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Abstract

With the rapid growth of the wireless communication systems, wireless networks and
devices are expected to support high-speed and high-quality multimedia services.
Accomphishing this demand is challenging since wireless systems are subjected to
many major constraints such as a complex and harsh fading channel, a scarce useable
radio spectrum, and limitations on the power and size of hand-held terminals. Therefore,
the effective spectral and power efficient fading mitigation techniques are required. In
this work, the study of the performance of optimum combining (OC) operating in the
Generalized Gamma (GG) fading channels with CCI has been investigated. The closed-
form expressions of the outage probability, the moment generating function (MGF), and
the average symbol error rate (ASER) for various digital modulation schemes have been
derived. These analytical results are shown in terms of the Meijer-G function which can
be easily and accurately computed by some software programs such as Maple or
Mathematica. Consequently, the performance of multi-hop AF and DF relay systems in
Rayleigh fading channels with CCI and additive white Gaussian noise (AWGN) are also
been studied. The analytical expressions for useful performance measures for multi-hop
relay systems such as the outage probability, the average symbol error rate, and the
average channel capacity are derived. Moreover, the outage performance for both AF
and DF relay systems in the interference-limited Nakagami fading channels are also
obtained in this work. Finally, the accuracy of analytical results is then verified and

depicted by computer simulation.



11

Keywords : Co-channel Interference/ Additive white Gaussian Noise/ Optimum
Combining Technique/ Multi-hop Relaying Systems/ Outage Probability/
Average Symbol Error Rate/ Channel Capacity.



v

o a a

] o a 7 o {
FUDINYTUNUD ﬂ'lf!"Jlﬂi'lg‘ﬂﬁ]mﬂ’l‘W"U@\153'1J'1Jﬂ'l§ﬁ'JiJﬁ'ﬂJiLl'lmLL‘]J‘Uaﬁq@Hlag

a

v A = o 1 o A 9 A
sruuiangolSadlusesdynranmsdoas ISmounuadand

]

dyaaunInaen
NUWAAINTTNUT 36
Y A a 4 9
AIRTEGRY 9.9 QUNIY A50INO (7.U.)
P Aa Aa Jd
£19156N1U5AM NA.A5. 95701 98155
nangag USsanauinda
a a a 4
CALRREA nssy ihuazaeuinaes
a a a 4
AGEEA AFINTTUADUNAADT
a 4
A AFINTTUANANT
N.A. 2554
YNANYD

A

a a v 3 o '
fﬂWﬂﬂ'NiJL‘ﬂﬁﬂJuﬁ'l')ﬁ“l?!lumgmﬂjﬂﬂﬂ?ﬂiﬂﬂli?ﬂl@ﬂi%‘ﬂ‘ﬂﬂ"liﬁ’f)ﬁ?ﬁul%}ﬁ"lﬂ WWiﬁIﬂﬁﬂﬂﬂﬂLlﬁg

S ¥ Yo [V 9 Y 19 9y ] 3
Q‘].]ﬂﬁﬂ!hlﬁﬁ"lﬂhlﬂ5‘]Jﬂ1§ﬂ1ﬂﬂ'N’Jﬁ]%’;@]?N?nll15ﬂ5ﬂ-ﬁﬂﬂlﬂﬂﬁﬂ?ﬂﬂ31ﬂﬁ?gﬂ FIUNMITINITD

G

ad A

@ a 1 % I a a I a3
i?JQi‘lJLLaxclﬁ)‘]Jiﬂﬁﬂ"liﬁ\iﬁfljﬂigml‘]_l‘]_lllﬁ@]llmEJ“l@g{ﬂleflﬂigﬁ"l/]‘ﬁﬂTW i’)fﬂﬂiﬂ@nﬂﬂ"ﬁﬁﬂ‘ﬂﬁuﬂﬂ

Yy Y o v A o

9 [ J A o 3 A A F A S 9
ﬂ’JWﬂJ@]ﬂﬂﬂﬁﬂﬂﬂﬁnﬂ’ﬂENL‘]JHL??NVI?]BH"UNVIWIWflﬁ”lﬂ'i‘lﬁg‘m_lﬁﬂﬁ"li]liﬁw LHUBDIYTINUUDITNA

a A ¥ =

agnagszns endIed sy Yoadyaamladinlanugudou MsvIALAaUYEIEIUAIND

A a A ° D] Y Y o o A o o o 1 N ¥ v o
ﬂammqmmmmumﬂﬁmm"lﬂ uaxﬁuamﬂmﬂmﬂmmmgazmmﬁwm’qﬂﬂim"limﬂ ANUU

v
= 2 1

Yo o 4 {
iz‘mﬂnﬁ1u1iﬂ1ﬂfﬂ1aia‘ﬂuazﬁ‘LﬂﬂGliNﬂﬁUﬂ’nua ANDAIUTTINITOUITININANTENUIN
Ed
Ay A

o a Y =\ a a =® Ay a a
wanavaasldeaiidszaniamiauilundesns luauisedilszaninimvesszuumssiy
o ad . L. ' o a da o
YA ULUVANEA (Optimum combining) Tusesdyananadsninisnszneunuuunuuna

. iAo Yo Y o ' ' I
(Generalized Gamma) Nidyauunsnaen ldsumsany Tagldinauemianuivgiiuves

v
o

] o [ { [ [y S w 1 o a
miﬁ'a'muw%gmmwamﬁymmﬂmmﬁﬂamu"léf (Outage  probability), flenFunanuiia
4 [V { a a o Y] 4
Tutuu@ (Moment generating function) uaxammmﬁammmwammamuaﬂym (Average
aa % 1 @ 1 o Y
symbol error rate) YDITEUUAIADANDAATULUUAN Tﬂmmmwamﬂmﬂugﬂmmmﬂw"lu
I .. = o ' Y 9 1 ' a
19939 (Meijer-G) GNmmmmmmﬂ11@mmgazgﬂﬁmmﬂiﬂmﬂimemg’;imm @ tla

a a 09.:’ a A S { o
(Maple) %30 UUNTANAN (Mathematica) HonINUYsz AN MVesTVUNaRgo N HIDY

v o Y

Msvoedy1audIane (Amplify-and-forward) 18 MSINTHATYAIUUAITIAD (Decode-

i 9
A v o ¥

and-forward) Tugesdyanauvlafauusda (Rayleigh) Wiinsdyaaunsndeauaz dayao

o 9

Y o o a L4 Y o ' 1 IS = @ A
3Uﬂ?ullﬂgﬂl‘l']ll'wnﬂ']ﬁ'llﬂﬁ']zﬁ IﬂEJUl@uuﬁu’ﬂﬂ’]ﬂ?’lﬂu’]’ﬂzlﬂumﬂﬁﬂ']illigﬂ‘]_l‘ﬁﬁﬂﬂﬂlﬂ'lw



'
~ o o [ L4

[ ° 1 1 9 [ { a a 1 {
ﬁ'ﬂuliy1mﬁ5]'lﬂﬂ]'lﬂﬂ/lﬁl'ﬂlliﬂhlﬂ, amuaﬁﬂmmwﬂwmmmamaﬂym uaxmmﬁammmm

g

Y Ed
o IS

' = < S A Ao A
yosdyay suthuilulse TestegrannlumsnnsatasFiagunnueaszuy Honanil
Aa A v A { [ 9 [ [ .
Usgansnmvesscuuiaagedniuuuy msversdyyranalaine (Amplify-and-forward)
9 Y] [ Y 1 1 ] [ a a
wag MINIHa Ty udId90e (Decode-and-forward)  TugosdgyarauwadauuuAINIig
. A @ 9 =2 a Y 1 v 9
(Nakagami) Nlmwzdaanaunsnaea lagnanyuayiinsizd Biuiu Tasanugndeves

a J @ 3 o
Naﬂ’liﬂlﬂ5'l$1’?ﬂﬂ!ﬂTW"U'E'J\1ﬁiUuiUu'lﬂW]QﬂﬂﬂgﬂﬂiﬂﬂﬁaﬂllﬁguﬁﬂﬂWﬂiﬂﬂﬂWii%LlUUﬂ?ﬁ@ﬁﬂWﬁ

a J
AONNUADT
MadNYy . Y IUNINdea/ dyNuITUNIY/ TEUUMITINFYIUIULANGA/ TEUUNT
4 v A o 1 [~ Y [ o
fodrsiadgedunudine/ anuiziluveImsiiszaurionanndyyIud)
(A { o o { a Aa o @ 4 1 {
nmieensuld/  dasundeanuAawaiaddyanyal/  AundenuVa

[

¥oad I

g 9



Vi

ACKNOWLEDGEMENTS

I would like to acknowledge many people around me who helped, supported and
encouraged me during the course of this Ph.D. program. Without these kind people, my

accomplishments would never have been possible.

Beyond anything, I would like to express my deep and sincere gratitude to my
supervisor, Asst.Prof. Chirasil Chayawan, Ph.D., Electronics and Communication
Engineering Department, King Mongkut’s University of Technology Thonburi, who
was abundantly helpful and offered invaluable assistance, support and guidance. His
wide knowledge and his logical way of thinking have been of great value for me. His
understanding, encouraging and personal guidance have provided a good basis for the

present dissertation.

My sincere thanks are due to a dissertation chairman, Col. Assoc.Prof. Settapong
Malisuwan, Ph.D., and all committees for their detailed review, constructive criticism

and excellent advice during the preparation of this dissertation.

In addition, I wish to express my warm and sincere thanks to Prof. Valentine A. Aalo,
Ph.D., who gave me the excellent opportunity to work with him in the Department of
Computer&Electrical Engineering and Computer Science at the Florida Atlantic
University in the USA. This interaction has tremendously broadened my world view

and strengthen my understanding of wireless communications.

I owe my most sincere gratitude to Dr. Sangtien Cherdchid and his sister, P’Chompu,
who gave me a very warm welcome to their family and untiringly helped me during my

brief visit to the USA.

The financial support of the National Broadcasting and Telecommunications

Commission (NBTC) is gratefully acknowledged.

Lastly, and most importantly, I want to dedicate this dissertation to my parents, Sirisak
and Mali Soithong, my brothers, Sarun and Apinan Soithong, and my wife, Varunee

Soithong, for their love, support and motivation throughout my life.



CONTENTS

ENGLISH ABSTRACT
THAI ABSTRACT
ACKNOWLEDGEMENTS
CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATION

LIST OF NOTATIONS

CHAPTER
1. INTRODUCTION
1.1 Motivation and Background
1.2 Diversity Combining Techniques
1.3 Cooperative Communications
1.4  Objective
1.5 Outline
2. MODELING OF WIRELESS FADING CHANNELS
2.1 Multipath Fading
2.2 Shadowing
2.3 Composite Multipath/Shadowing
3. SYSTEM PERFORMANCE MEASURES

3.1 Moment Generating Function

vil

PAGE

il

v

Vi

vii

xi

xiii

X1V

10

10

14

14



viil

3.2 Outage Probability 14

3.3  Average Symbol Error Rate 15
34  Amount of Fading 16
3.5 Channel Capacity 17

OPTIMUM COMBINING IN GENERALIZED GAMMA

FADING CHANNELS 18
4.1 Introduction 18
4.2 System Model 20
4.3 Performance Analysis 24
4.4  Numerical Results 26

DUAL-HOP RELAY SYSTEMS IN RAYLEIGH FADING

CHANNELS 32
5.1 Introduction 32
5.2 The Presence of CCI and Noise 34
5.3  Interference-limited (CCI only) 44
54  Performance Analysis 45
5.5  Numerical Results 48

MULTI-HOP RELAY SYSTEMS IN RAYLEIGH FADING

CHANNELS 56
6.1 Introduction 56
6.2 System Model 57
6.3 Statistics of End-to-End SINR 60
6.4  Performance Analysis 68

6.5 Numerical Results 72



X

7. MULTI-HOP RELAY SYSTEMS IN INTERFERCE-LIMITED

NAKAGAMI FADING CHANNELS 77
7.1 Introduction 77
7.2 System Model 77
7.3 Outage Performance 81
7.4 Numerical Results 84
8. CONCLUSIONS AND FUTURE WORK 89
8.1 Conclusions 89
8.2  Future Research Directions 90
REFERENCES 91
APPENDIX
A. Derivation of Equation (5.22) 103
B. Special Cases of Incomplete Webber Integral 105
C Derivation of Equation (5.43) 107
D. Derivation of Equation (6.43) 109
E. Derivation of Equation (6.46) 112

CURRICULUM VITAE 115



LIST OF TABLES

TABLE

2.1 The envelope distributions derived by GG distribution

3.1 The parameters for a generic form for several modulation schemes

PAGE

13

16



LIST OF FIGURES

xi

FIGURE PAGE

1.1 Multi-hop AF relay systems 3

4.1 Optimum combining receivers with N interferers 20

4.2 Outage probability of OC receivers with 8 equal-mean power interferers 28
in Generalized Gamma fading channels

4.3 Outage probability of an OC receiver (no diversity) with 8 equal-mean power 29
interferers in Generalized Gamma fading channels

4.4 The ASER of 8-PSK for OC receivers with 8 equal-mean power interferers 30
in Generalized Gamma fading channels

4.5 The ABER of BPSK of an OC receiver (no diversity) with 8 equal-mean power 31
interferers in Generalized Gamma fading channels

5.1 Dual-hop relay systems with the presence of interference and noise 34

5.2 Outage probability of dual-hop relay system in the presence of equal-power 51
interferers at the relay and destination nodes

5.3 Outage probability of dual-hop relay system with high SIR at the relay 52
and destination nodes

5.4 ABER of dual-hop relay system in the presence of equal-power interferers 53
at the relay and destination nodes

5.5 ABER of dual-hop relay system with high SIR at the relay and 54
destination nodes

5.6 Outage probability of interference-limited dual-hop relay system 55

6.1 Multi-hop relay systems with the presence of interference and noise 58

6.2 Outage probability versus average SNR per hop for AF and DF relay systems 74
with N=2, 3 hops and two equal-power interferers per hop with average
INR equal to 5 dB

6.3 Average BER versus average SNR per hop for AF and DF relay systems 75

with N=2, 3 hops and two equal-power interferers per hop with average
INR equal to 5 dB
6.4 Average capacity versus average SNR per hop for AF and DF relay systems 76

with N=2, 3 hops and two equal-power interferers per hop with average



INR equal to 5 dB.

7.1 Outage probability of 3-hop DF and AF relay systems in Nakagami-m fading
channels

7.2 Outage probability of DF and AF relay systems with N=2 and 3 hops in
Rayleigh fading channels with distinct powers

7.3 Outage probability of DF and AF for 2-hop relay systems with {ms’n}iz1 =2

and A =20, 25, 30 dB per interferer in Rayleigh fading channels

Xii

87

88



3G/4 G
ABER
AF
AoF
ASER
AWGN
CBFSK
CBPSK
CCI
CDF
CLT
Cpdf
CSI
DAF
DCT
DF
DOF
EF
EGC
GG
MGF
MRC
oC
PDF
PF

SC
SINR
SIR
SIRP
SIRV
SNR

xiil

LIST OF ABBREVIATION

The third/forth Generation

Average Bit Error Rate
Amplify-and-Forward

Amount of Fading

Average Smbol Error Rate

Additive White Gaussian Noise
Coherent Binary Frequency Shift Keying
Coherent Binary Phase Shift Keying
Cochannel Interference
Cumulative Density Function

Central Limit Theorem

Characteristic Probability Density Function
Channel-State Information
Decode-Amplify-and-forward

Discrete Cosine Transform
Decode-and-Forward

Degree of Freedom
Estimate-and-forward

Equal Gain Combining

Generalize Gamma

Moment Generating Function
Maximum Ratio Combining

Optimum Combining

Probability Density Function
Piecewise-and-forward

Selection Combining
Signal-to-Interference-plus-Noise Ratio
Signal-to-Interference Ratio
Spherically Invariant Random Process
Spherically Invariant Random Vector

Signal-to-Noise Ratio



Xiv

LIST OF NOTATIONS

Amplitude of desire signal

Interference covariance matrix
Diversity gain

Zero-mean Gaussian vector
SIRV

ASER

AF relay gain

Average Channel Capacity

Gamma function

Noise power
Desired signal

The j" interference signal

Cumulative density function
Generalized hypergeometric function
Probability density function

Partial-fraction coefficient

Bessel function of the first kind

Complementary cumulative density function
Q function

Bessel function of the second kind

Binomial coefficient

Inverse Laplace transform

Meijer-G function



Confluent hypergeometric function of the second kind

Incomplete Weber integral

Lauricella multivariate hypergeometric function of the

second kind

Expected value

Non-negative random variable

Channel bandwidth

XV



