP =
1
2

erfc

⎛
⎝
√
〈Eb〉
N0

⎞
⎠ . (38)

And then, using Eb in free space obtained by (34), the BER can be expressed by

PEP =
1
2

erfc

(√
SP · Eb

N0

)
, (39)

where the normalized received power SP is given by

SP =
〈Eb〉
Eb

=
〈P(z)〉
Pin(z)

=

Re
[∫∫ ∞

−∞

∫∫ ∞

−∞
dr+dr− M11(r+, r−, z) exp

(
− 2

a2
e

r2
+ −

1
2a2

e
r2−
)]

Re
[∫∫ ∞

−∞

∫∫ ∞

−∞
dr+dr− Min

11(r+, r−, z) exp
(
− 2

a2
e

r2
+ −

1
2a2

e
r2−
)] . (40)

If the DOC is almost unity where the decrease in the spatial coherence of received waves is
negligible, the received power can be replaced with the integration of the intensity I(r, z) =
|u(r, z)|2 over the receiving antenna. The received intensity in free space Iin(z) and the average
received intensity affected by atmospheric turbulence 〈I(z)〉 are respectively given by

Iin(z) =
∫∫ ∞

−∞
dr Min

11(r, 0, z) exp
(
−2r2

a2
e

)
(41)

〈I(z)〉 =
∫∫ ∞

−∞
dr M11(r, 0, z) exp

(
−2r2

a2
e

)
. (42)

Under the condition where the DOC is almost unity, we can reduce the number of the surface
integral in calculation of (40) and then obtain BER derived from the average received intensity
as follows:

PEI =
1
2

erfc

⎛
⎝
√
〈Eb〉
N0

⎞
⎠ =

1
2

erfc

(√
SI · Eb

N0

)
, (43)

where the normalized average received intensity SI is given by

SI =
〈Eb〉
Eb

=
〈I(z)〉
Iin(z)

=

∫∫ ∞

−∞
dr M11(r, 0, z) exp

(
−2r2

a2
e

)
∫∫ ∞

−∞
dr Min

11(r, 0, z) exp
(
−2r2

a2
e

) . (44)
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3. Results

3.1 Modulus of complex degree of coherence
3.1.1 Uplink
Substituting (24) and (27) into (30), the DOC at the GEO satellite in the uplink can be described
by

DOC(ρ, zUL) =
∫ ∞

0
dκ+

∫ 2π

0
dθ κ+ exp

[
−w2

8
κ2
+ +

p
2

κ+ρ cos θ − ρ2

2w2
0

− H
(
ρ− zL

k
κ+, 0, zht

) ]

·
{

2π
∫ ∞

0
dκ+ κ+ J0

( κ+ρ

2

)
exp
[
−w2

8
κ2
+ − H

(
− zL

k
κ+, 0, zht

)]}−1

, (45)

where

H
(
ρ′, 0, zht

)
=

12
5
(kπ)2L5/3

0

∫ zht

0
dz1 0.033C2

n(z1)

·
[

1 + Γ
(

1
6

)(
1

κmL0

)5/3 ∞

∑
i=0

1
i!

(
1

κmL0

)2i

1F1

(
−i− 5

6
; 1;− κ2

mρ′2
4

)

− exp
(

ρ′
L0

)
1F1

(
−1

3
;−2

3
;−2ρ′

L0

)]
, (46)

and

ρ′ =
∣∣ρ′∣∣ =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

√
ρ2 − 2ρ

zL
k

κ+ cos θ +
z2

L
k2 κ2

+ in ρ′ = ρ− zL
k
κ+

zL
k

κ+ in ρ′ = − zL
k
κ+.

(47)

Fig. 8 shows that the DOC in the uplink is almost unity within the size of an aperture diameter
of the receiving antenna of the GEO satellite (ρ � 2ae). It means that the spatial coherence of
received waves keeps enough large within the receiving antenna.

3.1.2 Downlink
Substituting (24) and (28) into (30), the DOC at the ground station in the downlink is obtained
by

DOC(ρ, zDL) = exp
[− H (ρ, zL − zht, zL)

]
, (48)

where

H (ρ, zL − zht, zL) =
12
5
(kπ)2L5/3

0

∫ zL

zL−zht

dz1 0.033C2
n(z1)

·
[

1 + Γ
(

1
6

)(
1

κmL0

)5/3 ∞

∑
i=0

1
i!

(
1

κmL0

)2i

1F1

(
−i− 5

6
; 1;− κ2

mr2

4

)

− exp
(

r
L0

)
1F1

(
−1

3
;−2

3
;− 2r

L0

)]
. (49)
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Fig. 8. The modulus of complex degree of coherence of received waves in the uplink for
various beam radius at the transmitting antenna as a function of the separation distance
between received wave fields at two points in the plane of the receiving antenna scaled by an
aperture diameter of the receiving antenna 2ae.

Fig. 9. Same as Fig. 8 except for the downlink where a beam radius at the transmitting
antenna w0 = 1.2 m for various aperture radius of the receiving antenna ae.
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As shown in Fig. 9, it is found that the decrease in the spatial coherence of received waves
can not be neglected within a receiving antenna of the ground station. It indicates that an
influence of the spatial coherence of received waves has to be considered in the analysis of
BER in the downlink.

3.2 BER derived from average received power
3.2.1 Uplink
The BER derived from the average received intensity defined by (43) and (44) can be used for
the uplink because the spatial coherence of received waves keeps enough large as shown in
Fig. 8. Using (24), (27), (43) and (44), the BER can be expressed by

PEI =
1
2

erfc

(√
SI · Eb

N0

)
(50)

SI =
w2 + a2

e
4

∫ ∞

0
dκ+ κ+ exp

[
−w2 + a2

e
8

κ2
+ − H

(
− zL

k
κ+, 0, zht

)]
(51)

Fig. 10. BER derived from the average received intensity (PEI) in the uplink in w0 = 7.5 m.
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H
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(kπ)2L5/3

0
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. (52)

Fig. 10 shows the BER affected by atmospheric turbulence in the uplink when wave beams
are transmitted from the large aperture antenna where w0 = 7.5 m. As reference, we plot a
dashed line as the BER in the absence of atmospheric turbulence given by (37). It is found
that BER increases compared with one in the absence of atmospheric turbulence. Because we
have already shown that the decrease in the spatial coherence of received waves is negligible,
we predict that the increase in BER is caused by the decrease in the average received intensity
due to spot dancing shown in Fig. 1.

3.2.2 Downlink
For the downlink, the decrease in the spatial coherence of received waves can not be ignored
as shown in Fig. 9. Therefore, we have to analyze the BER derived from the average received
power defined by (39) and (40) which include an influence of the spatial coherence of received
waves. Using (24), (28), (39) and (40), we obtain the BER as follows:

PEP =
1
2

erfc

(√
SP · Eb

N0

)
(53)

SP =
1
a2

e

∫ ∞

0
dr− r− exp

[
− r2−

2a2
e
− H (r−, zL − zht, zL)

]
(54)

H (r−, zL − zht, zL) =
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0
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·
[

1 + Γ
(

1
6

)(
1

κmL0

)5/3 ∞

∑
i=0

1
i!

(
1

κmL0

)2i

1F1

(
−i− 5

6
; 1;− κ2

mr2−
4

)

− exp
(

r
L0

)
1F1

(
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3
;−2

3
;−2r−
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)]
. (55)

Fig. 11 shows the BER affected by atmospheric turbulence in the downlink when wave beams
are received by the large aperture antenna where ae = 7.5 m. It is found that the decrease
in the spatial coherence of received waves causes the decrease in the average received power
and result in the increase in BER. Note that an influences of spot dancing is negligible because
a statistical characteristics of received waves can be considered as a plane wave as mentioned
in the introduction of (28)

3.3 Effects of antenna radius of ground station on BER performance
In the system design of the ground station, we may increase an aperture radius of the ground
station’s antenna in order to satisfy the required Effective Isotropic Radiated Power (EIRP)
of the transmitter system or the G/T of the receiver system. In this section, we estimate an
effect of increasing an aperture radius of the ground station’s antenna on BER affected by
atmospheric turbulence.
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Fig. 11. BER derived from the average received power (PEP) in the downlink in ae = 7.5 m

The EIRP of the transmitter system is defined as the product of a transmitting power and an
antenna gain of the transmitting antenna. The transmitting power Pt is obtained by

Pt =
1

Z0
·
∫∫ ∞

−∞
dr |uin(r, 0)|2 =

A
Z0

, (56)

where uin(r, 0) is given by (15). The antenna gain of the transmitting antenna Gt is defined by

Gt =
4πz2

LS
Pt

, (57)

where S denotes the received power density at (0, zL):

S =
|u(0, zL)|2

Z0
=

1
Z0
· 2A

πw2 . (58)

Thus, the antenna gain can be expressed by

Gt =
4πz2

LS
Pt

=
8z2

L
w2 =

8z2
L

w2
0(1 + p2)

� 2(kw0)
2, (59)

where it is assumed that p2 = 4z2
L/(k2w4

0) � 1, which is satisfied in this model of analysis.
Using (56) and (59), the EIRP of the transmitter system can be described by

EIRP = Pt · Gt =
2A(kw0)

2

Z0
. (60)
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The G/T of the receiver system can be expressed by the ratio of an antenna gain of the
receiving antenna to the system noise temperature. The antenna gain of the receiving antenna
Gr can be described by

Gr =
4π

λ2 Se = 4π ·
(

k
2π

)2
· πa2

e
2

=
(kae)2

2
, (61)

where Se = πa2
e /2 because the aperture efficiency of the receiving antenna, whose field

distribution is given by (32), is 0.5. The system noise temperature Ts is obtained by

Ts =
N0
kB

, (62)

where kB denotes Boltzmann’s Constant. Thus, the G/T of the receiver system can be
described by

G/T =
Gr

Ts
=

kB
N0
· (kae)2

2
. (63)

On the other hand, using (19) and (34), Eb/N0 in free space is obtained by

Eb
N0

=
Pin(zL) · Tb

N0
=

Tb
N0
· A

Z0

a2
e

w2 + a2
e
� Tb

kBTs
· A

Z0

a2
e

w2 =
Tb

kBTs
· A

Z0
· a2

e ·
k2w2

0
4z2

L
, (64)

where it is assumed that ae/w � 1. Using the EIRP and the G/T obtained by (60) and (63)
respectively, Eb/N0 in free space can be expressed by

Eb
N0

=
Tb
kB
· A

Z0
· 2(kw0)

2 · 1
(2kzL)2 ·

(kae)2

2Ts
=

Tb
kB
· Pin · Gt · 1

(2kzL)2 ·
Gr

Ts

=
Tb
kB
· EIRP · 1

(2kzL)2 ·G/T. (65)

Note that (2kzL)
2 is the free space path loss.

3.3.1 Uplink
Using (65), we can describe BER derived from the average received intensity given by (50) in
the uplink:

PEI =
1
2

erfc

(√
SI · Tb

kB
· EIRP · 1

(2kzL)2 ·G/T

)
. (66)

Fig. 12 shows the BER as a function of kw0 under the condition that G/T and EIRP keep
constant, where the transmitting power A/Z0 changes in inverse proportion to the square
of kw0 in (60). It is found that the BER affected by atmospheric turbulence increases as
kw0 becomes large, whereas the BER in the absence of atmospheric turbulence plotted by
the dashed line does not change. Fig. 13 shows the BER for various beam radius at the
transmitting antenna w0 as a function of Eb/N0 obtained by (65). It is shown that BER
increases as w0 becomes larger as well as Fig. 12.
The reason for the increase in BER is as follows.
We have shown that spot dancing of wave beams due to atmospheric turbulence causes the
increase in BER for the uplink in Sec. 3.2.1. From each profile of the intensity in the absence
of atmospheric turbulence plotted by the dashed line in Figs. 14 to 17, it is found that the
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Fig. 12. BER derived from the average received intensity in the uplink as a function of kw0
when the EIRP of the transmitter system keeps constant.

Fig. 13. BER derived from the average received intensity in the uplink for various beam
radius at the transmitting antenna w0 as a function of Eb/N0.
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Fig. 14. Average intensity for the uplink in the beam radius at the transmitting antenna
w0 = 1.2 m normalized by the intensity on a beam axis in free space as a function of the
distance from the center of the receiving antenna scaled by w1, which denotes the beam
radius at the plain of the receiving antenna for w0 = 1.2 m.

Fig. 15. Same as Fig 14 except for w0 = 2.5 m.
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Fig. 16. Same as Fig 14 except for w0 = 5.0 m.

Fig. 17. Same as Fig 14 except for w0 = 7.5 m.
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beam spot size at the plain of the receiving antenna becomes smaller as w0 increases. The
displacement of the arrived beam axis due to spot dancing makes the received intensity
decrease considerably faster as the beam spot size becomes smaller. Therefore, the average
intensity affected by atmospheric turbulence decreases at the center of the receiving antenna
and the profile is spread as w0 increases as shown in Figs. 14 to 17. This is why BER in the
uplink increases as an aperture radius of the ground station’s antenna becomes larger.
From these results, we find that the increase in the transmitting power is better than the
increase in the aperture radius of the ground station’s antenna in order to satisfy the required
EIRP from the point of view of the decrease in an influence of atmospheric turbulence on BER
in the uplink.

3.3.2 Downlink
For the downlink, we can obtain BER derived from the average received power given by (53):

PEP =
1
2

erfc

(√
SP · Tb

kB
· EIRP · 1

(2kzL)2 ·G/T

)
. (67)

Fig. 18 shows the BER as a function of kae under the condition that EIRP and G/T keep
constant, where the noise power density N0 changes in inverse proportion to the square
of kae in (63). It is found that the BER affected by atmospheric turbulence increases as kae
becomes larger. Fig. 19 shows the BER for various aperture radius of the receiving antenna as
a function of Eb/N0 obtained by (65). It is shown that BER increases as ae becomes larger as
well as Fig. 18. From results of the DOC in Fig. 9, it is found that the spatial coherence radius
becomes smaller relative to a radius of the receiving antenna and then the spatial coherence

Fig. 18. BER derived from the average received power in the downlink as a function of kae
when the G/T of the receiver system keeps constant.
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Fig. 19. BER derived from the average received power in the downlink for various aperture
radius of the receiving antenna ae as a function of Eb/N0.

of received waves decreases as the radius of the antenna increases. The effect of the spatial
coherence of received waves causes the decrease in the average received power and results in
the degradation of BER performance.
From these results, it is found that the decrease in the system noise temperature by the
improvement of a receiver’s noise is better than the increase in an aperture radius of the
ground station’s antenna in order to decrease an influence of atmospheric turbulence on BER
for the downlink in the design to satisfy the required G/T.

4. Conclusion

We analyzed BER derived from the average received power, which is deduced by the second
moment of a Gaussian wave beam, for the GEO satellite communications in Ka-band at low
elevation angles affected by atmospheric turbulence. We find the followings:

1. For the uplink, the decrease in the average received intensity caused by spot dancing of
wave beams degrades the BER performance. However, the spatial coherence of received
wave beams decreases little and there are little influences of this spatial coherence on BER.

2. For the downlink, the decrease in the spatial coherence of received wave beams degrades
the BER performance. However, spot dancing of wave beams influences little on BER.

3. In the design of the ground station, the increase in a transmitting power for the uplink or
the decrease in the noise temperature of the receiver system for the downlink is better than
the increase in an aperture radius of the ground station’s antenna in order to satisfy the
required EIRP of the transmitter system or G/T of the receiver system from the point of
view of the decrease in an influence of atmospheric turbulence on BER performance.
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In this chapter, we do not consider effects of the higher moment of a Gaussian wave beams
on BER. At the next stage, we will analyze effects of the fourth moment of received wave
beams on BER for the GEO satellite communications. Furthermore, we have to consider the
probability density function (PDF) about the bit error of satellite communications affected by
atmospheric turbulence in order to make a more actual analysis. An introduction of the PDF
is a future problem.
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1. Introduction 
VSAT (Very Small Aperture Terminal) satellite network is one of the widely deployed 
communication networks for rural and remote communications in today’s 
telecommunication world. VSAT satellite networks are growing steadily throughout many 
industries and market segments in many countries. With new applications and shifts in 
target markets, VSAT based solutions are being adopted at increasingly higher rates since 
year 2002 (MindBranch, 2011). Up to December 2008, VSAT market statistics show that the 
total number of Enterprise VSAT terminals being ordered is 2,276,348, the total number of 
VSATs being shipped is 2,220,280 and the total number of VSAT sites in service is 1,271,900 
throughout the world (Comsys, 2008). VSAT satellite network offers value-added satellite-
based services capable of supporting the Internet, data, video, LAN, voice and fax 
communications. VSATs are a single, flexible communication platform which can be 
installed quickly and cost efficiently to provide telecommunication solutions for consumers, 
governments and corporations, thus, they are becoming increasingly important. 
VSAT satellite network plays an important role in bridging the digital divide and it is the 
one of the easiest deployment technology and cost effective way to interconnect two 
networks especially in rural areas, when other wired technologies are practically impossible 
and unsuitable due to geographical distance or accessibility. In this chapter, a fundamental 
overview of satellite communication network, with the highlighting of its main 
characteristics, constraints and proposal on compression technique which can be applied to 
boost up the Quality of Service (QoS) of the satellite communication services, are provided. 
VSAT satellite network provides communications support for a wide range of applications, 
which include point-of-sales transaction, financial management, telemetry & data collection, 
private-line voice services, virtual private networks, distance education, high speed internet 
access and more (TM, 2011).  
VSAT satellite technology has many advantages. It can be deployed anywhere around the 
world and it offers borderless communication within the coverage area. Besides, it is cost 
effective and can be setup in a matter of minutes. VSAT network configuration such as 
bandwidth, interfaces and data rates can be updated remotely from the central network 
management system, hence, it provides high flexibility and efficiency. However, like other 
technologies, VSAT satellite network has its downsides. The limitations of VSAT technology 
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include the extremely high start-up cost needed for building and launching satellites in the 
geosynchronous orbit, high round-trip latency of about 500 ms as it utilise the satellites in 
geosynchronous orbit, and rain attenuation might affect the performance of VSAT 
communications under rainy conditions (TopBits.com, 2011). Moreover, it provides low and 
limited network bandwidth resulting in network congestion, reduced Quality-of-Service 
(QoS) of real-time interactive multimedia applications and also late packet delivery issues. 
These issues have created some negative impacts on the QoS of communication networks 
and also user experiences. 
Apart from the need for efficient mechanisms for storage and transfer of enormous volume 
of data, these also lead to insatiable demands for ever-greater bandwidth in VSAT satellite 
network. In order to strike a balance between the cost and offered satellite bandwidth, some 
enhancements have to be implemented to reduce the bandwidth requirement of real-time 
applications that demanding high bandwidth and fully optimize the use of the low speed 
satellite link. Several techniques have been introduced to further improve the network 
bandwidth utilization and reduce network traffic especially for wireless satellite networks 
(Tan et al., 2010). One of such techniques is via compression, which is a technique used to 
overcome the network packet overhead by eliminating redundancies in packet delivery.  By 
reducing the packet size, more packets can be transmitted over the same communication 
link at one time and hence increase the efficiency of bandwidth utilization.  In this chapter, 
the concept of data compression is examined in order to know in depth how data 
compression can actually play a role in improving user experience. After that, the basic 
concept of packet compression, which consists of header compression and payload 
compression is also discussed. 
Currently, there are many compression schemes, systems and frameworks have been 
proposed and designed in order to perform efficient data compression for better utilization 
of the communication channel. However, most of them have their own advantages and 
limitations, which may not suit for VSAT satellite network environment. For example, the 
Adaptive Compression Environment (ACE) system which has been proposed might impose 
additional delays over VSAT satellite network due to computation overhead and large 
compression time cost of the algorithm used. Besides, the Adaptive Online Compression 
(AdOC) algorithm which is proposed in the related work might cause the satellite link to be 
more congested due to the increased network load caused by the algorithm. In addition, 
some of the proposed compression schemes are designed for a specific aspect, which might 
create additional issues working under VSAT satellite network. Thus, in this chapter, the 
performance of several well-known compression schemes are reviewed and evaluated 
under the context of bandwidth limited VSAT satellite network, in order to highlight 
important criterions for improving performance over low bandwidth VSAT satellite 
network. Finally, the proposed enhanced compression scheme will be presented and the 
performance of the compression scheme will be examined and evaluated through extensive 
network simulations. 

2. Introduction to VSAT communication 
VSAT satellite network has become an essential part of our daily lives in recent years. It is 
used widely in telephony communication, broadband and internet services, and military 
communication. VSAT is a small satellite dish that is capable of both receiving and sending 
satellite signals (TM, 2011). It can be used for two-way communications via satellite. 
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Generally, satellite is a specialized wireless receiver or transmitter that is launched by a 
rocket and placed in orbit around the earth (DotNetNuke Corporation, 2010). Thus, it is 
capable of providing coverage over large geographical areas and establishing 
communication links between various points on earth. 

2.1 Basic satellite elements 
Satellite communication system is comprised of two main components, namely space 
segment and ground segment, as illustrated in Figure 1 below. A basic satellite 
communication system consists of a space segment serving a specific ground segment 
(Richharia, 1999). The satellite itself is also known as the space segment while the earth 
stations will serve as the ground segment. The satellite is controlled and its performance is 
monitored by the Telemetry Tracking and Command (TT&C) station. 
 

 
Fig. 1. The main elements of a satellite communication network (Richharia, 1999). 

Communication can be established easily between all earth stations located within the 
coverage region through the satellite. The primary role of a satellite is to relay electronic 
signals. When signals from the earth stations are received by the satellite, the signals are 
processed, translated into another radio frequency and retransmitted down towards another 
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desired earth stations after further amplification. Satellite relay can be two way, as in the 
case of a long distance phone call, and point to multipoint, as in the case with television 
broadcasts. 

2.2 Satellite roles and applications 
The most important role of satellite communication network is to provide connectivity to 
the user terminals and to internetwork with terrestrial networks so that the applications and 
services provided by terrestrial network such as telephony, television, broadband access and 
Internet connections can be extended to places where cable and terrestrial radio cannot 
economically be installed and maintained. Satellite network provides direct connections 
among user terminals, connections for terminals to access terrestrial networks and 
connections between terrestrial networks (Mitra, 2005). 
Since satellite is capable of providing coverage over a much wider area such as oceans, inter-
continental flight corridors and large expanses of land mass, it is used in providing voice 
and data communications to aircraft, ships, land vehicles and handsets. Besides, satellite 
allows passengers on an aircraft to connect directly to a land based telecommunication 
network. Apart from that, it is also used for remote sensing, earth observation, 
meteorological applications such as weather survey, military communication and global 
positioning services (GPS). 

2.3 Limitations of satellite communication 
Three main characteristics and constraints of satellite network are high latency, poor 
bandwidth and noise (Hart, 1997). High latency is one of the main limitations of satellite 
network and it is caused by the long propagation path due to the high altitude of satellite 
orbits. In satellite network, the time required to navigate through a satellite link is longer 
compared to terrestrial network. Hence, this leads to higher transmission delay. 
For geostationary (GEO) satellite communication system, the time required to traverse these 
distances, namely, earth station to satellite, then satellite to another earth station, is around 
250ms (Sun, 2005). Round-trip delay will be 500ms. These propagation times are much 
greater than those encountered in conventional terrestrial systems. The high latency 
constraint of satellite link might not affect bulk data transfer and broadcast-type 
applications, but it will affect those highly interactive real-time applications. 
Due to radio spectrum limitations, satellite transmission has a fixed amount of bandwidth 
(Hart, 1997). Problems like network congestion and packet loss might occur when those real-
time interactive applications that consume high bandwidth are running over satellite link. 
Furthermore, strength of radio signal is in proportion to the square of distance traveled 
(Hart, 1997). Thus, signals traverse through satellite link might get very weak due to long 
distance between earth stations and satellite. 

3. Data compression 
Data compression plays an important role in improving the performance of low bandwidth 
VSAT satellite network. Among other satellite performance enhancement techniques, data 
compression is the most suitable and economical way to further improve the user 
experience of VSAT satellite network. This is because data compression technique is much 
simpler and can be implemented easily. Currently, a lot of the networking corporations are 
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providing solutions for improving Internet services over satellite network by using high cost 
network equipments. These products are very costly and require complicated hardware 
configuration, while data compression is freely available and no complicated hardware 
configuration is required. Thus, data compression is adopted in the proposed scheme. 
Lately, data compression has become a common requirement for most application software 
as well as an important and active research area in computer science study. None of the 
ever-growing Internet, digital television, mobile communication or increasing video 
communication techniques would have been the practical developments without applying 
compression techniques.  
In general, data compression is a process of representing information in a more compact 
form by eliminating redundancies in the original data representation (Pu, 2006). Due to the 
presence of redundancies in the original representation, data such as text, image, sound or 
any combination of all these types such as video is not in the shortest form, thus rendering 
its compression a possibility. Data compression is adopted in a variety of application areas 
such as mobile computing, image archival, video-conferencing, computer networks, digital 
and satellite television, multimedia evolution, imaging and signal processing. It can be 
divided into two major categories, namely lossless and lossy compression. 

3.1 Lossless compression 
In lossless compression, the exact original data can be reconstructed from the compressed 
data without any loss of information (Pu, 2006). Each compress-decompress cycle will 
generate exactly similar data, hence, lossless compression is known as reversible 
compression. Lossless compression techniques are used when storing medical images, text 
and images preserved for legal reason, some computer executable files, database records, 
spreadsheets or word processing files, where the lost of even a single bit could be 
catastrophic. 
Example of lossless data compression is shown in Figure 2, where the exact input string 
FFMMMF is reconstructed after the execution of the compression algorithm followed by the 
decompression algorithm. 
 

 
Fig. 2. Example of lossless data compression (Pu, 2006).  

3.2 Lossy compression 
Lossy compression concedes a certain loss of accuracy in exchanges for greatly improved or 
more effective compression ratio. Owning to that, it does not allow the exact original data to 
be reconstructed from the compressed data (Pu, 2006). It usually suffers from information 
loss as compressing and decompressing the file repeatedly will cause loss of quality 
gradually. Thus, lossy compression is also known as irreversible compression. Lossy 
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compression is used frequently in streaming media and telephony applications as it is 
proven to be effective over graphic images and digitized voice. 
Lossy compression is not suitable for compressing text file formats due to loss of accuracy. 
However, it produces a much smaller compressed file than any known lossless compression 
method as it accepts some loss of data in order to achieve higher compression ratio. 
Figure 3 shows an example of lossy data compression, where a long decimal number 
becomes a shorter approximation number after the compression-decompression process. 
 

 
Fig. 3. Example of lossy data compression (Pu, 2006). 

4. Reviews of existing works 
There are numerous compression schemes, systems and frameworks have been proposed 
and designed in order to improve the performance of communication network. The 
networking community has approached the problem of compressing network data streams 
as packets come by (online scenario), while the database community has focused more on 
applying such techniques to save storage space (offline scenario) (Chen et al., 2008). 
However, most of them have their own characteristics, which may not be suitable for 
satellite network environment. This section briefly discusses on packet compression, header 
compression and payload compression. Several well known compression schemes are also 
evaluated for their implementation under satellite network environment. These 
compression schemes can be further divided into three categories, namely packet 
compression schemes, header compression schemes and payload compression schemes. 

4.1 Packet compression 
Data compression in packet network is known as packet compression. Normally in 
computer network, network data will be divided into smaller chunks before transmission 
and transmitted as packets over the communication channel. Packet compression allows 
much smaller amounts of packet drops, more simultaneous sessions, and a smooth and fast 
behavior of applications (Matias & Refua, 2005). Since network packet consists of two parts, 
namely header and payload, as shown in Figure 4, therefore packet compression can be 
achieved by either header or payload compression, or the combination of both. Figure 5 
depicts a basic packet compression. 
 

 
Fig. 4. Structure of a network packet. 
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Fig. 5. Basic packet compression. 

4.1.1 Packet compression schemes 
Packet compression is proposed by some of the related works, as discussed in the following 
sections. 
4.1.1.1 IPzip 
A comprehensive suite of algorithms known as IPzip is presented for network packet 
headers and payloads compression. IPzip is designed to exploit the hidden intra-packet 
correlation and inter-packet correlation properties of the data streams (Chen et al., 2008). 
After that, it produces an efficient compression plan, where the data streams both within 
and across packets are reorganized to improve the compression ratio. The compression plan 
is built in an offline phase as reordering of packets and fields is resource intensive. 
IPzip learns the correlation pattern over a training set, after that generates a compression 
plan and then compresses the original data set according to the plan. However, the 
performance of the current compression plan may decrease and new compression plan is 
needed due to the changes in the intrinsic network traffic pattern. Thus, the effectiveness of 
the compression plan will be monitored over time. Block compression is introduced, as 
IPzip aggregates similar packets into a block based on flow information before undergoing 
compression in order to increase compression ratio. 
Unfortunately, IPzip may not suit for real-time processing as it needs to carry out offline 
training to produce the efficient compression plan. Besides, IPzip may not be able to react if 
the intrinsic network traffic pattern changes frequently, since the learning process to 
generate a new compression plan takes time and efforts. Moreover, IPzip will simple cause 
network congestion if the compression processing speed is slower than the relay processing 
speed as it compresses all blocks. In conclusion, IPzip is not suitable for satellite network 
environment. 
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4.1.1.2 Adaptive packet compression scheme for advanced relay node 
This research work presented an adaptive lossless packet compression scheme especially for 
advanced relay node in the network. This scheme is proposed to mitigate network traffic 
congestion issue and it is based on the assumption that both the conventional packet delay 
and additional advanced functions can be performed by the intermediate nodes inside the 
network using computational or storage resources at the nodes (Shimamura et al., 2009). 
This scheme compresses the incoming packets adaptively and selectively according to some 
important metrics. Packet by packet compression is performed to evaluate the potential of 
adaptive packet compression inside network. 
 

 
Fig. 6. Adaptive compression model in advanced relay node (Shimamura et al., 2009). 

Figure 6 shows the model of adaptive compression scheme proposed for advanced relay 
node. Notice that an advanced relay node has two logical queues, which are CPU queue and 
relay queue. When the advanced relay node receives a packet, this compression scheme 
determines whether packet compression is effective according to the waiting time in the 
relay queue, compression processing time, packet size, output link bandwidth and 
compression ratio. If packet compression is beneficial, then compression will be performed 
on the packet by the advanced relay node before the packet moves to the relay queue. 
Simulation results show that this scheme succeeds in reducing the packet delay and packet 
discard rate. However, the compression ratio achieved via per packet compression is very 
much lower compared to the one with block compression. Therefore, this scheme will not 
help much in bandwidth saving when working under low bandwidth satellite link. In 
addition, massive computation which consume a lot of time needs to be done by the 
advanced relay node each time it receives a packet. Under a heavy traffic condition which is 
usually experienced in a low bandwidth satellite link, more and more calculation need to be 
carried out, thus, more and more delays being created, and finally creates a bad impact on 
user experience. 

4.2 Header compression 
The applicability of Internet technology over low speed and high delay links is threatened 
and reduced by large and repetitive packet headers. Some delay sensitive applications, such 
as remote login and real-time interactive multimedia applications, need to use small packets 
(Naidu & Tapadiya, 2009). However, the overhead of large packet headers on small packets 
can be prohibitive. A natural way to alleviate the problem is to compress packet header as 
packet header information shows significant redundancy between consecutive packets.  
Header compression makes more efficient use of link bandwidth in a packet switched 
network by leveraging header field redundancies in packets belonging to the same packet 
stream (Taylor et al., 2005). 
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Most of the header fields such as source and destination address remain constant 
throughout the duration of a flow, while other fields such as sequence numbers change 
predictably. Thus, the header size can be significantly reduced for most packets by sending 
static fields information only initially and utilizing dependencies and predictability for other 
fields. The reference copies of full headers must be stored at the context of compression and 
decompression sides in order to communicate and reconstruct the original packet headers 
reliably. 
Initially, a few packets are sent uncompressed and they are used to establish the shared state 
called context on both sides of the link. The context comprises information about static 
fields, dynamic fields and their change pattern in protocol headers. The compressor will use 
this information to compress the packet as efficiently as possible and then the decompressor 
will decompress the packet to its original state. To correctly decompress the compressed 
packet header, synchronization between compressor and decompressor is mandatory. 

4.2.1 Header compression schemes 
In order to overcome packet header overhead, two popular header compression schemes 
have been developed. They are Van Jacobson header Compression (VJHC) scheme and 
RObust Header Compression (ROHC) scheme. 
4.2.1.1 Van Jacobson Header Compression (VJHC) 
Van Jacobson Header Compression scheme was introduced by Jacobson in year 1990. This 
scheme is used to improve the interactive terminal response of low speed serial modem 
links and it is specially developed for Transmission Control Protocol/Internet Protocol 
(TCP/IP) (Jacobson, 1990). VJHC is commonly used to compress the header of IPv4/TCP 
packets. 
 

 
Fig. 7. The flow context concept in header compression (Suryavanshi et al., 2004). 

As shown in Figure 7, the concept of flow context is used during the process of header 
compression. For each packet flow, the context is built on both the compressor and 
decompressor side and a unique context identity (CID) is assigned. The flow context 
information is made up of a collection of field values and change patterns of field values in 
the packet header. 
To establish the context, first few packets of a newly identified flow are sent to the 
decompressor without compression. This is because the packet header information needed 
to be stored for future reference. Once the context is formed on both sides, the compressor 
starts compressing the packets and now only the encoded difference to the preceeding 
header is transmitted. When the compressed packets reach the decompressor side, the 
changes contained in the newly received compressed header is applied to the saved header 
in the context to obtain the uncompressed headers. 
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VJHC scheme stated that TCP/IP header fields can be grouped into several categories, 
which are constant, inferred and dynamic (Jacobson, 1990). Constant fields are those field 
values that remained unchanged between consecutive packets, hence, can be eliminated. 
Inferred fields are those fields that can be recalculated at the receiving end. For example, 
‘total length’ and ‘header checksum’ field. The transmission efficiency can be improved 
significantly by suppressing inferred fields at the compressor and restoring them at the 
decompressor. The third group is dynamic fields which do no change frequently at the same 
time or change slightly, thus it can be omitted in most cases. 
VJHC is proven to be effective towards header compression, as it can reduce TCP/IPv4 
header from 40B to 4B, which is 10% of its original size (Tye & Fairhurst, 2003). However, 
the main disadvantage of VJHC scheme is it may lead to error propagation throughout the 
transmission when a compressed packet is lost on the link. This is due to the inconsistent 
context which will cause a series of packets to be discarded at the receiver end. Thus, VJHC 
scheme is not applicable under satellite link with high bit error rate as this will lead to 
higher packet drop which will cause the satellite link performance to become even worse.  
4.2.1.2 RObust Header Compression (ROHC) 
Besides VJHC, RObust Header Compression (ROHC) scheme is another well known header 
compression scheme. It is developed by ROHC working group of the IEFT (Tye & Fairhurst, 
2003). ROHC is used for compressing IP packet headers and it is particularly suitable for 
wireless network. ROHC scheme allows bandwidth savings up to 60% in VOIP and 
multimedia communication applications (JCP-Consult, 2008). In this scheme, compression 
and decompression are treated as a series of states. 
 

 
Fig. 8. Compressor state diagram (Effnet, 2004). 

As shown in Figure 8, ROHC compressor operates in 3 states, which are Initialization and 
Refresh (IR), First Order (FO) and Second Order (SO) (Effnet, 2004). The concept of flow 
context is also adopted in this scheme. The states describe the increasing level of confidence 
about the correctness of the context at the decompressor side. This confidence is reflected in 
the increasing compression of packet headers. Initially, the compressor will start with the 
lowest state and gradually moving to higher state. When there is any error occurred, which 
will be indicated in the feedback packets, the compressor will move to a lower state to 
resend packets to fix the error. 
Similar to the compressor, ROHC decompressor also operates in 3 states, namely No 
Context, Static Context and Full Context as illustrated in Figure 9 below (Effnet, 2004). In the 
beginning of the packet flow, the decompressor will start in the first state, No Context as it 
has no context information available yet. Once the context information is created at the 
decompressor site, the decompressor will move to higher state, Full Context state. In the 
case of error condition, the decompressor will move to lower state to fix the error. 
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Fig. 9. Decompressor state diagram (Effnet, 2004). 

The major advantages of ROHC over VJHC are improved efficiency and high robustness. 
ROHC works well over links with high bit error rates and long round trip times such as 
cellular and satellite network. Moreover, its framework is extensible and it is designed to 
discover dependencies in packets from the same packet flow. However, ROHC scheme is 
very complicated to be implemented as it absorbed all the existing compression techniques. 
In addition, in ROHC scheme, the decompressor needs to generate feedback packet and 
send it back to the compressor to acknowledge successful decompression. Besides that, the 
context updating information is also sent periodically to ensure context synchronization. 
This will easily lead to network congestion when working under a low bandwidth satellite 
link with heavy traffic flows as ROHC scheme increases the network load by generating 
feedback and context information packets from time to time.   

4.3 Payload compression 
Packet payload is used to store user information and bulk compression method is usually 
used for compressing packet payload. Bulk compression treats information in the packets as 
a block of information and compresses it using a compression algorithm (Tye & Fairhurst, 
2003). The compressor will construct a dictionary for the common sequences found within 
the information and then match each sequence to a shorter compressed representation or a 
key code. 
Two types of dictionary, namely a running dictionary which based on the compression 
algorithm used or a pre-defined dictionary that can be used for bulk compression. In bulk 
compression, the decompressor must use an identical dictionary which is used during 
compression and bulk compression is known to achieve higher compression ratio. However, 
the data dictionary requires larger memory allocation and the dictionaries at both the 
compressor and decompressor sides have to be fully synchronized. 

4.3.1 Payload compression schemes 
Apart from packet and header compression, two payload compression schemes have been 
proposed by other researchers, which are Adaptive Compression Environment (ACE) 
system and Adaptive Online Compression (AdOC) algorithm. 
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4.3.1.1 Adaptive Compression Environment (ACE) 
Adaptive Compression Environment (ACE) intercepts program communication and applies 
on-the-fly compression (Krintz & Sucu, 2006). On-the-fly or online compression is 
mandatory for those real-time interactive applications. ACE is able to adapt to the changes 
in resource performance and network technology, thus the benefits from using ACE become 
apparent when the underlying communication performance varies or the network 
technology changes as in mobile communication network. ACE employs an efficient and 
accurate forecasting toolkit, which is known as Network Weather Service (NWS) to predict 
and determine whether applying compression will be profitable based on underlying 
resource performance.  
Short-term forecasts of compression ratio, compressed and uncompressed transfer time is 
made by NWS using a series of estimation techniques, together with its own internal models 
that estimate compression performance and changes in data compressibility.After that, 
based on the end-to-end path information obtained by NWS, ACE will select between 
several widely used compression techniques, which include bzip, zlib and LZO to perform 
the transparent compression at TCP socket level. ACE compresses data in 32KB blocks and a 
4-byte header is appended to each block to indicate the block size and compression 
technique used. It is proven to improve transfer performance by 8-93 percent over 
commonly used compression algorithm (Krintz & Sucu, 2006).  
However, ACE may introduce computation overheads due to massive amount of 
computation are needed during the prediction process. Besides, problem like prediction 
error which will lead to inaccurate decision may occur and large compression time cost of 
the compression algorithm such as bzip may impose additional delays. Thus, ACE may not 
be suitable and may impose additional delays over satellite network. 

4.3.1.2 Adaptive Online Compression (AdOC) 
This work proposed a general purpose portable application layer compression algorithm 
known as AdOC. AdOC is an adaptive online compression algorithm suited for any 
application data transfer and it automatically adapts the level of compression to the speed of 
the network (Jeannot et al., 2002). Multithreading and First-In-First-Out (FIFO) data buffer 
are two important features of this algorithm. 
In this algorithm, the sender consists of two threads, namely compression thread and 
communication thread. Compression thread is used to read and compress the data, while 
communication thread is responsible to send the data. A FIFO data buffer is created to 
store the data prior to transmission. The compression thread will write the data into the 
FIFO data buffer, while the communication thread will retrieve the data from it. Thus, the 
compression level used in the process of compression is depending on the size of the FIFO 
queue. 
To completely eliminate the overhead encountered when data cannot be compressed, AdOC 
algorithm compresses data into smaller and independent chunks. This made AdOC less 
reactive to short term changes in bandwidth, but keeping the same compression level for 
long runs of data also improves the compression ratio (Jeannot et al., 2002). However, too 
small chunks of data will simply caused overhead of FIFO queue, hence, the size of data 
chunks need to be determined appropriately. Since AdOC algorithm compresses data into 
smaller and independent chunks, network load may be increased and network congestion 
may occur when works under satellite network. 
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5. Proposed real-time adaptive packet compression scheme 
An overview of the proposed real-time adaptive packet compression scheme, with the 
highlighting of its main concept and properties, is provided in this section. The block 
diagram of the proposed compression scheme, together with the explanation of each stage 
involved is also presented. 

5.1 Concept of the proposed scheme 
Concept of the proposed real-time adaptive packet compression scheme in satellite network 
topology is shown in Figure 10 below. As stated earlier, the main objective of this research 
study is to overcome the limitation and constraints of satellite communication link, which 
are high latency and low bandwidth, therefore the performance of the satellite link has 
become the main consideration in the proposed scheme. The proposed approach will focus 
only on the high latency satellite link area, where the proposed scheme will be implemented 
in both gateway A and gateway B. Both gateways will act as either compressor or 
decompressor as the communication channel between gateway A and gateway B is a duplex 
link. 
In the proposed compression scheme, the concept of virtual channel is adopted to increase 
network performance and reliability, simplify network architecture, and also improve 
network services. Virtual channel is a channel designation which differs from the actual 
communication channel and it is a dedicated path designed specifically for both sender and 
receiver only. Since packet header compression is employed in the proposed scheme, thus 
this concept is mandatory to facilitate data transmission over the link. The duplex link 
between gateway A and gateway B in Figure 10 will act as the virtual channel, where the 
rules of data transmission and the data format used are agreed by both gateways. 
 

 
Fig. 10. Concept of the proposed compression scheme. 

The flow of data transmission between both gateways is as discussed in the following. When 
the transmitted data packets arrive at gateway A, the packets will undergo compression 
prior to transmission over the virtual channel. When the compressed data packets reach 
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gateway B, the compressed packets will first undergo decompression before being 
transmitted to the end user. 
Apart from that, adaptive packet compression is mandatory due to the adoption of block 
compression in the proposed scheme. Although block compression helps to increase the 
compression ratio, however, it has its downside too. Block compression might impose 
additional delay when the compression buffer is filled in a slow rate due to lack of network 
traffic and a fast response is needed. This will further reduce the user experience of VSAT 
satellite network. Therefore, to avoid this, packet blocks are compressed adaptively when 
any of the predefined conditions is reached, which will be discussed in details in the 
following section. 

5.2 Strength of the proposed scheme 
The proposed real-time adaptive packet compression scheme has several important 
properties as discussed in the following. Firstly, the proposed scheme is accommodating all 
incoming packets. To fully exploit the positive effect of compression, the proposed scheme is 
not restricted to specific packet flow only but is applied to all incoming packets from 
numerous source hosts and sites. One unique feature of the proposed scheme is the 
adoption of virtual channel concept, which has not been used in other reviewed schemes. 
This concept simplifies packet routing and makes data transmission more efficient, 
especially when packet compression is employed. In the proposed scheme, to facilitate 
packet transmission over the communication channel, a peer-to-peer synchronized virtual 
channel is established between the sender (compressor) and receiver (decompressor). 
Moreover, another important feature, block compression approach is also introduced. Block 
compression exploits similarities of consecutive packets in the flow and compression is 
performed on an aggregated set of packets (a block) to further improve the compression 
ratio and increase the effective bandwidth.  
Apart from that, both packet header and payload are being compressed in the proposed 
scheme. In many services and applications such as Voice over IP, interactive games and 
messaging, the payload of the packets is almost of the same size or even smaller than the 
header (Effnet, 2004). Since the header fields remain almost constant between consecutive 
packets of the same packet stream, therefore it is possible to compress those headers, 
providing more than 90% (Effnet, 2004) saving in many cases. This helps to save bandwidth 
and the expensive resources can be used efficiently. In addition to header compression, 
payload compression also introduces significant benefit in increasing the effective 
bandwidth. Payload compression compresses the data portion of the transmission and it 
uses compression algorithms to identify relatively short byte sequences that are repeated 
frequently over time. Payload compression provides a significant saving in overall packet 
size especially for packets with large data portions.  
In addition, adaptive compression is employed in the proposed scheme. Network packets 
are compressed adaptively and selectively in the proposed scheme to exploit the positive 
effect of block compression while avoiding the negative effect. To avoid greater delay 
imposed by block compression, the set of aggregated packets (block of packets) in the 
compression buffer is compressed adaptively based on certain conditions. If either one of 
the conditions is fulfilled, the compression buffer is compressed. Else, the compression 
buffer will not be compressed. By combining all the features listed above, the performance 
of the proposed scheme will be greatly improved over other reviewed schemes. 
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5.3 Overview of the proposed scheme 
Figure 11 below demonstrates the main components of the proposed real-time adaptive 
packet compression scheme. The compression scheme made up of a source node (Gateway 
A) which acts as the compressor and a destination node (Gateway B) which is the 
decompressor. A peer-to-peer synchronized virtual channel, which acts as a dedicated path, 
will be established between Gateway A and Gateway B. With the presence of virtual 
channel, packet header compression techniques can be performed on all network packets. 
Data transmission between Gateway A and Gateway B can be divided into three major 
stages, which are compression stage, transmission stage and decompression stage. 
Compression stage takes place in Gateway A, transmission stage in the virtual channel 
while the decompression stage will be carried out in Gateway B. Every data transmission 
from Gateway A to Gateway B will undergo these three stages. 
 

 
Fig. 11. Main components of the proposed compression scheme. 

5.3.1 Compression stage 
Once the incoming packets reach the Gateway A, the packets will be stored inside a buffer. 
This buffer is also known as compression buffer, as it is used for block compression, which 
will be discussed in details in the following section. Generally, in block compression, 
packets will be aggregated into a block prior to compression. The buffer size is depending 
on the maximum number of packet which is allowed to be aggregated. 
Block compression is employed to increase the compression ratio and reduce the network 
load. The compression ratio increases with the buffer size, which means that the larger the 
buffer, the better the compression ratio, as more packets can be aggregated. However, block 
compression may lead to higher packet delays due to the waiting time in the buffer and also 
the compression processing time. The packet delay time is expected to increase with the 
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number of packet to be aggregated. Thus, larger buffer will have higher compression 
processing latency and also higher packet drops.  Therefore, a trade off point is mandatory. 
Once the whole compression buffer fills up, it will be transferred to the compress module to 
undergo compression. The compression buffer will be compressed via a well known 
compression library known as zlib compression library (Roelofs et al., 2010). One apparent 
drawback of this scheme with block compression is a possible delay observed when the 
compression buffer is filled in a slow rate due to lack of network traffic and a fast response 
is needed. To address this shortcoming, the proposed scheme will compress the 
compression buffer adaptively whenever any of the following conditions are met: 
a. The compression buffer reaches its predefined limit or has filled up. 
b. A certain time threshold has been exceeded from the time the first packet being stored 

in the buffer and the buffer contains at least one packet. 
After the process of compression, the compressed block will now enter the transmission 
stage. 

5.3.2 Transmission stage 
In this stage, the compressed block will be transmitted over the communication link, which 
is a virtual channel in this scheme, to Gateway B. The compressed block will transit from 
transmission stage to decompression stage when it reaches the Gateway B. 

5.3.3 Decompression stage 
The compressed block will be directly transferred to the decompress module once it reaches 
Gateway B. Decompression will then be performed on it to restore its original form. The 
original block of packets will be divided into individual packets according to the original 
size of each combined packet. After that, these individual packets are stored in the 
decompression buffer while waiting to be transmitted to the corresponding end user or 
destination node. 

5.4 Block compression 
Block compression exploits similarities of consecutive packets in the flow, as a specific 
number of packets are aggregated into a block before undergo compression. Due to the 
correlation of packets inside the packet stream, the compression ratio is greatly improved. 
Besides, block compression helps to reduce the heavy network load and avoid network 
congestion. This is because it reduces the number of packets needed to be transmitted over 
the communication link by encapsulating a significant number of individual packets into a 
large packet (block). 
An example of block compression, where four network packets are collected in a 
compression buffer before being compressed and transmitted to the receiver, is shown in 
Figure 12. As mentioned earlier, one of the shortcoming of block compression is it may 
potentially add great packet delays, as the packets do not immediately be transmitted but 
instead stored in the compression buffer. This packet delay time is expected to increase with 
the number of packet to be combined. 
For example, Table 1 below shows the total number of accumulated transmitted packet in 5 
unit time for a high latency network with compression scheme (HLNCS) and a high latency 
network without compression scheme (HLN). Suppose that the number of packet to be 
encapsulated for the high latency network with compression scheme is 10. 



Improving Quality-of-Service of Real-Time Applications over  
Bandwidth Limited Satellite Communication Networks via Compression 71 

 
Fig. 12. Block compression. 

 
HLN HLNCS 

Time  No. of packet 
transmitted Time  No. of packet 

transmitted 

1st 1 1st 0 

2nd 2 2nd 0 

3rd 3 3rd 0 

4th 4 4th 0 

5th 5 5th 10 

Total 5 Total 10 

Table 1. No. of transmitted packet for HLN & HLNCS. 

Note that for HLN, there is no delay in transmitting the packet in each unit time and 5 
packets are sent after 5 unit time, while for HLNCS, there is 4 unit time delay and 10 packets 
are transmitted at 5 unit time. Due to the waiting time in the compression buffer and the 
compression processing time, packet transmission is delayed. However, the total number of 
packet transmitted is almost double even though there is a small delay initially. Thus, with 
tolerable delay, block compression allows more packets to be sent at one time. A trade off 
value between the packet delay and number of packets to be combined needs to be 
determined. 
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6. Results & discussions 
In this section, the proposed real-time adaptive packet compression scheme is evaluated and 
validated by simulations. Two important performance metrics of the scheme, which are 
packet drop rate and throughput of data transmission, are evaluated, as these two metrics 
are representing the Quality of Service of satellite link. The performance criteria can be 
defined as the following. Packet drop rate is the ratio between the total amount of packet 
loss due to buffer overhead (congestion) and transmission errors, and the total amount of 
packets being transmitted successfully, in percentage. Throughput is the ratio between the 
total amount of packets successfully delivered to the receiver and the time of the connection 
(2000 seconds). A discrete event network simulator known as ns-2 (VINT Project, 1995) has 
been used in building the simulation model to realize a simulative framework for studying 
and evaluating the performance of the proposed real-time adaptive packet compression 
scheme over high latency satellite network environment.  

6.1 Simulation setup 
This section describes the experimental environment used to present the characteristics and 
effectiveness of the proposed scheme. Figure 13 below depicts the simulation network 
topology, where n users are connected to a source node through wired links and the source 
node is connected to the destination node via the high latency satellite communication link. 
Each wired link presents a capacity of 10 Mbit/s and a propagation delay of 1 ms. The 
proposed real-time adaptive packet compression scheme is implemented at both source and 
destination nodes. Different values of number of user and various satellite link 
characteristics are simulated to monitor the impact of the proposed scheme over satellite 
link. TCP continuous traffic flows are used throughout the simulations. All users transmit 
packets simultaneously to the destination node via the source node and each simulation is 
run for 2000 seconds. 
The effectiveness of the proposed scheme is evaluated by comparing the performance 
metrics (packet drop rate and throughput of data transmission) of two scenarios: simulation 
running with proposed scheme and simulation running without the proposed scheme. For 
the scenario with proposed scheme, packet is compressed in the source node before 
transmitting over the satellite link and is decompressed when it reaches the destination 
node. For the scenario without the proposed scheme, normal data transmission is carried 
out. The packet trace data used throughout the simulations are captured from the research 
labs in University Malaysia Sarawak (UNIMAS), which composed of normal day-to-day 
traffic, typical for research purposes. The traces are taken by using a traffic capture utility 
known as Wireshark (Wireshark Foundation, 1998). 
As shown in the Table 2 below, different simulation scenarios are used to evaluate the 
proposed scheme. Two scenarios, low bandwidth and high bandwidth, are simulated. In 
each scenario, five different number of user are used to vary the congestion rate of the 
satellite link, so that the impact of the proposed scheme on link with different congestion 
values can be examined. The compression rate used in the compression process is also 
varied for each value of number of user used, as depicted in Table 2. Compression rate is the 
size of the compression buffer for block compression. For example, compression rate with 
value 0 means no compression, compression rate with value 1 means packet by packet 
compression, compression rate with value 5 means 5 packets are to be aggregated in the 
compression buffer prior to compression, and so on. 
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Fig. 13. Simulation topology. 

 
Scenario Satellite link characteristic User Compression rate 

1 
(low bandwidth) 

Uplink bandwidth: 64kbps 
Downlink bandwith: 256kbps 

Round-trip delay: 644ms 

5, 15, 25 0, 1, 5 – 1000 (with 
step of 5) 

35, 45, 55 0, 1, 5 – 2000 (with 
step of 5) 

2 
(high bandwidth) 

Uplink bandwidth: 1024kbps 
Downlink bandwith: 2048kbps 

Round-trip delay: 644ms 

5, 15, 25 0, 1, 5 – 1000 (with 
step of 5) 

35, 45, 55 0, 1, 5 – 2000 (with 
step of 5) 

Table 2. Simulation scenarios. 

6.2 Performance analysis 
As discussed in previous section, block compression is employed in the proposed scheme 
and different sizes of the compression buffer (compression rate) are used in the simulation 
studies. Block compression helps to improve the packet throughput as more packets can be 
transmitted over the communication channel at the same time. However, it may lead to 
higher packet drop rate as the whole packet block will be discarded when it encountered 
errors or when it is lost in the middle of transmission. This condition is getting worse when 
a high compression rate is used. Thus, an appropriate compression rate is crucial in 
achieving a high packet throughput with acceptable packet drop rate. The tolerable value 
for packet drop rate is depending solely on the application requirements. 
From the simulation results, compression rate which yields the highest packet throughput 
given that the packet drop rate is less than 5%, 10% and 15%, is selected. Thus, the results 
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can be divided into three cases. Case 1 considers packet drop rate not more than 5%, Case 2 
limits the packet drop rate to 10% and packet drop rate less than 15% is considered in Case 
3. A communication link with packet drop rate more than 15% is considered as a bad 
performance link even though the throughput obtained is very high. Therefore, packet drop 
rate more than 15% is beyond the consideration in this work. The results are presented in 
the following section. 

6.2.1 Best compression rate distribution 
Figure 14 & 15 below shows the distribution of best compression rate over the congestion 
rate for Case 1,2 and 3 in Scenario 1 & 2. Best compression rate is the compression rate that 
yields the highest throughput, with the condition that its corresponding packet drop rate 
does not exceed the limit in each case. Notice that in both scenarios, the best compression 
rate increases with the congestion rate. This means that a larger compression buffer, which 
can accommodate more packets, is favoured to obtain a higher performance when the link is 
getting more and more congested. In Scenario 1, due to the packet drop rate constraints that 
limits the highest throughput that can be achieved, the best compression rate line of Case 1 
is slightly lower than the line of Case 2 & 3, while Case 2 & 3 both achieve similar results 
(overlapped lines). In Scenario 2, all three cases favour the same compression rates.  
 

 
Fig. 14. The best compression rate for each case in Scenario 1. 

As shown in the figures, low bandwidth scenario requires higher compression rates (1 - 235) 
while high bandwidth scenario requires lower compression rates (1 - 15). This shows that 
the proposed scheme performs better in low bandwidth scenario compared to high 
bandwidth scenario. This is because high bandwidth scenario has sufficient bandwidth to 
accommodate heavy flows of traffic, thus compression might not be needed, while in the 
case of low bandwidth, compression is mandatory as bandwidth limitation problem will 
cause the communication link to be severely congested.  
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Fig. 15. The best compression rate for each case in Scenario 2. 

6.2.2 Packet drop rate distribution 
Figure 16 & 17 above shows the distribution of packet drop rate over the congestion rate for 
the simulation running without the proposed scheme and simulation running with the 
proposed scheme (Case 1, 2 and 3) in Scenario 1 & 2. Notice that in both scenarios, the 
packet drop rate of simulation without compression increases with the congestion rate. This 
means that communication link with higher congestion value has higher packet drops. With 
the adoption of the proposed scheme, block compression reduces the heavy network load 
and hence avoiding network congestion. Thus, the packet drop rate can be reduced 
significantly as no packet being dropped due to buffer overhead at the router.  
 

 
Fig. 16. The packet drop rate distribution in Scenario 1. 
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Fig. 17. The packet drop rate distribution in Scenario 2. 

The proposed scheme succeeds in reducing the packet drop rate by 1 – 90 percent in 
Scenario 1 and 1 – 82 percent in Scenario 2. In Scenario 1, due to the packet drop rate 
constraint of 5%, the packet drop rate line of Case 1 is slightly lower than the line of Case 2 
& 3, which with the limits of 10% & 15%. Since the best compression rates for Case 1, 2 & 3 
are similar as illustrated in Figure 15, thus the corresponding packet drop rate values of 
these three cases are the same too. 

6.2.3 Packet throughput distribution 
Figure 18 & 19 below shows the distribution of packet throughput over the congestion 
rate for the simulation running without the proposed scheme and simulation running 
with the proposed scheme (Case 1, 2 and 3) in Scenario 1 & 2. The throughput for 
simulation without compression decrease with the congestion rate in both scenarios. The 
more congested the link, the more packets being dropped due to buffer overhead at the 
router, hence the lower the throughput. As shown in Figure 18 & 19, the proposed scheme 
succeeds in improving the throughput by 8 – 175 percent in Scenario 1 and 5 – 62 percent 
in Scenario 2. This is because by applying block compression, more packets can be 
transmitted over the communication link at one time, hence the throughput can be greatly 
improved. 
Notice that the improvement of packet throughput in Scenario 1 is better than in Scenario 2. 
This also suggests that the proposed scheme is performing much more better in a low 
bandwidth scenario compared to a high bandwidth scenario. This is because compression 
might not be necessary in high bandiwdth scenario, as there is no bandwidth limitation 
problem and sufficient bandwidth is provided to accommodate heavy flows. In contrast, 
applications are competing for the low and limited bandwidth when there are heavy flows 
in a low bandwidth scenario, thus, compression is required to further improve the network 
performance. 
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Fig. 18. The packet throughput distribution in Scenario 1. 

 

 
Fig. 19. The packet throughput distribution in Scenario 2. 

7. Conclusion 
In this chapter, a real-time adaptive packet compression scheme for bandwidth limited high 
latency satellite communication network is presented. The bandwidth limitation problem of 
high latency satellite network has lead to several crucial network issues, as more and more 
applications require higher bandwidth allocation. The proposed scheme is intended to 
improve Quality of Service of real-time interactive applications by increasing the effective 
bandwidth usage of satellite network. Besides employing both header and payload 
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compression to achieve maximum bandwidth optimization, this scheme facilitates 
communication and reduces network processing complication by establishing a virtual 
channel between sender and receiver. As discussed earlier, virtual channel is a channel 
designation which differs from the actual communication channel and it is a dedicated path 
designed specifically for both sender and receiver only. Thus this concept is mandatory to 
facilitate data transmission over the link, as packet header compression is employed. Block 
compression is also adopted in the compression scheme to improve the compression ratio 
and reduce the network load. 
To evaluate the performance and effectiveness of the proposed scheme, extensive 
simulations have been conducted using captured TCP traffic. The proposed scheme is 
evaluated under two main scenarios: low bandwidth and high bandwidth. Simulation 
results show that the proposed scheme succeeds in reducing the packet drop rate and 
improving the packet throughput significantly in both low and high bandwidth scenarios, 
as shown in Table 3.  
 

Scenario 
Improvement Percentage (%) 

Packet drop rate Packet throughput 
Low bandwidth Up to 90 Up to 175 
High bandwidth Up to 82 Up to 62 

Table 3. Improvement percentage on packet drop rate and packet throughput. 

Hence, it is proven that through the introduction of this scheme, the Quality of Service of 
real-time interactive applications over high latency satellite network can be greatly 
improved as the main concern of satellite network which is low and limited bandwidth is 
now not an issue anymore. Real-time interactive applications and software, which have high 
bandwidth demand, will now gain good user experience and satisfaction over satellite 
network. 
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1. Introduction

Security problems in satellite environments are one of the obstacles to the widespread
deployment of satellite IP multicast and, more generally, of satellite multimedia applications
(Cruickshank et al., 1998).
By satellite environments we refer to networks where the satellite plays an essential role. e.g.
those where it is used to multicast IP packets to many nodes of a terrestrial network. We also
speak of ”Hybrid Satellite/Terrestrial networks” in such cases.
The broadcast nature of satellites makes eavesdropping and active intrusion much easier
than in terrestrial xed or mobile networks. A further issue is speci c to multicast: the
number of members in a multicast group can be very large and, even worse, can change
very dynamically. While the process of performing and securing key management for unicast
connections is well understood (Harkins & Carrel, 1998), (Maughan et al., 1998), (Orman,
1998), multicast security is still an open eld (see par. 2). Protocols that manage the process of
distributing keys in a multicast environment are under development (see par. 2.3 and 2.4).
Access to the encryption key is controlled by a group key management system, which is
responsible for sending the encryption key to authorized new users and for performing
multicast group rekeying whenever the key changes. Speci cally, a group key management
system is said to implement two types of access control: backward access control and forward
access control. If the system changes the encryption key after a new user joins, the new user
will not be able to decrypt past group communications; this is called backward access control.
Similarly, if the system rekeys after a current user leaves, or is expelled from the system, the
departed user will not be able to access future group communications; this is called forward
access control.
Many group key management solutions (see par. 2.2, (Jokela, 2006) (Mah, 2004)) have
been proposed and a number of classi cations of the available approaches can be found
in the current literature (Dondeti et al., 1999), (Rafaeli & Hutchison, 2003), (Eskicioglu,
2003). Moreover, security mechanisms regarding satellite networks have been investigated
in (Howarth et al., 2004), (Noubir & Allmen, 1999) and (Arslan & Alagöz, 2006).
Group key management protocols can be categorized as following:

• Centralized architectures. A single entity, a GC (Group Controller), is employed for
controlling the whole group, hence a group key management protocol seeks to minimize
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storage requirements, computational power on both client and server sides and bandwidth
utilization.

• Decentralized architectures. The management of a large group is divided among subgroup
managers, trying to reduce the problems arising from concentrating the work in a single
place.

• Distributed architectures. There is no explicit manager and the members themselves do the
key generation. All members can perform access control and the generation of the key can
be contributory, meaning that all members contribute some information to generate the
group key.

Rekey protocols should use a scalable Group Key Management Algorithm (GKMA) to send
the minimum possible number of keys in a rekey message. LKH (see par. 2.3), OFT (Balenson
et al., 2000), Subset difference based schemes (Lotspiech et al., 2001) are examples of GKMA.
Regardless of the chosen approach, rekey messages are generally frequent and their reception
must be guaranteed in order for the multicast group members to avoid multicast services
interruptions.
RFC 4046 (Baugher et al., 2005) describes a Group Key Management Architecture and
proposes three classes of solutions for reliably sending keys to the multicast group members:

• repeatedly transmit the rekey message;

• use FEC for encoding rekey packets (with NACKs as feedback) (Yang et al., 2001);

• use an existing reliable multicast protocol/infrastructure (possibly pro ting in a mixed
way from the above solutions).

Up to now, not much work has been dedicated to the use of reliable multicast transports for
rekey messages. In most cases ((Wong & Lam, 2000) (Zhang et al., 2003)) FEC (Rizzo, 1997)
has been used to improve the reliability.
RFC 4046 also identi es the requirements a protocol for key transmission/rekeying must
satisfy:

• Reliability. Every user must receive all of its (encrypted) new keys, no matter how large the
group size.

• Soft real-time. It is required that the delivery of new keys to all users be nished with a high
probability before the start of the next rekeying.

• Scalability. The processing and bandwidth requirements of the key server and those of each
user should not increase much with the group size so that a single server is able to support
a large group.

Moreover, multicast key distribution must take care of the "feedback implosion" problem (see
par. 2.2.4 and (Baugher et al., 2005) resulting from NACKs or ACKs sent as feedback.
Satellite networks may intrinsically offer a serious alternative to terrestrial networks solutions
in that they can enable reliable multicast techniques to scale to large group of receivers. Such
advantage is an effect of their intrinsic properties such as: high bandwidth availability, their
broadcast nature and the reduced occurrence of congestion between sender and receivers as
compared to terrestrial networks.
With these considerations in mind, we focused our attention on the following protocols for the
multicast reliable transmission of encryption keys: Pragmatic General Multicast (PGM) (see
par. 3.1), NACK-Oriented Reliable Multicast (NORM) (see par. 3.2 ) and our SRDP-Sign (see
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par. 3.3). PGM was chosen for being an interesting IETF experimental protocol. While not yet
a standard, it has been implemented in some networking devices (such as Cisco routers) and
operating systems including MS Windows XP. NORM was chosen because RFC 4046 quotes
it as a well-suited protocol for reliable multicast of rekey messages.
In the following, paragraph 2 will detail the state of the art on the subject of multicast security
with a particular attention to the solutions based on a centralized approach, paragraph 3
will discuss some reliable multicast protocols with an interest in their utilization in satellite
networks. Paragraph 4 will present the preliminary results of some tests we conducted
with the aim of evaluating the performances of above listed reliable multicast protocols.
They have been tested on a hybrid satellite/terrestrial network in the speci c case of
transmission/rekeying of keys for a multicast security environment.

2. Multicast security

The original conception of an IP network was aimed at the exchange of information between
two nodes. However, very soon the popularity of the Internet gave rise to a number of
applications for which a better model would be desirable. Such applications would bene t
from a network direct support to the delivery of the same packets from one source to many
destinations. Some of them are today’s killer applications, e.g. IPTV. The need for multiple
unicast connections implied by the basic model made them simply not scalable enough within
the original rules.
Around 1989, to address such problem the introduction of a new functionality was proposed
for IP networks: IP multicast (Deering, 1991) (Deering, 1989). As a result of it, an host wishing
to send the same packet to many hosts at the same time was allowed to output that single
packet on its network interface, leaving to the network’s routers the burden of duplicating
it wherever required. As an extreme example, a packet intended for a number of hosts on a
distant LAN would travel alone until the last router which would replicate it at the last hop
for as many hosts as needed.
The positive effect of such approach can be perceived, increasingly with the number of the
multicast group members, both on the conservation of computational resources of the sending
machine and in the (potentially huge) savings of bandwidth resources in the network.
The idea required the introduction of a special class of IP addresses (Class D, from 224.0.0.0 to
239.255.255.255) each of them representing a "multicast group".
The essential protocol for managing the multicast group membership is IGMP (Internet Group
Multicast Protocol) (Deering, 1989). It works without problems in a network where all the
routers support it. When support is spotty, more complex techniques are required (Semeria &
Maufe, 1997).
Although IP Multicast would be the ideal technique for many important applications (e.g. to
distribute real-time video on the Internet) for many well-known reasons it is not globally
supported on the Internet (Diot et al., 2000). There are indeed many ISPs supporting IP
multicast in their AS (Autonomous Systems) and multicast peering agreements are frequent
among ISPs but even then the common user isn’t left the faculty to send multicast traf c to
other users in the same AS. Clearly this ability is regarded as a primary asset within an ISP
network and acquiring it (when available) can be subjected to substantial fees. Many methods
to overcome this limitation have been proposed (Eriksson, 1994) (MBONED, 2011) (Sardella,
2005) but none of them has proved very successful until now.
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A natural way to transmit IP multicast over a large geographical area is satellite broadcasting
(Tommasi et al., 2010)(Tommasi & C.Melle, 2011).
Among the many applications made possible by the multicast model are those for which
security is a critical requirement. Without going too far, the very same IPTV application,
when run to pursue economic goals, needs a method to allow only paying customers to access
transmitted contents. However many other situations where security is a crucial factor can be
imagined (especially in the elds of control and signaling).
According to a recommendation from International Standards Organization (ISO) (ISO
7498-2, 1989), while designing a secure system the following criteria are to be considered:
con dentiality, integrity, authentication, non-repudiation and access control. To meet such
criteria in an IP multicast environment, a Multicast Security (MSEC) Workgroup (MSEC,
2011) has been formed within the IETF, with the aim of standardizing protocols for securing
group communication over the Internet. Obviously enough, a fundamental topic in the
workgroup’s activities is the standardization of a group key management architecture. The
present paragraph will make use of many of the results coming from the group’s efforts and
documented so far.

2.1 The multicast group security architecture
The description of the security architecture for IP multicast group communications involves
a number of aspects. To reduce the complexity of the presentation, the proposed protocols
are grouped in three functional areas, each addressing an aspect of the solution. RFC
3740 (Hardjono & Weis, 2004) outlines the Reference Framework formulated by the IETF
Workgroup and identi es such areas (see Fig. 1):

1. Multicast data handling. This area includes all the operations on the multicast data
performed by the sender and the receiver. Such handling implements:
• Encryption. To support access control and con dentiality, data are encrypted by the use

of the group key.
• Source authentication and data integrity. Source identity must be guaranteed by suitable

algorithms. Steps are also to be taken to secure the integrity of the received contents.
• Group authentication. This is a minor requirement (guaranteeing the data come

from within a group does not necessarily indicate their integrity). However such
authentication is very easily achieved and prevents DOS (Denial of Service) attacks.

2. Group Key Management. This is the area where secure key distribution and the refresh
operations are dealt with.

3. Multicast Security Policies. According to (Hardjono & Weis, 2004) Multicast Security Policies
represent "the security mechanisms for the group communication" and "the rules for the
governance of the secure group".

The Framework also identi es the main elements of a multicast security architecture both in
a centralized and in a distributed solution. A central role is played by the "Group Controller"
and by the "Key Server". Such entities are usually merged in a single server (GCKS) which is
responsible for the "Group Key Management" functional area. Senders and receivers (called
GM, Group Members) do interact both with GCKS and with the "Policy server", which is in
charge of the "Multicast Security Policies" area.
In order to increase the scalability of the architecture, a distributed approach (see Fig. 1), based
on a number of cooperating GCKS, can be opted for. In such case mutual authentication must
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be guaranteed among GCKS. In a distributed system all receivers will comply with the same
security policies and receive the same keys.

Group Controller/
Key Server

Group Controller/
Key Server

Sender

Receiver

Receiver

Policy
Server

Policy
Server

1 to M

M to M

1 to M

M to M

CENTRALIZED DESIGN DISTRIBUTED DESIGN

MULTICAST 
SECURITY 
POLICIES

GROUP KEY 
MANAGEMENT

MULTICAST 
DATA 

HANDLING

FUNCTIONAL 
AREAS

Fig. 1. Multicast Group Security Architecture (from (Hardjono et al., 2001))

2.2 Group Key Management Architecture
The Group Key Management Architecture (Hardjono & Weis, 2004) de nes the Group Security
Association (GSA) and the main features of the registration and the rekey protocols.

2.2.1 Group Security Association (GSA)
In a protocol designed to manage security on an end-to-end connection, such as IPSEC (Kent &
Atkinson, 1998), a Security Association (SA) is a set of shared attributes used by the two ends
to secure the connection. Such attributes consist of cryptographic keys, algorithm, identi ers
and everything else needed to conduct the communication.
The complexity of a multicast environment imposes the need for more than one key to secure
a session. In this context the notion of Group Security Association (GSA) (see Fig. 2) is
introduced (Hardjono & Weis, 2004) (Hardjono et al., 2001), which stands for a group of SAs
related to the session. SAs in a GSA belong to three different categories:

• REG SA (Registration SA) is used to set up a full-duplex unicast communication channel
between GCKS and a GM. GMs start the registration phase by obtaining all needed
information directly from GCKS. REG SA is used to protect the other SAs and cannot be set
apart from them. It is important to note that no special communication protocol is strictly
required here or, for that matter, no communication protocol at all, since a REG SA can
even be set up in advance by using a smart card.

• REKEY SA is a multicast security association and it is used to create/renew an SA or to
revoke access permission to a GM. It is started by the GCKS with no need of feedback from
GMs sharing the same REKEY SA. Contrary to REG SA, it is not always present in GSA. In
fact, the lifetime of a group may happen to be so short to make it useless.

87
Multicast Security and Reliable Transport of
Rekey Messages over Hybrid Satellite/Terrestrial Networks



6 Will-be-set-by-IN-TECH

• DATA SA (Data Security SA). As for the previous one, no negotiation is needed. It is
created by the GCKS to protect the traf c of data owing from the senders to receivers.

GCKS

Member
(Receiver)

Member
(Sender)

REG SA
Initial Setup

(unicast)

REG SA
Initial Setup

(unicast)

DATA SA
Data Messages

(multicast)

REKEY SA
Control Messages

(multicast)
OPTIONAL

Fig. 2. Group Security Association (GSA ) Structure (from (Hardjono et al., 2001))

By using the registration protocol each GM get the authorization and the authentication
needed to access a group, to comply with its policies and to obtain its keys. There are two
types of keys: Key Encryption Keys, KEK, needed to send keys in a secure way, and Traf c
Encryption Keys, TEK, used to encrypt actual traf c. Also a Traf c-Protection Key (TPK) is
used, which combines a TEK and a traf c integrity key. KEKs are relevant in a REKEY SA and
TEKs/TPKs are relevant in a DATA SA.

2.2.2 Registration protocol
An entity desiring to become a GM will have to use a registration protocol on an unicast
connection with the GCKS. The protocol involves mutual authentication between GCKS and
the intended GM. When the authentication phase succeeds the GCKS supplies the joining
member:

• with all the information needed to start a DATA SA (that is in the case the group security
policy requires such a step right at registration and not, as the case may be, as a part of the
rekey protocol);

• with all the information needed to start a REKEY SA (provided the group security policy
requires a rekey protocol).

Obviously enough, the purpose of the registration protocol is to allow a secure (i.e.
authenticated and con dential) transfer of the relevant information between the GCKS and
the GM over a SA. Such an SA is called Registration SA. An analogous protocol is dedicated
to the purpose of removing the REG SA (in case the GM has not chosen to do it itself).
The design of the registration protocol allows for a good level of exibility and provides
with the ability to support different scenarios. Any secure-channel protocol can be used to
deliver the registration messages (e.g. IPsec or TLS). In fact this is what is done with tunneled
GSAKMP (Harney et al., 2003). GDOI (see par. 2.4.2) uses IKE Phase 1 to get a secure channel
to download REKEY and/or DATA SAs. Authenticated Dif e-Hellman exchanges of the type
of IKE Phase 1 are used by protocols like MIKEY(see par. 2.4.3) and GSAKMP(see par. 2.4.1),
although they are adapted to increase operations’ ef ciency.
If for some reason a GM loses the synch with the GSA, it might have to start over a registration
with the GCKS. However, there are cases where a simpler method to return in synch may be
available:
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• the GM can open a plain TCP connection to GCKS and get the recent rekey messages. To
open a TCP port to accept such requests might be seen as a dangerous exposition to DOS
attacks. In fact, malicious re-synch requests could be an even more serious problem;

• the GCKS could publish the rekey messages on a public (e.g. web) site for the GM to
download them from it.

It is desirable that the GCKS provides all three re-synching methods (i.e. new registration,
TCP connection, public download).

2.2.3 Rekey protocols
In case of KEK/TPK expiration or group membership changes, the GCKS may update the
REKEY SA. A REKEY SA is used to protect rekey messages.
The rekey protocol should possess the following properties:

• rekey information should reach GMs without excessive delays;

• the protocol must specify a way for the GM to contact the GCKS and proceed to a re-synch
in case of keys expiration and lack of updates;

• the protocol must avoid implosion problems (see par. 2.2.4) and guarantee reliability in the
delivery of rekey information.

The overall scalability of the group key management architecture relies heavily on the
performances of the rekey protocol. Therefore scalability must be considered a prerequisite
when designing a protocol intended to satisfy the above properties. Rekey protocol should
use a scalable Group Key Management Algorithm (GKMA) to send the minimum possible
number of keys in a rekey message. LKH (see par. 2.3), OFT (Balenson et al., 2000), Subset
difference based schemes (Lotspiech et al., 2001) are examples of GKMA.
A rekey protocol has the following objectives:

• the synchronization of a GSA;

• privacy, authentication (symmetric or asymmetric), replay protection, DOS protection;

• ef cient rekeying after changes in group membership or in case of keys (KEKs) expiration;

• allowing GMs to recovery synchronization with GSA;

• a reliable transport of rekey messages;

• good performances in throughput and latency;

• compatibility with multicast and multi-unicast.

A few major issues the design of the protocol must take into account are:

• messages format;

• reliable transport;

• feedback implosion;

• out-of-synch GSA recovery;

• the use of GKMA in rekey messages;

• GKMA interoperability.
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2.2.4 Reliable transport of rekey messages
The reliable transport of rekey messages is a crucial point in the design of the protocol.
The content of rekey messages is typically made of KEKs, TPKs, REKEY SA and DATA
SAs. Beyond con dentiality and authentication, the protocol must support protection against
replay and DOS attacks. GCKS can send the messages to GMs by multicast or multi-unicast.
Con dentiality of rekey messages is obtained by encryption with the Group KEK. If a GKMA
is used, the encryption of each part of the rekey message will be performed according to the
GKMA speci cations, by the pertinent KEKs.
For a GM to receive all intended data it is essential the GCKS is able to keep the SAs (DATA
SA and REKEY SA) of such GM in synch. Therefore the reliability of the rekeying mechanism
is a fundamental requirement. It can be achieved either by some procedure inherent to the
algorithm or by choosing a reliable transport for the rekey messages.
The following solutions have been proposed:

• transmission of multiple copies of the rekey message. It must be recalled that a rekey
message may span many IP packets;

• transport by an existing reliable multicast protocol or infrastructure;

• the use of Forward Error Correction (FEC) techniques (together with a feedback carried by
NACKs) (Yang et al., 2001).

There is an ample choice of reliable multicast protocols that could be used in our context.
While, as of this writing, none of them has started the standard track, a consensus has been
reached within IETF on two protocols (Adamson et al., 2009) which are therefore likely to start
the track not far from now.
Anyway, no particular reliable multicast protocol has been recommended by the IETF MSEC
WG (MSEC, 2011) to guarantee reliability in group rekeying. In fact, the choice of the protocol
could be subject to special application needs and to the operational environment. Nothing
prevents, in the future, the standard use of a particular protocol for the needs of each class of
applications.
A major problem arising when using a reliable multicast messaging protocol is implosion.
Reliable multicast protocols often make use of ACKs or NACKs to get a feedback about the
success of a particular transmission and to start a retransmission in case of failure. Any kind
of condition leading to massive packet losses at the receivers can result in the transmission of
NACKs from GMs to GCKS. The problem gets soon unmanageable with a large number of
GMs. It is referred to as "feedback implosion".
Implosion has been one of the main areas of interest in the topic of reliable multicasting. Some
of the solutions proposed to suppress or aggregate the feedback may be well suited in the
context of group key management. To reduce the feedback, traf c members may be forced
to wait for a random time before sending a negative feedback. During such a wait GMs may
receive the needed updates and therefore avoid sending the feedback.
Feedback aggregation is another path followed by some reliable multicast protocols. In this
speci c domain, however, the concept has drawbacks related to authentication issues. The
idea of local recovery (that is establishing local recovery servers to of oad the main server)
has the same type of problems since GMs should establish SAs with local servers. On the
other hand, any subordinate GCKS or even any GM with adequate privileges may act as a
local repair server and resend rekey messages.
The main purpose of a GKMA is to make rekeying scalable. Trying to manage a large group
without an effective GKMA is plainly unfeasible.
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The following points must be kept in mind when selecting a GKMA:

• Protection against collusion. GMs and non-members should not be able to join their
knowledge in order to discover keys they are not allowed to know (according to GKMA
keys’ distribution rules).

• Forward access control. The GKMA must make sure a GM which has formally left the group
is no longer able to re-join it.

• Backward access control. The GKMA must make sure when a GM joins the group it cannot
decrypt past data.

In order to scale without dif culties GKMAs make generally use of a logical tree structure to
organize keys. Obviously there are many ways to manage key trees and to identify a node
within a key tree. Within each GKMA packet or at least during the initialization of a REKEY
SA the following information has to be provided:

• GKMA name (e.g., LKH, OFT, Subset Difference);

• GKMA version number (implementation speci c). Version may imply several things such
as the degree of a key tree, proprietary enhancements, and qualify another eld such as a
key ID;

• number of keys or largest ID;

• version-speci c data;

• per-key information:

– key ID;
– key lifetime (creation/expiration data);
– encrypted key;
– encryption key’s ID (optional).

2.3 Logical key hierarchy: a Group Key Management Algorithm
To multicast in a secure an ef cient way to a large group of users, a single TEK is generally
used for encrypting traf c data. A crucial problem is represented by the users leaving or
joining the group. To illustrate it we will refer to gure 3. In theory, for each single change
in the users’ base, the TEK (KI in the gure) should be changed. Although grouping changes
occurred in a given time interval and updating TEK once for all of them might alleviate the
problem, the fact remains that a naive approach would mean transmitting the new TEK to
each of the GMs encrypted with the unique key each GM has from its very inception (the
KEK, Key Encryption Key, which the GCKS knows for all GMs, from KA to KH in gure 3). In
other words, the GCKS should send to the group as many copy of the encrypted TEK as the
number of GMs. That is an enormous traf c for large groups and, even worse, a constantly
repeating one, considering the physiology of the "churn rate". The classical approach to
attenuate the problems is that of Logical Key Hierarchy (Wallner et al., 1999) (Wong et al.,
1998). Improvements of the LKH (Setia et al., 2000) (Rodeh et al., 1999) (Molva & Pannetrat,
1999) (Zhu et al., 2003) have been proposed with the main purpose of improving scalability of
security group associations, in particular during the rekeying phase.
In the tree of gure 4 the circles are keys and the squares are users. The tree has been
represented as a balanced binary tree for convenience although there is no particular
restriction on its structure. The "leaf" keys are the keys each node has been assigned before
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GCKS

Fig. 3. N Root/Leaf Pairwise Keys

joining the group (e.g. by a smart card). The GCKS must know them beforehand for all nodes.
KO is called root key. By grouping the users in small groups and recursively grouping small
groups in larger groups with a number of levels of grouping adapted to the expected total
population of nodes, a signi cant reduction in rekeying traf c can be achieved. Let’s see how
the basic idea is a GM is supposed to know all the keys on the tree path from itself to the root.
For example GM M16 must know, beyond its own KEK K16, Key KH , Key KL, Key KN , Key
KO (which is the TEK).
All the intermediate (auxiliary) keys (from KA to KN) do not need to be associated with any
physical device.

GCKS

Fig. 4. LKH tree

2.3.1 Join operations
Suppose the user M3 wishes to join the group. First it will be assigned, in one of many possible
ways, its KEK K3, known only to itself and to GCKS. Next, with some reasonable criterion,
it will be associated to a subgroup (the subgroup with KEK KB in the gure 4). At this point
all the KEK from itself to the root (KB, KI , KM, KO) will have to be changed. They will be the
new keys: KB’, KI’, KM’, KO’. The new keys will have to be known from all the leaf nodes
under them in the tree. To have KB’ known to all nodes under it (M3 and M4) GCKS will
encrypt it with K3 and K4. To have KI ’ known to all nodes under it (from M1 to M4) GCKS
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will encrypt it with KB’ and KA. To have KM’ known to all nodes under it (from M1 to M8)
GCKS will encrypt it with KI ’ and KJ . Finally to have KO’ (the TEK) known to all nodes GCKS
will encrypt it with KM’ and KN . The total number of encrypted keys in the rekey message
will be d ∗ logd(n) where n is the number of GMs and d is the degree of the key tree. By this
scalable method all the GMs will be able to decrypt the new TEK using the auxiliary keys.

2.3.2 Leave operations
A typical situation is that of a GM leaving the group (e.g. a paying customer of a service
willing to unsubscribe from it). The management of the "leave" operation is very similar to
that of the "join" one. All the keys previously known to the leaving member will have to be
changed in the same way as above.
For a fully populated tree of degree d and height h (where h = logd(n)), the number of keys
retransmitted when a member leaves the group is d ∗ h − 1 and d ∗ h when a node joins the
group (Wong et al., 1998); this compares favorably with the cost of n for a at system.

2.4 Group key management protocols
A number of group key management protocol have been proposed. Within the multicast
security workgroup there are three protocols related to group key management already on
the standard track:

• Group Security Association Key Management Protocol (GSAKMP) (Harney et al., 2006).
It is intended to be the generic key management protocol and de nes methods for policy
distribution, policy enforcement, key distribution, and key management.

• Group Domain of Interpretation protocol (GDOI) (Baugher et al., 2003). It uses the
ISAKMP phase 1 negotiation as the authentication protocol and sets by it a secure
connection between a receiver and the GCKS system. Phase 2 messages are de ned within
the protocol.

• Multimedia Inter KEYing (MIKEY) (Arkko et al., 2004). It is designed with real-time
applications in mind.

2.4.1 Group Security Association Key Management Protocol
The following roles are speci ed in GSAKMP (Harney et al., 2006):

• Group owner (GO), it is in charge of the policies creation;

• Group Member (GM), it is the end-user (sender or receiver) of all security related
procedures;

• Group Controller / Key Server (GCKS), it is responsible for the authentication of GMs, the
enforcement of policies, the distribution and management of keys;

• S-GCKS, A GM which can act locally as GCKS when the functions of GCKS are distributed.

Operations of GSAKMP are described for three different scenarios: in the default one a single
GM is the sender; in another one (support to which is mandatory) all GMs are potential
senders. Support to the third scenario (only a few among the GMs are senders) is left as
an option.
In order to enhance scalability, distributed operations are allowed through the set up of local
GCKS (S-GCKS). An S-GCKS can provide a better management to its neighboring GMs (e.g.
in corporate networks).
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GSAKMP operates under the assumption there is at least one PKI (Public Key Infrastructure)
for the group to trust. GSAKMP relies on such PKI while creating and verifying security
policy rules. The public key of the GO must be known in advance to all GMs.
Upon creation of a new multicast group, the GO starts the process with the creation of a Policy
Token (PT) describing the rules for access control and authorizations for that group. The token
is signed by the GO. The token contains:

• identi cation for the PT and group;

• access control rules dictating who can have access to the group keys;

• authorization rules stating who can be a SGCKS;

• mechanisms for handling security, e.g. Security Protocol, Key Creation Method, Key
encryption algorithm, Signature, etc.

After a PT is created and signed, it is sent by the GO to a potential GCKS. The latter veri es
the signature and, based on the rules speci ed in the PT, decides whether it can act as a GCKS
for the new group. If it can, then the new group is established and all GMs have to register
with the GCKS (see Fig. 5). Upon receiving each registration request, the GCKS veri es the
signature of the requesting GM and checks whether it is authorized to join the group. If the
checks succeeds, the GM receives a "Key download" message. On its part a GM has to verify
the GCKS has the authority to manage the group. Eventually, by using the information in the
message, a GM can set up both REKEY and DATA SAs. If the GM has no need to send data to
the group and it is planning to act as a receiver only, it will have no need to send a "Request to
join" message and the "Key download" message is simply sent to the GM after its registration.

Controller Member

Request To Join

Shared Keyed Group Session

Noti cation - ACK/NACK

Key Download (Policy Token)

Fig. 5. GM registration in GSAKMP (from (Harney et al., 2006))

A rekeying is required whenever a GM joins or leaves the group and such operation will
involve the GO. The latter is informed about node changes and reacts by creating a new PT.
PTs must be pushed to the GCKS and the S-GCKS. Upon receiving a PT the GCKS nodes
have to check whether the changes involve their own GMs. With no changes, the PT will
be distributed according to the LKH by the use of the group key. If some of their nodes has
changed than each client must receive the new PT and the only way to do it safely is to encrypt
it according to the chosen GKMA and to send everything to every client.
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2.4.2 Group Domain of Interpretation protocol
With reference to the ISAKMP (Maughan et al., 1998) terminology, GDOI (Baugher et al.,
2003) speci es a domain of interpretation for group key management. While the ISAKMP
speci cation is no longer current (being obsoleted by IKEv2 (Kaufman, 2005)), part of its
framework is still used to detail the GDOI speci cations.
The setup of secure connections is the result of a two-phases procedure in ISAKMP (and in
GDOI). In our terms, the rst phase allows to establish a secure unicast connection between
the clients and the GCKS. Phase 2 is dedicated to rekeying and the creation of DATA SAs.
Identities of the involved entities are known (together with authorizations) to the GCKS from
phase 1 but they can be integrated with certi cates provided by the GO in phase 2.
Keys can be transmitted with two formats: GROUPKEY-PULL and GROUPKEY-PUSH. The
rst one is used by a GM in a client-server fashion to ask for TEKs, KEKs or KEKs arrays (with

LKH) according to its needs.
On the other hand, GROUPKEY-PUSH is used by the GCKS when it needs to force the update
of the REKEY SA or of the DATA SA.

2.4.3 Multimedia Inter KEYing protocol
The IETF WG has shown a de nite interest in the protection of real-time traf c. In particular,
the key exchange for SRTP (Secure Real-Time Transport Protocol) has been considered. The
MIKEY protocol’s design is the result of such focus. It is of use both in one-to-one and in
one-to-many exchanges.
The MIKEY (Arkko et al., 2004) protocol speci es key management functionalities. It
simpli es the architecture by allowing the sender to incorporate the functions of the GCKS.
The Group Control part of the operations, the user’s authentication, is performed throughout
the course of the initial key exchange by signed messages. The protocol’s emphasis on
real-time data is represented by its efforts to provide a lower latency, its consideration for
the usage over heterogeneous networks and for small groups’ interactive exchanges.
The distribution of TEKs is based on the use of either shared keys (distributed in advance) or
public keys encryption. With such methods the Traf c Encryption Key Generation Key (TGK)
is a shared information between all hosts participating the session. Dif e-Hellman is used
for one-to-one connections instead. In this case each client connects to the source (or to the
separate GCKS node) and the TGK is different for each GM - GCKS pair.
To avoid the problems associated with the advance distribution of the shared keys, the use
of certi cates signed by a trusted CA can be preferred. Procedures for rekeying are not
de ned in MIKEY (the protocol is supposed to be run each time the rekeying is needed).
MBMS (Multimedia Broadcast / Multicast Service) (3GPP, 2006) is an extension to the protocol
designed to allow multicast rekeying in certain environments.

3. Reliable multicast

The topic of the reliable transport of multicast traf c has been already anticipated in par. 2.2.4,
especially with reference to the classic problem of feedback implosion. Here we’ll present
three candidate protocols for the reliable multicast transport of encryption keys.
While protocols based on FEC do generally perform better (Setia et al., 2002) we wish to draw
the attention to the fact that in a satellite environment, where the noise tends to be bursty and
often a return channel is missing, a protocol simply transmitting multiple copies of the rekey
messages might offer a viable alternative.
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The three protocols we wish to present are Pragmatic General Multicast (PGM) (see par. 3.1),
NACK-Oriented Reliable Multicast (NORM) (see par. 3.2 ) and our SRDP-Sign (see par. 3.3)

3.1 Pragmatic General Multicast (PGM)
”Pragmatic General Multicast (PGM) is a reliable transport protocol for applications that
require ordered or unordered, duplicate-free, multicast data delivery from multiple sources
to multiple receivers” (Speakman et al., 2001).
The protocol, developed by a large team of researchers, has the RFC status of "Experimental"
as of this writing. Its design puts emphasis on simplicity and does not support much more
than the essential capabilities for this class of protocols. Its main concern is the reduction of the
repair traf c (driven from NACK implosion or caused by the useless feeding of redundancy
to receivers not needing it).
For better operation PGM needs support from the routers crossed by the multicast traf c. That
is each router should run PGM-aware software (or rmware) extensions (or, put in different
terms, be a PGM NE or PGM-capable Network Elements). At any rate, the protocol can also
work, although less ef ciently, when some or all of the routers are unaware of it.
PGM runs over the standard IP multicast. As customary with that protocol, GMs can join and
leave the group without notifying the source. The only guarantee for a GM is that, once joined
the group, it will receive the data with no errors. Any GM can become an independent sender
for the group it belongs to and its identi cation is given by a Transport Session Identi er
that no one else can share. PGM is exible enough to support many different types of
applications "as disparate as stock and news updates, data conferencing, low-delay real-time
video transfer, and bulk data transfer". Other supplementary options include Designated
Local Repairer (DLR) support, fragmentation, late joining, and Forward Error Correction
(FEC).
The protocol gets its feedback about the transmission results in the form of NACKs. The
potential danger of a NACK implosion is reduced by NACK suppression and NACK
aggregation in PGM NE routers (see below).
PGM de ne the following type of packets:

• ODATA, the Original copy of the transmitted DATA;

• NAK, a Negative AcKnowledgement issued when the receiver realizes a packet is missing
in the sequence it received;

• NCF, NAK Con rmation;

• RDATA, a Retransmission of the original DATA;

• SPM, Source Path Message.

3.1.1 PGM transmit window
Mimicking the strategies followed by unicast reliable protocols, PGM keeps a sliding window
within which to transmit data. The absence of data allowing to accurately shift the left side of
the window leads to the use of a few expedients (based on xed time waits, on a given period
without received NAKs etc.).

3.1.2 PGM tree
To forward data to the intended recipients, PGM builds its own distribution tree (PGM
tree) which is identical to the distribution tree natively built by the routers supporting the
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IP multicast protocol when all such routers are PGM NE. More generally, PGM builds the
distribution tree (the "overlay network") over the original IP multicast tree by having the
sender transmitting Source Path Messages (SPM) to the group at regular intervals during the
data transfer.

FROM SOURCE

PGM 
NE
1

PGM 
NE
2

Receiver 1

Receiver 2

Receiver 3

PGM 
NE
3

UPSTREAM

DOWNSTREAM

Fig. 6. PGM upstream/downstream attributes for router PGMNE2

SPMs are modi ed at each crossed PGM NE (see Fig. 6). When it reaches a PGM NE an SPM
packet contains the address of the PGM NE it comes from. Before forwarding the packet, a
PGM NE substitutes its own address to that address so that every PGM NE will always know
the address of its upstream closest PGM NE (Gemmell et al., 2003).
When ODATA packets start to ow and a host detects a missing packet, after a random backoff
time it sends a NAK to the upstream PGM NE it knows because of the above procedure. On
its turn, the latter:

• sends back a multicast NCF packet by the interface that received the NAK;

• forwards to the PGM NE upstream the same NAK packet it received and receives an NCF
from it.

The process continues upstream until the source or a DLR is reached. When the NAK reaches
the source or a DLR, these may re-send the lost packet downstream to the multicast group,
either in the original form or by some FEC encoding.

3.1.3 Local repair: DLR
If no DLR were present, all the repair packets had to be re-sent by the source. The presence
of DLRs helps to reduce the outgoing traf c at the source and to limit it to the multicast tree
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portion downstream the DLR. It also helps to speed the repair procedure. DLR can announce
their presence so that PGM NEs can direct NAKs to them rather than to the source.

3.1.4 PGM with non-PGM-aware routers
PGM can operate even when all routers are not PGM-aware. Of course, with no PGM NE,
many of the features of the protocol are lost. For example, each NAK packet will be multicast
in the usual way, without the suppression of duplicated NAKs. It will be also impossible to
perform ef cient repairs, since RDATA packets will be transmitted again and again, no matter
how many GM have requested the same packet. The protocol performances will however
improve as the number of PGM NE increases.

3.1.5 Congestion control
Congestion control in PGM is performed by limiting the transmission rate at the source. Such
limitation is based on the feedback received both from receivers and from PGM NEs. The
feedback is given by appending special "report" elds at the end of a NAK packet. The reports
communicate the "load" measured by receivers, in the form of packet loss rates, or by PGM
NEs, in the form of packet drop rates.
The feedback can be of three different types:

• worst link load as measured by the PGM NEs;

• worst end-to-end path load as measured by the PGM NEs;

• worst end-to-end path load as reported by receivers.

Although congestion control is mandatory, there is no speci cation of how this data should
be used to adjust the sending rate and the choice is left to the implementation (Gemmell et al.,
2003).
An extension of the protocol aimed at congestion control has been proposed with PGM CC
(Rizzo, 2000). PGMCC is described as "single rate" in that "all receivers gets the same rate
and the source adapts to the slowest receiver" and "TCP-friendly" in that the sender tries not
to transmit faster than the rate allowed by TCP speci cations with the slowest receiver. The
protocol adopts a window-based, TCP-like control loop.

3.2 Negative-ACKnowledgment (NACK) Oriented Reliable Multicast (NORM)
According to (Adamson et al., 2009) The Negative-ACKnowledgment (NACK) Oriented
Reliable Multicast (NORM) protocol "can provide reliable transport of data from one or more
senders to a group of receivers over an IP multicast network". Ef ciency, scalability, support
for heterogeneous IP networks and for bulk transfers are said to be the goals for the protocol’s
design. Another interesting target for the protocol is to provide "support for distributed
multicast session participation with minimal coordination among senders and receivers".
Starting with (Adamson et al., 2009), NORM is on the IETF standard track. In (Adamson et al.,
2009) message types and protocol operation are explained in detail. (Adamson et al., 2008)
discusses goals and challenges for reliable multicast protocols in general, de nes building
blocks to address these goals and gives a rationale for the development of NORM.
End-to-end reliable transport of application data is based on the transmission of NACKs
from the receivers to initiate repair transmissions from the senders. Variability in network
conditions is taken care of by using adaptive timers for the protocol operations. The protocol
is designed to offer its transport services to higher levels in a number of ways in order to
satisfy the needs of different applications.
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NORM uses FEC in various ways. It can use it both in the encoding of the original
stream and in the repair traf c sent to the group in response to NACKs from the receivers
(proactive/reactive FEC). In general, the more FEC redundancy is put in the original stream
the less NACKs will be received.
Most of the potential limitations of the scalability of the protocol come from the negative
feedback generated from receivers. NORM uses a probabilistic suppression of the feedback
based on exponentially distributed random backoff timers. To avoid disturbing the operations
of concurrent transport protocols (e.g. TCP) a congestion control scheme is speci ed, although
alternative choices are left to the implementers.

3.2.1 NORM building blocks
NORM is conceptually divided in three main blocks:

• NORM Sender Transmission, which takes care of data transmissions and reception of
feedback (NACK) messages;

• NORM Repair Process, which processes the feedback information and tells the rst block
what to retransmit;

• NORM Receiver Join Policies, relates to policies and procedures involving receivers
admission to the data distribution. While receiver joins are generally unconstrained, a
sender might wish to limitate the number of potential NACK senders in various ways.

Other functions (congestion control, error correction etc.) are delegated to further modules.

3.2.2 NORM operations
Messages in NORM are basically divided in sender messages and receiver messages:
NORM_CMD, NORM_INFO, and NORM_DATA message types are generated by senders
of data content NORM_NACK and NORM_ACK messages generated by receivers within a
session.
The NORM_DATA messages are used by senders to transmit application data and FEC
encoded repair packets while NORM_NACK messages are generated by receivers to
selectively request the retransmission of missing content. NORM_CMD messages are used for
various management and probing tasks while NORM_ACK is the acknowledgement message
for such commands.
As it is customary in this class of protocols, the receivers schedule random backoff timeouts
before sending a NORM_NACK message, which could be repeated if the hoped-for repair has
not come. The sender doesn’t react to single NACK messages but rather tries to aggregate a
number of them to decide how much to "rewind" its transmission. When it deems the rewind
to be suf cient, it proceeds to the actual retransmission.

3.2.3 Congestion control
Congestion control for NORM is described in (Adamson et al., 2009). It is an adaptation of
the TCP-Friendly Multicast Congestion Control (TFMCC) described in (Widmer & Handley,
2006). It is essentialy based on a rate-control approach rather than on the control of the
transmission window. The protocol speci cation leave, freedom to opt for a window-based
approach like that of PGMCC.
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3.3 Satellite Reliable Distribution Protocol for Signaling (SDRP-Sign)
The Satellite Reliable Distribution Protocol (SRDP) protocols (Tommasi et al., 2006) (Tommasi
et al., 2003) are reliable transport protocols designed with special attention to the use in
satellite applications. SRDP-Sign can be seen as an extension of the original SRDP protocol.
The two protocols use the same UDP port and implement two different types of transports:
SRDP-Bulk and SRDP-Sign. The rst one is FEC-based and it is used for bulk data transfers.
The second one is of the multi-send type (Tommasi et al., 2008) and has been originally
designed for signaling. Despite the original design focus of SRDP-Sign has been the use
with short messages (e.g. in multicast control applications) or more generally, with signaling,
its relative immunity to burst errors makes it interesting in the context we are examining
(Tommasi et al., 2009). One more reason of interest for the protocol is its capability to transmit
information to users who can receive information from a satellite but do not possess a return
channel. However reliability of transmissions cannot be assured with this subset of users.
For all other users, SRDP-Sign is capable of accepting a return feedback both via satellite and
terrestrially. The SRDP-Sign protocol is also optimized for a high number of users.

3.3.1 SRDP-Sign: Requirements and architecture
The requirements of the SRDP-Sign protocol are:

• high degree of scalability;

• fast delivery of messages;

• high resistance to burst errors;

• high probability of complete delivery of transmitted data for all users;

• guarantee of complete delivery of transmitted data for users with a return channel;

• limited use of control messaging between sender and receivers.

The objective of each session of the SRDP-Sign is to transmit messages M to R users.
Reliability is ensured via transmission of N multiple copies of the messages (Setia et al., 2002).
The SRDP-Sign protocol manages the transmission of a single message (SRDP-sign session).
The protocol can transmit multiple simultaneous sessions, that is the transmission of the
copies of two different sessions to be interlaced. Bundling more messages within a packet
is not permitted (see Fig. 7). This preserves the simplicity of packet management.

3.3.2 SRDP-Sign operations
SRDP-Sign ensures reliability of the transmission of a message M, replicating it in N packets.
Pi is the i-th reply in the N packets sequence. The delivery of a message is organized in two
phases. During the Winding phase, the sender is restricted to replicate the message and there
is no control. During the Unwinding phase, the sender makes an estimate of the number
of receivers who did not receive the packet during the Winding Phase through a scheme of
suppression of the number of receivers.
SRDP-Sign messages can be of the following types:

• DATA, a data packet;

• ABORT, sent to interrupt an ongoing session;

• STAT_REQ, a request to the receivers of a feedback about the correct reception of the
message;
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• STAT_REP, the answer to a STAT_REQ.

During the Winding Phase the sender transmits N copies (DATA) of the message M. In
case of a correct reception of a packet, a receiver ignores all other packets of that message.
The replicated packets are transmitted with exponential times that reduces the effects of the
potential burst errors (Tommasi et al., 2003).
During the Unwinding Phase the sender multicasts a STAT_REQ to check whether the R
receivers have received the message during the previous phase. This request is processed by
the receivers through an algorithm of probabilistic suppression of the NACKs. This behavior
has a high level of scalability (Nonnenmacher & Biersack, 1998). If a receiver sees the request
and has not received the message, then the probabilistic suppression comes into play and if it
results in an authorization to proceed, the receiver sends a STAT_REP to the source. A session
nishes when the last STAT_REQ message in the sequence (see below) gets no answer. On the

other hand, as soon as a STAT_REP message is received by the source, it stops the sending of
STAT_REQ messages and proceeds to a new Winding Phase.
The ABORT message, when needed, is also repeated in a xed way (exactly ten times at
regular intervals).

time

Fig. 7. Transmission of multiple messages (M1 and M2 cannot be interlaced)

3.3.3 Scalable Feedback Suppression (SFS)
Ideally, after transmitting a packet, the sender would like to receive boolean information
(yes/no) related to the correct reception from all the receivers. In order to prevent NACK
implosion, the Scalable Feedback Suppression (SFS) algorithm causes the random selection
of a subset of all the receivers. Such subset is allowed to transmit a negative feedback to the
sender. Obviously, only the receivers with a return channel can participate to the selection.
The algorithm begins with the selection of an high number H (which represents a very
rough and imprecise estimate of the number of potential receivers). The rst STAT_REQ
transmission is executed and the value probability PH of 10r (where r = −�log10H�) is
included in the message. A receiver that did not receive the original message is authorized to
reply only if it generates a pseudorandom value (between 0 and 1) and such value is lower
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than PH . If the sender receives even a single NACK, it will abort the Unwinding phase and
will re-initiate the Winding Phase (see Fig. 7). If, on the contrary, it does not receive any
NACK, the sender iterates the STAT_REQ transmission putting in the message a value of PH
of 10r+1. If the sender does not receive any NACK it increases the transmitted PH value until
it reaches 1. At this point it determines the message has been correctly received by everyone.

4. Performance evaluation

We set up an experimental network to test the performances of the PGM, NORM and
SRDP-Sign protocols in different scenarios. Given the scope of the present chapter only
a sample of the tests results are reported. The complete results will be the object of a
forthcoming publication.
For PGM we selected OpenPGM, an open source implementation available at (OpenPGM,
2011). OpenPGM it is not yet a nal release. The source code of a NORM implementation is
available at (NORM, 2007).
The network topology we employed in our test is characterized by an (hybrid) asymmetric
connectivity where a single sender is connected directly to the satellite uplink (1Mbit/s) and
a small multicast group of receivers has a unicast terrestrial return path to the sender. In this
topology, receivers have no access to the satellite uplink but, as it is usually the case, they can
receive from the downlink either through a satellite receiver connected to their LAN or by an
on-board card (see Fig. 8). The round trip time is about 600ms. We also considered a scenario
in which there is no return path to the sender and therefore no kind of feedback is sent by the
receivers.
We evaluated the performances of the protocols for various packet loss percentages at the
receivers caused by the satellite link. The test is conducted in an homogeneous network
with all receivers experiencing the same percentage of independent losses. The packet loss
is emulated using Dummynet (Carbone & Rizzo, 2010).

Protocol Parameter and value Meaning
NORM blocksize=64 Number of source packets per FEC coding block.
NORM parity=32 Number of FEC parity packets.
NORM auto=32 Number of proactively parity packets.
NORM unicastNacks NACK sent in unicast.

OpenPGM Transmission Group size = 64 Number of source packets per FEC coding block.
OpenPGM Proactively parity = 32 Number of proactively parity packets.
SRDP-Sign N=3 number of replies for each message.

Table 1. Con guration Parameters

Protocols con guration parameters used for the present selection of the results are shown in
table 1. To put the three protocols on a par, no PGM-aware router has been employed.
We calculated the Average Key Delivery Ratio (AKDR) and the data overhead to evaluate
the performances of the above reliable multicast protocols. AKDR is the ratio {number of
keys received}/{number of keys transmitted} averaged over all multicast group members.
Data overhead is the ratio {total amount of data transmitted}/{net amount of keys data
transmitted}.
Fig. 9a shows the results of the tests when a return channel is available, that is the receivers
are able to send a feedback to the sender. Fig. 9b shows the results with no return channel
available. Despite its simplicity and limited ef ciency, it is interesting to note the fairly good
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performances of SRDP-Sign with high packet losses. Increasing redundancy to compensate
for high error rates, generally tends to favour the ef ciency of FEC based protocols as
compared to that of the replica-based ones. However, as our preliminary results suggest,
bursty environments (like the satellite ones) tend to level the comparison.
Fig.10 shows a somewhat expected outcome: since SRDP-Sign sends a xed number of
replicas in the winding phase, no matter how much noisy the transmission is, its overhead
is by far the largest at low levels of packet losses. On the other hand, when the level of
losses increases, also PGM and NORM are forced to retransmit packets, ending up in reaching
approximately the same amount of overhead as SRDP-Sign.

5. Conclusions

This chapter introduced the framework and the protocols IETF speci ed for a multicast
security architecture. Three different protocols for key exchange (registration and rekeying),
have been presented: GSAKMP, MIKEY, and GDOI. They were developed with different
settings in mind, since a single protocol was not believed to be able to support all the typical
scenarios in multicast security. LKH is used to allow the rekeying phases to ef ciently scale
over a large number of users. If the keys are sent via multicast, which is common for large
groups and unavoidable with satellites, a reliable multicast transport is required. Three
protocols offering such service have been considered: PGM, NORM and SRDP-Sign. The
rst two of them have been debated within the IETF MSEC WG. The third one was originally

conceived for the utilization in multicast signaling (i.e. the reliable delivery of short control
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(a) Receivers with a return path

(b) Receivers without return path

Fig. 9. Average Key Delivery Ratio
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Fig. 10. Data Overhead (receivers with a return path)

messages). However its promising behavior in a satellite environment has prompted to
test it in the present context. The preliminary results suggest that, while PGP and NORM
do generally perform better, high levels of packet losses (which are typical of the bursty
disruption of satellites transmissions) tend to put the simpler approach of SRDP-Sign in a
more favorable position.
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1. Introduction  
For the past decades large scale devastating fire events have been occurring in the 
Mediterranean region. In particular the wider region of Greece has a history of severe fire 
crisis amounting to devastating damages to property, ecology and losses of civilian lives. 
High and often abrupt climate variations, hot dry winds, the global warming changing 
conditions as well as organized criminal activities are the main causes of severe and 
multiple fire breakouts. These events have resulted in serious crisis situations which often 
have been developed into natural disasters. Thus, fire events put in danger not only the 
existing ecological stability of large geographical areas of the country, but also the security 
of hundreds or even thousands of civilian lives, see also (Marke, 1991) for cable tunnels and 
his overview of the level of Telecom Australia's operations.  
One of the most challenging and serious problems during the evolution of a forest fire is to 
obtain a realistic and reliable overall common operational view of the situation under 
development. Combating fires with large fronts is an extremely difficult and dangerous task 
due to high and abrupt changes of wind direction and intensity, high spatial and temporal 
variations as well as due to the high variety of forestry and natural vegetation of the 
environment. In that respect reliable early warning and suppression of fire outbreaks is of 
paramount importance. Great efforts are made nationwide to achieve early forest fire 
detection based mainly on human surveillance. These activities are usually organized by the 
Greek Fire Brigade which is a governmental authority in conjunction with volunteer local 
private organizations. It is evident that this kind of effort which is based basically on human 
observation is problematic. Moreover it usually takes place during the summer season 
between the months of June and September. Our main motivation relies on the fact that to 
the best of the authors’ knowledge at least on a national level there is no operationally 
sustainable and dedicated sensing network capable of providing reliable early detection and 
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surveillance services to the authorities and public entities. In that respect there are no 
realistic past data or previous operational experience with similar deployed architectures for 
fire prevention and monitoring. Another motivation is the recently completed Greek pilot 
project called: Satellite – based FirE DetectiON Automated System (SFEDONA) which was 
funded by ESA under ARTES -34 framework (SFEDONA, n.d.; Liolis et al., 2010). For our 
work we are using as a starting step the basic architectural concept of this project and we 
proceed further providing an analytical and coherent operational system enriched and 
extended with Earth Observation components as well as with First Responders critical 
operational communication sub-systems. 
The purpose of this chapter is threefold: At first to introduce commercially available H/W 
modules that will be useful for fire prevention and monitoring, thus minimizing human 
intervention actions. Secondly to provide the designer and /or policy maker with some 
available results from the field of distributed detection theory and how associated methods 
may be taken into consideration during the initial design phase of the S/W application 
modules. Thirdly to provide some state of the art technological platforms based on existing 
and future aerial and space based subsystems that could be properly integrated in the 
proposed hybrid architecture. In this line and for completeness some important First 
Responders’ open technical communication problems are introduced relating interoperability 
issues with other existing broadband services. Specific issues related to TETRA 
communications architectures (Terrestrial Trunked Radio) which are highly critical to the 
operational capabilities of the search and rescue teams are raised and analyzed. Thus the main 
contribution of this chapter is the conceptual presentation of an extended operational early 
warning - monitoring and fire detection system applied but not limited to the Greek situation.  
In section 2 some design specifications of the building blocks and subsystems including the 
satellite communications backbone provided by HellasSat are presented. Further description 
of the hardware and software components integration is presented in section 3 combined with 
existing decentralized and sequential detection strategies. A detailed account of the state of the 
art decentralized approaches in conjunction with some useful fundamental statistical aspects 
are given adapted to the hybrid model. Different technical limitations imposed during the 
design and implementation stage are highlighted and presented in section 4. In section 5 some 
critical operational issues related to communications interoperability between First 
Responders networks are presented. The integration framework of aerial and space based 
earth observation remote sensing components with the proposed model is analytically 
provided in section 6. High-level research directions and guidelines in integrating the 
proposed architecture with advanced existing and newly developed European space based 
tools are provided in section 7. It is noted that the introduction and review of the most recent 
and future technical advancements concerning space based tools in fire and disaster crisis 
monitoring is presented focusing on the technical efforts of the European Space Agency and 
the European Community. These efforts are discussed aiming to pinpoint at specific directions 
for the implementation of an innovative, operational and most importantly sustainable 
solution. In section 8 the final conclusions of this work are provided. 

2. Description of basic system architecture 
The proposed model combines terrestrial and space based infrastructures and sensors 
(SFEDONA, n.d.; Liolis et al., 2010). The terrestrial part is comprised of four general 
hierarchical levels:  
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1. The End – Users Fixed Common Operational Center  
2. The Remote Fusion/Decision Central Node (R-F/D-CenN)  
3. The Remote Data Collection Nodes (R-D/C-N) and  
4. The Set of Environmental Sensors (land based event observers).  
The Common Operational Center (CoC) is the public entity or surveillance authority 
responsible for the coordination and supervision of the overall fire crisis management tasks. 
The space-based components consist of the Data Handling subsystem (HelasSat) and the 
Earth Observation infrastructure feeding the Center with all necessary remote sensing earth 
observations. 
The terrestrial platform basically consists of the following IT and Hardware components: 
1. Pan-Tilt-Zoom (PTZ) cameras combined with the set of environmental sensors and 

local weather monitoring stations installed at remote and isolated critical areas of 
interest. 

2. Satellite Communication Network based on the DVB-RCS standard along with the 
installation of the respective satellite terminals for the interconnection of the fixed CoC 
and the various Remote Fusion/Decision Central Nodes (R-F/D- CenN). 

3. Earth Observation Imaging Data processing units located at the Operational Center 
premises. 

4. Wi-Fi access points (Wi-Fi AP’s) for the interconnection of the wireless sensors and PTZ 
cameras with each one of the Remote Data Collection Nodes (R –D/C-N). 

5. Zig-Bee (IEEE 802.15.4 standard protocol) - to - WiFi (IEEE 802.11) gateways providing 
links between the ZigBee network of the wireless environmental sensor set and the rest 
of the WiFi network. 

6. Independent Power Supply Units (such as small Solar Panels) for the energy powering 
of the Remote Data Collection Nodes (R-D/C-N) and the Remote Fusion/Decision 
Central Nodes (R-F/D-CenN). 

7. The above system components combine standard protocols with available Commercial - 
Of - The Self (COTS) products. A careful selection must be made so that various 
performance criteria and trade offs are met such as: interoperability, quality attributes, 
format of the component, necessary physical resources for the functioning of each 
device component, technical limitations and restrictions, capacity, size, performance 
specifications, data handling etc. 

The IEEE 802.15.4/ZigBee protocol for Wireless Sensor Networks allows fast, scalable and 
easy network deployment and adoption supporting QoS combined with COTS devices and 
technologies. It is known that the IEEE 802.15.4 Data Link/ZigBee network layer, allows the 
implementation of three network topologies - Star, Mesh and Cluster- Tree - while ZigBee 
defines 3 types of devices: ZigBee Coordinator (ZC) -ZigBee Router (ZR)- ZigBee End 
Device (ZED), see for more details (Cunha et al., 2007; Da Silva Severino, 2008). It is noted 
that a key feature of the IEEE 802.15.4 Data Link/ZigBee devices is the classification into 
two subcategories: The Full Function Devices and the Reduced Function Devices. The later 
are End Devices implementing only very simple (reduced) applications such as infrared 
passive sensing (IR passive sensor devices) transmitting very small amounts of information 
in the sensor network. Thus they are very beneficial in terms of low power consumption 
since end – devices can be asleep for long periods of time and can wake up only when it is 
needed for data transmission.  
In the sequel various software component applications are proposed to run on the sub-
systems such as: 
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• Application to run at the Common Operational Center premises for continuous 
monitoring, surveillance and control of the remote geographical regions. 

• Application to run at the Operational Center for immediate alerting of the end-users in 
case of fire breakouts. An integrated powerful Geo-Spatial Information Subsystem (GIS-
subsystem) for fire representation and spreading is proposed to support decision 
making on the part of the end-users, indicating the exact location of the fire events 
using available vector/raster background maps. 

• Intelligent Software application to run locally at the Remote Fusion/Decision Central 
Nodes for event - observation and fusion of critical heterogeneous data coming from 
different sensing sources such as wireless PTZ cameras and the Remote Data Collection 
Nodes. Additionally advanced intelligent software applications will be necessary for 
decentralized event detection, and fast decision policy making.  

• Application to run at the Remote F/D Central Nodes for critical data and fire alarm 
communication/transmission to the CoC.  

• Application to run at the Remote Data Collection Nodes for simple local decision-
making and message re-transmission. This type of node due to more relaxed power 
constraints compared to the set of environmental sensors’ stringent power constraints, 
should be capable of more advanced signal processing/decision capabilities on a local 
level. 

The selection criteria of the software components regarding intelligent algorithms for 
observation fusion and fast event detection is probably one of the most challenging tasks for 
this type of distributed networks. Several design and modeling issues related to this 
problem are addressed and discussed in the sequel. Additionally various performance 
indexes are introduced for performance evaluation of the detection algorithms. A short 
review of the current literature results and design efforts of intelligent decentralized 
detection is provided. 

3. Analytical component description 
As it is seen in Fig.1 below the basic component blocks are: 
1. The Satellite link: This link provides a two-way data transmission with high reliability 

between the Remote Fusion/Decision Central Nodes located at the geographical areas 
of interest and the CoC which is located at the end user’s location (village municipality 
or city). Both terminals operate in dual mode (receive and transmit) were for fire event 
detection and alerting the uplink data transmission from the Remote F/D Central Node 
to the CoC is of primary importance. For the Greek terrain and environment the baseline 
scenario involves the communications infrastructure concerning the GEO Ku-band 
satellite HellasSat2 at 39 deg. E. and its operational network which is based on the 
Digital Video Broadcasting-Return Channel via Satellite (DVB-RCS) standard. 
HellasSat owns and operates the Hellas Sat-2 geostationary satellite which provides IP 
and DVB services and thus will establish the backbone satellite communications link. In 
case of fire events detection and alerting data, messages are transmitted to the end user 
via the satcom interface. For the purpose of an alert verification or fire in progress 
situation, a low frame rate video stream can be transmitted to the site of the end user. A 
relatively low data rate satellite link is required and an assumption of 512/256 Kbps is 
reasonable.  
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2. Remote Sensing: Remote Sensing coupled with advanced information, 
telecommunication, and navigation technologies contributing to high-speed geo-spatial 
data collection more efficiently than ever, and supporting the disaster management 
organizations to work with higher volumes of up to date information. Fire imaging 
from remote platforms can be used in emergency response for strategic and tactical 
operations. Strategic observations are provided mainly by polar orbit satellite systems 
like NOAA/AVHRR, MODIS, ENVISAT, etc. These observations are in different spatial 
and spectral resolutions, and give a regional view of fire occurrences with time intervals 
ranging from some hours to one day. These observations are useful for disaster 
coordination support but are ineffective for repetitive timely observations due to orbit 
cycles. On the other hand tactical operations, which need real time observations, are 
efficiently served by the geostationary orbit satellites like the Meteosat Second 
Generation, as well as airborne (manned or unmanned) platforms that are able to 
provide continuous coverage and rapid data accessibility over the entire country and 
individual fire events respectively. Among the most enduring data flow bottlenecks 
existing today are the challenges for interoperability during the operations, where 
space/airborne remote sensors need to work together with in-situ sensor networks and 
data fusion and processing nodes as it is proposed in our network architecture.  

 

 
Fig. 1. Early Warning and Fire Detection Physical Model Architecture. 
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3. Common Operational Center site: The fixed CoC is located at the end user’s location 
(municipality, community or village site) and consists of an integrated S/W platform. 
The platform is responsible to provide common operational and continuous centralized 
and remote monitoring of the critical areas that are under surveillance and inspection. 
Moreover in case of fire detection or alarm signaling the CoC immediately is informed 
with the support of an integrated GIS - application for the indication of the exact 
location of the fire event with the aid of available digital maps of the region. The S/W 
application will include fast intelligent computational algorithms for real time 
estimation of fire front propagation based on inputs streaming from the environmental 
wireless network (Remote Fusion / Decision Nodes). Additionally the end users will be 
able to remotely control the PTZ cameras installed at the Remote F/D Central Nodes. In 
that manner continuous monitoring of the critical geographical sectors will be possible 
through video sequences/frames coming from the on field camera sensors. A satellite 
terminal also is needed to be installed providing satcom links between the field and the 
CoC.  

4. Remote Fusion/Decision Central Node (R-F/D-CN): The remote fixed fusion/decision 
central node will be physically located at a safe distance from the critical area of interest 
such as a forest or an area of high probability for a fire event to occur. It is responsible 
mainly for data fusion and decision-making as well as for alert distribution. It is noted 
that the final decision-making process and strategy for event detection is taking place at 
this Central Node by performing a probabilistic likelihood ratio test. It is based on the 
received observations and partial local type decision outputs of the Remote Data 
Collection Nodes. In that respect decentralized detection is of major importance and it 
is comprised of two main parts, see (Fellouris & Moustakides, 2008; Chamberland & 
Veeravali, 2007):  
a. The sampling strategy at the remote sensors (Event Observers).  
b. Τhe detection policy at the fusion – decision center which in our case is the Remote 

Fusion / Decision Central Node. 
Policies related to sampling rates basically define the type of sensor data that is transmitted 
to the Remote Fusion/Decision Node while policies related to detection concern the 
utilization of the transmitted information by the Fusion/Decision Node such as the final 
decision of the occurrence or not of an event. Sampling/detection strategies performed at 
the fusion center is a discipline of ongoing research efforts. The concept of decentralized 
detection was first introduced by (Tsitsiklis, 1993) and later by (Veeravali et al., 1993). We 
mention that for the centralized detection case the fusion center has complete access to the 
continuous time process observations which in our application set up is the fire event 
spatio-temporal evolution. Additionally one or (usually) several R-F/D-Central Nodes may 
be installed depending on the geographical region and terrain morphology.  
Analytically the following components are required: 
• A satellite terminal so that communication between the Remote - F/D - Central Node 

and the Operational Center is possible. 
• A WiFi access point with its integrated controller so that communication between the 

various heterogeneous data coming from optical cameras, environmental sensors and 
small local weather monitoring stations is achieved. The link is based on the IEEE 
802.11/WiFi family standards for short/medium range communications at the 
frequency of 2.4 GHz. The data rate can be up to 25 Mbps. 
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• A panoramic PTZ camera which will act as a redundant fire detection and surveillance 
device adding additional degrees of freedom to the overall architecture. As soon as the 
distributed sensors such as the optical cameras, the local weather stations and the 
environmental sensors generate an alert of a fire event, the end user can remotely point 
and zoom the PTZ camera to the specific site thus getting a better and fullest picture of 
the situation. PTZ cameras have the technical ability to pivot on their horizontal and 
vertical axis (pan/tilt head) allowing the users to cover and survey the areas of interest. 
Also they have an automatic setting allowing for scanning on a predetermined axis. 

Some technical specifications are given depending on the product type and cost (COTS):  
- Horizontal scanning ability of 340 deg. and vertical scanning of 100 deg. 
- Motion sensors. 
- IR sensitivity for scanning at nighttime or areas of low light. 
- Ethernet cable connectivity. 
- Up to 45 frames/sec at a resolution of 640x480. 
- JPEG & MPEG encoding. 

• An integrated S/W application so that data fusion and decision policy tasks are 
possible. The input to the F/D central node includes all available information generated 
from the sensing hardware such as optical cameras, environmental sensors and the local 
weather monitoring stations. Moreover this S/W application will be responsible for 
data and alarm transmission to the Operational Centers’ site. 

• An independent power supply unit. It is necessary since the Remote –F/D-Central 
Node will have to be autonomous and as it is mentioned will be located at strategic 
geographical areas of possible high-risk fire events. In that way independence from the 
power grid is achieved. The power unit is proposed to be based on relatively small solar 
panels, including charging battery arrays, inverters and controllers, so that autonomous 
operation is achieved for several days.  

5. Remote Data Collection Node (R-DC-N): It is the basic Data Node responsible for 
collecting the various data sequences transmitted from the local optical cameras and 
environmental land based sensors and for performing the real-time local sensing of the 
fire event. There can be one or more data collection nodes depending on the application 
and geographic location or sector and will be located near or inside the critical areas in 
fixed positions. Moreover an additional assumption is made that these nodes are 
capable of re-transmitting an amplified version of its own local partial observation and 
local decision of the events at the remote central node. Thus the remote data collection 
nodes act in the network as amplifiers transmitting sequences of finite alphabet 
messages to the Remote Central Nodes. Furthermore each node consists of the 
following sub-systems: 

• A WiFi access point with an integrated controller for the communication between the 
Remote Data-Collection Node and the Remote F/D Central Node. The Data collection 
node will be collecting all available data from the sensors: optical camera, local weather 
monitoring stations, and the environmental sensors and feed them to the Remote F/D 
Central N. The interface data rate can reach up to 25 Mbps.  

• Wireless optical cameras or “Optical Observers” responsible to perform real time local 
detection of fire-smoke-flame parameters. It is proposed that embedded image 
processing algorithms are included or further developed depending on the 
morphological terrain. The operation of these “Optical Observers” is mainly based on 
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low-resolution high dynamic range contrast camera providing robust representation of 
an event or scene under various uncontrolled illumination conditions. Reliable and 
advanced image/signal processing algorithms can be implemented either of the self 
(COTS) or by in house development. The range coverage of each camera will be in the 
order of a few Kilometers. For, each Data Collection Node four “Optical Observers” 
suffice to cover wide geographical regions (>30 km).  

• A remote weather monitoring local station attached to the mast of each sensor - optical 
camera capable of collecting and monitoring local weather information such as: Wind 
direction and speed, humidity factors, air temperature variations, dryness etc. Such an 
“instrument” will add extra degrees of freedom and reliability when combined with the 
optical “Observers” and the environmental field sensors. It will provide valuable 
information related to the status of a potential fire event or even further to provide 
critical information for fire front prediction and progress. The proposed weather 
stations will be able to transmit data to the Remote Fusion/Decision Central Node via 
the WiFi access point (Wi-Fi AP) of the Data Collection Node. 

• A Zig-Bee (IEEE 802.15.4) to WiFi gateway which will be attached to each optical 
camera. It can act as a local coordinator of the ZigBee network of the environmental 
sensors that are associated with a specific camera. Basically the gateway establishes a 
bridge between the ZigBee network topology of the environmental sensors installed in 
the distant area and the Remote Data Collection Node. In that way critical data coming 
from the installed wireless sensors can further be communicated via the WiFi wireless 
interface to the Remote F/D Central Node. The interface data rate can be up to 115.2 
kbps from the ZigBee side and up to 25 Mbps from the WiFi side. 

• An independent Power Supply subsystem. By definition and due to the distant 
location, functionalities and hardware limitations, the Data Collection Node will have 
to operate autonomously with no human intervention and totally independent of the 
power grid network. The operation will need to be proper and seamless for long 
periods of time. In that respect this power subsystem will provide power to the 
components of the Node such as the WiFi access point, the optical sensors, the remote 
local weather station and the ZigBee to WiFi gateway. A solar panel based power 
system is proposed that is similar to the one mentioned for the Remote F/D Central 
Nodes. However since there will be no satellite terminal at the site of the Data 
Collection Node the power specifications and constraints can be significantly relaxed. 

• The wireless local environmental sensors that are distributed in the areas of interest 
measuring parameters such as humidity, smoke, flame, temperature or soil moisture. 
These sensors are low cost, low power and small size wireless devices capable of having 
communication links between them at low data rates via the ZigBee wireless network 
interface. The density of the distribution (distance between the sensors) strongly 
depends on the morphological terrain of the critical site of interest. A typical distance 
could be 1 km in the field areas. Communication of the environmental sensors with the 
rest of the network is feasible using the Zig-Bee to WiFi gateway which is attached to 
each optical camera installed at the Data Collection Node. Finally an option for the 
installed sensors could be the family of Low Power RF transmitters. With respect to the 
three known Zig-Bee topologies star-mesh-cluster-tree as are shown in Fig. 2., for the 
application of fire detection the selection should be made between the mesh and 
cluster/tree topologies since cluster/tree topologies provide higher network flexibility, 
and are more power efficient using battery resources in a more optimal fashion.  
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Fig. 2. Zig-Bee typical Cluster – Tree and Star network topologies. 

An important performance testing parameter to be accounted for in the specified network 
application is the “smooth” coexistence of WiFi/ZigBee technologies since they both operate 
at the same 2.4 GHz band. For example minimization of interference risks is of paramount 
importance since it has been observed in various applications that ZigBee can experience 
interferences from Wi-Fi signal traffic transmission (some packet losses due to increased 
WiFi power levels). Careful field testing investigation is required when employing the 
wireless network to evaluate and confirm the coexistence limits of both types of RF based 
technologies.  
In the following Fig. 3., a Top Level - schematic geometry of the early warning architecture 
is presented. The Earth Observation components are excluded for simplicity reasons. 

4. Distributed event detection strategy methods 
For distributed land based sensor networks related to fire detection and environmental 
monitoring the event can be characterized as rather infrequent. In that setting surveillance is 
highly required while reliability and timeliness in decision-making is of paramount 
importance. Thus decentralized rapid detection based on fusion technology and intelligent 
algorithms play a key role in the proposed model (Gustaffson, 2008). In particular 
decentralized detection is an active research discipline imposing serious research problems 
and design issues, [Bassevile & Nikiforov, 1993; Chamberland & Veeravali, 2006, 2007) and 
(Tsitsiklis, 1993; Veeravali et al., 1993). In the proposed application low cost flame, smoke, 
and temperature detectors as well as additional local environmental sensors to be employed 
are subject to various power limitations. The classical concept of Decentralized Detection 
introduced by [Sifakis et.al., 2009] considers a configuration where a set of distributed 
sensors transmit environmental finite-valued messages to a fusion center. Then the center, is 
responsible for the decision making and alerting while the classical hypothesis testing 
problem is solved deciding on one of the two hypotheses, that are “a change has occurred” or 
“a change has not occurred” see (Gustaffson, 2008). 
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Fig. 3. Block interface schematic diagram of the proposed model without the earth 
observation components. 

In our operational application , the decision on the type of data and alarm sequences to be 
sent to the Common Operational Center is primarily realized at the Remote 
Fusion/Decision Central Node (Global Decision Maker) since the Remote Data Collection 
Node acts more as a concentrator of field data capable of taking some kind of partial local 
decisions. It is noticed that the proposed model is decentralized in contrast to traditional 
centralized configurations where each distributed sensor communicates all observation data 
to the fusion center (most optimal case but with no design constraints). Moreover it is 
assumed that all data collection nodes can take decisions using identical local decision rules 
(Chamberland & Veeravali, 2006).  
As stated in (Tsitsiklis, 1993), decentralized schemes are definitely worth considering in 
contexts involving geographically distributed sensors. Also in (Chamberland & Veeravali, 
2006), it is explicitly stated that the basic problem of decentralized inference is the 
determination of what type of information each local sensor should transmit to the fusion 
center. It is evident that efficient design of a sensor fire detection/surveillance network 
depends strongly on the interplay between data compression, available spectral bandwidth, 
sensor density of the network and resource allocation, observation noise, and overall 
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optimal performance of the distributed detection process. Moreover for the decentralized 
case the collected observations are required to be quantized before transmitted to the central 
fusion node. These quantized measurements then belong to a finite alphabet . This procedure 
as it is mentioned previously is the result of a combination of technical specifications such as 
stringent communication bandwidth and high data compression. For the proposed system 
each sensor transmits its own partial observation parameter such as smoke or flame, to the 
Remote F/D Central Node and thus it is sub-optimal when compared to centralized 
schemes were the central node has direct and full access to all observation sets. Careful and 
detailed analysis is necessary for the adoption (or in house development) of intelligent 
algorithms at the remote central fusion decision node.  
Moreover realistic assumptions need be taken into account related to the shared medium or 
the so-called common wireless spectrum. As it is pointed out, in (Imer & Basar, 2007), 
several performance design challenges need to be combated when designing wireless 
networks such as limited battery power, possible RF interference from other sources, 
multipath effects etc. The restriction on batteries life cycle of the low RF power transmitters 
or the power supply is of major importance and imposes severe limitations on the duration 
of time each sensor is going to be awake/on and the number of transmission cycles is 
capable of making. In our case Data Collection Nodes are autonomous and backed up by 
solar panel power devices. On the other hand the different low cost environmental sensors 
scattered in the remote areas impose hard power limitations. Issues such as Optimal 
Measurement Scheduling with Limited Measurements need to be considered when 
developing the detection algorithms both at the Fusion/Decision Central Node and at the 
CoC site. In (Imer & Basar, 2007; Fellouris & Moustakides, 2008), the problem of estimating a 
continuous stochastic process with limited information is considered and different criteria of 
performance are analyzed for best finite measurement budget.  
At this point, we mention design issues imposed by channel fading and attenuation. In a 
realistic situation the quality of the communication channels between the environmental 
sensors and the remote data collection and fusion/decision units is affected and degraded 
by heavy environmental changes, bad weather conditions, heavy noise and disturbances, 
different SNR’s, bad location dependent connections etc. Design parameters related to the 
channels state and fading level need to be included during the design stage, see for further 
details (Chamberland & Veeravali, 2006; Imer & Basar, 2007). 
Another important twofold issue is the type of observations at the sensors and the sensor 
location and density. A popular assumption is that these observations (or data) are 
conditionally independent which might not hold if sensors are to be distributed with close 
proximity and high density in a specified area. In that scenario sensors will transmit 
observation data that are strongly correlated. Then the theory of large deviations can be 
employed to evaluate the performance of the network. In our case as it is previously 
mentioned the environmental sensors can be employed at least within a distance of a few 
hundreds of meters apart of each other. It is not well known a priori what distance will 
produce correlated or uncorrelated observations. This depends on how large the fire front 
will be or of the fire progress in general. As it is explicitly stated in (Chamberland & 
Veeravali, 2006) the optimal location of the sensor network before deployment requires 
careful analysis and optimization and it involves a design tradeoff between the total number 
of nodes and the available power resources/node of the network.  
Furthermore a realistic assumption for the observation data is that they are conditionally 
independent and identically distributed see (Chamberland & Veeravali, 2006; Gustaffson, 
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2008; Bassevile & Nikiforov, 1993) for further detailed exposition. Then assuming that there 
are resource constraints, optimality is assured using identical sensor nodes. Optimality 
under this type of condition is a positive fact since these networks are robust and easily 
implementable. In the figure below the conceptualization of a decentralized detection model is 
presented. 
 

 
Fig. 5. Conceptual geometry of a decentralized detection model. 

It is evident that both the number of transmitted data per node and the number of available 
nodes is finite as well and the finite alphabet constraint is imposed on the output of each 
sensor. Then the basic problem that needs to be solved at the Remote Fusion/Decision 
Central Node is of a statistical inference type.  
Another important design issue is that of decentralized sequential detection which for our 
system is carried out as previously stated at the Central Node. Sequential detection and 
hypothesis testing strategies involve deep mathematical results and various algorithms have 
been successfully applied in modern state of the art change detection and alarm systems. 
In typical change point detection problems the basic assumption is that there is a sequence 
of observations of stochastic nature, whose distribution changes at some unknown time 
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instant , for . The requirement is to quickly detect the change under false 
alarm constraints. For the distributed case at hand, as it is shown in Figure 3, 
measurements are realized at a set of L distributed sensors. The sensor’s outputs can be 
considered in general as multi-channel and at some change-point , one channel at each 
sensor changes distribution. Since sensors transmit quantized versions of their 
observations to the fusion center, change detection is carried out. At this point it is useful 
to mention some very basic facts and definitions related to On-line Detection. The subject 
enjoys intensive ongoing research since wireless and distributed networks are in fact 
gaining great popularity with an abundance of applications such as the one considered in 
this work.  
Let  be a sequence of random variables with conditional density  
and  be the conditional density parameter. Before an unknown time of change  the 
parameter  (constant). After the change time, the parameter  assumes the value  
and the basic detection problem is to detect this change as quickly as possible. Then a 
stopping rule is needed to be defined which is often integrated in the family of change 
detection algorithms. Moreover an auxiliary test statistic  and a threshold  is 
introduced for alarm decision. The typical stopping rule has the basic form 

 with  being a family of functions of n coordinates and 
where  is the so-called alarm time that the change is detected see (Bassevile & Nikiforov, 
1993) for an extensive account. More formally the definition of a stopping time is the 
following:  
A random variable (map)  is called a stopping time if  

  (1) 

or equivalently 

  (2) 

Notice that  is a filtration, that is an increasing family of sub-sigma algebras of . 
Finally five fundamental performance criteria are presented which have an intuitive reasoning 
to evaluate and assess change detection algorithms:  

1. Mean time between false alarms, 
2. Probability of false detection, 
3. Mean delay for detection, 
4. Probability of non-detection, 
5. Accuracy of the change time and magnitude estimates. 

Usually a global performance index concerns the minimization of the delay for detection for a 
fixed mean time between false alarms. For the proposed fire detection set up it is important that 
careful analysis of available sequential detection algorithms is performed taking into 
account the above criteria as well as the basic tradeoff between two measures: detection 
delay and false alarm rate.  
A series of statistical tests for continuous time processes (such as the Sequential Probability 
Ratio Test - SPRT and the Cumulative Sum - CUSUM test) exist which can be combined 
with state space recursive algorithms such as the Kalman filter or adaptive filtering 
techniques for change detection and state estimation of the fire evolution (Gustaffson, 2008). 
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These tests are fully performed at the Remote Fusion/Decision Central Nodes as well as at 
the Common Operational end user’s site of the proposed architecture. It is well beyond the 
scope of this paper to further analyze this class of algorithms and techniques and how they 
are integrated and implemented in fire detection software applications. Nevertheless any 
early fire warning and monitoring system should consider carefully the above design and 
software component issues, see (ESA, 2008; Tartakovsky & Veeravali, 2004). 
Finally it is stressed that in the current literature, assumptions include discrete samples 
(binary messages) and synchronous communications between the fusion center and the 
sensor devices. The approaches concerning continuous time processes require additional 
sampling/ quantization policies. For example fire and flame flickering is time varying and 
can be modeled as a continuous random process (Markov based modeling approach). In 
these cases and due to power and transmission constraints the Remote F/D Central Node 
receives data in a sequential fashion and the goal is to quickly detect a change in the process as 
soon as possible with a low false alarm rate. On the other hand bandwidth limitations 
require efficient sampling and quantization strategies since canonical or regular sampling may 
no longer be optimum.  

5. Integration with First Responders communication systems 
It is important in this subsection to take a step further and raise the complex issue 
concerning First Responders (FRs) needs with respect to communications interoperability 
extending the scope of the proposed fire detection/surveillance system. This aspect which in 
our opinion is not usually addressed in various proposed detection/surveillance systems is 
highly important and operationally critical to any designer who needs to consider a fully 
realistic high level integrated architecture. In the case of large fire disaster and crisis 
outbreaks it is highly probable that first responders teams from other European nations and 
various local emergency response entities will be involved in the crisis monitoring and 
mitigation efforts. Thus serious interoperability problems of the dedicated heterogeneous 
communications subsystems will arise due to different communication standards. Indeed at 
the technological level the variability of available technologies that are used among First 
Responders networks result in a diversity of characteristics such as signal waveforms, data 
throughput, latency and reliability, and security (i.e. different cryptographic standards). 
This situation results in serious compromise of coordination and operational efficiency 
among FRs even at the monitoring level of the events. Moreover it is well known that at a 
European and national level different Public Safety authorities have adopted different 
systems, equipments and often dedicated technology resulting in a multitude of networks 
which are non-interoperable. Thus interoperability is in fact a critical factor for European 
Public – Safety and Security teams that deal with an environment that is complex, 
interconnected and highly interdependent. We only mention dedicated networks such as 
Professional Mobile Radios and TETRA/TETRAPOL networks. These networks function 
under different architectures and air interfaces and so internetworking (roaming capability) 
is extremely difficult. Additionally new technical capabilities are continuously being 
adapted by FRs such as ad-hoc mesh broadband networks which are able to provide and 
extend connectivity over the affected areas of interest and to deliver high data throughput 
which can be higher than 5Mbs. In Figure 4 a simplified schematic is provided of different 
FRs with the associated isolated networks.  
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Fig. 4. First Responder isolated communication networks. 

TETRA has been transformed from circuit switched to IP packet switched architecture (IP 
protocols) for more efficient integration with other existing technologies. An open design 
implementation problem then is to account for short term like solutions that will be able to 
interconnect most existing communication sub-systems and networks using a possible 
dedicated node ensuring interoperability of all systems without the need to modify existing 
equipment such as handset devices and other communication infrastructures. In that 
manner FRs will be able to continue to use current receiver equipment, communication base 
stations and other critical infrastructures. Thus a specialized gateway could be a possible 
unifying and cost effective alternative for technical interoperability between different FRs 
networks capable of supporting across network - services (cross-network services) such as : 
Voice-calls between TETRA, TetraPol and WiMAX broadband networks, exchange of 
location based data, exchange of images or seamless transmission of emergency broadcast 
signals over heterogeneous networks to the specific geographical area of interest or the 
exchange of a high-priority information across networks. Another issue to be addressed 
during the design phase is security adopted to critical situations. There are well established 
techniques and methods (e.g., RSA, DES/3DES, AES encryption) that guarantee security 
across networking. Nevertheless these type of measures can become a serious problem 
during a major Fire event since security policies may prohibit communication across 
different FRs networks. In the same context we mention the existing technical problems 
related to interoperability even when the same technology is used within a country such as 
communication between TETRA – TETRA systems.  
For the case of Greece TETRA is the dominant technology used by emergency and 
surveillance authorities. This is also the case for most European countries. In particular 



 
Advances in Satellite Communications 126 

TETRA is replacing legacy-PMR technologies, to become the most common technology to 
use or it is being considered for future adoption where an emerging associated challenge is 
the additional spectrum requirements for all TETRA future networks as well as Inter-
System-Interface (ISI cross border communications). We briefly mention some basic TETRA 
key-services such as: Registration, Authentication, Individual Half duplex Call, Priority Call, 
Preemptive Call (emergency), Broadcast Call, Instant Messaging. Also other early – adopters 
are already experimenting with the use of broadband technologies such as WiMAX or 
extension of current PSC coverage. In addition as is the case of the proposed Fire Detection 
Operational System the exploitation of Satellites for backbone communications 
infrastructure is especially critical since it provides seamless connectivity between the 
critical geographical area of interest and the Common Operational Center. This type of 
space based links is used by the majority of FRs of most European member countries while 
cellular technology is used as a complementary means. For the hybrid model the S-band 
satellite services could be used for integration and connectivity so dual use of TETRA/S-
band terminals can be exploited providing data rates up to 10Mbs, or a dual mode S-
band/L-band terminal providing data rates up to 500Mbs.  
In conclusion when designing the architecture of an operational fire detection and 
monitoring system technical aspects related to the integration with existing FRs 
communication systems must be addressed and cannot be ignored even at a conceptual 
level. These include: Interoperability of different networks based on standard protocols 
(TETRA, TETRAPOL, PMR and WiMAX) or between networks of the same technology 
(TETRA – TETRA). Interconnection of various full-duplex/semi-duplex networks (such as 
GSM, ISDN e.t.c.), Air-Interface aspects of each different network technology such as the 
existing base stations or radio terminals, Network management functions of decentralized 
networks, connectivity and full integration with satellite systems. 

6. Integration of operational observation platforms 
In this subsection we propose specific state of the art sub-systems that can be integrated in 
the proposed model, as they have reached such a maturity level that may rank them 
between the operational tools in the emergency response. These components mainly 
constitute more advanced earth observation and space based subsystems and assets such as 
ESA’s Earth Observation program and ESA’s and EC Global Monitoring for Environment 
and Security program, the so-called GMES program, with its component supporting risk 
management and emergency response (ESA 2008, 2009; NOA, 2007). We mention here space 
and airborne-based surveillance tools and more specifically early warning and near real 
time monitoring systems with integrated fire risk and fire mapping modeling capabilities 
using:  
a. Medium to Low-Resolution Remote Sensing sensors.  
b. High-Very High Spatial Resolution Remote Sensing for detailed mapping and damage 

assessment, and identification of critical infrastructures prone to fire risk.  
c. Airborne thermal sensing platforms. 
Several studies show that despite the low spatial resolution of the order of a few kilometers, 
the SEVIRI instrument onboard the MSG satellites, offer high potential for real time 
monitoring and disaster management. According to (Roberts et al., 2004) there is a 
considerable correlation between the fire radiative energy and the corresponding signals 
captured by the SEVIRI and MODIS sensors. Due to this (Umamaheshmaran et al., 2007) 
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and (Van den Bergh & Frost, 2005) exploited the high update rate of the MSG/SEVIRI 
images and showed that the use of image mining methods improves significantly the 
information extraction from MSG/SEVIRI in view to detect fires and model the fire 
evolution.  
With the occurrence of the disastrous wildfires of summers in 2007 and 2009 in Greece, the 
Institute for Space Applications and Remote Sensing of the National Observatory of Athens 
(ISARS/NOA) deployed its MSG/SEVIRI fire monitoring service, in complement to the 
existing operational emergency response state capabilities, providing support to decision 
makers during the fire fighting operations. Today the MSG/SEVIRI fire monitoring service 
of ISARS/NOA is offered on a 5-15 minutes basis supporting the actions of a number of 
institutional civil protection bodies and fire disaster managers all over Greece. With this 
service the rapid identification of new fires arises has become possible within an average 
alert time of 5 – 20 minutes. However, there are limitations relating to the instrument’s low 
spatial resolution and geo-location accuracy; due to its distant geostationary orbit (i.e., 36 
000 km) and the renown resolution limitations of thermal sensors, the MSG/SEVIRI has a 
ground sampling distance of the order of 4 km over Greece, which, theoretically, allows for 
the detection of wildfires with a minimum detectable size of about 0. - 0.30 ha see ( Prins et 
al., 2001). Nonetheless, the elevated saturation temperature (>335 K) in the SWIR band 
minimizes the saturation effect allowing for a sub-pixel fire characterization. This means 
that, due to the important temperature contrast between the hot spots and the background, 
outbursts sizing much smaller than the nominal resolution of the sensor may also be 
detectable under certain conditions as it was the case in all deployed fire monitoring 
operations in Greece. However, if we want to meet the existing early warning and timely 
fire detection needs, these figures may not comply with standard detection requirements of 
fires, the later being approximately 2-3 times smaller, namely 0.1 ha see (Rauste at al., 1999). 
For this, although the MSG/SEVIRI data are, for the time being, the only satellite data that 
can be used to improve the reliability in fire announcements, because of their low spatial 
resolution, they cannot be used alone but as a network component, the later integrating a 
variety of other sensors as proposed in this paper. It is obvious however that a space based 
monitoring component as the one of ISARS/NOA, may affect significantly the sensor 
network topology and lead to high simplifications, especially when the network needs to be 
deployed in large geographic areas with much accentuated topographic relief as in Greece. 
Referring to space based monitoring capabilities it should be noted however that much 
higher spatial resolution representations can be offered from a number of polar orbit 
satellite systems like SPOT, LANDSAT, IRS, IKONOS, FORMOSAT-2, etc. However, the 
main difficulty with these systems is the fixed orbit geometry of the satellite platforms, 
which results in restraints in revisiting capability both in tactical operations, and in 
surveillance of vulnerable areas prone to high risk. In contrast, aircraft (manned or 
unmanned) are much more easily maneuverable and may very quickly revisit the critical 
areas providing rapid response for emergency situations. Airborne TIR sensors are usually 
FLIR (Forward Looking InfaRed) cameras, capable to detect new hot spots that develop 
rapidly into wildlands. Besides aircrafts equipped with FLIR sensors can be used for 
supporting fire-fighters in safety tasks, and for detecting escape routes or security zones, in 
areas where the human visibility is restricted due to the smoke.  
For this purpose ISARS/NOA developed and is capable to deploy on demand an airborne 
fire sensing service under the name SITHON see (Kontoes et al., 2009a). In reality it makes 
one component of a larger network of sensors, as the whole SITHON system comprises a 
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wireless network of in-situ optical cameras, coupled with the airborne fire detection 
platform of NOA/ISARS. This network is linked to an integrated GIS environment in order 
to facilitate real time image representation of detected fires on detailed background maps, 
that incorporate qualitative and quantitative information needed to estimate the prone to 
the risk areas and help the disaster management operations (e.g. fuel matter, road network, 
morphology, endangered locations, endangered critical infrastructures like fuel stations, 
flammable materials, industrial areas, etc). Moreover, the platform of SITHON includes a 
Crisis Operating Centre, which receives information in the form of images and data from the 
wireless sensor detection systems, displays it on wide screen monitors and analyses it to 
derive the dynamic picture of fire evolution. The airborne system is designed to ensure 
automatic fire detection. It is mountable on any airborne platform and can be operated 
within 15 to 20 minutes after the first fire announcement. Once on the platform, SITHON is 
supported by a fully automated control system, which manages the frame acquisition, the 
radiometric image calibration and signal thresholding, as well as the dynamic fire detection 
and geo-positioning within 50-100 m error using on board GPS and INS technology and 
with the lack of any operating GPS station on the ground. The minimum fire size detectable 
by the system can be of 3x3 meters on the ground from 2000m Above Sea Level (ASL). The 
integration of the NOA/ISARS airborne monitoring component in the proposed network 
topology as indicated in figure 1, enhances the monitoring capacity of the sensor network 
and improves the automatic fire detection and terrain surveillance capability in 
geographically extended areas. In the following Figure 5, we provide the SITHON platform. 
A 310Q CESSNA two-engine aircraft. 
 

 
Fig. 5. SITHON / Platform – airborne imaging system. (Reproduced picture from (Kontoes 
et al., 2009a)). 

7. Future research directions 
Future research directions could definitely include the integration with ESA’s Data 
Dissemination System DDS, the other polar orbiting systems such as EnviSat and GMES 
Sentinel spacecrafts, the integration of UAV sensors, which can provide real time data 
transmission to the ground, and the improvement of algorithms and models used for raw 
data processing, and data fusion and analysis of space, aerial, and terrestrial observations, to 
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obtain higher detection accuracy and timely announcements of fire alarms. Moreover new 
fire detection algorithms need to be explored and validated accounting for the local 
specificities, morphological features and land use/land cover conditions of the area they 
apply. To this end NOA/ISARS has proposed improvements in the algorithmic approaches 
proposed by EUMETSAT for fire detection using Meteosat Second Generation satellites, and 
introduced appropriate adaptations over Greece to avoid fire model detection uncertainties 
and reduce the returned false fire alarms, see (Sifakis et al., 2009).  
At this point, it is briefly mentioned that our proposed model could further be extended and 
integrated with the web based European Forest Fire Information System consisting of two 
operational sub-modules: The European Forest Fire Risk Forecasting System (EFFRFS) 
which is a module for fire risk forecasting information and processing and the European 
Forest Fire Damage Assessment System (EFFDAS), which is capable of evaluating and 
assess the damage caused after a fire event using satellite imagery. 
Furthermore, two additional elements could be certainly proposed for integration in the 
proposed architecture for future deployments: Unmanned Aerial Vehicles (UAV’s) for 
surveillance and monitoring tasks especially for large-scale fire events and ESA’s new 
initiative of a Satellite Based Alarm System. The latter case needs further intensive technical 
efforts (such as the identification of appropriate frequency selection and interoperability 
aspects) taking advantage of the current GSM/UMTS systems for broadcasting messages to 
mobile phone users in dedicated geographical regions were the fire event is taking place. 
UAV sensors capable of carrying IR and video cameras and instrumentation with high-
resolution capabilities for dedicated fire and hot spot detection, as the airborne SITHON 
observing system presented above, it seems very promising for reliable and fire monitoring 
services see (ESA, 2008; Kontoes et al. 2009a; 2009b; 2009c). More explicitly they can serve 
concurrently several tasks such as vegetation mapping and forestry, fire fighting and 
emergency management airborne communication collection and relay, as well as 
environmental monitoring before and after the fire event. With such systems further 
localization and confirmation of fire sources in conjunction with the proposed fire detection 
system, can be achieved therefore minimizing significantly the false alarm rate. We mention 
that this type of systems and their integration with existing space and terrestrial 
infrastructures are currently under ESA’s research efforts. Indeed co-operative Satellite -
UAS missions can deliver unrivalled global area coverage and time-critical, very close range 
operational capabilities (ESA, 2008; 2009). Even more in the near future the European Data 
Relay Satellite System (EDRS) will be a reality and further integration with the above 
components will be an attractive space based sustainable solution. The EDRS system offers 
(and will be technically capable in offering) real-time or nearly–real time response times for 
rapid information updating and Rapid Mapping activities and Surveillance including the 
“very urgent” imaging data downlink as well as meeting the growing demand for “<1 
meter” resolution data availability (ESA, 2008).  
Finally we should mention that in the case of Greece, several initiatives namely RISK-EOS, 
SAFER and LinkER - are run by the National Observatory of Athens – Institute for Space 
Applications and Remote Sensing, funded by the European Space Agency and European 
Union within the GMES program framework (Kontoes et al., 2009b; Robertson et al., 2004). 
These initiatives foresee the provision of additional services that respond but not limited to, 
wild fire crisis management in the entirety of Greece. In particular the central and basic set 
of core services provided during the crisis are near real time fire mapping (the so called 
rapid mapping) at high and very high spatial resolution, as well as continuous monitoring 
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and early warning on a 15 minutes basis using medium to low spatial resolution satellite 
derived products. These services are offered through dedicated gateways of GMES, making 
appropriate use of properly developed interfaces linking the local End User community and 
the corresponding GMES National Focal Point, that is the National Observatory of Athens 
with the Emergency Response Core Services (ERSC) gateway.. The main aim is to rapidly 
assess and disseminate information on fire occurrence and combine it with additional in-situ 
and space/aerial collected data to effectively support early warning, as well as decision-
making and coordination of the emergency response actions during fire fighting. The 
integration of these newly developed operational geo-information services in the framework 
of GMES, to the proposed architecture is an innovative element providing complementary 
fire detection and fire mapping information that needs to be considered for future 
directions, in the implementation of more reliable and integrated fire warning and 
monitoring architectures. In fact a large-scale deployment of the proposed system in various 
geographical areas of Greece could be well complemented by the integration of additional 
fire occurrence and fire spreading evidences through NOA’s established monitoring 
capabilities and GMES/ERCS gateway (Kontoes et al., 2009c). 

8. Conclusion 
In this chapter the basic model architecture for timely and accurate fire detection and 
surveillance according to operational user requirements is described. Hardware and 
software issues as well as satellite, airborne and terrestrial data handling technologies have 
been described and their integration to the proposed network observing architecture is 
justified. Some important and mission critical communication issues related to First 
Responders Network interoperability were also provided. These issues are of high priority 
when it comes to further integrate and extend the proposed system with the response 
emergency authorities on a national and international level. Additionally the integration of 
Earth Observation platforms is commented and their integration was presented. Moreover 
some important theoretical aspects of decentralized detection strategies were provided.  
Time is the most crucial parameter in fire combating and fire containment. The level of 
efficiency depends on the promptness of the detection system to receive and send in almost 
real time its alarming signals indicating fire outbreaks and fire locations. The state-of-the-art 
in most of the deployed fire sensor systems, seem not to take this into account, namely 
various aspects related to sequential change detection design parameters and optimality 
issues arising in decentralized detection schemes over wireless communication channels, as 
proposed in this paper. On the other hand part of the existing literature regarding 
distributed detection systems is strongly theoretical and involves esoteric and often deep 
results from the fields of statistical estimation and sequential change detection theory.  
This work concludes to an operational and realistic, in terms of efficiency and cost of 
deployment, initial modeling solution, and ensures that the proposed model is easily 
expanded to the newly developed and emerging Earth Observation, Telecom, Navigation, 
Aviation and Advanced Sensor technological advancements, in order to efficiently address 
the problem of early detection and prompt emergency response in the case of fire disasters. 
The disaster management community will be soon facing a great technological peak, 
enabled by the advancements in aviation, sensor and imaging technologies, telemetry, data 
fusion and processing, and geo-information/value added products use. The authors are 
currently involved in assisting the integration of these technologies to the daily practice of 
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the disaster management community through on-going research and development in the 
domain of state-of-the-art integrated application systems. 
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1. Introduction 
The successful implementation of satellite communication systems requires robust wireless 
channels providing the up-links and down-links for the communication signals. The 
frequency operative bands employed depend  on the particular application. Navigation and 
mobile satellite systems are typically operated in the L (1-2 GHz) and S (2-4 GHz) bands, 
whereas remote-sensing applications are mostly offered in C (4-8 GHz) band. In the 
commercial communication area, due to the increasing demand of high quality services, the 
operating frequency bands has evolved towards the Ku (12-18 GHz), K (19-21 GHz) and Ka 
(27-32 GHz) bands. Although communication systems operating in high frequency bands 
provide more channel capacity, the effect of free-space attenuation and atmospheric 
absorption can limit the performances of these systems (e.g. signal-to-noise ratio).  In this 
contest, the employment of efficient transmission algorithms and protocols provide 
meaningful advantages, but the bottle-neck is however represented by the antenna system 
that has to satisfy very strict requirements. For these reasons each device composing the 
antenna-feed chain has to be designed in order to guarantee significant electromagnetic 
performances and, at the same time, high integration levels (Cecchini et al., 2009). Moreover, 
when high power levels are employed  (also of the order of tens of KW), further problems 
are related to spurious interferences generated by non-linear devices, as microwave 
amplifiers, and by metallic contacts that behave as a diode junction due to the oxidation of 
the metals. Additionally, high-power and low-pressure conditions can cause multipaction 
discharges in the devices (Addamo et al., 2010). This phenomenon is an exponential growth 
of electrons emitted by the metallic surfaces due to the synchronism between the applied 
electromagnetic field and the free electrons inside the components. The final effect consists 
in the damage and even in the destruction of the RF device. 

2. Antenna-feed system architecture 
The most general architecture of a dual-band dual-polarization antenna-feed system is 
shown in Fig. 2.1, where the paths covered by both the transmitter signals (in blue) and the 
receiver signals (in red) are reported. The same antenna is employed in both the 
transmitting (Tx) and receiving (Rx) mode, since the transmitters and the receivers works on 
different frequency bands  (Harwanger et al., 2007), (Cecchini et al., 2009). By considering 
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the system in the transmitting mode, the two separate microwave sources generate two 
independent signals. These are combined by the ortho-mode transducer (OMT) (Peverini et 
al., 2009) to obtain two orthogonal linear polarizations in a common waveguide connected 
to the antenna-feed. If circular polarizations are required, then a polarizer is introduced 
between the OMT and the antenna-feed in order to convert the incoming linearly-polarized 
signals  into left- and right-hand polarizations (Virone et al., 2008). Finally, the antenna-feed 
radiates the Tx signals onto the reflector system. 
In the receiving mode, the two circularly-polarized signals collected by the feed are 
converted by the polarizer into two linear orthogonal ones. The OMT separates these two 
orthogonal linear polarizations by routing them into two different single-polarization 
channels. Subsequently, the signals are amplified by low-noise amplifiers (LNAs), and 
elaborated by the back-end electronic of the receiver. Since the Rx and Tx signals are 
allocated in different frequency bands, they can coexist in the first stages of the chain 
without interfering each other. The diplexers allow the separation of these signals by 
routing them in different paths as a function of the frequency (Virone et al., 2009). In order 
to protect the receivers from spurious interfering signals generated by both internal and 
external transmitters operating in different frequency bands, various stop-band filters are 
inserted in the chain. Moreover, the correct behaviour of this system requires high 
performances also in terms of polarization purity. For this purpose, usually a corrugated 
horn is employed as the antenna-feed for its significant performances in terms of wide band 
and low cross-polarization levels (Addamo et al., 2009), (Beniguel et al., 2005). 
An overview on the passive waveguide devices composing this chain (i.e. filters, diplexers, 
OMTs,  and feed-horns) is reported in the next sessions, focusing on the main issues and 
characteristics (i.e. power-handling capability), and on the design techniques. 
 

 
Fig. 2.1. General architecture of a dual-band dual-polarization antenna-feed system for 
satellite communication. 



 
Passive Microwave Feed Chains for High Capacity Satellite Communications Systems 137 

3. Multipactor discharge and passive intermodulation products 
The trend in modern communication satellites is to increase the number of channels that can 
be handled by each RF payload in order to both minimize the mass, volume, and cost of 
satellites and to increase the reconfigurabilty flexibility of these communication systems. As 
an example, dual-band and tri-band RF chains operating in multi-carrier condition are 
currently adopted in several satellite programs for broadcast and fixed services in Ku, K, Ka-
bands (Cecchini, et al., 2010). Consequently, the RF peak-power supplied to the antenna 
feed-systems can reach tens of kW. When such levels of power are employed, spurious 
unwanted phenomena can occur inside the components that can concretely damage or limit 
the operative function of the entire antenna-feed system. The most considerable ones are the 
multipactor discharge phenomenon and the generation of passive intermodulation products 
(PIMPs). 

3.1 Multipactor discarge 
Multipactor discharge is a breakdown mechanism that can occur under high-power and 
low-pressure conditions when a proper synchronism condition between the applied 
electromagnetic (EM) field and free electrons inside the components is met. Indeed, free 
electrons in microwave devices operating at low-pressure conditions can be accelerated by 
the applied EM field and impact onto the metallic internal surfaces. This impact can 
generate additional electrons by secondary emission that in turn can strike other surfaces. If 
appropriate dynamical conditions are satisfied, these repeated collisions and emissions can 
lead to an exponential growth of electrons and a subsequent discharge, thus increasing the 
noise level and modifying the electric parameters of the devices. Since the multipactor 
breakdown phenomenon sets severe constraints on the power level that can be handled by 
satellite payloads, specific device architectures are needed in order to overcome this 
problem. In particular, it is highly recommended that the design of each component satisfies 
suitable confidence margins with respect to  multipaction discharge so that time- and cost-
expensive experimental high-power testing can be avoided in the qualification process of 
the payloads. The multipactor breakdown phenomenon is based on a resonance condition 
that can arise when the electron mean free path (i.e. the average distance covered by a 
moving particle between successive collisions) is greater than the distance between two 
opposite metallic surfaces. Moreover, two additional conditions are needed. The first one is 
related to the impact time between two subsequent collisions onto the metallic surfaces. 
Under a single-carrier condition, this parameter has to be an odd number M of half cycles of 
the applied EM signal. The second condition implies that the arrival electron energy onto 
the metallic surface is sufficiently considerable so that the effective secondary emission ratio 
δ is greater than one. The latter coefficient depends also on the electrons incident angle, the 
surface material (typically aluminum), and the coating process applied to the metallic 
surfaces (e.g. silver-plating, alodine coating).  
In order to gain a physical insight into the multipactor discharge phenomenon, it is useful to 
consider the simple model of a free electron in a plane parallel-plate waveguide where an 
electric field with TEM modal voltage 0( ) sinV t V tω=   is present (see Fig. 3.1). The motion 
equation for an electron of mass m and charge e is 

 
0( ) sine

mx t V t
d

ω=
 (1) 
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together with the initial condition 0 0( )x t v=  and 0( ) 0x t = . If an electron is released from 
surface x=0 with velocity v0, then integration of Eq. (1) yields the velocity from which the 
position can be derived as  

 ( )0
0( ) cos cose V

x t t v
md

α ω
ω

= − +  (2) 

 

 
Fig. 3.1. Plane parallel-plate waveguide under consideration for the analysis of the 
multipaction breakdown phenomenon.  

 ( )0 0
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where 0tα ω= . In order the transit time tΔ  to the position x=d  to be an odd number M of 
half cycles (i.e. /t Mπ ωΔ = ), the peak voltage 0V  of the EM field and the electron impact 
velocity vi must be equal to 
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respectively. According to Eq. (4) the value of the peak voltage V0 fulfilling the synchronism 
condition (named also the multipactor threshold voltage) depends on α  (i.e. the time 0t  
when the electrons are released from the surface x=0) and on the gap-frequency product (i.e. 

fd). With reference to Eq. (5), it is worth noting that the kinetic energy 
2

2
imv of  

 

the primary electron striking the surface x=d depends on the peak voltage 0V . If this energy 
is sufficiently high so that the secondary electron emission coefficient δ  of the surfaces is 
greater than one, than an electron avalanche phenomenon occurs between the two surfaces. 
On the basis of the previous theory,  it is possible to derive the relationship between the gap-
frequency product fd and the threshold voltage 0V  for each odd-order resonance, thus 
obtaining useful design tools such as the Hatch-Williams susceptibility diagrams. The latter 
are the basis of the free multipactor calculator  program developed by the European Space 
Agency and available online (ESA, 2007), which provides the region in the 0fd V−  plane 
where the multipaction breakdown can occur for a given resonance order. Fig. 3.2 shows the 
envelope over all the resonance orders of the minimum threshold voltage for a silver-plated 
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parallel-plate waveguide. It is worth mentioning that since the EM field inside a generic 
component can deviate significantly from the TEM field in a plane parallel-plate waveguide, 
the rigorous analysis of the multipaction breakdown would require extensive numerical 
computations of the electronic trajectories inside the devices in order to establish if an 
avalanche of secondary-emission electrons can occur (Anza, et al., 2008)-(Tienda, et al, 2006).  
 

 
Fig. 3.2. Envelope over all the resonance order of the minimum multipactor threshold 
voltage 0V  as a function of the gap-frequency product fd for a silver-plated parallel-plate 
waveguide.  

 
Fig. 3.3. Transmission coefficient 21( )T f of the E-plane WR75-waveguide symmetric stub-
filter shown in the insert (the inside waveguide structure of the filter is reported).  

However, according to the ESA recommendations,  the qualification process of a generic RF 
component in terms of the power-handling under both single- and multi-carrier operating 
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conditions can be carried out by evaluating an upper-bound on the multipaction risk and 
setting appropriate confidence margins. In particular, the actual upper-bound is computed 
by using the plane parallel-plate model along several directions inside the component. For 
sake of clarity and without loss of generality, this procedure is described next by referring to 
the E-plane WR75-waveguide symmetric stub-filter depicted in the insert of Fig. 3.3, where 
the transmission coefficient 21( )T f  of this filter is reported. The transmission coefficient is 
the relevant characteristic function of the filter, since it is equal to the ratio  11 21( ) / ( )S f S f  
where 11 ( )S f  is the scattering reflection coefficient at the input port, and 21( )S f  is the 
scattering transmission coefficient from one port to the other. Hence, the transmission 
coefficient 21( )T f  is proportional to the reflection coefficient in the pass-band and to the 
inverse of the transmission between the two ports in the stop-band (isolation). The E-plane 
stub architecture is commonly adopted in the Tx-channels of multiplexers (Tx-band = [10.7, 
12.75] GHz) to block the Rx signals (Rx-band = [13.5, 14.5] GHz), since each stub exhibits a 
transmission zero that can be adjusted in the stop-band by varying its length. In this way, 
high levels of isolation can be achieved in the Rx-band along with very low standing-wave 
ratio inside the component in the Tx-band. The latter condition can be exploited in order to 
maximize the power-handling capability of these components. 
Since this filter is an E-plane structure, the maximum electric field arises in the central plane 
x=0, for which the in-phase field lines at 13 GHz are depicted in Fig. 3.4. Although  the field 
in the device is not everywhere oriented along straight lines connecting two parallel surfaces 
(as in the parallel-plate model), it is possible to define a parallel-plate model for each of the 
lines highlighted in cyan in Fig. 3.4. For this propose,  the equivalent voltage  

 1

0
ˆ( ) ( ; )

d

iV f E s f s ds= ⋅  (6) 

is evaluated on the i-th integration line (oriented along ŝ ). Moreover, the corresponding 
multipaction threshold voltage ( )thres

iV  for this section of the device, can be evaluated in 
terms of the frequency-gap product fdi  by means of the susceptibility diagrams. For design 
purposes, it is useful to introduce the voltage magnification factor VMFi  (Parikh, et al., 2003) 
that provides a measure of the magnification of the electrical field occurring in the i-th 
position referred to the incident voltage V(inc) 

 ( )

( )( ) i
i inc

V f
VMF f

V
=  (7) 

Accordingly, a breakdown-free condition is guaranteed at the i-th section of the device if the 
input power is smaller than the threshold level 
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where ( )incZ  is the power-voltage impedance at the input waveguide port. Finally, the 
overall breakdown threshold power of the device at frequency f is  

 ( )( ) { ( )}SC
ii

P f min P f=  (9) 
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Fig. 3.4. In-phase field lines in the plane x=0 of the E-plane WR75-waveguide symmetric 
stub-filter shown in the insert of Fig. 3.3. The frequency is equal to 13 GHz. The lines 
highlighted in cyan correspond to the integration lines used to define the equivalent 
parallel-plate models. 

that clearly defines the power-handling capability of the component in a single-carrier 
regime. Fig. 3.5 reports the frequency behavior of ( )( )SCP f  for the E-plane stub-filter in the 
Tx-band. The minimum value of 2.6 kW at 12.75 GHz is due to the high levels of standing-
waves that are established inside the stubs at frequencies close to the -3 dB cut-off 
frequency, in order to achieve high levels of isolation in the stop-band [13.5, 14.5] GHz. In 
this regard,  the power-handling capability of any device can be increased by adopting the 
following strategies: 
• Enlargement of the design bandwidth with respect to the actual operating bandwidth of 

the device. In this way, as stated previously, the power-handling capability is not 
adversely affected by very high standing-waves inside the component towards the 
band limits. 

• Application of surface-coating processes (i.e. silver-plating), since they guarantee higher 
breakdown threshold voltages with respect to bare aluminum. It is worth mentioning 
that the choice of the specific surface treatment has to be made by considering both the 
insertion loss and the power-handling requirements. 

• Setting proper constraints on the geometric parameters during the design of the 
architecture.  Indeed, a significant improvement in the power-handling capability can 
be achieved by varying the height of the most critical sections of the component under 
analysis. This leads to a larger frequency-gap product and, consequently, to higher 
value of breakdown voltages. Hence, the geometrical parameters of the architecture are 
determined through a trade-off process between the electrical requirements (e.g. return-
loss at the input ports or channel isolation) and the power-handling capability of the 
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device. In this view, the design of novel instrumentation architectures  exhibiting very 
good electrical figure-of-merits along with very high power-handling capabilities is a 
cutting-edge research topic for satellite communication systems. 

 
Fig. 3.5. Single-carrier breakdown threshold power ( )( )SCP f  for the E-plane WR75-
waveguide symmetric stub-filter shown in the insert of Fig. 3.3.   

On the basis of the single-carrier analysis previously described, it is possible to derive the 
relevant design upper-bounds on the maximum power deliverable to the device operating 
in a multi-carrier condition. Under the assumption of N carriers with equal power P, the 
worst case corresponds to the in-phase sum of the carrier fields, thus leading to a total peak-
power equal to 2N P . As a consequence,  the breakdown-free condition in the device is 
certainly guaranteed if the input power per carrier P is smaller than the threshold level 

 ( ) ( )
2

1 { ( )}MC MC

f
P min P f

N
=  (10) 

By considering a further margin of 3 or 6 dB, the standardized 2" 6 dB"N P⋅ +  or  
2" 3 dB"N P⋅ +  rules are derived. Actually, these upper-bounds provide to be too strict 

when a high number of carriers are considered. Indeed, the in-phase condition of the N 
carriers can be satisfied only for a short span of time. Moreover, the multipaction 
breakdown is an electron secondary-emission resonance that has to be sustained by the 
applied EM field. For these reasons, the in-phase matching condition becomes critical for the 
multipactor breakdown only if it is satisfied for long time scales. In this respect, the high-
power qualification process of the devices operating in a multi-carrier regime is usually 
carried out by adopting the more realistic “20-gap crossing” rule. The latter states that  “as 
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long as the duration of the multi-carrier peak and the mode order gap are such that no more 
than 20 gap-crossings can occur during the multi-carrier peak, the design may be considered 
safe with regards to the multipaction breakdown even though the multipaction threshold 
may be exceed from time to time”. Implementation of this rule in the case of N linearly-
spaced carriers (frequency spacing fΔ ) yields the definition of the boundary function 
(Parikh, et al., 2003). 

 ( ) 201 lnV V
H

T
F N N for N F N

T
 

= − − + < < 
 

 (11) 

where HT  is the period of multi-carrier envelope ( 1 /HT f= Δ ) and 20T  is the time taken by 
the electrons to cross the most critical gap 20 times. The latter parameter is equal to 

20 0(20 ) /(2 )T n f= × × , where n is the resonance order fulfilling the synchronism condition 
and f0 is the lower frequency in the band of interest. On the basis of this boundary function, 
the maximum power per carrier satisfying  to the “20-gap crossing ” is 

 ( ) ( )
2

1 { ( )}MC MC

f
V

P min P f
F

=  (12) 

to which a further 6 dB confidence margin is commonly added, thus defining the “20-gap 
crossing + 6 dB” rule. As an example, when considering 10 carriers linearly spaced in the 
Tx-band of the E-plane stub filter, the maximum power per carrier according to this rule is 
approximately 67 W. 

3.2 Passive intermodulation products  
Nonlinear characteristics in microwave components can lead to the generation of spurious 
passive intermodulation products (PIMPs). When the intermodulation products of two or 
more signals mixed in the device fall into the operative bandwidth of the receiver, this 
intermodulation signal becomes an interference problem (Lui, 1990). As an example, if two 
carriers with frequencies f1 and f2 propagate through a nonlinear passive component, the 
spurious intermodulation products are harmonics with frequencies , 1 2m nf mf nf= +  with m, 
n integers. The sum m n+  defines the order of the intermodulation product and the 
amplitude of the PIMPs  rapidly decay as a function of the order m n+ . However, for the 
case of considerable input power, some of the higher-order products can be great enough to 
cause serious interference problems. This usually happens in satellite communication 
systems where high-power transmitters and low-noise receivers are employed in the same 
antenna-feed system. As a consequence, appropriate counter-measures have to be taken in 
order to avoid the decrease of the signal-to-noise ratio in the Rx channels, which in turn 
reduces the receivers sensibility. As an example, PIMPs level as low as -140 dB are 
commonly required in Ku, K, Ka-band payloads operating broadcast and fixed satellite 
services. 
Generation of PIMPs take place mainly in the Tx power-amplifier circuits, in the receiver 
mixers, and in the nonlinear metallic contacts inside the antenna-feed systems. The effects of 
PIMPs generated in the back-end circuits (amplifiers and mixers) can be minimized by 
inserting ad-hoc filters. On the contrary, PIMPs generated by possible metallic-oxide-
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metallic contacts arising in the metallic mating surfaces of the front-end system components 
are more troublesome. Indeed, depending on the specific position of the intermodulation  
surface inside the antenna-feed chain, PIMPs  can even not be filtered out. In this regard, the 
level of PIMPs generated in an oxidized surface that mates two metallic blocks depends 
significantly on the current through the junction. For this reason, the electrical and 
mechanical designs of all the front-end components are strictly connected. Indeed, special 
attention has to be paid when  splitting a component in several blocks and in the connection 
of the components. 
With regards to the E- plane stub-filter described in Sec. 3.1, the clam-shell assembly shown 
in Fig. 3.6 is a mechanical  implementation of this device that is optimized In terms of PIMPs 
generation. The device is halved in two blocks along the central plane x=0, thus allowing a 
milling manufacturing of the inside waveguide structure. Since the currents in the central 
plane x=0 are oriented along the longitudinal z-direction, no currents cross the two mating 
surfaces, thus avoiding the generation of PIMPs. Finally, the PIMPs generated at the input 
port sections, where the filter is connected to the other components,  are minimized by 
adopting a choke/plain joint consisting of a choke flange (applied to the filter) and a plain 
flange (applied to the connecting device).  
Fig. 3.7 shows the contour plot of the magnetic field amplitude inside the choke/plain joint 
at 12.75 GHz. It is worth noting, that the magnetic field, hence the electric current, in the 
contact point between the two flanges (named also cold point) is minimized with an 
appropriate design of the resulting L-shaped radial stub. Moreover, the joint is designed to 
exhibit a return-loss as high as possible in the operating bands (as high as 40 dB).  
 

 
Fig. 3.6. Clam-shell mechanical assembly of the E-plane stub-filter shown in the insert of 
Fig. 3.3. 
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Fig. 3.7. Contour plot of the magnetic field inside the L-shaped radial stub resulting from the 
connection of the choke and plain flanges used to mount the filter of Fig. 3.6 with a 
connecting device (a rainbow contour scale is used). 

4. Broadband waveguide filters and diplexers 
Metal waveguide filters are typically employed in satellite antenna-feed systems for their 
low losses and high power-handling at the microwave frequencies. As discussed in the 
introduction, these structures are mainly used to separate different sub-bands e.g. receive 
and transmit bands  as well as to protect the source from spurious signals. The latter 
operation is usually performed using a single pass-band filter. The sub-band separation is 
instead performed using two (or more) filters in the diplexer (multiplexer) configuration.  
The same operation could be performed using a circulator, however, the diplexer solution 
exhibits high-performance and a low-cost. 
A general diplexer configuration is sketched in Fig. 4.1, where two different filters (TX and 
RX) are connected to a three-port (T or Y) junction in order to obtain a common port (Port 1).  
The other filter ports are instead connected to proper waveguide transitions to provide the 
required orientation and size of Ports 2 and 3. More complex junctions could be adopted at 
port 1 in order to increase the number of sub-bands. 
 

 
Fig. 4.1. Scheme of a waveguide diplexer. 

With reference to the diplexer architecture in Fig. 4.1, the basic electrical requirements are a 
high transmission coefficient from Port 2 to Port 1, high attenuation from Port 2 to Port 3 
and a low reflection coefficient at Port 2 in the TX frequency band. A high-transmission 
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coefficient from Port 1 to Port 3, a high attenuation from Port 1 to Port 2, and a low-
reflection coefficient at port 3 have to be instead provided in the RX band.  A low reflection 
coefficient at Port 1 for both frequency bands is also required. 
It should be pointed out that filtering structures with relatively broad pass-bands (more 
than 5-10 %) are required owing to the present specifications of the satellite antenna feed 
systems. For this reason, specific synthesis techniques based on distributed parameter 
models and full-wave analysis tools should be adopted to design these kind of filters. These 
filters and their corresponding design procedures are hence very different with respect to 
narrow band (0.2-0.3 %) channel filters (not treated in this section) where the frequency 
dispersion of the discontinuities around the pass-band is practically negligible.  
The filters for the antenna feed system diplexers can be designed according to either the 
pass-band or the stop-band architecture. Both of them can in principle be represented with 
the fundamental-mode equivalent circuit of Fig. 4.2.  
 

 
Fig. 4.2. Fundamental-mode transmission line equivalent circuit of a waveguide filter. 

Such a circuit consists of N+1 scattering matrices 
k

S , with 0, ,k N=  , connected by  N 
transmission lines representing the same number of generic waveguide discontinuities and 
waveguide sections, respectively. The parameter lk defines the  length of these sections. 
In pass-band architectures, the filtering behavior is mainly related to the phase rotation 
versus frequency in the N waveguide sections. In this framework, the latter are in fact 
usually referred as cavities or resonators. The main role of the discontinuities is instead to 
provide the required coupling between the adjacent resonators. However, as it will be 
discussed in the following, the spurious dispersive effect of the various discontinuities 
significantly affects the overall frequency behavior of the filter. Therefore, it should be kept 
into account in the design stage.  
As far the stop-band architecture is concerned, the required transmission zeros are 
introduced by the discontinuities themselves, which exhibit a strong resonant behavior in 
this case. The spacing between the various discontinuities is instead adjusted to obtain a 
good matching in the pass-band.  
The correct choice between the two architectures mainly depends on the overall required 
frequency behavior i.e. the width of the pass-, stop- and transition bands, the power 
handling capability, losses and the manufacturing complexity. Both the architectures will be 
discussed in the remainder of this section. 

4.1 Pass-band structures 
Generally speaking, two class of discontinuities can be adopted in the design of pass-band 
filters. The first one is represented by the transverse discontinuities i.e. inductive (Rozzi, 
1972)  or capacitive irises (Virone, et al. 2007). A band-pass configuration with inductive (or 
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H-plane) irises is shown in Fig. 4.3. As it can be seen, five resonators in rectangular 
waveguide are obtained owing to the presence of the six inductive irises. The peculiarity of 
this structure is the increased reflection coefficient of the irises at lower frequencies which 
lead to very high attenuation levels in the frequency region below the pass-band. The 
opposite phenomenon occurs with the capacitive configuration shown in Fig. 4.4. Indeed, 
the reflection coefficient of capacitive irises increases at higher frequency providing a very 
high attenuation above the pass-band of the whole filter. It has to be pointed out that 
waveguide resonators with an increased height (see Fig. 4.4) are used to reduce the overall 
losses.  
For both the capacitive and inductive configurations, iris apertures and resonator lengths 
are the main design parameters. The iris thickness is generally selected according to the 
manufacturing materials and techniques. In particular, proper rounding of some of the filter 
corners is also required when milling machines are adopted. Nevertheless, this feature can 
be kept into account in modern design tools  (Arndt, et al. 1997) in order to avoid the 
insertion of tuning screws. 
 

 
Fig. 4.3. Pass-band filter configuration with inductive (H-plane) irises. 

 

 
Fig. 4.4. Pass-band filter configuration with capacitive (E-plane) irises. 
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The second class of discontinuities for pass-band filters is represented by the longitudinal 
ones. Among these, the E-plane septum configuration shown in Fig. 4.5 is very popular 
(Vahldieck, et al, 1983). Such a discontinuity provides a very high reflection coefficient 
because the septum is placed in the middle of the waveguide where the  electric field is 
maximum. Moreover, the electromagnetic field is evanescent in the septum region owing to 
the splitting of the main rectangular waveguide in two halves for which the TE10 is below-
cut off. The design parameters of the septum filter are both the resonator lengths and 
septum lengths. The septum width is usually selected according to manufacturing 
considerations. It should be pointed out that the septum reflection coefficient can even be 
too high for certain broadband applications. Therefore, open septa can be adopted as first 
and last discontinuities (Peverini, 2004). More advanced configurations feature ridge 
waveguide resonators, instead of the common rectangular ones, in order to decrease the 
overall length of the filter (Goussetis and Budimir, 2001). 
 

 
Fig. 4.5. Pass-band filter configuration with E-plane septum discontinuities. 

The evanescent mode filter is another common structure featuring longitudinal 
discontinuities (Bornemann and Arndt, et al. 1990). As shown in Fig. 4.6, this configuration 
is based on a dual ridge waveguide (single ridge versions are also used). Therefore, it leads 
to more compact implementations in terms of both length and transverse section with 
respect to the rectangular counterparts. The smaller transverse section also produce a wider 
attenuation bandwidth. The small gap between the two ridges however generally reduce the 
power handling of the structure owing to the multipactor phenomenon. The longitudinal 
discontinuity is represented by the interruption of the ridge. In particular, the envelope of 
the adopted ridge waveguide is selected so that the TE10 mode in the discontinuity region is 
far below cut-off in the operative frequency band. In this way, a strong evanescent-mode 
discontinuity is created. Besides the dimensions of the ridge waveguide, the relevant 
parameters for the filter design are the lengths of both the resonators and the evanescent 
mode sections. 
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Fig. 4.6. Evanescent mode filter. 

As discussed above, all the filter geometries exhibit a large number of design parameters 
that should be defined according to the required specifications on the frequency response. In 
the past, this task has been generally accomplished on the basis of synthesis techniques for 
lumped-parameters circuits and proper transformations (Levy, 1984). However, these 
techniques do not take into account the frequency dispersion of both the discontinuities and 
the cavities, the multimodal interactions and the losses which can significantly affect the 
frequency response of a broadband filter. As a consequence, a considerable optimization 
work is required to refine the initial solution. In particular, such an approach could lead to 
sub-optimum designs owing to the presence of local minima in the pertaining cost function. 
In order to overcome the above-mentioned problems, a design method based on both a 
distributed-parameter model of the structure and a proper identification technique for the 
various higher-order spurious effects has been developed (Tascone, et al. 2000). The method 
exploits the single-mode circuit shown in Fig. 4.2, where each discontinuity is described 
using its scattering parameters ( ) ( )

11 21,k kS S  and ( )
22
kS . In the lossless case, these complex 

quantities can be conveniently represented using the real parameter kγ ( ( ) ( )
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k Sγ = ) and the phases ( )
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kϕ . The resonators are instead described using 
their lengths kl  and the corresponding waveguide propagation constants kβ . It has been 
demonstrated that the transmission matrix of the complete circuit can be written as 
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k kz e j lψ β ϕ ϕ− −− = − − +   and kψ  are unknown phase terms which have 
been introduced in order to allow the synthesis of arbitrary frequency responses and to keep 
the different phase behavior of the resonators into account. It should be noted that the 
quantity ( 1) ( )

11 222 ( )k k
k klβ ϕ ϕ−− +  is the Round Trip Phase Shift of the resonators. It can be also 

recognized that the elements of the transmission matrix  are N-degree polynomials in the 
complex variable 1z−  
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As well-known, these parameters are related to the scattering matrix of the overall filter  

11 111 /T S=  and 21 11 21/T S S=  

In particular, the 21T  parameter provides a very convenient description of the frequency 
response in both the passband (where 21 11T S≈ ) and the attenuated bands (where 

21 211 /T S≈ ). Thanks to the polynomial representation, this single parameter can be used to 
analytically define all the specifications of the filter in the same fashion as antenna arrays 
and digital filter design techniques (FIR).  
Once the polynomial 21T  has been defined according to the required specifications, an 
extraction procedure is applied to determine the scattering matrix of the various 
discontinuities (Tascone, et al. 2000) and the phase terms kψ .  Starting from the electrical 
parameters, the geometry of the discontinuities e.g. iris apertures, septum lengths are 
obtained exploiting a pre-computed curve. The length of the various resonators kl  is also 
computed exploiting both the kψ  and the ( 1) ( )

11 22
k kϕ ϕ− + . 

The synthesized geometry is then simulated using a full-wave method (e.g. Peverini, 2004). 
As expected, the computed full-wave response is different from the synthesized polynomial 

21T  owing to the neglected phenomena in the synthesis model. Nevertheless, these 
discrepancies can be properly compensated using the developed identification procedure 
(Tascone, et al. 2000). Such a technique starts with the interpolation of the full-wave 
response with a N-degree polynomial  
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In this way, the overall procedure from the synthesis scheme to the analysis tool can be 
represented as a single abstract system having the 21( )T z  and 21( )A z  polynomials as input 
and output, respectively. These quantities can be interpreted as periodic signals with N 
harmonics. Hence, their coefficients kb  and kc can be considered as the discrete spectra of 
these input and output signals, respectively. This approach leads to identification of the 
above mentioned abstract system with a linear system, for which the transfer function ( )H z  
can be defined as the ratio between the output and input spectra 

/k k kh c b=  

The introduced transfer function ( )H z properly models the frequency dispersion of the 
discontinuities, the multimodal interaction and the losses. Therefore, it can be used to 
compute the coefficients a new “pre-distorted” frequency response 21 '( )T z   as  

kkk hbb /'=  

Finally, the synthesis scheme discussed above is applied to this “pre-distorted” polynomial 
/k k kh c b=  to obtain the final filter geometry. Indeed, a single iteration is usually enough for 
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several considered filter designs. Anyway, some more iterations can be performed in 
presence of highly-dispersive discontinuities or strong coupling to the evanescent modes.  
The presented synthesis technique has been generalized to the design of waveguide 
polarizers (Virone, et al. 2005) and waveguide diplexers (Virone, et al. 2009). For the latter, 
the frequency response of a relevant design example for Digital Video Broadcasting 
applications is reported in Fig. 4.7. It has been conceived with the capacitive iris 
configuration (see Fig. 4.4). With reference to the port numbering reported in Fig. 4.1, the 
reflection coefficient at common port ( 11S ) is below -30 dB for both the TX (10.95-12.75 GHz) 
and RX (13.75-14.5 GHz) frequency bands. Similar reflection levels have been obtained at 
both port 2 and 3 for the TX and RX bands, respectively. Due to the metallic losses, the 
transmission coefficient is about -0.4 dB in the pass-band of both channels (an aluminum 
prototype has been simulated). The isolation levels 211 /S  (from TX to port 1) and 311 /S  
(from 1 to RX) are higher than 55 dB in the RX and TX band, respectively.  A level of 55 dB 
has been obtained in both bands from  TX to RX ( 321 /S ) as well.  
 

 
Fig. 4.7. Waveguide diplexer with capacitive irises. The port numbering is reported in Fig. 
4.1. The vertical dash-dotted lines represent the TX (10.95-12.75 GHz) and RX (13.75-14.5 
GHz) frequency bands. 

4.2 Stop-band structures 
Strongly resonant waveguide discontinuities are required to design a stop-band filter. In 
particular, they have to exhibit both a relatively wide transmission zero around the specified 
stop-band and a moderate reflection level in the pass-band. A very common configuration is 
the E-plane stub in rectangular waveguide shown in Figs. 3.3-3.4. Several discontinuities 
have to be cascaded to meet the specifications. The number of stubs is mainly related to the 
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desired isolation level in the given bandwidth. Proper arranging of the various 
discontinuities is mandatory to avoid degradation of the stop-band performance owing to 
tunnel phenomena and strong multimode interactions. A significant design example of stub-
filter for satellite applications has already been described in section 3. Other designs can be 
found in (Kirilenko, et al. 1994) and (Levy, 2009). 

5. Ortho-Mode Transducers 
A canonical Ortho-Mode Transducer (OMT) configuration has three physical waveguide 
ports (see Fig. 5.1). The common port is a metallic waveguide having a two-fold symmetric 
cross section (e.g.  square or circular) which supports two degenerate modes i.e. two 
orthogonal polarizations. Hence, two electrical ports should in fact be adopted to describe 
the electromagnetic field at the common port. With reference to Fig. 5.1, the symbols V (H) is 
hereinafter used to indicate the vertical (horizontal) polarization and Port 1 (2) is referred as 
the electrical port of the component V (H). The two coupled ports are usually rectangular 
waveguides operating in the single-mode regime. In other words, the OMT should in fact be 
described using the four-port scattering matrix shown in Fig. 5.1 (Peverini, et al. 2006). 
 

 
Fig. 5.8. The three waveguide ports of the OMT and the four-port scattering matrix 
equivalent circuit. 

An OMT waveguide architecture is conceived so that each of the two degenerate modes at 
the common port is nominally coupled to one of the two single-mode ports only. According 
to Fig. 5.1, Port 3 (4) is the coupled port of the component V (H). It means that the 
magnitude of the direct scattering parameter S31 (S42)  should be ideally equal to one. The 
magnitude of the cross-coupling terms S41 (S32) and the isolation terms S21 and S43 should 
instead be zero. 
According to a receive-mode operative condition, an OMT is therefore used to route the two 
orthogonally polarized field components at the common port to two different waveguide 
ports. By reciprocity, in transmit mode, an electrical signal excited at one of the two single-
mode ports is only routed to one of the two available polarizations at the common port.  
The routing of the various signals is obtained introducing suitable apertures and 
discontinuities between the common waveguide and the coupled waveguides. The isolation 
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between the two signals pertaining to the orthogonal polarizations is generally obtained 
exploiting both the symmetry of the structure and particular cut-off phenomena.   
Besides the isolation, other figures of merit of the OMT consist in power handling, insertion 
loss, matching level, and low spurious higher-order-mode excitation at the four electrical 
ports. Group delay equalization between the V and H channels is also required in some 
specific applications. All the relevant electrical parameters of the OMT should be robust 
with respect to the manufacturing tolerances. Manufacturing complexity, compactness and 
proper orientation of the physical ports are also very important design parameters.  
Several OMT configurations can be found in the literature. Their performances can change 
significantly from both the electromagnetic and mechanical perspectives . The correct choice 
highly depends on the application, however, it is worth mentioning that this choice strongly 
affects the overall feed system topology. Therefore, it is important to correctly choose the 
OMT since it drives the complexity as well as the cost and the dimension of the overall 
antenna feed system.  
The most interesting waveguide configurations for satellite communication systems will be 
discussed in the following, starting from the basic ones up to the more recent and advanced 
architectures. For the sake of simplicity, the square-waveguide common-port 
implementations are only shown i.e. the V (H) polarization shown in Fig. 5.1 corresponds to 
the TE10 (TE01) mode. Nevertheless, all the presented architectures can in principle be 
extended to the circular cases.  

5.1 Standard T-junction or side-coupling OMT  
One of the simplest OMT architectures is represented by the T-junction shown in Fig. 5.2 
(Schlegel and Fowler, 1984).  The TE10 mode incident at the common port (carrying the 
vertical polarization) propagates along the main arm (also called common waveguide) and 
it is coupled to the fundamental mode of the rectangular port 3. The TE10 in the common 
waveguide is not coupled to the fundamental TE10 at port 4 owing to both the symmetry of 
the structure and the orthogonality of their field distributions.  
 

 
Fig. 5.9. Standard T-junction OMT. 
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The horizontal polarization, i.e. the TE01 mode at the common port is instead coupled to the 
side arm (fundamental mode of port 4) only. Indeed, the same polarization is under cut-off 
at port 3. As a consequence, ports 3 and 4 are also isolated as far as their fundamental mode 
is concerned.  
A careful design of the various geometrical parameters is required in order to obtain an 
OMT with a suitable matching level. The side-arm coupling can be also performed on the 
other orthogonal side of the common waveguide with a different orientation of the coupled 
waveguide i.e. E-plane coupling instead of H-plane coupling. Anyway, this simple compact 
configuration only works in quite narrow frequency bands. Proper matching structures such 
as septa, irises and steps can be added to enlarge the operative frequency band up to 20% 
(Dunning, et al. 2009) or to obtain a dual-band component (Rebollar, 1998). However, 
proper care should be taken in order not to impair the power handling of the structure. 
Moreover, the bandwidth limit of this configuration is related to the excitation of the higher 
order modes TE11 and TM11 owing to the one-fold symmetry of the structure.  

5.2 Boifot OMT 
The Boifot junction has been introduced in order to obtain an OMT with a large operative 
bandwidth (Boifot, 1990). As can be seen in Fig. 5.3, a symmetric E-plane coupling is 
exploited for the horizontal polarization  in order to obtain a two-fold symmetry of the 
whole structure. This feature avoids the excitation of the TE11 and TM11 higher-order 
modes in the common waveguide. In this way, the operative frequency band of the device 
can be extended above the cutoff frequency of these modes up to the TE20 cutoff. The two 
symmetric side arms have to be combined using both straight and bent rectangular 
waveguide sections to obtain a single signal at port 4. The corresponding structure is 
therefore more complex than an OMT with a single side arm.  
 

 
Fig. 5.10. Scheme of the Boifot OMT. 
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A septum (not shown) is also inserted in the common waveguide, between the  coupling 
apertures and the stepped transition to port 3, in order to improve the matching of the H-
polarization. The septum is oriented to allow the direct routing of the vertical polarization to 
port 3. In the original configuration, metallic posts were also inserted in the coupling 
apertures of the two side arms (Boifot, 1990). 
It has been shown in the literature that large matching and isolation bandwidths (30%) can 
be obtained using this configuration. The main drawbacks consist in the manufacturing 
complexity and large size of the OMT.  It should be pointed out that a differential error in 
the length of the two waveguides of the combination structure (owing to manufacturing 
uncertainties) can destroy the symmetry of structure with a consequent reduction of the 
isolation performance. Moreover, the insertion loss and group delay are intrinsically very 
different for the two polarizations. 

5.3 Turnstile junctions 
The turnstile junction (Navarrini and Plambeck, 2006) exploits a symmetric E-plane 
coupling for both polarizations. With reference to Fig. 5.4, the vertical polarization is only 
coupled to the fundamental TE10 mode at both Port 3 and Port 3’. The same polarization 
would also couple to the TE01 mode at ports 4 and 4’. However, this mode is under cut-off 
in the operative frequency range of the structure. The horizontal polarization is instead 
coupled to both Port 4 and 4’. It should be noted that in the E-plane coupling, the symmetric 
ports exhibit an opposite orientation of the electric field. 
 

 
Fig. 5.11. The turnstile junction. 

This turnstile junction does not excite the TE11 and TM11 modes in the common waveguide. 
Therefore, the upper limit of the frequency band is related to the cutoff frequency of the 
TE20 mode and to the cutoff frequency of the TE01 mode at the coupled ports.  
A proper protrusion with either pyramidal, cylindrical or parallelepiped shape should be 
introduced in the back of the junction (see Fig. 5.4) in order to improve the matching.  
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The turnstile junction exhibits the same insertion loss and group delay for both polarizations 
since the latter undergo a symmetric coupling at the same section of the common port. As a 
drawback, two different waveguide structures (not shown) are required to combine the 
opposite ports. Even in this case, possible asymmetries of the combiners owing to the 
manufacturing uncertainties should be managed to avoid isolation problems.  
This OMT type can operate in a large frequency band (more than 30%) with good power 
handling properties. However,  the presence of two combiners make this configuration less 
compact and with higher losses with respect to the previous solutions. 

5.4 Orthomode Junctions (OMJ) 
In the case of dual-band dual-polarization feed systems where the transmit and receive 
bands are suitably separated, an interesting configuration is represented by the so called 
orthomode junction (OMJ) (Garcia, et al., 2010). Similarly to the turnstile junction, the OMJ 
also exploits a symmetric coupling section for both polarizations. A simplified H-plane 
implementation is shown in Fig. 5.5. The OMJ however exhibits a secondary common port 
in square (or circular) waveguide. Such a waveguide is below cut-off at the lower 
frequencies. Therefore, the low-band signals can be properly reflected and coupled to the 
side ports. Two combiners are required to obtain a single port for each polarization. It 
should be noted that the absence of a proper matching element in the common port leads to 
a quite narrow matching bandwidth for the side-coupled signals. 
As far as the high-band is concerned, the complete OMT should be equipped with proper 
stop-band filters (not shown) on the side arms in order to prevent leakage of the high-
frequency signals from the side ports.  In this way, both polarizations are routed to the 
secondary common port. The latter can be now separated using another single-band OMT 
(not shown). 
 

 
Fig. 5.12. Scheme of an  Ortho-Mode Junction (OMJ). 

The OMT configuration of Fig. 5.5 can be referred as a self-diplexing structure. This kind of 
components is very important in order to reduce the overall number of antennas on the 
payload. As a matter of fact, besides the narrow bandwidth, this added functionality leads 
to increased complexity, size and losses of the device.  
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5.5 Reverse coupling OMT 
The broadband operative condition of some of the above-mentioned OMTs is mainly 
obtained inserting proper matching elements such as septa, irises or other protruding 
objects in the common waveguide. Besides the increased manufacturing complexity, the 
presence of these matching structures can limit the power handling capability of the OMT. 
An alternative solution to obtain broad-band OMTs has therefore been presented in 
(Peverini, et al., 2006).  The core of the device shown in Fig. 5.6 consists in a reverse coupling 
section. As far as the vertical polarization is concerned, the signal in the common waveguide 
is coupled to the adjacent parallel rectangular waveguide by means of the E-plane apertures. 
This operation, which resembles the working principle of a branch-guide directional 
coupler, has been schematized in Fig. 5.7. 
 

 
Fig. 5.13. Reverse-coupling OMT. 

 

 
Fig. 5.14. Network representation of the reverse coupling structure for the V-polarization. 
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Such a directional coupler is loaded with two reactive impedances RLa and RLb representing 
the stepped transition to Port 4, which is under cut-off for the vertical polarization, and the 
short-circuited E-plane step on the coupled rectangular waveguide, respectively.  The 
complete structure is properly designed so that the various coupled and reflected 
contributions produce a constructive interference (in-phase combination) for the V-signal to 
port 3.  On the contrary, a destructive  interference phenomenon is instead exploited to 
obtain a low-reflection coefficient at both common and coupled ports (Peverini, et al., 2006).  
The reverse-coupling section and the stepped transition to port 4 should also be designed in 
order to route the horizontal polarization to port 4 with a low reflection coefficient.  
The 180° bend and the subsequent straight rectangular waveguide section in Fig. 5.6 allow a 
proper alignment between port 3 and port 4. Furthermore, stepped waveguide twist 
(Baralis, et al., 2005) can be introduced to provide the same orientation of the two ports. 
It should be noted that the reverse coupling structure can also be adopted to either provide a 
symmetric coupling structure (Navarrini and Nesti, 2009) which allow a larger operative 
frequency range or to design a self-diplexing unit with a more controlled broadband 
coupling with respect to the canonical OMJ.  

6. Corrugated horns 
A corrugated horn is the most employed illuminator for parabolic, offset or Cassegrain 
configurations in satellite feed system for its excellent potential dual polarized 
characteristics. The first studies on these antennas date back to the pioneer works of 
Clarricoats and Olver (Clarricoats and Olver, 1984). This antenna configuration originates 
from the theoretical study of the modes of a cylindrical waveguide where the metallic walls 
are substituted by a surface impedance. If specific impedance conditions are considered, the 
structure can support a particular hybrid mode, known as HE11, whose field components, if 
it radiates, minimize cross polarization level. It has been shown that this particular surface 
condition can be realized by means of λ/4 depth corrugations. To excite this mode a suitable 
transition between the smooth circular waveguide and the corrugated one is necessary. This 
can be obtained in two ways as shown in Fig. 6.1, i.e. by means of depth corrugation 
increment up to the desired λ/4  value (Fig. 6.1a) or a depth corrugation decrement from the 
value λ/2  up to λ/4 (Fig. 6.1b). The second configuration permits wide band performances 
and for this reason it is usually employed.  In order to satisfy the radiation pattern 
requirements in terms of half power beamwidth and field taper at a specific illumination 
angle, the radiating cross section has to be much larger than the input monomodal 
waveguide and therefore a suitable radius transition is necessary. The radius profile as well 
as the corrugations geometry are free design parameters which has to be chosen in order to 
match the structure and, at the same time, perform the desired conversion of the incident 
field to the HE11-like mode. Since the number of corrugations can be of the order of 
hundreds, the design is quite complicate in particular for wideband application where also 
the antenna compactness is  often required. 
A part few works which gives some useful design criteria and design map (Granet et al., 
2005),  the standard approach in the technical literature is based on the employment of a 
particular radius profile as a starting point for global optimization schemes (Jamnejad et al. , 
2004). In this respect, the so called dual-profile circular corrugated horn (DPCCH) is usually 
regarded as the state of the art. This profile consists of a combination of a sine square law 
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and an exponential function joined by a smooth transition (see Fig.6.2). The other 
geometrical parameters, i.e. the dimensions and reciprocal distances of each corrugation, are 
usually chosen in accordance to empirical/semi analytical formulas. Although the 
performances obtained in this way are generally interesting, they cannot meet the 
specifications in the case of high performance wideband systems. For this reason global 
optimization algorithms (e.g. particle swarm optimization or genetic algorithms) are used 
not only as simple refinement tools but as a way to actually define the whole antenna 
geometry. The relevant drawbacks are related not only to the quite long computation times 
required but, mainly, to the design itself. Indeed, quite often the initial smoothness of the 
DPCCH profile is completely lost, which turns into a high sensitivity of the electromagnetic 
performances to the mechanical tolerances. 
Recently a suitable design strategy has been proposed (Addamo et al. , 2010) for circular 
corrugated horn and here briefly described. Roughly speaking, from a functional point of 
view the first group of corrugations (called ``throat region'') in the horn  is designed in order 
to convert the input incident field into the HE11-like mode. The remaining part (called 
``radiating region'') modifies this field configuration in order to guarantee the desired 
radiation pattern specifications (see Fig.6.3).  The idea, then, is to separate the design of the 
throat and radiating regions by applying the most appropriate technique for  each. As far as 
the radiating region is concerned,  since the radius variation between two adjacent horn 
corrugations is usually relatively small, a companion periodic structure can be used (see Fig. 
6.4). The desired field configuration can be then interpreted as a particular Bloch wave  and 
the design can be obtained exploiting the periodic structure theory. The throat region 
definition is much more complicate since it has to perform a suitable mode conversion form 
the input TE11 to the desired HE11-like mode. However since the radiating region is defined 
in the previous design step, this part can be obtained by means of a guided parametric 
analysis and therefore optimization techniques can be employed just as a refinement. 
 

 
Fig. 6.15. Transitions from circular to corrugated waveguide. 
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Fig. 6.2. An example of Dual Circular Corrugated Horn Profile (DPCCH). 

 
Fig. 6.3. Throat and radiating regions. 
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Fig. 6.4. Companion periodic structure. 
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1. Introduction 
Ground stations which integrate the control segment of a satellite mission have as a 
common feature, the use of large reflector antennas for space communication. Apart from 
many advantages, large dishes pose a number of impairments regarding their mechanical 
complexity, low flexibility, and high operation and maintenance costs. hus, reflector 
antennas are expensive and require the installation of a complex mechanical system to track 
only one satellite at the same time reducing the efficiency of the segment (Torre et al., 2006).  
With the increase of new satellite launches, as well as new satellites and constellation of low 
earth orbit (LEO), medium earth orbit (MEO), and geostationary earth orbit (GEO), the data 
download capacity will be saturated for some satellite communication systems and 
applications. Thus, the feasibility of other antenna technologies must be evaluated to 
improve the performance of traditional earth stations to serve as the gateway for satellite 
tracking, telemetry and command (TT&C) operation, payload and payload message or data 
routing (Tomasic et al., 2002). One alternative is the use of antenna arrays with smaller 
radiating elements combined with signal processing and beamforming (Godara, 1997).  
Main advantages of antenna arrays over large reflectors are the higher flexibility, lower 
production and maintenance cost, modularity and a more efficient use of the spectrum. 
Moreover, multi-mission stations can be designed to track different satellites simultaneously 
by dividing the array in sub-arrays with simultaneous beamforming processes. However, 
some issues must be considered during the design and implementation of a ground station 
antenna array: first of all, the architecture (geometry, number of antenna elements) and the 
beamforming process (optimization criteria, algorithm) must be selected according to the 
specifications of the system: gain requirements, interference cancellation capabilities, 
reference signal, complexity, etc. During implementation, deviations will appear as 
compared to the design due to the manufacturing process: sensor location deviation and 
sensor gain and phase errors (Martínez & Salas, 2010). In an antenna array, the computation 
of a close approach of the direction of arrival (DoA) and the correct performance of the 
beamformer depends on the calibration procedure implemented. 
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This chapter is organized with the following sections. Section 2, introduces the relationship 
between applications and antenna design architectures. Section 3, introduces the new 
antenna array architectures for satellite communication including motivation and explains 
experimental examples. Section 4, explains adaptive antenna array and receiver 
architectures for adaptive antennas systems considering the beamforming with 
synchronization algorithms. Finally, Section 5 explains the A3TB concept. 

2. Applications and antenna design architectures 
In recent effort, new antenna array architectures have been under analysis and 
development. In (Tomasic et al., 2002) a highly effective, multi-function, low cost spherical 
phased array antenna design that provides hemispherical coverage is analyzed. This kind of 
novel architecture design, as the geodesic dome phased array antenna (GDPAA) presented 
in (Tomasic et al., 2002) preserves all the advantages of spherical phased array antennas 
while the fabrication is based on well-developed, easily manufacturable, and affordable 
planar array technology (Liu et al., 2006; Tomasic, 1998). This antenna architecture consists 
of a number of planar phased sub-arrays arranged in an icosahedral geodesic dome 
configuration. 
In contrast to the about 10 m diameters dome of the GDPAA, there is the geodesic dome 
array (GEODA) (Sierra et al., 2007) with 5 m diameters dome. This antenna, presented in Fig. 
1, has two geometrical structure parts. The first one, is based on a cylinder conformed by 30 
triangular planar active arrays, and the second is a half dodecahedron geodesic dome 
conformed by 30 triangular planar active arrays. The GEODA is specified in a first version 
for satellite tracking at 1.7 GHz, including multi-mission and multi-beam scenarios 
(Martínez & Salas, 2010). Subsequently, the system of the GEODA has been upgraded also 
for transmission (Arias et al., 2010). 
 

 
a b c 

Fig. 1. a) The GEODA, b) The active sub-array demonstration, and c) The 45 elements planar 
active sub-array. 

The antenna arrays technology in the user segment for satellite communications will 
substitute reflectors providing a more compact and easy to install antenna system, which is 
an interesting solution e.g. for satellite on the move (SOTM) system. There is a great 
diversity of solutions for fixed and mobile satellite communication systems including a large 
number of applications. Inmarsat broadband global area network (Inmarsat-BGAN) 
(Franchi et al., 2000) is the most representative example among mobile satellite systems 
(MSS), which gives land, maritime and aeronautical high speed voice and data services with 
global coverage using GEO satellites at L-band.  
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MSS services are divided into two groups, those that offer a regional coverage usually with 
GEO satellites, and those which offer a global coverage based on LEO or MEO satellite 
constellations. Depending on the coverage, there are some examples for MSS with regional 
coverage as the mobile satellite system (MSAT) in EEUU, Canada and South America, Optus 
in Australia, N-Star in Japan, Asia cellular satellite (ACeS) in Asia or Thuraya in the Middle 
East and in the North of Africa. While for MSS of global coverage there are some examples 
as Iridium, ICO Global Communications, Globalstar, Teledesic, etc. (Evans, 2009; Wu, 1994). 
Most of the MSSs work at L and S band, new applications on satellite to mobile terminal 
links work at X, Ku and Ka band, and satellite to base station connections work at L, S and C 
band. A number of applications is broad and lead terrestrial telecommunications market to 
offer a wider coverage: high speed voice and data (internet access, SMS, VoIP), digital video 
broadcasting by satellite 2 (DVB-S2) and digital video broadcasting satellite services to 
handhelds (DVB-SH), global position system (GPS) and Galileo, security, control and 
machinery monitoring on ships and aircrafts, teleeducation or telemedicine. 
These modern satellite communications systems require new antenna solutions for base 
stations, aeronautical applications or personal communications services (PCS) on-the-
move (Fujimoto & James, 2001). Within these applications, antenna array systems are 
potentially the best choice due to, as discussed above, its capability to perform 
electronically steering or beamforming, increase the antenna gain, and conform over 
curved or multifaceted surfaces the radiating elements. Portable antennas for PCS must be 
easy to install and mechanically robust, besides compact and lightweight (García et al., 
2010) as the antenna array presented in Fig. 4.a. The design of antenna systems to provide 
high data rates for reliable PCS boarded on ships is not so strict in term of the geometrical 
requirements because it does not have space limitations (Geissler et al., 2010). However, in 
the case of land or airborne vehicles, geometrical and mechanical constraints are more 
severe. Antennas for terrestrial vehicles must be low profile, and for airborne vehicles 
aerodynamic shapes must be considered (Baggen et al., 2007; Vaccaro et al., 2010). 
Moreover, for the civil market conformal antenna arrays (Schippers, 2008; Kanno et al., 
1996), or multi-surface arrays (Khalifa & Vaughan, 2007) are suitable choices to deal with 
the system aesthetic partiality.  
Technological challenges have been faced during the implementation of satellite 
communication systems in the last decades. The design of a Test-Bed flexible and modular 
for testing or debugging beamforming algorithms and receiver architectures is an invaluable 
contribution in the educational, research and development area on satellite communication 
systems. The adaptive antenna array Test-Bed (A3TB) concept is based on the use of antenna 
arrays with beamforming capability to receive signals from LEO satellites (Salas et al., 2008). 
The scope of the A3TB is to probe the concept of antenna arrays applied to ground stations 
instead of reflectors for different applications, such as telemetry data downloading. It is also 
a good chance for Universities and Research Centers aiming to have their own ground 
station sited in their installations. 
The A3TB ground station relies on the use of an antenna array to smartly combine the 
received signals from the satellite thanks to the implementation based on software defined 
radio (SDR) technology. The advantages of the SDR implementation is that A3TB 
architecture can be used to process any received signal from LEO satellites in the band 
imposed by the radio frequency (RF) circuits. Moreover, most of the processing is performed 
in software, so that appropriate routines can be used to process any received signal. The 
A3TB can be used to analyze the feasibility of different receivers and beamformer 
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algorithms, regarding the capability to switch the receiver architecture in terms of the 
synchronizer algorithm configuration (Salas et al., 2007).  
The current version has been developed to track The National Oceanic and Atmospheric 
Administration (NOAA) satellites in the very high frequency (VHF) band, in particular, the 
automated picture transmission (APT) channel (Salas et al., 2008). Previous versions of A3TB 
dealt with low rate picture transmission (LRPT) signals from the meteorological operational 
satellite-A (MetOp-A), where a complete receiver with beamforming and synchronization 
stages has been implemented (Salas et al., 2007; Martínez et al., 2007). 

3. Antenna arrays for satellite communications 
Satellite applications require compactness, lightweight and low cost antenna systems to be 
mounted on a terrestrial vehicle, an aircraft or a ship, or as a portable man-pack or a 
handset, and to be competitive against ground systems. Its major advantage is the 
possibility of getting a wider or even a global coverage. For such purposes, antenna arrays 
offer the technology to get a directive system whose steering direction can be electronically 
and/or mechanically controlled. However, planar arrays usually cannot steer more than 60º-
70º from the normal direction of the antenna (Mailloux, 2005). Thus, when a wider angular 
coverage is required conformal arrays are an appropriate option (Josefsson & Persson, 2006). 
Arrays can approximate conformal shapes, such as spheres or cylinders, using several 
planar arrays, simplifying fabrication of active components (Sierra et al., 2007). 
Since the low cost and low weight specifications are of importance, micro-strip antennas are 
mostly used, due to its capacity to be printed over a dielectric substrate with 
photolithography techniques. Low cost and low permittivity substrates are usually used 
such as FR4 or PTFE with different quantities of glass or ceramic impurities. For more 
demanding applications, ceramics, like alumina or high/low temperature co-fired ceramics 
(HTCC/LTTC) allow the use of smaller components thanks to its high permittivity, and give 
robustness against mechanical stresses and high temperatures.  

3.1 Geodesic antenna array for satellite tracking in ground station 
The aim of using a single antenna for tracking many satellites at the same time avoiding 
mechanical movements as well as its inexpensive cost make these antennas an alternative to 
be considered (Salas et al., 2008). Multi-beam ability and interference rejection are facilitated 
thanks to the electronic control system of such antennas that improves the versatility of the 
ground stations.  
The GEODA is a conformal adaptive antenna array designed for MetOp satellite 
communications with specifications shown in Table 1. This antenna was conceived to 
receive signals in single circular polarization (Montesinos et al., 2009). Subsequently, in 
recent efforts the system has been upgraded also for transmission and double circular 
polarization (Arias et al., 2010). Hence, operating at 1.7 GHz with double circular 
polarization it can communicate with several LEO satellites at once in Downlink and 
Uplink. Current structure is the result of a comprehensive study that valued the ability to 
cover a given spatial range considering conformal shape surface and a given beamwidth 
(Montesinos et al., 2009). As Fig. 1 shows, GEODA structure consists of a hemispherical 
dome placed on a cylinder of 1.5 meters height. Both cylinder and dome are conformed by 
30 similar triangular planar arrays (panels). Each panel consists of 15 sub-arrays of 3 
elements (cells). The radiating element consists of 2 stacked circular patches with their own 
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RF circuits. The principal patch is fed in quadrature in 2 points separated 90º in order to 
obtain circular polarization. The upper coupled patch is used in the aim of improving the 
bandwidth. 
Each panel is able to work itself as an antenna since they have a complete receiver that 
drives the 1.7 GHz signal to an analog to digital converter (ADC). In order to adapt the 
signal power to the ADC, it is mandatory to implement a complete intermediate 
frequency (IF) receiver consisting of heterodyne receiver with an automatic gain control 
block. Hence, each triangular array has active pointing direction control and leads the 
signal to a digital receiver through an RF conversion and filtering process. To follow the 
signal from the satellite, the main beam direction has to be able to sweep an angle of 60º. 
In this way, it is needed a phase shift in the feeding currents of the single radiating 
element. Previous calculations have demonstrated that 6 steps of 60 degrees are needed to 
achieve the required sweeping angle. An adaptive digital system allows the adequate 
signal combination from several triangular antennas. The control system is explained in 
(Salas et al., 2010).  
 

Parameter Specification Parameter Specification 

Frequency range [GHz]
Tx:
Rx:

1.65 to 1.75 
1.65 to 1.75 

Isolation between Tx 
and Rx [dB] >20 

Polarization
Dual circular for 

Tx and Rx  
bands 

VSWR 1.2:1 

G/T [dB/K]
For elevation >30º

For elevation 5º
3 
6 

SLL [dB] -11 

EIRP [dBW] 36 Size [m] 1.5x1.5x3 

3dB beamwidth [deg.] 5 Accuracy steering [deg.] ±1.4 

Maximum gain [dBi] 29 
Coverage [deg.]:

Azimuth
Elevation

360º 
>5º 

Efficiency [%] 50   

Table 1. Main specifications for GEODA antenna. 

3.1.1 Cell radiation pattern 
Based on the study presented in (Sierra et al., 2007), the single radiating element is a double 
stacked circular patch that works at 1.7 GHz with 100 MHz bandwidth. In order to obtain 
circular polarization, the lower patch, which has 90 mm diameter, is fed by 2 coaxial cables 
in quadrature. Both coaxial cables connect the patch with a hybrid coupler to transmit and 
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receive signals with both, right and left, circular polarizations. The upper patch is a circular 
plate with 78.8 mm diameter, and it is coupled to the lower patch increasing the bandwidth 
by overlapping both resonant frequencies tuning the substrate thickness and the patch 
diameter size. Fig. 2.a shows the radiating element scheme and main features of the layer 
structure are specified in (Montesinos et al., 2009). 
A cell sub-array of 3 radiating elements shown in Fig. 2.b is considered the basic module to 
build the planar triangular arrays. The whole cell fulfills radiation requirements since it has 
a good polar to crosspolar ratio and a very low axial ratio. Likewise, as it is presented in Fig. 
2.c, the radiation pattern shows symmetry and low side lobes for full azimuth. 
 

 
a b c 

Fig. 2. a) Assembly of the single radiating element, b) Cell scheme, and c) Cell radiation 
pattern. 

3.1.2 Transmission and Reception (T/R) module and cell distribution 
Different T/R module configurations have been considered, providing either single or 
double polarization (Arias et al., 2010). T/R module allows amplifying and controlling the 
phase shift between signals, received and transmitted, providing an adaptive beam and 
steering direction controller in the whole working pointing range. As Fig. 3 shows, the 
design implemented contains a hybrid coupler, enabling double circular polarization; a 
double pole double throw (DPDT) switch, selecting polarization associated with 
transmission and reception way; 2 low noise amplifiers (LNAs), which amplify the signal 
received or transmitted; a single pole double throw (SPDT) switch, choosing transmission or 
reception way; and phase shifters, introducing multiples of 22.5º relative shift phases to 
form the desired beam. These surface mount devices have been chosen in order to reduce 
space and simplify the design. 
Signals transmitted/received by the 3 T/R modules placed in a cell are 
divided/combined thanks to a divider/combiner circuit composed of 3 hybrid couplers 
that leads the signal to a general T/R module where signal is amplified. Due to 
transmission and reception duality, 2 SPDT switches are used to select the amplification 
way. Furthermore, each T/R module has associated a -25dB directional coupler that is 
used to test T/R modules in the transmission mode. Additionally, reception mode is 
tested by measuring signal in the divider/combiner circuit. A single pole 6 throw (SP6T) 
switch selects the path that is tested. 
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Fig. 3. Cell sub-array and RF circuit. 

3.1.3 Control system 
The control system has two main parts (Salas et al., 2010), the hardware structure and the 
control software. The two level hardware structure has the lowest possible number of 
elements, making the control simpler in contrast to the previous in (Salas et al., 2010). 
Finally, an inter-integrated circuit (I2C) expander is used to govern T/R modules 
individually, and one more cover cell needs (LNA of call and test). A multipoint serial 
standard RS-485 is used to connect the computer with the panels.  

3.2 Portable antenna for personal satellite services 
New fix and mobile satellite systems (Evans, 2000) require antenna systems which can be 
portable, low profile and low weight. Planar antennas are perfect candidates to fulfill these 
specifications. Usually slots (Sierra-Castañer et al., 2005) and printed elements (García et al., 
2010) are most used as radiating elements. 

3.2.1 Antenna system structure 
In this subsection it is introduced a printed antenna for personal satellite communications at 
X band, in Fig. 4. Table 2 shows main antenna characteristics. 

 
Parameter Specification Parameter Specification 

Frequency range[GHz]
Tx:
Rx:

 
7.9 to 8.4 

7.25 to 7.75 
Efficiency [%] 50 

Polarization
Dual circular 
polarization 

for Tx and Rx bands 

Isolation between Tx and 
Rx [dB] >17 

G/T [dB/K] 7 VSWR 1.4:1 

EIRP [dBW] 32 SLL [dB] -11 

3dB beamwidth [deg.] 5 Size [m] 40x40x2.5 

Maximum gain [dBi] 25 Weight [Kg] 2 

Table 2. Portable antenna specifications. 
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This is a planar, compact, modular, low loss and dual circular polarized antenna, for Tx and 
Rx bands, simultaneously. It is made up by a square planar array of 16x16 double stacked 
micro-strip patches, fed by two coaxial probes. A hybrid circuit allows the dual circular 
polarization (Garg et al., 2001). Elements are divided in 16 sub-arrays excited by a global 
power distribution network of very low losses, minimizing the losses due to the feeding 
network and maximizing the antenna efficiency. In order to reduce side lobe levels (SLL), 
the signal distribution decreases from the centre to the antenna edges, keeping symmetry 
with respect to the main antenna axes. The antenna works at X band from 7.25 up to 8.4 
GHz with a 14.7% relative bandwidth for a 1.4:1 VSWR and a maximum gain of 25 dBi.  

3.2.2 Sub-array configuration 
The sub-array configuration can be seen in Fig. 4.a. It makes possible to separate the 
fabrication of these sub-arrays from the global distribution network, simplifying the 
corporative network and getting a modular structure suitable for a serial fabrication process. 
Each sub-array is a unique multilayer board, where PTFE-Glass substrate of very low losses 
has been used as base material. The power distribution network is connected to each sub-
array through (SMP-type) coaxial connectors. 
 

 
a b c 

Fig. 4. a) Dual polarized portable printed antenna for satellite communication at X band, b) 
Sub-array perspective view, and c) Side view and multilayer scheme.  

Fig. 5.a and Fig. 5.b show the sub-array unit cell. In order to obtain better polarization 
purity, each element is rotated 90º and excited by a 90º phase-shifted signal. Moreover, in 
Fig. 5.c is showed a miniaturized branch-line coupler (BLC) of three branches working as a 
wide band hybrid circuit (García et al., 2010; Tang & Chen, 2007). 
 

a b c 

Fig. 5. Unit cell test board, a) Unit cell test board 2x2 stacked patches, b) Micro-strip feeding 
network, and c) Miniaturized BLC Prototype. 
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A conventional configuration takes up an area of 13.3 cm2 which is big compared to the 
radiating element and the sub-array subsystem size. Therefore, a miniaturization of the BLC 
is needed using the equivalence between a λ/4 transmission line and a line with an open-
ended shunt stub. An area reduction about 35% is achieved and the hybrid circuit behaves 
like a conventional BLC. In Fig. 6.b and Fig. 6.c measurement results for the BLC in Fig. 5.c 
are shown compared with simulations. 
Fig. 7 depicts some sub-array measurements. The copular to crosspolar ratio is better than 25 
dB and axial ratio is under 0.9 dB in the whole bandwidth. 
 

 
a b 

Fig. 6. Miniaturized BLC, Measured and simulated S-parameters in: a) Amplitude, and b) 
Phase. 

 

 
a b 

Fig. 7. 4x4 patch sub-array measurements, a) Radiation pattern at 7.75 GHz, and c) Axial 
ratio for right-handed circular polarization. 

3.2.3 Low losses power distribution network 
The global feeding network presented in Fig. 8.a is a protected strip-line, where foam sheets 
of high thickness are used to get low losses. Such a kind of feeding network allows keeping 
a trade-off between the simplicity of exciting the radiating elements using printed circuits 
and the loss reduction when the distribution network is separated in a designed structure to 
have low losses. Losses in the structure are around 0.6 dB/m which yields to 0.3 dB of losses 
in the line. Two global inputs/outputs using SMA-type connectors, one for each 
polarization, excite the strip-line networks.  
Vertical transitions have to be treated carefully and must be protected to avoid undesired 
higher order mode excitation. Thereby, it has been design a short-ended pseudo-waveguide, 
adding some extra losses about 0.3 dB, for two kinds of vertical transitions, as can be seen in 
Fig. 8.b and Fig. 8.c. 
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a b c 

Fig. 8. a) Protected strip-line global corporative network for one polarization, b) Transitions 
from strip-line to SMA-type connector, and c) Transitions from strip-line to SMP-type 
connector. 

3.2.4 Antenna performance 
Fig. 9 depicts measured radiation pattern at 7.75 GHz, gain and axial ratio for the antenna 
system. It is shown a maximum gain of 25 dBi in the lower band and about 22 dBi in the 
upper band, and a SLL around 11 dB. Copolar to crosspolar ratio is better than 30 dB and 
axial ratio is under 0.7 dB. Total losses are about 4 dB in the working band. 
 

a b 

Fig. 9. Antenna measurements results, a) Radiation pattern at 7.75 GHz, and c) Axial ratio 
for right-handed circular polarization. 

3.3 Electronically steerable antennas for mobile and fixed portable systems 
At present, two types of electric steerable antenna systems can be used to access the 
satellite communication services (Bialkwoski et al., 1996). These are: fixed position 
portable systems and mobile systems such as those installed on a land vehicle. The fixed 
portable antenna system is relatively easy to be accomplished by the antenna designer. 
The design involves standard procedures that concern the operational bandwidth, 
polarization and moderate gain (García et al., 2010). One drawback of the fixed position 
portable system is that they require the user to be stationary with respect to the ground. 
This inconvenience can be overcome with the mobile antenna system. A mobile user 
complicates the scenario since the ground mobile antenna needs to track the satellite 
(Alonso et al., 1996). The design of such a system is more challenging as new features 
associated with the mobility of the system have to be incorporated (Fernández et al., 
2009). The requirement leads to a narrow beamwidth, for which satellite tracking is 
required as the vehicle moves around. Electronically steerable antennas enable the 
development of reconfigurable antennas for satellite applications. 
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3.3.1 Steerable antenna for fixed position portable systems 
This antenna is a fixed satellite communication system with high gain at X band, consisting 
of an antenna array that integrates 32 2x2 sub-array modules in the complete antenna, as 
shown in Fig. 10.a. It is a planar and dual circular polarized antenna for Tx and Rx bands 
simultaneously. It is made up by a planar array of double stacked circular micro-strip 
patches, fed by 2 coaxial probes to generate circular polarization. A hybrid circuit allows the 
dual circular polarization as shown in Fig. 10.b.  
 

 
a b c 

Fig. 10. Active multi-beam antenna, a) Top view, b) Feeding network of the complete 
antenna, and c) Beamforming network of the 2x2 sub-array module 

The antenna has the same design parameters, structure and configuration as the antenna 
explained in Section 3.2 but with a different feeding network, as previously shown. In this 
case, the beamforming network requires changes in the feeding phase in the 2x2 sub-arrays, 
which can be achieved by phase shifters (φ) associated with different sub-arrays (Fig. 10.c). 
All these sub-arrays are connected to a feeding network, in Fig. 10.b, formed by 
transmission lines with low losses in strip-line. General specifications of the steerable 
antenna for fixed position portable systems are provided in Table 3.(a). 

3.3.2 Automatic steerable antenna for mobile systems 
A broadband circularly polarized antenna for satellite communication in X band is 
presented in Fig. 11 and specified in Table 3.(b). The arrangement features and 
compactness are required for highly integrated antenna arrays. It is desired to get a low-
gain antenna for mobile satellite communications with low speed of transmission. In this 
system, the antennas are formed by 5 planar 4x4 arrays of antennas, which form a 
truncated pyramid with a pointing capability in a wide angular range, so that among the 5 
planar arrays the complete antenna can cover any of the relative positions between the 
mobile system and the satellite in a practical way. The scheme of the active antenna can be 
seen in Fig. 11. 
As it can be observed in Fig. 11.a, the antenna terminal is a multi-beam printed antenna 
shaped as a trunk pyramid capable of directing a main beam in the direction of the satellite. 
The antenna steering system consists of a multi-beam feeding structure with switches that 
lets combine the feed of each 4x4 arrays to form multiple beams. Switching the different 4x4 
arrays, it is achieved different multiple beams and the variation of the steering direction. 
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The complete antenna consists of a Tx and Rx module that works independently in the 2 
frequency bands. 
The antenna has multiple beams covering the entire space to capture the satellite signal 
without moving the antenna. The signal detected in each of the beams is connected to a 
switch, which, by comparison, is chosen the most appropriate 4x4 array. The steering 
direction of the 4x4 array can vary between a range of directions that covers a cone angle 
range of 90º. To obtain the required gain and cover the indicated range, it is required around 
15 beams, which can be obtained by integrating the beamforming networks with switches in 
the design as presented in (Fernández et al., 2009). 
 

 
a b 

Fig. 11. Complete antenna structure, a) Radiating element of the 4x4 arrays, and b) 
Prototype top view. 

The radiating element of the 4x4 array is one 2 crossed dipoles with a stacked circular patch 
as shown in Fig. 11.a and Fig. 11.b. In Fig. 12 the cross-section of the radiating element 
structure is presented. 
 

2 crossed dipoles Balun

Ground plane

PTFE substrate NELTEC NY (εr = 2.17)

Microstrip feeding network

Stacked circular patch

Foam (εr = 1.07)
Ground plane

PTFE substrate NELTEC NY (εr = 2.17)

PTFE substrate NELTEC NY (εr = 2.17)
Foam (εr = 1.07)

Foam (εr = 1.07)

 
Fig. 12. Cross-section scheme of the radiating element. 

The key element of the radiating element feeding structure (Fig. 14.b) is a resonant micro-
strip feed ring that has been implemented, as well as a micro-strip 90º branch-line coupler to 
obtain the desired right hand or left hand circular polarizations (RHCP or LHCP) which 
ensures adequate port coupling isolation. The S-parameters in amplitude and phase of the 
micro-strip feeding structure are shown in Fig. 13.a and Fig. 13.b.  
Fig. 14.a depicts the S-parameters of the radiating element with the micro-strip feed 
structure and they fulfill the specification, in Table 3.(b). In Fig. 14.c, the radiation pattern of 
the radiating element at 7.825 GHz is shown and in Fig. 14.d the radiation pattern of the 4x4 
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arrays is presented. It is shown a maximum gain of 19.4 dBi at the center frequency band 
(7.825 GHz). Copolar (CP) to crosspolar (XP) ratio is better than 17 dB and the axial ratio is 
under -3dB. 
 

 
a b 

Fig. 13. Micro-strip feeding structure, a) Amplitude of S-parameters, and b) Phase of S-
parameters. 
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Fig. 14. a) S-parameters, b) Resonant ring + 90º branch-line coupler, c) radiation pattern at 
7.825 GHz, and d) 4x4 array radiation pattern. 
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Parameter Value (a) Value (b) Comments 

Freq. range [GHz]        Rx
Tx

7.25 - 7.75 
7.9 - 8.4 

7.25 - 7.75 
7.9 - 8.4 Microwave applications. 

G/T (in Rx) [dB/K] 7 7  

EIRP (in Tx) [dBW] 32 32  

Beamwidth at -3dB [deg.] 4 20  

Polarization circular circular In both, reception and 
transmission. 

Gain [dBi] >28 >15  

Axial ratio [dB] < 1 <3 (a) Between ±50º. 
(b) Between ±45º. 

VSWR < 1.4:1 (-15.6 dB) < 1.5:1 (-13.9 dB)  

Isolation between ports 
[dB] < -17 < -15  

Radiation pattern [deg.] ±35 ±90 Steering direction tilt. 

Dimensions [cm] 40x40x4 20x20x15  

Table 3. (a) General specifications of the steerable antenna for fixed position portable 
systems , and (b) General features of the automatic steerable antenna for mobile systems. 

3.4 Transmit-array-type lens antenna for terrestrial and on board receivers 
Technology in satellite communications has revealed an increasing interest in novel smart 
antenna designs. Phased-array based designs are basic in electronically reconfigurable 
devices for satellite applications, which are more and more demanding. The strict 
requirements in terms of architecture, shape and robustness are important constraints for 
the development of planar lens-type devices. Regarding the usage and location, lens-type 
devices are useful for either terrestrial or on board receivers, in vehicular technology. Some 
clear examples are satellite communications for aircrafts preserving the fuselage 
aerodynamics or for some other kind of vehicles such as trains, etc. 

3.4.1 Introduction to lens-type structures 
In a general view, in lens-type a particular signal is received (in our case, an electromagnetic 
wave with specific features in terms of frequency, wave-front, etc.), it is processed (either 
complex signal processing techniques or only phase correction tasks can be considered in 
this interface), and finally, the processed signal is retransmitted. 
Regarding the lens configuration, a transmit-array lens consists of three well distinguished 
interfaces: the first one for signal reception, one interface for signal processing, and the last 
one for processed signal re-radiation, as depicted in Fig. 15.  
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a b 

Fig. 15. a) Multi-user scheme with different receivers and transmitters, and b) Adaptive 
scheme with DoA determination. 

These structures are intimately related to reflect-array ones, where the reception and 
transmission interfaces are turned to be the same interface, with a reflection-type behavior 
(Encinar & Zornoza, 2001). Although in an equal output phase configuration a transmit-
array device behavior would be similar to the one obtained with a reflect-array, the 
transmit-array offers the advantage of removing the feed blockage. 
In a transmission scheme, depending on the transmitter position regarding the lens, a 
different steering direction is achieved and a different user is pointed. In the case of 
reception, the situation is the same: the user position configures the direction of arrival, 
which determines the receiver position around the lens (Padilla et al., 2010a). In adaptive 
schemes, applying the proper processing algorithm to the signal received in the different 
receivers around the lens, it is possible to develop an adaptive steering vector, in terms of 
the desired direction of arrival. 

3.4.2 Transmit-array lens architecture and design 
Lens-type structures provide two fundamental advantages. First, phase error correction due 
to spherical wave front coming from the feeding antenna. Fig. 16.a shows this effect. Second, 
new radiation patterns configuration. Fig. 16.b depicts this fact. 
 

a b 

Fig. 16. a) Phase error correction, and b) Radiation pattern reconfiguration.  

3.4.3 Electronically reconfigurable devices for active transmit-array lenses 
The addition of reconfigurability on transmit-array devices requires the possibility of 
controlling the phase response of the transmitted signal at each cell of the lens. Electronic 
control of phase signal may be added in two different ways: First, electronic tuning of the 
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radiating element phase response (Padilla et al., 2010a): Modifications in the radiating 
element circuital behavior lead to changes in phase response (arg[S21]). Fig. 17 shows an 
electronically reconfigurable microwave patch antenna for this purpose, along with the 
equivalent circuit and prototype outcomes in terms of phase. 
Second, electronic tuning of phase shifters in transmission lines (Padilla et al., 2010c): 
Modifications in the phase response of the phase shifters lead to corresponding changes in 
phase response. Some options are applied for these devices, such as hybrid couplers, etc. 
Fig. 18 shows a microwave phase shifter prototype for this purpose, along with the working 
scheme and its outcomes in phase. 
 

 
a b c 

Fig. 17. Electronically reconfigurable antenna, a) Patch antenna prototypes, b) Equivalent 
circuit, and c) Phase behavior in frequency. 

 

a b c 

Fig. 18. Electronically reconfigurable phase shifter, a) Phase shifter prototype, b) Working 
scheme, and c) Phase behavior in frequency. 

3.4.4 Electronically reconfigurable active transmit-array prototype 
One electronically reconfigurable prototype is presented in Fig. 19 and detailed in this 
section. The prototype design implies the use of microwave phase shifters according to the 
design specified in section 3.4.3. This transmit-array lens prototype operates at 12 GHz. 
Main specifications are provided in Table 4. 
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Parameter Value Comments 

Frequency range [GHz] 12 ± 0.5 Microwave applications. 

Polarization Linear In both, reception and transmission. 

Directivity [dBi] >21  

Axial ratio [dB] < 1 Between ±50º elevation. 

S11 [dB] < -20  

Radiation pattern [deg.] ±30 Steering direction tilt, for both H and V planes. 

Feeding antenna  [mm] 120 Corrugated horn linearly polarized 

Phase shifters [deg.] 360 Full phase range variation. 

Transmit-array elements 36 6x6 array topology. 

Separation between elements 0.7λ0 Related to the wavelength 

Table 4. Main features of the electronically reconfigurable transmit-array prototype. 

 
 

 
a b c 

Fig. 19. Transmit-array core, a) Transmit-array prototype, b) Distribution networks, and c) 
Phase shifter integration. 

The electronically controllable steering capabilities are tested and assured for a range of ± 
30ºin each main axis. An example of radiation pattern is provided in Fig. 20, for 9º tilt in one 
of the main axes. 
 

  

a b c 
Fig. 20. a) Complete transmit-array with feeder and control circuits; and transmit-array 
measurement results for 9º tilt in one axis, b) H plane, and c) 3D plot. 
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4. Adaptive antenna array 
Adaptive antennas can be described as systems usually based on three main parts: the 
antenna array, the receiver architecture and the beamforming scheme. Thus, adaptive 
antennas have those advantages owing to those three main parts. The system capabilities 
increase as complexity and development cost do. Furthermore, since signal processing is the 
basement of the adaptive antenna concept it is important to analyze the design challenges in 
terms of hardware architecture and components such as processors and embedded systems. 
The antenna array provides the capability of performing the antenna pattern meeting the 
environment requirement under study. Besides, receiver architectures have some interesting 
advantages depending on the implemented receiver arraying technique such as signal to 
noise ratio (SNR) and bit error rate (BER) performance enhancement. Furthermore, symbol 
synchronization and carrier recovery can be used increasing the receiver complexity but 
providing higher performances. Finally, beamforming schemes use multiple antennas in 
order to maximize the strength of the signals being sent and received while eliminating, or 
at least reducing, interference as discussed in Section 4.3.  
Adaptive antenna arrays are often called Smart Antennas because they have some key 
benefits over traditional antennas, by adjusting traffic patterns, space diversity or using 
multiple access techniques. The main four key benefits are: First, enhanced coverage 
through range extension by increasing the gain and steering capability of the ground station 
antenna; Second, enhanced signal quality through multi-target capability and reduction of 
interferences; finally, adaptive antennas improve the data download capacity in the ground 
segment of satellite communication by increasing the coverage range (Martínez et al., 2007).  

4.1 Design and architecture based on software defined radio  
For design there is the well known waterfall life cyclic model (Royce, 1970) that can be used 
to manage main aspects of the design of architectures. Thus, some tasks must be fulfilled 
subsequently as follow in Fig. 21.a. 
Fig. 21.b shows the design schemes resulting of the requirement analysis stage 
corresponding software and hardware system specifications. In the depicted scheme, there 
are some system components such as the radiating element and RF circuits that are often 
designed under iterative prototyping model. 
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Fig. 21. a) Water life cyclic model of the adaptive antenna array design, and b) Simplified 
design scheme of adaptive antenna arrays. 
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Regarding the hardware implementation, tables presented in (Martínez et al., 2007) show 
the hardware resource consumption in the field programmable gate array (FPGA) Virtex-4 
for the least mean squared (LMS) beamforming algorithm with full spectrum combining 
(FSC) receiver architecture and SIMPLE beamforming algorithm with symbol combining 
(SC) receiver architecture. Both scheme designs have an antenna array of 2 elements. The 
algorithm based on correlation requires less hardware. The main difference can be 
appreciated in the amount of digital signal processing oriented component (DSP48) 
resources, typically used for filtering applications (Martínez et al., 2007).  

4.2 Receiver architectures based on algorithms type 
Several receiver architectures can be implemented, and they are frequently based on the 
type of the beamforming algorithm used. When training signals are available in the 
transmitted frame, a time-based reference algorithm can be used. However, this solution is 
only valid when the earth station is capable of demodulating the received training sequence. 
Other algorithms used in deep space communications are based on signal correlation and 
they avoid performing the demodulating process. This kind of algorithms are blind 
techniques that do not require any additional signal demodulation before applying some 
beamforming technique and work better in low SNR conditions than time-based algorithms. 
Several receiver architectures can be implemented exploiting the processing capabilities of 
the SDR, such as FPGA, application-specific integrated circuits (ASICS), and digital signal 
processing (DSPs). The design of the receiver architecture fundamentally depends on the 
selection of beamforming algorithms. An example of beamforming technique is the LMS 
algorithm whose estimation of coefficients or weights requires a temporal reference and is 
implemented through SC receiver architecture (Fig. 22.a). In the other hand, the SIMPLE 
algorithm (Rogstad, 1997) constitutes a beamforming technique that is implemented using 
FSC receiver architecture (Fig. 22.b) in order to perform the calculation of weights. 
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Fig. 22. Comparison of receiver architectures. a) Symbol Combining (SC), and b) Full 
Spectrum Combining (FSC). 

The SC architecture can be divided into two more sub-classes which work on a phase-
recovery basis. The complex symbol combining (CSC) recovers the phase information with 
regard to a reference element using feed-forward and feedback algorithms. One of the 
advantages of this scheme is that the rate of data sent to the combining module has a rate 
slightly higher than the symbol rate. For most applications, the symbol rate is relatively low 
and is a multiple of the data rate. In this kind of schemes, there is an important cost 



 
Advances in Satellite Communications 186 

consideration in real-time applications and the requirements of instrumental phase stability 
are very severe (Rogstad et al., 2003). Other type of SC architecture is the stream symbol 
combining (SSC). In this kind of scheme, data are sent to the combining module at a rate 
equal to the symbol rate. The symbol rate depends on the coding scheme and for most 
applications is relatively modest. Also, the requirements of instrumental phase stability are 
no severe, as in the case of CSC scheme. The disadvantage of the SSC is the additional 
hardware required for each antenna.  
Furthermore, there are the baseband combining (BC) and carrier arraying (CA) architectures 
discussed in (Rogstad et al., 2003). In BC architectures the signal from each antenna is carrier 
locked and combining in baseband for further demodulation and synchronization. In effect, 
the carrier signal from the spacecraft is used as a phase reference so that locking to the 
carrier eliminates the radio-frequency phase differences between antennas imposed by the 
propagation medium. Besides, in CA architectures, one individual carrier-tracking loop is 
implemented on each array element. Then, the elements branches are coupled in order to 
increase the carrier-to-noise ratio (CNR), but losses of radio channel are far compensated 
(Rogstad et al., 2003).  
In general, the selection of the beamforming algorithms is determined by the following 
aspects: Hardware and computational resources; Speed of convergence and residual error of 
adaptive algorithms; Calibration requirements and auto-compensation ability; and system 
signal-transmission characteristics. 

4.3 Beamforming techniques for satellite tracking 
Some satellites transmit useful information inside its frames for synchronization and 
tracking purposes. The gathering of satellite data requires the tracking operation along its 
earth orbit. To accomplish this goal with adaptive array architectures, some beamforming 
techniques should be implemented. Fig. 23 illustrates a simple example of a narrowband 
linear adaptive beamformer system. 
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Fig. 23. Adaptive antenna system. 

A linear beamformer combines signals according to some weights wi, to produce a desired 
radiation pattern. The mathematical expression of a linear beamformer at the array output 
in vector notation can be expressed as Hy w x= , where x is the received signal vector to be 
combined, w are the weights computed by the beamforming algorithm and H denotes 
transposition and conjugate of ( )⋅ . 
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In adaptive antennas design, weights are dynamically calculated with a certain algorithm in 
order to optimize some signal parameter like signal to interference-plus-noise ratio (SINR), 
SNR, or BER. An extended variety of algorithms exist in the literature for beamforming 
purpose and the most appropriated selection is done depending on the signal characteristics 
of the received signal.  

4.3.1 Blind techniques 
Blind beamformers make use of an inherent property of the received signal, such as the 
ciclo-stationarity of the constant modulus. In the latter, the algorithm eliminates the 
fluctuation of the signal amplitude and computes the weights to minimize the effect 
produced by those variations. The algorithms that make use of these methods are denoted 
as Constant Modulus Algorithms (CMA) (Biedka, 2001).  
CMA algorithms present an important disadvantage: as the phase information is not 
considered, the constellation of quadrature phase shift keying (QPSK) signals commonly 
used in satellite communications appears rotated after beamforming, which imposes the 
need of an additional phase recovery subsystem in the array output. 

4.3.2 Temporal-reference algorithms 
Algorithms based on a temporal reference require a known reference included in the frame 
of the signal, such as training sequences, unique word (UW) or pilot bits. Thus, these 
schemes are normally used for digital signals. The aim of these beamformers is the 
minimization of the energy of an error signal integrated by interferences and noise. In order 
to reduce the order of the problem, the weight calculation is usually done iteratively. 
The most popular adaptive filters are the LMS and Recursive Least Squares (RLS) 
algorithms (Haykin, 2002). Briefly, the main differences lie in the method to calculate and 
the final convergence behavior: while LMS has a linear complexity order with the number of 
antennas in the array, RLS makes use of matrix operation, so that the complexity order is 
quadratic, but the convergence is faster.  
An interesting alternative to the LMS is the Normalized LMS (NLMS), which normalizes the 
adaptive step to avoid variation during the convergence process. The counterpart is the 
more intensive processing requirements to calculate signal power and normalization 
operation. 

4.3.3 Correlation-based algorithm 
In contrast to beamformers based on temporal reference, schemes based on signal 
correlation do not require the demodulation of any signal. These techniques are the most 
popular to extract the spatial information for beamforming, and we have focused on the use 
of the SIMPLE algorithm (Rogstad, 1997). This algorithm has been used by the Deep Space 
Network (DSN) of National Aeronautics and Space Administration (NASA) to combine the 
signals received from spatial probes in radio telescopes located in different sites around the 
Earth surface. The main disadvantage of correlation based schemes is the lack of ability to 
cancel interference signals. 

4.4 Performance comparison 
Some simulation comparisons between spatial and blind algorithms are presented to show 
benefits and drawbacks. Four algorithms have been selected with a 4-element uniform linear 
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array (ULA). The spatial algorithms simulated are post-beamformer interference canceller – 
orthogonal interference beamformer (PIC-OIB) (Godara, 2004) and minimum power 
distortionless response (MPDR) (Van Trees, 2002). On the other hand, the blind algorithms 
are the matrix-free EIGEN and the SUMPLE (Rogstad, 1997). The convergence process is 
compared as a function of the input SNR as depicted in Fig. 24. 
As it can be observed from the above results, spatial algorithms outperform blind ones at 
low SNR, and vice versa. On the other hand, with medium-low SNR and low or absence of 
interferences, the behavior of all algorithms is quite similar.  
 

a b 

Fig. 24. Convergence behavior of spatial versus blind algorithms in the absence of 
interferences with several input SNR. a) SNR = 5 dB, and b) SNR = -10 dB. 

5. Experimental Test-Bed based on SDR platform 
This section presents a test platform known as Adaptive Antenna Array Test-Bed - A3TB, 
where a comparative study of several beamforming algorithms can be performed and 
modularity of the architecture is a well proved advantage. The test bed is based on SDR 
technology and uses a novel architecture that can be used with both blind and spatial-based 
beamforming algorithms. The A3TB concept can be applied to a number of scenarios as the 
current version is independent of the signal properties. Simulation results using the A3TB 
with the APT channel from NOAA satellites show the performance of the concept and the 
feasibility of the proposed implementation. 
The scope of the system development was is to prove the concept of antenna arrays applied 
to ground stations instead of reflectors for different applications, such as telemetry data 
downloading or end-user in mobile applications as discussed in the introduction section. In 
contrast to reflector antennas, antenna arrays offer the possibility of electronic beam-steering 
avoiding the use of complex mechanical parts and therefore reducing the cost of the 
antenna. It is also a good chance for Universities and Research Centers aiming to have their 
own ground station sited in their installations. 

5.1 A3TB concept 
The A3TB can be defined as a software-defined radio beamformer applied to a ground station for 
tracking LEO satellites. The novelty relies on the use of an antenna array to smartly combine 
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the received signals from the satellite and its implementation based on SDR technology. The 
reason to use an antenna array instead of a single antenna is to electronically steer the beam 
in the direction of the satellite along its orbit without requiring a mechanical system for 
tracking. In addition to the advantages of the use of SDR technology and antenna array, it is 
the modularity and flexible architecture implemented in the A3TB. Fig. 25 shows the A3TB 
architecture where it is evident the feasibility to update or change during operation any of 
the main blocks. It is possible to change during operation the beamforming algorithm and to 
include new beamforming modules to the system. Furthermore, changes on the BENADC 
are possible to implement not during operation, but new receiver architecture at off-line 
such as those options discussed at follow.  
In (Salas et al., 2007), the block diagram represents the software system implementation of 
the first version of the test-bed prototype and most of it is based on VHDL. Depending on 
the firmware, three options could be installed into the FPGA Virtex4. The option A is 
implemented with the signal processing on the PC, so the SIMPLE beamforming is done in 
the module developed in C++. The option B is implemented completely on VHDL and this 
option need to export the beamforming weights just to draw the array pattern diagram. 
Finally, in contrast to the option B, the option C is implemented for the LMS beamforming 
algorithm.  
With the first version of the Test-Bed, the modularity on the selection of firmwares was 
proved switching between A, B or C receiver architectures, and an important result of the 
Test-Bed development is the hardware resources occupation presented in (Salas et al., 2007). 
The advantage of the SDR implementation is that A3TB architecture can be used to process 
any received signal from a LEO satellite in the appropriate band imposed by the RF stages. 
Moreover, most of the processing tasks are performed on software, using appropriate 
routines to process any receive signal. There are 2 main schemes to implement the 
beamforming stage: SC and FSC [41]. Both schemes are compared in Section 4.2.  
The current version of the A3TB in Fig. 25.a was updated to track NOAA satellites in the 
VHF band, in particular the APT channel. Previous versions of A3TB dealt with LRPT 
signals from MetOp-A, where a complete receiver with beamforming and synchronization 
stages has been implemented(Salas et al., 2007; Martínes et al., 2007). 

5.2 Implementation of the A3TB 
The A3TB prototype consists of 4 main parts as shown in Fig. 25.a. The first part is the 
antenna array, which has 4 crossed-dipole antennas as depicted in Fig. 25.b. The second part 
consists of RF-IF circuits which amplify and down convert to IF incoming signals. 
Furthermore, an automatic gain control (AGC) was implemented using two steps of variable 
attenuators in the IF domain. 
The third part is the SDR platform which consists of the beamforming algorithms 
implemented on C++ and the FPGA firmware on VHDL, PC and BENADC blocks show in 
Fig. 25, respectively. The hardware resources occupation for this Test-Bed implementation is 
similar to one presented in (Martínes et al., 2007). The last part is the software from weather 
satellite signal to image decoder (WXtoImg) on the PC using the sound card output/input 
in order to get the weather satellite image. 
Since the implemented architecture is FSC the demodulation is not required and the IF 
signal is digitized. For the signal processing hardware design the BenADC-v4 has been 
chosen. This solution includes a FPGA Xilinx Virtex4-SX55 with four 12-bit analog inputs at  
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a b 

Fig. 25. a) Block diagram of the A3TB, and b) BenADC – Virtex 4-sx55. 

250 Msps (Martínes et al., 2007). Digital samples are transferred to the PC where 
beamforming and subsequent APT demodulation of the array output are performed using 
C++ routines. This implementation design offers higher flexibility for testing different 
beamforming schemes. Finally, demodulated APR frames are sent to the WXtoImg software 
to show meteorological maps. 
The A3TB is controlled by the PC for simulations and field trials. The graphical user 
interface allows presented in (Salas et al., 2008) the user to choose the beamforming 
algorithm and set all the parameters of the LEO satellite for tracking such as the number of 
antennas of the array, distance between the elements, direction of arrival and IF frequency. 
The C++ routine calculates the beamforming weights and plots the synthesized array factor. 
Subsequently, the reception of meteorological images has real time system requirements. 
Thus, it is necessary a data transfer from the FPGA to the C++ module to process the 
samples continuously, and give APT frames to the audio output of the PC. Since, the 
meteorological satellites often have a low baud rate, in the case of study with NOAA 
satellites the data transfer is made using two buffers controlled by a thread.  
It is important to mention that the A3TB with SDR architecture can evaluate different 
beamforming algorithms and receiver schemes. The update of A3TB for larger arrays is 
immediate, as the basis for algorithms is independent of the number of elements in the 
array. The architecture of a new ground station concept to track LEO satellites based on 
software defined radio and antenna arraying as Test-Bed is a well proved choice to evaluate 
future antenna array architectures for satellite communication and benchmark features of 
the proposed system. As the A3TB VHF version is based on FSC scheme, the concept can be 
applied to a number of satellite tracing scenarios.  

6. Conclusions 
The performance analysis of different beamforming algorithms is an important issue in the 
new generation antenna array development and research. Thus, A3TB helps to analyze 
beamforming algorithms paving the way for testing and debugging for posteriori use in 
larger arrays, such as GEODA. Results obtained in real scenarios with A3TB state, for 
example, that spatial reference algorithms such as MPDR should be used in the absence of 
interferences, whereas blind algorithms are appropriate for low SNR conditions. Finally, the 
A3TB can also serve to validate the performance of calibration procedures. 
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In future work, the A3TB will deal with the system combining of full modularity with the 
capability of change firmwares based on the first version design of the Test-Bed, plus the 
flexible architecture of the current design of the Test-Bed based on VHDL, C++ and Antenna 
Arraying. Furthermore, the addition of more modules to increase the number of antenna 
array elements is evident in next generations. 
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