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Résumé

Les systémes de communications par satellite sont utilisés dans le contexte de la radiodiffusion, de
la navigation, du sauvetage et du secours aux sinistrés, car ils permettent de fournir des services
sur une large zone de couverture. Cependant, cette zone de couverture est limitée par l'effet de
masquage provoqué par des obstacles qui bloquent la liaison directe entre le satellite et un utilisateur
terrestre. L’effet de masquage devient plus sévére en cas de satellites & faibles angles d’élévation ou
lorsque l'utilisateur est a l'intérieur. Pour résoudre ce probléme, les Systémes Coopératifs Hybride

Satellite-Terrestre (HSTCS) ont été proposés.

Dans un systéme HSTCS, I'utilisateur mobile peut profiter de la diversité spatiale en recevant des
signaux a la fois du satellite et des relais terrestres. Les gap-fillers fixes ou mobiles sont utilisés pour
relayer le signal satellite. La plupart des systémes de diffusion par satellite utilisent les gap-fillers
fixes alors que les gap-fillers mobiles sont nécessaires en cas de communications d’urgence lorsque
I'infrastructure fixe n’est pas disponible. Dans les scénarios d’urgence (incendie, tremblement de
terre, inondations, explosion) 'infrastructure terrestre existante est endommagée, donc les HSTCSs
sont appropriés pour mettre & jour des informations qui permettent aux sauveteurs d’intervenir ef-
ficacement et en toute sécurité. En particulier, une mise en oeuvre rapide et souple est nécessaire,
ce qui pourrait étre fourni par le déploiement de gap-fillers mobiles (véhicule ou portable). Plusieurs
scénarios coopératifs et techniques de transmission ont déja été proposés et étudiés. Cependant, la
plupart des méthodes proposées ne fournissent qu’une analyse de performance fondée sur la simula-
tion alors que les expressions analytiques de la probabilité de coupure et de la Probabilité d’Erreur

Symbole (SEP) n’ont pas encore été établies.



Cette thése se focalise sur l'analyse de performances des systémes HSTCS. La probabilité de
coupure et SEP du systéme utilisant le schéma de transmission Selective Decode-and-Forward (SDF),
avec ou sans sélection de relais, est évaluée dans le cas des modulations MPSK et MQAM. Cette
expression analytique permet de concevoir le systéme HSTCS. Ces résultats sont applicables aux
cas des relais fixes ou mobiles. La seconde partie de cette thése est consacrée & des problémes de
synchronisation (décalage en temps et en fréquence ainsi que I’étalement Doppler). La mobilité des
utilisateurs crée 1’étalement Doppler qui détruit ’orthogonalité des sous-porteuses dans les signaux
de type Orthogonal Frequency Division Multiplexing (OFDM). Cette perte d’orthogonalité engendre
de l'interférence entre sous-porteuses (ICI) et donc une dégradation des performances du systéme en
termes de SEP. Dans ce cas, on présente les conditions dans lesquelles cette dégradation peut étre
compensée par une augmentation du Rapport Signal sur Bruit (SNR) du coté de l'émetteur. Le

résultat dépend du schéma de modulation et aussi de la vitesse des utilisateurs.
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Abstract

Satellite communication systems are used in the context of broadcasting, navigation, rescue, and
disaster relief since they allow the provision of services over a wide coverage area. However, this
coverage area is limited by the masking effect caused by obstacles that block the Line-Of-Sight (LOS)
link between the satellite and a terrestrial user. The masking effect becomes more severe in case of low
satellite elevation angles or when the user is indoor. To address this issue, Hybrid Satellite-Terrestrial

Cooperative Systems (HSTCSs) have been proposed.

In an HSTCS, the mobile user can exploit the diversity advantages by receiving signals from
both satellite and terrestrial components. Fixed or mobile gap-fillers are used to relay the satellite
signal. Most of satellites broadcasting systems have been implemented using fixed gap-fillers while
mobile gap-fillers are needed in emergency cases when the fixed infrastructure is not available. In
emergency scenarios (e.g., fire, earthquake, flood and explosion), the existing terrestrial infrastructure
has been destroyed. So, an HSTCS is appropriate for transmitting the information between the
rescuers and the central office. This allows the rescuers to operate efficiently. In particular, a fast and
flexible implementation is needed and this could be provided by deploying mobile gap fillers (vehicle
or mobile handheld). Recently, the topic of HSTCSs has gain interest in the research community.
Several cooperative scenarios and transmission techniques have been proposed and studied. However,
most of existing approaches only provide a performance analysis based on simulation results and the

analytical expression of the exact Symbol Error Probability (SEP) is generally not provided.

This dissertation focuses on the performance analysis of HSTCSs. The exact closed-form outage
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probability and SEP of Selective Decode-and-Forward (SDF) transmission scheme with and with-
out relay selection are derived for both M-ary phase shift keying (MPSK) and M-ary quadrature
amplitude modulation (MQAM) schemes. This analytical SEP helps in designing and dimensioning
HSTCSs. Our results are applicable to both fixed and mobile relaying techniques. Another part of the
dissertation is dedicated to synchronization issues (time, frequency shifting/spreading). The mobility
of users induces a Doppler spread in the Orthogonal Frequency Division Multiplexing (OFDM) signal
that destroys the orthogonality of subcarriers. The loss of orthogonality produces Inter-subCarrier
Interference (ICI) and hence a degradation of the system performance in terms of SEP. In this case,
we present the conditions in which this degradation can be compensated for by an increase in the
Signal to Noise Ratio (SNR) at the transmitter side. The result depends on both the modulation

scheme and the speed of the mobile users.

viii



Acronymes

AF Amplify-and-Forward

AS Average Shadowing

AWGN  Additive White Gaussian Noise
CDF Cumulative Distribution Function
CGC Complementary Ground Component
CSI Channel State Information

CRC Cyclic Redundancy Check

DF Decode-and-Forward

DVB-SH Digital Video Broadcasting-Service to Handheld
DVB-T  Digital Video Broadcasting-Terrestrial
EGC Equal Gain Combining

FDMA Frequency Division Multiple Access

FHS Frequent Heavy Shadowing
GEO Geostationary Earth Orbit
GI Guard Interval

GMT Ground Mobile Terminal

GPS Global Positioning System

HISTCS Hybrid/Integrated Satellite-Terrestrial Cooperative System
HSTCS  Hybrid Satellite-Terrestrial Cooperative System

ICI Inter-subCarrier Interference

1X



ILS

ISI
ISTS
LOE
LMS
LOS
MGF
MIP
MPSK
MQAM
MRC
NLOS
OFDM
PDF
P/S
QPSK
SC
SDF
SEP
SFN
SHIP
SNR
S/P
TDMA

Infrequent Light Shadowing
Inter-Symbol Interference

Integrated Satellite-Terrestrial System
Low Earth Orbit

Land Mobile Satellite

Line-Of-Sight

Moment Generating Function
Megaframe Initialization Packet
M-ary Phase Shift Keying

M-ary Quadrature Amplitude Modulation
Maximum Ratio Combining

Non Line-Of-Sight

Orthogonal Frequency Division Multiplexing
Probability Density Function

Parallel to Serial

Quadrature Phase Shift Keying
Selection Combining

Selective Decode-and-Forward

Symbol Error Probability

Single Frequency Network

SH frame Information Packet
Signal-to-Noise Ratio

Serial to Parallel

Time Division Multiple Access



Contents

Remerciements

Résumé

Abstract

Acronymes

Introduction

1 Hybrid satellite-terrestrial cooperative systems

1.1

1.2

1.3

System OVErview . . . . . . L e e e
1.1.1 Forwarding schemes . . . . . . . . . .. L
1.1.2 Relay selection schemes . . . . . . . . . ... . Lo Lo
1.1.3 Combining techniques . . . . . . . . ...
Channel propagation models . . . . . . . . .. Lo L
1.2.1 Characteristics of fading channels . . . . . ... ... ... 0oL
1.2.2 Terrestrial channel model . . . . . . . . . . . ... .. L.
1.2.3 LMS channel models . . . . . . . . .. . .
Special functions . . . . . . L
1.3.1 Gamma function . . . . . . .. L
1.3.2 Beta function . . . . . . ..o

x1

iii

vii

ix



1.3.3 General hypergeometric function . . . . . .. ... ... 0oL
1.3.4 Lauricella function . . . . . . . . . L.
1.4 Conclusion . . . . . . . .

Performance analysis of HSTCSs

2.1 System and channel models . . . . . . . ... L L
2.2 SEP analysis . . . . . ..
2.2.1 Average SEP of the direct link . . . . . .. ... o oo
2.2.2 Average SEP of the HSTCS . . . . . . . . ... . ... . ... .. ...
2.3 Outage analysis . . . . . . . . . L
2.3.1 Outage probability of the direct link . . . . . . ... ... ... ... ...,
2.3.2  Outage probability of the HSTCS . . . . . . . . . .. ... ... ... ... ...
2.4 Simulation results . . . . . ... Lo
24.1 Outage curves . . . . . . ..o e
242 SEP curves . . . . ...
2.5 Conclusion . . . . . . . L

Performance analysis of HSTCSs with best relay selection

3.1 System and channel models . . . . . . . ... L L
3.2 Average SEP of the HSTCS with best relay selection . . . . .. ... .. ... .. ...
3.2.1 The instantaneous received SNR, . . . . . .. ... o o oo
3.2.2  Moment generating function . . . . . . ... .o oL Lo
3.2.3 M-ary phase-shift keying (MPSK) . . . .. ... .. ... ... .. .......
3.2.4 Me-ary quadrature amplitude modulation (MQAM) . . . . . ... ... ... ..
3.3 Outage probability of the HSTCS with best relay selection . . . . . . . . ... .. ...
3.4 Simulation results . . . . . .. L
34.1 Outage curves . . . . . . ..o e
342 SEP curves . . . . ..
3.5 Conclusion . . . . . . ...

xii



4 Performance analysis of OFDM-HSTCS

4.1 OFDM system models . . . . . . . .. .
4.2 Synchronization issues . . . . . . . ...
4.2.1 Propagation time delay issues . . . . . . . ... oL o
4.2.2 Doppler spread issues . . . . ... Lo
4.3 Performance analysis of the OFDM-HSTCS . . . . . ... . ... ... ... ......
4.3.1 SEP of the OFDM-HSTCS without direct link . . . ... ... .. .. .....
4.3.2 Numerical results . . . . . . . . L
4.4 Conclusion . . . . . . . . e

5 Conclusions and future works
5.1 Contributions . . . . . . . ..
5.2 Future works . . . . . ..
5.3 List of publications . . . . . . . . ..
5.3.1 International journal . . . . . . . . . .. L oo
5.3.2 International conferences . . . . . . . . . ... L L Lo
Annexes

A SEP of the direct link
A1 SEP of MPSK . . . . .
A2 SEP of MQAM . . . . . . e

B SEP of the HSTCS
B.l SEP of MPSK . .« o o oo o e
B2 SEP of MQAM . . o oo oot e e,

C Asymtotic Diversity Order of PgﬁlgSK

D Asymtotic Diversity Order of P5AD46AM

xiii

85
85
87
88
89
93
94
98
101

107
107
109
109
109
109

113

113
113
115

117
117
121

127

129



E Owutage probability of the direct link

F Outage probability of the HSTCS
F.1 Outage probability of HSTCS over i.n.i.d fading channels . . . . . ... ... ... ..
F.2 Outage probability of HSTCS over i.i.d fading channels . . . . . . . ... ... ... ..

G SEP of the HSTCS with best relay selection
G.1 SEPof MPSK . . . . . . e
G.2 SEP of MQAM . . . . .

H Outage probability of the HSTCS with best relay selection

I Asymtotic SEP of the OFDM-HSTCS
L1 Asymtotic of PYiPosic(B) - oo

I.2  Asymtotic of P;VA/IDQAM(E) ..................................

Bibliography

Xiv

131

133
134
135

139
139
144

149

151
151
152

158



List of Figures

1.1
1.2
1.3
2.1
2.2

2.3

2.4

2.5

HSTCS with 3 relays and one destination. . . . . . . . . .. ... ... . ... ...,
Cooperative scenario with one relay and one destination. . . . . . . . .. ... ... ..
Combining system with M branches. . . . . . . . .. .. ... 000
Hybrid satellite-terrestrial system with L relays and one destination. . . . . . . . . ..
The outage probability of an HSTCS versus the average transmit SNR, Ey/Ny, when
the direct link experiences the FHS. The first, the second and the third satellite-relay
links experience the ILS, the FHS and the AS respectively while their terrestrial links
experience the Rayleigh fading with the average power channel gain equal to 1, 0.25
and 0.5 respectively. . . . . . L
The outage probability of an HSTCS versus the average transmit SNR, Es/Ny, when
both direct and satellite-relay links experience the FHS and the terrestrial links are
Rayleigh fading with the average power channel gain equal to unity. . . ... ... ..
The average SEP of a 8PSK HSTCS versus the average transmit SNR, Es/Ny, when
the direct link experiences the FHS. The first, the second and the third satellite-relay
links experience the ILS, the AS and the FHS respectively while their terrestrial links
experience the Nakagami-m fading with m,4 equal to 3.5, 5.6 and 1.2 respectively.. . .
The average SEP of 16QAM HSTCS versus the average transmit SNR, Es/Ny, when
the direct link experiences the FHS. The first, the second and the third satellite-relay
links experience the AS, the FHS and the ILS respectively while their terrestrial links

experience the Nakagami-m fading with m,q equal to 1, 0.5 and 2.8 respectively.

XV

8

o4

95



2.6

2.7

2.8

2.9

3.1

3.2

3.3

The average SEP of a QPSK HSTCS versus the average transmit SNR, Ey/Ny, when
both direct and satellite-relay links experience the FHS and relay-destination links are

Rayleigh fading (m,q = 1) with the average channel power gain equal to unity. . . . . .

The average SEP of a 16QAM HSTCS versus the average transmit SNR, E,/Ny, when
the direct link experiences the FHS and the satellite-relay links experience the AS and
relay-destination links are Rayleigh fading (m,q = 1) with the average channel power

gain equal to unity. . . . . . ...

The analytical SEP of a QPSK HSTCS with different transmit SNR, E,, /Ny, scenarios,

when both direct and satellite-relay links experience the FHS and relay-destination

links are Rayleigh fading (m,q = 1) with the average channel power gain equal to unity. 58

The analytical SEP curves of a 16QAM HSTCS with different transmit SNR, E,.. /No,
scenarios, when the direct link experiences the FHS and the satellite-relay links experi-
ence the AS and relay-destination links are Rayleigh fading (m,.q = 1) with the average

channel power gain equal to unity. . . . . . . . . .. ... L.

Hybrid satellite-terrestrial system with L relays and one destination. . . . . . . .. ..

The outage probability of an HSTCS with best relay selection versus the average trans-
mit SNR, Es/Ny, when the direct link experiences the FHS. The first, the second and
the third satellite-relays experience the AS, the ILS and the FHS respectively while
their terrestrial links experience the Rayleigh fading with the average power channel

gain equal to 0.5, 1 and 0.25 respectively. . . . . . . .. ...

The outage probability of an HSTCS with best relay selection versus the average trans-
mit SNR, E;/Np, when the direct link experiences the FHS and the relay links experi-
ence the AS while their terrestrial links experience the Rayleigh fading with the average

power channel gain equal to unity. . . . . . . . .. ..o

Xvi



3.4

3.5

3.6

3.7

3.8

3.9

4.1

The average SEP of a QPSK HSTCS with best relay selection versus the average
transmit SNR, E;/Ny, when the direct link experiences the FHS. The first, the second
and the third relay experience the FHS, the AS and the ILS respectively while their
terrestrial links experience the Rayleigh fading with the average power channel gain
equal to 1, 0.5 and 0.25 respectively. . . . . . . ... L
The average SEP of a 8PSK HSTCS with best relay selection versus the average trans-
mit SNR, Es/Ny, when the direct link experiences the FHS. The first, the second and
the third relay experience the ILS, the AS and the FHS respectively while their terres-
trial links experience the Rayleigh fading with the average power channel gain equal
to 1, 0.5 and 0.25 respectively. . . . . . . . .o
The average SEP of a 16QAM HSTCS with best relay selection versus the average
transmit SNR, E;/Ny, when the direct link experiences the FHS. The first, the second
and the third relay experience the ILS, the AS and the ILS respectively while their
terrestrial links experience the Rayleigh fading with the average power channel gain
equal to 1, 1 and 0.5 respectively. . . . . . . . . ..o
The average SEP of a QPSK HSTCS with best relay selection versus the average
transmit SNR, Es/Ny, when the direct link experiences the FHS and satellite-relay
links experience the AS while their terrestrial links experience the Rayleigh fading
with the average power channel gain equal to unity. . . . . . . . . . ... .. ... ...
The average SEP of a 8PSK HSTCS with best relay selection versus the average trans-
mit SNR, E;/Np, when the direct link experiences the FHS and satellite-relay links
experience the AS while their terrestrial links experience the Rayleigh fading with the
average power channel gain equal to unity. . . . . . . .. ..o Lo
The average SEP of a 16QAM HSTCS with best relay selection versus the average
transmit SNR, F5/Ny, when the direct link experiences the FHS and the satellite-relay
links experience the ILS while their terrestrial links experience the Rayleigh fading
with the average power channel gain equal to unity. . . . . . . . . ... ... ... ...

Base-band OFDM system model with N subcarriers. . . . . . .. ... ... ... ...

xvil

86



4.2
4.3
4.4
4.5
4.6

4.7

4.8

4.9

HSTCS with one repeater. . . . . . . . . . . . e 88

C'/I curves as a function of the Doppler spread Fy. . . . . . . ... ... ... ..... 91
Degradation Agp as a function of Es/No. . . . . . . ... .. o 92
HSTCS with NLOS link. . . . . . . .. o o 94
The average SEP of a QPSK OFDM-HSTCS versus the average transmitted SNR,

Es/Ny, (a) mobile speed of 50 km/h, (b) mobile speed of 100 km/h. . . . .. ... .. 103
The average SEP of a 16QAM OFDM-HSTCS versus the average transmitted SNR,

Es/Ny, (a) mobile speed of 50 km/h, (b) mobile speed of 100 km/h. . . . .. ... .. 104

The average SEP of a 8PSK OFDM-HSTCS versus the average transmitted SNR,
E,/Ny, when Py, = 107%, (a) mobile speed of 50 km /h, (b) mobile speed of 100 km/h. 105
The average SEP of a 16QAM OFDM-HSTCS versus the average transmitted SNR,
E,./Ny, when Py, = 107*, (a) mobile speed of 50 km/h, (b) mobile speed of 100 km /h. 106

Xviil



List of Tables

1.1

1.2

2.1
2.2
2.3
24
2.5
3.1
3.2

3.3
3.4

4.1
4.2

4.3

Loo’s parameters |Loo85, Lo0o90| and corresponding parameters of shadowed rician

model [ALAKO3]. . . . . . . .
Loo’s parameters [BS92, KKM97| and corresponding parameters of shadowed rician

model [ALAKO3]. . . . . . .
LMS channel parameters [ALAKO3| . . . . . . . . ... ... Lo
Parameters of SEP simulation curves over i.n.i.d fading channels . . . ... ... ...
Diversity gain of the HSTCS at the SEP of 10~! over i.n.i.d fading channels . . . . . .
Parameters of SEP simulation curves over i.i.d fading channels . . . . . ... ... ..
Diversity gain of the HSTCS at the SEP of 10~! over i.i.d fading channels . . . . . . .
Parameters of SEP simulation curves over i.n.i.d fading channels . . . . ... ... ..
Diversity gain of the HSTCS with best relay selection at the SEP of 10~! over i.n.i.d

fading channels . . . . . . . oL
Parameters of SEP simulation curves over i.i.d fading channels . . . . . ... ... ..
Diversity gain of the HSTCS with best relay selection at the SEP of 10~! over i.i.d

fading channels . . . . . . . ..
Maximum cell radius versus GI for a 5 MHz DVB-SH 2k mode [ETS08]. . . .. .. ..
Maximum allowable velocity for the GMT for a 5 MHz DVB-SH bandwidth channel

at 2175 GHzand a C/T of 15dB. . . . . . .. ... ...
The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile

speed of 50 km/h with the target SEP of 1072, . . . . . . . ... ... ... . .....

Xix

89



4.4

4.5

4.6

The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile
speed of 100 km/h with the target SEP of 1072.. . . . . . . . ... ... ... ... .. 100
The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile
speed of 50 km/h when P, = 10~* and with the target SEP of 1072, . . . . ... .. 101
The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile
speed of 100 km/h when Py, = 1074 and with the target SEP of 1072. . . . . . . . .. 101

XX



Introduction

Motivation

Satellite systems are used in the context of broadcasting, navigation, rescue, and disaster relief
since they allow the provision of services over a wide coverage area. However, this coverage area is
limited by the masking effect caused by obstacles that block the Line-Of-Sight (LOS) link between
the satellite and a terrestrial user. It is the main limitation of Mobile Satellite Systems (MSSs). To
improve the system availability, which is characterized by the percentage of time that the LOS between
the terrestrial user and the satellite exists, the multi-satellite diversity technique has been proposed
[Vog97, AV97|. In multi-satellite diversity techniques, two or more satellites transmit simultaneously
the information to a terrestrial user. In order to obtain the maximum system availability, each satellite
should be situated in an appropriate position which can provide the LOS link to the terrestrial user
when other satellite-destination links are in non-LOS conditions (i.e., the LOS links between satellites
and destination terminals should not be correlated). It has been shown in [VCS02] that in order to
have at least one LOS link among two satellite-destination links, the azimuth separation of the two
satellites must be higher than 7/4. Although the multi-satellite diversity can improve the system
availability, there are still some limitations for example when the user terminal is indoor. The cost
of using several satellites is another issue when implementing multi-satellite diversity techniques. To
address this issue, Hybrid /Integrated Satellite-Terrestrial Cooperative Systems (HISTCSs) have been
proposed [CGKO09, KK10].

In an HISTCS, the terrestrial segment is used to relay the satellite signal to the destination node.

The main difference between hybrid and integrated systems is on whether both space and terrestrial

1
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segments use a common network and spectrum. In an integrated system, a terrestrial cellular network
can be used as an alternative system to connect the terrestrial user with respect to the satellite one
[EWL105]. Both satellite and ground segments also use the same frequency band. In a hybrid
system, the terrestrial gap fillers (repeaters) can be employed to forward the satellite signal in non

LOS conditions [CCLT08|. Both satellite and terrestrial relays use the different frequency band.

In a Hybrid Satellite-Terrestrial Cooperative System (HSTCS), the mobile user can exploit the
spatial diversity by receiving signals from both satellite and terrestrial components. Fixed or mobile
gap-fillers are used to relay the satellite signal by implementing Amplify-and-Forward (AF), Fixed
Decode-and-Forward (FDF) or Selective Decode-and-Forward (SDF) transmission schemes [LTW04,
LWO03]. In the AF transmission scheme, all relays amplify both the source message and the channel
noise which leads to some performance degradations. In the FDF transmission scheme, all relays
decode the source messages (demodulate) first and then re-encode (re-modulate) the signal before
forwarding to the destination node while in the SDF transmission scheme, only the relays that can
decode the source messages correctly are allowed to retransmit the signals. This SDF transmission
scheme prevents the retransmission of erroneous messages to the destination node. Most of satellite
broadcasting systems have been implemented using fixed gap-fillers. However, mobile gap-fillers are
needed in emergency cases when the fixed infrastructure is not available. In emergency scenarios
(e.g., fire, earthquake, flood and explosion), the existing terrestrial infrastructure has been destroyed.
So, an HSTCS is appropriate for transmitting the information between the rescuers and the central
office. This allows the rescuers to operate efficiently [[BARH*08, DRMJS09|. In particular, a fast and
flexible implementation is needed and this could be provided by deploying mobile gap fillers (vehicle
or mobile handheld).

Several cooperative scenarios for HSTCSs have been proposed for different kind of applications.
In [MJDR10], the delay diversity technique for a hybrid satellite-terrestrial DVB-SH system has been
studied. In this scenario, user stations receive different versions of the same signal with different delays:
one signal from the satellite and other signals from terrestrial relays. No combiner is implemented.
In [AKKP10], space-time codes and rate compatible turbo codes have been implemented to achieve

diversity gains and additional coding gains. Recently, hybrid satellite-terrestrial systems employing



mobile gap fillers have been presented in [CIARH10, PED*11]. In [CIdRH10|, a hybrid solution
based on a cooperative ad-hoc networking approach has been proposed for terrestrial links while the
DVB-SH and the Next Generation Universal Mobile Satellite Telecommunications Systems (S-UMTS)
standards are considered for forward (satellite broadcasting) and return (user terminal to satellite)
links respectively. In [PEDT11], a two time-slot scenario has been presented. The satellite broadcasts
the information to terrestrial users in a first time slot and in a second time slot, non-masked terminals
are used to relay the information toward masked terminals. Note that the Symbol Error Probability

(SEP) performance has not been studied yet in [CIdRH10, PED"11].

Although the cooperative diversity techniques can increase the system availability by receiving the
signal directly from the source and also from the relays, the additional bandwidth is needed for the
relay transmissions. To minimize the bandwidth consumption while keeping the maximum diversity
order, Bletsas et al.BKRLO06] have proposed an opportunistic cooperative protocol in which only
one relay is used for forwarding the message to the destination. Two criteria for selecting the best
relay have been studied. The first criterion is to choose the relay which maximizes the minimum of
the source-relay and the relay-destination channel gain, while the second criterion is based on the
maximization of the harmonic mean of both channel gains. It has been illustrated in [CwSZL10|
that the outage performance of both selection techniques are the same in the high-SNR regime. The
bandwidth consumption can be further decreased by implementing on-demand cooperation together

with the best relay selection [Esc10].

The outage probability and the average SEP are two criteria for evaluating and designing com-
munication systems. These two parameters can be obtained via simulation or via computation.
However, most of the previous papers on HSTCSs have provided only the SEP performance based on

simulations. The exact closed-form outage probability and SEP of HSTCSs have not been derived yet.

Objective of the dissertation

This dissertation aims at providing the analytical outage probability and SEP of HSTCSs. In
order to derive the outage probability or the SEP of an HSTCS, an appropriate Land Mobile Satellite
(LMS) channel model is needed. The most popular LMS channel models are the Loo’s model [Loo85,
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L0090, Loo91, LBI8|, the Lutz’s model [LCD 91|, and the Fontan’s model [PFHS*08, PEVCB™98,
FVCC™01]. In the Loo’s model, the amplitude of the LOS component is assumed to be lognormally
distributed while the multipath interference has a Rayleigh distribution. The Lutz’s model differs
from the Loo’s model. The latter model is a single state model whereas the Lutz’s model is described
by two states, the good state (Rice model) and the bad state (Suzuki model). The Fontan’s model
consists of three states: LOS, moderate shadowing and deep shadowing. Moreover, each state of the
Fontan’s model is described by the Loo’s model. Recently, a new shadowed Rice model for the LMS
channel has been proposed in [ALAKO03|. In this model, the amplitude of the LOS is characterized
by the Nakagami distribution and the amplitude of the multipath components is characterized by the
Rayleigh distribution. It has been shown in [ALAKO3| that this new model provides a similar fit to
the experimental data as the Loo’s model but with significantly less computational burden. In the

following sections, we will use this new LMS channel model to derive the outage probability and the

average SEP of HSTCSs.

In this dissertation, we investigate the performance in terms of outage probability and SEP of
an HSTCS using fixed or mobile relays' over independent but not necessarily identically distributed
fading channels. In the first phase, the satellite broadcasts its signal to all relay nodes and the des-
tination node. In the second phase, the relay nodes forward the satellite signal to the destination
node using the SDF transmission scheme. The exact closed-form outage probability and SEP expres-
sions of an SDF transmission scheme with and without relay selection have been derived for general
M-ary Phase Shift Keying (MPSK) and M-ary Quadrature Amplitude Modulation (MQAM) over
the independent identically distributed (i.i.d) and independent non identically distributed (i.n.i.d)
fading channels. Such closed-form solutions are highly desirable because they allow for rapid and
efficient evaluation of the system performance. The analytical results are then confirmed using Monte
Carlo simulations. Moreover, the SEP performance of the OFDM-HSTCS is also investigated and

the performance degradation due to Doppler spread is studied.

The rest of this dissertation is organized as follows.

!The mobile relay nodes can be vehicles or mobile handhelds.



Chapter 1 describes the HSTCS and cooperative transmission schemes. Both LMS and terres-
trial channel models are also discussed. Some special functions used in this dissertation are also

presented.

Chapter 2 focuses on the performance evaluation of the HSTCS. The SDF transmission scheme
is implemented and the exact closed-form outage probability and SEP are derived for gen-
eral MPSK and MQAM modulation schemes over independent but not necessarily identically

distributed fading channels.

In chapter 3, the SDF transmission scheme with the best relay selection is performed and
the exact closed-form outage probability and SEP are derived for general MPSK and MQAM

modulation schemes over independent but not necessarily identically distributed fading channels.

Chapter 4 dedicates to the performance analysis of the OFDM-HSTCS. The Doppler spread

issue and the system performance degradation are examined.
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CHAPTER 1

Hybrid satellite-terrestrial cooperative

systems
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This first chapter describes the HSTCS model, the forwarding schemes, the cooperative mode, the
relay selection schemes and the combining techniques. Moreover, the LMS channel and the terrestrial

channel models are also presented since it is very important for system performance evaluation. In

the last section, some special functions that are used in this dissertation are provided.

1.1 System overview

The architecture of an HSTCS is presented in Fig. 1.1. The transmission scheme is divided into two

phases. In the first phase, the satellite broadcasts the satellite signal to the relays and the destination.

7
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In the second phase, the relays forward the satellite signal to the destination.

Satellite

—— Phase 1: satellite to relays

and destination
----- » Phase 2: relays to destination

Relay n°.1 Destination

.
.
.
.
.
.
.
.
.
.
.
z
L

Relay n°.2 Relay n°.3

Figure 1.1: HSTCS with 3 relays and one destination.

The destination node can receive the satellite signal from both satellite and the relay nodes. Then,
the destination can exploit the spatial diversity by combining the direct and indirect link signals. The
relays can be fixed or mobile depending on the scenario. When the LOS link between the satellite
and the destination node is not available, the destination node can still receive the satellite signal

from the relay links. So, the communication is still possible.

1.1.1 Forwarding schemes

A cooperative scenario with one relay and one destination is presented in Fig 1.2. A typical cooperative
scenario can be modeled with two orthogonal phases, Time Division Multiple Access (TDMA) or

Frequency Division Multiple Access (FDMA), in order to avoid interference between the two phases.
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In a cooperative scenario, the relay can forward the source information to the destination by using
the Amplify-and-Forward (AF), Fixed Decode-and-Forward (FDF), or Selective Decode-and-Forward
(SDF) transmission schemes [LTWO04].

—— Phase 1: source to relay and
destination

— Phase 2: relay to destination

Relay

Source Destination

Figure 1.2: Cooperative scenario with one relay and one destination.

In the first phase, the source transmits the information to the relay and the destination node. The

base band received signal at the destination, y,q, and at the relay, ys,, can be modeled as follows

Ysd = V Pshsdx + Nsd

Ysr = Pihgrx + ng,

(1.1)

where P; is the transmitted power at the source, x is the transmitted symbol, hgg and hg,. are the
channel coefficients of the source-destination and the source-relay links respectively, and ngq and ng,

are the Additive White Gaussian Noise (AWGN) with zero mean and variance Nj.

In the second phase, the relay forwards the source information to the destination node. The



10 CHAPTER 1 - HYBRID SATELLITE-TERRESTRIAL COOPERATIVE SYSTEMS

received signal at the destination can be modeled as below

Yrd = f (ysr) hrd + nrq (1'2)

where the function f(.) depends on the forwarding schemes.

Amplify-and-Forward

In an AF transmission scheme, the relay just only amplifies the received signal from the source and
then forwards it to the destination. However, the noise is also amplified. In this case, the function

f (ysr) is a factor and is given by

iz

= , where 3, < 1.3
f (ysr) Brysr B’r Ps‘hST‘Z T NO ( )
If P, = P, = P and (3, takes the maximum value, hence,
VP
B = = . (1.4)
vV P|hsr| + NO
Therefore, the input-output signal model of AF scheme can be modeled as follows
e Phase 1,
Ysd = \/ﬁhsdx + Nsq
(1.5)
Ysr = \/ﬁhsrx + Ny
e Phase 2,
VP
= VPh,qhga + n! 1.6
Yrd P|hsr|2 T No rd/lsr rd ( )
where
P
! vP (1.7)

Neq = h'r’dnsr + Nypg
" V P’h5r|2+N0
we assume that ng. and n,q are independent, hence, n/, is an AWGN with zero mean and

variance
P|h,.4| 2

N = —"" 1+ 1) N,. 1.8
: (P,hwluNﬁ) ) (1.8)
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Fixed Decode-and-Forward

In an FDF transmission scheme, the relays decode the source message and re-encode before forwarding

to the destination. In this scheme, the function f (ys.) can be written as

f (ysr) =2 (19)

where Z is the decoded symbol.

When the source-relay links are strongly faded, the relays cannot decode the source message
correctly. So, the destination will receive an erroneous source message from the relay and this results
in a performance degradation.

The input-output signal model of FDF scheme can be modeled as follows

e Phase 1,
Ysa = v/ Pshsat + ngq (1.10)
Ysr = \/ Pshoy@ + ngy
e Phase 2,
Yrd = hra + npq (1.11)

Selective Decode-and-Forward

In an SDF transmission scheme, the process is the same as in the FDF scheme but only the relays
that can decode the source message correctly are allowed to forward the signal to the destination
node. This prevents the retransmission of erroneous messages to the destination node. The function

f (ysr) can be written as

Z, if the relay can decode the source message correctly
f(ysr) = (1.12)
0, otherwise.

Therefore, the input-output signal model of SDF scheme can be modeled as follows

e Phase 1,
Ysd = V Pshsdtr + Ngq

Ysr = Pihgrx + ng,

(1.13)
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e Phase 2,

hrqZ + npq, if the relay can decode the source message correctly
Yrd = (1]_4:)
0, otherwise.

Comparison of the AF and SDF diversity gains

The performance comparison of AF, FDF and SDF schemes over Rayleigh fading channels has been
studied in [RLSSK09]. The comparison has been done at the high-SNR regime. It has been shown
that for a 1-relay system, the AF and SDF schemes provide the same outage probability and the
diversity order is equal to 2 while the diversity order of FDF is equal to one.

On the other hand, the SEP performance comparison of AF and SDF schemes can be described

as follows.

e When the channel link quality of the source-relay link is much lower than the one of the relay-

destination link, the diversity gain of the SDF scheme is higher than the one of the AF scheme.

e When the channel link quality of the source-relay link is much higher than the one of the
relay-destination link, the SDF and the AF schemes provide the same performance in terms of

diversity gain.

e When the channel link quality of the source-relay link is the same as the one of the relay-
destination link, the SDF scheme provides better performance in term of diversity gain than the
AF scheme for modulation schemes with high number of constellation point. For modulation
schemes with a small number of constellation points, the performance advantage of an SDF

scheme is negligible compared with the one of an AF scheme.
We can see that the SEP performance of an SDF scheme is always not lower than the one of an
AF scheme.
1.1.2 Relay selection schemes

In a typical cooperative system, the orthogonal channels must be allocated to the direct and the

relayed links in order to avoid the interference between each transmission link. So, when the number
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of relays increases, the number of the channels is also increasing. This requires more bandwidth
consumption. To reduce the bandwidth consumption, relay selection schemes have been proposed in
[QB04, BKRLO06]. With a relay selection scheme, one or several relays are selected for forwarding the
source signal. Since not all the relays are involved in the forwarding scheme, some bandwidth can be
saved. Several relay selection schemes have been proposed [BKRL06, SMY10a, QB04, SMY10b|. In
this dissertation, we will focus on timer based selection schemes. In the timer based selection schemes
of [BKRL06, SMY10a], only one relay is selected. This relay, the best relay, will retransmit the source

2. The main issue consists in designing a selection scheme that avoids

signal when its timer expires
the collision of two relays having their timer expiring in the same contention window. However, the
timer based selection scheme is attractive because of its simplicity.

In the selection scheme of the best relay [BKRLO06|, only the relay which provides the highest
received SNR at the receiver is allowed to forward the source message to the destination node. So,
this scheme requires less bandwidth comparing to the scheme without relay selection. Two criteria
for selecting the best relay have been studied in [BKRLO06|. The first criterion is to choose the relay
which maximizes the minimum of the source-relay and the relay-destination channel gain, while the
second criterion is based on the maximization of the harmonic mean of both channel gains. It has

been illustrated in [CwSZL10]| that the outage performance of both selection techniques are the same

in the high-SNR regime.

1.1.3 Combining techniques

Consider a combining system with M received signal branches as represented in Fig. 1.3. Let the

received signal from each branch defined by
yi=his+mng, fori=1,... . M (1.15)

where s is the transmitted symbol with the average transmitted power Ps, hy and nj represent the
complex channel coefficient and the AWGN of the k™" branch respectively. The AWGN is assumed

to have the variance Ny. So, the average received SNR of the k** branch is given as 7, = \hkP%.

2The timer is inversely proportional to the channel gain
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Figure 1.3: Combining system with M branches.

The weighting gain wy (kK = 1,..., M) in Fig. 1.3 depends on the combining technique. The
classical combining techniques are Selection Combining (SC), Maximum Ratio Combining (MRC)

and Equal Gain Combining (MRC).

Selection combining

In the SC technique, the branch that provides the highest SNR is chosen for further processing.

Therefore,

1, if v = max;cpr (Vs
wy = ienm (%) (1.16)

0, otherwise,

where ~; is the SNR of the i*" branch.

So, the output SNR of the selection combining is ot = max;eps(7:). Moreover, this selection
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scheme requires only the measurement of the signal power while the phase shifter or variable gains

are not required.

Maximum ratio combining

In the MRC technique, the weighting coefficient wy, is chosen to maximize the total output SNR. It
has been shown in [SA05] that the output SNR is maximized when wy = conj(hy).
And the total output SNR is given by

M
Yout = Z’Yi- (1.17)
=1

Equal gain combining

In the EGC technique, the coefficient wy, is chosen as
wy = exp (—jZLhyg) . (1.18)

where Zhy, is the argument of the complex channel coefficient hy.

In this case, the total output SNR is given by

(2 ml) p,

= —. 1.1
Yout M NO ( 9)

In terms of the complexity, the SC is the easiest technique because it requires only a measurement
of the received SNR at each branch. The phase and the amplitude are not needed. On the other hand,
both MRC and EGC require the phase information. Furthermore, the measurement of the channel
gain is needed too for the MRC technique. However, the MRC is the optimum combining technique
and provides better performance than SC and EGC.

1.2 Channel propagation models

The characteristic of the channel propagation can be described by the variation of the received signal

over time and frequency. This variation can be divided into two categories, large-scale fading and
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small-scale fading. The large-scale fading consists of a long term path loss and the shadowing due
to the obstacles such as buildings, trees. The long term path loss depends on the distance and the
frequency of the transmitted signal. On the other hand, the small-scale fading is due to constructive
and destructive interference of the multipath signal components. This small-scale fading occurs at
the spatial scale of the order of the carrier wavelength. The large-scale fading is more relevant to
issues such as cell-site planning while the small-scale multipath fading is more relevant to the design
of reliable and efficient communication systems.
The received power at the destination side can be modeled by the expression below
22

Pr = PTGTGRkCTBOéshadOéfadmg (1.20)
where d is the distance from the transmitter to the receiver, Pr is the transmit power, Gr (Ggr
respectively) is the transmit antenna gain (receive antenna gain respectively). The free-space path
loss is characterized by the term kA?/d?, where ) is the wavelength, k is a constant value and 3 is the
path loss exponent ranging from 2 to 6 and depends on the propagation environment. The parameters
Qshad and Qfqding are the positive random variables representing the variation of the received power

due to shadowing and multipath fading respectively.

1.2.1 Characteristics of fading channels

The characteristics of fading channels can be mainly described by two properties, one based on the

multipath time delay spread parameter, and another one based on the Doppler spread parameter.

Slow versus fast fading

This characteristic is very important for the system performance evaluation and is related to the
coherence time T,,;, of the channel, which measures the period of time over which the fading process
is correlated in the time domain. The coherence time is inversely proportional to the Doppler spread

Fy.

Teoh X — (1.21)
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The fading is said to be slow if the symbol time period is much lower than the coherence time,

i.e., Ts < T,.op; otherwise it is considered fast.

Frequency-flat versus frequency-selective fading

This characteristic is also important for the system performance evaluation. The frequency selectivity
is related to the coherence bandwidth B,,, which is inversely proportional to the maximum delay
spread Tiqz

1
Bcoh X

(1.22)

Tmaz

The coherence bandwidth measures the frequency range over which the fading process is correlated
in the frequency domain. The fading is considered to be frequency-flat when all the signal bandwidth
B is affected in a similar manner, i.e., By < Bgop; otherwise the channel is considered as frequency-

selective.

1.2.2 Terrestrial channel model
Rayleigh

The Rayleigh distribution is used to characterize the multipath fading channel with no LOS link. The
probability density function (PDF) of the channel fading amplitude « is given by [SA05]

2
falz) = %exp (—;}) , x>0 (1.23)

and the PDF of the channel fading power o is distributed according to an exponential distribution

and given by

1

faz(y) = 5p exp (—%) , ¥y>0 (1.24)

where 2b is the average channel power.

Rice

The Rician distribution is frequently used to model the multipath fading channel consisting of one

strong direct LOS link and other indirect links. The PDF of the channel fading amplitude « is given
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by [SA05]

x x?
falz) = 2(1_;[{)6Xp (_(14‘5() - K> Iy <2$ K(ng;_l)> , x>0 (1.25)

and the PDF of the channel fading power a? is distributed according to a noncentral chi-square

distribution given by

fa2(y) = 4 BK) exp <—(1+9K)y - K) Iy (2 K(Kgﬂ)y> ,y>0 (1.26)

where 0 < K < 400 is the Rice parameter and Iy is the first order modified Bessel function.
When K = 0, the Rician channel becomes the Rayleigh channel and it becomes no fading channel

when K — +o0.

Nakagami-m

The Nakagami-m model has been proposed in [Nak60]. The PDF of the channel fading amplitude «

is given by
2mmp2m—1 ma?
falz) = WGXP <_Q) ;, >0 (1.27)
and the PDF of the channel fading power o? is distributed according to a Gamma, distribution and
given by
mmym—l my
= — —— >0 1.28
for (0) = Gy 0 (-7 ) 92 (1.28)

where I'(.) is the Gamma function, €2 is the average power of the multipath component, and m
is the fading parameter of the distribution which ranges from the one sided Gaussian distribution
(m = 1/2) to non-fading AWGN channel (+00) by passing the Rayleigh distribution (m = 1). For
m > 1, we obtain one-to-one mapping between the m parameter and the Rician K factor, allowing
the Nakagami-m distribution to closely approximate the Rice distribution, and this mapping is given
by

K=—Y" """ (1.29)

m=-—— (1.30)
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It has been shown that the Nakagami-m model characterizes well the outdoor radio mobile channel

and the multipath indoor channel model as well.

1.2.3 LMS channel models

The land mobile satellite (LMS) channel model is very important for the performance evaluation of the
MSSs. On the other hand, the conventional channel models used in the terrestrial propagation cannot
be used to characterize the LMS channel because of the differences observed in LOS and shadowing
links. The most popular LMS models are Loo’s model [Loo85, L0090, Loo91, LB98|, Lutz’s model
[LCD*91] and Fontan’s model [PFVCB*98, FVCCT01, PFHST08].

Loo’s model

In the Loo’s model, the amplitude of the LOS component is assumed to be a lognormally distributed
while the multipath interference has a Rayleigh distribution. The received complex envelope signal

is given in |Loo85| as

rexp(j0) = zexp(joo) + wexp(jo), for z,w > 0 (1.31)
where the phases ¢¢ and ¢ are uniformly distributed between 0 and 27, z is lognormally distributed
and w is Rayleigh distribution.

If z is temporarily kept constant, then the conditional PDF of r is a PDF of Rician distribution

frlz) = %exp {—(TQ;ZOZQ)] Iy <m> (1.32)

where 2by represents the average scattered power due to the multipath components, Ip(.) is the
modified Bessel function of the zeroth order.

So, the total PDF of the amplitude r is given as below
+o00o
)= [ el e

r oo (Inz — p)? (r? 4 22) Tz
- Zexp |- 22T W) S E () e, e
(bov/27do) /0 2 P [ 2do ] P [ 2, } 0 <b0> SR

where p and +/dy are the mean and standard deviation of the lognormal distribution respectively.

(1.33)
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Lutz’s model

The Lutz’s model is described by two states, good channel state (Rice model) and bad channel state
(Suzuki model).
In a good channel state, the PDF of the received power is given by

fgo0d(s) = cexp [—c(s + 1)] Ip (2c\/§) (1.34)
where ¢ is the Rice factor.

In a bad channel state, the PDF of the received power is written as

+oo 10 1 (101og,q so — p)* < s >
wd(8) = ————————exp |— exp | —— | dso. 1.35
fb d( ) /0 \/%aln 10 S% P [ 202 P 50 0 ( )

And the total PDF which takes into account both two channel states can be written as below

ftotal(S) = (]- - A)fgood(s) + Afbad(s) (136)

where A is the time share of bad state channel and 1 — A is the time share of good state channel.

Fontan’s model

The Fontan’s model consists of three states, LOS, moderate shadowing and deep shadowing [PFVCB™98,
FVCCT01|. Recently, this three-state model has been reviewed and modeled as the two states model
[FLCA07, FR08, PCPFB'10]. This two-state are termed, "Good" and "Bad" states, representing a
range of LOS-to-moderate shadowing and moderate-to-deed shadowing, respectively.

The original three-state model is described as follows.

e The signal variations within each state are modeled by a Loo’s distribution. The three parame-
ters of the each state distribution are «a, the direct signal attenuation in dB, v, the direct signal

standard deviation in dB, and M P, the average multipath power, also in dB.
The relation between these three parameters and those of Loo’s model are
a(dB relative to LOS) = 201log; (e*)
$(dB) = 201logy (e\/%) (1.37)

M P(dB relative to LOS) = 201log;, (2b0) -
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e The transitions between states are modeled by a first-order, discret-time Markov chain charac-
terized by two matrices, W, the state probability matrix, and P, the state transition probability

matrix.

The parameters of each state distribution, the state probability matrix and the state transition

probability matrix can be found in [PFVCB198, CFV*99].

Shadowed rician model

Recently, a new shadowed Rice model for LMS channels has been proposed [ALAKO3]. In this model,
the amplitude of the LOS is characterized by the Nakagami distribution and the amplitude of the
multipath components is characterized by the Rayleigh distribution. It has been shown that this new
model provides a similar fit to the experimental data as the Loo’s model but with significantly less

computational burden. The PDF of the channel fading amplitude is defined as

2b0m oy 7”2 Qrz
_ Tesp (== )R (mit——"" ) forr >0 1.38
) (2b0m+Q> boeXp< 2b0>1 1<m’ ’260(2b0m+9)>’ o= (1.38)

where 2bg is the average power of the scatter component, m is the Nakagami parameter which ranges
from 0 to +o00 and 2 is the average power of the LOS component. When m = 0, this PDF becomes
a Rayleigh PDF and when m = oo, it becomes a Rice PDF.

And the PDF of the channel fading power is given by

2bgm mo1 s Qs
(= ) e (=) R (e —— ) fors >0 1.39
/() <2bgm+ﬂ> zboexp< 2b0>1 1<m’ ’Qbo(2b0m+Q)>’ ors= (1.39)

The relation between the parameters of this model (bg, m, 2) and Loo’s model (bg, i, dp) has been

provided in [ALAKO03| by

(1.40)

where W(.) and U’(.) are the psi function and its first derivative respectively [MOS66]. Some param-
eters of the shadowed rician model which corresponding to the Loo’s model parameters are given in

Table. 1.1 and 1.2.
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Table 1.1: Loo’s parameters [Loo85, Loo90| and corresponding parameters of shadowed rician model
[ALAKO03|.

Loo’s model Shadowed Rice model
I Vdoy bo m Q
Infrequent Light Shadowing (ILS) | 0.115 | 0.115 | 0.158 | 19.4 1.29

Frequent Heavy Shadowing (FHS) | -3.914 | 0.806 | 0.063 | 0.739 | 8.97 x 10~*

Overall Results (OR) -0.690 | 0.230 | 0.251 | 5.21 0.278

Average Shadowing (AS) -0.115 | 0.161 | 0.126 | 10.1 0.835

Table 1.2: Loo’s parameters [BS92, KKM97]| and corresponding parameters of shadowed rician model
[ALAKO03|.

Loo’s model Shadowed Rice model
Data set no. n Vdy bo m Q

1 -0.341 | 0.099 0.005 26 0.515

Data sets of Barts 2 -0.528 | 0.187 0.0129 7.64 0.372
and Stutzman [BS92] 3 -0.935 | 0.128 | 3.97 x 1072 | 15.8 0.159

4 -1.092 | 0.15 0.0126 11.6 0.118

Data set of
5 -1.15 | 0.345 0.0158 2.56 0.123
Karasawa et al. [KKM97]

1.3 Special functions
1.3.1 Gamma function

The Gamma function is defined in [GRO7] for all complex numbers except the non-positive integers.

+o0
I'(z) = / t* e tdt (1.41)
0
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where z € C' and Re(z) > 0. If n is a positive integer,

T(n) = (n— 1)\. (1.42)

1.3.2 Beta function

This function is defined in [GRO7] by

B(z,y) = /01 t" N1 — )y tdt (1.43)

where (z,y) € C and Re(z) > 0,Re(y) > 0. Another representation of Beta function is represented
by

B(z,y) = =——— = B(y, x). (1.44)

1.3.3 General hypergeometric function

The general hypergeometric function is defined in [GRO7] as below

= a1)p - 8p),
pFy(ar,...,ap; b1, ..., bg; 2) = Z (( I - (ap)

2 b1),, - (bg) ! (1.45)

where (z), = I'(z +n)/T'(x) is a Pochhammer symbol. This series is convergent when |z| < 1.

When p = ¢ =1, ,F,(.) becomes a confluent hypergeometric function | F(.) defined by

1 Fi(a;b;z) =) (@ 2"

|
= (b)n 7!
And when p =2 and ¢ =1, ,F,(.) becomes a gauss hypergeometric function oF7(.) defined by

oFi(a,b;c;2) = Z (C(Lin(z)'”z” (1.46)
n=0 n-r
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1.3.4 Lauricella function

The Lauricella function [Ext76] is defined as

400 (a) on 5
+...4in
Fl()n)(ajbl,...,bn;c;x1,...7xn)é E (C)“ilH(b])Z]i, max{|z;|}i—; <1
i1yeryin=0 \ /T F I Gy 7

b e e T (1.47)
_ B(a’c_a)/o 11— 1) }:[1(1 )b,
Re(c) > Re(a) > 0,

where (a); = T'(a +i)/T(a) is the Pochammer symbol for i > 0, B(a,b) = I'(a)I'(b)/T(a + b) denotes
the Beta function, and Re(.) denotes the real part. When the number of variables n is equal to one,
Fg) reduces to a gaussian hypergeometric function 9 Fj(a, by;c;x1) and when n is equal to two, Fg)

reduces to an Appell hypergeometric function Fi(a, by, bg; c; x1, x2) defined by

1 1
Fula, by, bos 01, 79) = / L1 — 1)L (1 — 398) P (1 — mat) P2,
B(a,c—a) Jo (1.48)
Re(c) > Re(a) > 0.
Some properties of Lauricella function
N
FéN—i_l)(av b7 €1,.--,EN; T, Y, - - ay) = Fl(a> b7 Z €i;C T, y) (149)
i=1
FY5)(a,b1,b2,b3,ba, bs; ¢ 2,7, 2,0,0) = Fy (a, by, by, bs; 3.2, 9, 2) (1.50)
FS)((Z’ bl,bQ,bg,b4,b5;C;£L‘,0,y,Z,0) = Fl()g)(avbla b3,b4;c;$,y, Z) (151)

Fés)(av bl,bg,bg,b4,b5;c;x,y,z,y,z) = FS)(aabla b2 + b47b3 + b5;C;l’,y,Z) (152)
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1.4 Conclusion

In this chapter, the architecture of an HSTCS has been presented. The cooperative transmission
schemes have been discussed. The SDF scheme outperforms both the AF and FDF schemes in terms
of outage probability and SEP. This SDF scheme is selected for evaluating the HSTCS performance
in the next chapters of this dissertation. Furthermore, the terrestrial channel and the LMS channel
models have been presented. The shadowed Rice model will be used for the outage probability
and the SEP computation in this dissertation since it represents the generalization channel model
which provides a similar fit to the experimental data as the Loo’s model and with significantly less

computational burden.
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Performance analysis of HSTCSs
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In this chapter, we study the performance in terms of the outage probability and the SEP of
an HSTCS. An SDF scheme is implemented between a source node (the satellite) and a destination
node (a terrestrial station). In the first phase, the satellite broadcasts its signal to all relay nodes
and the destination node. In the second phase, only relay nodes which can successfully decode the
satellite message are allowed to retransmit the satellite signal. Then, the destination node exploits
the diversity gain using the MRC technique.

Furthermore, the exact closed-form expressions of the outage probability and the average SEP of
the arbitrary MPSK and MQAM signaling over independent but not necessarily identically distributed
fading channels are derived by using the Moment Generating Function (MGF') analysis approach. The
outage expressions are represented in terms of a sum of general hypergeometric functions ,Fy(.) and
the SEP expressions are represented in terms of a finite sum of Lauricella hypergeometric functions
Fg )(.), which can be numerically computed using their integral or converging series representation.

The analytical expressions shows excellent agreement with the simulation results.

27
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2.1 System and channel models

Consider an HSTCS where a satellite (s) transmits information to a destination node (d), with the
assistance of L mobile relay nodes 71, 79, ..., v as shown in Fig. 2.1. The transmission is divided
into two phases. In the first phase (broadcasting phase), the satellite broadcasts its signal to the set
of L relay nodes and the destination node. The baseband received signal at the destination and the

relay r; can be modeled, respectively, as

Ysd = V Eshsdx + Nsd

(2.1)
Ysr; =V Eshsrix + Nsr;

where F; is the average transmitted energy per symbol of the satellite, hgq is the channel coefficient
between the satellite and the destination, A, is the channel coefficient between the satellite and the
relay 7;, « is the transmitted symbol with unit power, nsq and ng,, are the additive white Gaussian
noise (AWGN) of the satellite-destination link and at the satellite-relay r; link respectively.

We define the decoding set C' (with cardinality |C|) as the set of relays that can decode the satellite
message correctly. The relay node is said to belong to the decoding set provided that the received SNR
on a channel between the source and the relay node is high enough to allow for successful decoding.
We have |C| < L. In the second phase (relaying phase), only the relay nodes which belong to the set
C are allowed to forward the re-modulated signals to the destination node using orthogonal channels®.
In the following analysis, we assume that both satellite and terrestrial links use the same modulation

scheme. The baseband received signal at the destination from the relay r; can be modeled as

\/Erihridzv\ + Npids when r; € C
Yryd = (2.2)

0, otherwise
where F),, is the average transmitted energy per symbol of the relay 7;, h,,q is the channel coefficient
between the relay r; and the destination, 7 is the decoded symbol at the relay r; with unit power and

Ny,q is the AWGN of the relay 7;-destination link. In SDF schemes, the decoded symbol Z is assumed

3These orthogonal channels can be allocated to the relays using Frequency Division Multiple Access (FDMA), Time
Division Multiple Access (TDMA) or Space Time Coding (STC).
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Satellite

— Phase 1: satellite to relays
and destination
---» Phase 2: relays to

destination

// Destination d

Figure 2.1: Hybrid satellite-terrestrial system with L relays and one destination.

to be error free, i.e., ¥ = x. This can be achieved by allowing the decoding of the satellite message
only when the received SNR allows for a successful decoding or by using a Cyclic Redundancy Check
(CRC). Then the destination combines the direct and the relay links signals using the MRC technique.

We assume that the channels are frequency-flat, slow fading and independent but not necessarily
identically distributed fading channels. We also assume that the Channel State Information (CSI) is
perfectly known at the receiver and not known at the transmitter?. Furthermore, we assume that the

AWGN terms of all links have zero mean and equal variance Ny. The statistics of the channel models

are defined as follows.

e The satellite-destination and the satellite-relay links are modeled as LMS fading channels

[ALAKO3]. The probability density function (PDF), fi,.,2(y) of the power channel gain, |hsz |,

“Because of the slow fading, accurate channel estimation is possible at receivers.

29
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is given in [ALAKO3| as

P o) = o (e )™ oy (-8
sz 208 = 2bsy \ 2bspmisy + Qs P 2bsy

Qsey >
X 1Fy [ mgg; 1 ,for y >0
i < o 2bs:p (2bsxmsaz + st) Y

(2.3)

where the second subscript x = d and x = r; when we deal with the satellite to the destination
and the satellite to the relay r; channels respectively. The parameter {2, is the average power
of the LOS component, 2b,, is the average power of the multipath component, and mg, is the
Nakagami parameter ranging from 0 to co. When my, = 0, the PDF of |hg;| becomes a Rayleigh
PDF and when mg, = oo, it becomes a Rice PDF. The function 1 Fj(a;b; z) is the confluent

hypergeometric function defined in [GRO7| by

1F1(a;b;z) _ Z (a)nﬁ

= (b)n n!

where (2), = z(x +1)...(x + n — 1).

e The i*" relay-destination link is modeled as a Nakagami-m fading channel. The PDF, fina2(¥),
of the power channel gain, |h,.4|?, is defined in [SA05] as

(mmd)m”d

_ mTidfle _w )
Titeia W) = T, (@ ed? Xp( a’) (2.4)

for y > 0 and m,,4 > 1/2

where I'(.) is the Gamma function, 2,4 is the average power of the multipath component and

m,,q is the average power of the LOS component.

2.2 SEP analysis

In this section, we derive the exact closed-form SEP expressions of the HSTCS. First, we evaluate

the SEP of the direct link.
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2.2.1 Average SEP of the direct link

The instantaneous received SNR of the direct link at the receiver is given by

Yod = [Psal® X Fq (2.5)

where 7,; = F4/Ny, is the average transmit SNR per symbol of the satellite-destination link.

So, the PDF of v,4 can be written as

1
fraW) = = X fihog)2 <y>

s Vsd
_ ! < 2DsdMisd >m5d exp (— Y > (2.6)
2bsdﬁsd 2bsdmsd + Qsd 2bsd75d
Qsdy >
><1F1 (m d;l; — ,fory>0.
° 2bsd’75d(2bsdmsd + Qsd)

Hence, the MGF of 44 can be evaluated as follows

brnals) =E[e] = / T, (n)dy 2.7)

where E [ . ] is the mathematical expectation operation. By using the table of integrals in [GRO7],

¢~.,(s) can be expressed as below

(2b5gm150) ™% (1 + 2bggY ogs) ™4

2 — (2.8)
[(stdmsd + Qsd) (1 + 2bsd’75d5) - Qsd] o

Drya(s) =

Using the MGF-based analysis method [SA05|, we will, in the following parts, derive the closed-

form error rates for several modulation schemes in uncorrelated fading channels.
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M-ary phase-shift keying (MPSK)

The average SEP of the direct link for coherent MPSK signals is given by [AT01]

1 (" IMPSK
P E)=- ( ) a9
sd, MPSK (E) - /0 B 2 g
1 (2 gMPSK) 1 / T IMPSK (2.9)
= - do+ - (7> df :
7T/0 (Zs%d( sin? 0 ™)z P sin2 0
lifhipsi 3% psk
where
gmpsk = sin® (/M) . (2.10)
The first integral
1 [2 gMPSK
;4 == / ( ) o 2.11
LMPSK = | Drygq 2 0 (2.11)

can be calculated by replacing (2.8) into (2.9) and changing the variable ¢ = cos?(#) and using the
equation 1.48 below

1 ! 1 1 b b
—_— 1 =)L = xqt) TN (1 — xot) " 2dt
B(CL,C—Q)/O ( ) ( xl) ( 1'2) )
Re(c) > Re(a) > 0,

Fi(a,by,ba;c;01,29) =

where B(a,b) £ T'(a)['(b)/T'(a + b) denotes the Beta function, and Re(.) denotes the real part.

sd :
Hence, ILMPSK can be obtained as

(2bsamsa)™ GTJS\?};ISK 1 1 2bsqmisq
ISd = ’ Fl <71_md7md;2; ) . . > (2]‘2)
LMPSK 4Gy psk 2 T Grmpsk” G mpsk
where

Gi,mpsk = 1+ 2bsqV,q9MPSK,
(2.13)

GompSK = 2bsamisd + 2bsa7V sqgM PSK (20samsq 4 Qsq).

The second integral 125%\/‘, pgx can be rewritten as

1 (2 IMPSK
% psik = - /ﬁ Pra <m> dg. (2.14)

M
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Making the variable change t = cos? () / cos? (m/M), we have the closed-form for 128%\/11351( as shown
below

sd—1
Isd _ \/(; (Qbsdmsd)de G7d
2, MPSK

LMPSK :(3) (1 1 1~ g o §-w w Qbsdmde>
TGy i psk b\2 2 Y2 Givpsk T Gompsk
(2.15)
where w =1 — gy psk and Fg’) is the Lauricella function [Ext76] defined in equation 1.47 as.
+o0 (a) on :ij
Fgl)(a, bi,...,buicix1, ..., Tn) = Z el H(bj)ij,—J, max{|z;|}i—; <1
’L1,,ln:0 (C)ll++2n ]:1 ZJ'

1 ! a—1 c—a—1 a —b;
Re(c) > Re(a) > 0,

where (a); = T'(a +i)/T(a) is the Pochammer symbol for i > 0, B(a,b) = I'(a)I'(b)/T(a + b) denotes
the Beta function, and Re(.) denotes the real part.

So, the average SEP of the direct link, Py ppsi (E) is finally given as follows

(2b am d)de Gde_l 1
Pyivpsk(E) = S LMPSK <

1 9 1 2bsdmsd >
oo+ — Msd, Msd; 43 ’
4Gy 3 psk 2 YT Gympsk | Go,mpsk
V@ (2bsamsg) ™ GTa 0t /1 1 3 w  2bggmgaw
Med : Fé) ,—*,1—msd,m5d;*;w, ) .
TGy M psk 20 2 2" Giupsk GamPSk
(2.16)
M-ary quadrature amplitude modulation (MQAM)
The average SEP of the direct link for coherent MQAM signals is given by [AT01]
Pasnigan(E) = 4‘*’/3 g (219 g 4QQ/Z by (29401 g
sd,MQ T Jo Tsd \ gin2 ™ Jo Tsd \ gin2 g (2'17)
If,dMQAM

Isd
2,MQAM
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where gyrgam = 3/2(M — 1) and ¢ = (1 - 1/\/M). Using the same computation as in (2.11), the

first integral

4q [ IMQAM
154 _ ( ) o 2.18
LMQAM = /0 Dryaq <2 0 (2.18)
can be obtained as
q (2bsamsa)™** GY'3ig v (1 1 2b5qMsd
Ii%oanm = — ed AM Py <271_msd7msd7 ¥ e =t ) (2.19)
2, MQAM 1,MQAM G2 MQAM
where
Gi,mQam = 1+ 2bsgVq9nmQAam
e (2.20)
Ga.mQam = 2bggMsq + 2bsqVsqgnrQAans (2bsamisq 4 Qsa) -
Making the change of variable t = 1 — tan? f in the second integral
4> (7 IMQAM
34 . / ( ) df 2.21
2MQAM = T | Dryaq <2 g (2.21)
we can find the closed-form as shown below
s sd—1
o _ 20% (2bsamsa)™ L 50 am 26 (1 11— g mag 2 L Gumean Go, MQAM>
2 MQAM SﬂLgﬁQAM D s Ly sdy 'ls 72 2 L1 MOQAM L2 MOAM
(2.22)
where
Livigam = 1+ 4bggVq9mQanm,
N s TsdIMQ (2.23)

Lo vgan = 2bsamigq + 4bsa¥ sqgni@ant (2bsamsa + Qsa)-

So, the average SEP of the direct link, Py prgan (E), is finally given by

1
q (2bsamsa)™** GY'Noam 1 1 2bsqmisd
Psd,MQAM(E) = - Gs«msd 9 Fy <27 1 — mgq, msa; 2 G e ° )
2 MOAM L,mQam G2 mQam

2bsqmsa) ™ Li'40) 1 G G
B ¢* (2bsgmisa) LMQAM (3) (17171 msd,msd,5 1,MQAM 2MQAM>

2°2° I MoAm Lamoam
(2.24)

37rL2 JMQAM
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2.2.2 Average SEP of the HSTCS

In this subsection, we evaluate the closed-form SEP of the HSTCS. The MGF of the total instan-
taneous received SNR at the MRC output is first derived. Then, we use this MGF to evaluate the

average SEP.

The instantaneous received SNR

The instantaneous received SNR at the output of the MRC is given as

Vathe = Vsd + D Anid- (2.25)
eC

Actually, it will be difficult to find the PDF of 432, given in (2.25) because the decoding set C
is unknown. To treat this problem we invoke the technique described in [BH06], where the system
in Fig. 2.1 can be considered as a communication system consisting of L 4 1 effective paths between
the satellite and the destination. Let path number 0 be the s to d direct link and path ¢ be the
s — r; — d relayed link where ¢ = 1, ..., L. Let x; be the instantaneous received SNR of the relayed
link 4 at the destination which takes into account both the s to 7; and the r; to d link. Therefore, the

PDF of x; can be obtained as

fxi (y) = in|7“i Decodes Incorrectly (y)Pr [ri Decodes Incorrectly]

(2.26)
+ in\ri Decodes Correctly (y)Pl“ [ri Decodes CorreCtIY] .
So, equation (2.25) can be rewritten as
L
YARC = Vsd + Z Xi = Vsd T+ YDF (2.27)
i=1
where
L
YDF = Z Xi- (2.28)
i=1

The probability that the relay r; decodes incorrectly is the average SEP, P, , of the satellite-
relay r; link. And the probability that the relay r; decodes correctly is (1 — Ps,,). This Ps,, can be
calculated by using the same approach as in (2.9) for the MPSK modulation scheme and as in (2.17)
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for the MQAM modulation scheme. The expressions of Py, are given by equations (2.29) and (2.30)
for MPSK and MQAM modulation schemes respectively.

—1
(2bsr sy, )™ Uim]‘\s/;}?SK 1 1 2bgsy My
PST%MPSK(E) = Msr, ’ 3 (’ 1- Mesrys Mesry s 2; ) gy )
AUy vpsk 2 Urmpsk’ Usmpsk
. 57"_1
VW (2bsr, Mgy, )" U{nM}DSK @ (1 1 3 w 2Dy, Mgy, W
+ Mesr, - FD 77_771_m8’r,‘7m87‘¢;7;w7 )
Uy Mpsk 22 2 " Uimpsk Usmpsk
(2.29)
Mgr, —1
q (2bsrimsri)msri U1 MOAM 1 1 2bg. Mgy,
PSm,MQAM(E) = T MQ FI —, 1— Migry, My, 2; ’ sr; Ilsr;
Us moam 2 Ur,moam Uz voam
. msri_l
B 2¢° (2bsp, Mg, )T Vl,MQAMF(?,) <1 11— e m §1 Ui, moam UQ’MQAM>
37Vy nry AN T2 2 Vi mgam” Vamam
(2.30)
where

Ur,mpsik = 1+ 2bs Vs, 9Mpsi, Uz mpsi = 2bsy,Msr, + 2bsr Vs, G PS5 (2050, Msr; + Qsr;),
Urmoam = 1+ 2bs g, 9vQanss Uz v@ant = 2bsr, My, 4 2b5r, 7 g g AM (2057, mesr, + Qsr,),
VivQan = 1+ 4bsr Ve, grQant, Vo mQam = 2bsy, My, + 4bsr Vg g an (2bsr, Msr, + Q).
The conditional PDF of f,.|;. Decodes Incorrectly (¥) 18 given by

in\m Decodes Incorrectly(y) = 5(y) (231)

where 6(y) is the Dirac Delta function. And the conditional PDF of f, ;. Decodes Correctly(¥) is given
by

1 y
in|ri Decodes Correctly(y) = X f|h2 < )

Vi ridl \ Vrd (2.32)

— ()™ x y™rid = exp <_ —— y)

F(mn‘d)(gndﬁnd)mrid Qridirid
where %,..; = E;, /No is the average transmit SNR per symbol of the relay r;.
Therefore, the equation (2.63) can be written as
(mrd)m”d -1 My.d

fri(y) = Per,0(y) + (1 — Py, = — Xyt exp | ——————y | . 2.33
X ( ) ST ( ) ( ST ) F<mnd>(Qrid7rid)mrid Qridﬂy”d ( )
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MGPF of the total received SNR

The MGF of 'y}?/[%% can be obtained as

¢ spr (8) = ¢r., (s quxl (2.34)

'YMRC

where ¢, (s) is the MGF of x; and given by

d)Xi (S) = /0 e_snyi (y)d?/ - Psri + (1 — Psri) ( mrid > K . (235)

m?"id + S’Yndﬂrid
By using the following property,

L L—k+1 L—k+2 L

L k
[Ma+4an=1+> > > ... > J]4w (2.36)
k=1

k=1 A=1 Xo=X1+1 Ap=Ap—1+1n=1

the MGF of 'y]‘f/[DR% is finally given by

L L
¢«,sz%%( §) = hry,4(5) <H Psn-) + Pr,4(5) (H PSTi)

i=1

L L—k+1 L—k+2 B .
SN S () (1Tt

m
k=1 X=1 Xo=X1+1 Ap=Ar_1+1n=1 STAn T, d

(2.37)

M-ary phase-shift keying (M-PSK)

The average SEP of the HSTCS for coherent MPSK signals is given by [ATO01|

SDF _ 1 IMPSK 2.38
Porvpsk(B) = — o R ( : )d0 (2.38)

7 sin2 6
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where gy psx = sin?(w/M). By using the same computation as (2.9), we can get PfﬁZ};SK(E) as

shown below

s s 1 L
SDF (Qbsdmsd)m d GTZ\;PSK 1 1 2bsqgMmsg
Pohipsk(E) = 1a Py, | 1 — Mg, Msd; 2 e ¥
2MPSK P 1,MPSK G2 MPSK
m Mgg—1 L
Vw (2bsamisa) ™ Gl,]\;l[PSK
+ Mgd H PST’i
Gy N psk
) (3 1
@ (1 1 3 w 2bsqm sqw
x F —,— =, 1 —Mgq,Msq; =W
D \2 2 ST Gy mpsk | Gampsk
s sa—1 L L L—k+1 L—k+2 L
(QbSdmsd)m d Gm a
1,MPSK
+ HPsn )BID DI DI
2,MPSK k=1 Mi=1 Xo=M4+1  Ag=Ap_1+1
k 1 3
H 1-— Psmn My, d oW (2) r (2 + anl mmﬂ) F(k+2) 1 1
—,1-m
Py, Hy, mPsk r(2+3F m b \2 sd>
n=1 n ’ n=1""rx,d
1 2bsdm5d mTA d m?“x d
My My dy v v oy My d; 2+ My ds L e, ———
B nz:l MU Givmpsk’ Gompsk Ha mpsk— Hy, MPSk
. sa—1 L L—k+1 L—Kk+2 L
Vw (2bsgmisg)™ GTJ\?[PSK
+ — g HPsn DD DD DTS
2,MPSK E=1 Ai=1 Xo=X1+1  Ng=Xp_1+1
k
1-— P, ) ( My, d )mTAnd <1 1
An "An (k+3)
F ) o my dl_msdmsd
};[1 ( Py, | Hy, mpsk b 27 2 ; A ’ ’
3 w 2bsgmgqw My, dW My, dW )
My dye s Mpy d = ...
M e wmpsk Gompsk’ Hx mpsk' ~— Hy, mMpsk
(2.39)
where
Hy, mpsk = May d + 9uprskSry dVr, a- (2.40)

In the case of independent and identically distributed (i.i.d) fading channels, all relays are expe-
riencing the same fading environment, i.e., mg,, = Mgy, bsy; = bgor, Qsp; = Qg and by, g = byq for all

i € L. Moreover, we assume that 7, 4 = 7,4 =7 for all i € L. So, H; ypsk = Hypsk for all i € L.
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By using the properties of the Lauricella function as shown below

FI(D2L+N)(a,b1,...,bN,d,e,...,d,e;c;xl,...,:CN,y,z,...,y,z)
= Fl]7\7+2(aa blv"',bNaLda Le;c;xl,...,xN,y, Z)7 (241)

for |y| <1 and |z| < 1,

the average SEP, Pfﬁ?sx(E) can be simplified as in equation (2.42).

PSPE (B = (2bsamea)™* G54 p s (Py)" ZL: (L> (1 — Psr>k ( Myrd )km’”d U (3)T (5 +kma)
s,MPSK QWGQ’T]S\;;PSK s k P, Hypsk [ (24 kmya)

1 2bsd7nSd myq >
b )
Gimpsk Gampsk Hupsk

|V baamsd) ™ G i (P )Li (L) (1—p8,>’€< Mrd )’“mm
ST

k=0

1
X Fg))) <2a 1- Msd, Msd, kmrd; 2+ kmrd;

mGyiipsK —\k Py Hypsk
@ (1 1 3 w 2bgqMegw Mypqw
x F — —= —kmyqg, 1 — mgq, Mg, kMyg; =; W .
D 2’ 9 rd> sds TTlsdy rds 9% GI,MPSK’ GQ,MPSK’ HMPSK

(2.42)

In the special case where the Nakagami-m parameter m,q = 1, all relay-destination

links are Rayleigh fading channels. Equation (2.39) becomes as follows

(2bsamisa)™ GTJS@J_D}@K L H; vpsk 2r42) (1
PSDE - (B) = ’ < b )F( +)<,1—md,md,—1,1,...,
S,MPSK( ) 4ngijSK = Ki,MPSK 2 s s
g ] g TMad 1 1 1 1 >
"7 Grupsk Govmpsk Hivpsk Kiwmpsk' Hpmpsk' Krompsk
S s -1 L
n Vw (2bsgmsg)™ dGTA;i[PSK H H; vpsk L) 11 1_ 11
GMsd K 9’ 9’ Msd; Msd, IET
T2 MPSK i \ i MPSK
11 3 w 2b4q M sqw w w w w >
— L 1iZw, ’ ) ) yeeey )
2" Girupsk Gompsk Hivmpsk Kiympsk Hy vpsk Krompsk
(2.43)
where
Hi vpsk = 1+ Psry pipskSd Ve, ddMPSK s
(2.44)

Kippsk =1+ QaVyr,adMPSK -
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And equation (2.42) changes to the expression below

s s -1
PSDE . (E) = (2bsamsa)™** GY'3 i pskc (HMPSK)L

s, MPSK Tsq
4G2,MPSK Knpsk

(4) 1 1 2bgqmesq 1 1 >
x F 731_mdamd7_LaL;2; ) ) ’
b (2 s Gimpsk Gompsk Hupsk ™ Kupsk

N Vw (2bsamisa) ™ GTJS\??SK (H MPSK > L

TGy 3ipsic Kypsk
G (1 1 3 w 2bggm sqw w w
x F 77_7a1_mdamda_L7L;7;w7 5 5 )
b (2 2 e 2" " Girumpsk Govpsk Hupsk Kumpsk
(2.45)

which indicates that a full diversity order of L+1 is obtained when the number of participating relays

is L (see appendix C).

M-ary quadrature amplitude modulation (MQAM)

The average SEP of the HSTCS for coherent MQAM signals is given by [AT01]

4q [ IMQAM 4> (7 IMQAM
SDF _4q _
Povigam(E) = - /0 ¢S, ( g >d9 s PyshE, ( sin? 0 ) do (2.46)
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where gyroan = 3/2(M —1) and ¢ = (1 - 1/vVM ) PSDQAM can be calculated by using the same

approach as in (2.17). Hence, P50 MQAM is given by

(2bsdmsd)m5d G;njs\j }4M = 1 1 2bsqMsy
PfﬁgAM(E) = Gsd © Hpsn Fl( — Migd, Mid; 2 »G e ot >
2,MQAM ey ,mMQam GomQam
2¢° (2bsamsa) ™ LTJS\;}Q}L}M L
B 3w LTed 1170,
T2 MQAM i=1
5 1 G G
x Fpy (1, L1 g s 5 5, e MQ“‘M)
29 L1 MQAM Lo voam
2(] (2b am d)de ijs\j }4M L L—k+1 L—k+2 L
T HPanZZ >
2 MQAM k=1 Ai=1 Aa=X+1 Ak=Ap—1+1
A R T
D )+ T sas ''vsas
oot Py, Hy, moam T (2 + Zﬁzl mmﬁ) 2
1 2bsqmsq My d My, d )
m d?"'?m d;2+ m d; ) M PR
"™ "k nz:l Gy moam | Gavgam Hay moam Hy, moam
2 Msqg T Msd—1 L L—k+1 L—k+2 L
q” (2bsamsa)"** Ly 310 am
e HPsn )OI DEED DR
2 MQAM k=1 Ai=1 Ag=X1+1 Ak=Ap_1+1
k
1-P m Mryp,d 1
H ( ST ) < TApd > FngrB) (17 1,1 — mag, M,
1L\ Py, Qx,MQAM (% +3k mmnd)
e o 0y Zm 1 Giymgam Gamam Hyvgam HAk,MQAM>
M@t TS — P di 9 T MoaMm Lonvganm’ Qxymoanm’ QxMQAM
(2.47)
where
Hi vi@am = mya + 9vuQAam Srid Ve, ds (2.48)

Qi MQAM = Myyd + 29MQAMSr;d YV, d-
In the case of i.i.d fading channels, all relays are experiencing the same fading environment, i.e.,

Mgr; = My, Dsr; = bsp, Qs = Qg and by,q = byg for all © € L. And we assume that 7, ; = 7,4 = 7 for

all © € L. So, H; yoam = Hygam and Q; voam = Qugam for all i € L. By using the properties

of the Lauricella function as shown in (2.41), the average SEP, PfﬁgAM(E) can be simplified as in
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equation (2.49).

2q (2bggmsg) ™ GMsa -t Lo/IN /1= P N\ T (1T (3 + km,
PSR g () = L2t 1’MQAM<PST>LZ< >( ) ()L + k)

s TGy Moam = \k Py, (24 kmyq)
Mg
Mird (3) <1 . ' 1 2bsamsa Myrd
X | — F — 1 —mygq, Mg, kmyq; 2 + kmyq; , ,
(HMQAM> b\2 e " " Gimoam Gavoam Hygam
@ (2bama)™ Lok (P XL: <L> (1 _ Psr>k < - >km .
TLy 3iQAm = \k Py Qnmeam 3+ kmyq

5 1 G G H
X Fl()4) (17 17 1- Msds Mesd, km?‘d; 5+ km?‘d; Y LMQAMv 27MQAM7 MQAM) .
2 2" Liymam Lovganv Quvoam
(2.49)

In the special case where the Nakagami-m parameter m,q = 1, all relay-destination

links are Rayleigh fading channels. Equation (2.47) becomes as follows

-1 I
q (2bsamsa)™** G{'Aiganm Hi vgam 2r+2) (1
pShE (E) = MQ (Z’C?)F( +)<,1—md,md,—1,1,...,
S,MQAM( ) Gg?;\jQAM g Kz,MQAM D 9 S S
g1 g TMa 1 1 1 1 >
" Grmoam | Gomgan T Himoan Kivgan® T Hovgam Kovoam
262 (2bsqmisa) ™ L300 s < (W
31 Ly N oam =1\ ZiMQAM
_11.5.1 Guvgan Gamgam Himgam Kimoam Hp vgam KL,MQAM)
© 272" Ly mgan T Lovgan’ Wivgan® Zivgav® Wim@am® ZomQam
(2.50)
where
Hivigam = 1+ Pspy @AM SrdVr,a9M@ans Kipganv = 1+ Qoyar,agmQAm, 251)

Winganm = 1+ 2Ps; MQAMriaVr,a9m@an, Zimi@am = 1+ 28047, a9MQAM -
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And equation (2.49) changes to the expression below

s s -1
SDF q (2b5qmsq)™ = GTZ\?QAM Hyrgam L
Poyigam(E) = e

Gy oA Kygam

1 1 2% 1 1
x FY) (2, 1 — mgq, msg, —L, L; 2; 2dTlsd >

Gimoam’ Gamoam” Hyuoan Kavrgam

B 2¢° (2bsamnsq)™* LT;\?[CT);M (WMQAM > g
ZMQAM

Msd
37rL2,MQAM

51 G G H K
X Fé5) <17 1a 1- Msdy Msd, _L7 La 50 LMQAMa ZMQAM, MeAM ; MQAM)
22 Li,mgam Loyvigam Wamoam ™ Zvgam
(2.52)
which again indicates that a full diversity order of L+ 1 is obtained when the number of participating

relays is L (see appendix D).

2.3 Outage analysis

In this section, we analyze the outage probability of an HSTCS. First, we evaluate the outage prob-
ability of the direct link and then we evaluate the outage probability of the HSTCS. For the sake
of simplicity, we derive the outage probability of the system when the terrestrial links are Rayleigh
fading (my,q = 1).

2.3.1 Outage probability of the direct link

The instantaneous mutual information Iz4 of the direct link is given by

Isd =

1 E
log, (1 =——1 1+ = |hsal? ) - 2.
108 (1 7u) = 1y Yo (14 3 ) (2:53)

The fraction 1/(L + 1) comes from the fact that there are L + 1 channels allocated to the L relay
links and to one direct link.

So, the outage probability Ps"gt of the direct link is defined as

POt — Pr[I,g < R] = Pr |y,q < 206FDE 1

S

(2.54)
= Pr[ysa < 7] = Fy. (en)
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where R denotes the target spectral efficiency (in bits/s/Hz), vy, = 2(F7DE — 1 and F,_,(y) denotes
the CDF of v,4. We have that

Pra) = [ )i (259
By using the Maclaurin series expansions of exp(—z),
+00 -xj
exp(—z) = Z(—l)]ﬁ (2.56)
§=0

and the table of integrals in [GRO7|, the CDF of 7,4 is obtained as below

= j Asdy(j+1) . .
F’st(y) = AdelFl (de; 27 Bde) + J:Zl(_ ) (] + 1)‘(2b5d75d)'7 2F2 (] + 17 Msd; ] + 27 17 Bsdy)
(2.57)
where
1 2bsqgMmsy Msd
Asd - — )
2bsd75d 2bsgmisq + s
Qsa
B d — — . 5
B 2bsd75d(2bsdmsd + Qsd)
and
00
pFalar, oy apibi, b 2) = 3 )y )y (2.58)

— (b1),, --- (bg),, n!
is the general hypergeometric function defined in [GR07] and (2), = z(z — 1)(x —=2)---(z —n + 1)
is a Pochhammer symbol.

Hence, the outage probability of the direct link is given as follows

+00 i
- Al )(J+1)
out sd\Vth
= Asavtm P! md§2§Bdh+E —1) —
sd sdVthl 1( s sdVt ) j:l( (] + 1) (Qbsdpysd)

oF> (7 +1,mgq;5 +2,1; Bsayn) -

(2.59)

2.3.2 Outage probability of the HSTCS

To derive the outage probability of the system we need to know the PDF or the CDF of the instan-
taneous received SNR at the output of the MRC.
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The instantaneous mutual information Igpr of the HSTCS is given as
1 e
Ispr = 7 1 logy (1 + Yamc) (2.60)

where ’yfﬁ% is the instantaneous received SNR at the output of the MRC and is given as

FMRC = Vsd + D rid: (2.61)
eC
So, the outage probability P3% . of the the HSTCS is defined as

P =Pr[Ispr < R] = Pr [&}?4%% < o(L+DR _ 1} ( |
2.62

=Pr [Yithe < ) = Fyspr (Ven)

Actually, it will be difficult to find the PDF of 752, given in (2.61) because the decoding set C
is unknown. To treat this problem we invoke the technique described in [BH06], where the system
in Fig. 2.1 can be considered as a communication system consisting of L + 1 effective paths between
the satellite and the destination. Let path number 0 be the s to d direct link and path ¢ be the
s — r; — d relayed link where ¢ = 1,...; L. Let x; be the instantaneous received SNR of the relayed
link 4 at the destination which takes into account both the s to r; and the r; to d link. Therefore, the
PDF of x; can be obtained as

ff(i (y> = f)~<1|n Decodes Incorrectly (y)PI‘ [ri Decodes Incorrectly]

(2.63)
+ fxilrs Decodes Correctly (¥)Pr [r; Decodes Correctly] .
So, equation (2.61) can be rewritten as
L
Tate = Vsa + Z Xi = Vsd + YDF (2.64)
i=1
where
L
TpF =Y Xi (2.65)
i=1

The probability that the relay r; decodes incorrectly is the outage probability, P2%, of the satellite-

sr;

relay r; link and the probability that the relay r; decodes correctly is (1 — PSO;?). This ngt can be
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calculated by using the same approach as in (2.54) and is given as below

Asr, (%h)(j+1)
(.7 + 1)'(2b87"175r,)

“+oo
Pso;:t = Asri’Ytthl (msri; 2; Bsri’}/th) + Z(_l)J b 2F2 (] + 17 msri;j + 27 1; Bsn’)’th)

j=1
(2.66)
where
A — 1 ( 2bsri Mgy, ) Meri
ST 2b57"i78’r‘7; 2b3rrim5ri + eri Y
o (2.67)
_ 8T
e 2b87“iﬁsri (2b57“i mSTi + QSTz’) ‘
The conditional PDF of fg, .. Decodes Tncorrectly (y) is given by
f)Zi|7"i Decodes Incorrectly(y) - 5(y)7 Y >0 (268)

where (y) is the Dirac Delta function. And the conditional PDF of fg,|r, Decodes Correctly (%) i8 given
by

Yy
— exXpl— — s
QbTid’)/Tid 2brid77‘id)

ff(i\ri Decodes Correctly(y) = f’yrid(y) =i exp(—ﬁiy) = y=>0 (269)

where 3; = and 7,4 = Ey,/No is the average transmit SNR per symbol of the relay r;.

1
2177‘7; diri d

Therefore, equation (2.63) can be written as, for y > 0,
fri(y) = PRto(y) + (1 — Pot')Bi exp(—Biy) (2.70)

Hence, the PDF of 4pF is given by

fﬁDF(y) :ff(l(y)*ffm(y)*-“*ffm(y) (2'71)

where the symbol * denotes the convolution product. After some mathematical computations, the
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PDF of 4pp can be written as below

L L—k+1 L—k+2 L

(5y)+z Z Z Z

k=1 A=1 Xa=A1+1 A=Ap_1+1

k Pout
11 ( ) (fory, ) v fW@))] (2.72)
" L L—k+1 L—k+2 1 _Pé??:ut

IO WS VIR ol | | E= N P

_ out
=1 k=1 )\1:1 )\2:)\14-1 )\k )\k 1-‘,—171 1 ST'An

L
Japr (y) = (H Ps??)

i=1

where

TRo(Y) = oy aW) %o o oY) (2.73)

In the following, we will evaluate the outage probability over independent but non identically

distributed (i.n.i.d) and i.i.d fading channels.

Independent non identically distributed fading channels

By using the convolution product formula given in [AkkOS], the expression frp(y) is given as below

k

By -+ B
= E ! k — . 2.74
fRD(y) n=1 H]:nzl,m;én(ﬁ)\m - /8)\71) eXp( /B)my) ( )

Hence, the PDF of 4pF is given as follows

L
fapr(y) = (H Pé’ﬁf)

=1

L L—k+1 L—k+2 L

DY Y Y Y

k=1 A=1 Xo=A\1+1 Ap=Ap_1+1

I AL .
H ( Pout ) Z k /8)\1 5>\k /8)\ )exp(—ﬁAny)] .

n=1 STan n=1 Hm:l,m#n(ﬁ/\m -

(2.75)

The CDF of 4pr can be computed easily and given as follows

'YDF / f’YDF
— (H P;’;gt>
=1

k 1— Psog\t k o
H < Ppout ) Z k B)‘l 5>\k (1 — €Xp (_/B)my»] :

n=1 ST)\n n=1 6/\71 Hm:l,m;ﬁn </8)\m - 6/\71)

L L—k+1 L—k+2 L

RSB DD VTS (2.76)

k=1 A=1 Xo=MA1+1 Ap=Ap_1+1
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It is well known that the PDF of the sum of two independent random variables is the convolution

product of these two variables. Therefore, the PDF of ’yj\g/[%% is given as
+oo
ysnr (y) = Sape (Y = 7) fra(T)dT. (2.77)
—0o0
After some mathematical calculations, the CDF of ’yfﬁ% can be expressed as
y
F%%% (y) = /0 Fspw(y = 7) fr,(T)dr. (2.78)

By using the Maclaurin series expansions of exp(—z) and the table of integrals in [GRO07]|, the CDF

of 35E., Fyspr, (y), can be obtained as below

L L—k+1 L—k+2 l_PSo;Lt
e = (I [+ 5 % 3 T ()
i=1

k=1 A=1 Xo=X1+1 A=Ap_1+1n=1 ST)\
k

,6)\1 ﬁ)\k |:
Foa 2Y) |y E(msa; 25 Bs
X nz_:l B Hﬁrl m;én(ﬁkm —5/\n)< Nea(Y) — Asaexp(—PBa,y) |y1F1(msq )

Z ! A F(j+1 2,1; Byay)
+ — . 21472 ]+ , M da] +2,1; ay :| :
2b8d75d 2b7‘)\nd77‘)\nd (] + 1)' ’ ’
(2.79)
Hence, the outage probability of HSTCS over i.n.i.d fading channels is finally given by

L L L—k+1 L—k+2 1 —P;’,Z”
rege (T ) lr e 2 3 S 30 T1(F)

i=1 k=1 A1=1 Xa=A1+1  Ag=Ap_1+1n=1 STX
k
By -+ Ba

<) PE— . POt — Agqgexp(—PBr,vn) | Yen1 F1(mid; 2; Bsayn) — (2.80)

n=1 B>\n Hm*l m;én(ﬁkm - Bkn)

1 J ,yj-f—l

+ — th o Fy (j 4+ 1,msa;§ +2,1; By h]

Z <Qbsd7sd 2bwd7mnd> (j+ 1! ( i sdYih)

Independent identically distributed fading channels

In the case of i.i.d fading channels, i.e. §; = 8 = 2b for all i € L. And we assume that
Vrid = Yra = 7 for all i € L. By using the convolutlon product formula given in [Akk08|, the

expression frp(y) is given as below
k,k—1

(k—1)!

frp(y) = exp(—pBy). (2.81)
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Hence, the PDF of 4pFr can be expressed as follows

" Z < > (1 ;;{#ty (ikgk;)l' exp(—ﬁy)] ' (2.82)

And the CDF of 4pr can be evaluated by using the table of integrals in [GRO7],
L= Pgt\* LA
1+Z( >< Pout ) (1—exp(—5y)z o .

So, the CDF of 7}?4%% can be computed by using the same approach as in 2.78 and is finally given

f’YDF( ) (POUt

'YDF / f’YDF T)dT = POUt

as follows,

Y
Figor () = /0 Fopp (4= ) ()

- 1— pout\* y o=/ 1 \"
)+ W) F — Aggexp(— — < — )
Pl Zl ( > < Pgt ealy) = Ao exp( Qbrd%d) 2brd¥ra

- oy Ly
Y Fi(mssm+2;B —1y -
X |:( !1 1(msd7 m+ 2 de) + Z( ) <2bsd’ysd 2brd7rd>

X mZFZ(j +1,mgg;m+j+2, 1;Bsdy)}>]-

(2.84)

Therefore, the outage probability of HSTCS over i.i.d fading channels is finally given as

L k k—1 m
L\ (1- P Vih 1
e (1) () (- s 280 8 (55
k=1

Pgtip = (Pit)t

braVra” 5= \2brd7ra
x[’ytmh-ﬁ-l Fi( +92:B )+§( 1)j< 1 1 )J
——1F1(msa; m + 2; Bsayen - —
(m + 1)! ? sdt = 2bsd73d 2brd'7rd
,ym—i-j-i-l
mzﬁ‘z(j +1,msggsm+j+2,1; Bsdf)/th):| .

(2.85)
Although the outage probability in (2.80) and (2.85) is expressed as an infinite sum of general
hypergeometric functions, it is convergent when the number of terms j in the sum of (2.80) and (2.85)

is high enough, i.e., 7 > 1.
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Table 2.1: LMS channel parameters [ALAKO3]
Data set

bSQ? mSJ? QS])

Frequent Heavy Shadowing (FHS) | 0.063 | 0.739 | 8.97 x 10~*

Average Shadowing (AS) 0.126 | 10.1 0.835

Infrequent Light Shadowing (ILS) | 0.158 | 19.4 1.29

2.4 Simulation results

In this section, the outage probability and the average SEP of an HSTCS are obtained through
simulation. These simulation results are compared to the analytical results presented in the previous
sections. The outage and SEP curves are plotted versus the average transmit SNR per symbol,
E;/Ny, for different number of participating relays L = 0,1,2,3 (L = 0, corresponds to the direct
transmission only). The numerical values for the LMS channel are shown in Table 2.1. The target
spectral efficiency R is assumed to be 1/(L + 1) bits/s/Hz which corresponds to v, = 0 dB. We
assume that the average transmit SNR per symbol of the satellite-destination link is equal to the
one of the relay-destination links (Es/No = E,,/Ny). The figures show that our analytical results
show excellent agreement with the simulation results for both i.n.i.d fading channels and i.i.d fading

channels. This confirms the accuracy of our performance analysis.

2.4.1 Outage curves

Fig. 2.2 shows the outage probability of an HSTCS over i.n.i.d fading channels when the direct link
experiences the FHS. The first, the second and the third satellite-relay links experience the ILS, the
FHS and the AS respectively while their terrestrial links experience the Rayleigh fading with the
average power channel gain equal to 1, 0.5 and 0.25 respectively. We can observe in the figure that
the 1-relay system provides a diversity gain of 11.5 dB at the outage rate of 10~! over the direct link
while the 3-relay system provides a diversity gain of 14 dB over the direct link at the same outage

rate. We can also notice that the 2-relay system does not provide much diversity gain over the 1-relay
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Figure 2.2: The outage probability of an HSTCS versus the average transmit SNR, Eg/Ny, when the
direct link experiences the FHS. The first, the second and the third satellite-relay links experience
the ILS, the FHS and the AS respectively while their terrestrial links experience the Rayleigh fading

with the average power channel gain equal to 1, 0.25 and 0.5 respectively.

system in the low-SNR regime. This is because of the strong fading of the second relay link.

Fig. 2.3 plots the outage probability of an HSTCS over i.i.d fading channels when both direct and
satellite-relay links experience the FHS and the terrestrial links are Rayleigh fading with the same
average power channel gain equal to unity. In this case, we can achieve approximately 5.5 dB of
diversity gain at the outage probability of 107! when only one relay is participating. In addition, this

diversity gain does increase to approximately 8.5 dB when L = 3.

2.4.2 SEP curves

Figs. 2.4 and 2.5 show the average SEP of 8PSK and 16QAM HSTCS respectively over i.n.i.d fading

channels. The channel parameters for each curve simulation are summarized in Table 2.2 and the
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Figure 2.3: The outage probability of an HSTCS versus the average transmit SNR, E/Np, when
both direct and satellite-relay links experience the FHS and the terrestrial links are Rayleigh fading

with the average power channel gain equal to unity.

diversity gains at the SEP of 10~! are provided in Table 2.3. We can see from the Fig. 2.4 that the
SEP curves of the 3-relay system and 2-relay system are nearly superimposed. This effect comes from
the fact that the third relay link experiences the FHS.

Furthermore, Figs. 2.6 and 2.7 show the average SEP of QPSK and 16QAM HSTCS respectively
over i.i.d fading channels. The channel parameters for each curve simulation are described in Table 2.4
and the diversity gains at the SEP of 10~! are given in Table 2.5.

In order to see the diversity properties of HSTCSs, we compare SEP curves of a system in which
the average transmit SNR per symbol of each relay, E, /Ny, is equal to Es/Ny (Ey,/No = Es/Ny)
with a system in which the total average transmit SNR per symbol of all relays is equal to Es/Ny
(ZZ.LZI E. /[Ny = ES/N()), as shown in Figs. 2.8 and 2.9 for the case of QPSK and 16QAM respectively.
We can observe from Figs. 2.8 and 2.9 that the diversity order is always L + 1 for these two different
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Table 2.2: Parameters of SEP simulation curves over i.n.i.d fading channels

Modulation scheme | s — r; links r; — d links
s—r1: ILS | r1 —d: my g =3.5
Fig. 2.4 8PSK s—ry: AS | ro —d: myp,q = 5.6
s—r3: FHS | r3 —d: my,q = 1.2
s—ry: AS ry—d: mpg=1
Fig. 2.5 16QAM s—ry: FHS | ro —d: my,q = 0.5
s—r3: ILS | r3 —d: my,q =28

Table 2.3: Diversity gain of the HSTCS at the SEP of 10~! over i.n.i.d fading channels

1-relay system

2-relay system

3-relay system

Fig.

2.4 12.5 dB

15 dB

15.5 dB

Fig.

2.5 10 dB

11 dB

15 dB

Table 2.4: Parameters of SEP simulation curves over i.i.d fading channels

Modulation scheme | s — r links r — d links
Fig. 2.6 QPSK s—r: FHS | r—d: mp,q=1
Fig. 2.7 16QAM s—r:AS | r—d: my,g=1

Table 2.5: Diversity gain of the HSTCS at the SEP of 10~! over i.i.d fading channels

One-relay system

Two-relay system

Three-relay system

Fig. 2.6

7 dB

10 dB

12 dB

Fig. 2.7

10 dB

13 dB

15 dB

transmit SNR per symbol scenarios.
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Figure 2.4: The average SEP of a 8PSK HSTCS versus the average transmit SNR, Es/Np, when the
direct link experiences the FHS. The first, the second and the third satellite-relay links experience the
ILS, the AS and the FHS respectively while their terrestrial links experience the Nakagami-m fading
with m,q equal to 3.5, 5.6 and 1.2 respectively.

2.5 Conclusion

In this chapter, we study the performance in terms of the outage probability and the SEP of an
HSTCS. The SDF transmission scheme has been implemented. In the first phase, the satellite broad-
casts its signal to all relay nodes and the destination node. In the second phase, only relays that can
decode the satellite message correctly are allowed to forward the satellite message to the destination
node. Then the destination combines the direct and the relay links signals using the MRC technique.
The exact closed-form expressions for the outage probability and the average SEP of the general
MPSK and MQAM HSTCS over independent but not necessarily identically distributed fading chan-
nels have been derived. The results have shown that a full diversity order of L + 1 can be obtained

when the total number of relays is equal to L. Moreover, it can be seen from the outage and the
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Figure 2.5: The average SEP of 16QQAM HSTCS versus the average transmit SNR, Es/Ny, when the
direct link experiences the FHS. The first, the second and the third satellite-relay links experience the
AS, the FHS and the ILS respectively while their terrestrial links experience the Nakagami-m fading
with m,q equal to 1, 0.5 and 2.8 respectively.

SEP curves that our analytical expressions show excellent agreement with the simulation results. The

obtained outage and SEP expressions will provide valuable insight into the design of the HSTCS.
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Figure 2.6: The average SEP of a QPSK HSTCS versus the average transmit SNR, F,/Ny, when
both direct and satellite-relay links experience the FHS and relay-destination links are Rayleigh

fading (m,q = 1) with the average channel power gain equal to unity.
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Figure 2.7: The average SEP of a 16QQAM HSTCS versus the average transmit SNR, Es/Ny, when the
direct link experiences the FHS and the satellite-relay links experience the AS and relay-destination

links are Rayleigh fading (m,q = 1) with the average channel power gain equal to unity.
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Figure 2.8: The analytical SEP of a QPSK HSTCS with different transmit SNR, E., /Ny, scenarios,
when both direct and satellite-relay links experience the FHS and relay-destination links are Rayleigh

fading (m,q = 1) with the average channel power gain equal to unity.
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Figure 2.9: The analytical SEP curves of a 16QAM HSTCS with different transmit SNR, E,./No,
scenarios, when the direct link experiences the FHS and the satellite-relay links experience the AS
and relay-destination links are Rayleigh fading (m,; = 1) with the average channel power gain equal

to unity.
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In this chapter, we study the performance in terms of outage probability and average SEP of
an HSTCS with best relay selection. An SDF scheme is implemented between the satellite and a
destination node, and a selection of the best relay terminal is performed. In this proposed system,
a two time-slot scenario is considered. During the first time slot, the satellite is broadcasting the
information to the terrestrial relays and the destination. In the second time slot, only the best relay
is allowed to forward the satellite message to the destination node. The selected relay is the one that
provides the best link quality between a relay and the destination. Then, both signals are combined
using the MRC technique.
closed-form SEP expressions of the arbitrary MPSK and MQAM signaling over independent but not

necessarily identically distributed fading channels. These closed-form expressions are represented in

61

The first part of this chapter focuses on the calculation of the exact
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terms of a finite sum of Lauricella hypergeometric functions )

, which can be numerically com-
puted using their integral or converging series representation. In the second part of this chapter, the
exact closed-form outage expressions are derived. These outage expressions are represented in terms
of a sum of general hypergeometric functions ,F,(.) which is available in Matlab. The analytical
expressions shows excellent agreement with the simulation results. Numerical results show that when
the direct link experiences the frequent heavy shadowing and the satellite-relay links are under the
average shadowed fading condition, the 1-relay system using QPSK can achieve the diversity gain

of approximately 10 dB at the SEP of 10~! with respect to the direct transmission. It increases to

around 14.5 dB for the case of the 3-relay system.

3.1 System and channel models

The system model is represented in Fig. 3.1. The system consists of one satellite source denoted by
s, L terrestrial relays denoted by r1, 79, ..., 1, and a destination denoted by d. We assume that each
terminal is equipped with a single antenna and is able to implement the cooperative functionality.
The transmission is divided into two phases. In the first phase (broadcasting phase), the satellite
broadcasts its signal to the set of L relay nodes and the destination node. The baseband received

signal at the destination and the relay r; can be modeled, respectively, as

Ysd = V/ E;shsd$ + Nsd

(3.1)
Ysr; = V Eshsril' + Ngp;

where F; is the average transmitted energy per symbol of the satellite, hgq is the channel coefficient
between the satellite and the destination, hg,, is the channel coefficient between the satellite and the
relay r;, x is the transmitted symbol with unit power, ng; and ng,, are the AWGN of the satellite-
destination link and at the satellite-relay r; link respectively.

We define the decoding set C, with cardinality |C| < L, as the set of relays that can decode the
satellite message correctly, i.e., the relay node is said to belong to the decoding set provided that the
channel between the source and the relay node is sufficiently good to allow for successful decoding. In

the second phase, only one relay is selected from the decoding set C for forwarding the information.
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Satellite

— Phase 1: satellite to relays
and destination
---» Phase 2: best relay to

destination

// Destination d

Figure 3.1: Hybrid satellite-terrestrial system with L relays and one destination.

Actually, the relay selection takes place between the two phases. The selection can be achieved using
the same approach as in [BKRL06]. The selected relay is the one that provides the best link quality
between a relay and the destination. The baseband received signal at the destination from the best

relay rgr can be modeled as

Yrond = \/ Erpplep pd® + Ny ppd (3.2)

where
BR = argmaxriec{]h”dp}, (3.3)
E, . is the average transmitted energy per symbol of the best relay, h, .4 is the channel coefficient

between the best relay rpr and the destination, h, 4 is channel coefficient between the relay r; and
the destination, z is the decoded symbol at the relay r; with unit power and n, 4 is the AWGN of

the best relay rpr-destination link. Then, both signals from the two phases are combined using the
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MRC technique.

We assume that the channels are frequency-flat, independent, but not necessarily identically dis-
tributed, fading channels. We also assume that the CSI is perfectly known at the receiver and not
known at the transmitter. Furthermore, in our analysis, we assume that the AWGN terms of all links

have zero mean and equal variance Ny. The statistics of the channel models are defined as follows.

e The satellite-destination and the satellite-relays link are modeled as LMS fading channels
[ALAKO3]. The probability density function (PDF), fi;,..2(y) of the power channel gain, |hs.|?,
is given in [ALAKO03| as

f ( ) o 1 2b81‘m5$ Mew _ y
|h‘373|2 y B 2b51’ 2b8$m8$ + QSI‘ eXp 2b81‘

Qsmy >
X 1F1 | Mgy; 1, ,fory >0
i < * 2bsy (2bsxmsx + st)

(3.4)

where the second subscript * = d and x = r; when we deal with the satellite to the destina-
tion and the satellite to the relay r; channels respectively. The parameter (g, is the average
power of the LOS component, 2bg, is the average power of the multipath component, and myg,
is the Nakagami parameter ranging from 0 to co. The function ;Fj(a;b; z) is the confluent

hypergeometric function defined in [GR07] by

1F1(a;b;2) = 7;) EZ)): %

where (), = z(x +1)...(z +n —1).

e The i relay-destination link is modeled as a Rayleigh fading channel. The PDF, Tl al? (y) of

the power channel gain, |h,.4|?, is defined in [SA05] as the exponential distribution

1 Yy
S a2 (y) = Sy P <_2br¢d) ,for y >0 (3.5)

where 2b,. 4 is the average power of the multipath component of the ith relay-destination link.
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3.2 Average SEP of the HSTCS with best relay selection

3.2.1 The instantaneous received SNR
The instantaneous received SNR at the output of the MRC is given as

MiRe "= Ysd + X () (3.6)

Actually, it will be difficult to find the PDF of 7]5;[%%*3 R given in (3.6) because the decoding set
C is unknown. To treat this problem we invoke the technique described in Subsection 2.2.2.
Let & be the instantaneous received SNR of the relayed link ¢ at the destination which takes into

account both the s to r; and the r; to d link. Therefore, the PDF of & can be obtained as

ffi (y) = fﬁl|n Decodes Incorrectly (y)PI‘ [Ti Decodes Incorrectly]

(3.7)
+ f§i|ri Decodes Correctly (y)Pr [Ti Decodes COrrectly] .
So, equation (3.6) is equivalent to (3.8)
Varre = Yed + max (&) ="sa+BR (3.8)
where
YBR = max (&) . (3.9)
€L

The probability that the relay r; decodes incorrectly is the average SEP, P, , of the satellite-relay
r; link. And the probability that the relay r; decodes correctly is (1 — Ps,,). The expressions of Ps,,
are given by equations (2.29) and (2.30) for MPSK and MQAM modulation schemes respectively.

The conditional PDF of f¢, |, Decodes meorrectly (¥) 18 given by

f§i|ri Decodes Incorrectly(y> = 5(2/)7 Y Z 0 (310)

where §(y) is the Dirac Delta function. And the conditional PDF of f¢ |, Decodes Correctly (%) 18 given
by

- 1* eXp(_ yf )
QbTiderid 2b7"id7rid

f£i|7“i Decodes Correctly(y) ) > 0 (311)

where 7, ; = Er,/No is the average transmit SNR per symbol of the relay r;.
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Therefore, equation (3.31) can be written as

fei(y) = Par,0(y) + (1 = Por,)

1 y
)————exp(—=——), y > 0.
2bn‘d7rl~d ( 2bnd7rl~d ) Y

And the CDF of &; can be written as

Fe(y) =1— (1= Py,)exp(——2

T am— > 0.
QbT'id/YTid) Y

The CDF of ypr can be computed as follows

L
F,..(y) =Pr [meax(& <y] HPI" (& <y) = HF&(?J)
=1
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(3.12)

(3.13)

(3.14)

The PDF of ypg can be found by taking the derivative of (3.14) with respect to y and after some

mathematical computations, f,,,(y) can be written as

L L—k+1 L—k+2 L
Fron(y (]_[113) 5(y)+;(_1)(k+1) SY 0%

A1=1 Ao=A1+1 A=Ap_1+1

k k
Y 1
X 1- P, B T — E — |, y >0.
[g ( An) P ( 2bmnd'7mnd>] (n: b > Y

1 2 T’/\nd’}/T)\nd

3.2.2 Moment generating function

The MGF of 'yf/[%%_BR can be obtained as

¢ spr-BR(8) = ¢n,4(8)Drpp(5)-

where ¢, ,(s) is the MGF of ypg and is given by
o
d)’YBR(S) =K [e_sy] = /0 e_syf’YBR (y)dy
L L—k+1 L—k+2 L
(flen) s S
i k=1

L
S
=1 A1=1 Ag=XA1+1 Ap=Ap_1+1
k
X H(l Py, )
n=1

k 1 —1
o — s+ .
<n§1 2br*nd7ﬁnd> < Z 2bm dfym d)

(3.15)

(3.16)

(3.17)



3.2 - Average SEP of the HSTCS with best relay selection 67

3.2.3 M-ary phase-shift keying (MPSK)

The average SEP of the HSTCS with best relay selection for coherent MPSK signals is given by

[ATO1]
— 1 (" gMPSK
SDF—BR
Ps,MPSK (B) = 77/0 ¢7§£?%st ( i g ) do (3.18)
= sin? i - SDF—BR
where gyrpsk = sin®(w/M). By using the same approach as in (2.38), we can get P,y /pon (E) as

shown below

(2bsamsd) ™ G s (- 1 1 WoiMiad
PSPE-BR(py — ’ P,,. F1<,1—md,md;2; , s >
A PsK (E) G E STy 2 IO Gy mpsk T Gampsk
3 2b dMesd msdGde_l L—k+1 L—k+2 L
R YR D S
2,MPSK k=1 A=1 o=+l  Ap=Ap_1+1
k k
1 1
1-P
};{1( 5T ) <; 2bmnd7mnd> U, MPSK
k 1
o (1 o1 2bamg ST
XFD 7517m8d7m8d71a3a ) )
2 Gimpsk G2,MPSK U, ,MPSK
\/J(Qbsdmsd)deGT]S\g[;’}S'K L
+ Gmsd : PST’l’
T MPSK i—1
@ (1 1 3 w 2b5dmsdw>
XF 77_771_md7md;7;w7 )
D <2 2 T Gympsk T Gampsk
. sa—1 L L—k+1 L—k+2 L
Vw(2bsgmsg)™ dGT]\jPSK 1)(k+1)
) SRS S >
2,MPSK k=1 A=1 do=M+1  Ap=Ap_1+1
k k
1 1
1-P
};{1( st ) (T; 2bmnd7mnd> Ux,,MPSK
k 1
F(4) 1 3 . 3 . w 2b8dm8dw w Zn:l Qbrkndﬁr)\nd
X D 77_751_msdam8d71777w7 3 )
27 2 2" Gimpsk Gompsk U, ,MPSK

(3.19)
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where

Gi,mpsk = 1+ 2bsqVq9MPSK

Go.vpsk = 2bsamsq + 2b5q7 sqgn PsK (20samsa + Qsa), (3.20)
i 1

Ux,,MPSK = gMPSK + P —
T; 2b’f’)\nd’}/r>\nd

In the case of i.i.d fading channels, all relays are experiencing the same fading environment, i.e.,
M, = Mr, bsr; = bsp, Qs = Qg and by,q = byq for all i € L. And we assume that 7,5 = 5,4 =7

for all i € L. So, U, mpsk = Uk,mpsk for all i € L. Then the average SEP, PEADH;EI%R(E), can be

simplified as

sd—1
pSDF-BR (2bsamsa) ™G 3 psic (PL) Fy <1 1 2b54M.q )

JMPSK (E) = M, = L — Mg, Mgg; 2; )
° 4Gy jipsk Gi,mpsk G2MPsk

3(2bsamsd) ™ G s & L k 1
; _1)(k+D) 1- P, k
S ) )

Maq —
16Gy 31 psk —1 2braVra) Uk,mpsk

_k
1 2bsqamsq 2brd%ra )

® (1
x F —, 1 —mgq, msg, 1; 3; , ,
D (2 s s Gimpsk Gompsk Uk nmpsk

== L —mgg, meq; =

V@ (2bsqmisd) ™1 G 5 s s (PL) F (1 1 3 w  2bggmgqw
sr D

Msd
WGQ,MPSK

Vo (2bsqmisa) " Gl i & L k 1
5 _1 (k+1) 1_Psr k
+ }k:x ) ) )

mg —_—
TGy 3 psi 2bra%ra) Uk,mPsk

1

_k
w 2bsqm sqw w25rd’¥rd>

w? b} b
Gimpsk Gompsk Uk mpsk

n(1 3 3
< FY <27—2’1 = M M 1 3

(3.21)

where

(3.22)

Uk, mPsk = gupsk + —.
2b7’d’)/1"d

w
27 2 2" Gimpsk’ Ga,mpsk

)
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3.2.4 M-ary quadrature amplitude modulation (MQAM)

The average SEP of the HSTCS with best relay selection for coherent MQAM signals is given by
[ATO01]

4
PERGARE) = 2 [ 6 spe o (P4E0L) a9 - LU P (Lamr) gy (3.23)
0

where grprgan = 3/2(M —1) and ¢ = <1 —1/V ) SSAZSA?/[R can be calculated by using the same

approach as in (2.46).

1 L
Q(2bsdmsd) GT;; AM 1 1 2bsqgMmsy
pSDE-BRpy — @ Py, F1<,1—md,md, s s >
omoan (E) Gyitoan }_[1 o 2 PN Gy mgam” Gavoam
3(2begmag)™ G?j\zIQ}LXM L L—k+1 L—k+2 L
(kD)
e PRC D DD DR
4G2uMQAM k=1 M=1 do=A+1  Ag=Xp_1+1
k k
1 1
1-P —
}_[1( ) (; 2bmnd7mnd> U, MQAM
k 1
" F(g) 1 |~ g 13 1 2bgg Mgy Zn:l 2bry d7Vry d
b\ 2 e ’G1,MQAM’ Gamoam’™ — Ux, mQam
STy
3Ly 3 MQAM el

51 G G
X FR) (11,1 = g, g o 5, At QAN
2°2 Livmgam Lovoam

2 m 1 L—k+1 L—k+2 L
2¢°(2bsqmsa)™ s L] f\?QAM Z 1)(k+1) Z Z Z
5w Ly
2,MQAM k=1 A1=1 Ag=A1+1 Ap=Ap_1+1

k 1
1 —
1;[ Fors, (Z 20y, d s, d> Van MQAM

71 Gimgam Gomam U)\n,MQAM>
2°2 L, MoaMm Lovganm’ Va, mMoam

Fgl) <17 17 1- Msd, Msd, 17
(3.24)
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where

Gi1moam = 1+ 2bsqVq9MmQAM,
Gom@am = 2bgamigq + 2bsaVsqgniQans (2bsamsq + Qsa)

Liyvgam = 1+ 4bsaVq9nmQam,

Lo vganm = 2bgamisg + 4bsqVsqgniant (2bsamisg + Qsq), (3.25)
b 1
Ux,,MQAM = gMQAM + _
T; 2b7")\nd7r>\nd
b 1
Van,MQAM = 29MQAM + P —
Q Q 7’; 2b7“>\nd7'r>\nd

In the case of i.i.d fading channels, all relays are experiencing the same fading environment, i.e.,
Msr; = Msr, bsy; = b, Qsp; = Qg and by,q = byg for all ¢ € L. And we assume that 7, ; = 7,4 =7
for all i € L. So, Ux; mgam = Uk,m@anm and Vy, prgam = Vi,mganm for all i € L. Then the average

SEP, Pf ADﬁ;gﬁR (E), can be simplified as follows

—1
q(2bsqgmsa) ™ G5 1 1 2bsam
SDF—BR 1,MQAM L 9. d d
PS,MQAM (E) = TMed (PST) Fl <2) 1-— Msd, Msds 27 Gl MQAM’ G2 LQZM)

2, MQAM
s s -1 L
BQ(2bsdmsd)mdeTﬂjQ‘4M -1 (k+1) L 1-P k K 1
+ Msd Z( ) ( 57') —
4G 3qam P k 2braVra) UkmQam
k
@3 (1 1 20sqMsd  Dbravg
X F =, 1 —mgq,mgq, 15 3; 5 s
b <2 s Gi,mQam Go,mQam UkmQam
2 s s -1
B 2¢° (2bgqmsq)™ dLT]\;i[QAM (PL) F(B) <1 11— g, o ?1 G1,mMQAM G2,MQAM>
37TL727?]S\}QAM sr D P sas S a2a 25 LLMQAM’ LZMQAM

2 Mg T Msd—1 L
B 2q°(2bsgmsq) dLL]\}QAM Z(_l)(kﬂ) (L> (1P )k < k ) 1
5Ly i an — k 0\ 200,40 ) Vim@am

71 @G G U
x Fgl) <1a 11 1- Msd, Msd, 17 ) LMQAMv 27MQAM7 k7MQAM)
22" Livmgam Lo vgan Vimoam
(3.26)
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where
Uk, MQam = gmQam + —,
° @ 2brd7rd (3 27)
L )
Vi, Moam = 29mQam + —.
° @ 2b7‘d77‘d

3.3 Outage probability of the HSTCS with best relay selection

The instantaneous mutual information of the HSTCS with best relay selection is defined as

1 - _
Ispr_BR = B logy <1 + "}/}?4[])%% BR) (3.28)

where W}E%IEB R is the instantaneous received SNR at the output of the MRC and is given by

:)/]‘?/[DRFC"_BR = Ysd T I?eaCX <7r¢d) . (329)

The fraction 1/2 comes from the fact that there are only two channels (two time slots) are used,
one is allocated to the relay link and another one is allocated to the direct link.

Therefore, the outage of the HSTCS with best relay selection can be computed as follows

PS§p_pr =PrlIspr-pr < R] =Pr [Wﬂ%%’BR < 22 1]

(3.30)

SDF—-BR
=Pr YMRC < %h] = F,yiﬁ%FC*BR('Yth)

where v, = 228 — 1.

Actually, it will be difficult to find the PDF of ﬁfﬁgg;BR given in (3.29) because the decoding set
C' is unknown. To treat this problem we invoke the technique described in Subsection 2.3.2.

Let g} be the instantaneous received SNR of the relayed link ¢ at the destination which takes into

account both the s to r; and the r; to d link. Therefore, the PDF of 51 can be obtained as

e (y) = féiln- Decodes Incorrectly (y)Pr [r; Decodes Incorrectly]

(3.31)
+ f£~1|7'Z Decodes Correctly (y)PI‘ [Ti Decodes Correctly] .
So, equation (3.29) is equivalent to (3.32)
Yatre D= Ysa + max (é) = Ysd +VBR (3.32)
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where
VBR = Max <§z> : (3.33)

The probability that the relay r; decodes incorrectly is the outage probability, P2%, of the satellite-

8r; ?
relay r; link and the probability that the relay r; decodes correctly is (1 — Psf’;ft) The expression of
Pg" is given in (2.66).

The conditional PDF of f&ln Decotes Incorrectly(y) is given by

fgzln Decodes Incorrectly(y) =4(y), y=0 (3.34)

where §(y) is the Dirac Delta function. And the conditional PDF of J&1r: Decodes Correctly (¥) 15 given
by

1 Y

——— eXp(— —
Qb’/’zd’}/rld 2led’7'r,Ld
where %,.; = E;, /Np is the average transmit SNR per symbol of the relay r;.

fgllrl Decodes Correctly(y) = ,y=20 (335)

Therefore, equation (3.31) can be written as, for y > 0,

1 y
: (y) = P26 1— P2 —— exp(———"——). 3.36
fe.(w) T0(y) + ( Z)and%d p( 2bnd%d) (3.36)

And the CDF of & can be written as

Y
F- =1 Paut ]
A (1 ) exp(— TR (3.37)
Hence, the CDF of 4pr can be computed as follows
. L 3 L
Frpp(y) = Pr [I?Eag (5) < y] = 1:11 Pr (&- < y) = ]:[ng (). (3.38)

By using the following property,
L L—k+1 L—k+2 L

L k
[[a+ran=1+> > > . > [l (3.39)
k=1

k=1 A=1 Xo=A\1+1 A=Ap_1+1n=1

the CDF of 4pg can be rewritten as below

L k+1 L—k+2 L k y
SURIES SEIIS U JRD ol || (SR | O wemeeey
k=1 A1=1 Ao=A1+1 Ap=Arp_1+1 Ln=1 n=1 TA"d,yTAn




3.3 - Outage probability of the HSTCS with best relay selection 73

The PDF of the sum of two independent random variables is the convolution product of these two

variables. Therefore, the PDF of 5/]‘?4%%_3 R g given as

+oo
f;/?‘/[[]){lg—BR(y) = - Japr (W — T) frya(T)dT. (3.41)
After some mathematical computations, the CDF of &%%%*B R can be expressed as
Yy
F;{]%‘/IDRIZ’—BR(y) = /0 Fspn(y—7) fr.u(T)dr. (3.42)

By using the same approach as in (2.78), the CDF of &%%%_BR, F,?SDIZV—BR(:I/), can be obtained as
M R

below

L L—k+1 L—k+2 L k
Frspronn(y) = Foy@) + Aad (1" 3 3 0 > [H (1-ro)
k=1 A1=1 do=A1+1 A=Ap_1+1 Ln=1
k y +00 ’ 1 k 1 J
( nz::l Qbﬁnd%md> [ ) ) ; 2bsdVsa ; 2br, dVr,d
ytl) ) .
X mﬂ% (J+1,mea;j +2,1; Bsdy)} :
(3.43)
So, the outage probability of the HSTCS with best relay selection is finally given by
L L—k+1 L—k+2 L k
T YL VS D RN ((BV
k=1 A1=1 do=A1+1 Ap=Ap_1+1 Ln=1
k ~ +o00 1 k 1 J
th j
X €xp - aL | = '}’tthl (m d; 2} B d'}/th) + (_1)] P ar =
( nZl 2b7")\nd77’)\nd> |: ’ ’ ; 2b8d75d 7; 2brAnd77‘)\nd
,y(j+1)
X ﬁﬂ@ (J + 1, msq; J + 2,1; Bsaven) }
(3.44)

In the case of i.i.d fading channels, all relays are experiencing the same fading environment, i.e.,
Msr; = Mgr, bsr; = bsr, Qor; = Qsry brya = bpg and 7,4 = 75,4 for all i € L. Then the outage

probability, P;’% r_Br, is reduced to (3.45).

MRC
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L
oU ou L oUu k k
P§hr_pr = Poi' + Asa Z (k> (=1)F (1 = P3") " exp <_ Wth)
k=1

2b7‘d7’rd
+oo 1 k J
o 1y B 3.45
X [’th 1 (Msd; 2; sd7th)+j;( ) (Qbsd%d Qbrd%d> ( )
(]JI'+1)
t Fo(i+1 ij+2,1;B .
(]+1)|2 2(]—|— ,Msd; ] + 2,1 sd’Yth)

Although the outage probability in (3.44) and (3.45) is expressed as an infinite sum of general
hypergeometric functions, it is convergent when the number of terms j in the sum of (3.44) and (3.45)

is high enough, i.e., j7 > 1.

3.4 Simulation results

In this section, the outage probability and the average SEP of an HSTCS are obtained through
simulation. The results are compared to the analytical results presented in the previous sections.
The outage and SEP curves are plotted versus the average transmit SNR per symbol, F,/Ny, for
different number of participating relays L = 0,1,2,3 (L = 0, corresponds to the direct transmission
only). The numerical values for the LMS channel are shown in Table 2.1 and the relay-destination
links are Rayleigh fading channels. The target spectral efficiency R is assumed to be 0.5 bits/s/Hz
which corresponds to v, = 0 dB. In order to show the diversity order, we assume that the average
transmit SNR per symbol of the satellite-destination link is equal to the one of the relay-destination
links (Es/No = Ey;/No). The figures illustrate that our analytical results show excellent agreement
with the simulation results for both i.n.i.d fading channels and i.i.d fading channels. This confirms
the accuracy of our performance analysis.

The theoretical curves of the system without best relay selection SDF schemes are also plotted as
the base line for the comparison. The results also show that the system without best relay selection
provides some small diversity gain over the system with best relay selection in the high-SNR regime.
However, the transmission scheme without best relay selection requires L + 1 orthogonal channels

while only two orthogonal channels are needed for the best relay selection scheme.
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3.4.1 Outage curves
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Figure 3.2: The outage probability of an HSTCS with best relay selection versus the average transmit
SNR, Es/Ny, when the direct link experiences the FHS. The first, the second and the third satellite-
relays experience the AS, the ILS and the FHS respectively while their terrestrial links experience
the Rayleigh fading with the average power channel gain equal to 0.5, 1 and 0.25 respectively.

Fig. 3.2 shows the outage probability of an HSTCS with best relay selection over i.n.i.d fading
channels when the direct link experiences the FHS. The first, the second and the third satellite-relay
links experience the AS, the ILS and the FHS respectively while their terrestrial links experience the
Rayleigh fading with the average power channel gain equal to 0.5, 1 and 0.25 respectively. We can
observe from the figure that the 3-relay system curve and the 2-relay system curve are superimposed
in the low-SNR regime. This is because of the strong fading of the third relay link. We can observe
in the figure that the 1-relay system provides a diversity gain of 10 dB at the outage rate of 10! over
the direct link while the 2-relay system provides a diversity gain of 14 dB over the direct link at the

same outage rate.
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Figure 3.3: The outage probability of an HSTCS with best relay selection versus the average transmit
SNR, Es/Ny, when the direct link experiences the FHS and the relay links experience the AS while
their terrestrial links experience the Rayleigh fading with the average power channel gain equal to

unity.

Fig. 3.3 shows the outage probability of an HSTCS with best relay selection over i.i.d fading
channels when the direct link experiences the FHS and the relay links experience the AS while
all terrestrial links are Rayleigh with average channel power gain equal to unity. We can achieve
approximately 5.5 dB of diversity gain at the outage probability of 10~! when only one relay is

participating. In addition, this diversity gain does increase to approximately 9 dB when L = 3.

3.4.2 SEP curves

Figs. 3.4, 3.5 and 3.6 plot the average SEP of QPSK, 8PSK and 16QQAM HSTCS with best relay
selection respectively over i.n.i.d fading channels. The channel parameters for each curve simulation

are summarized in Table 3.1 and the diversity gains at the SEP of 10~! are provided in Table 3.2.
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Fig. 3.5 shows that the 2-relay system and the 3-relay system curves are superimposed in the

low-SNR regime, i.e., Es/Np<<12 dB. This is due to the fact that the third relay link experiences the
strong fading (FHS).

Table 3.1: Parameters of SEP simulation curves over i.n.i.d fading channels

Modulation scheme | s — r; links r; — d links

s —r1: FHS r1 —d: 2bp,g=1

Fig. 3.4 QPSK s—ro: AS | ro —d: 2b,,0 =0.5
s—r3: ILS | r3 —d: 2by,9 = 0.25
s—ry: ILS ry —d: 2bp,q=1

Fig. 3.5 8PSK s—ry: AS | ro—d: 2b,,0 =0.5
s —r3: FHS | r3 —d: 2b,,9 = 0.25
s —ry: ILS r1 —d: 2bpq=1

Fig. 3.6 16QAM s —1r9: AS rog —d: 2bp,g =1
s—r3: ILS | 73 —d: 2by5q = 0.5

Table 3.2: Diversity gain of the HSTCS with best relay selection at the SEP of 10~! over i.n.i.d fading
channels

1-relay system | 2-relay system | 3-relay system
Fig. 3.4 7 dB 11 dB 11.5dB
Fig. 3.5 10.5 dB 12.5 dB 12,5 dB
Fig. 3.6 10 dB 13 dB 13.5dB

Furthermore, Figs. 3.7, 3.8 and 3.9 illustrate the average SEP of QPSK, 8PSK and 16QAM HSTCS
with best relay selection respectively over i.i.d fading channels. The channel parameters for each curve
simulation are summarized in Table 3.3 and the diversity gains at the SEP of 10~! are provided in

Table 3.4. Table 3.4 shows that the 1-relay system provides around 10 dB of diversity gain at the
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Figure 3.4: The average SEP of a QPSK HSTCS with best relay selection versus the average transmit
SNR, Es/Np, when the direct link experiences the FHS. The first, the second and the third relay
experience the FHS, the AS and the ILS respectively while their terrestrial links experience the

25 30

Rayleigh fading with the average power channel gain equal to 1, 0.5 and 0.25 respectively.

SEP of 10~! while the diversity gain of 14.5 dB can be obtained for case of 3-relay system.

Table 3.3: Parameters of SEP simulation curves over i.i.d fading channels

Modulation scheme | s — r links r — d links
Fig. 3.7 QPSK s—1:AS | r—d: 2bq=1
Fig. 3.8 8PSK s—1:AS | r—d: 2bg=1
Fig. 3.9 16QAM s—r: ILS | r—d: 2b,gq =1
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Figure 3.5: The average SEP of a 8PSK HSTCS with best relay selection versus the average transmit
SNR, Es/Np, when the direct link experiences the FHS. The first, the second and the third relay
experience the ILS, the AS and the FHS respectively while their terrestrial links experience the
Rayleigh fading with the average power channel gain equal to 1, 0.5 and 0.25 respectively.

Table 3.4: Diversity gain of the HSTCS with best relay selection at the SEP of 10! over i.i.d fading

channels
1-relay system | 2-relay system | 3-relay system
Fig. 3.7 10 dB 13 dB 14.5 dB
Fig. 3.8 10 dB 13 dB 14.5 dB
Fig. 3.9 10 dB 13.5dB 14.5 dB

3.5 Conclusion

In this chapter, we study the performance in terms of the outage probability and the SEP of an

HSTCS with best relay selection. The SDF transmission scheme has been implemented. The two
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Figure 3.6: The average SEP of a 16QQAM HSTCS with best relay selection versus the average
transmit SNR, Fy/Ny, when the direct link experiences the FHS. The first, the second and the third
relay experience the ILS, the AS and the ILS respectively while their terrestrial links experience the
Rayleigh fading with the average power channel gain equal to 1, 1 and 0.5 respectively.

time-slot scenario is considered. During the first time slot, the satellite broadcasts the information to
the terrestrial relays and the destination. In the second time slot, only the best relay is transmitting
toward the destination node. The selected relay is the one that provides the best link quality between
a relay and the destination. Then, both signals are combined using the MRC technique. The exact
outage probability and the exact closed-form SEP expressions of the general MPSK and MQAM
HSTCS with best relay selection over independent but not necessarily identically distributed fading
channels have been derived. The results have shown that a full diversity order of L+1 can be obtained
when the number of participating relays is equal to L. Moreover, it can be seen from the SEP curves
that our analytical expressions show excellent agreement with the simulation results. The obtained

outage and SEP expressions will provide valuable insight into the design of an HSTCS with best relay
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Figure 3.7: The average SEP of a QPSK HSTCS with best relay selection versus the average transmit
SNR, Es/Np, when the direct link experiences the FHS and satellite-relay links experience the AS
while their terrestrial links experience the Rayleigh fading with the average power channel gain equal

to unity.

selection especially in the emergency communication systems.
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Figure 3.8: The average SEP of a 8PSK HSTCS with best relay selection versus the average transmit
SNR, Es/Np, when the direct link experiences the FHS and satellite-relay links experience the AS
while their terrestrial links experience the Rayleigh fading with the average power channel gain equal

to unity.
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Figure 3.9: The average SEP of a 16QAM HSTCS with best relay selection versus the average transmit
SNR, Es/Ny, when the direct link experiences the FHS and the satellite-relay links experience the
ILS while their terrestrial links experience the Rayleigh fading with the average power channel gain

equal to unity.
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CHAPTER 4

Performance analysis of OFDM-HSTCS

Contents
4.1 OFDM systemmodels . . . . . . . i v v it v v v v v v v vttt oo v o 85
4.2 Synchronization ISSUES . « v v v v v o v v v o o 0 0 s 0 o v 0 0 o o v o v v o a s 87
4.2.1 Propagation time delay issues . . . . . . .. ... oL 88
4.2.2 Doppler spread issues . . . . . . . ..o 89
4.3 Performance analysis of the OFDM-HSTCS . ... ... ..o 93
4.3.1 SEP of the OFDM-HSTCS without direct link . . . . ... ... ... .... 94
4.3.2 Numerical results . . . . . . . . . L 98
4.4 Conclusion . . . . . . o i i i i i i e e e e e e e e e e e e e e e e e e e e e e 101

In this chapter, we investigate the performance in terms of SEP of Orthogonal Frequency Divi-
sion Multiplexing HSTCS (OFDM-HSTCS) systems. We focuse on Doppler spread issues. Indeed,
the mobility of the Ground Mobile Terminal® (GMT) induces a Doppler spread in the OFDM signal
that destroys the orthogonality of subcarriers. The loss of orthogonality produces Inter-subCarrier
Interference (ICI) and hence a degradation of the system performance in terms of SEP. Furthermore,
we present the conditions in which this degradation can be compensated for by an increase in the
average transmitted SNR (required margin) at the transmitter side. The results show that the re-
quired margin depends on both the modulation scheme and the speed of GMTs. Moreover, the SEP

performance can be improved considerably when the number of participating relays increases.

4.1 OFDM system models

OFDM is one of the multicarrier modulation techniques which has gained more acceptance as the

modulation technique for high-speed wireless networks and 4G mobile broadband standards. The

5The GMT in this section refers to the mobile destination.

85
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OFDM transmission scheme has been already proposed for terrestrial communications and it has
been recently implemented in digital satellite broadcasting standards such as the DVB-SH. However,
the OFDM is sensitive to the synchronization issues (time/frequency shift and Doppler spread). A
base-band OFDM system model with N subcarriers is represented in Fig. 4.1.

21t - j2nfit
e’ 1y e’ /1 )
dl /l\ é Wi dl
(%) N ] IO R
2T 5t - j2nfot
e] /2 e J2nf, A
d, )\ é i, | 4,
Input X/ 7 IO Output
symbols Fading symbols
R b = Channel b S —
. - J2mfyt
er’Tth e’ gy

2&
=
-

Figure 4.1: Base-band OFDM system model with N subcarriers.

In an OFDM system, the transmitted symbols are divided into groups of N symbols. Then each
block of N sysmbols is transferred to the serial-to-parallel converter (S/P). If T is the duration of
each symbol dj, the duration of each OFDM symbol is increased to NT,, which makes the system
more robust against the channel delay spread. The parallel symbols modulate a group of orthogonal

subcarriers which satisfy the condition below

NTs 1, ifk=m
/ exp (727 fit) exp(j27 ft)dt = (4.1)
0 0, ifk#£m

1
NT;
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where

k—1
fe= S for k=12 .N. (4.2)

4.2 Synchronization issues

In an HISTCS, the global synchronization between the satellite and the ground segment can be
achieved by the implementation of an SH frame Information Packet (SHIP) [ETS08, Kel09]. This
synchronization scheme is similar to the Megaframe Initialization Packet (MIP) of the Digital Video
Broadcasting-Terrestrial (DVB-T). The pre-compensation of the time delay variation is performed at

the gateway location. The principles of synchronization can be summarized as follows.

e SHIP inserter performs the insertion of a Global Positioning System (GPS)-based time stamp
(£0.1pus accuracy) in the SH-Frame indicating the transmission time of the beginning of the

next SH Frame.

e Single Frequency Network (SFN)° adapters in the transmitters (repeaters) perform the buffering
of incoming MPEG-TS packets and transmission of SH frame aligned with GPS relative time

stamps.

On the other hand, the Doppler spread issues has not been addressed to the same extend. This
issue needs to be investigated accurately because the Doppler spread has a great impact on the physical
layer performance. Indeed, the Doppler spread destroys the orthogonality of subcarriers in the OFDM
signal and generate power leakage among subcarriers, known as ICI. The loss of orthogonality has
been characterized in [HZ97, RK99b, RK99a, WPMZ06]|. The purpose of this chapter does not consist
in proposing a receiving technique in order to reduce the Doppler spread. Instead, system parameters
will be adjusted in order to cope with the constraints. More precisely, the effect of the Doppler spread
can be reduced by limiting the mobile velocity. Another approach consists in adding an additional
margin on the transmitted SNR per symbol. To avoid Doppler spread impairments, the speed of

GMTs should not exceeds a maximum allowable value.

6The SFN-HISTCS refers to the hybrid/integrated satellite systems that use the same frequency band for the satellite
and terrestrial links
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4.2.1 Propagation time delay issues

When terrestrial relays are not fed by terrestrial segments (i.e., terrestrial relays receive the signal
from the satellite only), the differential propagation time delay between the satellite-destination and

the satellite-relay-destination links must be taken into account in the case of SFN-HSTCSs.

In an OFDM system, a Guard Interval (GI) is inserted between each transmitted symbol in order
to cope with the Inter-Symbol Interference (ISI) caused by multipath propagation. The GI must be
larger than the maximum differential time delay spread of the channel. So, the maximum differential
time delay spread has to be taken into account to determine the maximum cell radius as a function

of the GI.

Satellite

d

SaMo

Figure 4.2: HSTCS with one repeater.

An HSTCS with one repeater is shown in Fig. 4.2. We assume that the receiver is at the cell
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boundary (the worst condition). The maximum differential time delay A7 is given by

Ar — dsare + cr — dsano (4.3)
C

where dgqre and dgqpro are the distance from the satellite to the repeater and from the satellite to
the mobile receiver respectively, cr is the cell radius, and ¢ = 3.10%m/s is the speed of light.

The parameter A7 is a function of the longitudinal difference between the repeater center and the
satellite, the latitude of the repeater center and the radius of the repeater.

Hence, the GI can be chosen according to At and R.

Table 4.1: Maximum cell radius versus GI for a 5 MHz DVB-SH 2k mode [ETS0S|.

Max. cell radius | Max. delay in pus | GI=1/4 | GI=1/8 | GI=1/16 | GI=1/32
12 km 79.8 80.64
6 km 39.9 40.32
3 km 19.65 20.16
1 km 6.55 10.08

The maximum cell radius is the maximum distance between the repeater and the receiver to
allow the implementation of an SFN between the satellite and the terrestrial network at the edge of
one repeater. The maximum cell radius of a 5 MHz DVB-SH operating in 2k mode are provided in
Table. 4.1, when the longitudinal difference between the repeater center and the satellite is around
70°. We can observe from Table. 4.1 that the maximum cell radius of 12 km allows a guard interval

of 1/4 while the maximum cell radius of 3 km can allow guard intervals of 1/16 or higher.

4.2.2 Doppler spread issues

Doppler spread induced on the satellite segment

The satellite motion and the ground terminal mobility induce a Doppler shift and a Doppler spread
[FMV01].
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e The Doppler shift 1y is given by, vy = Vs,./A, where V, represents the radial velocity of the

satellite and A is the signal wavelength.

e The Doppler spread o, is defined such that o2 is a sum of three terms.

V. 2 0 2 1 2
st=at,+atirata = () +(5) + (1) (1.4)
C C Ci

The first term 0379 = (V,/ A.)? is due to the ground terminal motion, where Vy represents the ground

terminal velocity and A. is the coherence length, usually of the order of the signal wavelength.

The second term 0375 = (Qs/ozc)2 is the Doppler spread originated by the motion of satellite.
Qg is the angular velocity of the satellite and . is the coherence angle. The angular velocity of
Geostationary Earth Orbit (GEO) satellite should theoretically be zero. In practical cases, this
parameter is non zero but it is some four orders less than the same parameter for a Low Earth Orbit
(LEO) satellite.

The third term 037 =1/ Tch)2 is the channel self Doppler spread, where T, is the characteristic
time constant which describes the effects of moving and changing objects in the vicinity of the ground

station.

Doppler spread induced on the ground segment

On the CGC segment, the Doppler spread is mainly produced by the mobility of the GMTs for fixed
relay stations. For mobile relay stations, the total Doppler spread is the sum of the Doppler spreads
induced by both GMTs and relay stations [AH86]. The average Doppler shift is zero. Let V; be the
velocity of a GMT and V,., the velocity of the relay station, then the total Doppler spread can be

expressed as:

Fa= 0 gt o, (4.5)

where f. is the carrier frequency and ¢ = 3.108m/s is the speed of light.
ICI and degradation

We assume that each subcarrier is transmitted in a frequency flat Rayleigh fading channel. The

OFDM system uses N subcarriers. For typical modulation schemes such as MPSK and MQAM, the
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Carrier to Interference ratio C//I on the subcarrier ¢ is given in [WPMZ06] as

c 1

T (NLE)® N 1 (4.6)

where F}; is the maximum Doppler spread.

c/l, [dB]

-10 i i i i
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F & [Hz]
Figure 4.3: C'/I curves as a function of the Doppler spread Fj.

The C/I curves of the middle subcarrier index k = N/2 are plotted versus the Doppler spread
Fy in Figure 4.3 for several DVB-SH transmission modes at a carrier frequency of 2.175 GHz and a
bandwidth of 5 MHz. The 8k mode is experiencing more interference than the other modes because
its subcarrier spacing is smaller than the one of other modes.

For a given C/I of 15 dB, the 1k mode can support a Doppler spread of 800 Hz and Doppler
spread of 400 Hz for the 2k mode. For the same value of C'/I, the 4k mode allows a maximum Doppler
spread of 200 Hz while the 8k mode can support only 100 Hz. According to these Doppler spread

values, we can calculate the maximum allowable velocity for the GMT. The numerical values of the
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Figure 4.4: Degradation Agp as a function of Es/Np.

maximum allowable velocity for the GMT for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz
and C/I of 15 dB are shown in Table 4.2.

Table 4.2: Maximum allowable velocity for the GMT for a 5 MHz DVB-SH bandwidth channel at
2.175 GHz and a C/I of 15 dB.

Mode | FFT size | Subcarrier spacing |kHz| | Doppler spread [Hz| | Maximum speed |km/h]|
1k 1024 5.580 800 397.22
2k 2048 2.790 400 198.61
4k 4096 1.395 200 99.30
8k 8192 0.698 100 49.65

As in typical C/I computations, the ICI can be modeled as an additional near-Gaussian noise

[RK99a, RK99b]. Without the interference and Doppler spread, the average transmitted signal to
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noise ratio per symbol is Es/Ny. And with the interference and Doppler spread, the average transmit-
ted signal to interference plus noise ratio can be written as Es/ (Ng + Ny). Then, using E; = C/ Ry
and Ny = I /R, we obtain

Es
= (47)
Es (Cy\— ’
NO + NI 1+ FO(T) 1
where Ry = 1/T5 is the input symbol rate.
So, the degradation due to Dopper spread can be expressed in decibel as below
E E E, (C\7!
Agp= || — |2 =—10log |1+ = ( = 4.8
w [N0+NI]dB [NO]dB ® No \ 1 49
Equation 4.7 shows that when ﬁ—; — 400, the expression
E
L~ g (4.9)
No+ Ny T

Equation 4.9 shows that the ICI is the limiting factor in performance.

Figure 4.4 illustrates the degradation due to Doppler spread with respect to the E/Ny ratio for
several values of C'/I. We observe that the degradation not only depends on the C'/I ratio but also
on the Es/Ny ratio. For small values of Es/Np, the degradation has less influence on the system. In

particular, when F,/Nj is smaller than 10 dB, the degradation is less than 2 dB.

4.3 Performance analysis of the OFDM-HSTCS

In this section, we study the performance in terms of SEP of the OFDM-HSTCS. The worst case
scenario where the non-LOS link between the satellite and the destination is considered and shown
in Fig. 4.5. We assume that the relays are fixed or mobile with a low speed and the system is
synchronized in time and frequency. Only the Doppler spread issues are taken into account for the
SEP computation. In this case, the SEP performance of multicarrier OFDM systems is the same
as the SEP perfomance of single carrier systems if there is no Doppler spread. This is consistent
since each subcarrier channel can be modeled as a frequency flat fading channel. So, in the following
analysis, we derive the SEP of single carrier systems and then we add the ICI to the AWGN noise
(i.e., replacing E,, /Ng by E,,/(No + Nr) in the obtained SEP expression).
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4.3.1

System model

The system model is defined as in chapter 2. In the first phase, the satellite broadcasts the information
to relays. In the second phase, only the relays that can decode the satellite message correctly are
allowed to forward the satellite message to the destination. Furthermore, the satellite-relay links are
modeled as the LMS channel as defined in chapter 2 while the relay-destination links are Rayleigh

fading channels.

CHAPTER 4 - PERFORMANCE ANALYSIS OF OFDM-HSTCS

—— Phase 1: satellite to relays

Satellite

and destination

- — » Phase 2: relays to destination
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Relay 2 Relay L

Figure 4.5: HSTCS with NLOS link.

SEP of the OFDM-HSTCS without direct link
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MGF of the instantaneous received SNR at the MRC output

By using the same approach as in subsection 2.2.2, the total instantaneous received SNR at the MRC

output without the direct link, fyj\vggc, can be expressed as below’

L
VW Re = sz'. (4.10)
Hence, the MGF of 'yMRC is given by
Gowp (s H by (5 (4.11)
and
&x; () = Por, + (1 — Psr,) (1 + 2bmd7rid3)_1 (4.12)

where Ps,, are given in chapter 2 by equations (2.29) and (2.30) for MPSK and MQAM modulation
schemes respectively and

E,. /Ny, without ICI
T = (413)
Eri/(NO + Nyp), with ICL

M-ary phase-shift keying (M-PSK)

The average SEP of the HSTCS without direct link for coherent MPSK signals is given by [AT01]

P Posic(B) = /O oo, (BC) a0 (4.14)
where gypsk = sin?(m/M). By using the same approach as in 2.38, P) MPSK(E) is finally given as
follows .

1 H; vpsk or) (1
PV (B) = 2};[1 (KMPSK) Fé ><2, 11,11
1 1 1 1
Hivpsk’ Kivpsk'~ Hpwvpsk' KL,MPSK) (4.15)
\FH ( zj\giﬁ) Fgm)(;, %,—1,1,...,—1,1; %;
w w w w
“ Hiyvpsk’ Kivpsk'— Hpwvpsk' KL,MPSK)

“The index WD refers to Without Direct link
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where

H; vipsk = 1+ Psry Sk 2br,dVr,ddMPSK s
(4.16)

Kiypsk =1+ 2b,a7,,a9MPSK-
In the case of i.i.d fading channels, all relays experience the same fading environment, i.e.,
Mer; = Mgp, bgr, = bspy Qgr, = Qg and by,q = byq for all i+ € L. Moreover, we assume that
Vrid = Yra =7 for all e € L. So, H; ypsk = Hypsk and K; ypsk = Kypsk for all @ € L. Hence,

the average SEP, P:V]\?PS x (E) can be simplified as below

H L 1 1 1
P sk (E) = = SMPSK ) Ry (=, -L,Li1; ;
’ 2 Kupsk 2 Hypsk Kvpsk (4.17)
@ (HMPSK>LF(3) <1 1 I L 3 w w )
™ \Kmpsk D \272’ HMPSK Kypsk
where
Hyrpsk = 14 P vipsk2brdY g9 PSK
(4.18)

Kyvpsk =14 2braVrq9mpsik-
In order to illustrate the diversity property we calculate the approximation of PXVA?PS x(E) in the

high-SNR regime. We obtain as follows (see Appendix I.1)

1 1 1 1
lim P E)=— Fi|=-,—-L L;1;1,
SNR— MPSK( ) 2 1+2b7~d (%) gMpSK>L ! <2 1+26rd (%) gMPSK)
+£ 1 LFl 1517L7L7§’w7 aé' .
T (1+2bq (%) gmpsk) 2°2 27 1+ 2ba () gmpsi

(4.19)

We can see that the expression 4.19 does not depend on the SNR but depends on the C/I.
Hence, for a given C/I value, PSWJVIDPS i (E) becomes a constant value when SNR is large. Hence, the
asymptotic diversity order is equal to zero. On the other hand, it is not zero in the medium-SNR
regime. Moreover, this expression 4.19 represents the minimum value of the ij\fps x(E) and can be
served as the condition in which the degradation can be compensated for by a required margin. In
this case, this minimum value of the P;VA?PS i (E) should be smaller than the target SEP. And, the

minimum value of C'//I can be obtained by solving the equation 4.19.
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M-ary quadrature amplitude modulation (MQAM)

The average SEP of the HSTCS without direct link for coherent MQAM signals is given by [AT01]

iq [* gMQAM 4g® IMQAM
WD

T sin“ 6 ™ sin“ 0

where gyprgam = 3/2(M —1) and ¢ = (1 —-1/vVM ) ; MQAM(E) can be obtained by using the same

computation as in 2.46 and given as follows

i MQAM \ L) (1 .
PSMQAM _2qH< zMQAM)FD <2a_1’17--'7_1)1a1a

1 1 1 1
Hy MQAM’ K, MQAM7 U Hpmoam KL,MQAM)

(4.21)
3
z MQAM 2
1 H1,MQAM Ky m@am Hr mQam KLMQAM)
2" Wimgam™ Zimam” Wi moam” ZrmQam
where
Hi voam = 14 2Psr; mQAMbrdVrja9mQant, Kinvigan =1+ 20p,a7,,q9MQAM (4.22)

Winvganm = 1+ 4Ps; MQAMraVr,a9MQAM,s ZimQAam = 1+ 4br,dVy,adMQAM -
In the case of i.i.d fading channels, all relays experience the same fading environment, i.e.,
Mer, = Mgp, ber, = bgp, Qgp, = Qg and by,q = byq for all i+ € L. Moreover, we assume that
Vrid = Yra = 7 forall @ € L. So, H; yoanm = Hyugan, Kinvgam = Kygan, Wimvgam = Wargam

and Z; yroam = Zmgaw for all ¢ € L. So, the average SEP, P;/V]\fQAM(E) can be given by

Hugan \" , (1 1 1
P oan(E) =2q <K> F (2, —L,L; 1; 7 T )
MQAM moam Kygam (4.23)
_2¢° <WMQAM>LF(3) (1 LS 3 1 Hygam KMQAM>
T \ ZMQAM b o 272 Wagam Zymgam
where
Hyoam = 1+ 2P pioAmbraYragmoan, Knvganve = 1+ 2bpqy,q9mQ A, (4.24)

Wagam = 1+ 4P @AM braYragmQan, Zyvigam = 1+ 4bra?,qgmQanm -
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In order to illustrate the diversity property we calculate the approximation of P!VJV?Q Ay (E) in the

high-SNR regime. We obtain as below (see Appendix 1.2)

D

1
lim  Pioan(E) =2q =, —L,L;1;1,
—00

1 1
Iy
(1+ 2bra (2) grrgan)” (2 1+2b,4 (%) gMQAM>
2 1+ 2bq (§) gMQAM)

1
T (1+ 4bq (%) 9mganm) "1+ 4b,q ($) gmQam
(4.25)

(3) 3.1
CFS (1,1,L,L,2,2,1

Again, we can notice that the expression 4.25 does not depend on the SNR but depends on the
C/1. Hence, for a given C/I value, PXV]\fQAM(E) becomes a constant value when SNR is large. Hence,
the asymptotic diversity order is equal to zero. On the other hand, it is not zero in the medium-SNR,
regime. Moreover, this expression 4.25 represents the minimum value of the PSV,VA/?Q Ay (E) and can be
served as the condition in which the degradation can be compensated for by a required margin. In
this case, this minimum value of the P;VA?QAM(E) should be smaller than the target SEP. And, the

minimum value of C'/I can be obtained by solving the equation 4.25.

4.3.2 Numerical results

In this section, the average SEP cuves of the OFDM-HSTCS which take into account the Doppler
spread issues are plotted versus the average transmitted SNR for several DVB-SH modes at a carrier
frequency of 2.175 GHz and a bandwidth of 5 MHz. The satellite-relay links experience the ILS while
the relay-destination links are Rayleigh fading with the average channel power gain equal to unity.
The curves are plotted for different number of participating relays L = 1,2,3. The SEP curve with
no ICI is also provided as the baseline for the comparison. The required margin can be computed by
calculating the difference in SNR between the SEP curve affected by the ICI and the one without the
ICI with respect to the same target SEP value. First, we plot the SEP curves by assuming that the
average transmitted SNR per symbol of the satellite-destination link is equal to the one of the relay-
destination links (Es/Ny = E,,/Np). Second, we plot the SEP curves versus the average transmitted
SNR per symbol of the relay links, E,. /Ny, and we set E5/Ny as a constant value (i.e., or equivalently

P, is constant). We can observe from all figures that the ICI is the limiting factor in performance
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at any mobile speed when the SNR is large. Furthermore, we can also notice that the degradation

due to Doppler spread can be improved when the number of participating relays increases.

First case: E;/Ny = E, /Ny

Figs. 4.6(a) and 4.7(a) show the average SEP of QPSK OFDM-HSTCS and 16QAM OFDM-HSTCS
respectively under the Doppler spread, Fy corresponding to the mobile speed of 50 km /h. In this case,
when the target SEP is in the order of 1072, the required margin of the 1-relay QPSK OFDM-HSTCS
system are 0 dB for 1k mode, 1 dB for 2k mode and around 6 dB for 4k mode while the required
margin can not be computed (NC) for 8k mode. However, this 8k mode can be compensated for by
a margin of 2 dB in the case of 2-relay system and only 1 dB is needed in the case of 3-relay system.
The required margin for other modes of QPSK and 16QAM are summarized in Table 4.3.

The other performance curves of QPSK OFDM-HSTCS and 16QAM OFDM-HSTCS are plotted
in Figs. 4.6(b) and 4.7(b) respectively under the Doppler spread, F,; corresponding to the mobile
speed of 100 km/h. We see that the SEP of 1-relay 16QAM OFDM-HSTCS system is larger than
1072 for all modes. So, for the target SEP of 1072 we can not compensate for by a margin because
their minimum SEP are higher then the target value. On the other hand, this 16QAM OFDM-HSTCS
system can be compensated for by a margin operating in 1k and 2k modes in the case of 2-relay system.
The required margin corresponding to the QPSK OFDM-HSTCS and 16QAM OFDM-HSTCS are
provided in Table 4.4.

Second case: E;/Nj or Py, is constant

In order to show in more detail the effect of the Doppler spread on the terrestrial links, we assume that
the average transmitted SNR of the satellite E5/Ny is constant (i.e., or equivalently P, is constant).
Furthermore, we plot the SEP curves versus the average transmitted SNR of the relay-destination
links, E,/No.

Figs. 4.8(a) and 4.9(a) illustrate the average SEP of 8PSK OFDM-HSTCS and 16QAM OFDM-
HSTCS versus the average transmitted SNR of the relay, E,./Ny respectively, when Ps., = 1074

and under the Doppler spread, F,; corresponding to the mobile speed of 50 km/h. Moreover, the
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Table 4.3: The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile

speed of 50 km /h with the target SEP of 1072.

CHAPTER 4 - PERFORMANCE ANALYSIS OF OFDM-HSTCS

Mode 1k 2k 4k 8k
QPSK |[0dB | 1dB 6 dB NC
1-relay system
16QAM | 2 dB NC NC NC
QPSK |0dB| 0dB | 05dB | 2dB
2-relay system
16QAM | 0dB | 0.7dB | 3.5dB | NC
QPSK |0dB| 0dB |0.2dB | 1dB
3-relay system
16QAM [ 0dB | 0dB 1dB | 11 dB

Table 4.4: The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile

speed of 100 km /h with the target SEP of 1072.

Mode 1k 2k 4k 8k
QPSK | 1dB 6 dB NC NC
I-relay system | 16QAM | NC NC NC NC
QPSK | 0dB [ 02dB | 2dB NC
2-relay system | 16QAM | 0.5 dB | 3.5 dB NC NC
QPSK | 0dB 0dB | 0.5dB | 3.5dB
3-relay system | 16QAM | 0.2dB | 1dB | 11 dB NC

SEP curves correspond to the mobile speed of 100 km/h are shown in Figs. 4.8(b) and 4.9(b) for
8PSK OFDM-HSTCS and 16QAM OFDM-HSTCS respectively. The correspond required margin are
summarized in Table 4.5 and 4.6 for the mobile speed of 50 km/h and 100 km/h respectively. The

results show that with cooperative relaying the required margin can be reduced considerably.
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Table 4.5: The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile
speed of 50 km/h when Py, = 10~* and with the target SEP of 10~2.

Mode 1k 2k 4k 8k
8PSK | 1dB | 6dB NC NC
1-relay system
16QAM | 2 dB NC NC NC
8PSK | 0dB | 0.1dB | 1.5dB NC
2-relay system
16QAM | 0dB | 0.5dB | 4dB NC
8PSK |0dB| 0dB |05dB | 3.5dB
3-relay system
16QAM | 0dB | 0dB 1dB | 11dB

Table 4.6: The required margin for a 5 MHz DVB-SH bandwidth channel at 2.175 GHz and mobile
speed of 100 km /h when Py, = 10~* and with the target SEP of 1072

Mode 1k 2k 4k 8k
8PSK 5 dB NC NC NC

1-relay system
16QAM NC NC NC NC
8PSK | 0.5dB | 1.5 dB NC NC

2-relay system
16QAM | 1dB 4 dB NC NC
8PSK 0dB | 05dB | 3.5dB | NC

3-relay system
16QAM | 0dB | 1.5dB | 12dB | NC

4.4 Conclusion

In this chapter, the SEP performance of the OFDM-HSTCS was investigated. The lower bound of
SEP were examined. The maximum mobile speed of GMTs with respect to the required minimum
C'/I value was determined. Furthermore, the required margins were also evaluated with respect to the
target SEP. The degradation due to Doppler spread could be compensated for by the margin before

decoding. It was also shown that the required margin does not only depend on the mobile velocity
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but also depend on the modulation scheme. For high Doppler spread, for example when the velocity
of the GMT is 100 km/h, the l-relay system using 16QAM OFDM modulation is totally degraded
and the compensation is not possible. So, one way to solve this problem is to limit the velocity of the
GMT to an appropriate level. The results also shown that the required margin is reduced when the

number of participating relays increases.
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Figure 4.6: The average SEP of a QPSK OFDM-HSTCS versus the average transmitted SNR, Fg/Ny,
(a) mobile speed of 50 km/h, (b) mobile speed of 100 km/h.
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Figure 4.7: The average SEP of a 16QAM OFDM-HSTCS versus the average transmitted SNR,
E;s/Ny, (a) mobile speed of 50 km/h, (b) mobile speed of 100 km /h.
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Figure 4.8: The average SEP of a 8PSK OFDM-HSTCS versus the average transmitted SNR, E,. /Ny,
when Py, = 1074, (a) mobile speed of 50 km /h, (b) mobile speed of 100 km /h.
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Figure 4.9: The average SEP of a 16QAM OFDM-HSTCS versus the average transmitted SNR,
E, /Ny, when Py, = 1074, (a) mobile speed of 50 km /h, (b) mobile speed of 100 km /h.



CHAPTER 5

Conclusions and future works

This dissertation aims at providing the analytical computation of both outage probability and av-
erage SEP of HSTCSs. Both analytical performance expressions are very important for evaluating
the system performance over fading channels since it provide valuable insight into the design of the
systems. HSTCSs have been proposed in order to extend the coverage area of satellite systems where
services provided by the satellite only are interrupted due to masking effect. In an HSTCS, the terres-
trial relays are used to forward the satellite signal to the destination. So, the destination can exploit
the spatial diversity by combining the received signals from the satellite and relay stations. Several
cooperative scenarios have been proposed and studied for different application purposes (e.g., broad-
casting, emergency communications, disaster relief). However, most of those previous studies have
provided only the SEP performance based on simulations. The exact closed-form outage probability

and SEP expressions have not been derived yet.

5.1 Contributions

In this dissertation, the performance of HSTCSs has been studied. The exact closed-form outage
probability and exact SEP have been derived for general MPSK and MQAM modulation schemes
over i.i.d and i.n.i.d fading channels. The obtained analytical outage probability and SEP expressions
are valid for both fixed and mobile relaying techniques. The cooperative scenarios with and without
best relay selection have been examined. Furthermore, the performance of OFDM-HSTCSs has been
also investigated.

In chapter 2, the performance of SDF HSTCSs has been evaluated. In the first phase, the satellite

broadcasts its signal to all relay nodes and the destination node. In the second phase, only relays

107
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that can decode the satellite message correctly are allowed to forward the satellite message to the
destination node. Then the destination combines the direct and the relay link signals using the MRC
technique. The exact closed-form expressions for the outage probability and the average SEP of
the general MPSK and MQAM HSTCSs over independent but not necessarily identically distributed
fading channels have been derived. The results have shown that a full diversity order of L + 1 can be

obtained when the total number of relays is equal to L.

The performance of SDF HSTCSs with best relay selection has been addressed in chapter 3. The
two time-slot scenario is considered. During the first time slot, the satellite broadcasts the information
to the terrestrial relays and the destination. In the second time slot, only the best relay is transmitting
toward the destination node. The selected relay is the one that provides the best link quality between
a relay and the destination. Then, both signals are combined using the MRC technique. The exact
outage probability and the exact closed-form SEP expressions of the general MPSK and MQAM
HSTCSs with best relay selection over independent but not necessarily identically distributed fading
channels have been derived. The results have shown that a full diversity order of L+1 can be obtained

when the number of participating relays is equal to L.

Chapter 2 and 3 deal with the frequency-flat fading channels. It is well known that the imple-
mentation of the OFDM transmission techniques can convert a frequency-selective fading channel to
several frequency-flat fading channels. In chapter 4, the SEP performance of OFDM-HSTCSs was
investigated. The lower bound of SEP has been also examined. The maximum mobile speed of GMTs
with respect to the required minimum C'/I value was determined. Furthermore, the required margins
were also evaluated with respect to the target SEP. The degradation due to Doppler spread could be
compensated for by the margin before decoding. It was also shown that the required margin does not
only depend on the mobile velocity but also depend on the modulation scheme. For high Doppler
spread, for example when the velocity of the GMT is 100 km/h, the 1-relay system using 16QAM
OFDM modulation is totally degraded and the compensation is not possible. So, one way to solve
this problem is to limit the velocity of the GMT to an appropriate level. The results also shown that

the required margin is reduced when the number of participating relays increases.
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5.2 Future works

In this dissertation, the analytical outage probability and SEP have been derived using the single-state
LMS channel model (shadowed Rice model). For the multi-state LMS channel model such as Fontan’s
model, the average outage probability and the average SEP can be obtained by computed for each
state of the channel model and then calculate the average value over the three states using Markov
chain properties. The analytical performance of HSTCSs with channel coding is also an interesting

future work.
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APPENDIX A

SEP of the direct link

A.1 SEP of MPSK

The average SEP of the direct link for coherent MPSK signals is defined in 2.9 by

1 (" MPSK
Puasirsi (B) =+ [ 6., (P55 ag
0

sin? 6
(B[ (1)
where
gupsk = sin® (/M) .
and ¢_,(s) is defined in 2.8 as
b ) = e L
[(2bsamisa + Qsa) (1 + 2b5a75q5) — Qsa] ™™

Therefore,

. i S -1
(sm2 0+ 2bsd’73dgMPSK)m ’

Grea (L) = (2bygma) ™ sin 6
sin“ 0

The first integral
1 (2 JMPSK
s = [ 6,0 (2255)
1,MPSK 7 Jo ¢'st Sln2 0
can be calculated by changing the variable ¢ = cos?(#).
Hence, when § =0 =t =1, when § = /2 =t = 0, and dt = —2v/t\/1 — tdo.

The equation A.4 can be rewritten as

sd—1
gmeal (141 )"
1LMPSK G1,MPSK

Gmsd 1 _ t 2bsdmsd MMsd
2,MPSK G2 MPSK

) = (2bsgmisg)™ (1 — 1)

113

[2b5ammsa 8I0% 0 + 2b57 qgrpsk (Rsa + 2bsamsg)]”

(A1)

(A.2)

(A.3)

(A4)

(A.5)
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where

Gi,mpsk = 1+ 2bgqV,q9MPSK
(A7)

Go,mpsk = 2bsamisq + 2b5a7V g0 PSK (2bsamsd + Qsa)-

So, If%PSK can be rewritten as

2 IMesd Msd Gmsdfl 1 1 meg—1 % Mg
Kypsk = (2 S / t72(1—t)2 (1 - t) <1 - tsdmsd> dt
0

271Gy 3 psk G1,mPSK Go,vPsK
(A.8)
By using the Appell function,
1 - 1 b b
Fi(a, by, bo; iy, m2) = / A=) (L —aat) T (L — wat) R,
B(a,c—a) J (A.9)
Re(c) > Re(a) >0
IszPSK can be obtained as
(2bsamisa)™ ™ GTZS\;;I_DISK (1 1 2bsqmisd
ISd = : Fi| 51— msqg,msa; 2; ) s > (A]'O)
LMPSK 4Gy psk "2 YT Gy mpsk” Gampsk
The second integral —728%\4 pgx can be rewritten as
1 (2 IMPSK
B por = / <7> do. Al
2,MPSK T ﬁ ¢'st Sin2 0 ( )
Let change the variable
29 29 29
. (:208 __ cos _ cos”f (A.12)
cos?(m/M) 1— gupsk w
Hence, when § = /M = z =1, when = 71/2 = 2 =0, and dz = —(2/w)y/wzv/1 — wzdb.
And equation A.4 can be written as follows
mgqg—1
Gliipsk (1 - Z%)
¢’st (Z) = (QbSdmsd)de (1 - Zw) 7 P Msq (A.13)
GMsd (1 — 2 2bsdmsdw>
2,MPSK G2, MPSK
Therefore, IQS%W psk can be rewritten as below
d VW (2bsgmisa) ™ GTJS\;ISISK b 1
I3vpsk = (i : / 272(1 — zw)2
T MPSK 0 (A.14)

mgq—1 —Mgq
2b

y <1 _ ZW) <1 _ stmsdw) @
G1,MPSK G2, MPSK
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By using the Lauricella function,

1 ! e
F™(a,by,. . bpsc;an, ... an) = / @ =) [ = i)t
D ’ ) y» Ymy ) » N 3 )
Bla,c—a) Jo i=1 (A.15)
Re(c) > Re(a) > 0,
I;dMPSK is given as
s s -1
Isd _ \/J(Qbsdmsd)m d GTJ\;}PSKF(‘?‘) (1 _1 1—m e §w w 2b5dmsdw>
2MPSK TGy 3 psk b\2" 2 T2 Gy vwpsk’ Go,mpsk
(A.16)
Hence, Psq pmpsk (E) is finally obtained as below
(2bsdmsd)m‘gd GT]S&;D;K 1 1 2b dMsd
P, E) = ’ Fi(=,1- ;25 .
Sd,MPSK( ) 4GZ:L;\;PSK 1 <27 Mgd, Msd; 43 GLMPSKj GZMPSK)
V@ (2bsamisa)™ G54 pox e <1 IR o 3 w Qbsdmsdw>
WG;T}]s\fl[PSK D 27 27 sd»y lsd) 2; 7G17MPSK’ G2,MPSK .
(A.17)
A.2 SEP of MQAM
The average SEP of the direct link for coherent MQAM signals is defined in 2.17 by
P (E)—Zlq/gé (gMQAM>d9—4q2/Z¢ (P9 g
sd, MQAM 7 Jo 4\ sin?6 T Jo "\ sin?6 (A.18)
If,dMQAM Ig,d]\/[QAJVI
where gyrgan = 3/2(M — 1) and g = <1 — 1/\/M> and
. _ sa—1
6. (IMQAMY _ (2bagimeg) ™ sin? 0 (sin® 0 + 20547 sqgmQam) "
Yed TginZg ) T [2() Mg sin® 0 + 2bsq7 Q 2b Mad”
5dMsd SIN% 0 + 2657 qgr1QAM (Qsd + 2bsamisq)]
(A.19)

The first integral Iig%wQAM can be computed by using the same approach as in I‘fdMPSK. We only
change gy psk to gmganm and multiply the factor 4¢ into IfZMPSK.

Hence, we obtain

-1
q (2b5gmsq)"** G4 1 1 2b
If%\/fQAM - ( - Gsrrld LMQAM F (27 1 —mgq, msa; 2; a e sdlTlsd > (AQO)
2, MQAM 1,MQAM  GomQAaMm
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where
G1,mQam = 1+ 2bsgYsqgmQAanm,
e (A.21)
Go,m@am = 2bsamisg + 2bsaV sqgmQan (2bsamsg + Qsa) -
In order to derive IgfwaAM, we change the variable, ¢t = 1 — tan? 0.
Hence, when § =0 =t =1, when § = 7/4 =t =0, and dt = —2y/1 — (2 — t)db.
So, the equation A.19 can be rewritten as below
I msd =1 (1 . tGl,MQAM )ms‘i*l
1LMQAM L
Brea (P12 (3,0 (1 )0 T (A2
sin® 0 [msd (1 _ 2,MQAM>
2,MQAM Lo vam
where
Livgam = 1+ 4bgaVq9mQAan,
e (A.23)
Lo avrant = 2bsgmsg + 4bsaVsqgnrqans (2bsqmsq + Qsq).
Therefore, IZS%/[Q Ay Can be written as below
sd q2 (2bsamsa)™ LTR;ZQZM ! 1 AN
Lviganm = gy (1—t)2{1— 3
2MQAM 0 (A.24)

y (1 B tGl,MQAM>de_1 <1 B tG2,MQAM>_de it
Ly m@am Lo vigam

By using the Lauricella function, IzsﬂwQ A 18 given as

2% (2bsamsa) ™ L7540 an

51 G G
Fg)) <1a 1,1 —msq, msd; LMQAM ZMQAM)

sd _
Iviganm =

3mLy 3 0am 272" Linvganm’ Logan
(A.25)
So, the average SEP of the direct link, Psg prgan(E), is finally given by
. -1
q (2bsdmsd)mm qunjs\j AM 1 1 2bsqMesd
Psamgam (E) = e MM By (27 L= mga, msas 2 G = >
2, MQAM 1,mMQAaM G vQam
2 s s -1
267 @hamad)™ L ) <1 L1 g 3 L GLean GQ,MQAM> |
37rLS?Rf[QAM D T ’ ,2’2’L1,MQAM’L2,MQAM

(A.26)



APPENDIX B

SEP of the HSTCS

B.1 SEP of MPSK

The average SEP of the HSTCS for coherent MPSK signals is defined in 2.38 by

SDF 1 Tar IMPSK
Poipsk(E) = — ; byspE ( g ) df

s
1 %¢ (gMpSK)d9+l “_ﬁgﬁ <9MPSK)d0 (B.1)
T 0 ViiRC sin? 6 s z VirC sin? #
SDF
I yvipsk I;%@SK

where garpskx = sin?(w/M) and ¢715vz%%(8) is defined in 2.37 by

L L
¢ SDFE (8) = ¢’st(8) (H P37'i> + ¢'st(8) (H PSTi)
=1

YMRC
=1

L L—k+1 L—k+2

L i 1 — Py Yr Q, nd T d
Y OY Y H(p)<1+mdd> |

E=1 A=1 do=M\+1  Ap=X,_1+1n=1 STn

So,

i () = o (555 (I ) o (55 (I )

sin? 6 sin? 6

L L—k+1 L—k+2

DD D ZL: ﬁ(tf”) (B.3)

k=1 A=1 da=X\1+1 Ap=Ap_1+1n=1 STan

2 v —Mypy d
<mmnd sin“ 6 + gMPSK%”AndQMnd> An

My, d sin? 0

where ¢,_, (ggrizs;() is given in A.4.

The first integral fj\)ﬁ;s x can be derived by changing the variable ¢t = cos?(0).
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So, SDE, <%) can be rewritten as below
MR

msq—1 (1 —t 1 )de !
9gMPSK 1,MPSK G1,Mm
PSR, (72) = (2bsamsa)™** (1 - 1) PR (H P sn)

sin“ 6 Msqd 2bsgMsq .
GQJSWPSK (1 tGQSIMP;K i=1

Gmsdfl (1 4 1 )msd—l I
1,MPSK €
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2b5 S .
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ST‘)\ TAn n
Yy o T (e )]
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- Hy, mpsk
n=1
where
Hy, . mpsk = My, d + 9uPskSry dVr, a- (B.5)

Therefore, I Eff];s x can be written as

Msd Msd— 1
JSDE (2bsamisa) ™" Gy MPSK H p
1,MPSK or G2 T U s

1 msd_l —Msq
1 2b
x / t3(1—t)2 (1 — t) <1 — tSded> dt
0 G1 MPSK Go MPSK

(2bgqmmisg) ™ G541 L L—k+1 L—k+2 L
+ d d 1,MPSK (H-Psm> Z Z Z Z (B6)

2rGY?
2MPSK k=1 Ai=1 Aa=Xi1+1 Ak=Ap_1+1

(5 ()] [ -0 oo

i Par,,, H), mpsk

k —Mmy d Msd— —Mgq
An 1 2b
< I] <1 - td> (1 - t> <1 - tSded> dt
Hy, mpsk G1,MPSK Ga2,MPSK

n=1




B.1 - SEP of MPSK 119

By using the Lauricellla function, I fAD/[I;DS x can be obtained as below

Msd Msq—1 L
SDF _ (2bsdmsd) Gl JSWPSK ]_ 1 2bsdmsd
II,MPSK = Masd -PsrZ Iy 1 — Mgd, Msd; 2
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The second integral —725,%\)4];’5 x can be derived by changing the variable
cos? 6 cos? 6 cos? 6
z= = = . (B.8)
cos?(m/M)  1—gupsk w
In this case, ¢ spr (W#) can be rewritten as below
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Therefore, 1253\35’35  can be written as

i=1
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By using the Lauricella function, Ig%};SK can be obtained as follows
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Therefore, Pfﬁ?s x(E) is given as below
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B.2 SEP of MQAM
The average SEP of the HSTCS for coherent MQAM signals is defined in 2.46 by
pSBE By =4 [ (frranr) gy — v, (e g

[SDF [SDF
1,MQAM 2, MQAM
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where gyoan = 3/2(M — 1), g = (1 — 1/\/M) and
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where ¢, (g”{QAM) is given in A.19.

The first integral IffngM can be computed by using the same approach as in If]]\j/[IEJSK. We only

change gy psk to gmgan and multiply the factor 4¢ into I1 MPSK

Hence, we obtain
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where
Hy, m@am = mry a+ gmQam €, dVr,, d- (B.16)

In order to derive Iiﬁ%AM, we change the variable, t = 1 — tan? 6
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So SDF <
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By using the Lauricella function, Ifﬁ% Ay Can be obtained as below
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So, Pfﬁg Ay (E) is finally given as follows
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B i ([, ) 5 Ly
STy
7TL2MQAM k=1 A=1 Xa=X1+1 Ap=Ag—1+1
k
1-P My d\"nd 1 k+3
H< P S”ﬂ) <Q v ) 3 k Fé+) 11,1 —=msq, msa,
e STAp A MQAM (§ +> 0 mmnd)
o d.§+zm d_} Gimeam Gomam Hy mgam HWQA””)
GG g T LD 9 Ly vigan T Logant Qovan T Qi m@am
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APPENDIX C

Asymtotic Diversity Order of PSS ]\l%; SK

In order to show the diversity order, we assume that 7,4 = 7,,. = 7,0 = 7-

The asymptotic diversity order Dy prpsk of PS‘?AD/[I;S ik (E) is given in [ZT03] as

lo PSDF =
Dympsik = — lim 5 S’M’iSK(’Y) (C.1)
F—+00 log(7¥)

where Pfﬁlj;SK (7) is given in 2.45. So, the asymptotic diversity order Dy arpsx can be rewritten as
. 1
Dg MPSK = —7hm — X log (A1 X A2 X Ag X A4)
’ F—+o0 log(7) (C.2)

. 1
P WETOO og () x [log (A1) + log (A2) + log (As) + log (A4)]

where
A1 = (2baamaa)™, Az = % A3 = (?‘“’SKY
2,MPSK MPSK
1 1 1 2b 1 1
As= ZF’(D4) (2’ L= Mhady Moy =L L3 2 G1mPsK’ G;j;;i, Hypsk’ KMPSK>
b
* \fFS) (i’ _%’ L= Mhad, My =L Ly %;u& GI,AC;PSK’ é;ﬁ;:’ HMWPSK’ KMWPSK)

At the high SNR regime, we obtain

AQ’R_"

)

=2/ =

L

1 1)
Py vipsk el X — = A3 = <> ;
v v

1 1
Ay~ ZFSL) <27 1 — mgq, msq, — L, L;2;0,0, cs, 0)

Vw ) (1 1 3
+ TFD 57_571_msdamsd7_LaL75,‘*}707076470
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where the symbol ~ denotes the approximation for the high SNR regime and ¢; (1 = 1,2,3,4) is a
constant value. We observe that in the high SNR regime, A, converges to a constant value.

So, the asymptotic diversity D, v psk is finally given as

Dg,MPSK = — lim X =L+1. (03)

1 (&) L
I Aq) +1 — | +1 — +1 A
I Togr) < [1o8 (Au) +log <7> o8 <v> o8 (44)




APPENDIX D

PSDF

Asymtotic Diversity Order of P; MQAM

In order to show the diversity order, we assume that 7,4 = 7, = 7,0 = 7-

The asymptotic diversity order Dy prgan of PgAD/[g Ay (E) is given in [ZT03] as

log PSDF ~
Dg,MQAM — _ lim s,MQAM( )

F—r+o00 log(7)

(D.1)

where Pgﬁg A (%) is given in 2.52. So, the asymptotic diversity order Dy aprganr can be rewritten as

Dg,MQAM = — lim X log (Bl X Bg X Bg X B4 — 01 X CQ X 03 X 04) (D.2)

F—+o00 log(7)

where

GTﬂéixM Hyroam L
Bi = q(2bsgmsq)™?, By = Gea 0 D3 = <K>
2. MQAM MQAM
1 1 2bsqMesd 1 1
B4_F(4)<71_md7md7_L7L;2; ) d ° ’ ) >7
b\2 s Gimoam Goavoam Hygam Kyvgam
wa—1
O 2¢2 (2bsgmsq) ™" o = LY3igam Cn— Wargan \©
e e s @ (Zugan
T 2, MQAM MQAM

272 Lirgan’ Logan’ Warganr Zyioan

51 G G H K
Oy — Fl()5) (17171 g g — Lo L 1,mQaM Govioam Hygam MQAM)
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At the high SNR regime, we have that

Bg%

)

=2~

L
1 €9
Py vgam = ep X = = B3 ~ () )

1
(2’ 1 —mgq, msq, _La L7 2;0,0, e, 0) )

1 e\ -
CQ ~ -, CE’) ~ (4) )
Y y

Cyi~ FY) (1, 1,1 = Mg, Mea, —L, L;

By~ FY

N | Ot

1111
) 27 27 23655 2
where e; (i = 1,2,3,4,5) is a constant value. We observe that in the high SNR regime, By and Cy
converge to constant values.
So, the asymptotic diversity Dy pgans is finally given as

1 €9 L 1 €4 L
Bix|=)x[= XBy—Cix|=] x|— x Oy
Y Y Y gl

D —_
9-MQAM 7—1>I-ir-loo log(7¥)

x log

1 (£ L L
= — lim x |log [ = +log (B xe5 x By —Ci xey xC
71 log(7) g<> g( 1 X €3 4 1 X €y 4)

=L+1.

(D.3)




APPENDIX E

Outage probability of the direct link

In order to derive the outage probability of the direct link we first derive the CDF of ~,4. The CDF

of v44 is given as

O G (®1)
where
Jrea(T) = Agqgexp (— Ti ) 1F1 (msq; 1; Bgg) , for 7 > 0. (E.2)
‘ 20547 sd
and
1 2bsqmsq MMsd
Asd = — )
2b5d73d 2bsdmsd + Qsd
(E.3)
B q= Qsd
* 2bsdﬁsd(2bsdmsd + Qsd) ’
Let change the variable 7 = yu. When 7 =0 = u =0, when 7 =y = v =1 and d7 = ydu.
So, equation E.1 can be rewritten as
1 yu
Fy,(y) = Asdy/ exp (—% — ) 1F1 (msa; 15 Bsayu) du (E.4)
0 sdY sd
By using the Maclaurin series expansions of exp (*zb 1{;% d),
(o) =1+ e g
exp =1+ 7u E5
2b5d73d (2bsd75d) ( )
equation E.4 can be rewritten as
1 = ‘ Y 1
Fy . (y) = Asay / 151 (msa; 1; Bsayu) du + Z(—l)J_‘j/ w1 Fy (msa; 1; Bsayu) du
0 j=1 J- (2b8d78d) 0
(E.6)
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By using the table of integrals in [GRO7],

1
/ (1-— x)“_lx”_lqu (@1,...,ap;v,ba, ... by az) dx
0

(E.7)
(I (v)
= mqu(al,...,ap;u+u,b2,...,bq;a)
and .
/0 (1-— :U)“_lsc”_lqu (@1,...,ap;01,...,bg; ax) dz
(E.8)
I'(pw)I'(v
= IwP+1Fq+l (viar,....ap;p+v,b1,...,bg; a)
where Re(u), Re(v) >0, p<q+1, if p=g+1 then |a|] < 1.
So, F,_,(y) is finally given as follows
~+00 i
i Asdy(JJrl) . .
F. =A F :2; B —1)/ o I 1 ; 2,1;B
'st(y) sdY1L'1 (msd7 ) sdy) + ];( ) (,] + 1)!(2bsd75d)j 21472 (] + L,mgg; g + 2,15 de)
(E.9)

and the outage of the direct link is obtained as below

+o0 .
pout — A (+1)
o = Asaven1 F1 (misa; 25 Bsaven) + E (—1)] sd(Vth)

Jj=1

(G + 1)!(2bs47 d)j2F2 (J +1,msa; § + 2,15 Bsavn) -
1(20sa7,

(E.10)
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Outage probability of the HSTCS

The PDF of 43k, is defined in 2.77 as

“+00

fySDF (y) = Sapr(y — T)f’st (T)dr

MRC oo
= (F.1)

= Fipr (Y —7) fy.q(T)dr, for 7 > 0.
0

So, the CDF of 7}?/[%% is defined by

F~SDF

’YMRC “/MRC

-
-/
/ T e et (ar

/ +Oofm ) fyealr)drd (F.2)
s

Let change the variable ¢ = x — 7, then, equation F.2 can be rewritten as

+oo py—T7
Fige = [ [ oetts, o
+o0 -
= / Fypp(y = 7) fra(T)dr
0

The CDF of ’yf\}%%, F5,.(y — 1), is equal to zero when y — 7 < 0. So, the CDF of ’yfﬁ{g can be

expressed as below

TMRC

Yy
Frspr (y) = /0 Fopn(y — 7 fy g (F)d (P.1)
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F.1 Outage probability of HSTCS over i.n.i.d fading channels

the CDF of 4pr is defined in 2.76 by

L L L—k+1 L—k+2 L
R I EE IED S0 D S >
) 111 POUt kk::l A1=1 Xa=MA1+1 /\k:)\k—1+1 (F5)
—_ ST‘)\ Z B)\l .o 6)\19 (1 _ex _
11 g p(=5r.y))
n=1 ( P;)’zi\tn ) n=1 /BAn Hm:l,m;ﬁn (BAm - /B)m)
and
Jroa(T) = Aggexp | — 7'7 1F1 (mgg; 1; Bggr) , for 7> 0. (F.6)
° 2bsd’>/sd

By using equation F.4, the CDF of ’y}%)%% can be rewritten as below

L

L L—k+1 L—k+2
Fﬁ{%@(y) < Psoﬁit> [/ Sroa(T dT+Z Z Z Z

k=1 A=1 Xo=A1+1 A=Ap_1+1

k ].—ngﬁ\t k B ﬁ .
H ( Pout >Z , /8)\ )

n=1 S"An 1 B, Hm 1,m#n (B —

/ Srea(T) (1 = exp (=B, (y — 7))) dT] (F.7)

u 1_P573§t - B - Ba ]
1 k I
nl_[l < pgy ) Z B, TTF (Brm — Brn) )

STAn n=1 m=1,m#n

L L—k+1 L—k42 L

ZMORD DD DEND DR

k=1 A=1 Xag=MA1+1 Ap=Ap_1+1

where

1) = [ £a() (= exp (<, (g = 7))

y 1 (F.8)
=F,(y) - AsdeXp(—ﬁAny)/ exp [— <Qb — —ﬁxn> T} 151 (msa; 15 Bsar) dr.
0 sdV sd
By using the same approach as in equation E.4 of appendix E, I(y) can be obtained as
= -yl
I(y) = Py (y) — Asaexp (=Br,y) |y1F1 (moa; 2 Bsay) + Y (— T
7= (F.9)

1 J
X ( — — ﬁxn> 2F5 (§+ 1, mgq; 5 +2,1; Bsqy)
2bsd’}/sd
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Then, by replacing 3, = ﬁ and the obtained I(y) into equation F.7, the CDF of 7}?/[%%,

2 "\n d'Yr)\n

Fysor (y) is finally obtained as

L L—k+1 L—k+2 1_PSO7}Lt
SR CENIENUED SO SRS oD ol 1 | C= Y

k=1 A=1 Xo=X1+1 A=Ap_1+1n=1 ST)\n
- BB
AL - Py
X F, ,(y) — Asqexp(—PBx )[ylFl(m 45 2; Bsay)
k Ysd s nY sdy 4y Ds
71221 ﬁ)\n Hm—l m;ﬁn(ﬁ)\m - ﬁAn) (
Z 1 ! yitl By Buw)
+ — : oy (7 +1,meq;5 + 2,15 dy} .
Qbsd%d 2bry, dVry.a) (G+1)! ’ ’
(F.10)
Hence, the outage probability of HSTCS over i.n.i.d fading channels is finally given as
L L L—k+1 L—k+2 1 — pout
ST n
E TN IEEE0 o SIS DD ol (= 2y
i=1 k=1 A=1 Xo=A\1+1 A=Ap_1+1n=1 ST'An,
- B .o B
AL Mg out
X Z A (P — Asqexp(—PBx,Ven) |:’Yth1F1(msd§2§Bsd’Yth) (F.11)
n=1 B Hm—l m;én(/B)\m Brn)
1 J 7]+1
+ — th —oFy (j + 1,msa;j + 2,15 Byg h] .
Z (2bsd/}/sd 2b7")\ndfyTAnd> (j —+ 1)‘ (j sdyJ sdVt )

F.2 Outage probability of HSTCS over i.i.d fading channels

The CDF of 4pF is given by equation 2.83 as

EOCEY (g 50

m=0
(F.12)

'YDF / f“/DF T)dr = Pout

And the CDF of 4p/rc can be written as below
Yy
Fﬁ;‘eﬁfc (y) = /0 Fypr (y — T)f’st (T)dT

s 555 () ]

k=1 ST

(F.13)
— (Pout

ST
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where

kl m m
J<y>=/0y(1exp y—7) ZOB )f%d()

k— m
=F, ,(y) — Asaexp(—By) B /Oy(y — 7)™ exp [— ( 17 — ﬁ) 7':| 1F1 (mgg; 1; Bggr) dr.

— OW 2b8d75d
(F.14)
Let change the variable 7 = yu. So, J(y) can be rewritten as
k—1 gm
J(y) = Fyy(y) — Asaexp(=By) Y —y™"!
m=0 " (F.15)
! 1
X / (1 - U) exp |:_ ( — B) yu:| lFl (msda 1, Bsdyu) d
0 2b8d7$d
The integral
! 1
) = [ 1w exp |~ (5= 5) yu| 1Fi (s 1 Buayu) d (F.16)
0 20507 sq

can be obtained by using the same approach as in equation E.4 of appendix E and is given as follows

00 i
1 mly!
J = { F ; 2;B 1)y —
1) = | g i (meaim + deHZ( G+m+1)
, 7=l (F.17)
j
X < — —5> oFy (§ + 1, msa; 5 +m + 2,15 Bsay) |-
2bsd’75d

Therefore, J(y) is obtained as

k—1
J(y) = Fy,,(y) — Asaexp(—By) > B™
m=0

m+1

—+00
iy
F ym 4+ 2; Bagy) + Y (—1) (F.18)
1 1(m5d7m 3 de) j:1( ) (m j 1)|

1 J , .
><< — —ﬁ) ze(J+1,m5d;m+1+2,1;35dy)]
2bsd’)/sd
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So, the CDF of 4yrre is finally given as follows

1 — pout k k 1 m
Ly + — ) F, ,(y) — Asqgexp(— < )
Bl Z ( > < Pgut V) ° rd%d 0 \2brd7V;q

Fospr (y) = (P2)E

TMRC
m=
X | —————1F1(msq; m + 25 Bsay) + —1J< — - >
|:(m + 1)' ( s s y) ;( ) 2bsd75d 2b7"d77"d
ym-i-j—i-l . .
X T gy 2leUF Lmsam +2,1;Bsdy>} :
(F.19)
where = anﬂ,d
Hence, the outage probability of HSTCS over i.i.d fading channels is finally given as
L k k—1 m
L 1— Pout Yih 1
Pout — Pout L Pout + ( > <S7"> Pout A Jexp(— t ( >
spr = (Po) sd kzl k Pout s ( 2b”ﬁm) mz::O b,
T X1 1\
t
X | ———1 F (mgg;m + 2; BsgVen) + —1J< — — — )
[(m—i— 1)! (ms sdVth) ;( ) YouTes g
ﬁym—i—j—i—l
mﬁz(j +1,mgym+j+2,1; Bsd%h)D] :

(F.20)
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APPENDIX G

SEP of the HSTCS with best relay

selection

G.1 SEP of MPSK

The average SEP of the HSTCS with best relay selection for coherent MPSK signals is defined in 3.18
by

pSDF-BR( by _ 1 (7 IMPSK
oapsk (B) = — ¢ spr-Br ( —— db
0

T TMRC sin“ 6
1 [z 1 [
= / ¢_spF-BR ('QM#) df + / ¢_spr-BR (QM#) df (G.1)
T Jog TMRC sin® 6 T Jz TMRC sin“ 6
LIPS i
where garpsix = sin?(m/M) and
¢ spF-BR(S) = ¢y, (8)Pypr(5) (G.2)

TMRC

where ¢, (s) is given in A.4 of appendix A and ¢, ,,(s) is given in 3.17 as

bron(e) = B[] = [T gy
L—k+1 L—k+2 L

L L
:<HPST¢)+Z<—1>““+” YD VDS @3
i=1 k=1

A1=1 do=A1+1 Ap=Ap_1+1

k 1 -1
— s+ .
<Z::1 2b7‘)\nd’y7')\nd> ( z_: 7")\71 drYT'A d)

n

k
X H sr)\n

n=1
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So,

L—k+1 L—k+2

(—DEDRT N

M=

Ousne, (B0) = om0 (B5F) (f[ Pm> + .0 (LEE)

p )
sin” 0 i—1 sin” 6 /= A=1 Aa=A;+1
L k k . Inps k 1 -1
MPSK
> 0| (S ) (B sy )
A=Ap—1+1 Ln=1 n=1 Tand VT, d Sl n=1 "xnd 775, d

(G.4)

The first integral I f fﬁg_s?f‘ can be derived by changing the variable t = cos?(6).

IMPSK

e ) can be rewritten as below

Therefore, ¢_spr—Br (
TMRC

Gmsd_1 1 —ft—ou=~t sl L
gMPSK> Mg LMPSK G1,MPSK
SDF—BR = (2bggm sd (1 —t¢ P.,.
Qb’YIMRC ( Sin2 0 ( sd Sd) ( ) Msd 1 _ t 2bsdmsd MMsd H ST
2,MPSK G2 MPSK =1

Gt (1t L )"
1,MPSK G1,MPSK 1 (k+1)
Gmsd 1 _ t 2bsdmsd MMsd Z(_ )
2,MPSK G2 MPSK

k=1
L—k+1 L—Fk+2 L [ k

+ (2bsdm3d)m3d (1 —

o> o> I a-P.,,)

A1=1 do=A1+1 Ap=Arp_1+1 Ln=1

1 b 1
Unompsi \ 5= 2bry d7Vr,, d

S\
n=1 2b'r)\n dﬁrkn d

x(1—t)|1—-t¢
( ) Ux,.MPSK

where
1

k
U, MPSK = gMPSK + » ———. (G.6)
nzz:l 2b7")\nd77‘)\nd
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So, Iffﬁ;@?f can be written as
(2bsamsa)™* G50 psk 15
[SDF—BR _ sd!bsd 1,MPSK HP
1,MPSK = s s
211Gy 3 psk =1
1 mgq—1 —Msq
1 2b
[ (1o LY ()
0 G1,MmPSK G2, MPSK
s S -1 L
(2bsdmsd)m ! GTﬁPSK (_1)(k+1)
ms
277G2,)\?PSK el
S it ($a k)
A1=1 Xo=A1+1 A=Ar_1+1 Ln=1 An,MPSK n=1 TA”Ld 7‘>\nd
k 1 -1
1 mgq—1 —Mgsd Z _ —
1 2b n=1 2b,., 47,
[l (g LY (e (T
0 G1,mPSK Go2,MPSK U, ,MPSK
(G.7)
By using the Lauricellla function, I f fﬁ;}?ﬁ can be obtained as below
s -1 L
JSDE-BR _ (2b5dm5d)deGTA}P3K HP Fy <1 1 — mgq, mga; 2; ! S >
LMPSK AGY i psk Pl o 2’ "IN Gmpsk T Go,mpsk
3<2bsdmsd>m5dGTJS\§;}9K L L—k+1 L—k+2 L
’ —1)(k+1)
e L DY EILLD S YD S
’ k=1 A1=1 do=A1+1 )\k:Ak—1+1
k k
1 1
1-P —
}_[1( i) (nz:l 2bmnd7mnd> U, MPSK
k 1
1 1 2b 2n—1 2br, a7V
X Fl()?)) N 1 - msd; msd7 17 3 Sded )‘nd A”ld

M ) M )
2 Gi,mpsk Go2,MmPSK U, ,MPSK

The second integral [25 %;;SJIB(R can be derived by changing the variable

cos2 6 cos? 6 cos2 6

£= COSQ(TF/M) - 1*9MPSK w
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<M

e ) can be rewritten as below

In this case, ¢_spr-Br
TMRC

Mgd— 1
titr (1 =aier) " (2
gMPSK 1, 1,MPSK
(Z) SDF—BR < ) ) = (2bsdmsd)m3d (1 - ZW) Msq HPSW
IMRC sin“ 6 Msd 1 — z2bsamsaw ,
2,MPSK Ga2,MPSK =1

GMsdl 1— 27— mea=l
1,MPSK G1,MPSK

( 1)(k+1)

Mh

+ (2bsgmsg)"*? (1 — 2w)

Msd

Msd 1 _ 2bsdmsdw

2,MPSK G, MPSK k=1
L—k+1 L—k+2 L k 1 k 1
S Y Y (e (S
A1=1 do=A1+1 Ap=Arp_1+1 Ln=1 ) n=1 TAn TAnd

-1
wZn 126, ar, 4 d'yr)\ 4
X(1—zw)|1—2
Uz, MPSK

(G.10)

Therefore, 125 ff;s?(R can be written as below

mg Mgqg—1
[SDF~BR _ Vw (2bsamisa) dGl,]\?[PSK (ﬁP )

2,MPSK Msd
277G2,MPSK i=1
L 1 w Mad =l 2bsamsqw \
X z72(l—-z2w)2 (1 —2— L=z dz
0 G1.MPSK G2, MPSK
Mg AMsg—1 L—k+1 L—k+2 L
V@ (2bsamisa)™ Gt o & 1) (k1)
2MPSK ke A1=1 do=A1+1 Ak=Ap—1+1

Z /125(1—zw)g
UAn,MPSK = 2bmnd7r/\ d
L —1

_ — w

w Msd~1 2bggmeqw \ ¢ Z” 1 261")\ dVry, d

X 1 — ]. — ]. — Z dZ
G1,MPSK Ga2,MPSK U, MPSK
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By using the Lauricella function, Iég fﬁ%‘?fb can be obtained as follows

n msd_l L
[SDF—BR Vw(2bsamsa) ™G {ipsie II~ Py <1 L1 Mg, Magy oy = 2b5dm8dw>
= Mg STy o) oyt T Msdy Tsdy 55 W, 5
AMPSE TGy Npsk -1 P2 2 2" Giupsk Gompsk
saMsa—1 L L—k+1 L—k+2 L
Vw(2bsamsa) ™ G 3 psx (b41)
e SIS
2,MPSK k=1 M=1 do=A+1  Ap=Ap_1+1
k k
1 1
H (1 - PST)\n) Z 2 — U
el 1 20, d 7y, d An,MPSK
k 1
w e
(4) 1 3 3 w 2bsdmsdw Zn:l 2b7">\nd’y'r)\nd
><-FjD 77_771_msdam8d71;7;w7 3 )
27 2 2" Gimpsk Go,MPSK Ux.,MPSK

(G.12)
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Therefore, PSS ]\D/;ggR(E) is given as below

(2bsgmsq)™ SdGTJS\E}P}gK 1 1 2b5qMmsq
pSDF-BR(py _ P F1< s T —mgq, msq; 2; S~ >
APk (E) 4(;2 ed ok Pt 8T 2’ IO Gy mpsk T Gampsk

3(2bsdmsd) bdGde ! L Lkt Lokt2 L

1,MPSK k+1) Z Z Z

16GL e
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070 (35 :
11 sm nzl?bm\ndﬁr/\nd Uz, MPSK

k 1
1 2bsdm5d En:l 2b’r>\ndﬁr>\nd

) bl
Gi,mpsk Ga2,MmPSK U, MPSK

[y

1
< Fp) | 501 = maa maa, 153

VW (2bsamsa)™ Gy JS\ngK L
+ 117

TGyt MPSK i1

o ® <1 1 1 g g 3 w 2bsdm3dw>
b\2 2 sy Thsd; 938 "Gimpsk’ Go,mPSK
sd—1 L L—k+1 L—Kk+2 L
S ISP IS
TGy MPSK k=1 M=1 Aa=M+1  Apg=Xp_1+1
k k
1 1
1-P
ngl ( STAn) <ngl 2br>\ndfyr)\nd> U)\n,MPSK
k 1
o (L3, 4 Msd, 1; 3., d 2bsamsw © 2t bry dTry,
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(G.13)

G.2 SEP of MQAM

The average SEP of the HSTCS with best relay selection for coherent MQAM signals is defined in
3.23 as

_ 4q [ IMQAM 4> [F IMQAM
SDF—BR _4q Q M IMQAM
PS,MQAM (E) T /0 ¢’Y1€£%12'78R < sin2 6 ) d0 T Jo ¢71€4DRIZ‘7BR ( sin® 0 ) a0

(G.14)
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where gyoan = 3/2(M — 1), g = (1 — 1/\/M> and

L L—k+1 L—k+2
k=

L
o (25tt) =one (t) (IT7 ) ons (G S 500 50

=1 1 A1=1 do=A1+1
k k -1
S o i
= 2by, Ty, sin? 6 2, d7r,, d
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(G.15)

> e-rn)

A=Ag_1+1 Ln=1

where ¢,_, (ggr?feM) is given in A.19.

The first integral Iig 1\%12274%% can be computed by using the same approach as in If%;g?f. We

only change garpsk to gmganm and multiply the factor 4¢ into Ifﬁ@g@R.

Hence, we obtain

s -1 L
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1L,MQAM GQ};\;QAM P ST 9’ sdy 'tsdy ’GLMQAM’ GZMQAM
3q(2bsdmsd)deGTﬂé}4M L . L—k+1 L—k+2 L
i G PBCHEED DEND DENTDD
2,MQAM =1 Ml gt A1
k k
1 1
1-P _
g( STAn) (; Qbmnd’)’mnd> U)\n,MQAM
koo 1
x F&) E 1 —mgq, msq, 1; 3; ! 2bsamsd 2in=1 rxn Ty, d
D 27 sdy 'lsdy L ’GI,MQAM’ GQ,MQAM7 U)\MMQAM
(G.16)
where
- 1
Ux,MQAM = gMQAM + ) —7———. (G.17)
nZ::l 2bT)\nd’yT)\nd

In order to derive Igﬁg;‘%%, we change the variable, t = 1 — tan? . In this case, IiADﬁ,SK can be
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written as below
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By using the Lauricella function, Iég ﬁf;slf(R can be obtained as below
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So, PSS 1\1318 "SE(E) is finally given as follows
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APPENDIX H

Outage probability of the HSTCS with

best relay selection

The CDF of 73/, 2% is defined in 3.42 as

y
Ff{%FC*BR(y) :A F’?BR(y_T)f’st<7_)dT- (H.1)
where F5, . (y) is given in 3.40 as
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(H.2)

So, the CDF of ’yf/[%% BE can be rewritten as follows
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The integral I;(y) can be calculated by using the same approach as in equation E.4 of appendix E

149



150 APPENDIX H - OUTAGE PROBABILITY OF THE HSTCS WITH BEST RELAY SELECTION

and is given as follows
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Hence, the CDF of ’7}\94%%_3 R is given as below
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Therefore, the outage probability of the HSTCS with best relay selection is finally given by
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Asymtotic SEP of the OFDM-HSTCS

1.1 Asymtotic of P}/ (E)

The average SEP of the OFDM-HSTCS for coherent MPSK signals over i.i.d fading channel is given
in 4.17 as
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1.2 Asymtotic of P,/ (E)

The average SEP of the OFDM-HSTCS for coherent MQAM signals over i.i.d fading channel is given
in 4.23 as
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