REPUBLIC OF TURKEY
YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

MAXIMAL RATIO TRANSMISSION BASED MULTIPLE
ANTENNA RELAYING SYSTEMS WITH INTERFERENCE

Awfa A. M. Ali ALADWANI

DOCTOR OF PHILOSOPHY THESIS
Department of Electronics and Communications Engineering

Communications Program

Advisor
Assoc. Prof. Dr. Tansal GUCLUOGLU

December 2020



REPUBLIC OF TURKEY
YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

MAXIMAL RATIO TRANSMISSION BASED MULTIPLE ANTENNA
RELAYING SYSTEMS WITH INTERFERENCE

A thesis submitted by Awfa A. M. Ali ALADWANI in partial fulfillment of the
requirements for the degree of DOCTOR OF PHILOSOPHY is approved by the
committee on 04.12.2020 in Department of Electronics and Communications

Engineering, Communications Program.

Assoc. Prof. Dr. Tansal GUCLUOGLU
Yildiz Technical University
Advisor

Approved By the Examining Committee

Assoc. Prof. Dr. Tansal GUGLUOGLU, Advisor
Yildiz Technical University

Asst. Prof. Dr. Aktiil KAVAS, Member

Fatih Sultan Mehmet Foundation University

Assoc. Prof. Dr. Eylem ERDOGAN, Member
Istanbul Medeniyet University

Assoc. Prof. Dr. Hamid TORPI, Member
Yildiz Technical University

Prof. Dr. Hasari CELEBI, Member

Gebze Technical University




I hereby declare that I have obtained the required legal permissions during data
collection and exploitation procedures, that I have made the in-text citations and cited
the references properly, that I haven’t falsified and/or fabricated research data and
results of the study and that I have abided by the principles of the scientific research
and ethics during my Thesis Study under the title of Maximal Ratio Transmission Based
Multiple Antenna Relaying Systems With Interference supervised by my supervisor,
Assoc. Prof. Dr. Tansal GUCLUOGLU. In the case of a discovery of false statement, I

am to acknowledge any legal consequence.

Awfa A. M. Ali ALADWANI

Signature



Dedicated to my father, Prof. Dr. Abdulwahhab Aladwani,

my mother, my wife Zena, and my kids



ACKNOWLEDGEMENTS

In order to accomplishment this work, there has been a lovely group of individuals
whose contributions and support have enabled me to reach this goal. I am forever
indebted to so many people for their unwavering support throughout this journey. I
will endeavor to acknowledge these special individuals, but for those I may miss, I

sincerely apologize.

I would like to thank, first of all, my family and lovely friends for their constant
support. Your unconditional love and encouragement have been my greatest
motivation on this journey. To my family, thank you for your patience, endurance,

and serenity as I took this journey.

I am indebted to my advisor, Assoc. Prof. Dr. Tansal GU(;LUOGLU, for his guidance,
enthusiasm that enhanced my experience throughout my graduate studies. I have
great reverence for Assoc. Prof. Dr. Tansal GUGLUOGLU, both as a researcher and as
a person. I aspire to imbibe his professional ethics, diligence, and discipline. He is the

best advisor I could have hoped for and has been a great influence in my life.

I would like to thank my thesis monitor committee members, Asst. Prof. Dr. Aktil
KAVAS, and Assoc. Prof. Dr. Eylem ERDOGAN, for their encouragement, motivation,

and constructive feedback on this dissertation.

I am greatly thankful to the Faculty of Electrical Engineering, in particular, the
Department of Electronic and communications Engineering for the support during
my graduate studies. I would like to specifically thank the department’s staff for their
guidance and support. Last, but not the least, I would like to thank my fellow Graduate
students for their camaraderie and feedback on my work. I have benefited greatly by

collaborating with all of you on various topics that led to this dissertation.

Awfa A. M. Ali ALADWANI

iv



TABLE OF CONTENTS

O (MBQ viii

OF ABBREVIATION ix
[LIST OF FIGURES| xi
ABSTRACT xiii
XV
1 INTRODUCTION 1
1.1 Literatur VIEWI « v v v e e e e e e e e e e e e e e e e e e e e e e e 1
(1.2 Objective of the Thesis| . . . ... ... ... .. ... .. ... .. ..... 3
(1.3 Hypothesis| . .. ... ... ... . . . 5
(1.4 Organization| . . . . . . . ... ... ittt ittt 6
(1.5 Notations| . . . . . . ... 7

2 BACKGROUNDI 8
[2.1 Wireless Communication Systems| . . . .. ... ............... 8
[2.2  Wireless Channel Modeling| . . . ... ... ... .. .. ... ... ... 8
[2.2.1 Rayleigh Fading Channel| . . . .. ... ... ... ... ... ... 9

[2.2.2 Nakagami-m Fading Channel . .................... 9

[2.2.3  Weibull Fading Channell. . . . .. ... ... ... .. ....... 10

[2.3 Interference Modeling| . . . ... ... ... ... ... ... ... 10
[2.4 Space Diversity Techniques| . . . ... .. .. ... ... ... .. .. ... 12
[2.4.1 Cooperative Relaying| . . ... ........ ... .. ....... 12

[2.4.2 Transmit Diversity| . . . . . . . .. ... o 15

[2.4.3 Receive DIVEISILY| . . . . . .« . v v vt i ittt e e 16

2.5 Performance EvaluationTools| . . ... ... ................. 16
[2.5.1 Outage Probability|. . . . ... ... ... ... ... .. ... .. .. 16

[2.5.2  Average Error Probability|. . . . . ... ... ... .. ... 0. .. 16

[2.5.3 Ergodic Capacity (Average Channel Capacity)| . . . . . ... ... 17

[2.5.4 Asymptotic Analysis, Diversity and Array Gain|. . . . . ... ... 17




3 IMPACT OF CO-CHANNEL INTERFERENCE ON TWO-WAY RELAYING |

| NETWORKS WITH MAXIMAL RATTO TRANSMISSION|

[3.2 System and Channel Models| . . ... .. ... .. .. .. ... ... ... 21
[3.3 Performance Analysis|. . . . ... ... ... ... ... 23
[3.3.1 System Outage Probability| . . . . ... ... ... .......... 27
[3.3.2 Sum Symbol ErrorRate|. . . . .. ...... ... ... ... ... 27
[3.3.3 Asymptotic Analysis| . . . . ... ... o 29
[3.3.4 ErgodicSumRate| .. ... .. ... ... .. .. L L. 31
[3.3.5 Impact of Channel Estimation Errors|. . . . ... .......... 32
[3.4 Numerical Results and Discussion| . . . . ... ... ............. 34
[3.5 Chapter Summary|. . .. ... ... ... ... . .. . . 41

42
4.1 IntroduCtion| . . . . . . . v v ittt e e e e e e e e e e 42
4.2 System and Channel Models| . . ... ... ... ... ... ... ...... 45
4.3 SINR Statistical Analysis| . . . . ...... .. .. .. L oo . 46

[4.3.1 The CDFs Derivationl . . . .. ... ..o vienennnn... 47
[4.3.2 The PDFsderivation|. . . . . ... ... ... ..., 49
4.4 Performance analysis| . . . . ... ... ... ... 49
[4.4.1 Outage Probability|. . . ... ... ... ... .. ... ..., 49
[4.4.2 Average Bit Error Probability] . .................... 50
[4.4.3 Ergodic CapacCity] . . . . « v v v v vt vt e e e e e e e 51
[4.4.4 Asymptotic Analysis| . . . . .. ... oo 51
4.5 Numerical Results and Discussion| . . . . . ... ............... 54
4.6 Chapter Summary|. . . . ... ... ... .. e 60

[5.2 System and Channel Models| . ... ... ... ... .. ... ... ... 63
[5.3 SIR Statistical Analysis|. . ... ... ... ... . . L o 65
[5.3.1 The CDFs Derivation| . .. ... .. ... ..ot unen... 65
[5.3.2 The PDFs Derivationl. . . . . . . v v v v v vt v ot ee e e e e 72
[5.4 Performanceanalysis|. .. ......... ... .. ... ... .. ... ... 74
[5.4.1 Outage Probability|. . . . ... ... ... ... ... ... .. .. 74
[5.4.2 Average Bit Error Probability] . .................... 75

vi



[5.4.3 Asymptotic Analysis| . . . .. ... ... ... . ... . o .. 76

5.5 Numerical Results and Discussion| . . . . . . v v v v v v v v v i i 77
[5.6 Chapter Summary|. . .. ... ... ... .. .. . . . .. .. .. .. 82
6 R AND D ON 83
[6.1 Conclusionsl. . . . . ... . e 83
6.2 Future Works|. . . . . . . . 84
R REN 86
A Derivation of (3.20)) 96
B Derivation of (3.41))| 98
|C Derivation of (4.11))| 100
[D Derivation of (4.13)) 101
[E Derivation of (4.16)] 102
[F Derivation of (4.19)) 104

106

vii



LIST OF SYMBOLS

Binomial coefficient equivalent to a!/b!(a — b)!
bold letter denote vector

CDF of the random variable X

expectation of a random variable X

Fox’s H-function

Frobenius norm

Gamma function

Hermitian transpose (conjugate transpose)
italic letter specify scalar variable

lower incomplete Gamma function

Meijer’s G-function

PDF of the random variable X

Pochhammer’s symbol equivalent to I'(a +s)/T'(a)
standard Gaussian tail probability function
transpose

Tricomi confluent hypergeometric function

upper incomplete Gamma function

viii



LIST OF ABBREVIATIONS

AF amplify-and-forward

G, array gain (coding gain)

ABEP average bit error probability

AEP average error probability

CEE channel estimation error

CSI channel state information

CcCI co-channel interference

CDF cumulative distribution function

DF decode-and-forward

Gy diversity gain

EGC equal gain combining

ESR ergodic sum rate

EGBMGF extended generalized bivariate Meijer G-function
iid independent and identically distributed
i.n.i.d independent and non-identically distributed
INR interference-to-noise ratio

LOS line of sight

MRT maximal ratio transmission

MRC maximum ratio combining

MMSE minimum mean square error

MGF moment generating function

MIMO multiple-input multiple-output

MISO multiple-input single-output

ix



N-LOS

OWRNSs

)

PDF

SC

SIR

SINR

SNR

SIMO

SISO

STBC

STC

SSER

SER

TAS

TWRNSs

non-line of sight

one-way relay networks

outage probability

probability density function
selection combining
signal-to-interference ratio
signal-to-interference-plus-noise ratio
signal-to-noise ratio

single-input multiple-output
single-input single-output
space-time block code

space-time code (Alamouti’s code)
sum symbol error rate

symbol error rate

transmit antenna selection

two-way relay networks



LIST OF FIGURES

[Figure 2.1 Emerging communication networks [36[] . .. ... .......... 11
[Figure 2.2 Cooperative Relaying Schemes.| . . . ... ................ 13
[Figure 2.3 Relay categories.] . . . . ... .. ...t ii.. 14
[Figure 2.4 Maximal Ratio Transmission Vs Maximum Ratio Combining.|. ... 15
[Figure 3.1 Block diagram of TWRN with maximal ratio transmission and CCI |
| attherelay| ... ... . . . 21
[Figure 3.2 System outage probability considering different SIR values, y,, = 0 |
[ dBand N =6J. . ... ... ... 35
[Figure 3.3 System outage probability of AFF-TWRN with CCI for different |
| number of antennas, Y4, =0dB.| . .................... 36
[Figure 3.4 System outage probability of AFF-TWRN with different numbers of |
| co-channel interference signals, y,, =0dBand L, =L,=2| .... 36
[Figure 3.5 System outage probability with different values for the constant |
| interference power, Y, =0dBand L, =L, =2. .. ......... 37
[Figure 3.6 Sum SER performance of AFTWRN with CCI for different number |
[ ofantennas.| . . . . ... ... . 37
[Figure 3.7 Sum SER performance of AFTWRN with CCI for different number |
| of interference signals, L, =L, =2 . .. ... ............. 38
[Figure 3.8 Achievable sum rate with different numbers of CCI Signals, power |
[ and different number of antennas.| . . . ... ... ... ........ 39
[Figure 3.9 System outage probability of AFF-TWRN with CCI and different CEE |
| values, y,,=0dBand L, =L, =2.|. . . . ................ 39
[Figure 3.10 System outage probability vs SINR threshold for different number |
| of antennas, , =10dBand 2, =Q, =0.01............. 40
[Figure 3.11 Sum SER performance of AFTWRN with different number of |
| antennas, different values of CEE, P/P,=30dBand N =6.| . ... 41
[Figure 4.1 Block diagram of dual-hop maximal ratio transmission with CCI at |
| the relay and destination.|. . . . .. ........ ... .. ... .. .. 45
[Figure 4.2 Outage probability as a function of average SNR for different |
[ number of antennas with constant signal-to-interference ratio.|. . . 55

xi



[Figure 4.3

Outage probability as a function of average SNR for different

Nakagami-m fading severity parameter with constant

signal-to-interference ratio.| . ............. ... .. .....

[Figure 4.4

Average bit error probability as a function of average SNR for

different number of antennas with constant signal-to-interference

FALIOL .« . o e e e e e e e e e e e e e e e

[Figure 4.5

Average bit error probability as a function of average SNR for

different number of antennas with constant interference power, . .

[Figure 4.6

Average bit error probability as a function of average SNR with

different values of the constant interference power|. . . . . ... ..

[Figure 4.7

Ergodic capacity as a function of average SNR for different number

of CCI signals with constant signal-to-interference ratio.|. . . . . . .

Figure 4.8

Ergodic capacity as a function of average SNR for different number

of antennas with constant interference power.| . . . . . ... ... ..

[Figure 5.1

Block diagram of MRT based multi-antenna multi-hop

decode-and-forward (DF) relaying networks with co-channel

Interferencel . . . . . . e e e e e e

[Figure 5.2

Outage probability versus average per-hop signal power for the

direct and multi-hop cooperative links, N=1,3| . ... ... . ...

[Figure 5.3

Outage probability versus average per-hop signal power for the

multi-hop with different fading parameter values, N =3.|. . . . ..

[Figure 5.4

Outage probability versus per-hop average signal-to-interference

ratio for the multi-hop with different interference fading parameter

values, N =3 . . . . . . .

[Figure 5.5

Average Dbit error probability versus per-hop average

signal-to-interference ratio for the multi-hop with different

numberof antennas, N=3.| . . . . ... ... . ... . . ... ...

80

[Figure 5.6

Average bit error probability versus average per-hop signal power

for the multi-hop with different interference power values, N = 3.|

xii

81



ABSTRACT

Maximal Ratio Transmission Based Multiple Antenna
Relaying Systems With Interference

Awfa A. M. Ali ALADWANI

Department of Electronics and Communications Engineering
Doctor of Philosophy Thesis

Advisor: Assoc. Prof. Dr. Tansal GUGLUOGLU

The use of multi-antennas techniques has been well-known for increasing wireless
communication reliability by providing more diversity gains. = However, due
to increased computational complexity at the receiver, only a few of many
multi-input multi-output (MIMO) techniques are practically preferable. Maximal
ratio transmission (MRT) approach is one of those simple and thus feasible MIMO
techniques (e.g., Alamouti scheme). MRT can achieve full spatial diversity without
increasing receiver complexity. Thus, it is highly suitable for transmissions from
base stations to the size, delay, and power-constrained mobile units and relays
in cooperative communication such as a two-way relaying network (TWRN) and
one-way relaying network (OWRN). On the other hand, Co-channel interference
(CCD) is one of the significant factors that degrade a wireless communication
network’s performance. For instance, In the next-generation cellular networks,
CCI will increase further since the number of users in the same cluster increases,
and there will be many sensors, IoT, and WiFi devices. Moreover, the size of the
cells will decrease to increase energy efficiency and reduce latency. Thus, there
will be more cells using the same frequency due to frequency reuse of limited
bandwidth. Besides, the deployment of cognitive and non-orthogonal multiple access
methods will make the CCI level climb further. Therefore, it is highly essential to
investigate and reduce the impact of CCI on the performance of popular relaying
schemes. Motivated by that, in the third chapter of the thesis, we analyzed the
reliability of amplify-and-forward (AF) TWRNs system under Raleigh fading and
co-channel interference impairment by using the MRT technique. Moreover, in the

xiii



fourth chapter and under Nakagami-m fading channel, the employing of MRT is
investigated on decode-and-forward (DF) dual-hop relaying networks working in an
interference environment. Besides, chapter five of the thesis explored the performance
enhancement by applying MRT on the proposed multi-antenna multi-hop relaying
network in interference-limited environment undergoing the critical Weibull fading
channel. In all proposed systems, many analytical results are derived and validated by
Monte-Carlo simulation via extensively numerical examples. The investigations infer
that MRT can be a good option for next-generation wireless communication networks

to suppress the performance losses and limitations of CCI in a low complexity way.

Keywords: Multiple-input multiple-output, relaying system, maximal ratio
transmission, co-channel interference, Nakagami-m and Weibull fading channels.

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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OZET

Maksimum Oran iletim Tabanl Girisimli Goklu Anten
Roleleme Sistemleri

Awfa A. M. Ali ALADWANI

Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Doktora Tezi

Danisman: Doc. Dr. Tansal GUCLUOGLU

Coklu anten tekniklerinin kullaniminin daha fazla cesitlilik kazanimi saglayarak
kablosuz iletisim giivenilirligini arttirdigi iyi bilinmektedir. Bununla birlikte, alicidaki
artan hesaplama karmasikligi nedeniyle, ¢oklu-giris coklu-cikis (MIMO) tekniklerinin
sadece birkaci pratik olarak tercih edilmektedir. Ornegin, maksimum oran iletim
(MRT) yaklasimi, basit ve pratikte uygulanabilir MIMO tekniklerinden biridir. MRT,
alict karmagsikligini arttirmadan tam uzaysal cesitlilik elde edebilir. Bu nedenle,
baz istasyonlarindan boyut, gecikme ve gii¢ kisitlamali mobil {initeler ve rélelerle
iletisimdeki iki yonlii role agi (TWRN) ve tek yonlii role agi (OWRN) gibi isbirlikli
iletimde son derece uygundur. Diger yandan, ortak-kanal girisimi (CCI), bir kablosuz
iletisim aginin performansin diisiiren énemli faktérlerden biridir. Ornegin, yeni nesil
hiicresel sebekelerde, ayni1 kiimedeki kullanici sayisi, sensor, IoT ve WiFi cihazlar
artacagl icin CCI daha da artacaktir. Dahasi, enerji verimliligini artirmak ve gecikmeyi
azaltmak icin hiicrelerin boyutu kiiciilecektir. Boylece, sinirli bant genisliginin tekrar
kullanimi nedeniyle ayni frekans: kullanan daha fazla hiicre olacaktir.  Ayrica,
bilissel-radyo ve dikey olmayan coklu erisim yontemlerinin uygulanmasi ile CCI
seviyesi daha da yiikselecektir. Bu nedenle, popiiler réleleme yapilarinin performansi
tizerindeki CCI etkisini arastirmak ve azaltmak son derece 6nemlidir. Bu motivasyonla
bu tezde, MRT teknigini kullanarak Raleigh soniimlemesi ve ortak kanal girisim
bozuklugu altinda giiclendir ve ilet (AF) TWRN sistemlerinin giivenilirligi analiz
edilmektedir. Ayrica, Nakagami-m soniimleme kanalindaki MRT kullaniminin bir
girisim ortaminda calisan ¢oz ve ilet (DF) cift sekmeli aktarma aglar1 tizerindeki

etkisi arastirilmaktadir. Ek olarak, Weibull soniimleme kanalindaki girisim sinirl
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cok antenli, cok sekmeli aktarma aginad MRT uygulandigindaki performans artisi
sunulmaktadir. Onerilen tiim sistemlerde, cok sayida analitik sonuc, kapsamli sayisal
ornekler icin tiiretilip Monte-Carlo simiilasyonu ile dogrulanmaktadir. Arastirmalar,
MRT’nin yeni nesil kablosuz iletisim aglarindaki CCI nedeniyle olusan performans
kayiplarim1 ve sinirlamalarini diisiik karmasiklikla bastirmasi icin iyi bir secenek

olabilecegini gostermektedir.

Anahtar Kelimeler: Cok girisli ¢coklu cikis, role sistemi, maksimum oran iletimi, ortak
kanal girisimi, Nakagami-m ve Weibull soniimleme kanallari.

YILDIZ TEKNIK UNIVERSITESI
FEN BILIMLERI ENSTITUSU
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1

INTRODUCTION

1.1 Literature Review

For the ever-increasing need for multimedia content, upcoming wireless technologies
aspire to reach higher data speeds and more efficient quality of service (QoS).
However, multi-path fading and co-channel interference (CCI) have been challenging
limitations to achieve that, especially with the conventional single-input single-output
(SISO) wireless networks [|1, 2]]. Furthermore, wireless channels can undergo severe
fading and result in unreliable communication, so increasing the system’s diversity
order is highly desirable to reduce the probability of deep fading. As a result,
several transmission and reception techniques have been developed and utilized
to increase system diversity orders. For example, the maximal ratio transmission
(MRT) scheme can be used when the transmitter has multiple antennas. It results
in low receiver complexity while reaping the benefits of increased diversity, while
the well-known maximum ratio combining (MRC) can be used when the receiver
has multiple antennas. In general, the fundamental concept of these approaches is
increasing the variety of spaces (antennas) by transmitting or receiving several replicas

of the information signal [[3, |4].

Similar to multiple antenna transmission, cooperative/relaying communications
proposed in [|5, 6], are favored to provide extremely high speed, power-efficient,
reliable, and wide coverage wireless communication systems by exploiting a nearby
mobile unit or fixed relays. Consequently, research on the well-known two-way
relaying networks (TWRN) has been applied to the current communication scenarios
[7-9]]. For example, authors in [[7] present the scheme of overlay cognitive radio with
TWRN. Besides, the model of TWRN with non-orthogonal multiple access (NOMA)
is proposed in [8]]. Likewise, one-way relaying networks (OWRNS) has also been
studied recently. Specifically, Cai et al. [[10] explore device-to-device communications
while physical layer security (PLS) of OWRN is investigated in [|11]]. Furthermore,
Solanki et al. [|12]] deals with cognitive radio (CR), hardware impairment, and channel

estimation error (CEE).



Maximal Ratio Transmission (MRT) has been proposed by [3] to achieve maximum
signal to noise power ratio at the receiver by adjusting the scaling factors of transmit
antennas. MRT can achieve full diversity order while not increasing the computational
complexity of the receiver. It has become popular since complexity increases the size
and power consumption of mobile units, which is a significant problem, especially
in wireless sensor networks (WSN) and the internet of things (IoT). In [13]], the
authors investigated a scenario of TWRN over Nakagami-m fading channels. When
two sources each have multiple antennas communicate via a single antenna relay
using AF technique, they analyzed and compared the SSER of two schemes: MRT
beamforming and antenna selection. Yadav et al. [[14] evaluated the impact of
adopting MRT on the AF TWRN system and investigate the optimization problem
of the joint power allocation and relay location to minimize the system error
probability. Similarly, [[15]] deals with the performance of an AFF-TWRN-MRT with
relay selection and derive OP and SER over Nakagami-m fading channels. Recently,
Kefeng et al. [[16]] analyze the outage probability, throughput, and energy-efficiency
of AF-TWRNs employing MRT/MRC at the relay node under the effect of hardware
impairment. Likewise, MRT’s performance with the one-way DF relaying has been
investigated over Rayleigh fading [|17/]] and Nakagami-m fading channels [[18]]. The
error performance of the dual-hop AF relaying with MRT over Nakagami-m fading
is presented in [|19]. Similarly, Eylem et al. [20]] derive an upper-bound outage,
lower-bound error probabilities, and ergodic capacity for AF relaying system over
Rayleigh fading channel. Furthermore, an error probability of multi-hop DF relay
networks with MRT over cascaded Nakagami-m fading channel is studied in [[21]]. All
of the above MRT related works considered noise-limited scenarios and neglected the

effects of co-channel interference.

On the other hand, due to the drawback of wireless communication, co-channel
interference is a serious problem, especially in cellular systems. Due to spectrum
reuse, it will increase even more in next-generation networks containing a tremendous
number of devices, i.e., when wireless standards adopt Cognitive Radio and NOMA
techniques, allowing transmission with CCI to increase the user capacity. In practice,
cooperative communications often suffer from co-channel interference. Attentive to
this, the influence of co-channel interference has been examined in the scope of
wireless relaying networks (e.g., [22-25]] and references therein). More specifically,
in [22] the performance of two-way AF relaying systems has been investigated over
(i.n.i.d.) Rayleigh fading channel with the effect of a finite number of CCI, where
all nodes have a single antenna, the authors obtained the outage probabilities,
and SEP used the harmonic mean upper bound of the SINR random variable to

derive their closed-form results. In [[25], the outage probability, error rate, and



achievable rate are investigated for an AF TWRN when all the two noisy-nodes
and the interference-limited relay having a single antenna. Besides, the two-way
interference-limited AF relaying system’s performance in terms of system outage
probability and SEP is analyzed in [24]] over (i.n.i.d.) Nakagami-m fading channels.
The authors also solved practical optimization problems analytically to enhance
system performance by minimizing the outage probability. Furthermore, the ergodic
capacity of AF relaying systems in the presence of interference over Nakagami-m
fading for dual-hop [26], and multi-hop [27] are provided when all terminals are

equipped with a single antenna.

1.2 Objective of the Thesis
MRT based AF-TWRN with CCI is studied in chapter three. Obviously, TWRNs are

popular in the literature since they allow the exchange of information within two
time slots compared to the use of four time slot when dual hop transmission is
employed between two sources. Therefore, TWRNs can be useful in increasing the
range/coverage or decreasing the transmit power to have higher energy efficiency in a
spectrally efficient way. Co-channel interference (CCI) is one of the major limitations
for reliability and capacity especially in cellular networks which will contain more
users and base stations in the future as small cells and IoT are becoming popular.
Although CCI is unavoidable, there are few works considering CCI in communication
scenarios since the mathematical analysis is quite complicated. The use of MIMO
techniques have been well known for increasing reliability by providing more diversity
gains. However, due to increased computational complexity of the receiver, only few
of many MIMO techniques are practically preferable. MRT approach is one of those
simple and thus feasible MIMO techniques (e.g. Alamouti scheme). MRT can achieve
full spatial diversity without increasing receiver complexity and thus highly suitable
for transmissions from base stations to the size, delay and power constrained mobile
units and relays in cooperative communication such as TWRNs. In our system model,
we assume Rayleigh fading which is common when there is no strong component due
to line of sight. With the motivation of investigating the use of MRT based AF-TWRN
in cellular, Wi-Fi or ad-hoc and sensor networks, we investigate the performance of
two-way relaying systems with multiple co-channel interferers at the single antenna
AF relay and two sources (e.g., base stations, access points, coordinators or routers)
having multiple antennas. Our contributions start with obtaining the upper bound of
the cumulative distribution function of SINR. Then, tight lower bound expressions of
OB SER and upper bound of system ergodic sum rate are derived and illustrated with
extensive numerical examples. Besides, the effect of channel estimation errors, the

array and diversity gains are investigated too. We believe our results are important



since impact of CCI can be considerably eliminated by employing MRT.

Furthermore, in chapter four, the considered low complexity DF dual-hop MRT scheme
which can be a preferable low-cost solution for high speed and reliable wireless
networks, such as, next generation cellular networks with coordinated base stations
having massive multiple antennas serving to internet of things (IoT) devices or
utilizing low complexity relays to extend coverage for terminals with limited mobility.
Moreover, DF OWRN MRT can also be good fit for coverage extension in road-side
vehicular relaying systems and coordinator devices of wireless sensor and actuator
systems. In addition, due to the mathematical difficulty of analyzing the general case
(i.e., MRT with multi-antenna relaying networks impaired by finite number of CCI
signal at the relay and destination nodes), most of the existing studies have only
analyzed outage probability and/or considered single antenna nodes and/or some
CClI-free nodes. The novelty of this work comes from the fact that there is no previous
work which studied the improvement of reliability in one-way relay networks under
co-channel interference by using the low complexity MRT technique. In this chapter,
we have derived an exact expression for OB ABEB ergotic capacity performances
of dual-hop DF undergo Nakagami-m fading channels with co-channel interference.
We have compared performances with some numerical examples and illustrated how
much can MRT suppress the adverse effects of CCI in the mentioned system. Finally,

the theoretical results are validated with Monte-Carlo simulations.

Finally, in chapter five, we investigate the multi-hop communications based MRT and
co-channel interference, which can be a practical model in wireless sensor networks,
and one of the solutions to mitigate the path-loss in mmWave channels. In general,
we need the sum of multiple random variables which is the essential key point to
investigate the performance of MRT and MRC (similarly, the arbitrary number of
CCID). Likewise, the ratio of two RVs is another challenge to evaluate CCI studies is
wanted too. To the best of our knowledge, the sum and ratio of Weibull RVs do not
present in literature. However, the majority of previous studies have only analyzed
a noise-limited system with single antenna nodes or direct link with limited cases
(i.e., integer Weibull parameter, i.i.d random variable, etc.). The remainders used
the approximated PDF of the sum or ratio (approximated by Padé approximation
method, or approximate the Weibull PDF to a simpler distribution and estimate
the parameter by moment based estimation method, or assuming large number of
Weibull RVs, then approximate the PDF of the sum as normal distribution PDF using
Gaussian limit theorem). A comprehensive investigation for MRT (nor MRC) based
multi-hop DF relaying with CCI has not been investigated yet. Thus, in this study,
novel exact statistics expressions are provided for MRT-based multi-antenna multi-hop

decode-and-forwards system under the impact of co-channel interference. Specifically,
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the desired power distribution CDE PDF and MGF are derived. Then, the CDF
and PDF of the equivalent per-hop and end-to-end (e2e) system SIR are computed.
Furthermore, exact average bit error and outage probabilities are obtained for the

Weibull fading channel.

1.3 Hypothesis

This thesis deals with three different cooperative relaying networks, which all
have attracted considerable interest recently due to their numerous advantages and
practical usages. Specifically, to provide extremely high speed, power-efficient,
reliable, and wide coverage wireless communication systems by exploiting a nearby
mobile unit or fixed relays. In the MRT based AF-TWRN with CCI scenario, the
Rayleigh fading channel is assumed. This channel is commonly used to model
the multi-path fading when non-line of sight (N-LOS) between the transmitter and
receiver is present. Besides, only the relay node is impaired by multiple CCI
signals and noise. In practice, small size and low complexity user can behave as
a relay to establish reliable links between two base stations in a cellular network,
or two routers in a WiFi network, or between two coordinators in a wireless sensor
network when larger range and better energy efficiency are needed. If the selected
user is close to the edge of cells/clusters, then the CCI level can be considerable
compared to negligible CCI at two source terminals, which can be at the center of
neighboring cells. In the second scenario, i.e., the dual-hop decode-and-forward
(DF) relaying network with an arbitrary number of co-channel interference signals
with noise at the relay and destination nodes, the independent and non-identically
distributed (i.n.i.d) Nakagami-m fading distribution which adequately describes the
empirical and experimental data is used. Moreover, receivers are assumed to know
the desired channel coefficients perfectly but know nothing about the interferer
channels, which can be considered a "worst-case" scenario. In MRT based multi-hop
decode-and-forward (DF) relaying Interference-limited networks, our third scenario
in chapter five, all the channels between the nodes and the interference signals
are subject to independent and non-identically distributed (i.n.i.d) Weibull fading
channels. This channel characterizes the amplitude fading, particularly associated
with mobile radio systems operating in the 800/900 MHz spectrum and modeling the
current 5G millimeter wave (mmWave) applications such as cellular communication
and the Internet of Things (IoT). Furthermore, each i-th receiver node (where i =
1,...,N) in the network is impaired by a single dominant interferer from an external
source. It is worth mentioning that the assumption of a single dominant interference
signal in this scenario is practical and important. For example, in a well planned

cellular network, the system will likely be subjected to a single dominant interferer.



1.4 Organization

The thesis is organized as follows:

* Chapter 2 gives brief description about wireless systems, wireless channels,
interference modeling, space diversity techniques, cooperative networks and the

important mathematical tools.

* In chapter 3, MRT technique is proposed as a solution for AFF-TWRNS to suppress
the performance loss caused by unavoidable CCI plus noise distortion at the
single antenna relay receiver. The novelty of this investigation comes from
the fact that there is no previous work which studied the improvement of
reliability in two-way relay networks under co-channel interference by using
the low complexity MRT technique. Our comprehensive analysis provides with
the OB SER, ESR performances, array and diversity gains as well as the effect
of channel estimation errors. We have compared performances with some
numerical examples and illustrated how much can MRT suppress the adverse
effects of CCI in TWRNSs. Note that the presence of CCI completely changes the
SNR statistics and the performance, therefore it is not similar to other existing
TWRN studies. Unlike many papers presenting only lengthy OP expressions, we
have provided closed form SINR, OB SER, ESR, array and diversity gain results

which are quite useful for system designers.

* In chapter 4, exact expressions of performance indicators for
decode-and-forward dual-hop relaying with MRT are derived and verified
by simulation results over Nakagami-m channels. The investigations of the
proposed system are started with probability density, cumulative distribution
functions of the signal-to-interference-plus-noise ratio (SINR) RV derivations.
Then, average error probability, outage probability, and ergodic capacity are
derived. Due to the co-channel interference effect on the relay and destination
nodes, we show that the performance degradation can be overcome with the

use of low complexity MRT approach.

* Chapter 5 proposes a novel mathematical techniques to derive the exact SIR
statistics of multi-antenna multi-hop relaying system with MRT. under the
well-known weibull fading channel, we obtaining the desired power distribution
CDE PDF and MGE Then, the CDF and PDF of the equivalent per-hop and
end-to-end (e2e) system SIR are provided. Furthermore, exact and asymptotic
expressions of error and outage probabilities are derived and validated by
Monte-Carlo simulation.



* Chapter 6 provides the conclusions of the thesis and some future works are also

presented.

1.5 Notations

Bold letters denote vectors where italic symbols specify scalar variables. The following
symbols ()T, (1) and || - || are used for transpose, Hermitian transpose and Frobenius
norm, respectively. Pr[-], E[-], fx(-) and Fy(:) represent probability, expectation
operation, probability density function (PDF) and cumulative distribution function
(CDF) of a random variable (RV) X, respectively. Binomial coefficient shown as (‘,;) is
equivalent to a!/b!(a — b)! while the standard Gaussian tail probability function Q(x)
is defined as (1/+/2m) fxoo e /2d¢.



2

BACKGROUND

In this section, the basic ideas which can be useful to understand the presentation of
the thesis better, is given. Specifically, Wireless Communication Systems, wireless
channel models, interference modeling, system Performance evaluation tools, and

space diversity techniques.

2.1 Wireless Communication Systems

Wireless communications can be described as the data transmission from one place to
another through wireless medium by using electromagnetic waves [28]]. The received
signal (y) for a single-input single-output (SISO) system over fading channel h (denote

the channel coefficient) can be mathematically expressed as

y=hx+n, 2.1)

where n is the additive white Gaussian noise (AWGN) and x denote the transmitted
symbol. Generally, two phenomena named large-scale and small-scale effects badly
on wireless channels [28]]. Large-scale, includes path loss and shadowing. The path
loss depends on the distance between transmitter and receiver and can reduce the
received SNR. Shadowing on other hand, deteriorates the signal quality due to the
transmitter-receiver obstacles. The small-scale effect known as multi-path fading is
the attenuation deviation varies with time or frequency, resulting in multi-dimensional

transmitted signal deviation.

2.2 Wireless Channel Modeling

In recent decades, wireless networking has grown dramatically to satisfy the increasing
demand for high data levels [29]. Indoor and outdoor applications systems

were developed where mobility is a very significant feature that limits the system



performance. One key element in designing these systems is understanding the
wireless channel characteristics. When the amplitude of obtained signals fluctuates, it
will follow various statistical distributions [[30]]. Thus, examples of major distributions
of wireless channels ( i.e., Rayleigh, Nakagami-m, and Weibull distributions) are
provided below.

2.2.1 Rayleigh Fading Channel

The Rayleigh distribution is typically used to model the multi-path fading when
non-line of sight (N-LOS) between the transmitter and receiver is presents. The PDF
of the Rayleigh distribution is expressed as [[31]

2 2
£ =2 e (-5, (2.2
g o

where (x > 0) and (o2 = E[X?]) are the envelope (i.e., the channel fading amplitude)
and average power of the envelope, respectively. Let X2 be the squared envelop (i.e.,
the channel gain), using [|32]],

fx (vx)
2 = B 2.3
fx (X) Zﬁ (2.3)
by substitute (2.2)) into (2.3), results
1 X
fx2(x) = —exp (—T), 2.4
Y Y

where fy»(x) is the PDF of the instantaneous SNR, while (y = PE[X?]/N,) denote the
average SNR per received symbol.

2.2.2 Nakagami-m Fading Channel

The Nakagami fading distribution adequately describes the empirical and
experimental data compared to the Rayleigh distribution [33]]. The received

signal envelope has a PDF expressed as

fr(x) = (Za_rzn)m );‘2(”;; exp (—%xz), (2.5)

where (m > %) is the Nakagami-m fading parameter. The severity of this channel



depend inversely on (m) value, i.e., small value correspond to severe fading
conditions. In addition, Nakagami-m fading distribution can model many other
fading channels readily by selecting a specific values of fading parameter m, such
as, one-sided Gaussian (m = 1/2), Rayleigh (m = 1) and Rician with K factor
(m =(K+1)?/(2K + 1)) distributions. by substitute in , the distribution of

received signal power (received SNR) can derived as

(2] mpen(-2)

2.2.3 Weibull Fading Channel

In a multi-path environment, the Weibull distribution characterizes the amplitude
fading, particularly that associated with mobile radio systems operating in the
800/900 MHz spectrum [[32, 34]]. The Weibull probability density function can be

written as

ea=p(2) - en(-(5) )

The parameters w = 1“(1 + %) , and (B > 0) are Weibull fading parameter. As f3
increases, the severity of the fading decreases. In the special case when 3 = 1, Weibull
distribution becomes an exponential distribution, and for f = 2 proposed channel
becomes Rayleigh distribution [35]. by using (2.3)), results

fx2(x) =§(%)gxg_l exp (—(%x)g), (2.8)

which is the PDF of the received SNR.

2.3 Interference Modeling

Co-channel interference (CCI) is one of the major factors that degrades the
performance of a wireless communication network [|37, 38]]. Specifically, it can be a
serious problem effects the coverage, reliability, and throughput. In cellular networks,
CCI will increase further since the number of users in the same cluster increases.
For example, there will be ultra-dense networks, device-to-device communication,

IoT, vehicular ad-hoc networks, and intelligent transportation systems as shown
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in Figure Moreover the size of cells will decrease for energy efficiency and
reduction of latency and thus there will be more cells using the same frequency due to
frequency reuse of limited bandwidth [39-41]]. Besides, deployment of cognitive and
non-orthogonal multiple access method will make CCI level climb further [42, 43]].
Co-channel interference is caused by the signals of other users and applications using
the same frequency band [44]]. There are two general models for interference. Let
us start with the conventional model named (Interference plus noise scenario). When
the received signal (y) for a single-input single-output (SISO) system under the fading

channel (h) (denote the channel coefficient) can be mathematically expressed as

N
y=hx+) hyxg+n, 2.9)

where h;; and x;; denote the channel coefficient and transmitted symbol of
the i-th interference signal, and N is the number of CCI signal. The

signal-to-interference-plus-noise ratio (SINR) in this scenario can be written as

Ps|h|2 __T
pIZiV|h1i|2+No YI+1,

SINR = (2.10)

denote y = Pglh|>/N, and vy, = P,Z?’lhhlz/NO as instantaneous SNR and

instantaneous interference-to-noise ratio (INR) of the desired and interference signals
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at the receiver, respectively. Besides, Ps, P;, h;;, and N, are the desired signal
transmitted power, interference power, channel coefficient of i-th CCI signal, and noise

variance, respectively.

The second interference model named (Interference limited scenario) can be modeled
if the CCI power (P;) is high compared with the noise power (N,) such that the
impact of noise is negligible. Thus, the expression in (2.10) can be reduced to the

signal-to-interference ratio (SIR) as

Psh|?
N, Y
SIR=——=—, 2.11
P 3 Ayl Y1 ( )
N,

Note that, the influence of interference depends on the amount and location of the
interferers [45, 46]. However, the number and location of the interfering sources may
be determined based on the type of wireless network, i.e., whether the network is
either planned, unplanned, or hybrid [47, 48]]. In this thesis, We analyze only the
planned networks. Nevertheless, the study presented can readily be generalized to

support other networks.

2.4 Space Diversity Techniques

2.4.1 Cooperative Relaying

Cooperative diversity suggested in [5, |6]], is accomplished using relays receiving the
source signal and transmitting them to the destination. Typically, these systems
operate over two phases. The signal transmitted from the source is received by single
or multiple relays in the first phase. In the second one, orthogonal (non-interfering)
channels could be used by relay to transmit the destination signal after certain
processing. Destination combines the relay transmitted signals and the direct signal
from the first phase to improve the SNR. This process creates several fading channels
between the source and the destination. Since the relays are usually in various physical
locations, spatial separation of the relays leads to independent fading, eventually

generating a diversity gain.

2.4.1.1 Two-way and One-way Relaying
One-way (dual-hop) half-duplex relay networks which shown in Figure (b), lose

half of the throughput compared to the direct communication due to the fact that

the relay cannot transmit and receive simultaneously. To overcome this drawback, a
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Figure 2.2 Cooperative Relaying Schemes.

two-way (or bi-directional) relay network is proposed as in Figure (a), where two
nodes, namely S, and S,, transmit simultaneously to the relay R in the first phase, and
in the second phase the relay R forwards its received signals to both terminals S; and

S,. With this strategy, this loss of throughput can be remarkably compensated.

2.4.1.2 Multi-hop Relaying

In multi-hop relaying, a transmission between a source node S and destination node D
is composed of multiple hops as illustrated in Figure (c). Multi-hop transmission
can significantly reduce the transmit power compared to direct communications. In
addition, because of transmit power constraints, multi-hop transmission also leads
to remarkable coverage extensions by dividing a total end-to-end transmission into a

group of shorter paths.

2.4.1.3 Relay Categories

Relays can be user nodes or fixed terminals known as infrastructure relays. According
to their processing functionality, can be divided in to two major categories,
Amplify-and-Forward (AF), Decode-and-Forward (DF) as shown in Figure
Although AF and DF have the same diversity order for the same system. Amplify
forward (AF) relaying is computationally less complex than decode and forward
(DF) approach. However, the AF performs worse than DF because it transmits

the noisy signal with the interference as well. The system enhancement becomes
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Figure 2.3 Relay categories.

critical especially when noise and/or interference has a high power. DF can be
more preferable considering the increased interference in the next generation wireless
systems exploiting cognitive radio and non-orthogonal multiple access (NOMA)
approaches. The performance gap between AF and DF can also be seen in 50]], this
comparisons in one-way relaying systems are also valid for two-way relaying systems.
The functional works for AF and DF are summarized as follows

2.4.1.4 Amplify-and-Forward

Amplify-and-Forward relay is the simplest form of the relays as shown in Figure [2.3
(a). As the name suggests, it amplifies the received signal and re-transmits. Hence,

there will be an amplification of the noise and interference as well.

2.4.1.5 Decode-and-Forward

Decode-and-Forward relays will sample, demodulate and decode the received signal.

The decoded and regenerated signal is then transmitted to the destination as shown
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in Figure (b). These relays do not have the drawback of noise and interference

amplification.

2.4.2 Transmit Diversity

Transmit diversity techniques are applied to MIMO transmitters or multiple-input
single-output (MISO) systems to achieve high diversity and array gain. By sending
the signal over multiple transmit antennas, MIMO systems can provides high diversity

order proportional to the number of antennas.

2.4.2.1 Maximal Ratio Transmission

Maximal ratio transmission (MRT) [3[] which shwon in Figure (a), is a diversity
transmission scheme example. The same signals are sent through all the transmitting
antennas. However, to increase the received SNR, the transmitting signal for each
antenna is multiplied by a specific weight factor, which depends on the available
channel state information (CSI). It is worth mentioning that employing MRT in

relaying systems, can be preferable as it can employ a simple relay.
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2.4.3 Receive Diversity

Receive diversity methods are used at the receivers of MIMO or single-input
multiple-output (SIMO) antenna systems to combine the received signals from all
receive antennas to achieve diversity gain. The conventional well-known combining
diversity techniques are equal gain combining (EGC), MRC, and SC. In EGC, all the
received signals at the receive antennas are multiplied with the same weight [4].
Besides, the SC technique, only the maximum received signal, is selected while all
the other weaker signals are neglected [51]. A comparison of these techniques is
studied in [[4]. The authors have shown that, by assuming the same number of receive
antennas, EGC, MRC, and SC all perform the same diversity order but obtain different
array gain for MIMO systems.

2.4.3.1 Maximum Ratio Combining

Maximum ratio combining (MRC) which illustrated in Figure (b), each individual
received signals multiplied with a weight based on the fading available channel state
information (CSI) to maximize the SNR at the receiver [|52, 53]]. MRC obtains the
highest array gain, among others (i.e., EGC and SC); however, it requires perfect CSI

at the receiver.

2.5 Performance Evaluation Tools

2.5.1 Outage Probability

Outage Probability (OP) is an important performance indicator for wireless
communications and can be introduced as the SNR or SINR cumulative probability
function falls below a specific threshold y,,. Mathematically speech, it can be written

as
Yth
Pout = J fy(}/) dY = Fy(Yth)' (212)
0

2.5.2 Average Error Probability

Average error probability (AEP) is one of the most studied and the most revealing
performance metric about the overall fidelity and system behavior over a AWGN

channel. For most of modulations in a fading environment, the average error
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Probability is defined as

p, = f P(ely)f,(y) dy, (2.13)
0

where, P,(e|y) is the AWGN conditional error probability for the given SNR or SINR
[54].

2.5.3 Ergodic Capacity (Average Channel Capacity)

Ergodic capacity can be introduced as the average mutual information rate between

transmitter and receiver.

Ceoe = E[log,(1+17)], (2.14)

where y can be the SNR or SINR at the receiver.

2.5.4 Asymptotic Analysis, Diversity and Array Gain

Since the exact forms of error probability and OP often do not provide any details
on diversity order and array gain. It is necessary to provide simple forms of these
performance indicators by assuming the average SNR going to infinity (y — 00) and
keep the dominant terms. Consequently, diversity and array gains can be computed
as [[55]]

G, = Jim 2B 2.15)

7—oo  log(y)

G, =— lim (7%p,) %, (2.16)

y—00

where Py can be the error or outage probability.
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3

IMPACT OF CO-CHANNEL INTERFERENCE ON
TWO-WAY RELAYING NETWORKS WITH MAXIMAL
RATIO TRANSMISSION

Amplify-and-forward (AF) two-way relay networks (TWRNs) have become popular to
provide spectrally efficient communication when range extension or energy efficiency
is needed by utilizing a simple relay. However, their performance can be significantly
degraded in practice due to co-channel interference (CCI) which is increasing due
to growing number of wireless devices and recent cognitive and non-orthogonal
multiple access techniques. With the motivation of improving the performance of
AF-TWRNSs, the use of maximal ratio transmission (MRT) is investigated to achieve
high reliability while requiring low receiver complexity for the relay. First, the
signal-to-interference-plus-noise ratio (SINR) expression is formulated and upper
bounded. Then, tight lower bound expressions of outage probability (OP), sum symbol
error rate (SSER), and upper bound ergodic sum rate (ESR) for each source and
for the overall system are obtained. Besides, array and diversity gains are provided
after deriving the asymptotic expressions of OP and SSER at high signal-to-noise ratio
(SNR). Furthermore, the impact of channel estimation errors on the performance
is also included. Finally, Monte Carlo simulation results which corroborate our

theoretical findings are illustrated.

3.1 Introduction

Two-way relaying is a promising transmission technique to be used in next generation
wireless networks where the relay can receive the sum of two source signals and
then broadcast [[56-+58] . TWRNSs allow the exchange of information within two time
slots compared to four slots in dual hop relaying between two sources. Therefore,
TWRNSs can be useful in increasing the coverage or decreasing the transmit power
in a spectrally efficient way. In order to have a low complexity relay for practical

TWRNSs, the amplify-and-forward (AF) approach is more preferable compared to other
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methods such as decode-and-forward (DF) which requires more processing [59]].
Recently, TWRN technique has been applied to new communication scenarios. For
example, Bastami et al. [7|] considers the multiple-input multiple-output (MIMO)
TWRN scheme with overlay cognitive radio (CR) while TWRN with non-orthogonal
multiple access (NOMA) is proposed in [8]. In addition, Refs. [|60,61] study the energy
harvesting technique on TWRN under the effect of practical hardware impairments.
Finally, physical layer security of AF-TWRN considering imperfect channel state
information (CSI) is explored in [62]].

Co-channel interference (CCI) is caused by the signals of other users and applications
using the same frequency band [44], and it can be a serious problem limiting the
coverage, reliability and throughput especially in WiFi, cellular, and ad-hoc networks.
Besides, next generation wireless networks will contain even more number of users
and with internet of things (IoT) devices which will further intensify the undesired
effects of interference. Furthermore, new wireless techniques such as NOMA [42], and
CR [43] will also increase CCI. In the literature, Liang et al. [|63, 64]], investigate the
outage probability performance of amplify-and-forward (AF) and decode-and-forward
(DF) two-way relaying system respectively, considering multiple CCI signals at sources.
In [65]], the symbol error probability performance is presented for DFF-TWRN with CCI,
while the impact of CCI on AF-TWRN has been studied by Ikki et al. [22[] for Rayleigh
fading and by Costa et al. [23]] for Nakagami-m fading where outage and symbol error
probabilities (SEP) are obtained when all nodes have only single antenna. In [25]], the
outage probability (OP), error performance, and achievable rate are investigated for
an AF-TWRN with CCI and channel estimation errors (CEE). Optimization of relay
position and power allocation for maximum performance of AF-TWRN with CCI are
explored in [24]. Recently, Shukla et al. [66]] has studied the performance of single
antenna users in cellular TWRN with CCI and CEE.

Utilizing multiple antennas can be highly useful in performance improvement. For
example, maximal ratio transmission has been proposed in [|3]] to achieve maximum
signal to noise power ratio at the receiver by adjusting the scaling weights of
transmitted signals. Without increasing the computational complexity of the receiver,
MRT can achieve full spatial diversity, thus it has become preferable especially for
transmissions from base stations to the size, delay and power constrained mobile
units and relays. In [[13], Yang et al. investigate the sum symbol error rate (SSER)
of TWRN with single antenna relay, beamforming and antenna selection. Yadav et
al. [14] investigates the optimization of performance for TWRN with MRT and derive
closed form error probability and ergodic sum rate (ESR). Similarly, [|15]] deals with
the performance of an AF-TWRN-MRT with relay selection and derive OP and SER

over Nakagami-m fading channels. Recently, Kefeng et al. [16] analyze the outage
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probability, throughput and energy-efficiency of AF-TWRNs employing MRT/MRC at

the relay node under the effect of hardware impairment.

Its worth mentioning that relays can have multiple antennas, however, using only
one antenna at the relay will be satisfactory enough and more feasible since extra
channel estimation, synchronization, etc. will complicate the system and increase
the cost and delay. Clearly the analysis for the AF TWRN MRT system with CCI
will also be much more complicated and thus the theoretical study for outage, SER,
diversity/array gains may be intractable. Furthermore, in the literature, most of
the existing studies considering CCI in TWRNs with amplify-and-forward and even
with decode-and-forward [[22-25, |63-66] relaying, deal with single antenna sources
and do not include any multiple antenna techniques and also ignore the additional
effect of noise for simplicity of the mathematical analysis. On the other hand, MRT
studies in [3, 13-16]] consider interference-free scenarios since taking CCI into account
changes the statistics of the system SNR extremely thus complicating the analysis
tremendously. Besides, two-way relay networks have attracted considerable interest
recently due to their numerous advantages and practical usages. Even though there
are several TWRN papers in the literature, there is no previous work which studied the
improvement of reliability in two-way relay networks under co-channel interference
with the help of popular low complexity MRT technique. Therefore, with the
motivation of having a reliable communication via a low complexity relay, this paper
provides a comprehensive investigation of the use of MRT at the sources of AFF-TWRN
system where the relay is under the effect of multiple co-channel interference signals

plus noise. The contributions of the paper can be listed as follows:
* Lower bound of outage probabilities for each source and the overall system are
derived for an arbitrary number of antennas and interferers.

* Lower bound of symbol error rates for each source and for the overall system

are analyzed.

* Asymptotic sum symbol error rate and outage probability expressions, diversity

and array gains are obtained.

* A tight upper bound of the ergodic sum rate is investigated for the proposed

structure.

* To get insight regarding the performance in practice, the effect of channel

estimation errors is studied.

* Numerical examples are illustrated to verify our theoretical results and compare

several cases.
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Figure 3.1 Block diagram of TWRN with maximal ratio transmission and CCI at the
relay.

The remainder of the chapter is organized as follows. System and channel models are
described in Section[3.2] In Section[3.3] the cumulative distribution function (CDF) of
SINR for each source and end-to-end (e2e) system are obtained with and without CEE.
Moreover, OB SSER, ESR, diversity and array gain expressions are derived. Section
[3.4] presents the numerical examples obtained by Monte Carlo simulations. Finally,

conclusions are summarized in Section [3.5]

3.2 System and Channel Models

An AF-TWRN system with two source terminals S; and S, having L, and L, antennas
respectively, is considered where sources communicate via a single antenna relayﬂR
which is exposed to N co-channel interference signals from other users in the network
E]as depicted in Figure h; and h, are L; x 1 and L, x 1 channel vectors between
S; — R and S, — R respectively. h;; is the flat fading coefficient of i-th interference
channel. The direct link between two source terminals is assumed to be unavailable
due to large path loss and/or deep shadowing. Channel coefficients at each hop are
modeled as independent and identically distributed (i.i.d) Rayleigh flat fading. For the
performance analysis in the next section, the CSI is assumed to be available at both
sources and at the relay, then, the effect of imperfect CSI is also explored later. The
communication between two source terminals is divided into two phases. In the first

1Using only one antenna of the relay will be satisfactory enough and more feasible compared to
use of multiple antennas at user or relay since extra channel estimation, synchronization, etc. will
complicate the system and increase the cost and delay.

2In practice, a small size and low complexity user can behave as a relay to establish reliable links
between two base stations in a cellular network (e.g., [[56, 66[]), or between two routers in a WiFi
network, or between two coordinators in a wireless sensor network when larger range and better energy
efficiency are needed. If the selected user is close to the edge of cells/clusters, then the CCI level can
be considerable compared to negligible CCI at two source terminals which can be at the center of
neighboring cells [23]].
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phase, S; and S, transmit their unit energy signals x; and x, respectively by using MRT
technique. Without loss of generality, all nodes are assumed to have equal transmit
powers, P; = P;, = P, = P and denote the power of interference signals as P;. Then,

the received signal at the relay R can be written as follows

N
Yr = y/Pd7*hyw; x; + 4/ Pd;“h,w, X, + \/Ezhn X+ Ng, 3.1)
i=1

where exponential-decay path loss model is assumed with a denoting the path loss
exponent. Distances between S; — R and S, — R are shown as d; and d,, respectively.
Xy, is the i-th unit energy interfering signal affecting R. In the second phase, the relay
amplifies the sum of the received signals with a scaling factor G and then broadcasts
to S; and S,. By using maximum ratio combining (MRC), the received signals at both

sources can be expressed as

=W, (,/Pd GhTyR+n1)
Ys, =W, (\/Pd GhTyR—i-nz).

(3.2)

MRT weight vectors w; and w, are specified as w; = (h’f /|Ihy]]) and w, = (h’; /s |D).
Noise samples np and elements of n;, n, vectors are modeled as complex additive
white Gaussian noise with zero mean and variance N,. The relay scaling factor [23,
67, 68] is given as

= /Pdr?Ihy ]2 + Pd;Ihy 1> (3.3)

Using channel reciprocity in TWRN, the two sources can cancel their self interference
term (i.e. the effect of their transmitted signals). Substituting (3.1) in (3.2) and after

some algebraic manipulations, the SINRs can be obtained as

Yo = Y172 i 4! Y1+2)
TUrmtntr, i+ G
(3.4)
Y172 v2(533)
Ys, = =

VoY1 +2r2+11 Yo+ (Gg)

where y, = A%dl_o‘thll2 and y, = I\%dz_o‘HhZH2 are the instantaneous SNRs at S; — R
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P N . . . .
and S, — R hops and y; = N—;Zizl |h;;|* is the instantaneous interference-to-noise

power ratio (INR) at the relay.

3.3 Performance Analysis

In this section, first, upper bounds of CDFs of the SINRs for the sources and e2e system
are obtained. Secondly, lower bounds of OP and SER expressions are derived. Then
asymptotic OP and SER analyses are carried out, thus diversity and array gains are
provided. Finally, the upper bound of ergodic sum rate and the effect of CEE are
presented.

Since that exact results would be more preferable compared to bounds. However,
closed form exact results have been derived for only some scenarios where the
mathematical analysis is tractable. To the best of our knowledge, there is no
closed-form exact result for AF-TWRN with CCI even for single antenna sources. This
is because v, and y;, are highly correlated when they contain three common random
variables, v, 7,5, and y; and resulting in highly complicated three integrals. Because
of this, all of the previous TWRN-CCI studies resort to finding a bound even for
interference-only environment (where the noise term is neglected). Accordingly, it
is mathematically intractable to obtain the exact performance results for TWRNs with
CCI and similar to previous studies [22-25} 66]], upper bounds on y; and v, in (3.4)

can be written as

up . Y2
Y. — min (}’ , —) ,
5 ! (yr+2)

(3.5)
Yo = min (}/2 L)
52 (r;+2)

Then, CDFs of the random variables ¥, = y,/(y; +2) and 7, = y,/(y; + 2) can be

expressed as

Fy, (r) = ]Ey,[Pr[Yz <(r:+ Z)Y]]

oo

- J F,, (s +2)7) f,, (2)dz.

0

(3.6)

Note that the instantaneous SNRs, 7, and y, are central Chi-square distributed random
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variables with 2L, and 2L, degrees of freedom, respectively. Then their PDF and CDF
are given as [3]

(3.7)

(3.8)

L1 e_x/nl x m
F(x)=1-) — (—) , (3.9)

Lo—1

FYZ(y)=1—Z - (Q_z) (3.10)

w=0

where I'(:) is the Gamma function ([69] [eqn 8.339.1]). Average SNRs are denoted
as Q; = d; "y and Q, = d,“y using ¥ = P/N,. Similarly, y, is distributed as central
Chi-square random variable with 2N degrees of freedom where its PDF is [22]

oN=1,—2/

[, ()= TN

(3.11)

where average INR is shown as Q; = P;/N,. By substituting (3.10) and (3.11)
into (3.6) and after several algebraic manipulations to solve the integral, (3.6) is
equivalently expressed as

oo
Ly—1l  _(z42)y/0Q, N—1_—z/Q,
e z" e
Fﬁ(r)=J (1—Z—W! A;V) T dz

w=0

> (3.12)
%2\ (2" 2 2

=1-> ¢ (—Y) (—) U(N,N+w+1,l+—),
w \0,) \q Q,

where A; = (2 + 2)y/Q, and U(a, b,2) is the Tricomi confluent hypergeometric

function defined by the integral U(a, b,z) = ﬁ f t97(t + 1) P le=t d e ([69]
0

3The Tricomi confluent hypergeometric function and the Meijer’s G-function can easily evaluated
numerically by using well-known software programs such as MAPLE or MATHEMATICA.
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[eqn 9.211.4]). To this end, the CDF of ylslf can be derived as

Feo(y) = Pr[min(h,?l) < Y]
=1—"Prly; > v]Pr[7, >7]
@ (3.13)
=1—(1—F, ()1 —F; (1)

EF, (1) + F;, (1) = F, (1)F;, (1).

Now, substituting (3.9) and (3.12) into step (a) of (3.13)) yields

Li—1L,—1 _r _2

fe ™ meoy\ 2 \Y 2y 2
Fo)=1-> > (L) () (=) v(NN+w+1, 2L+ 2,
o mw! \9,) \9,) \q Q, o

m=0 w=0

(3.14)

and similarly, the CDF of y’ can be derived as

Ly—1L,-1 _1 _2

%e O vrr\ 2 \Y 2y 2
Fo)=1-> > (L) () (=) y(NN+m+1, 2+ ).
e wimt \9,) \9,) \q Q,

w=0 m=0
(3.15)
Finally, the end-to-end SINR of the system can be expressed as [24]]
Yoz = min (ys,,7s,) < min (yi, v ) = .. (3.16)

In the literature, some papers (e.g., [22]]) have derived performance expressions based
on yg,, however, it is not the correct e2e SINR of two-way relaying systems. The upper
bound CDF of e2e SINR can be derived by using (3.16) as follows

Fyn (r) =Pr[ min(yg, 7)) <v]

(3.17)
= Pr| min(min(yy, 7,), min(y, 7,)) < 7 ]
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The computation of this CDF is highly complicated since y;’ and v’ are correlated as
they contain common random variables y,, ¥, and y,. To this end, similar to [|67], the
following Lemma is introduced.

Lemma 3.1. SINRs for S, and S, can be further upper bounded by dividing to

y1 = 2-d;“lhy|? and v, = £d,*||h,|1* as follows

N0 2
Y2 -
=—2 <7y,
Ts, yi+2+2 n
¥ ! (3.18)
Ys = < 7o
2 y1+2+%

due to the fact that both y, and y, > 0.

The Lemma we introduced above allowed us to obtain a quite tight bound
demonstrated by our numerical examples even for the worst case when CCI power
is increasing with the transmission power, i.e., P/P, is assumed constant, (please see
Fig. and [3.3). On the other hand, our analytical bounds are almost exact (see
Fig. and when interferer powers are assumed constant as in many papers.
With the help of this new bound, can be simplified to its conditioned version
depending only on ¥y,

Fyu (1) =E,,[ Pr[ min(7,,7,) < 7]]
=E,[1-Pr[f, > y]Pr[f, > 11]

W, (3.19)
E,[1-1—F, ()1 —F,(1)]
®)
2E, [ F, (1) + Fp, (1) — F;, (0F, (1),
Then, the unconditional CDF of y_. can be derived as
L1—1L,—1 2y w N
e e % 2y 2
R =1- &) &) &)
Z Z miw! Q, Q, Q; (3.20)
2y 2y 2
xU(N,N+m+w+1, —+—+—].
Q Q @
Proof. The detailed derivation is shown in Appendix [Al [ |
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This closed form upper bound on CDF of e2e SINR is in a simple form with the help
of Lemma In addition, for the case of no interference, i.e., N = 0, the CDF can

be reduced to

Lollyol o2k 2\
=1-— — | . 3.21
ra=1-2 3 () (5 G.21)

Note that even exact results may not provide useful insights due to use of complicated
functions. For example, for an "interference-free” (i.e. no CCI) system where single
antennas transceivers are used, the closed-form expression for the system SINR CDE
F,, (r) can be derived by using the technique in [70, 71]. However, the results are
still approximate as the integral region is made larger and the final expression is in
term of special functions (Bessel, hypergeometric, etc.). Moreover, the final expression
includes an integral which can only be solved numerically to provide some insights.
Thus, it is too complicated and would not be useful in finding other performance

metrics such as the symbol error rate and the ergodic sum rate.

3.3.1 System Outage Probability

The outage probability for S; is defined as the probability that SINR for the link
S; = R — S; falls below a threshold y,,, where i, j € {1,2} and i # j. System outage
on the other hand can be defined as at least one of the source nodes being in outage.
As a result, the lower bound on system OP is actually the CDF of y,;, random variable

evaluated at v, and can be written as

Poue Z Pty < vl = Fyor (van)- (3.22)

3.3.2 Sum Symbol Error Rate

SSER can be defined as the summation of SER at S; and S, nodes, and it is another
important performance criterion in TWRNs. Mathematically, it can be expressed
as [[72]

P, (e) =P, (e) + P, (e). (3.23)

For several signal constellations employed in practical systems, the SER can be written
as aE[Q(+/2by)], where Q(x) is the standard Gaussian tail probability function define
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as (1/v/2m) fxoo e "/2d¢t, a and b are modulation coefficients, i.e., {a = 1,b = 0.5}
for BFSK modulation, {a =1, b = 1} for BPSK and {a = 2(M —1)/M, b =3/(M?*—1)}
for M-ary PAM. Then SER can be evaluated by using the CDF-based approach [25]] as

av'd
2J1

P, (e) > y 2w (y)dy, i =1,2. (3.24)

To simplify the derivation of , CDFs of y¢" and yg’ can be expressed in a more
tractable form. The mathematical identity U(a,a + n+ 1,2) = z7¢ ZZZO (?)(a)sz_S
([73][eqn 13.2.8]) where (a), = I'(a + s)/T'(a) is Pochhammer’s symbol, can help
expanding the Tricomi confluent hypergeometric function to a finite sum series.
After substitution the simplified versions of and (3.15) in (3.24) with some

mathematical manipulations and by utilizing ([69]] [eqn 9.211.14]), the lower bound

of SER for S; and S, can be expressed asﬁ

0255\ 555, )()(—)()

mOwOnO J

; m+W+2 1 3 bQ Qj 2
x( ) Ulm+w+>,m+w—N—-n+=,— +—2 +—
Q, 2’ 2°Q, Q40 Q

(3.25)

furthermore, it is worth mentioning that for no interference case, the SER in (3.25))

can be simplified as

L1L1 1 w _m_w_l

m+w——! 1\"( 2 1 2 2

SCEERE N ypytcanie N E R ER N SR
miw! Q; 2 Q2

m= O w= O
(3.26)

By substituting the SER of S; and S, into (3.23)), the lower bound of SSER can be easily
obtained in closed-form.

“In the sequel, OB SER and ESR for any source can be obtained by replacing the subscript i and j
with i,j € {1, 2} such that i # j.
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3.3.3 Asymptotic Analysis

In this subsection, in order to extract the diversity and array gains, P,,, and P;(e)
are simplified by assuming high SNR values (i.e.,y — ©0). Using the Maclaurin series
expansion of the exponential function [[74]. The PDF of y, and y, in and
can be approximated respectively as

ki1

N— 3.27

fr, () 2T (3.27)
yLz—l

PO A 3.28

£, () 2ty (3.28)

Then, by integrating these PDFs with respect to x and y, CDFs can be written as

follows

1 L

Fh(x)%L—I!(Qil) , (3.29)
1 L2

FYZ(y)NL—Z!(le) . (3.30)

Recall that step (b) in both (3.13) and (3.19) can be simplified by ignoring the last
multiplication term; FYET(Y) ~ F, (v)+F; (r) and FYE&Z(Y) ~ E, [F; (v)+F;,(v)]. To
this end, by using these approximations, following the same procedure and after some

mathematical manipulations, asymptotic CDFs for v , 75, and .. can be given as

1 L oN (9 \M 2
F”(y)m—(l) +— 2r U(N,N+Lj+1,—), (3.31)
Ysi Ll! Qi QI L]! Q] QI
oo v
FYeZe(Y)N
2N 2yl 2 2N 2y 2
— == | U(NN+L+1,= |+ — ) U[N,N+L,+1,=— ).
Qv \Q Q) QVL,I\Q, Q;
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For the interference-free system, (3.32]) becomes

2r\ 1 2r\2 1
F“(y)m(—y) —+(—Y) —. (3.33)
Ve o,) 1,0 \a,) 1,

Furthermore, by substituting the asymptotic CDFs of v and ys, in (3.24) with the help
of ([73][eqn 13.2.8]) and some mathematical simplifications, asymptotic expressions
of SER for S; and S, can be derived as

=5 O (o) v o ) 202 (5)

x T'(N +w).
(3.34)

Having this result, the asymptotic SSER can be directly obtained from (3.23)). As a
special case, asymptotic SERs for S; and S, in interference-free system are provided

as

L;—0.5)! Li L.—0.5)! L
Pe=(e) = a (L;—0.5) ( 1) L _a (L; (2 _ (3.35)
i 2ym L b, 2y L) bQ;

In order to find the asymptotic system OP expression, both ([[55]] [Prop. 5]) and (3.32)
are used where y is replaced with y,, and a large value of y is assumed. Then, P°°

out

can be obtained as

pe = g(Taymel) L yor, (3.36)
7
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where H.O.T denotes high order terms and the scaling factor ¥ is given as

Qﬁil!(d;a)LlU NN+L+1LE)+ 2 () U(NN+L,+1,2), Li=L,

h . oL, \d
2N ( 2 ) 2 U
oL, \ dy*

2

Y
(
(

N,N+L2+1,Q%), Ly > L,
(3.37)

Furthermore, by using P°° ~ (G,7)~% as described in [55], the diversity gain G, and
the array gain G, can be written as

G4 = min(L,, L,),

1 —1/G4
G,=—(% .
Yth( )

(3.38)

Note that, even though CCI degrades the array gain considerably, it does not decrease
the diversity gain.

3.3.4 Ergodic Sum Rate

The ergodic sum rate which is measured by bits/s/Hz, is an important performance
indicator as it can provide insight about the maximum transmission rate. For TWRNSs,
it is expressed as the summation of the ergodic rates of S; and S,, and thus for our
system model, it can be written as [[14, 23]

1
ESR = 5 (E[Ing(l + Ysl)] + E[log,(1 + Ysz)]) > (3.39)

where the factor 1/2 appears since data exchange needs two time slots. To the best of
our knowledge, the closed form solution of the above expression can not be obtained.
However, an approximate expression for the ergodic sum rate can be derived using the

Jensen’s inequality Specifically, an upper bound on the ergodic sum rate in (3.39)

°Jensen’s inequality: Suppose that X is a random variable with expectation u, and function g is
convex and finite. Then E[g(X)] < g(E[X]) ([75]] [eqn 5.5]).
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is obtained as

ESR< - [1og2(1 +E[y?]) +logy(1+E[yD) . (3.40)

where IE[YIS”: ] and E[ygf] can be obtained as

Li=1Lj—1 now—n —m—w—1
s SN () ()
Tsi “T(N) Q. ) mw! \Q
m=0 w=0 n=0 J ]
142 (3.41)
x G, a | 0 N uE
Proof. The detailed derivation is shown in Appendix B} [ |

Where Gf; (+]-) is the Meijer’s G-function ([69]] [eqn 9.301]). By substituting E[y‘slf]
and E[yg’] into (3.40), the closed-form upper bound of ergodic sum rate is obtained.

3.3.5 Impact of Channel Estimation Errors

In practice, channel coefficients are estimated at the receiver and thereby, can not be
known perfectly. Channel estimation errors depend on the type of the estimator and
the number of pilot symbols. In general, by using linear minimum mean square error
(MMSE), the channel coefficients can be modeled as [|25]]

hl :ﬁ1+e1,

R (3.42)

where the estimation error e,, e, and channel estimates fll and ﬁz are assumed to be

mutually independent and follow complex Gaussian distribution with zero mean and

variances , , Q, , ), = Q,—Q, and ), = Q,—Q, , respectively. Note that MRT based
1 2 1 2

weight vectors become W, = (h{/|/h,||) and W, = (h}//||hy|). Substituting ll into

(3.1), (3.2) and (3.3), and after removing the self-interference term with some further
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simplifications, the instantaneous SINRs can be written as

- Y1V2

S1 — s

Vot tiri H Brat A (3.43)
Y1V2 )

Ys,

B (Yot x2) 71+ Yoy + By + Ay

where, y; = (Pd[*/No)Q,,, Y1 = 2+ (Pd;*/No)Q,,, f1 = 1+ (Pd*/Ng)Q,, A1 =
(2Pd1_°‘/N0)Qel + (sz_a/NO)Qez + (Pdl_a/No)(sz_a/No)QelQez, X2 = (sz_a/No)Qez,
Y, = 2+ (PN, By = 1+ (Pd;%/No), and A, = (2Pd;%/Ny)S,, +
(Pd;*/No)Q2,, + (Pd;*/Ny)(Pd;*/Ny)R,,8,, . It is worth mentioning that Q, and ,,
reflect the amount of estimation error. When Q, = Q, = 0, perfect CSI is used and
becomes equal to ([3.4). Channel estimation errors are usually small in practical
operations, thus y;, ¥, A; and A, can be neglected (as in [|76, 77]]), since their
values are much smaller compared to the SNR values y; and y, in the denominator.
Then, (3.43)) can be written as

1 Y2 )
Yo A Y1V2 N
5~ T n 2 4
VE SRk SR IS O Rl e
(1) (3.44)
Yo A Y1V2 Byt
Sy D) 1 .
YY1 +¥ora+ Bars % + —hiwz)

Although not shown here, by using Monte Carlo simulations the mean square error
between and is observed to be close to zero for a wide SNR ranges when
Q,, =Q,, <0.01. Therefore, this SINR approximation can be safely used. Accordingly,
the upper bound given in becomes

Y“p:min(ﬁ T2 )
51 By vy +4)

(3.45)
Yo’ = min (Q, _n ) )
51 By (v +,)

Using this result and following the same derivation steps, CDFs of source SINRs Fy (7)
1
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and FY;Z(Y) can be obtained as

—1L;-1 _bir _%ir

=g 5 () (5] (B) o[ B ).

(3.46)

Furthermore, by applying Lemma with some mathematical manipulations with
the help of ([|69] [eqn 1.111 and 3.351.3]), the CDF of e2e SINR can be derived as

Yar _¥ar

Li—1Ly,—1 m w m\ [ w et e 0 ,l/) y m 1"/) y w
LSS () (o)
Y2e(Y) £ OW:O;;(])(V)m!W!Q?{F(N)( Q, Q, (3.47)
(N+j+v—1)! '

X — :
J Y Y 1 ;
PYoi(g +g; + g VT

By utilizing the CDF expressions in (3.46) and (3.47), OB SER and ESR can be
easily derived in the presence of channel estimation errors similar to perfect CSI case.
Although the lengthy derivations are not presented here to avoid repetition, the effect

of channel estimation errors is illustrated and discussed in the next section.

3.4 Numerical Results and Discussion

In this section, our analytical results are compared with Monte Carlo simulations. The
OP curves are plotted by using and (3.36), and the curves for the SSER are
plotted based on (3.23). Plots of upper bound of ESR correspond to the expression in
(3.40). For illustration purposes, the distances between each source and the relay are

assumed to be identical and normalized to unity

Figure demonstrates the analytical lower bound for the system OP performance
when different signal-to-interference power ratios (SIR) are utilized (P/P, =
15,20,30 dB). Our theoretical results match the Monte Carlo simulation results
perfectly in medium to high SNR range even for small SIR (note that in cellular system,
the practical SIR value to provide sufficient voice quality is greater than or equal to 18
dB []31]]).

Figure shows the system OP when the number of interference signals is N = 6 and
the SIR is (P/P;, = 30 dB). As can be observed, CCI significantly degrades the outage

probability as the curves exhibit an error floor in the high SNR regime since the effect
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Figure 3.2 System outage probability considering different SIR values, y4 =0 dB
and N = 6.

of interference becomes dominant compared to noise. In addition, to understand
the effect of MRT on the performance, several number of antennas at S; and S,
are selected as (L, L,) =(1,1),(1,2), (2,2),(2,3), (3,3),(3,4). As expected, for a
fixed L,, increasing L, does not change the diversity gain e.g., (L; = 1,L, = 1) and
(L, =1, L, = 2) have the same diversity. Obviously, it can be inferred that employing
MRT in AF-TWRN makes the system resilient against CCI and thus it is practically
preferable to obtain 99% availability and more. Figure illustrates the impact of
the number of CCI signals on the system OP while P/P, = 30 dB is kept constant and
L, =L, = 2. As can be observed, by decreasing the number of CCI signals, the system
OP decreases as well. When the SNR increases, the OP reaches to an error floor, while

the error floor does not exist for the interference-free case.

Figure illustrates the effect of the strength of CCI signals on the system OP
The number of CCI signals N = 6 is kept constant and various interference powers
(P, =0,7,10 dB) are considered. It can be seen that the system OP increases when
the interference power is increased. Besides, from Figures and it can be
understood that the change of the number and/or the power of interfering signals

do not affect the diversity order.
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Figure 3.3 System outage probability of AFF-TWRN with CCI for different number of
antennas, Y4 = 0 dB.
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Figure 3.4 System outage probability of AF-TWRN with different numbers of
co-channel interference signals, v, =0 dB and L, = L, = 2.
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Figure 3.5 System outage probability with different values for the constant
interference power, y, =0dBand L, =L, = 2.
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Figure 3.6 Sum SER performance of AF-TWRN with CCI for different number of
antennas.
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Figure 3.7 Sum SER performance of AF-TWRN with CCI for different number of
interference signals, L, = L, = 2.

Figure depicts the theoretical lower bound of the SSER for BPSK modulation (a =
b = 1) with different antenna numbers for S; and S,. As can be observed, the SSER
can be improved dramatically by employing MRT (the cases when L, = L, = 2,3)
compared to the single antenna case (when L, = L, = 1). Specifically, MRT with 2
or 3 antennas at both sources can achieve 107> and 10~* SSER respectively at 15 dB
SNR compared to 10~!> SSER without MRT.

Figure demonstrates the impact of the number of CCI signals on the SSER. When
the number of CCI signals is decreased, the SSER performance becomes better as the
number of CCI have a direct influence on the system array gain with no change in the
diversity order.

Figure|(3.8|shows the ergodic sum rate of the system for several number of CCI signals,
antennas and different levels of interference power. Our analytical ESR upper bound
denoted by is tight compared to simulation results. Obviously, increasing the
number and/or the power of the CCI signals will degrade the ESR performance. On

the other hand, increasing the number of antennas will improve the performance.

Figure presents the effect of both CCI and CEE on the system OP performance for
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Figure 3.8 Achievable sum rate with different numbers of CCI Signals, power and
different number of antennas.
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Figure 3.9 System outage probability of AF-TWRN with CCI and different CEE
values, vy, =0dB and L, =L, = 2.
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Figure 3.10 System outage probability vs SINR threshold for different number of
antennas, P, =10 dB and 2, =, =0.01.

various values of CEE where the analytical lower bound results are calculated by using
expression and the ratio between the signal and interference power is assumed
to be constant (P/P, = 30 dB). As can be seen from the figure, the OP becomes worse
when CEE increases. To overcome this problem, the number of pilot symbols can
be increased. More links can be deployed in the proposed system to make it robust
against the CCI and CEE.

Figure shows the impact of the number of antennas on OP where the noise power
N, is normalized to unity where the transmit and interferer powers are fixed at P = 20
dB and P, = 10 dB, respectively. Note that our analytical bounds are close to the exact
results obtained by Monte Carlo simulations even at low SNRs when the interference
power (see Figure is assumed to be fixed. The plot indicates that the joint effect
of CCI and CEE can be reduced considerably by utilizing MRT with increasing the
number of antennas.

In Figure the effect of imperfect channel estimation on the SSER performance
is explored. As in Figure SIR is assumed constant (P/P, = 30 dB) and the
single antenna case is compared with the multi-antenna case (L; = L, = 2) when
the number of CCI signals is fixed (N = 6) and the values of CEE is varied. Clearly,
in both cases, increasing amount of estimation errors affect only the array gain, thus
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Figure 3.11 Sum SER performance of AF-TWRN with different number of antennas,
different values of CEE, P/P, =30 dB and N = 6.

the SSER becomes worse. However, using more antennas with MRT increases the
diversity gain and SSER considerably. Employing the low complexity MRT technique
can be a practical solution for the performance degradation observed in TWRNs due
to CCI, noise and CEE.

3.5 Chapter Summary

In this chapter, MRT technique is proposed as a solution for AF-TWRNS to suppress the
performance loss caused by unavoidable CCI plus noise distortion at the single antenna
relay receiver. After obtaining the upper bound of the cumulative distribution function
of SINR, tight lower bound expressions of OB SER and upper bound of system ergodic
sum rate are derived and illustrated with extensive numerical examples. Moreover, the
asymptotic behavior of the OP and SSER, the array and diversity gains are presented.
Furthermore, the effect of imperfect CSI is also explored. Our derived expressions
are validated for arbitrary signal-to-interference power ratios, numbers of co-channel
interferers and a majority of modulation formats employed in the practical systems.
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4

EXACT PERFORMANCE ANALYSIS OF MAXIMAL RATIO
TRANSMISSION ON DECODE-AND-FORWARD
RELAYING SYSTEM UNDER THE IMPACT OF
CO-CHANNEL INTERFERENCE

Co-channel interference (CCI) in wireless networks is increasing and thus becoming
a critical factor degrading the reliability and quality experienced since the valuable
spectrum bands are shared by growing number of terminals. With the aim of
improving the performance, this chapter analyzes the performance of maximal-ratio
transmission (MRT) cooperative communication system over Nakagami-m fading
channels in the presence of CCI. In particular, a dual-hop decode-and-forward relaying
is investigated when multiple interferers affect the relay and the destination nodes.
Firstly, the cumulative distribution function (CDF) and the probability density function
(PDF) of the signal-to-interference-plus-noise ratio (SINR) are derived. Then, the
exact expressions for the outage probability (OP), average bit error probability (ABEP),
and ergodic capacity are obtained. Furthermore, asymptotic expressions for OP and
ABEP are provided to get insights about the diversity and coding gains. Finally,
simulation results are presented to validate our theoretical analysis.

4.1 Introduction

One-way relaying networks (OWRNSs) can be widely used to increase capacity and
coverage while decreasing power consumption [[78, [79]. These benefits are quite
desirable in emerging systems such as industrial wireless sensor networks (IWSNs)
[80] and internet of things (IoT) [[81]. Therefore, OWRNs has been studied in
the literature recently. For example, Cai et al. [10] explore device-to-device
communications while physical layer security (PLS) of OWRN is investigated in [[11].
Furthermore, Solanki et al. [[12] deals with the cognitive radio (CR), hardware

impairment, and channel estimation error (CEE). Most of the research assume that
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relays use amplify-and-forward (AF) method instead of decode-and-forward (DF)
although DF technique can be more preferable in practice since it results in better

reliability by eliminating noise enhancement in AF relays [|50].

Co-channel interference (CCI) is a major factor that degrades the performance of
wireless communication networks. For instance, In the next-generation cellular
networks [[82]], CCI is expected to increase further since the number of users, sensors,
IoT devices in the same cluster will be increasing while frequency bands are limited.
Moreover, the number of the cells tends to increase in order to improve energy
efficiency and reduce latency, thus, there will be more cells using the same frequency
due to the frequency reuse that increase capacity [83]]. Consequently, the influence
of co-channel interference has been examined for both AF and DF relaying systems
(e.g., [26}84-89] and references therein). For instance, Al-Qahtani et al. [|[84] obtains
the exact outage probability (OP) for AFF-OWRN with single antenna nodes over
Nakagami-m fading by considering CCI only at the relay and destination. Similarly,
the OP performance of the dual-hop DF relaying system with CCI effect has been
studied over Rayleigh [85-87|], Nakagami-m [|88], and x-u [[89] fading channels.
Besides, the ergodic capacity of AF relaying systems in the presence of interference
over Nakagami-m fading for dual-hop [26]], and multi-hop [[27] are provided when all

terminals are equipped with a single antenna.

The use of multiple-antenna techniques is well-known for achieving spatial diversity
gains to increase reliability that is much needed especially when CCI becomes
significant. However, due to the increased computational complexity at the receiver,
only a few of multi-input multi-output (MIMO) techniques are preferable in practice.
For example, the maximal ratio transmission (MRT) [3) |90] approach is simple
and it can achieve full spatial diversity without increasing receiver complexity.
Therefore, it is highly suitable for transmissions from base stations to the size and
power-constrained mobile units and relays of one-way relaying network (OWRN). In
the literature, the performance of MRT with the DF relaying has been investigated over
Rayleigh fading [[17|]] and Nakagami-m fading channels [[18]]. The error performance
of the dual-hop AF relaying with MRT over Nakagami-m fading is presented in
[19]. Similarly, Eylem et al. [20] derives an upper-bound on OB lower-bound for
error probability, and ergodic capacity for AF relaying system in the Rayleigh fading.
Furthermore, an error probability of multi-hop DF relay networks with MRT over
cascaded Nakagami-m fading channel is studied in [21]]. All of the above MRT related
works considered noise-limited scenarios and neglected the effects of co-channel

interference.

Performance of OWRN with multi-antenna terminals exposed to co-channel
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interference has been studied in [[91-95]. Particularly, Yang et al. [91] proposed
interference-limited AF single antenna relaying with multi-antenna source and
destination using diversity-multiplexing trade-off (DMT) approach ﬂ Lee et al. [92]]
provides the outage and the average bit error probabilities of AF OWRN over Rayleigh
fading with CCI impact on the relay and destination while only the source is equipped
with multiple antennas employing the orthogonal space-time block code (OSTBC).
Zhong et al. [93]] has studied the OP of dual-hop AF system over Rayleigh fading
with single antenna terminals where only a single interferer is affecting the relay that
use MRT. Furthermore, the outage probability [94]], and the ergodic capacity [95]] have
been explored for an CCI exposed relaying with MRT over Rayleigh fading while single

antenna source and destination are assumed to be free from CCI effects.

Throughout the development of wireless standards, mostly low complexity options are
adopted since high complexity results in increased delay and hence lower throughput.
The motivation for using MRT is mostly reducing the computational load for receiver
of size and power limited user terminal which can also behave as relays in the
future. Relays can also be used for extending the coverage without introducing
much delay and power consumption. In addition, The above-mentioned works shows
the background for MRT based OWRN research with CCI. Due to the mathematical
difficulty of analyzing the general case, most of the existing studies have only analyzed
outage probability and/or considered single antenna nodes and/or some CCI-free
nodes. In this paper, a comprehensive performance analysis of a dual-hop DF OWRN
over Nakagami-m fading channel where all transmitters employs MRT and all receivers
are affected by multiple co-channel interferers. The main contributions of this chapter
can be listed as follows:

* Signal-to-interference-plus-noise ratios of the first and second hop are provided
considering multiple co-channel interference signals and noise at the relay and

destination nods.

* The per-hop SINR random variable (RV) statistics are obtained in teams of
the cumulative distribution function and the probability density function over

Nakagami-m fading channels.

* The exact-form expressions of the outage, average bit error probabilities, and
ergodic capacity are derived. Besides, the performance of interference-free

system is included as a special case.

IDMT has been proposed in [96]] which considers two principal gains, diversity and multiplexing
available in a slow-fading MIMO channel when the SNR — oo.
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Figure 4.1 Block diagram of dual-hop maximal ratio transmission with CCI at the
relay and destination.

* Asymptotic expressions of outage and bit error probabilities are presented, then,

diversity and array gains are extracted.

* To verifying our derivations’ correctness, numerical examples are presented and
compared with Monte Carlo simulations and observe comparisons of different

cases.

The rest of this chapter is organized as follows: Section describes the system
model. The performance analysis for the proposed system is presented in Section 4.4
Numerical examples are provided in Section followed by the conclusions in

Section

4.2 System and Channel Models
The block diagram of the DF dual-hop relaying with MRT and CCI system model is

shown in Figure It is assumed that the communication between source to the
destination takes place in two phases. In the first phase, the source node S transmits
the information signal by employing MRT scheme [3] from L, antennas to the relay
node R having a single receive antenna. The relay node receives the information signal
plus additive white Gaussian noise (AWGN), as well as finite number of CCI signals
from N interferers. In the second phase, the relay utilizes the decode-and-forward
(DF) protocol to send the re-encoded MRT signal via its L, transmit antennas to the
single antenna destination D which is also under the impact of CCI signals from
M interferers. The direct link between source and destination is assumed to be
unavailable as can be observed when severe path loss or shadowing exist. In addition,
receivers are assumed to know the channel coefficient vectors h; having size L, x 1 at
S — R link and h, having size L, x 1 between R — D. Furthermore, h;z; (i = 1,2,...,N)
and h;p; (j = 1,2,...,M) are channel coefficients from i-th and j-th interferers at

R and D respectively which do not know their values, this can be considered a
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"worst-case" scenario [97, 98]. Moreover, it is assumed that the CCI links at the relay
and destination nodes have the same average interference-to-noise ratio (INR) similar
to [99,/100]. Besides, all channels between the nodes and the interference signals are
assumed to be independent and non-identically distributed (i.n.i.d) Nakagami-m RV.

Received signals of the first and second hop, yi and y,, respectively can be written as

N
Yr = vV Pshywixg + v PIRZhIRiXIRi + g, (4.1
i=1
M
j=1

where xg, Xz, Xig;, and x;p; are the transmitted symbols from source, relay and i-th
interferer of the relay, and j-th interferer for the destination, respectively, each having
an average power normalized to unity. Consequently, w; and w, represent the MRT
weight vectors of the first and second hop specified as w; = (hlf /|Ih;]]) and w, =
(hf /|Ih,|l), respectively. Ps and Py are the source and relay permitted transmission
power, respectively. P,z and P,, are the CCI power at the relay and destination nodes,
respectively. Noise samples ni and nj, at the relay and destination nodes are modeled
as complex Gaussian RVs with zero mean and N,, variance.

4.3 SINR Statistical Analysis

In this section, the SINR per hop, instantaneous SNR, instantaneous INR, and
the system end-to-end (e2e) SINR are presented and then, exact e2e cumulative
distribution function (CDF) and probability density function (PDF) of SINRs are

derived.

Firstly, for the considered system, equivalent signal to interference plus noise ratios
(SINRs) of the first and second hops, i.e., (ysg) and (yzp) RVs respectively, can be

written as

= , 4.3
Vs Yirt+1 3
Yo
= —) 4.4
VRO Yipt+1 ‘4



where y; = Ps|[h;||>)/N, and y, = Pg|lh,||*/N, are instantaneous desired SNRs
at relay and destination, respectively. While, y;x = Pz Zil |hpi|*/N, and y,, =
P Zi\il |h;pj|?/N, are instantaneous interference-to-noise ratio (INR) at the relay
and destination of first and second hop, respectively. To this end, in DF relaying
system, end-to-end (e2e) SINR is dominated by the weakest SINR per-hop and it can
be expressed as follows [[101,,102]

Yeze = Min (Ysg, Yrp) - (4.5)

4.3.1 The CDFs Derivation

By using the e2e SINR expression, its CDF (for the v,.,. RV) can be derived by using
the following computation, [|[103]]

Fyeze(Y) =Pr [ min (Ysg, Yrp) S Y:|

=1—Pr[ys>v]Prypp >7]

Q1 —(1-F,_(1))(A—F, (1)

(b)
=F, (r)+F, (r)—F,  (VF, (),

(4.6)

where F,_(y) and F, (y) are the CDFs of the first and second hop SINR, i.e., (ysg)
and (ygp) respectively. In our proposed system, all channel coefficients of the desired
and interference links are Nakagami-m distributed. Thus, the instantaneous SNRs
(r1, 7v2) and INRs (yg, vip) of the first and second hop are central Chi-square
distributed random variables with 2m;L,, 2m,L,, 2mN, and 2m;,M degrees of

freedom, respectively. Their probability density functions are given as [[15}102]

my Ly miLi—1
_ (M X _m
le(x) - ( ,}—,1 ) F(mlLl) exp( )—/1 X)J (47)
m, myLy ym2L2—1 ( m, )

(M) Y (M) 4.8
Ful) ( 72 ) T(m,L) T\ 7 “®

mpN mirkN—1

Mg 2z Mg
_ L 4,

frun®) ( IR ) I'(mpgN) exp( IR Z) (49
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mipM mypM—1
fryW) = (@) S —exp (—@w), (4.10)
Yip r'(m;pM) YD

where m,, m,, myz, and m;, are the Nakagami-m fading severity parameters for the
channels between source to the relay, relay to the destination, CCI signals to the relay,
and CCI signals to the destination, respectivelyﬂ where T'(+) is the Gamma function
([69][eqn 8.339.1]). Besides, ¥, = Ps/N, and 7, = P;/N, are the average received
SNRs at the relay and destination, respectively. In addition, ¥,z = P;zx/N, and 7,, =
P,,/N, are the average interference to noise ratio (INR) at the relay and destination
in the first and second hop, respectively. To this end, the CDF of the first hop SINR
can be obtained as

Proof. See Appendix u

Furthermore, it is worth mentioning that for no-interference case, the CDF in (4.11))
can be reduced to the well-known CDF of instantaneous SNR, i.e., y; expression in
[15,/104]

T (m, Ly, 2x)

I'(m;L;)

m e ()

FYl(x) = =1—exp (—_—x) Z — (4.12)
71 n=0 n!

where T(.,.) refers to the lower incomplete gamma function [[69]. To obtain the

CDF of the second hop SINR, i.e., F.

v, (V) Same derivation steps can be followed by

exchanging the parameters (m,, mg, Y1, ¥1z> L1, N, 7sg) With the following parameters
(my, myp, Y2, Yip»> L2, M, Yrp) respectively. Finally, the dual-hop e2e SINR CDF can be
readily obtained by substituting the derived CDFs of SINR per-hop into (4.6)).

2Note that our system analysis can be valid for many other fading channels readily by selecting a
specific value for the fading severity parameter m, i.e., one-sided Gaussian (m = 1/2), Rayleigh (m = 1)
and Rician with K factor (m =(K+1)*/(2K + 1)) distributions.
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4.3.2 The PDFs derivation

The PDF of the SINR is another important function to compute the performance
metrics of the system. The PDF f, _(y) of the SINR for the first hop can be calculated

as
m, Y1l Mg mgN myLi—1 m —_—
fo(y)= (Y_ll) (E) 14 €Xp (_?_11}/) ZL: (mlLl) (n+mpN —1)!
s I'(m;L,)T(m;zN) =\ N (M m )n+m’RN’
h YIr 71
(4.13)
Proof. See Appendix D} u

Similarly, the PDF for the second hop SINR (f, (7)) can be readily obtained by using

the corresponding channel parameters in (4.13).

4.4 Performance analysis

In this section, the performance analysis of a dual-hop multi-antenna DF with
MRT transmission scheme under the impact of co-channel interference is presented.
Specifically, the exact forms of OB, average error probability and ergodic capacity are
derived. In addition, diversity and array gains are found after obtaining asymptotic

expressions of AEP and OP

4.4.1 Outage Probability

A decode-and-forward dual-hop relaying system is considered to be in outage when
one of the two links is in outage. Mathematically, the exact OP can be determined as
below by replacing the variable y in the CDF of the system e2e SINR at expression
(4.6]), with the SINR threshold, i.e., v,

Pout =Pr [YeZe < Yth] = FyeZe(Yth): (414)

where the SINR threshold value can be selected as vy, = 22R — 1, when R denotes the

target data rate.
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4.4.2 Average Bit Error Probability
As common in DF dual hop relaying, the average bit error probability (ABEP) of the

system can be expressed as follows [90, [102],

P,;.(€) = Psp(e) + Prp(e) — 2 (Psg(e) Prple)), (4.15)

where Pgr(e) and Pyp(e) denote error probabilities for the first and the second hop,
respectively. In the literature, ABEP has been evaluated by using the well-known
integrations based on CDE, PDE or MGF of SINR[[32]. In this study, the derived PDF
in (4.13) is used to find the exact bit error probability per-hop using the following
formula [54,|105]]:

Pgp(e) = J P.(elysr) fr (¥) dr, (4.16)
0

where, P,(e|ygg) is the conditional bit error probability for a given SINR v ¢;.

Corollary 4.1. The average error probability of the first hop dual-hop DF relaying system
with MRT in the presence of CCI is obtained as

myLy mrN
—my Ly (ﬂ) (M) myLy —n—mpN
a 71 YIr z :(mlLl)(mIR) .

Psr(e) = 7
S TIT) T L) TimeN) <4\ N\ 7
y GO’2:1’0;1,1 am—%l 1—m1L1 N 1_m1L1_/3 . - ; l—l’l—m[RN
2,1:0,1;1,1 m; Yir 1— L.—1 0 ; 0 ’
a mp 71 M1k ' ’

(4.17)

where a is a constant that depends on the type of modulation (e.g., 0.5 for frequency shift
keying (FSK), 1 for phase shift keying (PSK)) and 3 is another constant depending on the
detection scheme (0.5 for coherent detection, and 1 for non-coherent detection). Further-
more, Ggfé?i} (+|-) is the extended generalized bivariate Meijer G-function (EGBMGF)

which can be computed efficiently by using Mathematica ([54] [Table II]).
Proof. See Appendix u

By using similar steps, Pg(e) can be obtained, and then, ABEP for both hops can be
substituted into (4.15) to attain the exact e2e average bit error probability.
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4.4.3 Ergodic Capacity

The ergodic channel capacity for a dual-hop DF relaying system can be written as

1 -
Ceze = 5 min (CSR: CRD) > (4.18)

where Cg and Cg;, denote the average ergodic capacities of the source to relay S — R
and relay to destination R — D links, respectively. Furthermore, division by 2 comes

from the fact that the e2e transmission requires two time slots.

Corollary 4.2. The first hop average ergodic capacity of the dual-hop decode-and-forward

multi-antenna relaying system with MRT and co-channel interference can be derived as
follows

myLy

- log(e) Z (mlLl)(%)_”
- I'(m;L;) T(mjgN) =0 n YIr
GOLLLL2 % 1-=-mL; :1=n—mrN; 1,1
1,0:1,1;2,2 ;_11 _ 0 1.0
(4.19)
Proof. See Appendix [F| u

The second hop average ergodic capacity can be derived by following similar steps,
and then, Cs; and Cg;, can be substituted into (4.18) to obtain the system ergodic
capacity in exact form.

4.4.4 Asymptotic Analysis

In this subsection, in order to extract the diversity and array gains, P,,, and P,,(e)
expressions are simplified by considering high SNR values (i.e.,y — o0). By using the
Maclaurin series expansion of the exponential function [|74]], the PDF of y, and v, in
(4.7) and can be approximated respectively as

my Ly myL—1
my b
() (—) L (4.20)
n Y1 r(mL,)
myL myLy—1
() m2 2 y 22
)~ (—) = (4.21)
"2 Y2 I'(m,L,)

51



Then, by integrating these PDFs with respect to x and y, CDFs can be written as

follows

1 m mily
F®(x)~ (_—1x) , (4.22)
" (my L)'\ 7y

1 m, "2l
F®(y)~ (_— ) . (4.23)
n (m,L,)! Yzy

To this end, the asymptotic CDF of the first hop SINR (ysz) (with ¥ — ©0) can be

derived as

EX(y)= J F2(z+1)7) f,,(2) dz. (4.24)
0

By substituting (4.22) and (4.9) into (4.24) by using ([69] [eqn 1.111 and 3.351.3]),
Fy‘::(}/) can be computed as

(4.25)

o= ey S )
™ " (YIR )

The asymptotic PDF of (y¢;) RV, i.e., fy‘; (y) can be obtained as below after taking the
derivative of the CDF in (4.25]) with respect to 7,

(4.26)

oo myLy Y™ (%)mlh (%)"”RN (S m;Ly\(n+mpN —1)!

Fra )= (m;Ly)! T(mN) ZOI ( n ) (@)"“"IRN '
YIR

Similarly, F;:) (}/) and f:;(}/) can be derived by following the above steps. Then, recall

that step (b) in ( can be simplified via neglecting the last multiplication term,;

F, (r)~ YSR(}/) + F,. (y). To this end, using this approximations with F °°(y) and
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F;:; (), the asymptotic CDF for (y,,,) RV can be written as

Foo (ﬂY)mlLl(%)mmN H rm, L (n+ mppN —1)!
(y) ~ 14 Z( ;1) IR

Fre. (myLy)! T(mN) (@)Hm’RN
YIR

+ (%Y)m2L2(nlg)ml msz(mz )(k+mIDM_1)|
(myL,)! T(m;pM) (YI )k+m,DM .

(4.27)
For the interference-free system, (4.27)) becomes
1 m, ™Mk 1 m, \"2k2
F® (y)~ —(_—1}’) + —(_—ZY) : (4.28)
Fra. (m L)'\ 14 (myLy)'\ 72

Both ([/55]] [Prop. 5]) and (4.27) can be used by replacing y with y,, and assuming

_ . . . . 00
large value of y in order to obtain the asymptotic system OP expression P> a

pe = g(Taymrimbimia) o, (4.29)
7

where H.O.T denotes high order terms and the scaling factor ¥ is given as

9 =
mlLl(T;II}I: )mIRN miLy (myL1) =
(mlLl)' 1—‘(mIRN) Z ( ) ':‘ 1> m1L1 < m2L2
m;ﬂﬂl(’?[lﬁ )mIRN myLy ;nng(%)mlDM MLy (myly =
(myLy)t T(mypN) Z ( ) (myLy)! T(mypM) £=k=0 ( k ) By, mL;=myL,
m™2L2(mp MID
("isz)('Yll"lzfzmM) rknzzéz (m?fz) B, myL, > m,L,,

(4.30)

(n+m;rN—1)! and (k+mpM—1)!

(mIR )n+mIRN k+mipM
YIR ( YID )

where E; and E, are respectively.

Furthermore, by using P> ~ (G,7)"% as described in [[55], where G, is the diversity

ou
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gain and G, is the array gain can be found as

G4 = min(m,L,,m,L,),

Ga = i((‘q)_l/Gd .

Y th

(4.31)

Similarly, in order to analyze the average BEP at high SNR, y¢; in (4.16) can
be substituted with the asymptotic PDF and then steps in the Appendix [El The
corresponding integral can be solved with the help of ([69][eqn 7.811.4]). After
mathematical simplifications, asymptotic expression of ABEP for the first hop can be
derived as

Pgr(e) =

—miL my myLq mig mrN -
amhmiLy (2) 7 (32) mlzl(mlh)
2T(B) I'(m;rN) (m;L,)! =0 n

y (n+mpN —1)! T(m,L,) T(B +m,L,)

()™ 114 m,Ly)

?IR

(4.32)

Having this result, the asymptotic ABEP of the second hop P;;(e) can be found
similarly, and thus, the asymptotic e2e average BEB P_>°(e) can be easily obtained
by substituting Pg'(e) and Py (e) into (4.15).

4.5 Numerical Results and Discussion

In this section, OB ABEP and ergodic capacity curves obtained by Monte Carlo
simulations are presented to verify our analytical findings. 10° and 4x 107 symbols and
channel vectors are randomly generated to simulate the OP and ABEB respectively. For
simplicity, the source and the relay have been assumed to have equal transmit powers,
i.e., Py = Pg, and the relay and the destination are affected by the same number of

interferers, i.e., N = M unless otherwise stated.

Figure plots the outage probability simulation and analytical findings. In this
figure, the system parameters are chosen as: L; = L, = 1,2,3, m; = m, = 1
(special case as Rayleigh distribution), m; = m;, = 0.5 (special case as one-sided
Gaussian distribution), Ps/P;z = Pz/Pgp = 30 and y,, = 7 dB. It can be recognized

that increasing the number of antennas used in maximal ratio transmission results in
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Figure 4.2 Outage probability as a function of average SNR for different number of
antennas with constant signal-to-interference ratio.
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Figure 4.3 Outage probability as a function of average SNR for different
Nakagami-m fading severity parameter with constant signal-to-interference ratio.
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Figure 4.4 Average bit error probability as a function of average SNR for different
number of antennas with constant signal-to-interference ratio.
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Figure 4.5 Average bit error probability as a function of average SNR for different
number of antennas with constant interference power.
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Figure 4.6 Average bit error probability as a function of average SNR with different
values of the constant interference power.

better performance. Specifically, the diversity order is increased from one to three.
However, as the power of desired signals are scaled with the power of interferers, the
interference will dominate the OP at high SNR. Thus, the system diversity decreases
down to zero, and an error floor occurs. The interference-free case does not have this

phenomenon as can be seen.

Figure(4.3|illustrates the effect of fading severity on the OP performance. The network
parameters are selected as: N =M =5, L; = L, = 2, mjz = myp = 1.5, Ps/P;p =
Pp/Ppp = 30 and y4, = 7 dB. When fading parameter of the desired signals increases
from m; = m, = 0.5, 1.5 to 2.5, OP decreases from 0.0631,1.9953 x 10~ to 1.9953 x
107® at 20 dB SNRs. Moreover, according to (4.31), the diversity order raises from
1,3 to 5. Thus, it can inferred that the source and destination need less number of

antennas for transmission when dual-hop links do not have severe fading.

Figure [4.4{ and compares the analytical results of average bit error probability
for coherent binary phase shift keying (CBPSK) with Monte Carlo simulation. In
both figures, the following network setting are used:L; = L, = 1,2,3, N = M =

6, m; = my, = myr = my, = 2. It can be seen that the analytical results, as
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Figure 4.7 Ergodic capacity as a function of average SNR for different number of CCI
signals with constant signal-to-interference ratio.

well as the asymptotic curves, perfectly fit with the simulations. Moreover, figure
demonstrates the benefits of using MRT to reduce the co-channel interference
adverse effects on the ABEP performance. Similar to the outage probability, when
the number of antennas increases from one to three, the amount of achievement in
ABEP performance increases. Similarly, from figure 4.5, one can also notice that the
ABEP decreases as the number of antennas increases. Furthermore, it is evident that
the diversity order linearly increases from 2,4 to 6 when the number of antennas
increases from L, = L, = 1,2 to 3. This figure also shows that when INR does not

scale with the SNR, the system can still achieve full diversity gain.

Figure 4.6|shows the average bit error probability versus average SNR when a different
value of the interference power is assumed (P,;z = Pz, = 0,7,15 dB) with the same
number of antennas L, = L, = 2. The results reveal no error floor, which is due to
the fact that the ratio of average INR over average SNR decreases when Py increases
and Py is fixed according to the asymptotic expression in (4.32). This is also valid
for the second hop, thus, it improves the error performance. Furthermore, from these
parallel curves of ABEPB one can further deduce that the interference power impacts

the array gain but does not affect the diversity order as it still remains at three even
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Figure 4.8 Ergodic capacity as a function of average SNR for different number of
antennas with constant interference power.

when interference power increases.

Figure [4.7|shows the effect of number of CCI signals on ergodic capacity performance
when the number of antennas are L, = L, = 2, fading parameters for desired signals
are m; =m, = 2, and m;z = myp, = 0.7 for interference signals. Besides, the signal to
interference ratio is fixed for the first and second hop, i.e., Ps/P;z = Pg/Pgp = 30 dB.
As expected, It can be observed that when the number of CCI signals increases, the
ergodic capacity in the medium-to-high SNR (15-35 dB) region decreases. Besides,
the ergodic capacity reaches saturation at values 5.2,4.5, 4, and 3.4 bits/sec/Hz when

the CCI numbers increase gradually from 2,4, 8 to 16, respectively.

Finally, figure illustrates the advantage of increasing the number of the antennas
on the system ergodic capacity. In this figure, the following network parameter values
areused: N =M =5, m; =m, =2, my =mg, =0.5and Py /Py = Py/Prp =30dB. It
can be observed that increasing the number of antennas for the source and destination
from L, = L, = 1,2,3 to 4, the MRT scheme results in capacity improvement.
However, this gain is lower compared to the dramatic benefits gained in outage and
error probabilities performance since the goal of MRT is reliability first.
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4.6 Chapter Summary

Exact closed form error, outage probability and ergodic capacity performance
of multi-antenna decode-and-forward dual-hop relaying system with MRT over
Nakagami-m channels are derived and verified by simulation results.  Due
to unavoidable co-channel interference effect on the communication system,
performance degradation can be overcome with the use of low complexity MRT
scheme. Our numerical examples show that this technique can be a highly effective
option when severe fading channels results in high outage rates undesired for next
generation communication systems. Reliability and availability of the network can
be increased by utilizing more antennas for MRT without increasing the receiver

complexity.
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EXACT PERFORMANCE ANALYSIS OF MAXIMAL RATIO
TRANSMISSION WITH MULTI-HOP
DECODE-AND-FORWARD INTERFERENCE-LIMITED
RELAYING SYSTEM OVER WEIBULL FADING CHANNEL

In this chapter, the utilizing of maximum ratio transmission (MRT) technique with
multi-antenna multi-hop decode-and-forward (DF) relaying networks is investigated
to enhance system reliability by suppressing the performance loss due to co-channel
interference (CCI). By considering the interference-limited system, the fading channel
for the desired and interference signals are assumed follow Weibull distribution.
Firstly, the statistics of the desired received signal power and the equivalent
signal-to-interference ratio (SIR) per-hop are obtained in terms of probability density
function (PDF), probability distribution function (CDF), and moment generating
function (MGF). Then, exact expressions for outage probability (OP) and average
error probability are derived. Besides, to fully understand the system behavior,
asymptotic expressions with diversity and array gains are presented. Our results are
perfectly matched with the Monte-Carlo simulations. They infer that MRT scheme can
effectively mitigate the deteriorating effects of the co-channel interference as well as

the multi-hop drawbacks.

5.1 Introduction

Multi-hop cooperative communication is a beneficial method that is commonly
suggested to expand coverage with low transmitting power [[106]]. It is a possible
approach to bypass the channel’s extreme conditions that currently affect millimeter
wave (mmWave) signals. On the other hand, undesired influences of multi-hop
relaying are increased channel usage, overhead synchronization, and latency. Weibull
distribution has been used as a quite effective model to describe the narrow and

broad band small scale fading channels [[107, [108]. Moreover, as a particular case,
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the Weibull parameter can be adjusted so that it can be modeled as a lognormal
distribution. Consequently, Weibull distribution can model the current 5G mmWave

applications such as cellular communication and Internet of Things (IoT) [[109].

Multi-hop single antenna relaying system over Weibull fading channel is investigated
in [[110], where the close-form symbol error rate (SER) is obtained for (M-QAM)
transmissions. Soulimani et al. [[111]] studies the outage probability and channel
capacity of the mmWave Weibull fading channel. The energy efficiency and
error probability for detect-and-forward multi-hop single antenna relaying system
with Weibull fading is explored in [[112]. Furthermore, amplify-and-forward (AF)
multi-hop relaying is considered in [[113]; approximate performance indicators are
obtained depending on the upper bound of per-hop SNR, which followed Weibull
distribution. Recently, [[114]] provides only numerical results of SER for multi-hop

relaying protocols in cognitive radio networks over Weibull fading channel.

The use of multiple-antenna techniques is well-known for achieving spatial diversity
gains to increase reliability that is much needed especially when CCI becomes
significant. Thus, multi-antenna direct link system with receiving diversity techniques
under Weibull fading channel is demonstrated in [|115[]. Specifically, approximated
SNR PDF following i.i.d Weibull fading channel is derived, then, OP and SER for
L-branch MRC receiver are obtained. Similar PDF approximation method is followed
in [116] to evaluate the performance of STBC transmission scheme. Furthermore,
in [[117], the approximate performance criterion of EGC, MRC and SC receivers over
Weibull fading channel are provided. Da Costa et al. [|[118], proposes an approximate
approach to derive the PDF of sum of correlated Weibull RVs, which consider essential
to examine the performance of MRC receiver. Likewise, in [[119], a unified method
to approximate the PDF of generalized fading sums of i.n.i.d. a-u, n-u, and k-u RVs,
included a special case to represent Wiebull distribution are derived.

The papers above give background and understanding of this research topic. In
general, the sum of multiple random variables is the essential key point to investigate
the performance of MRT and MRC (similarly, the arbitrary number of CCI). Besides, the
ratio of two RVs is another challenge to evaluate CCI studies. To the best of the author’s
knowledge, the sum and ratio of Weibull RVs do not present in literature. However,
the majority of previous studies have only analyzed a noise-limited system with single
antenna nodes or direct link with limited cases (i.e., integer Weibull parameter, i.i.d
random variable, etc. ). The rest of the other works, used the approximated PDF
of the sum or ratio (approximated by Padé approximation method, or approximate
the weibull PDF to a simpler distribution and estimate the parameter by moment

based estimation method, or assuming large number of weibull RVs, then approximate
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the PDF of the sum as normal distribution PDF using Gaussian limit theorem). An
insight investigation for MRT (nor MRC) based multi-hop DF relaying with CCI has
not been investigated yet. In this study, with the motivation of having a reliable and
low complexity communication system, we propose the MRT transmission technique
for reducing CCI and dual-hop performance degradation. For this system over i.n.i.d

Weibull fading channel, the main contributions of this paper can be listed as follows:

 Signal-to-interference ratios (SIR) of the per-hop are provided, considering the

co-channel interference signal at all receiver nods.

* The exact cumulative distribution function, probability density function, and
moment generating of the sum of squared (i.n.i.d) Weibull fading channel RV

(for the desired per-hop signal power distribution) are derived.

* The exact per-hop SIR random variable (ratio of two weibull RVs) statistics are
obtained in teams of the cumulative distribution function, probability density

function over (i.n.i.d) Weibull fading channels.

* The new exact analytical expressions of the per-hop and e2e system outage,
average bit error probabilities are derived. Besides, the performance of the

interference-free system is presented as a special case.

* Asymptotic expressions of outage and bit error probabilities are provided to

obtain the diversity and array gains.

* Numerical examples are presented using Monte Carlo simulations to verify our

results and observe the effect of system parameters.

The remainder of the chapter is organized as follows. System and channel models are
described in Section In Section the cumulative distribution function (CDF),
probability density function (PDF), moment generating function (MGF) of the SIR for
each node and end-to-end (e2e) system are obtained. Moreover, OB ABEP expressions
are derived in section Section presents the numerical examples obtained by
Monte Carlo simulations. Finally, conclusions are summarized in Section [5.6]

5.2 System and Channel Models

In this chapter, MRT based multi-hop decode-and-forward (DF) relaying
Interference-limited networks is considered, as shown in figure When the
source (S = R,) with L, transmit antenna communicate with the destination

(D = Ry) has a single receive antenna, with the help of the intermediate (N — 1) DF
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Figure 5.1 Block diagram of MRT based multi-antenna multi-hop
decode-and-forward (DF) relaying networks with co-channel interference

relay nodes (R;, i = 1,...,N — 1) each has single receive antenna and L; transmit
antennas. Without loss of generality, all nodes are operating in half-duplex mode
and MRT scheme is employed by all transmitter nodes in the system to maximize
the received power at the receivers [[3]]. Furthermore, each i-th receiver node in the
network is impaired by a single dominant interferer from an external sourceﬂ For
instance, as the interference power dominate the noise variance, such that the impact
of noise is negligible. Moreover, the receiver nodes can receive the information signal
from the previous adjacent transmitter, i.e., there is no direct link between S and R.
This assumption is valid due to high path loss and deep fading. In addition, all the
channels between the nodes and the interference signals, are subject to independent
and non-identically distributed (i.n.i.d) Weibull fading channels. To this end, the
received signal at the i-th receiver node (i = 1,...,N) can be expressed as follows

Yi= VP hw %, + VP hy i, G.1)

where h; is the (L;_; x 1) desired channel vector between the transceiver nodes. w;
is the MRT weight vector which constructed as w; = (h? /I ) [3]. In addition,
X; is the desired unit energy information symbol (note that X, = x is the source
transmitted symbol). Moreover, x, and h; are the interference unit energy symbol
and channel coefficient at i-th receiver node, respectively. The transmit power of i-th
transmitter node denoted as P, EI, while P, is the interference power at i-th receiver

node, respectively. Furthermore, y, = y is the received signal at the destination node.

1t is worth mentioning that the assumption of a single dominant interfere still of practical interest
and importance. For example, in a well planned cellular network, it is very likely that the system will
be subjected to a single dominant interferer [120-123]].

. . . P B .
2Note that our analysis are readily cover the mmWave by substation /P,_; = \/ % in li
where the path-loss &;[dB] = a+10b log;,(d;), d; is the distance between the adjacent nodes, a and b

are given in ([[124]][ Table 1]) for 28GHz and 73GHz mmWave bands. B; denote the blockage probability
from the 3GPP model [|125]] given as B; = min(}j—?, 1)(1—exp (_6—‘;,"))+exp (_6—‘;"), for urban areas, and B; =

—d, . - . . .
exp (56 ), for suburban areas. Similar substitution have to include P; with corresponding parameters.
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5.3 SIR Statistical Analysis

In this section, the end-to-end (e2e) system SIR is presented, then, its cumulative
distribution function (CDF) and probability density function (PDF) are obtained.

According to (5.1)), the equivalent instantaneous signal-to-interference ratio (SIR) at
the i-th received node, named (qui ,i=1,...,N) can be given as

_ Bl _ 1 .
eq; 2 ’ ( . )
PIi |h1i| TL

where |h;||*> and |h1i |2 are the desired and interference signals channel gain,
respectively. Consequently, in the multi-hop relaying networks, the end-to-end (e2e)
SIR is dominated by the weakest i-th hop equivalent SIR. Thus, by using the order

statistic, e2e SIR RV (named y,,.) can be expressed as

Y e2e = Min (quiﬂ ce quN) . (5.3)

Thus, the CDF and PDF for y.,. can be given respectively by using the following
formulas [[126, 127]]

N (5.4)

N N

er2e(Y) = Zerqi(Y) l_[ (1 o Fqui(Y)) ’ (5.5)
i=1 j=1
j#i

5.3.1 The CDFs Derivation

In this subsection, the i-th hop desired received signal and equivalent SIR (i.e., yp,
and Yeqr L = L., N ) cumulative distribution function (CDF) are obtained in exact

form.

Firstly, since the decode-and-forward scheme at the relay nodes is assumed, the

statistic derivation steps for any particular i-th receiver nodes SIR will be similar to the
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other hops in the system by using the corresponding per-hop entities to that particular
hop. To avoid confusion and make the calculation simpler and more tractable, a simple
representations for the PDE MGE and CDF equation entities, (i.e. we use L, P, P;, h,
h;, vp, vy and y.q instead of L;, Pi_y, Pp, hy, hy, vp,, vy, and v, respectively) are used
unless otherwise stated.

As we mentioned in the system model section, the elements of the transmitted channel
vector (h = [hy,...,h;]") and the interference channel coefficient (h;) are i.n.i.d
random variables follows the Weibull distribution, their PDF can be respectively given
as follows [32]:

b b
fo(x)=p (%) xPLexp (—(%xz) ), (5.6)
& &
fu (@) = By (;" ) 2P exp (—(%22) ) (5.7)

where the parameters w = F(l + %), w; = 1“(1 + ﬁ%), (B > 0) and (B; > 0)
are Weibull fading parameter for the desired and inteference channel, respectivelyﬂ

N|~

Moreover, (0 = E[h*]) and (07 = E[h?]) are the channel coefficient mean-square
values, both are normalized to one in this chapter. The PDF of (y, = P, |k,|?) can be

readily founded by using the function of the random variable as ([32]] [eqn 2.3])

Br Pr
_ B} g (@1, )
fh(z)— 5 (]51) Z exp( (pl z) ), (5.8)

where P; is the average received interference power per symbol. On other hand, in
. o e L .

order to find the statistics of (y, = P|h||* = lel P |k |*), the random variable (y; =

P |k, |*) is introduced as the instantaneous received signal power from the I-th transmit

antenna and its PDF can be written as

p B

i =2(2) e -(24)) 59

where P is the average received power per transmitted symbol. The moment

3As B increases, the severity of the fading decreases. In the special case when 3 = 1, Weibull
distribution becomes an exponential distribution, and for 8 = 2 proposed channel becomes Rayleigh
distribution [|35]]
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generating function (MGF) of y; can be derived as follows

M, (s)= f exp (—sx) f, (x) dx, (5.10)
0

by substitution the PDF of y; into (5.10)) yields

B oo 5
M, (s)= % (%) : fo exp (—sx) X3 exp (—(%x) ’ ) dx. (5.11)

To solving the above integral, firstly, ([128]] [eqn 1.39]) is used to express the

exponential function which has complex argument in terms of H-function as

B
2

B [ee)
Myz(S):%(%) f exp(—sx)x%‘lHéf[(%x) (0,1)

then, taking advantage of Laplace transform of H-function in ([128] [eqn 2.19]) to
solve the resultant integral in (5.12)) as

:| dx, (5.12)

B B
2

Bi (wy _Boqa w2
w,©=5(3) | (57

by invoke ([|129] [Pro. 2.3, 2.4 and 2.5]) respectively, the MGF of y; can be written
in a simple form as

, (5.13)

(0,1)

(L#) } (5.14)
)

To this end, since the signals from transmitting antennas are assumed independent,
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. . L .
the moment generating function of (y, = 2121 y1) can be derived as

(O’ %) } (5.15)

L L =

p
M (s):| |M (s):| |H1’1 —s
" =1 " =1 1’1 wl (OJ 1)

In order to evaluate the product of multiple H-function in (5.15)), a similar idea in
([130][eqn 10]) is used. We start with the representation of the H-functions in terms

of Mellin-Barnes integrals by following the H-function definition below.

Definition 5.1. The H-function is expressed by means of a Mellin—Barnes type integral
as following

[T (b, +B,0) [T (1—a,—A;)

e |:C (aj,A]-)j:Lp i| _ 1 f j=1 j=1 Ctdr
pq n i P q
(bJ’BJ)J:l:q zmg [T r(a;+4;t) T] r(1—0b;,—B;t)
j=n+1 j=m+1
(5.16)
Proof. See ([[128] [eqn. 1.2]) [ |

Then, for the guarantee of mathematical tractability, two transmit antennas are

assumed (i.e., L = 2). By using (5.15)) with the help of (5.16)), the MGF of y,, can
be given as follows

=g [reos(i-2e) reor(o- 2e) (2 (2)°

2 2
x dt, dt,.
(5.17)

To this end, the CDF of y,, can be derived straightforwardly by perform the inverse
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Laplace transform on the (M, (s)/s) as

FYD(X) :(2711')3 J - eXPs(_SX) J J r'(ty) F(l — %tl) I'(t,) T (1 — %tz)

2 2

= —t ~ —ty
X (i s) (i s) dt, dt, ds.
W, Wy

By interchanging the order of the contour integration with some arrangement we

(5.18)

obtain

oty Jreosl-2e)reoeo-20)(2) ()

& %
+ico —(t1+t5)
exp(sx)s
xJ P(sx) ds dt, dt,,
o—i0Q §

(5.19)

where the innermost integral with respect to s has a solution as

1 T4 exp (sx) s~(1+E2) fittz
— p(sx) ds= ————. (5.20)

(2mi) s T(1+t;+¢t,)

By using the solution in (5.20)), the CDF of y, can be attained in integral form as
follows

[ oottt oy )
FYD X
(2m) T(1+t; +t,) w0 x oy x

2 2

x dt, dtq,

(5.21)

Furthermore, It is recognized that (5.21) can be re-represented in terms of the

multivariate H-function and generalized for any number of transmit antenna as be
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given in (5.23) after the multivariate H-function definition.

Definition 5.2. The multivariate H-function is defined in terms of multiple

Mellin—-Barnes contour type integral as

Ho,ni[mz’“l]lzl:L ;1 (Cj | %C]w}lm)ilip ( J(l)’Agl))j:l:pz

p.g:[piaili=1.L : d:: D(Z) b(l) B(_l)
i CL ( J J }zzlzL)jzl;q ( J J )J'=1IQz I=1:L (5'22)

-
:(Z;i)LJ“'J 2(ty,... tL)l_[ ¢, (t)¢, M) dty,...,dt,

2 2

where Z(t4,...,t;) and ¢, (t;) are defined respectively as

L
0]

—.

E(tlf'--:tL): p J:i q
I1 r( ZC(l)tl)nF(l d; —ZD}%)
j=n+1 =1 j=1 =1
my n;
) )] (l) o
j]:[lr(bj +B! tl)jllf'(l —ADg)
b= —— =1L
1 1(a"+4%) TT r(1-b"—B"t,)
j=m+1 j=my+1
Proof. See ([[128] [Appendix A.1]) and ([|131]] [eqn 28, 29a, 29b and 30]) [ |

b
I 1;{1},_..): [(0, 2
Ry () = B0 Gwew: O] | (g
p N (0,1) I=1:L
o x

We want to mention here that these exact CDF expression is, to the best of our
knowledge, the most accurate and general expression ever presented in the literature
to investigate the MRT under (i.n.i.d) Weibull fading channels. The CDF of the
equivalent received signal-to-interference ratio (SIR) at the i-th node (i.e., Yeq il )
in our considered system can be derived as

F,,, () =Pr[y.q < x]

=Pr[Y—D < x]
Y1

:J Prlyp <z x]f, () dz
0

:J FYD(Z X) fYI(Z) dZ’
0
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by substituting the CDF of y, from (5.21), and the PDF of y; from (5.8) into (5.24)
with some parameters arrangement, we get the integral bellow

. B () T(1-26) T(t) T(1-21,)
YJﬂ_?(a) @m)f fj T(1+t; +t,)

5 —h > —ty %I
P P
x( ) ( ) dt2dt122_1exp(—($z) )dz.
w2 X wy 3 X P,

Now, interchanging the order of the real and contour integrals (which is permissible

(5.25)

given the absolute convergence of the involved integrals) and re-arrange the
parameters, we obtain

B o T (t,) r 2y ) T'(t,) r(1—ﬁ%t2)
RJM_E(E) @m)JJ Fﬂ+h+m

2 2
I

A

Y

Br

P Y P YR[T s w; \?
X ( ) ( ) f g7ttt exp (— (le) ) dz dt, dt,,
Wy X wy X 0 P,

(5.26)

ol

using change of variable u = (%IZ) , with the help of ([69] [eqn 8.339.1]) and some

mathematical manipulations. The integral I, in (5.26)) can be solved as

I, = (PI) (g’) (?1) (t1+t2)F(1+ﬂ%t1 ;tz), (5.27)

by perfectly substituting (5.27) into (5.26) with some arrangement, the following
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integral formula can be attained

F, (0=

Fr(1+t¢t,+t,)
L 2

2 2 2 2
1 F(1+Et1+[5—1t2) r'(ty) r(1—ﬁ—1t1) ' (t,) F(l—ﬁ—ztz)
(277:i)2
3 -t 5 —t2
p p
x( et i ) ( t i ) dt, dt,.
w, P; x w, P x

(5.28)

Then, the CDF of SIR in above can be re-expressed and generalized to any number
of transmit antenna in terms of the multivariate H-function by using (5.22) along
with ([[129] [Pro. 2.3]) (to switch the order of H-function, thus faster integration

convergence is achieved especially with the small 3; value), as follows

wq 151_}('
w; P 2 .
F_(x)=H>! e (O’ {ﬂf }l=1:L) H 1) (5.29)
Teq 1,1:[1,1]=1; _ (0 {1} ) (]_ &) ’ )
w P x ’ [=1:LJ - 2B )=
w; P

Finally, by substituting (5.29) into (5.4). The e2e SIR probability distribution function
expression can be attained in exact form.

5.3.2 The PDFs Derivation

The PDFs of yj, and v, can be obtained by following the same procedures that followed
to derive the CDE Starting with taking the inverse Laplace transform of (M, (s)) in
(5.17).

£y, () :ﬁfaﬂm exp(sx)JJF(tl) F(l—%tl) T'(t,) F(l—%@)

2 2

5 —t 5 —t3
p p

X (_ 5) (_ S) dtz dtl dS,
Wy Wy

(5.30)
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switching the order of the integration and re-arrange the parameters

1 2 2 p —h p —ty
Fo) = ”r(tl) r(l—ﬁ—lq) r(t,) r(1_ﬂ_2t2)(w_l) (w_)

£ 2

T+100
X f exp (sx) s~ 1+ ds dt, dt,,

o—i00
(5.31)
the inner integral with respect to s can be written as
o+ ( ) oLttt
exp(sx)s ‘it dg = ———— 5.32
(2m)£ . p(sx) T(t, + t,) (5.32)

then, by substituting this result into (5.31)), the PDF of y, is resulted in integral form
as follows

- re) r(1-26) e r(1-26) p Yor b V@
fr,(x) = (2mi)? J