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Abstract

A Comprehensive Study of Multiple Access Techniques in 6G
Networks

Mohamed Elhattab, Ph.D.
Concordia University, 2022

With the proliferation of numerous burgeoning services such as ultra-reliable low-latency
communication (URLLC), massive machine type communications (mMTC), enhanced
mobile broadband (eMBB), among others, wireless communication systems are expected
to face daunting challenges. In order to satisfy these ever-increasing traffic demands, di-
verse quality-of-services (QoS) requirements, and the massive connectivity accompanied
by these new applications, various innovative and promising technologies, and architec-
tures need to be developed. Novel multiple-access techniques are currently being explored
in both academia and industry in order to accommodate such unprecedented requirements.
Non-orthogonal multiple access (NOMA) has been deemed as one of the vital enabling
multiple access techniques for the upcoming six-generation (6G) networks. This is due to
its ability to enhance network spectral efficiency (NSE) and support a massive number of
connected devices. Owing to its potential benefits, NOMA is recognized as a prominent
member of next-generation multiple access (NGMA).

Several emerging techniques such as full-duplex (FD) communication, device-to-device
(D2D) communications, reconfigurable intelligent surface (RIS), coordinated multipoint
(CoMP), cloud radio access networks, are being gradually developed to address funda-
mental problems in future wireless networks. In this thesis, and with the goal of converg-
ing toward NGMA, we investigate the synergistic integration between NOMA and other
evolving physical layer technologies. Specifically, we analyze this integration aiming at
improving the performance of cell-edge users (CEUs), mitigating the detrimental effect
of inter-cell interference (ICI), designing energy-efficient multiple access toward “green”
wireless networks, guarantying reliable communication between NOMA UEs and base
stations (BSs)/remote radio heads (RRHs), and maintaining the required QoS in terms
of the minimum achievable data rate, especially at CEUs.

Regarding the ICI mitigation in multi-cell NOMA networks and tackling the connectiv-
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ity issue in traditional CoMP-based OMA networks, we first investigate the integration
between location-aware CoMP transmission and NOMA in downlink heterogeneous C-
RAN. In doing so, we design a novel analytical framework using tools from stochastic
geometry to analyze the system performance in terms of the average achievable data rate
per NOMA UE. Our results reveal that CoMP NOMA can provide a significant gain in
terms of network spectral efficiency compared to the traditional CoMP OMA scheme. In
addition, with the goal of further improving the performance of CEUs and user fairness,
cooperative transmission with the aid of D2D communication and FD or half-duplex (HD)
transmission, has been introduced to NOMA, which is commonly known as cooperative
NOMA (C-NOMA). As a result, we extend our study to also investigate the potential
gains of investigating CoMP and C-NOMA. In such a framework, we exploit the coopera-
tion between the RRHs/BSs and the successive decoding strategy at NOMA UEs that are
near the RRHs/BSs. Specifically, we investigate both performance analysis and resource
management optimization (power control and user pairing). Our results show that the
transmit power at the BS, the transmit power at the relay user, and the self-interference
(SI) value at the relay user determine which multiple access technique, CoMP NOMA,
CoMP HD C-NOMA, and CoMP FD C-NOMA, should be adopted at the BSs.

Now, to assist in designing energy-efficient multiple access techniques and guaranty-
ing reliable communication for NOMA UEs, this thesis explores the interplay between
FD/HD C-NOMA and RIS. We show that the proposed model has the best performance
in terms of network power consumption compared to other multiple access techniques
in the literature, which leads to “green” future wireless networks. Moreover, our results
show that the network power consumption can be significantly reduced by increasing the
number of RIS elements. A more significant finding is that the location of the RIS de-
pends on the adopted multiple access techniques. For example, it is not recommended to
deploy the RIS besides the BS if the adopted multiple access is HD C-NOMA. Another
insight that has been unveiled is the FD C-NOMA with the assistance of RIS has more
resistance to the residual SI effect, due to the FD transmission, and can tolerate high SI
values compared to the same scheme without RIS.

Although much work has been conducted to improve the network spectral efficiency of
multi-cell NOMA cellular networks, the required QoS by the upcoming 6G applications,

in terms of the minimum achievable rate, may not be guaranteed at CEUs. This is due to
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their distant locations from their serving BSs, and thus, they experience severe path-loss
attenuation and high ICI. This thesis addresses this research gap by studying the syn-
ergistic integration between RIS, NOMA, and CoMP in a multi-user multi-cell scenario.
Unlike the developed high-complexity optimal solutions or the low-complexity sub-optimal
solutions in the literature for the power allocation problem, we derive a low-complexity
optimal solution in a such challenging scenario. We also consider the interdependency
between the user clustering policies in different coordinated cells, which has been ignored
in the literature. Finally, we prove that this integration between RIS, NOMA, and CoMP
can attain a high achievable rate for CEUs, ameliorate spectral efficiency compared to

existing literature, and can form a novel paradigm for NGMA.



Acknowledgements

First and foremost, all praise and thanks are due to Allah (God) the Almighty, the Most
Merciful, and the Most Gracious, for giving me the strength to pursue my dreams. This
thesis would not have been possible without the faith I have in Him.

I would like to express my special thanks and appreciation to my advisors Prof. Chadi
Assi and Prof. Ali Ghrayeb. I could not have reached this day without your extreme
encouragement and constant support. I would like to thank Prof. Assi for being such an
excellent advisor and for the support you provided me both personally and technically.
My academic achievement as a research scientist would not have been possible without
your support and insightful advice. I have benefited tremendously from your guidance.
Prof. Assi, thank you for all the ethical and technical values I have learned from you.
Also, I would like to thank Prof. Ghrayeb. It has been a pleasure working with you and
thank you for providing me with the opportunity to grow as a researcher. Your advice
on both career and research has been invaluable. Prof. Ghrayeb, thank you for all the
writing and research skills I have gained throughout the time I worked with you. Finally,
without your valuable guidance, support, and encouragement, I could not have achieved
this.

I would also like to thank my committee members, Prof. Reza Soleymani, Prof. Amr
Youssef, Prof. Jun Cai, and Prof. Robert Schober for taking part in my Ph.D. dissertation
defense committee, the effort and time spent reading my thesis and providing me with
valuable suggestions and comments.

I would like to express my gratitude to many institutes for providing scholarships and
financial support. I sincerely thank the Fonds de recherche du Quebec — Nature et tech-
nologies (FRQNT) for my doctoral scholarship, and Mitacs Globalink Research Award
Abroad for my internship funding at the Network sciEnce, Wireless, and Security labo-
ratory at Virginia Tech (NEWS@VT). Finally, thank you Concordia Graduate Student
Support Program (GSSP) for funding my Ph.D. studies.

My gratitude also extends to my colleague, Mohamed Amine Arfaoui. I would like to

thank him for his collaboration and friendship and wish him the best of luck in his future

vi



endeavors. I am also deeply grateful to my friends and colleagues with whom I was able
to share special moments and make memories that will last a lifetime.

I would like to express my deepest gratitude to my beloved parents. It would not
have been possible for me to become who I am today without your endless support, wise
advice, and prayers. I am also extremely grateful to my sister, Amira, and my brother,

Ahmed, for their continuous support and unconditional love throughout my life.

vil



Contents

Contents viii
List of Figures XV
List of Tables Xix
List of Acronyms XX
List of Symbols XXV
1 Introduction 1
1.1 Motivations . . . . . . . . 3
1.2 Thesis Contributions . . . . . . . . .. ... ... 7
1.3 Thesis Organization . . . . . . . . . . . ... 10
1.4 List of Publications . . . . . . . . . . . ... ... 11

2 Background 15
2.1 Non-Orthogonal Multiple Access. . . . . . . . . .. ... ... ... .... 15
2.2 Cooperative Non-Orthogonal Multiple Access . . . . . . . ... ... ... 17
2.3 Coordinated Multipoint Transmission . . . . . . . . . ... ... .. .... 19
2.3.1 Coordinated Scheduling/Coordinated Beamforming . . . . . . . .. 19

2.3.2  Dynamic Point Selection . . . . . . .. ... ... 0. 20

2.3.3 Joint Transmission . . . . . . . . . . ... 20

2.4 Cloud Radio Access Networks . . . . . . . . . . .. ... ... ... ... . 21
2.5 Reconfigurable Intelligent Surface . . . . . . . .. ... .. ... ... ... 22

3 Performance Analysis of CoMP-Assisted NOMA /C-NOMA Networks 25

3.1
3.2
3.3
3.4

Introduction . . . . . ... 25
State of The Art . . . . . . . . .. 25
Contributions . . . . . . . . .. 29
Performance Analysis of CoOMP NOMA Networks . . . . . ... ... ... 31

viil



3.5

3.4.1

3.4.2

3.4.3

3.4.4

System Model . . . . . . . . ... 31
3.4.1.1 Network Model . . . . . . .. ... .. ... .. ... 31
3.4.1.2  Classification of Users Into Non-CoMP- And CoMP-UEs . 33
3.4.1.3 DL NOMA Signal-to-Interference-Plus-Noise-Ratio Model 36

Association Model, Distance Model, and Laplace transform of The

Interference . . . . . . ... Lo 37
3.4.2.1 Association Model . . . ... ... 38
3.4.2.2 Distance Model . . . . . . .. ..o 38
3.4.2.3 Laplace Transform of The Interference . . . . . . ... .. 39
Performance Analysis . . . . . . . ... ... L. 40

3.4.3.1 Average Achievable Rate for Non-CoMP- And CoMP-UEs 41
3.4.3.2 Average Ergodic Rate for The Proposed CoMP NOMA-

Based H-CRAN . . . . . . . . . .. . .. 44
Simulation And Discussion Results . . . . . . . . . . . . ... ... 44
3.4.4.1 Accuracy of the Analysis . . . . . .. ... ... ... ... 45

3.4.4.2 Average Achievable Data Rate versus Interference Judging
Coeflicients . . . . . . . . . 46
3.4.4.3 Achievable data Rate Versus The Power Allocation Coef-

ficient . . . .. .. 47
3.4.4.4 Spectral Efficiency . . ... ... ... ... 49

3.4.5 Effect of Imperfect SIC and Different Carrier Frequencies on the
System Performance . . . . ... .. ... ... 51
Performance Analysis of CoMP C-NOMA Networks . . . . . .. .. .. .. 53
3.5.1 System Model . . . . . . .. .. .o 53
3.5.1.1 Network Model . . . . ... ... ... ... ... . 53
3.5.1.2  Signal Model and SINR Analysis. . . . . . ... ... ... 54
3.5.2  Performance Analysis . . . . . . ... ... oL 56
3.5.2.1 Outage Probability . . . .. ... ... ... ... ..... 56
3.5.2.2 CoMP-UE Ergodic Rate . . . . .. ... ... ... .... 58
3.5.3 Results And Discussion . . . . . . . . ... ... L. 59
3.5.3.1 Outage Probability Performance versus Transmit SNR . . 60

1X



3.5.3.2  Outage Probability Performance versus Distance from BS; to

Far NOMAUE . .. ... ... ... ... ... .. .... 60
3.5.3.3 FErgodic Rate Performance versus Transmit SNR . . . . . . 61
3.6 Summary . . ... 62

User Clustering and Power Allocation in CoMP C-NOMA Networks 64

4.1
4.2
4.3
4.4

4.5

Introduction . . . . . . .. 64
State of The Art . . . . . . . . . 65
Contributions . . . . . . . . .. 66
Power Allocation in CoMP C-NOMA Networks . . . ... ... ... ... 68
4.4.1 System Model . . . . . . . . ... 68
4.4.1.1 Network Model . . . . . . . ... .. ... 68
4.4.1.2 Signal Model And SINR Analysis . . .. ... ... .. .. 69
4.4.2 Proposed Power Control Scheme for CoMP C-NOMA Network . . . 71
4.4.2.1 Problem Formulation . . . . . .. ... ... ... ..... 71
4.4.2.2 Proposed Approach . . . . . . . ... ... ... 71
4.4.3 Simulation Results . . . . . ... ... oo 74

Joint UE Clustering and Power Allocation in CoMP C-NOMA Networks . 77

4.5.1

4.5.2

4.5.3

454

System Model . . . . . . . . ... o 7
4.5.1.1 Transmission Model . . . . ... .. .. ... ... 80
4.5.1.2 Signal Model and SINR Analysis. . . . . . . ... ... .. 81
Problem Formulation and Solution Methodology . . . . . . . . . .. 83

4.5.2.1 Power Control: CCUs and BSs Power Allocation Coefficients 85
4.5.2.2  UEs Clustering: Defining The Coordinated C-NOMA Mem-

bers . . . .. 86
Power Allocation for Each Coordinated C-NOMA Cluster . . . . . 86
4.5.3.1 Feasibility Conditions . . . . .. .. ... .. ... .. .. 86
4.5.3.2 Proposed Power Control Scheme . . . . .. ... .. ... 88
UEs Clustering: Three-Sided Matching Game Formulation . . . . . 89
4.5.4.1 Preliminaries . . . . . . . .. ... 90
4.5.4.2 Proposed Matching Algorithm . . . . . . . ... ... ... 92
4.5.4.3  Stability And Convergence Analysis of The Proposed CECM

Algorithm . . . . . . .. ... 95



4.5.4.4  Computational Complexity Analysis . . . .. ... .. .. 95
4.5.5 Results and Discussion . . . . . . .. . ... 97
4.5.5.1 Simulation Settings . . . . . . .. ... 98
4.5.5.2  Validation of The Optimality of The Proposed PA Scheme 99
4.5.5.3  Validation of The Ignorance of Inter-CCUs Interference . . 100
4.5.5.4 Network Sum-Rate Performance . . .. ... ... .. .. 101
4.5.5.5 Network Sum-Rate Performance for Different Clustering

Schemes . . . . . . .. 104

4.6 SUMMATY . . . . v vt et e e e 105
RIS-Enabled HD/FD C-NOMA Cellular Networks 107
5.1 Imtroduction . . . . . . . .. 107
5.2 State of The Art . . . . . . . . . 107
5.3 Contributions . . . . . . .. 108
5.4 System Model . . . . . . . . 111
54.1 Network Model . . . . . . . .. . . 111
5.4.2  Transmission Model . . . . . . . ... ... Lo 112

5.5 Downlink SINRs Model and Achievable Rates Analysis . . . ... ... .. 113
5.5.1 RIS-Enabled HD C-NOMA . . . ... ... ... ... ....... 113
5.5.2 RIS-Enabled FD C-NOMA . . . . . .. . ... ... ... ...... 115

5.6 RIS-Enabled HD C-NOMA: Problem Formulation and Solution Approach . 116
5.6.1 Problem Formulation . . . . .. ... ... ... ... .. .. ..., 116
5.6.2 RIS-enabled HD C-NOMA: Power Control Optimization . . . . . . 118
5.6.3 RIS-enabled HD C-NOMA: Phase-Shift Coefficients Optimization . 119
5.6.4 Complexity Analysis . . . . . .. ... ... L 124

5.7 RIS-Enabled FD C-NOMA: Problem Formulation and Solution Approach . 125
5.7.1 Problem Formulation . . . . .. ... ... ... ... ... . .... 125
5.7.2 RIS-enabled FD C-NOMA: Power Allocation Optimization . . . . . 126
5.7.3 RIS-enabled FD C-NOMA: Phase-Shift Coefficients Optimization . 128

5.8 Results and Discussion . . . . . . . ... oL 129
5.8.1 Simulation Settings . . . . . . . . ... 130

5.8.2 Validation of The Closed-form Expressions for The Power Alloca-
tion Coefficients . . . . . . . . . ... o 132

X1



5.8.3 Effect of The number of RIS elements . . . . . . . . . .. ... ... 132

5.8.4 Effect of The SI channel . . . . . . ... ... ... ... ...... 134
5.8.5 Effect of The RIS Location. . . . . . . ... ... ... ... .... 135
5.8.6 Effect of The Location of The Far NOMA UE . . . ... ... ... 136
5.8.7 Effect of The Required Rate QoS Threshold . . . . . ... .. ... 136
5.9 Summary . . o. ... 137

RIS-Assisted CoMP NOMA Networks: Performance Analysis and Op-

timization 138
6.1 Introduction . . . . . . . ... 138
6.2 Stateof The Art . . . . . . . . .. 138
6.2.1 NOMA-enabled CoMP transmission . . . . . . . ... ... ..... 138
6.2.2 RIS-assisted CoMP OMA networks . . . . . .. .. ... ... ... 139
6.2.3 RIS-assisted NOMA networks . . . . ... ... .. ... ...... 139
6.2.4 RIS-assisted CoMP NOMA networks . . . . .. .. ... ... ... 140

6.3 Contributions . . . . . . .. 141
6.4 RIS-assisted COMP NOMA Network: Performance Analysis . . . .. ... 144
6.4.1 System Model . . . . . . ... ... 144
6.4.1.1 Network Model . . . . . .. ... ... ... ... 144

6.4.1.2  Signal Model and SINR Analysis. . . . . . ... ... ... 145

6.4.2 Spectral Efficiency Analysis . . . . . .. .. ... L. 146
6.4.3 Results And Discussion . . . . . . . .. ... ... L. 150
6.4.3.1 Validation of The Analytical Expressions . . . . . . . . .. 151

6.4.3.2 Ergodic Rate and Network Spectral Efficiency versus Trans-

mit SNR. . .. .. 151

6.5 Resource Management for RIS-assisted CoMP NOMA Networks . . . . . . 153
6.5.1 System Model . . . . . . .. .. .o 153
6.5.1.1 Network Model . . . . . . .. ... .. ... ... ..., 153

6.5.1.2  Signal Model and Rates Analysis . . . .. ... ... ... 156

6.5.2 Problem Formulation and Solution Approach . . . . . . . .. .. .. 158
6.5.2.1 Network Sum-Rate Problem Formulation. . . . . . . . .. 158

6.5.2.2 Solution Roadmap . . . . . ... ... ... ... ..., 159

6.5.3 Joint Power Allocation and User Clustering Optimization . . . . . . 161

x1i



6.5.3.1 PA for Each Coordinated NOMA Cluster . . .. .. ... 162

6.5.3.2 UC: An Iterative Hungarian Method . . . . . . .. .. .. 163
6.5.4 Passive Beamforming Optimization and Overall Complexity Analysis165
6.5.4.1 Passive Beamforming Optimization . . . . . . . . .. . .. 165
6.5.4.2 Rank-One Constraint Optimization problem . . . . . . . . 167
6.5.4.3 DC Representation for Rank-One Constraints . . . . . . . 168

6.5.5 RIS-Assisted CoMP NOMA Networks: Practical Implementation . 171

6.5.6 Computational Complexity Analysis . . . .. ... ... ... ... 172
6.5.7 Simulation Results and Discussion . . . . . . . ... ... ... ... 173
6.5.7.1 Simulation Settings . . . . . . . ... ... 174
6.5.7.2 Convergence Analysis . . . . .. ... ... ... ..... 175

6.5.7.3  Validation of The Closed-form Expressions of The PA Co-

efficients . . . . . ... 175

6.5.7.4 Sum-Rate per Cell . . . . . ... ... ... ... .. ... 176

6.5.7.5 Network Sum-Rate Performance . . .. .. .. ... ... 177

6.6 SUMMATY . . . . . . . 181

7 Conclusions and Future Works 183
7.1 Conclusion . . . . . . . . L 183
7.2 Future Works . . . . . . . 185
Appendix A Chapter 3 187
Al Proof of Lemma 3.1 . . . . . . . . . . .. 187
A2 Proofof Lemma 3.2 . . . . . .. . ... 188
A3 Proofof Lemma 3.3 . . . . . . . . ... 191
A4 Proofof Lemma 3.4 . . . . . . . .. 192
A5 Proof of Lemma 3.5 . . . . . . . ... 192
Appendix B Chapter 4 193
B1 Power Allocation for CoMP-assisted HD C-NOMA . . . . ... ... ... 193
B2 Proof of the SINR Expression at CEU . . . . . . . ... .. ... ... ... 194
B3 Proof of Theorem 4.1 . . . . . . . . . . ... ... 196
B4 Proof of Corollary 1. . . . . . . . . .. . 198
B5 Proof of Theorem 4.2 . . . . . . . . .. ... . 198

xiil



i —t
B5.1 15 case: 1Rt <

Yi ki f

T S
nd C ikt Yikf

B5.2 2"¢ case: B DRI e

B6 Proof of Lemma 4.1 . . . . . . . . .

B7 Proof of Theorem 4.3

Appendix C Chapter 5
C1 Proof of Theorem 5.1
C2  Proof of Theorem 5.2
C3  Proof of Proposition 3
C4  Proof of Theorem 5.3
C5  Proof of Theorem 5.4

C6 Semi-Definite Relaxation . . . . . . . . . . . . ..

Appendix D Chapter 6
D1 Proof of Theorem 6.2
D2 Proof of Theorem 6.3

Bibliography

Xiv

201
201
201
202
203
204
204

208
208
208

210



List of Figures

2.1
2.2

2.3
2.4

2.5
2.6
2.7
2.8

3.1

3.2

3.3

3.4

3.5

[lustration of two-user NOMA compared to OMA (FDMA). . . ... ... 16
Achievable regions for two-user OMA and NOMA with |h,,| = 10|hs| = /5
and Pgs/0c? = 40, where |h,|?, |hs|? are the channel gains from BS to user 1,
which is referred to as UE; and user 2, which is denoted as UE,, respectively. 16
Two-user C-NOMA architecture. . . . . .. ... ... ... ... ..... 18
Achievable regions for two-user OMA, NOMA, and C-NOMA with |k, | =
10|hs| = /5, the D2D channel gain |h,.;| = v/3, the self-interference (SI)

channel gain |hg;] = 0 dB, and Pgg/0?=40. . . . . ... .. .. ... ... 19
Different types of COMP transmission . . . . . . . ... .. ... ... ... 20
Cloud radio access network architecture. . . . . . . .. .. ... ... ... 22
Reconfigurable intelligent surface operation . . . . . . ... . ... ... .. 23

Capacity region for RIS-assisted two-UE NOMA cellular system, where N

denotes the number of elements at the RIS. . . . . ... .. ... ... .. 24
CoMP NOMA-based H-CRAN architecture. . . . . . ... ... ... ... 32
Average achievable data rate for the CoMP-UE and Non-CoMP-UE in the

different NOMA group. . . . . . . . . ... 45

(a) and (b) compare the SSUE’s and MSUE’s average achievable rate for
the proposed CoMP NOMA and CoMP OMA with varying the value of n
and 0, respectively, for different power allocation (PA) setting. . . . . .. 46
(a) and (b) compare the SUE’s and MUE’s average achievable rate for the
proposed CoMP NOMA and CoMP OMA with varying the value of the
SRRH cooperation threshold n and the MRRH cooperation threshold 6,
respectively, for different PA settings. . . . .. .. ... ... ... ... 47
[Mlustrates the performance of the Non-CoMP-UE and the CoMP-UE with

varying the PA coefficient for the near user. . . . . . . ... .. ... ... 48

XV



3.6

3.7

3.8

3.9

3.10
3.11

4.1
4.2

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

5.1

(a) and (b) show the effect of the different interference judging coefficient
values from the MRRH and the SRRH or from the serving SRRH and the
coordinated SRRH on the performance of the CoMP-UE, respectively. . . 48
(a), (b), and (c) illustrates the average ergodic rate of the proposed CoMP
NOMA technique versus the ratio of SRRHs density to the MRRHs density,
SRRH cooperation threshold, and SRRH cooperation threshold for different
power control coefficients. . . . . .. ... 50

Shows the average ergodic rate versus PA coefficients allocated to the Non-

CoMP-UE. . . . . . . e 51
Average ergodic rate versus p caused by the imperfect SIC decoding. . . . . 51
Average ergodic rate versus n for different operating carrier frequencies. . . 52
CoMP enabled C-NOMA cellular network. . . . . . . ... ... ... ... 53
CoMP enabled three-UE two-BS C-NOMA architecture. . . . . .. .. .. 69

(a) sum-rate versus the power budget at the BS when Qg; = 3 dB and (b)

Computational time versus the power budget at the BS. . . . . . .. ... 76
An illustration of the proposed CoMP C-NOMA model. . . . . . . ... .. 78
Details explanation of one coordinated C-NOMA cluster. . . . . . . . . .. 78

Analytical and numerical average sum-rate versus SI channel gain, i.e., Qg
(B, =27dBm and Py =25dBm). . .. ..o oo 99
Average achievable sum rate per cluster versus the power budget at the
cell-center users (CCUS) Ppax, where P, =30dBm. . . . . ... ... ... 100
Average network sum-rate versus P, with different SI channel gains (R, =
1 nats/sec/Hz and Ppax =25dBm).. . . . . .. ... . oo oL 101
Average network sum-rate versus Ry, with different SI channel gains (P, =
27dBm and Ppax =25dBm). . . . .. 103
Average network sum-rate versus P, with different SI channel gains
(Ryn = 1 nats/sec/Hz and P, =28 dBm). . . . . .. ... ... ... .... 104
Average network sum-rate versus P, for OUC, CECM, and random match-
ing schemes for different number of CEUs (Ry, = 1 nats/sec/Hz and
Poox = 28 ABIN). + © o o e 105

RIS-enabled HD/FD C-NOMA cellular network. . . . . ... ... ... .. 111

Xvi



5.2
2.3
5.4
2.5
2.6
5.7

5.8

2.9

5.10

5.11

6.1
6.2

6.3
6.4
6.5

6.6
6.7
6.8
6.9
6.10
6.11

Problem formulation and solution roadmap. . . . . .. .. ... ... ... 117

Simulation environment. . . . . .. ... ... 130
Algorithm convergence. . . . . . . . . . ... 131
Computation time. . . . . . . . ... L 132
Analytical vs. numerical Results. . . . . .. ... .. ... ... ... ... 133
Total transmit power versus the number of RIS elements, when 25y = —100

dB, where (a) for the case when Ri" = 2 bits/s/Hz and (b) for the case

when RI" =3 bits/s/Hz. . . .. ... ... 133

Total transmit power versus the SI parameter at UE,, when the number
of reflecting elements at the RIS is M = 40, where (a) for the case when
R™ = 2 bits/s/Hz and (b) for the case when R = 3 bits/s/Hz. . . . . .. 134
(a), (b), and (c) illustrates the impact of the RIS location on the total
power transmit for RIS-assisted FD C-NOMA, RIS-assisted HD C-NOMA,
and RIS-assisted NOMA respectively, when M = 30,21 = —100dB, R; =
2bits/sec/Hz. . . . . ..o 135
Illustrates the impact of the UE; location on the total power transmit,
when M = 30, Qg = —100dB, Ry = 2bits/sec/Hz. . . . .. ... ... ... 136
Total transmit power versus the rate threshold R{" of UE; when M = 40. . 137

RIS-empowered CoMP NOMA cellular network. . . . . . .. .. ... ... 144
Comparison between the simulation and approximation results of the CDF

Of Q. o 147
Approximation accuracy. . . . . . . ... .. 151
The ergodic rate for the CEU vs SNR. . . . . . ... ... ... ... ... 152
The network spectral efficiency vs SNR for various values of SI and RIS

elements. . . . . .. L 153
An RIS-enabled CoMP NOMA cellular network. . . . . . .. ... ... .. 154
Communication links of one coordinated NOMA cluster. . . . . . . . .. .. 155
Problem decomposition and solution roadmap. . . . . . . . . . .. .. ... 160
Convergence of the proposed AO algorithm. . . . .. ... ... ... ... 174
Analytical and numerical network sum-rate. . . . . ... . ... ... ... 175

Sum-rate per cell versus the BS transmit power, when L = 60 elements,

Rt = R = R = 1mnats/sec/Hz. . .. ... ... ... ... ... ... . 176

XVil



6.12

6.13

6.14

6.15

6.16

B.1

Network sum-rate versus number of RIS’s elements L, where R = R}h =

R™ =1 nats/sec/Hz and P, =20dBm. . . . . . ... ... .. ....... 177
Network sum-rate versus rate threshold at CEUs, where R™ = R = 1
nats/sec/Hz, P, =20 dBm and L=60. . . . . ... ... .. ........ 178
Network sum-rate versus transmit power, where R® = R‘}h = RM =1
nats/sec/Hz, M = F =N =4,and L=60. . ... ............. 179
[lustration of the impact of the RIS location on the network sum-rate,
when L = 60, Ry} = RY* = R = 1 nats/sec/Hz. . . ... ... ... ... ... 180
Network sum-rate vs the number of users, when L = 60, Ri} = R} = R =
1.5 nats/sec/Hz and P, =20dBm. . ... ... ... ... ... ...... 181
Feasibility region. . . . . . . . . .. L 196

XVvill



List of Tables

3.1 Simulation Parameters . . . . . . . . ... 44
3.2 Simulation Parameters . . . . . . . . .. 59
4.1 Optimal aq . . . . . 73
4.2 Simulation Parameters . . . . . . . . . 5
4.3 Table of Notations . . . . . . . . . . . 79
4.4 Simulation Parameters . . . . . . . . .. 98
5.1 Table of Notations . . . . . . . . . . . 111
5.2 Simulation Parameters . . . . . . . . ... 131
6.1 Simulation Parameters . . . . . . . . . ... 150

Xix



XX



List of Acronyms

1G

2G

3G
3GPP
4G

5G

6G

AF

AO
AWGN
B5G
BBU
BS

CB
CCU
CDF
CDMA
CEU
CJT
C-NOMA
CoMP
C-RAN
CS

CSI
CT
D2D
DC

DF

first-generation.
second-generation.
third-generation.

Third Generation Partnership Project.
fourth-generation.
fifth-generation.
sixth-generation.
amplify-and-forward.
alternating optimization.
additive white Gaussian noise.
beyond 5G.

baseband processing unit.
base station.

coordinated beamforming.
cell-center user.

cumulative distribution function.
code division multiple access.
cell-edge user.

coherent JT.

cooperative NOMA.
coordinated multipoint.

cloud radio access network.
coordinated scheduling.
channel-state-information.
cooperative transmission.
device-to-device.
difference-of-convex.

decode-and-forward.

xx1



DL downlink.
DT direct transmission.

EE energy efficiency.
eMBB enhanced mobile broadband.

ETSI European Telecommunications Standards In-
stitute.

FD full-duplex.

FDMA frequency division multiple access.

F-RAN fog radio access network.
GR Gaussian randomization.

H-CRAN heterogeneous cloud radio access network.

HD half-duplex.

HetNet heterogeneous network.

ICIT intercell interference.

INUI intra-NOMA-user interference.
IoE Internet-of-Everything.

[oT internet of things.

IRS intelligent reflecting surface.
ISG Industry Specification Group.
JT joint-transmission.

KSD Kolmogorov-Smirnov distance.
LIS large intelligent surface.

LoS line-of-sight.

LT Laplace transform.

LTE Long Term Evolution.

LTE-A LTE-advanced.

MA multiple access.

MINLP mixed-integer nonlinear programming.
mMIMO  massive multiple-input multiple-output.
mMTC massive machine-type communication.

MRC maximum-ratio-combining.

xXxil



MRRH  macro remote radio head.

NCJT non-coherent JT.

NGMA  next-generation multiple access.
NLoS non line-of-sight.

NOMA  non-orthogonal multiple access.
NR New Radio.

NSE network spectral-efficiency.
OFDMA orthogonal frequency division multiple access.
OMA orthogonal multiple-access.

PA power allocation.

PDF probability density function.
PGFL probability generating functional.

PPP Poisson Point Process.

PS phase-shift.

PSD Positive semidefinite.

QoS quality-of-service.

RB resource block.

RF radio frequency.

RIS Reconfigurable intelligent surfaces.

RRH remote radio head.
RSMA Rate-Splitting Multiple Access.

RSS received signal strength.

RV random variables.

SC superposition coding.

SCA successive convex approximation.
SDP semi-definite programming.

SDR semidefinite relaxation.

SE spectral-efficiency.

SI self-interference.

SIC successive interference cancellation.
SINR signal-to-interference-plus-noise-ratio.

xxili



SNR
SRE
SRRH
TDMA
UuC

UE

UL
URLLC

signal-to-noise-ratio.

smart radio environment.
small remote radio head.
time division multiple access.
user clustering.

user equipment.

uplink.

ultra-reliable low-latency communication.

XX1V



List of Symbols

rank(M) rank of matrix M
|M]||,  nuclear norm of matrix M
|M]||  Frobenius norm of matrix M
|M]|,  spectral norm of matrix M

tr(M)  trace of matrix M

X generalized Cartesian product

>k preference relation of node &
sgn(x)  sign function

~ approximately following this distribution
E{z} Expectation of random variable x

Var{z}  Variance of random variable x

o noise variance
I(-) indicator function
[a, b] discrete interval of integers between a and b, inclusive
(.,.) inner product
|z|, ||.||  Euclidean norm
® circular convolution
® element-wise multiplication

diag(x)  diagonal matrix that has x as diagonal.
Ei(.) Exponential integral function

eM), exp(.) Exponential function

XXV



Chapter 1

Introduction

According to the recent Cisco reports [1], by the end of 2023, it is expected that the
number of Internet-of-Things (IoT) devices will be 29.3 billion devices, up from 18.4 bil-
lion in 2018. This explosive growth of IoT as well as the multitude of the new emerging
use-cases and applications such as augmented-reality, collaborative robots, Holographic
Telepresence, space and deep-sea tourism, etc., have created unprecedented demands for
heterogeneous mobile traffic, massive access, low-latency services, and highly spectral
efficient connectivity, which gradually overwhelms the connectivity and the supported
capabilities of fifth-generation (5G) cellular network. In addition, according to that re-
port [1], there is no sign that these increasing demands in terms of both the massive
connectivity and the high required data rates will slow down in the next decade.

In order to accommodate this explosive traffic demand and with the current devel-
opment of 5G New Radio (NR) networks, researchers from both industry and academia
have started shifting their attention towards the next-generation wireless network, namely
“sixth-generation (6G)” [2-5]. “Connecting the unconnected” is an overriding goal of this
next generation cellular network that is driving research to provide seamless and ubig-
uitous connectivity to every device, given a continued exponential growth of Internet-of-
Everything (IoE) in the next decade [2-5]. 6G is expected to significantly enhance existing
technologies/architectures and/or develop novel techniques at the infrastructure level, the
spectrum level, as well as the protocol/algorithmic level to provide better services and
realize full-coverage connectivity [2-5]. It is worth mentioning that substantive research
programs are being developed on the global scale to shape and establish the vision of 6G
including “6G Hubs” in Germany, “6G Flagship” in Finland, Terahertz (THz) communi-
cation studies in the USA, “Broadband Communications and New Networks” in China,
ete [6].

In order to support different IoT use cases and the new emerging applications require-

ments, 6G should accommodate a much higher density of connectivity (estimated to be



10° devices per km?), provide 5-10, and 10-100 times of the spectral efficiency and energy
efficiency in comparison with the ones that 5G can achieve, 0.9999999 reliability, and
support latency in terms of microseconds [6]. Hence, to achieve the aforementioned strict
goals, one of the most fundamental issues is to design sophisticated multiple access tech-
niques for the forthcoming wireless networks denoted as next-generation multiple access
(NGMA) [6,7]. According to [6,7], non-orthogonal transmission strategies that allow dif-
ferent users to utilize the same radio channels in the same time are promising candidates
for the NGMA. In this context, non-orthogonal multiple access (NOMA) is considered
as a prominent member of the NGMA family and has been recognized as a key multiple
access candidate for the 6G networks. As a result, much effort has been directed and
focused on exploiting NOMA to develop NGMA.

One potential way to converge toward NGMA is by synergistically integrating NOMA
with other beyond 5G (B5G)/6G technologies and architectures such as device-to-device
(D2D) communications, reconfigurable intelligent surfaces (RIS), coordinated multipoint
(CoMP), full-duplex (FD) communications, cloud radio access network (C-RAN), to name
a few. Specifically, in order to mitigate the effect of the intercell interference (ICI) in
multi-cell cellular networks scenario, the combination between NOMA and the Third
Generation Partnership Project (3GPP) interference mitigation techniques such as CoMP
transmission has been widely investigated to attain higher spectral efficiency, especially
at the ICI-prone users. Although there is much work in integrating NOMA with CoMP
in multi-cell setup, the performance analysis of such a framework is not well investigated
in the literature and should be revisited.

Nevertheless, the network spectral efficiency is significantly improved by invoking
NOMA compared to OMA. However, the co-existence of near NOMA user equipments
(UEs) with the far NOMA UEs may result in performance degradation to the co-channel
interference and the obligation of allocating high power to far NOMA UEs. This is due
to the fact that the far NOMA users, which are also can be considered as cell-edge users,
mainly suffer from intra-NOMA user interference as well as experience severe path loss
attenuation. Therefore, in order to tackle this challenge and by leveraging the successive
decoding strategy at the strong NOMA users, the incorporation between cooperative com-
munications and NOMA with the aid of D2D communications and FD and/or half-duplex

(HD) technologies has been elaborated, which is known as cooperative NOMA, with the



objective of improving the performance of cell-edge users. Specifically, since the broadcast
superimposed signal carries information of each cellular user’s message, each user is able
to have prior information about the messages intended for other UEs. cooperative NOMA
(C-NOMA) exploits the availability of this prior information about the messages intended
for other UEs to improve the achievable data rate as well as to enhance the reception re-
liability, especially at the cell-edge users. However, most of the work investigating the
performance of C-NOMA has considered a single-cell set-up, meanwhile, the performance
of the C-NOMA in a multi-cell scenario is not studied yet, which needs to be investigated.

Another direction toward this convergence to NGMA is to guarantee reliable commu-
nications between NOMA users and the BSs. However, in a realistic sense, the highly
uncontrollable and random behavior of wireless environments due to blockages, channel
impairments, severe path-loss, etc., impede the communications between cellular users and
BSs. A possible method for circumventing the unreliability of wireless links is to sense the
propagation environment and to recognize alternative propagation routes through which
the information signal can be received at the point-of-interest in a low-cost and power-
efficient way. One of the major technological breakthroughs to control wireless propa-
gation, and hence, guarantee reliable communications between source and destination is
the reconfigurable meta-surfaces, i.e., Reconfigurable intelligent surfacess (RISs). The
amalgamation between RIS and NOMA is gaining momentum to enhance and improve
different performance metrics, such as power consumption, network spectral efficiency,
network energy efficiency, and user fairness. Despite the crucial role that the RIS plays
in NOMA-based cellular networks, most work, in the literature, has only investigated
the performance of RIS-aided NOMA under a single-cell set-up, whilst there is a lack of

investigation in multi-cell scenarios in the existing literature.

1.1 Motivations

The key objectives of this thesis are to:

1. Investigate and address the potential gains brought by the synergistic integration
of NOMA/C-NOMA with CoMP transmission in a multi-cell scenario.

2. Study the role of the RIS in single-cell and multi-cell NOMA /C-NOMA cellular

networks to improve the network performance from different perspectives.



3. Provide innovative solutions to improve the performance of the network in terms of

spectral efficiency, energy efficiency, and outage probability.

The proposed work certainly addresses a timely and vital topic, i.e., NOMA, which is
expected to play an important role toward the convergence toward NGMA. This topic has
recently received considerable attention in both academia and industry [6,7]. In fact, much
work in the literature has revealed the significant gains of NOMA in realizing the needs of
future wireless networks with superior performance to that of the traditional orthogonal
multiple-access (OMA) techniques [6,7]. Specificallyy, NOMA has been envisioned as
a contender multiple access mechanism for the next-generation wireless network [6, 7].
However, there are still several limitations that hinder in unleashing the full potential
gains of NOMA in 6G networks such as the effect of serious inter-cell interference and
intra-NOMA user interference, the uncontrollable propagation behavior of the wireless
channels, and the difficulty of achieving the required quality-of-service (QoS) at the edge
of the cell.

In the following, we answer and address one important and fundamental question worth
discussing: “Why we should consider and study the integration of NOMA and other B5G
technologies?” We address this question from a broad perspective by discussing the needs
and the features that each technology adds to empower and resolve some limitations and
fill some gaps in NOMA-based cellular networks.

First, integrating CoMP with NOMA has two major benefits. On the one hand, in
multi-cell NOMA-based cellular systems, far NOMA users experience serious inter-cell
interference, which results in performance deterioration. To this end, CoMP transmission
can assist in partially /fully canceling and mitigating the ICI for cell-edge users (CEUs)
to enhance communication performance. On the other hand, traditional CoMP, which
is based on conventional OMA techniques, may lead to low spectral efficiency. This is
due to the fact that, in OMA, once a radio channel is occupied by a CEU, it cannot be
accessible by other users. The situation will be even worse when the number of CEUSs
increases. By applying NOMA to CoMP-based cellular networks, each BS is allowed to
serve, at least, an additional user, which is usually a CCU having a good channel gain with
the BS, concurrently with the CEU. Accordingly, each radio resource is allocated to two
UEs, one CCU, and one CEU. According to what we discussed, it can be observed that
NOMA and CoMP complement each other in many aspects. It can be shown that NOMA



can resolve the connectivity issue in CoMP-based cellular networks; meanwhile, CoMP
can tackle the issue of interference at the far NOMA users. Consequently, this motivates
us to investigate the application of CoMP in the downlink transmission of NOMA-based
cellular networks in order to enhance the network spectral-efficiency (NSE).

Second, the application of cooperative relaying with the aid of D2D communications
and HD and/or FD relaying mode(s) to NOMA scenarios is becoming popular. In the
following, we show what are the gaps that each one of these two technologies suffers from,
and then, we present how cooperative relaying and NOMA can complement each other in
many aspects. On one hand, although cooperative relaying can be deemed as an effective
approach to combat path-loss and shadowing, enhance the reception reliability at the
destination, and hence, extend the communication coverage, it can potentially sacrifice
the NSE due to the two time-slot requirement in the HD relaying mode or due to negative
impact of the residual SI in the FD relaying mode. On the other hand, from the NOMA
side, the far NOMA users mainly suffer from severe intra-NOMA user interference as
well as serious path-loss attenuation, and hence, the BS is forced to provide these users
with most of its available transmit power, leaving a small portion of its power budget to
users with strong channel gains, which may not be enough to serve their requirements.
Consequently, combining cooperative relaying with NOMA promises to tackle and address
the aforementioned issues and limitations with a significant enhancement in diversity
gains resulting in superior user fairness and reception reliability. This is due to the
fact that integrating NOMA with cooperative communications exploits the properties of
the successive interference cancellation (SIC) process, on other words, the availability of
other users’ information at one user to achieve the expected performance by utilizing
the duplicate transmission due to the relaying mode adopted by the strong NOMA users
to improve the reception of the weak NOMA users. Since the performance of such a
framework is strongly affected by the user clustering policy as well as the power control, we
provide a novel resource management scheme, which coincides both the power allocation
and the user clustering, in multi-cell C-NOMA-based cellular networks.

In other regard, the increasing density of wireless networks has caused the information
and communication technology (ICT) community to become a considerable contributor
to the overall carbon footprint. According to recent studies, the ICT systems that require

energy sources for data transmission and communication increase the global world’s CO2



emissions by 5% every year. Moreover, the fast advent of digitization in multiple sectors
and the widespread of the IoE services will continue to drive the rapid growth of the
energy demand in the ICT sector. In addition, it is expected that the telecom sector over
the globe will consume 51% of the global energy by 2030, which causes a huge amount
of greenhouse gas (GHG) emissions. As such, energy efficiency (EE) is the paramount
consideration to decrease the net present GHG emissions. Therefore, toward a green-
energy economy, EE has become one of the main themes of the 6G networks. Although
network energy consumption has severe implications on the economic cost and becomes a
major issue in the next-generation wireless networks, much work in the literature devoted
their attention to improving the network spectral efficiency as they considered the NSE
as the key performance indicator for the optimization and design of the wireless systems.
In light of the above, it is necessary to develop multiple access techniques that are able
to improve the network energy efficiency toward a green wireless environment.

Although the performance gains will increase by integrating CoMP with NOMA, the
required QoS, in terms of the minimum achievable data rate, may not be guaranteed at
the CEUs. This is because the CEUs still experience severe path-loss attenuation due to
their far locations from the serving BSs, which encounter an obstacle for these users to
achieve high-data rates that are required by the new emerging 6G applications. It is worth
mentioning that guaranteeing the required QoS at the CEUs and tackling the severe path-
loss attenuation can be achieved through two main approaches; 1) Increasing the transmit
power by the serving BSs, and/or 2) Improving and controlling the channel gains from
the BSs to the CEUs. Increasing the transmit power by the serving BSs is neither a cost-
efficient nor an energy-efficient solution. On the other hand, improving and controlling
the channel gains from the BSs to the CEUs can be realized through the concept of smart
radio environment (SRE), i.e., by considering the wireless propagation environment as an
optimization variable that can be jointly controlled with the transceiver design [8]. The
key enabler technology to realize the vision of making the wireless environment control-
lable and programmable is the RIS. Due to the induced degrees of freedom, RIS provides
a paradigm shift in the performance optimization and evaluation of wireless communica-
tion networks. Accordingly, through a proper RIS configuration, the channel gains of the
CEUs can be improved and the required QoS can be attained without consuming much

transmit power. Consequently, and with the sake of achieving the required QoS at the



CEUs, it is important to study the application of RIS in CoMP-NOMA cellular networks.

1.2 Thesis Contributions

Given the motivating points in the previous section, the main contributions of this thesis
can be detailed as follows.

Performance Analysis for CoMP NOMA /C-NOMA cellular Networks. In
Chapter 3, we first investigate the integration between CoMP transmission and NOMA in
downlink heterogeneous cloud radio access networks (H-CRANs). In H-CRAN, low-power
high-density small remote radio heads (SRRHs) are underlaid by high-power low-density
macro remote radio heads (MRRHs). However, co-channel deployment of different RRHs
gives rise to the problem of ICI that significantly affects the system performance, especially
the cell-edge users. Thus, the users are first categorized into Non-CoMP users and CoMP
users based on the relation between the useful signal to the dominant interference signal.
The Non-CoMP user is the UEs having high signal-to-interference-plus-noise-ratio (SINR),
and hence, it associates with only one RRH. On the other hand, the CoMP user, cell-edge
user, is the UE that experiences less distinctive received power with the best two RRHs.
In the proposed CoMP NOMA framework, each RRH schedules a CoMP-UE and a non-
CoMP-UE over the same transmission channel using NOMA. We first design an analytical
framework based on tools from stochastic geometry to evaluate the performance of the
proposed framework (CoMP NOMA) in terms of the average achievable data rate for each
NOMA UE. We then examine the NSE of the proposed CoMP NOMA-based H-CRAN.
Simulation results are provided to validate the accuracy of the analytical models and
to reveal the superiority of the proposed CoMP NOMA framework compared with the
conventional CoMP OMA technique. By reaping the benefits of both CoMP and NOMA,
we proved that the proposed framework can successfully deal with the ICI by using CoMP
and improving the network’s spectral efficiency through the NOMA technique. We also
show that, with an appropriate PA coefficient setting at the Non-CoMP-UEs, a fairness
performance can be achieved between the CoMP-UEs and the Non-CoMP-UEs.

Second, we investigate the integration of CoMP and C-NOMA aiming to improve the
performance of CEUs. Using this framework, we exploit the cooperation between base
stations (BSs) to mitigate the ICI and the successive decoding of users that are near the

BSs to further enhance the performance of CEUs. In this setting, we derive a closed-



form expression for the outage probability of a CEU along with an analytical expression
for its ergodic rate. We validate the derived expressions through various Monte-Carlo
simulations, where we show the superiority of the proposed framework compared with
other multiple access schemes proposed in the literature. The work done in this chapter
leads to two IEEE published journals [9,10].

Joint Power Allocation and User Pairing in CoMP C-NOMA Cellular Net-
works. In Chapter 4, we first investigate a dynamic PA problem of a cellular network
consisting of two adjacent and coordinating cells. The joint transmission CoMP between
the two-cell is introduced to assist users experiencing high ICI, where each cell invokes C-
NOMA to serve its associated devices. Both effects of imperfect SIC and imperfect channel
estimation are considered within the proposed scheme. Accordingly, a PA framework is
formulated as an optimization problem with the objective of maximizing the network
sum-rate while guaranteeing a certain QoS for each user. The formulated optimization
problem is neither concave nor quasi-concave, which is difficult to be solved directly unless
using heuristic methods, which comes with the expense of high computational complexity.
To overcome this issue, near-optimal closed-form expressions for the PA are derived. The
simulation results show that our purposed scheme achieves an average sum-rate that is
5% less than the one of the optimal power control but it can save up to 99% in compu-
tational time. In addition, the superiority of the proposed CoMP C-NOMA scheme is
demonstrated when compared to the well-known C-NOMA scheme.

Second, we extend this model to a multi-user scenario. In this part, a framework
to jointly optimize the power control and the UEs clustering of the CoMP-assisted FD
C-NOMA system is formulated as an optimization problem to maximize the network
sum-rate while guaranteeing the required QoS of cellular UEs. The formulated problem
is a non-convex mixed-integer nonlinear programming (MINLP) that cannot be solved in
a straightforward manner. To tackle this issue, the formulated problem is decomposed
into an inner PA problem and an outer user clustering (UC) problem. For the inner
problem, a computationally-efficient solution is obtained. Meanwhile, the outer problem
is reformulated as a one-to-one three-sided matching game. Then, a low-complexity near-
optimal clustering algorithm is proposed. The simulation results demonstrated that 1)
the optimality of the power control solution; 2) the CoMP-assisted FD C-NOMA has
a superior performance compared to CoMP-assisted HD C-NOMA and CoMP NOMA



schemes for moderate values of SI. It has been also shown that the proposed solution
achieves around 96.5% of the average achievable network sum-rate of the optimal solution.
The work done in this chapter leads to two IEEE published journals [11,12].

RIS-assisted C-NOMA Cellular Networks. In Chapter 5, we investigate the
downlink transmission of RIS-aided C-NOMA, where both HD and FD relaying modes
are considered. The system model consists of one BS, two users and one RIS. The goal
is to minimize the total transmit power at both the BS and at the user-cooperating relay
for each relaying mode by jointly optimizing the PA coefficients at the BS, the transmit
power coefficient at the relay user, and the passive beamforming at the RIS, subject to
power budget constraints, the SIC constraint and the minimum required QoS at both
cellular users. To address the high-coupled optimization variables, an efficient algorithm
is proposed by invoking an alternating optimization (AO) approach that decomposes the
original problem into a PA sub-problem and a passive beamforming sub-problem, which
are solved alternately. For the PA sub-problem, the optimal closed-form expressions for
the PA coefficients are derived. Meanwhile, with the aid of difference-of-convex (DC)
rank-one representation and successive convex approximation (SCA), an efficient solution
for the passive beamforming is obtained. The simulation results validate the accuracy of
the derived power control closed-form expressions and demonstrate the gain in the total
transmit power brought by integrating the RIS in C-NOMA networks. The work done in
this chapter leads to an IEEE published journal [13].

RIS-Assisted CoMP NOMA Networks: Performance Analysis and Opti-
mization. In Chapter 6, we first study the performance analysis of the integration
between RIS with downlink NOMA in a two-cell network assisted by CoMP. The RIS is
adopted to construct a strong combined channel gain at the CEU, while CoMP is used
to mitigate the effects of ICI. In this proposed framework, we derive first a closed-form
expression for the ergodic rate of the CEU, and then we evaluate the NSE. We validate the
derived expression through Monte-Carlo simulations, where we demonstrate the efficacy
of the proposed framework compared to other multiple access techniques proposed in the
literature.

Second, we jointly optimize the PA coefficients at the BSs, the UC policy, and the
phase-shift (PS) matrix of the RIS with the objective of maximizing the network sum-

rate subject to a target QoS, defined in terms of the minimum required data rate at each



cellular user and the SIC constraints. The formulated problem ends to be a non-convex
MINLP that is difficult to be solved in a straightforward manner. To alleviate this issue,
and with the aid of AO, the original optimization problem is decomposed into two sub-
problems, a joint PA and UC sub-problem and a PS sub-problem, that are solved in an
alternating way. For the first sub-problem, we invoke the bi-level optimization approach
to decouple the PA sub-problem from the UC sub-problem. For the PA sub-problem,
closed-form expressions for the optimal PA coefficients are derived. On the other hand,
the UC problem is projected to multiple 2-dimensional assignment problems, each of which
is solved using the Hungarian method. Finally, the PS sub-problem is formulated as a DC
problem and an efficient solution is obtained using the SCA technique. The numerical
results reveal that the network sum-rate of the proposed RIS-assisted CoMP NOMA
networks outperforms the conventional CoMP NOMA scheme without the assistance of
the RIS, the RIS-assisted CoMP OMA scheme and RIS-assisted NOMA scheme, especially
for low transmit power from the BSs. The work done in this chapter leads to two IEEE
published journals [14,15].

1.3 Thesis Organization

The rest of the thesis is organized as follows. In Chapter 2, we present a relevant back-
ground for the main and key topics of this thesis. In Chapter 3, we investigate the
performance analysis of CoMP NOMA/C-NOMA cellular networks. We evaluate the
power allocation and user pairing in CoMP C-NOMA cellular networks in Chapter 4.
In Chapter 5, we study the role of the RIS in C-NOMA-based cellular networks to pro-
vide energy-efficient communications. We first investigate the performance analysis of
RIS-empowered CoMP NOMA cellular networks, and then, we study the joint power al-
location, user pairing, and passive beamforming in Chapter 6. Finally, we present a brief
summary of our study and investigation, and then, we provide some important conclusions

and some potential directions for future research in Chapter 7.
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Chapter 2
Background

In this Chapter, we presented the main enabling network architectures and technologies
for fifth-generation (5G)/6G wireless networks that have been considered within this the-
sis. Specifically, we first presented an overview of NOMA, C-NOMA, and CoMP. Then,
we illustrated the centralized-based network architecture C-RAN and showed how this ar-
chitecture can be considered as an ideal platform to practically implement CoMP. Finally,

we described the main characteristics and benefits brought by the RIS to 6G networks.

2.1 Non-Orthogonal Multiple Access

According to whether each UE is assigned orthogonal resources (code/frequency/time) or
not, the current multiple access (MA) techniques can be categorized into two classes,
namely orthogonal transmission mechanisms and non-orthogonal transmission mecha-
nism [16]. Specifically, given their advantages in terms of both the inter-user interference
avoidance and the low complexity in implementation, orthogonal transmission mecha-
nisms have been widely employed in practical cellular communication networks, such as
frequency division multiple access (FDMA) in the first-generation (1G) cellular network,
time division multiple access (TDMA) in the second-generation (2G) [17], code division
multiple access (CDMA) with orthogonal codes in the third-generation (3G) [18], and or-
thogonal frequency division multiple access (OFDMA) in the fourth-generation (4G) [19].
These OMA techniques were developed with one common theme which is to assign orthog-
onal resource blocks (RBs) to different UEs so that inter-user interference can be avoided.
In particular, in order to orthogonalize the data of different users, the BSs should allocate
different resources (time, frequency, space, code) to differentiate between users [20-23] as
depicted in Fig. 2.1. However, given the limited amount of available radio spectrum, the
ever-increasing number of UEs, traditional OMA techniques have become insufficient due

to their low spectral-efficiency (SE) as well as the limited number of UEs that can be
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Figure 2.2: Achievable regions for two-user OMA and NOMA with |h,,| = 10|h;| = v/5 and Ppg/o? = 40,
where |hy,|?, |hs|? are the channel gains from BS to user 1, which is referred to as UE; and user 2, which
is denoted as UEs, respectively.

supported because of the inflexible resource allocation. Consequently, supporting a vari-
ety of new emerging applications with dissimilar requirements such as enhanced mobile
broadband (eMBB), massive machine-type communication (mMTC), and ultra-reliable
low-latency communication (URLLC) in the next-generation wireless networks necessi-
tate novel UE access mechanisms which can potentially serve multiple UE in the same
RB [24].

In order to tackle the challenging emerging heterogeneous applications and services
(e.g., augmented reality, ultra-high-definition video, and industry 5.0), NOMA has been
deemed as one of the vital enabling MA techniques for the upcoming 6G cellular networks

and has drawn remarkable research interests in the past few years [20-23]. In contrast to
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OMA techniques, NOMA can simultaneously serve multiple UEs using the same trans-
mission block (same frequency channel, time, and/or spatial domain) with the cost of
intra-NOMA-user interference (INUI).! This can be achieved by using superposition cod-
ing (SC) at the transmitter with appropriately PA coefficients and performing SIC at the
receiver side to remove the INUI [4]. This allows the UEs with poor channel conditions,
which are referred to as “far” NOMA UEs, to be simultaneously served with the UEs
that have good channel conditions, which are referred to as “near” NOMA UEs. The
operation of power-domain NOMA in comparison with one of the OMA techniques, i.e.,
FDMA, is presented in Fig. 2.1 for two users. Despite the high complexity brought by
NOMA at both the transmitter and receiver, significant benefits can be obtained, such as
achieving high SE and EE [25], supporting massive connectivity [26,27], and guarantee-
ing UEs fairness [28]. As a result, compared with OMA mechanisms, the aforementioned
benefits make NOMA as a promising candidate for the NGMA. In order to emphasize the
performance gains of NOMA over OMA, the capacity region for both NOMA and OMA

considering single-antenna broadcasting channel is depicted in Fig.2.2.

2.2 Cooperative Non-Orthogonal Multiple Access

With the aid of D2D communication and HD and/or FD technologies, C-NOMA has
been proposed to improve the fairness performance, in which near NOMA UE can act
as a decode-and-forward (DF) relay to enhance the reception reliability at far NOMA
UE [29-32]. C-NOMA can operate in two different modes, i.e., HD relaying mode or FD
relaying mode [32]. This is based on whether a relay node, i.e., near NOMA UE, is able
to simultaneously transmit and receive in the same time/frequency band. Specifically,
the main details for the operation of C-NOMA technique can be explained as follow. In
C-NOMA-enabled cellular networks, the data transmission is executed over two different
phases as depicted in Fig. 2.3. The first phase is the direct transmission (DT) phase
and the second phase is the cooperative transmission (CT) phase that are detailed as

follows [32-35].

e DT phase: In this phase, the BS applies SC on the signals of each NOMA pair. Then,

the superimposed signals are transmitted simultaneously by the BS. Following the

!The signals for other NOMA UEs with higher channel gains than a typical user in the same cluster
produce INUIL
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Figure 2.3: Two-user C-NOMA architecture.

NOMA principle, the strong NOMA UE first performs SIC to decode the signal
of the weak NOMA UE. Second, each strong NOMA UE removes the decoded
signal of weak NOMA UE from its own reception and then decodes its signal from
the resulting reception. Meanwhile, the weak NOMA UE treats the signals of the
strong NOMA UE as a noise.

e CT phase: In this phase, the strong NOMA UE forwards the weak NOMA UE’s
decoded message during the SIC process to this weak NOMA UE through a D2D

channel.

Here, the strong NOMA UE can adopt two different DF relaying modes, either a HD
relaying mode or a FD relaying mode [32-35]. For the case of HD DF relaying mode, the
DF phase and the CT phase occur in two consecutive time-slots. In other words, the DT
phase occurs in the first time-slot and the CT phase is executed in the second time-slot.
However, the existence of the two time-slot transmission mechanism may result in a SE
deterioration due to the pre-log penalty. Hence, in order to further enhance the bandwidth
usage efficiency of the considered cellular network, FD technology has been proposed as a
key promising solution that enables the transmission and the reception of signals within
the same time-frequency resource. Consequently, for the case of FD DF relaying mode, the
two phases occur in the same time-slot in which the DT phase is followed by the CT phase.
Note that, in a general case, because of the imperfect cancellation process or isolation,
FD communication may suffer from residual SI that is modeled as a fading channel [32].
With the development of antenna technologies and signal processing, relaying with FD
communication is feasible [36].

Finally, the rate region has been characterized for the C-NOMA to emphasize the
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gain brought by the cooperation between the near NOMA UE and far NOMA UE in
comparison with NOMA and OMA as shown in Fig 2.4.

2.3 Coordinated Multipoint Transmission

In order to reduce the additional inter-tier interference (interference between small cells
and macro cells) and intra-tier interference (interference between BSs belonging to the
same tier) in dense multi-cell networks, the 3GPP introduced the concept of CoMP trans-
mission. CoMP transmission has been considered as one of the main enabling technologies
for improving cell-edge users’ performance, and hence, enhancing the network coverage
for future mobile networks. With CoMP, cooperating BSs can share the channel-state-
information (CSI) of UEs when scheduling is performed, which makes joint scheduling
possible. Accordingly, three levels of coordination schemes between the BSs are summa-
rized in [37] and are identified by 3GPP for LTE-advanced (LTE-A) dependent on the
scheduling complexity and the required backhaul/fronthaul capacity [38]. An illustration
of the downlink CoMP types is shown in Fig. 2.5.

2.3.1 Coordinated Scheduling/Coordinated Beamforming

In this coordinated scheduling (CS)/coordinated beamforming (CB) transmission scheme,
the beamforming vectors are selected such that the interfering BSs are steered towards

the null space of the CEU who experiences high ICI as shown in Fig. 2.5.(a). Note that,
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Figure 2.5: Different types of CoMP transmission [37].

in this scheme, only the CSI is required at each BS and the user’s data is only available

at the serving BS.

2.3.2 Dynamic Point Selection

In this kind of transmission, the serving BS is changed dynamically in each sub-frame
based on the channel conditions between the BSs and the UEs as shown in Fig. 2.5.(b).
Fading conditions are responsible for selecting the serving BS in each sub-frame. It is
worth mentioning that the user data must be available at each BS in a predetermined

BSs cluster.

2.3.3 Joint Transmission

In this transmission scheme, a cluster of BSs are coordinated to concurrently transmit the
users’ data to provide high SINR at the CEU as shown in Fig. 2.5.(c). Specifically, joint-
transmission (JT)-CoMP technique allows the transmission of the same data from multiple
nodes to a UE on the same time-frequency resource unit. This kind of transmission
converts the interference signal at the user-of-interest to a useful signal. According to the
3GPP, JT-CoMP can be divided into coherent JT (CJT) and non-coherent JT (NCJT). In
CJT, the transmitted signal from the multiple nodes is jointly precoded to attain coherent
combining at the receiver. Note that, in this scheme, both CSI and the data of the UEs

are shared between the coordinated BSs. Moreover, in this transmission model, small
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timing error differences (prior phase alignment) and a strict synchronization between the
transmission points are required to realize the full potential gains of this scheme, which
limits its applicability [37,39,40]. On the other hand, in NCJT scheme, the transmission
points cooperate by jointly transmitting the same data to a given UE without a prior
phase mismatch alignment or a strict synchronization, and hence, it is a more practical
transmission scheme in comparison with the CJT [41-45]. It is worth mentioning that, in
this thesis, we apply the NCJT CoMP. As a result, no synchronization is required at the
transmission nodes. Note that, in NCJT scheme, the UEs date is only required at each

coordinated BS.

2.4 Cloud Radio Access Networks

As mentioned earlier, to reduce the effect of the severe ICI in dense cellular networks,
CoMP transmission is adopted as a promising solution for interference mitigation [46]. In
the literature, CoMP transmission is reported to achieve significant performance gains in
terms of per-cell throughput and coverage probability through the effective mitigation of
the ICI in heterogeneous network (HetNet) [47]. However, the coordination between all
BSs in the network is a very complex problem [37]. This leads to a practical difficulty
in applying CoMP transmission on distributed radio access networks. In addition, this
problem is further complicated when the network gets denser. Consequently, to overcome
this challenge, the BSs should form a kind of centralized radio access network [48].
Recently, cloud computing has been considered as a popular computing paradigm for
improving both energy and spectral efficiencies [49]. Cloud computing has been inte-
grated with the radio access network to provide a large cooperative gain [50]. Due to this
integration, a new cellular architecture, named C-RAN is developed [51,52]. In C-RAN,
the radio frequency (RF) function is separated from the baseband processing in which the
RF is implemented at the remote radio head (RRH). Meanwhile, the baseband processing
units (BBUs) are aggregated and placed in a central location called BBU pool and con-
nected with the densely deployed RRHs via fronthaul links as illustrated in Fig. 2.6. An
C-RAN architecture facilitates the cross-cell cooperation and enhances the spectrum and
energy efficiencies by densely deploying SRRHs which are empowered by cloud computing
to cooperatively support users. Owing to the centralized processing nature of C-RAN,

CoMP transmission can be easily applied in this architecture and the CEU’s performance
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can be boosted to meet the new emerging requirements. By centralizing the baseband
processing, the RRHs can cooperatively transmit the users’ data concurrently. Then, the
received signals at the users are combined, and, hence a high SINR can be achieved at the
user side [53]. Note that to reap the main benefits of small cells and CRAN, heteroge-
neous CRAN (H-CRAN) has been introduced as a promising architecture for 5G cellular
networks [51,54]. H-CRAN inherits the centralized processing and the powerful cloud
computing of CRAN and high spectrum reuse of HetNet [54,55].

2.5 Reconfigurable Intelligent Surface

RIS, also known as intelligent reflecting surface (IRS) or large intelligent surface (LIS), has
been introduced as a key promising technology for achieving cost-, energy-, and spectral-
efficient communications via smartly reconfiguring and controlling the wireless propaga-
tion environment [8,56-64]. RIS can be thought of as a smart, inexpensive, and thin
composite material sheet that is similar to a wallpaper, which may cover parts of build-
ings, walls, and ceilings. RIS is composed of a large number of passive low-cost elements,
each of which is capable of independently tuning the phase-shift of the incident radio
waves. For instance, by appropriately configuring the phase-shifts with the aid of the
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RIS controller, the reflected signals can be constructively added, therefore, enhancing
the received signal strength at the point of interest as depicted in Fig. 2.7. Based on
the required mission, each RIS element can be configured to do refraction, absorption,
reflection, and focusing [8, 56-64].

In contrast to the traditional relays, RISs has the benefits of low-power consumption
and cost-efficiency since they passively reflect the incident signals without the need for
any RF chains [8,56-64]. In addition, the radio signal reflected by RIS is free from noise
corruption or SI in an inherently FD fashion. Consequently, the deployment of RISs in
cellular networks has the potential to remarkably enhance the coverage area of the BS
and reduce the blind-spot areas at the higher operating frequencies, where there is no
direct link between the user and the BS due to the existence of blockages. In addition,
the integration between the RIS and 5G technologies have been also introduced [8,56-64].
This is because RIS can be also utilized in lower operating frequencies to provide indirect
line-of-sight (LoS) for the out-of-coverage UEs and construct a strong combined channel
gain for the UEs with weak channel conditions, i.e., CEUs [8,56-64].

When deployed in wireless systems, RIS has the potential of altering the wireless
environment from being highly probabilistic to a controllable and partially deterministic
space referred to as SRE or “Wireless 2.0” [8,56-64]. It is worth mentioning that RIS
has attracted significant attention from the research community worldwide, including the
USA, Europe, and China. For example, research projects worth over 20 million Euros have
been recently funded in Europe to study the impact of RIS on the performance of the next-

generation wireless networks [65]. Starting from Sept. 30" 2021 and will run for two years,
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Industry Specification Group (ISG) on RIS within the European Telecommunications
Standards Institute (ETSI) will focus on pre-standardization work, including application
scenarios, the definition of use cases, and relevant system requirements [65]. To highlight
the benefits brought by RIS in two-UE NOMA network, we have evaluated the capacity
region as shown in Fig. 2.8. One can see that the capacity region is extended compared to
traditional NOMA with a proper configuration at the RIS’s meta-atoms. In addition, we

can see that the number of elements at RIS plays a crucial role in improving the capacity

region.
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Chapter 3
Performance Analysis of CoMP-Assisted
NOMA /C-NOMA Networks

3.1 Introduction

In order to mitigate the severe effect of the ICI, further enhance the system SE, and
support high downlink (DL) data rate requirements for the new emerging B5G applica-
tions, the integration of CoMP and NOMA /C-NOMA is expected to be utilized as one
of the promising access technique in the physical layer of the downlink H-CRAN [66].
By combining NOMA /C-NOMA with CoMP transmission in H-CRAN;, not only the per-
formance of CoMP transmission will be further enhanced, but also a better SE can be
achieved especially for far NOMA users [67,68]. We refer to the application of NOMA /C-
NOMA technique in CoMP networks as CoMP NOMA /CoMP C-NOMA network. In
such a model, CoMP NOMA /CoMP C-NOMA allows multiple BSs/RRHs to serve the
weak UEs in NOMA pairs at the same time using the same radio resource to enhance their
performance by leveraging the data sharing among cooperating RRHs. Note that, in this
thesis, we exploit the concept of “Location-aware” CoMP. In this transmission scheme,
the BSs/RRHs and UEs’ locations are deemed to decide which UEs should trigger and
operate in CoMP and which UEs are served by one RRH/BS.

3.2 State of The Art

Here, we briefly review the works that have been done to analyze and study the perfor-
mance of DL NOMA/C-NOMA in single-/multi-cell cellular networks.

Specifically, we first discuss the works that evaluate NOMA /C-NOMA performance
using tools from stochastic geometry in a single-cell cellular network. An analytical frame-

work to evaluate the performance of a NOMA-enabled wireless network in both DL and
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uplink (UL) is evaluated in [69]. The Poisson Point Process (PPP) is used to model the
locations of both BSs and UEs on a 2-D plane. A network model is considered in [70],
where Poisson distributed BSs transmit to N NOMA UEs. The main weakness is that
the authors define the largest disk that can fit inside the Voronoi cell and the UEs outside
this disk are not considered during their analysis because of having weaker channels in
which the authors suggested that these CEUs can be served by OMA technique. A hybrid
massive multiple-input multiple-output (mMIMO) aided macro-cells and heterogeneous
networks framework with NOMA-enhanced small-cells is investigated in [26]. To do so,
analytical expressions of the NOMA-enhanced small-cell networks in terms of SE are de-
rived. Regarding the mMIMO-enabled macro-cells, a tractable analytical lower bound for
macro UEs is derived. However, the authors in [26] consider an OMA transmission at the
macro BS to reduce the effect of inter-tier interference. A performance analysis framework
for the cell association in NOMA-based fog radio access network (F-RAN) is developed.
Using stochastic geometry tools, closed-form analytical results are derived in [71]. Then,
two cell-association algorithms based on reinforcement learning and evolutionary game,
respectively, are presented.

The outage probability and the diversity order achieved by the C-NOMA scheme are
analyzed in [29]. In addition, the authors utilize local short-range communication tech-
niques to deliver the data from the strong NOMA UEs to the weak NOMA UEs. An FD
D2D-aided C-NOMA scheme to enhance the transmission reliability of the weak NOMA
UEs is studied in [30], in which the weak NOMA UE is assisted by the strong NOMA UE
that is empowered by FD D2D communications. Then, the outage performance is derived,
and a hybrid C-NOMA /OMA is proposed for further enhancing the outage performance.
The authors in [72] derive the outage probability and the ergodic sum rate expressions
when a pair of near UEs adopt a successive relay scheme to assist a far UE using HD
relaying mode. In [72], a two-stage relay selection scheme, in a system model consisting of
one BS, two UEs, and a set of relay nodes, is developed to satisfy the required QoS of both
near and far NOMA UEs; further, a closed-form expression for the outage probability is
derived. In [73], a relay-aided C-NOMA network consisting of one BS and two UEs that
communicate via one relay node selected from a group of FD amplify-and-forward (AF)
relays is studied. The outage probability at each UE is derived considering imperfect
SIC at the strong UE. Note that, all aforementioned works (see [26,29,30,69-74] and the
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citations therein) studied the performance of NOMA /C-NOMA under a single-cell set-up.

In the following, we discuss the works that evaluate the NOMA performance using
tools from the stochastic geometry in a multi-cell scenario. In such a scenario, the ICI
inevitably degrades the performance of the CEUs, i.e., far NOMA users, which may lead
to low received SINR [68,70]. This is because the far NOMA users, which are considered
in reality CEUs, always have worse channel conditions. Moreover, the effect of ICI on
the far NOMA users’ performance is even more exacerbated in the case of high-density
BSs/RRHs [68]. As a result, to resolve the above challenge, NOMA should be combined
with the 3GPP interference mitigation techniques such as CoMP transmission to attain
higher spectral efficiency, especially for the far NOMA users [67,68, 70]. Recently, more
attention is directed toward studying the application of CoMP in NOMA-based multi-cell
downlink transmissions [67, 68, 75].

In [76], Alamouti code is applied for joint DL transmission to a CEU under a CoMP
transmission of two BSs. An opportunistic NOMA scheme in a CoMP system is considered
in [75], which is outperformed the conventional CoMP in terms of network capacity. The
users may associate with one or multiple BSs based on their channel gains [75]. In [66],
the outage probability is discussed in DL of the two-user NOMA C-RAN framework,
where stochastic geometry is used for modeling the locations of both NOMA users and
BSs. The authors assume that all the RRHs are cooperated to serve these NOMA users.
The authors in [77] develop a PA scheme for maximizing the EE in DL NOMA networks.
They analyze three transmission schemes which are: 1) The BSs coordinated to jointly
serve all the users, 2) The CEUs are only served by the coordinated BSs, 3) All the users
operate in a single association mode. It is worth mentioning that all the aforementioned
works on CoMP NOMA studied the system performance considering homogeneous cellular
networks [66, 75-77]. However, these studies cannot be projected to evaluate the system
performance in HetNet. This is because the effect of the severe inter-tier interference
from the high-power BSs/RRHs on the low-power small cells will negatively impact the
performance of the network.

On the other hand, the application of CoMP in NOMA-based HetNet is studied in
[67], [78]. A power optimization problem for CoMP NOMA sum-rate maximization is
formulated in [67] among the CoMP BSs considering the data rate constraint for each user

and the SIC constraint. The authors in [67] demonstrate the gain in the network SE due to
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the CoMP NOMA framework in comparison with the conventional CoMP OMA system.
Note that, the performance provided in [67] is a simulation-based study that does not
include any tractable and/or theoretical analysis. Thus, the system performance analysis
is conducted through extensive time-consuming simulations [79-83]. This situation is
even more exacerbated in the case of heterogeneous and high-density RRH [81], [82]. In
addition, the authors in [67] consider a static network set-up for locations of users and BSs.
However, in B5G cellular networks, spatial and topological randomness is a main feature
of the BSs, especially for the case of small cells [79-83]. Motivated by this, modeling the
heterogenecous RRH by PPP provides a tractable and effective method to evaluate the
performance of B5G cellular network using the stochastic geometry theory. Therefore, an
approach based on stochastic geometry analysis is required to govern network performance
and offer insightful design guidelines.

Meanwhile, in [78], the DL throughput performance in coordinated JT-NOMA-enabled
HetNet is investigated by utilizing tools from stochastic geometry. In JT-NOMA, only the
void BSs (The BSs that do not serve any users) are coordinated to improve the farthest
NOMA user in a K users NOMA-cell. Note that, the authors study the performance of
JT-NOMA assuming dense heterogeneous networks in which the small BSs are deployed
with high intensity that may not be smaller than the intensity of the users. Therefore,
this study is not applicable for a network with the intensity of the BSs less than the
intensity of the users. Furthermore, the authors in [78] show that when the density of
UEs increases compared to the density of the BSs, the performance of the JT-NOMA
scheme is similar to traditional NOMA. In addition, operating all the BSs in a dense
network will harm the performance of the system in terms of the network EE [84], [85].
As a result, the performance analysis in terms of the average achievable data rate for
CoMP NOMA in a multi-cell network should be carefully addressed. In order to design
an energy-efficient network, the RRHs selected to help the ICI-prone users should also
serve Non-CoMP-UEs, i.e., CCUs, simultaneously using NOMA transmission.

Based on the above, the main limitations and research gaps can be summarized in two

points as follows.

1. To the best of our knowledge, the concept of integrating location-aware CoMP
transmission with NOMA network using tools from stochastic geometry has not

been investigated in the literature.
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2. To the best of our knowledge, the performance of combining CoMP transmission in
a multi-cell C-NOMA system still remains unexplored. This motivates us to study
the CEU’s performance in terms of both the outage performance and the ergodic

rate in joint CoMP C-NOMA cellular systems.

3.3 Contributions

First, our contribution towards tackling the first limitation is to investigate the application
of CoMP in the DL transmission of NOMA-based H-CRAN to enhance NSE. In doing
so, we consider a system model composed of densely deployed low-power SRRHs which
are underlaid by low-density high-power MRRHs. The ICI (intra-tier interference and
inter-tier interference) is explicitly modeled. The stochastic geometry approach is applied
to model the deployment of both UEs and RRHs on a 2-D plane and to evaluate the
overall system performance in terms of the SE. Specifically, we use PPP to model the
locations of both UEs and RRHs. Against the above background, our main contributions

are listed as follows,

o We investigate the amalgamation between location-aware CoMP and NOMA in the
DL transmission of H-CRAN architecture by prioritizing the UEs that are vulner-
able to the ICI to trigger CoMP. In doing so, we divide the users into two classes,
namely, Non-CoMP-UEs, i.e., CCUs, and CoMP-UEs, i.e., CEUs.! Under the con-
sidered NOMA enhanced CoMP H-CRAN, we allow each CoMP-UE to receive two
transmissions from the coordinating RRHs and construct a NOMA cluster with a

Non-CoMP-UE from each coordinating RRH.

e We use tools from stochastic geometry to evaluate the performance of CoMP NOMA-
based H-CRAN in terms of the average achievable data rate for each UE in each
NOMA group and the network SE. However, two challenges are raised in this case.
The first challenge is caused by the combination between the CoMP and NOMA, the
expression of the corresponding SINR at the CEU is different from those of the tra-
ditional CoMP OMA scheme. The second challenge is how to consider the impact of
the locations of the RRHs and the users on the performance of the proposed CoMP

!Throughout the rest of this thesis, the terms “cell-edge UEs” and “CoMP-UEs” will be used inter-
changeably. In addition, “cell-center UEs” and “Non-CoMP-UEs” will be used interchangeably.
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NOMA-based H-CRAN. These two challenges are settled using some mathematical

manipulations and rigorous derivations.

e We compare the performance of the proposed scheme with the traditional CoMP
OMA scheme. Then, we analyze the performance of the two schemes under various
system parameters by varying the RRH densities, cooperation threshold coefficients,
operating carrier frequencies, PA coefficient allocated to Non-CoMP-UEs, and SIC
decoding error percentage. Then, we highlight the main insights and show the

impact of these parameters on the system behavior.

e We validate all the analytical results with Monte-Carlo simulation. Our results
show that the proposed CoMP NOMA-enabled H-CRAN outperforms the tradi-
tional CoMP OMA in terms of the average achievable data rate and the network SE
for different system parameter settings. In addition, we define the PA coefficients
for the Non-CoMP-UE to improve fairness performance between the CoMP-UE and
Non-CoMP-UE without jeopardizing the performance of the Non-CoMP-UE.

Second, our contribution towards tackling the second limitation is to evaluate the
performance of integrating CoMP with C-NOMA network. Specifically, in this part, we
consider a system model consisting of two adjacent cells, each equipped with one BS, and
three UEs. Two types of users, namely, CoMP-UEs and Non-CoMP-UEs are considered.
A Non-CoMP-UE is only served by the nearest BS. On the other hand, in this CoMP
C-NOMA cellular network, a CoMP-UE is not only served by the two BSs using CoMP
but also receives information from the near UE of each NOMA pair. Thus, each Non-
CoMP-UE belongs to one NOMA pair, whereas the CoMP-UE belongs to two NOMA

pairs. The main contributions of the second part can be summarized as follows.

e We investigate the integration between the CoMP transmission and C-NOMA tech-

nique for enhancing the performance of a CEU.

e We derive a closed-form expression for the outage probability of the CEU along with

an analytical expression for its ergodic rate.

e The derived expressions are validated through Monte-Carlo simulations, where the

superiority of the proposed framework compared with other multiple access schemes
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proposed in the literature, i.e CoMP-assisted HD C-NOMA, CoMP NOMA, and
CoMP OMA, is demonstrated.

The rest of this chapter can be organized as follows. To address the two main research
gaps introduced above, we divide this chapter into two main parts, which is mapped to
sections 3.4 and 3.5, respectively. The first part, which addresses the first research limi-
tation, can be organized as follows. The NOMA-enhanced CoMP H-CRAN architecture,
the association model, NOMA pairing scheme, as well as the signal model for the users
are introduced in Section 3.4.1. In Section 3.4.2, the association probabilities expressions,
the distance(s) distribution(s) for UE to the serving RRH(s), and the Laplace transform
(LT) of the interference are discussed. In section 3.4.3, the average achievable data rates
for the CoMP-UE and Non-CoMP-UE in the NOMA group as well as the average ergodic
rate are obtained. Finally, the numerical results are discussed in Section 3.4.4. On the
other hand, the second part of the Chapter can be summarized as follows. The network
model, the signal model, the SINR, and the data rate analysis are presented in Section
3.5.1. In Section 3.5.2, we derive the outage probability as well as the ergodic rate for the
CEU. Then, the numerical results for that model are discussed in Section 3.5.3. Finally,

we conclude the Chapter.

3.4 Performance Analysis of CoMP NOMA Networks

3.4.1 System Model

In this section, we first define the two-tier H-CRAN model. Then, the categorization
of the users into CoMP-UE and Non-CoMP-UE as well as the user pairing policy are
described. Finally, we characterize the SINR for CoMP NOMA-based H-CRAN.

3.4.1.1 Network Model

We consider a DL H-CRAN consisting of two tiers of RRHs distinguished by their RRH
densities, transmit powers, and path-loss exponents as shown in Fig. 3.1. The RRHs in
the k-th tier (k € {m, s} where m refers to the MRRH tier and s refers to the SRRH tier)
are modeled as independent PPP &, with intensity A, transmit power P, and path-loss
exponent «y. Different MRRHs and SRRHs can utilize the same radio channels in which

a co-channel deployment scenario is assumed, i.e., full-frequency reuse [26,47,69,81]. In
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Figure 3.1: CoMP NOMA-based H-CRAN architecture.

this chapter, the NOMA study assumes a group size of two [26], [69].2 All the UEs are
assumed to follow independent PPP @, of intensity \,. Moreover, we assume that A\, > A
such that a sufficient number of users can always be within each cell to form a NOMA
group [69].

Due to the properties of the PPP, the system performance can be evaluated by assum-
ing a reference point residing at the origin which is termed as “typical user”, denoted by
UE, [88-90]. Without loss of generality, according to Slivnyak theorem, the typical user
can reflect the spatially averaged of the entire system’s performance [88-91]. In other
words, the typical user is representative of all users in the network [88-91]. In order
to model the propagation, the small-scale fading is considered as Rayleigh with average
unit power. While the large-scale fading is represented by Ky||dy ;|| ~**, where dj; is the
distance between a typical user and the jth RRH belonging to the k-th tier and K is a
constant. Note that Ky depends on the carrier frequency, e.g. Ky = GG, (x/47)?, where
Gy, G, and x are the transmit antenna gain, the received antenna gain and the wave-

length, respectively [92], [93]. For any arbitrary point z € R?, we define yj, as the location

2Note that a two-user NOMA group configuration is of practical interest and it has been standardized
in 3GPP LTE-A [26], [69]. In addition, due to the processing complexity and latency of SIC at the receivers
and the practical limitation which causes SIC error propagation, a two-user NOMA group configuration
is more practical in realistic scenarios [86], [87].
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of the RRH belonging to the k-th tier that provides the maximum average received signal

strength (RSS) at this point. This can be described as follows.

Ko P
= argmaxq ——— o, 3.1
o= eree] T | @1
where ||.|| denotes the Euclidean norm. Similar to [92], we utilize different path-loss ex-

ponents to consider the different propagation characteristics due to the selected carrier
frequency. It is empirically observed that the path-loss exponent «ay is generally ap-
proximated as a constant between 2 to 5 that depends on the carrier frequency and the

propagation environment [93].

3.4.1.2 Classification of Users Into Non-CoMP- And CoMP-UEs

Here, we define the criteria of users’ classification into Non-CoMP-UEs and CoMP-UEs.
In the proposed model, a CoMP-UE receives its useful signal from two RRHs where the
RSS is highest from each and constructs distinct NOMA clusters with Non-CoMP-UEs
served by each of these RRHs as seen in Fig. 3.1.% Thus, each CoMP-UE is a member
in two NOMA clusters. Note that, the best two RRHs may be the nearest RRH from
each tier or the two nearest SRRHs, which will be discussed later. On the other hand,
a Non-CoMP-UE receives its useful signal only from either the best MRRH or the best
SRRH. Therefore, it is a member of one NOMA cluster. The classification is performed
based on the relation between the useful received signal from the serving-RRH to the
received signal from the dominant interfering RRH.*

Before we proceed, let Dy, D1, Das, and, Dy, be the distances from a typical user to
the nearest RRH from the second tier, which is denoted as SRRH;, the nearest RRH
from the first tier, which is referred to as MRRH;, the second nearest RRH belongs to the
second tier, which is denoted as SRRHy, and the dominant interfering RRH, respectively.
For the Non-CoMP-UEs, these users are associated with the RRHs that result in the
maximum RSS regardless of the corresponding tier. Meanwhile, for the CoMP-UE, it
should select the best two RRHs that provide the best RSS. We denote by B the serving

3We allow two-RRH instead of k¥ > 2 RRHs to serve each CEU due to the following two reasons.
The first reason is to enhance the network connectivity by offering more available communication links
at the RRHs, which is considered as one of the main requirements in B5G cellular networks by allowing
only two communication links to be allocated for each CEU [94]. Second, increasing the number of
cooperative RRHs can enhance the achievable data rate for the CEUs at the cost of leading to more
fronthaul consumption. However, the practical fronthaul links are often capacity-limited, which will limit
the performance gain [95].

4Serving-RRH is defined as the RRH that provides the maximum RSS.
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RRH(s) of a typical user, which can be expressed as follows.
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where Vk € {m, s}, yx can be given according to (3.1) and g is the second nearest SRRH to

a typical user, which can be also given by (3.1). In addition, 6 and 7 are the cooperation
judging coefficients, in which 6,n > 1. Note that, §, MRRH cooperation threshold,
controls the cooperation between the RRHs belonging to different tiers. While, n, SRRH
cooperation threshold, is a tunable parameter to decide the cooperation between the best
two SRRHs or SRRH and MRRH for serving a CEU. As a result, in Fig. 3.1, we define
a region around the SRRH in which a UE is served by CoMP transmission, which is
controlled by 6 and 7. To elaborate, if the condition for a single RRH association (case
1 and case 2) is not achieved, the serving RRH should cooperate with the dominant
interfering RRH to serve that user, i.e., CoMP-UE. If the serving RRH is SRRH; and
the interference received from SRRH, is larger than the interference power from the
MRRH;, SRRH; and SRRH, decide to cooperate to serve that user. However, either the
interference resulting from the MRRH; is greater than the SRRHy or the MRRH is the
serving RRH, the cooperation occurs between the MRRH; and SRRH;. We define the
CoMP set as the set of RRHs that serves the CoMP-UE. For the third case in (3.2), the
CoMP set is {SRRH; and SRRH,}; meanwhile for the last case is {MRRH; and SRRH, }.
As a conclusion, from (3.2), it is clear that the users are split into four disjoint groups:
Non-CoMP MRRH user (MUE), Non-CoMP SRRH user (SUE), CoMP user associated
with the nearest RRH from each tier (MSUE), and CoMP user associated with the two
nearest SRRHs (SSUE) as shown in Fig. 3.1.

Note that this user-type classification can be done in practical and real cellular systems
as follows. Each UE first associates with the RRH that provides the maximum RSS,
which represents the conventional association scheme in Long Term Evolution (LTE)
cellular networks [67,96]. After that, each UE will decode the reference signal from the
serving RRH and the dominant interfering RRH, i.e., the two RRHs that provide the
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two highest RSS. Then, each UE reports these estimated RSS measures to the serving
RRH [67]. If the measured RSS values are less distinctive (according to the adopted
values of the RRH cooperation thresholds, i.e., # and 7), this UE will be served by
the two RRHs and is considered as a CEU. Otherwise, if the user is experiencing good
channel conditions from the serving RRH compared to the interfering RRH, i.e., the
ratio between RSS measures from the serving RRH and the dominant interfering RRH
is higher than the adopted cooperation threshold, then this UE is considered as a CCU.
Thanks to the powerful computational processing resources available at the BBU pool,
these measurements reported by the users can be processed in an efficient and low-latency
way [55,97].

In a NOMA network, user pairing plays an important role in the performance of the
system. In the proposed system model, the CoMP-UE is a CEU with respect to its
serving RRH and experiences less distinctive received power from the serving RRH and
the coordinating RRH (The dominant interfering RRH). On the contrary, the Non-CoMP-
UE is a CCU and has a good received SINR from the serving RRH. Consequently, the
Non-CoMP-UE has a good channel gain and is considered as the strong user or the near
user. Meanwhile, the CoOMP-UE has low channel gain and is deemed as the weak user or
the far user in our model. Therefore, we assume that the SIC process is occurring at the
near user (Non-CoMP-UE), and therefore, it can cancel the INUI from the CoMP-UEs
before decoding their own signals [67], [68], [26]. However, each CoMP-UE cannot cancel
INUI from the associated Non-CoMP-UE and treat it as a noise. Based on that, the four
kinds of users construct two different NOMA groups. As shown in Fig. 3.1, for the first
NOMA group, one SSUE is considered along with one SUE from each RRH that serves
the CoMP-UE. Meanwhile, for the other NOMA group, one MSUE is considered while
one MUE and one SUE are considered from each cell that serves this MSUE.

Specifically, we consider a two-user NOMA group configuration where one CoMP-UE
and one Non-CoMP-UE are clustered into one group. However, since multiple UEs may be
admitted by each RRH, a promising technique to support the admitted UEs is to construct
a hybrid MA technique, in which the NOMA technique is combined with traditional
orthogonal MA techniques (i.e., FDMA, TDMA, etc) [68], [69], [98]. In particular, in our
proposed model, we have two categories of UEs, namely, CoMP-UEs and Non-CoMP-

UEs. Each member belonging to the first category is grouped with one member from
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the second category to construct multiple groups, where the NOMA technique is applied
within each group. Meanwhile, different NOMA groups are served through orthogonal

radio resources in order to cancel the intra-cell interference [68], [69], [98].

3.4.1.3 DL NOMA Signal-to-Interference-Plus-Noise-Ratio Model

We define the PA coefficients allocated to the near user and the far user from the serving
RRH j that belongs to k-th tier as ay ; and a£7 i Vk € {m, s}, respectively, for which we
have aj ; —i—aid =1and aijj > ap ; [69]. Note that, throughout the analysis, we denote the
near user and the far user in each NOMA cluster as n and f, respectively. In addition, in
the first NOMA group, for CoMP-UE, the serving SRRH provides a useful signal which
is always greater than the coordinated RRH (the RRH that provides the second largest
RSS at the user). This means that the CoMP-UE’s performance is more sensitive to the
PA parameters from the serving RRH than the coordinated RRH. As a result, we define
a different PA factor for the near user and far user attached to the coordinated RRH as
by ; and bi,y respectively. Furthermore, for the second NOMA group, ay, ; represents the
PA coefficient assigned to the near user from the MRRH, and b7 ; denotes the fraction of
power assigned to the near user from the SRRH. In the considered model, the received
interference at a user consists of three components, namely the INUI, the interference from
all the MRRHs except the serving MRRH;, and the interference coming from all the other
SRRHs except the serving SRRH(s). It is worth mentioning that the Non-CoMP-UE has
a good channel condition; hence it can cancel the INUI from the CoMP-UE in the same
NOMA group [68]. However, SIC decoding at the Non-CoMP-UE may not be successful
due to some practical limitations. Consequently, the imperfect SIC process leads to an
error that propagates to the next level of decoding when the Non-CoMP-UE decodes its
own message [69]. This is called the SIC error propagation, which will be considered in
our analysis. In the following, we define first the SINR for each NOMA group.

1) For the first NOMA group: Considering the imperfect SIC process during the
decoding process of the message of the CoMP-UE, the SINR for the Non-CoMP-UE in the
jth SRRH is expressed as

cs ;Pshjollds ||~

NC )
Vs = —, (3.3)
1 el Pihjollds || + Lns + Lys + 62

where 62 = ¢%/Kj in which ¢? is the additive white Gaussian noise (AWGN) power,

ds; and h;o denote the distance and the small-scale fading between the user and RRH
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J belonging to the second tier, respectively. Moreover, ¢, is equal to af; or 0F; ac-
cording to if the SRRH is the serving RRH or the coordinating RRH, respectively.
Ins = P ica,, 9iolldml| ™ and Iy = Psdicp\p giolldsl| ™% represent the inter-
ference from all the MRRHs and the SRRHs except the serving RRH B, respectively.
p € 10, 1] is the portion of the NOMA interference due to the imperfect SIC decoding [69],
where p = 0 means that the SIC is perfect, whereas © = 1 means that the Non-CoMP-
UE completely fails in decoding the CoMP-UE message. On the other hand, the CoMP
user (SSUE) can decode its signal directly by considering the signals coming from the
Non-CoMP-UEs at both the serving RRH and the coordinated RRH as a noise. Thus,

the SINR at that user can be defined as follows [44],
c_ Y en el Pehjollda |~

L+ I+ X jen 65 Psgiolldsgll=oe + 6%
where ¢ for the SRRH gy, and cgj 2 bf;j for the SRRH ¢,, and I,, = P,, Zi@m
Giolldmil| = and Iy = Py 37 g5 Giolldsill =

2) For the second NOMA group: Similar to the first group, the SINR for the Non-
CoMP-UE attached to the MRRH; is

a?n,jpmhj,ﬂndm,j [~

@ Puhyolldm sl 70m + L + Lo + 62
where Ly = P Y ica, 5 910l dmll =™ and Ly, = Py 3 2icq, giolldsi|| =% Moreover, the
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SINR for MSUE can be written as follows [44],
> 3 s Chy Peholldi [~
C_ ke{m,s} ZsjeB “k,j* k'5,011%k,j
I+ Is + D ke (mosy 2ojen Cn i Pegjolldig =% + 62
where ¢/ ; and cf;j are equal to al ; and bf’j for the MRRH and the SRRH, respectively.

m, m,

Vs (3.6)

I = P Yicangy, Giolldmill =@ and I, = P37, giollds| = Finally, the SINR for
the Non-CoMP-UE served by the SRRH can be calculated as in (3.3).

3.4.2 Association Model, Distance Model, and Laplace trans-

form of The Interference

In this section, we derive the association probabilities for the four kinds of users. Then,
the probability density function (PDF) of the distance(s) between the serving RRH(s)

and a typical user is derived. Finally, the LT of the ICI at each user type is defined.
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3.4.2.1 Association Model

As described in Section I1I-B, the users are classified into four disjoint groups. Two groups
associated with only one RRH, i.e., MRRH-associated UEs and SRRH-associated UEs.
While, the other two groups, CoMP-UEs, are the MSUEs and SSUEs. Let Q,,, Qs, Qums,
and Qs denote the association probabilities that a typical user associates with the MRRH,
the SRRH, the nearest RRH from each tier, and the best two SRRHs, respectively. For

simplicity, we denote Pj; = %, a;j = 2 and ¢; = 2 in the following parts of the work.

Qg ) (77

Lemma 3.1. The cell association probabilities that a typical user associates with the
MRRH,, SRRH;, SRRH, and SRRH,, and MRRH, and SRRH, are respectively given by
(3.7)-(3.10).

Q,, =27\, /rexp [—77 ()\m’f’Q—i-)\s (HPsm)Cs 7“2&”“)] dr, (3.7)
R
Q, =™ [ ey =7 (A7 + A (nPus) ™ 722 )| dr (3.8)
s ”’]CS p ST] m T] ms bl *
Ry
2 1 3 (m 2 2
Qs =2(mAs)* [ 1 — : r°erp |:—7T [)\m (Prs) ™ rotsm 4 Agr ” dr, (3.9)
n g
Qms =1- Qm - Qs - st- (310)
Proof. See appendix Al. [ |

It can be observed that the judging cooperation thresholds, i.e., n and 6, affect the
association probabilities. Increasing the judging cooperation thresholds reduces the single-
RRH association probability (Q,, and Q,), which reflects on increasing the probability
that a typical user triggers CoMP mode.

3.4.2.2 Distance Model

Here, we derive the PDF's for the distance(s) between a typical user and its serving RRH(s)
in the predefined four different cases. We define fi;(u) as the PDF of the distance between
the MUE and its serving MRRH, fy/(v) as the PDF of the distance between the SUE and
its serving SRRH, fy v (u, v) as the joint PDF of the distances between MSUE and its two
strongest RRHs, i.e., the nearest RRH from each tier, and fyw (v, w) is the joint PDF

between SSUE and the two nearest SRRHs, which receives the strongest power from each.
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Lemma 3.2. The PDF of the distance(s) between a typical user and its connected RRH(s)
are respectively given by (3.11)-(5.14).

21 A,
fu(u) = Tomt exp [—7? [)\muz + X (0P, uQO"”SH , (3.11)
Om
2T AU “
fv(v) = exp |:—7T (As(n)csv2 + A (Ps) ™ 0 Sm)} : (3.12)
Qs
G Amsun exp [—7 [Anu? + 02|, (u,v) € Ay,
fU,V(’U,, U) = ) QQ)\mS)\ (313)
M)Q—mmssm’ exp [—7 [As(Pan)Sums + Xpu?] ], (u,v) € Ay,
(27 ) 2w 9 . 2
fvw(v,w) = g o [—7 [Asw® + A (Prs)mw?**™] ], (v, w) € O, (3.14)
where -
Ay ={(u,v) :u>0and (Pyy)a u < v < (0Py) e u®™}, (3.15)
P, as 1
Ay ={(u,v) :u >0 and ( Sm) utms < v < (Pyp) @ u®™ }, (3.16)
n
N\
O ={(v,w):w >0 and (—> Swgvgw}. (3.17)
n
Proof. Proof: The proof is given in appendix A2. [ |

It can be observed that the joint PDF for the distances between a typical user and
the nearest RRH from each tier has two different expressions as indicated in (3.13) based
on the value of u and v. This is because in the first region A; regardless of the distance
to the second nearest SRRH a typical user associates with the MRRH; and SRRH;. This
is because the serving RRH is the MRRH. As a result, cooperation must be triggered
between the MRRH; and SRRH;. Meanwhile, for (u,v) € Ay, in this case, the serving
RRH is the SRRH and the coordinated RRH is the MRRH. As long as the distance from
the MRRH to a typical user is bounded by region A,, the SRRH; is the serving RRH
and the MRRH; is the coordinated RRH. This is because the received signal from the
MRRH; is greater than the received power from the SRRH,.

3.4.2.3 Laplace Transform of The Interference

Here, we analyze the LT of the ICI for the predefined four kinds of users. We denote
I*°* = [, + I, as the overall interference to a typical user from the two tiers. Note that,
the LT of I*" is Lywe(s) = Ly, (s)Lr.(s). Before calculating the average achievable data
rate for each defined user type, the LT for the different inter-tier interference and intra-tier
interference in the different association modes need to be evaluated. We first evaluate the

LT of the interference at the Non-CoMP-UE in the following Lemma.

39



Lemma 3.3. The LT of the interference from the SRRHs and MRRHs to the Non-CoMP-
UE (SUE and MUE) can be expressed as

Gi
; Pij 20054
E[ij(S) =eXp [—W)\i(SPZ')C Z <(j> 19]' N CYZ>] s (318)

where
1, i=m and j=m,
vii=410, 1=s and j=m,
n, otherwise,
u, J=m, * 1
;= Z(w,a):/ = du. (3.19)
v, j =S, P I+wu2
Proof. See appendix A3. [ |

Lemma 3.4. The LT of the interference from the SRRHs and MRRHs to the CoMP-UE
associated with the two nearest SRRHs (SSUE) can be expressed as

1 Ck
L, =exp [—W)\k(st)C’“Z (( 2 ) w2°‘5k,ak>
sP;

Proof. See appendix A4. [ |

. (3.20)

Lemma 3.5. The LT of the interference from the SRRHs and MRRHs to the CoMP-UE
associated with the best RRH from each tier depends on which RRH (MRRH or SRRH)
18 the serving RRH. If the MRRH is the serving RRH and the SRRH is the coordinated

RRH, the LT for the interference can be expressed as

Cr
L; (s)=exp —T e (sP)% 2 <LP> 93, | | (3.21)

SIg
If the SRRH is the serving RRH and the MRRH is the coordinated RRH, the LT of

the interference is expressed as follows

L3, () =L, (5) 1z
Cs
L; (s)=exp [—W)\S(SPS)CSZ <(%) u2°‘m5,as>]. (3.22)

Proof. See appendix Ab5. [ |

3.4.3 Performance Analysis

In this section, we focus on analyzing the system’s performance. In order to evaluate
the performance of the proposed CoMP transmission for the NOMA-based H-CRAN
framework, we calculate the average achievable rate for each NOMA user. Then, we

evaluate the average ergodic rate for the proposed framework.

40



3.4.3.1 Average Achievable Rate for Non-CoMP- And CoMP-UEs

In this subsection, we find an expression for the average achievable rate for each user
(Non-CoMP user and CoMP user) in the two different NOMA groups which represents
the user’s spectral efficiency. Note that, if the CoMP user can decode its message, the
Non-CoMP user can definitely decode the CoMP user’s message [68], [26], [69], [99]. This
is because the Non-CoMP user has a better channel condition than the CoMP user [68].
According to [26], [69], we define the average achievable data rate at a typical user when

served by RRH(s) for the proposed scheme as

Re £ E, [E xc [log(1 + 7 0)]], (3.23)
Ris = By [Byg [log(1+ 75 (v, w)]] (3.24)
Ron 2 B, [Eoxe [log(1+~2Cw)]] (3.25)

Runs = Eu [Eg, [log(1 + 75, (u,0)]], (3.26)

where E|.] is the statistical average operator. This ergodic rate can measure the long-term
achievable data rate averaged over all channels and interference. The average achievable
data rate is calculated by considering a typical user at a given distance(s) from its serving
RRH(s).> Then, this rate is averaged over these distance(s). In the following theorems,
the expressions for the average achievable rate of the two paired UEs in each NOMA

group can be obtained.

Theorem 3.1. The average achicvable data rate of the Non-CoMP-UFE and the CoMP-UE
for the first NOMA group are, respectively, given by

R, :/ / [\Il(czj +u Cf,j) — U (u cf,j)] fv(v)dvdt, (3.27)
Ry JRy

Ru= [ [ [ (0P = 0, P, P] fuwlrssradrudrads, (329
R r1s J ros
where, o

w ,Uasé.Z w /Uas
v e [LOTE] T g, (PO (329)
ke{m,s}
5(t)5> _ §(t)Im+1s)
o -], o[- 321
O, Q)= > Do T Do, * 11 (3.30)
Q70
b:{1,2} Hje{l,?},j#b <1 - Qbrbsas>

and 6(t) =2 — 1 and f(w) = @,7’15 2 v, and 7o, 2 w.

Proof. The average achievable data rate for the Non-CoMP-UE in the first NOMA group

®Note that the average achievable data rate is measured by bits/sec/Hz [26,47,69,90]. According to
the definition in [26,47,69,90], this average achievable data rate is independent of the user intensity A,,.
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can be evaluated as follows
R =E [log, [1+ 792 (v)]]

& Pohollds |70 ]
p ¢ i Pshjollds |~ 4 Lns + Lss + 6 |
n f —Q i f —Q
a el 4 ey ) Pshjogv ¢ Pshjov™
YR log, |1+ GBI R) 20 —E |log, H G 7ol . :
Ims+]ss+g2 Ims+]55+0'2
P1 P2
(3.31)
where (a) obtains after some mathematical manipulations and substituting ||d ;|| = v.

By evaluating P1 and P2, we can calculate the average achievable data rate for the

Non-CoMP-UE. This can be achieved by finding an expression for this term,
w cg’szhj,ov_as

Ims + ISS + 6-2

_ (JJP h,ofu—as
= Pl 1 _ s " dol dt
/R+ _/R+ |: Og2< * [ms + Iss + 5_2) = ):| fV(U) ,U:| )

U(w)=E 1+

log,

I

wph'(ﬂ)*o‘s
= ]P’LA>5t]f v)dv | dt, 3.39
/R+ /R+\ {]mS‘f'Iss-i-UQ <>1 v(v) ( )
v P3
where, P3 can be calculated as
[’Sh.ov—aS
P3=p|—5"20" >
|:Ims + Iss + 62 — 5(W):| )
Ims + Iss + 52
—P [hj,o > 5(w)w] |

ags A2 Qs Qg
@exp [_/B(w)%} E;,. [—B(W):} ' }EI {—5(32:} iss:| ;

— exp [—W} Lo <5 (ijj’as ) Lo (ﬁ (ﬁ”% ) , (3.33)

where (a) follows from the fact that A ~ exp(1) and Ly, Ly, . are the LT of the interfer-
ence, which can be calculated through Lemma 3. Then, by plugging (3.18) into (3.33), we

can obtain the average achievable data rate for that user. On the other hand, the aver-
age achievable data rate for the CoMP-UE (This user is associated with the two nearest
SRRHs), which is denoted by R, can be calculated as follows,

! —ow o 3 f “a
a, Pshjov=® + b, Pshjow™
Re =E |log| 1+ = s 00 g+ 70 ) (3.34)

I+ I+ a ; Pshjov=s + 0" Pshjow= + 62
Note that for any z,y, z > 0, we have the following property,

log<1 + L) - log(l + x—“’) - log(l + Q). (3.35)
y+z z z

42



Consider y = a’;’,szhLov *s +b ;P shy ow™ and z = L, +1,+62, (3.34) can be rewritten

log<1 Pshjov™® + Py Owas> _

as follows,

R = E
I, + I, + 62

a P sl ov™ % + b" Pshjow™

Iw + I+ 02
In order to have an expression for the user average achievable rate, we need to first

log( 1+ (3.36)

find an expression for this term,

Qih:ov % + Qoh qw %
)
Quh; gv™% + Qyh; gw™ s
N P\ =774 > ot dvdwdt, (3.37
/R_»,_/U;/U { I, +1I,+ 62 = ()}fv,w(v,w)vw . ( )
P2

where P2 can be calculated as follows,
P2 _P |:th3'701)_0‘5 + Qghj‘70w_a5

I+ I + 62 = 5@)} ’

_ 6(t)(fm+fs+&2)}
(a) oxp [ Qr,

=T ,
Ik b_ 2 er;as
=02 [Ljepayim (1~ g0

_ 5(t)€72} B [ [_5(t)(fm+fs)”
erj—as ’

b={1.2} Hieparim (1~ 6,5

where (a) is obtained from the distribution of the sum of Exponential random variabless
(RVs) [100]. The LT of the interference can be calculated through Lemma 4. Thus,
by substituting (3.20) into (3.38), the average achievable rate for the CoMP-UE can be
obtained. n

Theorem 3.2. The average achievable data rate for the Non-CoMP-UE (MUE) and the
CoMP-UE (MSUE) for the second NOMA group are respectively given by (3.39)-(3.40),

where rim 2w and 1, 2 v, In addition, W(.) and ®(.,.) can be obtained from Theorem 1.

Ron /IR+ /R+ (4 pcl, )= cmyj)} For(w)dudt, (3.39)

Rins :/ / / @(Pm, P) — ®(ay, ; P, b¢ ;P )} Juv (Tim, 11s)drisdrimdt. — (3.40)
Ry Jrim Jris

Proof. Following the same procedures that are given in Theorem 1, we can obtain the
results in Theorem 2. Note that the derivations of the rate expressions for the two different
NOMA groups are dissimilar in two particular points. The first point is the parameters
associated with each tier where the MRRHs and SRRHs are different in the transmit
power, the RRHs density, and the path-loss exponent. The second point is that the
calculation of the aggregated interference generated by all the RRHs except the serving
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Table 3.1: Simulation Parameters

Parameter Symbol Value
MRRH transmit power P, 46 dBm
SRRH transmit power P 30 dBm
MRRH path-loss exponent Qm 3.5
SRRH path-loss exponent Qg 4
MRRH cooperation coefficient 0 4 dB
SRRH cooperation coefficient n 3 dB
MRRH intensity A (500%7)~*
SRRH intensity A 50 * (500%7) 1
Noise power spectral density o? -174 dBm/Hz
Monte Carlo simulation trials T 10°
RRH(s) and the distance distribution to the serving RRH(s) are different. |

3.4.3.2 Average Ergodic Rate for The Proposed CoMP NOMA-Based H-
CRAN

In this subsection, we define the average ergodic rate to evaluate the system performance
in terms of the spectral efficiency for the proposed CoMP transmission for NOMA-based
H-CRAN [26,47,81]. This can be expressed as,

R = QuRum + QR + Qs Roms + Qs R, (3.41)
where 9,,, O, Oms, and 9, are the association probabilities defined in Lemma 1. R, and
Rss are the average achievable data rates of the Non-CoMP-UE and CoMP-UE for the
first NOMA group, which are determined using Theorem 1. On the other hand, R,, and
R.s are the average achievable data rates of the Non-CoMP-UE and CoMP-UE belonging
to the second NOMA group calculated in Theorem 2.

3.4.4 Simulation And Discussion Results

In this section, we numerically evaluate the system performance based on both simulations
and analytical models. As comparisons to the proposed CoMP NOMA scheme, CoMP
OMA results from simulations are also obtained. The bandwidth of one resource unit is
normalized to one. For a fair comparison to the proposed NOMA, OMA allocates half
a unit of resource for each of the two users in the NOMA group [69]. For the DL OMA
technique, each RRH transmits with half of its power budget to each user on its owned
resource [69]. The system parameters for the simulations are listed in Table 3.1 [47,81]. For

simplicity, we denote the PA coefficient of NOMA user in each tier as ay ; = ap, by ; = b,
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Figure 3.2: Average achievable data rate for the CoMP-UE and Non-CoMP-UE in the different NOMA
group.

and ¢ ; = cp,. In addition, we assume that the PA coefficient of NOMA users from the
serving RRH and coordinated RRH are equal. Finally, p is set to be 0, i.e., perfect SIC,

otherwise it will be mentioned.

3.4.4.1 Accuracy of the Analysis

In order to validate our analysis, the average achievable data rate for each user in each
NOMA group is obtained from both the simulation and the analysis. Monte Carlo simu-
lations, which is obtained via MATLAB, are used where we consider a simulation area of
10km x 10km. In each Monte-Carlo trial, the RRH locations, user locations, and channel
gains are independently generated. It can be seen that from Fig. 3.2 the analytical re-
sults perfectly match the simulation results, which validates the accuracy of the obtained
analytical results. As a result, from now onwards, the analytical expressions are used to
evaluate the system’s performance. Moreover, it seems that the variations of the two co-
operation thresholds have a significant impact on the performance of the Non-CoMP-UE
than the CoMP-UE. The main purpose of these cooperation thresholds, i.e. n or 6, is to
determine which users associated with a single RRH (SRRH only or MRRH only) should
be offloaded to the CoMP transmission with the two best SRRHs or with the nearest
RRH from each tier. It can also define the coverage area of the RRH. Consequently, when
the cooperation threshold increases, the coverage area of the RRHs gets reduced, and
therefore, more users with poor SINR are offloaded to the CoMP transmission mode and

the users with the best channel gains are operated in single association mode. As a result,
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Figure 3.3: (a) and (b) compare the SSUE’s and MSUE’s average achievable rate for the proposed CoMP
NOMA and CoMP OMA with varying the value of n and 6, respectively, for different PA setting.

increasing the cooperation thresholds results in shrinking the RRH’s coverage area and
so offloading most of the Non-CoMP-UE with poor SINR to CoMP transmission. This
explains why the improvement for the average achievable data rate for the Non-CoMP-UE
is higher than the one of the CoMP-UE.

3.4.4.2 Average Achievable Data Rate versus Interference Judging Coeffi-

cients

Fig. 3.3(a) depicts the average achievable data rate for the CoMP user (SSUE) in the first
NOMA group versus the SRRH cooperation coefficient, i.e., n, for different PA coefficients
assigned to Non-CoMP user belonging to the same NOMA group. Meanwhile, Fig. 3.3(b)
illustrates the average achievable data rate for the CoMP user (MSUE) in the second
NOMA group versus the MRRH cooperation coefficient, i.e., n, for different PA coefficients
allocated Non-CoMP user in the same group. It can be observed that the performance of
the CoMP NOMA scheme outperforms the performance of the conventional CoMP OMA
when the PA coefficient is properly selected. For instance, in Fig. 3.3(a) when n = 4 dB
and the power control coefficient assigned to the Non-CoMP-UE in the same NOMA group
is reduced from 0.25 to 0.15, the proposed CoMP NOMA can achieve about 8.6% to 34.2%
better than the traditional CoMP OMA. Meanwhile, in Fig. 3.3(b) when # = 4 dB and
the power control coefficient assigned to the Non-CoMP-UE in the same NOMA group is
reduced from 0.25 to 0.15, the proposed CoMP NOMA can achieve about 11.7% to 39%
better than the traditional CoMP OMA. We also observe that the average achievable
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Figure 3.4: (a) and (b) compare the SUE’s and MUE’s average achievable rate for the proposed CoMP
NOMA and CoMP OMA with varying the value of the SRRH cooperation threshold 1 and the MRRH
cooperation threshold 6, respectively, for different PA settings.

rate increases when the interference judging coefficient (n and ) increases. This behavior
can be explained as follows: higher interference judging coefficient values encourage more
users to trigger CoMP transmission, and hence, improve the useful received signal power
along with reducing the received interference power.

On the other hand, Fig. 3.4(a) and Fig. 3.4(b) describe the average achievable data
rate for the Non-CoMP-UE in both NOMA group versus the interference judging coeffi-
cients (n and ) for different PA coefficients. It can be seen that the average achievable
rate improves when the interference judging coefficient values increase. This is because
increasing 1 and # lead to only the strongest users will be Non-CoMP-UEs, and hence,
Non-CoMP-UEs will achieve high improvement in terms of the average data rate. In ad-
dition, we can see from Fig.3.4(a) and Fig. 3.4(b) that when n = 4 dB (6 = 4dB) and the
PA coefficients allocated to the Non-CoMP-UE increases from 0.2 to 0.3, the proposed
CoMP NOMA technique provides a gain of 10% to 29% for the SUE (a gain of 3.2% to
21.7% for the MUE) over the conventional CoMP OMA scheme, respectively.

3.4.4.3 Achievable data Rate Versus The Power Allocation Coefficient

In this subsection, we show how the average achievable data rate for the CoMP-UE and
Non-CoMP-UE in the first NOMA group changes with increasing the PA coefficient of
the Non-CoMP user. As shown in Fig. 3.5, as the power control coefficient increases,

the performance of the Non-CoMP-UE improves and the performance of the CoMP-UE
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Figure 3.6: (a) and (b) show the effect of the different interference judging coefficient values from the
MRRH and the SRRH or from the serving SRRH and the coordinated SRRH on the performance of the
CoMP-UE, respectively.

degrades. However, to achieve better performance for the two-user NOMA compared
to the OMA scheme, the PA factor should approximately take values between 0.15 to
0.30. In addition, in order to achieve fairness among the Non-CoMP-UE and CoMP-
UE, we should assign the lower valid value for PA factor, i.e., 0.15, to guarantee that
the Non-CoMP-UE performance does not become lower than its performance when the
OMA scheme is adopted. At the same time, for lower PA factor value, the CoMP-UE
has the best average achievable data rate. For instant, for a] = b} = 0.15, Ry, = 1.0589
bits/sec/Hz and Ry = 1.2929 bits/sec/Hz.

In Fig. 3.6(a) and Fig. 3.6(b), we show the effect of the fraction of the PA coefficients
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assigned by the cooperating RRHs on the performance of the CoMP-UE in terms of the
average achievable data rate. In Fig. 3.6a, it can be seen that the fraction of the power
assigned by the SRRH has a better impact on the CoMP-UE (MSUE) than the MRRH for
lower values of §. This is because for lower values of 6 the extend region around the SRRH
is low. Besides, the high density of SRRHs leads to the SRRHs be closer to the UEs than
the MRRH, and hence, provides better performance than the MRRH for lower values of 6.
However, when the value of 6 increases, the extended region around the SRRH increases.
Consequently, the probability that the MRRH provides a stronger power than the SRRH
in this region is high. This means that the effect of the PA factor from the MRRH is
more dominant than that from the SRRH. For instance, when 6 = 6, the propose NOMA
scheme can achieve about 16.6% than the OMA scheme when a:, = 0.2 and b7 = 0.3;
meanwhile achieves about 13.5% when o, = 0.3 and b = 0.2. Fig. 3.6(b) indicates the
effect of the serving SRRH compared to the coordinated SRRHs in the performance of the
SSUE. It can be observed that the coordinated RRH has a closer impact in comparison
with the serving SRRH for lower values of the SRRH cooperation coefficient n on the
performance of the SSUE. This is because lower values of 17 mean that the extended
region around the serving SRRH is small and hence the coordinated SRRH is near to the
SSUE. For instance, for n = 2,a? = 0.2, and b7 = 0.3, the NOMA scheme achieves about
11.4% than the OMA scheme; meanwhile for a? = 0.3 and b7 = 0.2, the performance is
9.2% better compared to OMA scheme. However, the effect of the coordinated SRRH on
the performance of the SSUE decreases when the 7 increases. The reason behind this is
that high values of 7 lead to an increase in the extended region around the serving SRRH,
which leads to the probability of the SSUE being far from the coordinated SRRH being
high. For instance, for n = 6,a? = 0.2, and b? = 0.3, the NOMA scheme achieves about
10.2% than the OMA scheme; meanwhile for a? = 0.3 and 07 = 0.2, the performance is
4.2% better compared to the OMA.

3.4.4.4 Spectral Efficiency

Fig. 3.7.(a) plots the SE of the proposed CoMP NOMA and the traditional CoMP OMA
techniques versus the ratio between the densities of the SRRHs and the MRRHs, i.e.,
As/Am, for different PA coefficients allocated to the near user (Non-CoMP-UE), i.e. c}.

We can observe that, with appropriate power control, the system performance of the
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Figure 3.7: (a), (b), and (c) illustrates the average ergodic rate of the proposed CoMP NOMA technique
versus the ratio of SRRHs density to the MRRHs density, SRRH cooperation threshold, and SRRH
cooperation threshold for different power control coefficients.

proposed CoMP NOMA technique outperforms the counterpart CoMP OMA technique
in terms of the SE. In addition, it can be also shown that the spectral efficiency improves
as the SRRHs density increases. The reason behind this is that when the density of
the SRRHs increases, two benefits are gained. First, the CCU becomes near to the
serving SRRH, which leads to improving its achievable rate. Second, the probability of
users triggering CoMP is high. This is because densifying the network also increases
interference. Therefore, the CEUs can exploit the CoMP technique by transforming the
received signal from the dominant interfering SRRH into a useful signal and, therefore,
enhance their performance.

Fig. 3.7.(b) and Fig. 3.7.(c) depict the comparison between the proposed CoMP
NOMA and conventional CoMP OMA techniques in terms of the SE versus the SRRH
and the MRRH cooperation thresholds n and 6, respectively, for different PA coefficient
assigned to the Non-CoMP-UE. It can be seen that for all the shown PA settings, the
proposed CoMP NOMA outperforms the CoMP OMA, which validates the performance
of the integration between CoMP and NOMA. As a result, to guarantee the superiority of
the proposed CoMP NOMA technique over the CoMP OMA scheme, the PA coefficient
for the Non-CoMP-UE should be greater than 0.15. Moreover, assigning more power to
the Non-CoMP-UE results in enhancing the network SE. As depicted in Fig. 3.3 and Fig.
3.4, the performance of the SSUE and SUE is better than the performance of the MSUE
and MUE. In addition, the rate of improvement for the SSUE and SUE performance when
increasing the SRRH cooperation threshold is better than the rate of improvement for the
MSUE and MUE when the MRRH cooperation threshold is increasing. This is because
the density of SRRHs is much higher than the density of the MRRHs. This explains

why the rate of improvement in the network SE is better when increasing the SRRH
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cooperation threshold than when increasing the MRRH cooperation threshold.
Fig. 3.8 depicts the SE of the proposed CoMP NOMA and the conventional CoMP
OMA techniques versus the PA coefficient allocated to the near user (Non-CoMP-UE),

lLe. cj.

It can be observed that with an appropriate PA setting, the performance of
the proposed framework outperforms the CoMP OMA, especially at higher values of the

PA coefficients, i.e. c¢}. Furthermore, higher values of ¢} mean more power is assigned
to the Non-CoMP-UE, and hence, a higher gain for CoMP NOMA over CoMP OMA is

achieved.

3.4.5 Effect of Imperfect SIC and Different Carrier Frequencies

on the System Performance

Fig. 3.9 presents the average ergodic rate for the proposed system versus the portion of

the NOMA interference caused by the imperfect SIC decoding p. This figure shows that
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the imperfect SIC has a great impact on the system performance in terms of the average
ergodic rate. When p = 0.075, i.e., 7.5% INUI fails to be canceled at the Non-CoMP-
UE, the gain of CoMP NOMA completely vanishes in all the possible PA settings (Since
e} <0.5). Moreover, higher values of ¢} mean more power is allocated to the Non-CoMP-
UE. Thus, with a greater ¢}, the gain of CoMP NOMA over CoMP OMA is higher. So
a greater ¢ makes the Non-CoMP-UE more robust against the impact of imperfect SIC.
Finally, one can observe that, with perfect SIC and for all shown PA settings for the
Non-CoMP-UE, the performance of CoMP NOMA outperforms the one of CoMP OMA
as discussed above.

Fig. 3.10 presents the average ergodic rate of the system versus the SRRH cooperation
threshold 7, for different path-loss exponents, each associated to a given carrier frequency.
When the operating carrier frequency is high, the RRHs experience high path-loss as
discussed in [92] and the average ergodic rate improves. Intuitively, a higher path-loss
value reduces the effect of the ICI between the different RRHs either in the same tier or
in different tiers. Consequently, the different RRHs are more isolated from each other.
On the other hand, for lower carrier frequencies, the CoMP NOMA technique does not
achieve much gain compared to CoMP OMA technique. This is because the INUI will
have severe impacts on the far user.

After investigating the performance of CoMP NOMA networks, in the following, we
investigate the potential of integrating cooperative communication with CoMP NOMA
to enhance the performance of the CEU in terms of both outage probability and ergodic

rate.
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Figure 3.11: CoMP enabled C-NOMA cellular network.

3.5 Performance Analysis of CoMP C-NOMA Net-

works

3.5.1 System Model

In this section, we present first the network model, and then we describe the signal model

and the corresponding SINR.

3.5.1.1 Network Model

We consider a two-cell DL CoMP-enabled C-NOMA system, which consists of two BSs,
two Non-CoMP-UEs, and one COMP-UE as shown in Fig. 3.11. We assume that each Non-
CoMP-UE is associated with one BS, where we denote the Non-CoMP-UEs associated
with BS; and BS,; as UE, and UE,, respectively. This is because UE, and UE, have
good SINR with their serving BSs. Meanwhile, the CoMP-UE, which we denote by UEy,
is considered as a CEU that experiences less distinctive channel gain from the two BSs.
Hence, we consider this user as a CoMP-UE that is associated with both BSs. Each
BS forms a NOMA pair that includes its relative Non-CoMP-UE with the CoMP-UE.
Therefore, the CoMP-UE belongs to two NOMA pair, while each Non-CoMP UE is a
part of only one NOMA pair. All UEs and BSs have one transmit antenna and one
receive antenna.

Both UE, and UE, relay the signal for UE; in FD DF relaying mode. There are six
wireless communication links namely BS; — UE,, BS; — UE;, UE, — UE;, BS;, —

UEy, BS; — UE; and UE, — UE;, whose channel coefficients are denoted, respectively,

93



as hiq, by, haf, hap, hoy and hyp, and two interference links namely BS; — UE, and BS,
— UE,, whose channel coefficients are hy, and hy,, respectively. In addition, there are
two SI links namely UE, — UE, and UE, — UE,, whose channel coefficients are de-
noted, respectively, as hq g1 and hysp. All channels are independent and follow Rayleigh
distribution. As a result, the channel gains for predefined channels follow Exponential
distribution with parameters A4, Aif, Aor, Aap, Aof, and Ayf, respectively, for the wireless
links, A1p, Aog, for the interference links and Agp for the SI links. We assume that the
average channel gains of the considered links are determined by the path-loss, that is,

Nij = di;* Vi € {1,2},j € {a,b, f}, where d is the distance between BS; and UE;, and
Arp = d; ', Vk € {a, b}, for the D2D communication [33]. Finally, we denote by P and P,

the transmit power from the BSs and relay nodes, respectively, in which P. = P,/2 [72].

3.5.1.2 Signal Model and SINR Analysis

The communication between each BS and the cellular users consists of two different
phases, namely, the DT phase and the CT phase. In the DT phase, each BS (BS;
and BS,) transmits the superimposed signal, which consists of the messages of both its
corresponding Non-CoMP-UE and the CoMP-UE. Using SIC, the Non-CoMP-UE first de-
codes the CoMP-UE’s message, subtracts it from its own reception, and then decodes its
own message. In the CT phase, the Non-CoMP-UE forwards the message of the CoMP-
UE using FD and D2D communication and then the CoMP-UE combines the signals
from the cooperated BSs and the Non-CoMP-UEs. Note that, since each Non-CoMP-UE
is operating under FD mode, the direct and the cooperative transmission phases occur
simultaneously.

We start first by discussing the signal model for the Non-CoMP-UEs, i.e., UE, and
UEy. Then, we define the signal model for the CoMP-UE, i.e., UE;. In the kth time
slot, k = 1,2,3,..., BS; transmits the superposition signal z,[k] and x;[k] to UE, and
UE; simultaneously. Also, BS, transmits the superimposed signal to its associated UEs.
Thus, the received signal at UE, can be written as

Yalk] = halk](\/ B Pora[K] + £/ B] Pz K]) + hasa[k]/PrsalK] + v/ Pohogwa[k] + na[k],

(3.42)
where { and ﬁ{ are the PA coefficients allocated by BS; to the near and far UE, respec-

tively, s,[k] is the transmit signal from the Non-CoMP-UE to the CoMP-UE that causes
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SI at UE, with zero mean and unit variance ~ CN(0, 1), 25[k] is the superimposed signal
transmitted by BS,, and n;[k] is an AWGN that is ~ CA/(0, 02) distributed. According to
NOMA principle, since |hif| < |hiq|, BS; assigns less power to Non-CoMP-UE than the
CoMP-UE, i.e., ﬁ{ > (¢ and Bf + /B{ < 1. The Non-CoMP-UE, i.e. UE,, first decodes
the CoMP-UE’s message x¢[k] and then cancels it from its received signal to decode its
own message. Hence, the received SINR at the UE, to decode the message of UE; is given

by ;
B Py|h1a)?
Yaf = 7 —! |21 | —, (3.43)
ﬁlPs’hla‘ +’ha,SI’ Pr+Ps’h2a| +0
Similarly, the SINR at the Non-CoMP-UE UE, that is associated with BS, to detect the

UE{’s message can be given as

B Py o ?
S Py|hap|? + Pr|hysi]? + Pslhap|? + 02’
where (3% and 55‘ are the PA coefficients allocated by BS, to the near and far UE, respec-

Vo.f = (3.44)
tively. Thus, the achievable data rate at UE, and UE; to decode the message of UE; can
be calculated as

Ras = logy(1 + Ya,f), (3.45)

Ro.p = logy(1+ Yo.5)- (3.46)
Both UE, and UE; decode and forward the message to the CoMP-UE UE;. As a result,
the UE; receives four versions of its own signal, two copies through CoMP and the other
two copies from the D2D communication links by UE, and UE,;. Therefore, the received

signal at the CoMP-UE can be expressed as

yalk] = (\/ B Pshag[k] -+ \/ B Phas K]z s [K] + (hat K]/ Pr + hog[k]\/Pr)x gk — 1]
+ /B{Pshy (k| x.[k BS Psha | k]xy k] + nolk], (3.47)

where x;[k] is the message of UEb, nalk] is an AWGN that is ~ CA(0, o?) distributed and
t is the delay resulting from the SIC processing at each Non-CoMP-UE. We assume that
UE, and UE, have the same processing capability and perfect SIC [72]. The SINR of the

CoMP-UE at its own end is expressed as®
P (B gl + 8oy ) + Pr (@alhag ? + whlhog )

Py (Bl |? + B5lhoy|?) + o2 ’
where, for k € {a, b}, wy, is a binary indicator such that w;, = 1 when the near user k can

V1. (Wa, wp) = (3.48)

decode the message of the far user in the same NOMA group and 0 otherwise. One can

see that the SINR is improved by invoking CoMP in conventional C-NOMA. The reason

6A detailed proof is given in Appendix B2
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behind this is that adding another BS with the serving BS to help the ICI-prone user will
not only suppress the ICI interference and enhance the received useful signal, but also
will add one extra stream from the Non-CoMP-UE in the same NOMA pair. Note that,
in the decode and forward relaying channel, the achievable data rate is limited by the
weakest link [101]. As a result, the overall achievable data rate for the CoMP-UE UEy is
expressed as [101],

Ry =min{R. s, Rsf, Ros}, (3.49)
where Ry ¢ = logy(1 + ¢ f(wa,wp)). The overall achievable data rate at CoMP-UE is the
minimum between three terms. The first term is the rate at the UE, to decode UE;’s
message, the second term is the rate achieved by combining the SINR from the coordinated

BSs and the relay nodes and the last term is the rate at UE;, to detect the UE’s message.

3.5.2 Performance Analysis

In this section, a detailed analysis of the network performance for the proposed CoMP-
assisted FD C-NOMA is presented. Both outage performance and ergodic rate for the
CoMP-UE are investigated.

3.5.2.1 Owutage Probability

In order to guarantee the required QoS at the CoMP-UE, its achievable data rate must
be greater than a predefined threshold R}h. The outage event occurs when the achievable
data rate of the CoMP-UE is smaller than its required threshold rate. The SINR threshold
below which the CoMP-UE is in outage is 'y}h — 28" _ 1. We first denote the outage
event as F; r = {7, < 'y}h}, for j € {a,b, f}. One can see that, when j # f, the outage
occurs when UE; cannot decode the message of the CoMP-UE and when j = f the outage
occurs when the CoMP-UE cannot decode its own message.

The outage probability of the CoMP-UE can be decomposed into three independent
events. The first event is when both UE, and UE; can decode the message of UE; but the
received SINR after combining the four different streams from UE,, UE,, BS;, and BS, is
below the predefined threshold. The second event occurs when only one Non-CoMP-UE
can decode the message x; of UE; and the combined received SINR at UE; is below the
target threshold. The last event is that neither UE, nor UE, can detect x; as well as

UE; cannot decode its own message received from the CoMP transmission. Therefore,
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the outage probability at UE; can be expressed as:
Po g =P(Efp(wa=1wy=1)NEs; NEp;) +P(Efp(w, = 1,0, =0) N Eyy N Eyp)+
P(Eff(we =0,wy =1)NE,; NEy ) +P(Efp(we = 0,wp =0) N Ey N Ey ),
= P(Ess(1,1)(1 = P(Eas))(1 = P(Ep ) + P(Efs(1,0))(1 — P(Eq ) JP(Epf)+
P(E7.r(0,1))P(Eqas)(1 — P(Ey)) + P(Efs(0,0)P(Ear)P(Eb,), (3.50)
where E;; is complementary event of E;; and Ejf(w, = ba,wp = 0) = {vs5(wa =
O, wp = 6) < fy}h}. In order to find the outage probability expression for the CoMP-
UE, we need to calculate these probabilities P(Ey f(6,,6s)), P(Eq ), and P(Ep ). The
probability of the event Ef ¢(6,,6) can be calculated as follows:
P(Ef,;(0a,06)) = P (V5,1 (wa = ba, wp = 6) <%,
Py (Bl1hasl? + B hag?) + Br (Balhogl? + ol )

=P
P, (B¢1has|? + B4l hoys|?) + 02

<, @s1)

=P (U Ps|hig|* + QaPulhos|” + 0. P |hag|” + 0, Py hug|* < 0°5")
where ; = Bl -7} hpe and Qy = 62 -7} hpb. Since the channel gain is modeled as an
Exponential random variable, it holds that Qi ps|h1 |, Qaps|haf|?, Oupr|har]?s and Opp,|hys|?
are Exponential random variables with parameters ¢ = QipsAip, 02 = Qapsrag, 3 =
OaprAag, and ¢4 = Oyp, Apy, respectively, where p; S % and p, = % are the signal-to-
noise-ratio (SNR) at the BS and the relay nodes, respectively. Thus, the probability of
the event Ey ((6,,0,) can be obtained using the distribution of the sum of independent

Exponential random variables [102]:

P(E; (04, 0,))=1 — 2y (3.52)

where m is the number of the coordinated BSs, and in this case m = 2. On the other
hand, the probability of the second event £, s can be calculated as follows.
P(Eqf) = P(Yar < 1),

= P(|h1a’2 <7 pr‘ha SI’2 + /)S‘h2a|2 ))

/ / /Tl(prvﬂsw+1 Sipral2 (@) fing 5112 (V) flpsa 2 (w) dudvdw,

Ala)
. ()\la + Tlpr)\SI)<)‘1a + 7—1:03)‘2a)
where 7 = %ﬁs' Note that P(E, ;) = 1 when Bl —Wf hpe < 0. Following the same steps in

exp A1a (3.53)

(3.53), the probability of the event Ej s can be evaluated. By substituting (3.52), (3.53)
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in (3.50), the outage probability at the CoMP-UE can be obtained.

Remark 1: The proposed scheme can be relaxed to C-NOMA [33] by considering the
parameter of the channel gain between the coordinated BS, i.e., BS; and UE; tends to
infinity. In addition, it may be also relaxed to the CoMP NOMA [68] by considering
w, = wp = 0 with zero SI.

Remark 2: For further enhancement in terms of the outage probability performance,
the proposed scheme can be generalized for m > 2 cooperated BSs for serving the CEUs.

In this case, the outage probability can be expressed as follows:

Pol = P(Ep (W) [H P(Es) [] (1 - P(Eu,f))] , (3.54)
ieEM keK; ueU;
where M = 2™ is the total number of combinations of D2D links and for all ¢ = 1,2, ..., m,

W, is an m x 1 binary vector such that, for all j = 1,2,...m, the element W;; = 1 if
the near user of the jth D2D link has correctly decoded the message of the far user, and
W;; = 0 otherwise, and K; and U; are the sets that contain the indices of the ones and

zeros in W;, respectively.

3.5.2.2 CoMP-UE Ergodic Rate

In this section, we analyze the performance of the proposed CoMP-enabled C-NOMA
in terms of the ergodic rate of the far UE. The ergodic rate is a key metric to evaluate
the system performance when the rate of the CoMP-UE is determined by its channel
condition [72]. Assuming that the message x; from the CoMP transmission and relaying
links can be decoded at the CoMP-UE as well as at the UE, and UE, using SIC. Thus,
the achievable data rate for CoMP-UE in the proposed model can be given:

Ry = E [log(1 + min(Ya,z, V5,7, W.s)] »

[lo
9 F
@ L\/ F’Ymin('z) dZ’
n2 J, 14z
1

") 1 Jlr . [P(Eap)P(Ess(1,1)P(Ey, )]

where Vi = min(ya f, v5.7, W.r) and F,_. (2) is its complementary cumulative distribution

dz, (3.55)

Y=z

fogt

function, and ¥ = min (’g—}l, %) The integration limits in (a) come from the NOMA
1 2

principle. A simplified expression can be obtained at a high SNR approximation. In fact,

at high SNR, P(E, ;),P(E; ¢(1,1)), and P(E} ;), can be rewritten as follows.

P(Eaf) = (Mal'1(2))?/(Mal'1(2) + As12/2) (Mal'1(2) + A2a2)),
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Table 3.2: Simulation Parameters [33, 74]

Parameter Symbol Value
Distance between BS; and UE, and between BS, and UE, | dy,, da 0.3
Distance between BS; and UE; dyy 1
Distance between between BS, and UE; day 1.4
Distance between UE, and UE; Aoy dig - dig
Distance between UE, and UE; dyf day - dap
Distance between BS; and UE, and between BSy and UE, | dyp, da, 2

SI channel gain Ast -10 dB
Pathloss exponent Q 4
PA coefficients for UE, and UE, B, 35 0.2
PA coefficients for UE; B{, 55 0.8
Rate threshold ~l 0.5 bits/sec/Hz

P(E;s(1,1)) ZHH@ Pt

P(E@f) = (/\QbFQ(Z)) /(()\QbFQ(Z) + )\SIZ/Z)()\QbFQ(Z) + )\11,2)), (356)
where ['y(z) = 8/ — 892 and Ty(z) = 8] — Yz . By substituting in (3.55), the ergodic
achievable rate for the CoMP-UE can be calculated after evaluating the single integration

numerically.

3.5.3 Results And Discussion

In this section, the simulation results are presented to validate the performance of the
proposed CoMP-enabled C-NOMA scheme. We assume that the power control schemes
employed by the two BSs are the same, i.c., (6%, 81) = (85, 8). The simulation results are
obtained through 10 independent Monte-Carlo trials and the main simulation parameters
are shown in Table 3.2. We compare the proposed scheme with four other schemes, CoMP
with HD C-NOMA, CoMP NOMA, CoMP OMA, and C-NOMA schemes. These schemes

can be explained as follows.

1. CoMP with HD C-NOMA: this is similar to the proposed scheme but with HD
communication instead of FD, which can be derived from the proposed scheme by

adopting the SI parameter to zero and the SINR thresholds for the CoMP-UE is
%}}D,th _ 22xR;h 1

2. CoMP NOMA scheme [68]: this is similar to the proposed scheme without any D2D

communication, which can be obtained by calculating only this term E (0, 0).
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Figure 3.12: Outage probability performance versus the transmit SNR for the proposed scheme and the

other four comparable schemes.
3. CoMP OMA scheme [68]: this scheme allows the Non-CoMP-UE to allocate orthog-
onal resources from the CoMP-UE by applying the OMA technique and the SINR

threshold is similar to the first scheme.

4. C-NOMA scheme [33]: this is the traditional scheme that is applied in the literature

considering only a single cell.

3.5.3.1 Outage Probability Performance versus Transmit SNR

Fig. 3.12 describes the outage probability of the CoMP-UE versus the SNR. It is important
to note that the analytical derivations are in excellent agreement with the simulation
results. In addition, it can be observed that the outage performance of the proposed
scenario exceeds the other schemes. This is because our proposed scheme allows the
CEU to exploit both the coordination between the BSs to mitigate the ICI by triggering
CoMP and the coordination between the UEs belonging to the same NOMA group by
exploiting the successive detection, D2D, and FD communication. It can also be seen
that the C-NOMA scheme performs worse when the SNR increases. This is because the
CEU experiences two types of interference, i.e., the INUI and the ICI interference, which

seriously affects its performance.

3.5.3.2 Outage Probability Performance versus Distance from BS, to Far

NOMA UE

Fig. 3.13 compares the outage performance of C-NOMA, CoMP NOMA, and the proposed

scheme when the distance from the CEU to the coordinated BS increases. The lower
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Figure 3.13: Outage probability performance versus the distance from the BS, to the far UE.

distance from BS; to UE; means a high density of BSs. Thus, for lower values of dyy, the
ICT is high and the CoMP NOMA achieves better performance than the C-NOMA. Since
the proposed scheme exploits the benefits of both C-NOMA and CoMP transmission, it
achieves the best performance among the comparable schemes. However, for high values

of day, the ICT effect is low and the CoMP technique will not provide any gain.

3.5.3.3 Ergodic Rate Performance versus Transmit SNR

Fig. 3.14 presents the comparison between the proposed scheme and the CoMP NOMA
scheme versus the transmit SNR in terms of the ergodic rate of the CEU. Markers and lines
represent the analytical and simulation results, respectively, which show a perfect match
between them. It can be seen that the proposed scheme has a better performance than
the CoMP NOMA scheme at low SNR values. This demonstrates the superiority of the
proposed scheme compared to the CoMP NOMA scheme and it is due to the contribution
of the near users and the coordinated BSs to enhance the SINR at the far user. However,
as we see from the rate equation of the far user, the achievable ergodic rate is constrained
by the weakest link amongst the three available signals, i.e., the combined SINR and the
rates at the near users to decode the far user message. Therefore, the achievable ergodic
rate at the far user is saturated at higher SNR values. The reason behind this is that
when the transmit SNR increases the rate at the near user to decode the far user is almost
constant. In the meantime, the combined signal at the far user is further enhanced. Once
the combined SINR exceeds the SINR at the near user to decode the message of the far

user, the rate will be constant. Furthermore, when the near user gets closer to the BS,
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Figure 3.14: Ergodic rate performance versus SNR.

the achieved ergodic rate at the far user increases. This is because the rate at the near

user to decode the far user message is enhanced.

3.6 Summary

With the goal of enhancing the DL SE, we investigate the integration between CoMP
transmission and DL NOMA-based cellular networks. In addition, in the quest of im-
proving network connectivity, the CoMP technique is primarily triggered to help UEs
that is vulnerable to severe ICI with the assumption of only the two best RRHs are
selected to serve such users. Our analytical results are validated using Monte Carlo sim-
ulation. Then, we compare our results with the conventional CoMP OMA transmission.
We show that the proposed CoMP NOMA outperforms the CoMP OMA in terms of the
average achievable data rate and the network SE for most of the PA settings where the
combination of CoMP NOMA techniques has a great potential to be considered as the
key enabling access technique in the physical layer of the DL, H-CRAN. In this work, we
numerically show the effect of the PA on the system performance in terms of the average
achievable rate for each user and the NSE. However, it is worth analytically optimizing
the PA coefficients so as to maximize the NSE considering the OMA achievable rate as
the rate constraint for the NOMA users. This can be considered as a future research
direction.

In addition, we also investigated the application of CoMP in C-NOMA system to

further improve the CEU’s performance. Two BSs with their associated strong users

62



are cooperating to serve the weak NOMA user belonging to the same NOMA pair. A
closed-form expression for the outage probability of the far user is derived for the two
BSs model. Then, we derive the outage probability for m coordinated BSs. Finally, an
analytical expression for the ergodic rate of the far user is derived. We showed that the
proposed CoMP C-NOMA scheme achieves better outage performance than the existing
schemes. In addition, the ergodic rate of the proposed scheme is also superior compared

to the CoMP NOMA scheme, especially at lower SNR.
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Chapter 4
User Clustering and Power Allocation
in CoMP C-NOMA Networks

4.1 Introduction

With the goal of enhancing the performance of multi-cell networks and as mentioned in
the last chapter, more attention was recently directed towards the integration between
C-NOMA and CoMP in which the authors in [10,103] demonstrated the effectiveness of
CoMP C-NOMA on the performance of the CEU in terms of both the ergodic rate and
the outage probability. Note that, these works studied only the performance analysis of
the system and a fixed non-optimal PA scheme was considered. However, we need also to
study the optimization of the PA coefficients at the BSs as well as the relay node due to

the following reasons.

1. Due to the FD operation, the higher values of the SI will discourage the CCUs to
transmit with high power for avoiding harming themselves. Consequently, there is
a high chance that the required QoS at the CEUs cannot be met. Thus, in order to
overcome this issue, we should play with the PA coefficients assigned to the CEUss
at the BSs to achieve their required QoS.

2. The SIC constraints and the QoS constraints at the CCUs are functions of the PA
coefficients at the BSs and the power transmit from the CCUs. Therefore, in order
to guarantee a successful SIC and to achieve the required QoS at the CCUs, the PA
coefficients at the BSs should be jointly optimized with the power transmit at the
CCUs.

3. When the required rate threshold at the CEUs increases if the PA coefficients at
the BSs are not optimized, then the CCUs should increase their transmit power

regardless the damages brought by to the SI. This may deteriorate the performance
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of the network in terms of sum-rate and UEs admission.

4. Finally, since the CCUs operate in DF relaying mode, the performance of the CEUs
is limited by the weakest link, which depends on the PA coefficients at the BSs.

4.2 State of The Art

The performance analysis of C-NOMA networks was studied in [33,72] using tools from
stochastic geometry. On the other hand, in order to harness the full potential of C-
NOMA, it is necessary to study its PA problem, where a variety of such studies were
developed in [32,104,105]. In [32], the objective is to maximize the minimum achievable
rate, whereas in [104], the objective is to minimize the system outage probability. For
the case when there is no direct link between the BS and the far NOMA UE, the energy
efficiency-delay tradeoff was studied in [105]. In [106], a one-to-one two-sided matching
game is proposed to pair each far NOMA UE with one near NOMA UE to maximize
the system ergodic rate given the randomness of the UEs’ channel gains. In [107] a
joint UC and PA scheme is optimized with the objective of maximizing the network
sum-rate. Note that, to the best of our knowledge, the existing research contributions
in [32,33,72,104-107] (and references therein) studied the PA problem in the context
of single-cell C-NOMA networks. However, the more challenging multi-cell scenario was
not addressed in the literature. With the goal of enhancing the performance of multi-cell
networks, more attention was recently directed towards the integration between NOMA
and CoMP [9,66,67,108,109]. In spite of tremendous works in CoMP NOMA, the works
[9,66,67,108,109] (and references therein) only combine NOMA with CoMP without
exploiting the cooperative communication between the cell-center users and the cell-edge
users. Based on the above discussion, the main limitations and research gaps can be

summarized as follows.

1. To the best of our knowledge, the joint UC and PA problem of CoMP-assisted
FD/HD C-NOMA enabled cellular networks has not been studied in the literature
and the performance of combining CoMP transmission in multi-user multi-cell C-

NOMA systems remains unexplored.

2. The effect of the imperfection of both the CSI and SIC on the performance of CoMP-

assisted C-NOMA cellular networks has not been investigated in the literature.
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In order to proceed with tackling the above research gaps, it is worth mentioning that
the main contributions of this chapter are composed of two key parts that can be read as

follows.

1. We propose a low-complexity sub-optimal PA scheme for one coordinated C-NOMA
cluster consisting of two CCUs and one CEU considering imperfect CSI as well as

imperfect SIC.

2. We extend the previous study to consider multiple coordinated C-NOMA clusters
(multi-user set-up) while providing low-complexity and high-quality solutions for

both the PA and the UC policies.

4.3 Contributions

First, towards addressing the first limitation, we consider one coordinated C-NOMA clus-
ter, according to that and against the above background and the aforementioned obser-

vations, the main contributions of this part can be summarized as follows.

e The power optimization framework for a coordinated C-NOMA cluster is studied,
where the effects of both the imperfect SIC and the imperfect channel estimation
are considered. This framework is formulated as an optimization problem that

maximizes the cluster sum-rate while satisfying the minimum required rate for each

UE.

e The formulated problem ends up being neither concave nor quasi-concave, which
is difficult to be solved directly. To overcome this challenge, a near-optimal power

control scheme is derived in a closed-form expression.

e The simulation results show that our purposed scheme achieves an average sum-
rate that is 5% less than one of the optimal power control but it can save up to
99% in computational time. In addition, the superiority of the proposed scheme
is demonstrated when compared to the C-NOMA scheme, which is a widely used

access technique.

Second, towards resolving the second research limitation, we extend the above-proposed

model to a multi-user scenario and we provide not only an efficient UC solution but also
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a near-optimal PA solution that reaches 99.99% from the optimal solution. The main

contributions of this part can be summarized as follows.

e We investigate the joint UC and the PA framework in the DL of a two-cell CoMP-
assisted FD C-NOMA network. This framework is formulated as an optimization

problem that maximizes the network sum-rate while guaranteeing the required data

rate QoS for the UEs, the SIC constraints, and the power budget at the CCUs.

e The formulated problem ends up being a mixed-integer non-convex program that
includes not only binary indicators but also non-smooth utility functions. Therefore,
derivative-based convexification approaches cannot be applied directly. With the aid
of the bi-level optimization, we decompose the original optimization problem into
two sub-problems: a PA sub-problem for a single cluster (inner problem) and a UC

sub-problem (outer problem).

e For the inner problem, we derive the feasibility conditions as relations between the
QoS requirements, SIC constraints, and the power budget of the nodes. Then, for
each member of the coordinated C-NOMA cluster, a computational-efficient solution
is provided for the PA. Different from [11], it is important to mention here that no
approximations are considered in this paper when conducting the derivations of the

proposed PA solution.

e After obtaining the power control solution for each possible UEs cluster, the outer
problem ends up being a linear assignment problem. Therefore, we develop a one-
to-one three-sided matching scheme that can match one CCU from each cell with
one CEU to construct a near-optimal coordinated C-NOMA cluster. Finally, the

overall computational complexity is analyzed.

We perform extensive performance evaluations of the proposed CoMP-assisted FD C-
NOMA network through various simulations. To demonstrate its effectiveness, we com-
pare it with both the CoMP-assisted HD C-NOMA scheme and the CoMP NOMA

scheme.! Numerical results validate the efficacy of the proposed framework in comparison

1To the best of our knowledge, investigating the potential gains of the integration between the CoMP
transmission and HD C-NOMA has not been studied in the literature. It has been considered as a
benchmark scheme to provide some insights when it is compared with the proposed CoMP-assisted FD
C-NOMA. The performed analysis for the CoMP-assisted HD C-NOMA is described in detail in Appendix
B1.
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with the two benchmark schemes in terms of the network sum-rate and the connectivity
for low and moderate values of SI. In addition, it is demonstrated that with lower total
transmit power by the BSs, our proposed CoMP-assisted FD C-NOMA scheme provides
a significant gain compared to the CoMP NOMA scheme.

The rest of this chapter can be organized as follows. To address the two main research
gaps introduced above, we divide this chapter into two main parts, which are mapped
into two principle Sections 4.4 and 4.5, respectively. The first part, which addresses
the second research limitation, can be organized as follows. Section 4.4.1 presents the
proposed system model, SINR, and rate analysis. In Section 4.4.2, we introduce the
problem formulation with the proposed solution approach. Then, we present the main
simulation results in Section 4.4.3. Meanwhile, the second part, which addresses the
first research limitation, can be organized as follows. Section 4.5.1 presents the proposed
system model, SINR, and rate analysis. Section 4.5.2 presents the formulated optimization
problem and the solution approach. Section 4.5.3 presents the proposed power control
scheme. Section 4.5.4 presents the proposed one-to-one three-sided matching game for
solving the formulated UEs clustering problem. The simulation results are presented
in Sections 4.5.5. Finally, we summarize the Chapter and provide the main insights in

Section 4.6.

4.4 Power Allocation in CoMP C-NOMA Networks

4.4.1 System Model

In this section, we first describe the network model, and then, we discuss the signal model,

the corresponding SINR for the near and far users, and the data rate expressions.

4.4.1.1 Network Model

As shown in Fig. 4.1, we consider a CoMP C-NOMA system that consists of two BSs,
denoted by BS; and BS,, two CCUs, denoted by UE, and UE,, and one CEU denoted
by UE;. The CCUs are the UEs that receive high SINR from the nearest BS. Meanwhile,
the CEU is defined as the UE that has less distinctive channel gains from BS; and BS,.
Consequently, this UE is simultaneously served by the two BSs using CoMP. We define a
coordinated C-NOMA cluster with two CCUs associated with two different BSs and one
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-------- > D2D Communication & Cell-center UE 8 Cell-edge UE

Figure 4.1: CoMP enabled three-UE two-BS C-NOMA architecture.

CEU served simultaneously by the two BSs. We assume that the UEs and the BSs have
each one transmit antenna and one received antenna. Each BS serves its own CCU along
with the CEU, i.e., UE;, using power domain NOMA. Finally, each CCU, i.e. UE, and
UE,, relays the message for the CEU in a DF FD relaying mode.

For notation convenience, we define Z = {1,2},J = {a,b, f} and K = {a,b} as
the set of BSs, the set of all UEs, and the set of CCUs in the coordinated C-NOMA
cluster, respectively. Moreover, for all i € Z, j € J and k € K, h;; ~ CN (0,9;),
by ~ CN(0,9y), and hys ~ CN (0,9g) account for the Rayleigh fading channel
coefficients from BS; to UE;, from UEj to UE;, and from UEy to itself (SI due to the FD
relaying mode), respectively. In practice, however, not only is it challenging but also there
is no guarantee to obtain the perfect channel state information (CSI). Accordingly, we
assume imperfect CSI in our model. By using the minimum mean square error (MMSE)
channel estimation technique [110], we can model the Rayleigh fading coefficient between
node v and node w as hy,, = ﬁvﬁw + ey, where fzvyw ~ CN (0, (1 —1n.) Q) denotes the
estimated channel gain and e, ,, ~ CN (0,7.8,,) denotes the residual estimation error,
which is uncorrelated with ﬁv,w [110]. In addition, we denote the transmit power from the

BS; and from UE, by P; and Py, respectively.

4.4.1.2 Signal Model And SINR Analysis

We start by presenting the signal model for the CCUs, i.e. UE, and UE,, and then we
present the signal model at the CEU, i.e. UE;. During the /th time slot, BS; broadcasts
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a superimposed mixture of the messages intended to UE, and UE; as
Si[l] = V(1 — ay) Prag[l] + /an Pyl (4.1)
where z, and z are the signals intended to UE, and UEy, respectively, and oy € [0, 1] is
the PA coefficient assigned by BS; to UE;. The received signal at UE, is expressed as
valll = (hi+ €10) Sl + VPahasiZgl) + (hza + €20) Sall] + wia, (4.2)
where Z[l] is the message of UE; decoded at UE,, which causes SI at UE, [32], S, is the
superimposed signal transmitted by BS,, and w1, is an AWGN at UE,, which is CN(0, o2)
distributed. At this point, UE, decodes first the data of UE; and then cancels it from
its received signal to decode its own message. Therefore, the received SINR at UE,, to

decode the message of UE; is expressed as

041P1’71,a
A 1_a1)P171,a+7a,SIPa"J‘1’
where V14 = [h1,4|°/Oa; Va1 = |has1|?/Oq and O, = Pylhoo|* + Pinei o + PoneQaq +

5a—>f = ( (43)

o?. However, the SIC decoding at the CCU may be imperfect due to some practical

limitations. Therefore, this imperfect SIC process results in an error that propagates to
the next level of data detection where the CCU decodes its own message. Based on this,

the SINR for UE, is expressed as

1-— Piyia
5= Lz Pna (4.4)
COZ1P171,a + Pa/ya,SI + 1

where ¢ € [0, 1] denotes the fraction of the residual INUI from the SIC process, such that

¢ = 0 means a perfect SIC process, whereas ( = 1 means that UE, completely fails in
decoding the message of the CEU.

Both UE, and UE; will decode and forward UE;’s message to it. Consequently, the
received signal at the CEU can be expressed as

Roy=log(1+dasyr) and R, =log(l+ dusa)- (4.5)

Similarly, the data rate at UE, to decode UE;’s message and to decode its own message
can be obtained. Both UE, and UE, will decode and forward the UE;’s message to the
CEU. Consequently, the UE; receives four streams for its own signal, two copies from
UE, and UE, through the D2D communication and two copies from the two BSs through
CoMP. The received signal at the CEU can be expressed as

yrll] = (\/ﬁ (ﬁl,f + el,f) + VP (iw + 62,f>> yll]
+ <<ila,f + ea,f> \/Fa‘{' (iLb,f + eb,f> \/Fb) xfll — 7]

/A —a) P (f}l,f + el,f) zall] + /(1 — a2) By (im + ez,f) wll] +well], (4.6)
where 7 denotes the processing delay at the CCUs, where we assume that UE, and UE,
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have the same processing capability [10]. Similar to [10,111], the SINR of the CEU at its

own end is expressed as

a1 Piyi s+ aaPoya g + PoYa s + Py g
1—a1)Piyis+ (1A— as) Pyya ¢ + Pau} + Pypio + 17
where Vi € T, f e F, k ek, Yif = |h2‘,f|2/@f, Y, f = |hk,f|2/@f, H1 = ﬁeme/@f,

po =l /O and Oy = PineSh 5+ PoneSda r + o2. Then, the overall achievable rate for
the CEU, i.e., UE; is formulated as [101],

Ry =min{R, ¢, Rf.comp, Ro—r}, (4.8)
where Ry comp = log(1 4 05-).

Spp = ( (4.7)

4.4.2 Proposed Power Control Scheme for CoMP C-NOMA Net-

work

4.4.2.1 Problem Formulation

The main objective of this paper is to derive a power control scheme with the goal of
maximizing the sum-rate of the CoMP C-NOMA cellular system while achieving the SIC
constraints (4.9b), considering the power budget constraints at each CCU (4.9¢), and
guaranteeing a certain QoS for each UE (4.9d). This objective can be obtained by solving

the following optimization problem.

P: Ri,.= max R,+ R,+ Ry, (4.9a)
a1,02,Pq, Py
1
s.t. 5 S 1, Q9 S ]_, (49b)
OSPa,PbSPd, (49C)
Rj,Rkﬁf > R, je€J. ke K. (49d)

The formulated optimization problem is neither concave nor quasi-concave. The optimal
solution to this optimization problem is challenging to obtain in practice. Hence, to
overcome this issue, we propose a near-optimal closed-form expression for power control,

which is detailed in the following subsection.

4.4.2.2 Proposed Approach

As it can be seen from their expressions, the rates R, and R, of the two CCUs are
increasing when the power splitting factors from the BSs to the CEU, i.e., a; and as,
and the transmit power from the two CCUs, i.e. P, and P, decrease. Since, the CCUs

have better channel conditions than the CEU, it is reasonable to allocate most of the
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power of each BS to its associated CCU, with the consideration of the QoS at the CEU.
In addition, allocating more transmit power at the CCU will harm its performance due to
the SI effect. Therefore, our approach consists of determining the lowest possible power
coefficients (o, ap) and the lowest possible D2D powers at the CCUs (P,, P,) that achieve
the QoS constraint at the CEU as well as a successful SIC at CCUs. Recall that the rate
of the CEU should satisfy Ry, < R;. However, our approach consists of forcing the
different terms of Ry in (4.8) to be equal to Ry,. Based on this, assuming R, = R
and Ry, = Ry, implies that

P,

7

i Pi(1 i s 1
_ kB +B) vkl L (4.10)

Bk, 51 Vk;,S1
where 8 = exp (Ry,) — 1 and k; = a when @ = 1 and k; = b when i = 2. Therefore, since

0 < P, < Py, then for all 7 € 7, o; should satisty
B Vi P+ 1) < < BV, st B (ix P+ 1)

ANETARS Py + . 4.11
Vi P (B4 1) Yk P (B+1) T kP (B4 1) (4.1
By replacing the expressions of Py, in (4.10) into (4.5) we obtain
1 — i)Yig D
Ry, =log 1+ (1= ai)riw B (4.12)

Vi (14 B+ (B — v, BB
On the other hand, since Ry, > Ry, and using the D2D power expressions in (4.10),

then «; should satisfy
1+

o < ————.
T2+ B+(P
Thus, by considering the inequalities in (4.11) and (4.13), and by taking into consideration

(4.13)

(9b), a, for i € Z, should satisfy @ min < 01 < @ max, Where

Q4 min = Max R
" (2 Yik, P (B+1)

(4.14)

o min ( 1+p Bk, ST : B (Yik, P + 1))
i,max 2+ﬁ—l—§5’%kipi(5+1) 'Yi,kipi(ﬂ—l-l) 5

After replacing the expressions of P, and P, in (4.10) into the rate R;comp and making

R comp = Ry, we obtain the following equality on o4 and as.

- Cs
= + =, 4.15
(67) C2 a1 CQ ( )
where )
Ci=(1+p)P, (%,f | Dot (kg = 5/“)) . Vie{1,2},
Bﬁ)/ki,SI
af — P41
§Cs =B (7P + 72 pPa+ 1) + (s 5#;) Mafi+1) (4.16)
a,SI
N (Vo.r — Bua) (v2pf2 +1)
\ Vb,S1
Consequently, substituting oy by its expression on Ry, we obtain
g—;%,bPzBoq + (1 — g—j) Yoo 3
R, =log |1+ (4.17)

~GaPa(1+ B+ CBan + 20 (G(1+ B+ CB) - B)
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Table 4.1: Optimal oy

Solutions of f; Cy <y Cy > Gy
/ 7
’ A < 0 @ aLmaX al min
/ / /
Qo S Q1 min al,max Q1 min
/
QY min S Qo
A=0 < argmax (y1, y2) e%i]
- Q0 = ¥ max
7 7 7
@1 max < Q1 min @1 max
1 2 / / /
&, O < Q1 min Oél,max Q1 min
1 /
ay < O i
0 — **1,min 2
/ < a2 < argmax (ylayQ) *p
1,min = ) al,max
T 7
%) S al,min o o’
O.// < Oé2 1,min 1,max
A >0 l,max — —0
llmin < a(l) < O/l max 1 2
Jm o2 | argmax (f(ag), ) | argmax (y1, f(ag))
1,min 0 1,max
7 < 1 /
) oy < o
l,mln/— 0<— 21,max O{(l] argmax (y17y2)
al,max > Qg
/ 1 2 / /
al,max < g, g al,max al,min
In addition, since g min < @1 < A1 max, Q2min < Q2 < Qg max and ap = 700216“ +

deduce that

where

/ /
&1 min <o < Q1 maxo

C13 - C12042,max
Se)
Cs — 02a2,min

)
Based on this, solving problem P is reduced to solving the following optimization problem

/
al,min — Imax (aLmjn,

(4.19)

/ .
al,max = min al,maxa

P o= ALGMAX[y, o ]f (), (4.20)
where the function f is expressed as
Flag) = log |14+ Z0G T @) o, | cabitbe (4.21)
! a1a9 — ay —aybs + by’ .
such that )
a1 = Y1,aP18,  as =711+ B+ (),
C C
by = —172,bP25, by=(1- =2 Yo, P2,
Cy Coy
(4.22)

C
by = 52021+ B+ CB),
2

by = Y2 P2 (%(1 +B+(B) — /8>

Consequently, in order to solve problem P’, one just needs to determine the extrema of
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the function f within the interval [ i, @) nax)- The derivative of the function f with

respect to ay is given by

of filan)
where
f1 (041) = dla% -+ d2a1 + dg, (424)
fo(an) = Aaq (a1 — 21) (01 — x2) (1 — w3),
such that e
=g (g -1)a+sro
Cy (C
dy = =2 (5 (L+ 5 +CP) = 8
¢ \ G (4.25)
C3 03 Ci(1+ B+ (¢p)? '
P - S Y B
S A R M A O NS M e
Now, note that z; = % < % < lﬁési—m < O min < O 1 min- In addition, since
B=(Pav2,p+1
al ,max — g? - g_iOQ,min and A2 min > % = 148 > 1+ﬂﬁ+§3’ then O/l,max < g_i) -
gf 1 +ﬁﬁ Te5 = %2. Moreover, since x5 < 3, then o ., < x3. Therefore, we conclude that

21 < O pin < O] o < Min (29, 73). Moreover, since A < 0, we conclude that the function
f2 is strictly negative in the interval [a’Lmin, a’lmax]. On the other hand, the sign of the
function f; depends mainly on the sign of its discriminant A = d% — 4d;ds and the sign
of dy, which is the same as the sign of C'1 — C2.

Based on the above analysis, the optimal solution for «; is summarized in Table 4.1,
where y1 = f (0 min), 2 = [ (lmax)s @0 = ﬂ is the root of f; when A = 0 and
ab, 02 = ZEEVhTid W are the roots of f, when A > 0, such that o < a2. Hence, we
conclude from Table 4.1 that the optimal solution af is either o ;, or o} .. or one of
the roots of f5 if they existed and they are within the interval [a’Lmin, O/l,max] . Finally, the
proposed power control scheme of the CoMP-empowered C-NOMA system is given in the

Algorithm 1, where I(-) denotes the indicator function within the interval [0 i, @ sl

4.4.3 Simulation Results

In this section, the simulation results are presented to validate the performance of the
proposed CoMP-assisted C-NOMA scheme. The simulation results are obtained through
10° independent Monte-Carlo trials. We consider the same simulation setup in [32]. In

addition, unless otherwise stated, the main simulation setting is presented in Table 4.2.
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Algorithm 1: Proposed Power Control Scheme

Initialization:

i) Estimate the environment parameters;

ii) Express f as shown in (21);

iv) Calculate y; = f (0/1,min) and y, = f (O/l,max);

if A <0 then

‘ af = argmax (y1, ¥2);
end if
else if A =0 then

1) Qo = _da.
11) OZT = argmax (y17 Y2, f (O[(]) I[(Oé()))a

end if
else

Y

. 1 . —dg—\/d%—4d1d2 —d2+\/d%—4d1d2
i) = min A , 5

Y

i) 02 = max (—dg—w/d%—éldldz —d2+,/dg—4d1d2)
= 2 , 2

iii) af = argmax (y1,ya, f () I(c}), f (a2) I(ad));

)
iii) Calculate dy,dy and d3 as shown in (25) and A = d3 — 4d,d3;
)

end if
o = CC; aj + g_; )
P = 1,6 PL(1+8) x  y,aP1+1
a BYa,s1 1 Ya,51
P* — Y2,622(A+6) «  vepletl
b BYb,s1 2 Yo,s1
Table 4.2: Simulation Parameters
Parameter Symbol Value
Channel gain parameter between BS; and UE, and between BS; and UE, Qg = Qo = Q,, 12 dB
Channel gain parameter between BS; and UE; and between BS; and UE; | Qqp = Qo = Q5 3 dB
Channel gain parameter between UE, and UE; and between UE, and UE; | Q. = O = Q¢ 12 dB
SI channel gain Qg1 3 dB
Power budget of the BS; and BS, P, = Py, = Pgg 20 dBm
Power budget for UE, and UE, Py 10 dBm
Rate threshold Rin 1 bits/sec/Hz
Noise variance o? 1

Fig. 4.2 compares the performance of the optimal power control scheme with one of the

proposed schemes in terms of accuracy and computational time. Fig. 4.2(a) presents the
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Figure 4.2: (a) sum-rate versus the power budget at the BS when Qg = 3 dB and (b) Computational
time versus the power budget at the BS.

analytical and numerical average sum-rate versus the power budget at the BSs Pgs. The
analytical results are obtained by running Algorithm 1 whereas the numerical results
are obtained by solving the main problem P in (4.9) using an off-the-shelf optimization
solver, where we generate 100 initial points and then we select the best result. It can
be seen from Fig. 4.2(a) that the near-optimal closed form PA gets around 95% of the
sum-rate of the optimal one obtained through an expensive numerical method. It is worth
noting that the gap between the proposed and the optimal power control scheme is due to
the fact that the proposed approach consists of forcing the different terms of R in (4.8) to
be equal to Ry, and hence, loosing in terms of optimality. In addition, Fig. 4.2(b) shows
that the computational time of the proposed scheme is negligible compared to the optimal
one, which validates the potential of the proposed power control scheme. In order to
show the effectiveness of integrating CoMP with C-NOMA under two-cell scenario, we
compare the performance of the proposed scheme with the conventional C-NOMA scheme
proposed in [32]. For a fair comparison, we sum the achievable rate at one CCU along
with the CEU’s achievable rate. Meanwhile, for the C-NOMA, the signal received at the
CEU from BS, is treated as noise. Fig. 4.3(a) compares the performance of the joint
CoMP C-NOMA scheme with the conventional C-NOMA scheme when the SI channel
gain increases. As depicted in this figure, the proposed scheme provides a significant
performance improvement over the conventional C-NOMA scheme. This is resulting from
the consideration of the ICI mitigation technique in our model. In addition, increasing

the SI channel gain forces the CCU to transmit with low power in order to avoid the
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Figure 4.3: (a) shows sum-rate versus the SI parameter and (b) Network sum-rate of the coordinated
C-NOMA cluster versus the SI channel gain gy, for different values of the channel estimation error and
the imperfect SIC process factor, when €2, = Q,y = 12 dB.

SI harmful effect. This means that the BSs should allocate more power to the CEU to
achieve its required QoS, which degrades the sum-rate performance.

Fig. 4.3(b) presents the sum-rate of the coordinated C-NOMA cluster versus the SI
channel gain (g, for different values of the channel estimation error and of the imperfect
SIC process factor. As observed from Fig. 4.3(b), the sum-rate decreases when the errors
from both imperfect SIC and CSI estimation increase. It can be also seen that for high
values of both errors, the interference generated from both types of errors dominates the
performance in comparison with the SI. In addition, the channel estimation error is seen
more effects on the sum-rate performance than that the effect of the imperfect SIC. After
discussing the PA in one coordinated C-NOMA cluster, we move on to the investigation

of the performance of the network when a multi-user scenario is considered.

4.5 Joint UE Clustering and Power Allocation in CoMP
C-NOMA Networks

4.5.1 System Model

We consider a network model consisting of a DL transmission of two adjacent cells as
illustrated in Fig. 4.4, where each cell is equipped with one BS similar to part I of this
chapter.? Two types of UEs, namely, CCUs and CEUs (the UEs located in the overlapped

20ur system model can be easily extended to a multi-cell scenario. This can be achieved by allowing
any two-adjacent cells in a multi-cell scenario to coordinate together in serving their associated UEs,
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Figure 4.4: An illustration of the proposed CoMP C-NOMA model.
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Figure 4.5: Details explanation of one coordinated C-NOMA cluster.

area as shown in Fig. 4.4) are considered within each cell. Within this setup, each cell
invokes the C-NOMA technique to serve its associated UEs, while the CoMP technique
between the two BSs is introduced to assist the CEUs. Consequently, each BS forms
C-NOMA clusters, each of a size of two UEs by including one CCU and one CEU. In
addition, each CCU relays the message of the CEU belonging to the same C-NOMA
cluster in an FD DF relaying mode. We assume that the UEs and the BSs have each one
transmit antenna and one received antenna [67,109,113].

Notably, based on this set-up, the CEUs do not suffer from ICI; however, they only

experience INUI due to the transmissions of the messages of the CCUs in the same time-

which is similar to the proposed network architecture in [10,11,76,108,109,112].
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Table 4.3: Table of Notations

System Parameters

P, Transmit power of BS;

Poax Power budget of CCUj,

QG o f PA coefficient by BS; to CEU; paired with CCU;j,

Bikif PA coefficient allocated by CCUj} associated with BS; to CEUy
T, fm UC indicator

M, N, F,T,U,K | Set of CCU', CCU?, CEU, BSs, UEs, near UEs

S Set of preference profiles

A Matching triple

Ug Social welfare of the network

R in Achievable rate of one C-NOMA cluster (CCU} | CEUy, CCU?)
P Matching function

R Minimum required rate

frequency resource. On the other hand, a CCU receives its signal from the adjacent BS

only.? Hence, this UE belongs to only one C-NOMA cluster and experiences two types of

interference:

e The inter-cell interference: Since each CCU is associated with a single BS, the
transmission from the other BS is considered as interference at this UE. For instance,

the signal transmitted by BS, is treated as interference at CCU}, (the dashed green

line in Fig. 4.5.).

o The Self-interference: Since we consider a FD DF relaying between the CCU and
the CEU, the CCU suffers from a SI resulting from receiving data from the BS and

transmitting data to the CEU simultaneously within the same resource (the dotted

purple line in Fig. 4.5.).

In this part, different from the definition of a C-NOMA cluster reported in the litera-
ture [72,104,105,107], we define a coordinated C-NOMA cluster as a group of three UEs,
where two of them are two CCUs, each of them is served by its adjacent BS, and one CEU
served simultaneously by the two BSs. Since multiple coordinated C-NOMA clusters are

constructed by the two BSs, a promising technique to avoid the inter-cluster interference

3In order to achieve a higher performance gain compared to orthogonal multiple access (OMA) tech-
niques, the disparity in the channel gains between the far NOMA user, which is the CEU, and the near
NOMA UE, which is the CCU, should be large. As a result, we limit the distribution of the CCUs to be
near the BSs; meanwhile, the CEUs are distributed on the edge of the cells. Accordingly, the interference
between the two CCUs is neglected due to the large distance between them, which is validated in the
simulation section. Note that, this interference is due to the relaying of the CEUs’ data by the CCUs in

the CT phase.
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within each cell is to utilize a hybrid multiple access technique, in which C-NOMA is com-
bined with a conventional OMA technique such as FDMA or TDMA [69,98,107,114]. In
this paper, we consider an FDMA technique to avoid inter-cluster interference [69,98,107].
Specifically, the overall bandwidth is equally divided into a fixed number of equally-sized
radio channels that have equal transmit powers and each coordinated C-NOMA cluster
is allocated one radio channel [69,98,107].

For notation convenience, Z = {1,2}, M = {1,2,...,.M},F £ {1,2,...,F} and
N £ {1,2,..., N} define the set of BSs, the set of the CCUs associated with BS; (denoted
as CCU!), the set of CEUs, and the set of CCUs associated with BS, (denoted as CCU?),
respectively. Moreover, M, F and N denote the cardinality of M, F, and N, respectively.
The set of all CCUs in both cells is denoted by K = {M U N} and the set of all UEs
in the network is denoted by & £ {M U F UN'}. Moreover, Vi € Z,u € U, k € K and
f € F, hiy, hi,y and hy g1, denote the channel gains from BS; to UE u, from the CCUj, to
CEUy, and from the CCUy, to itself (SI caused by the FD relaying mode), respectively.*
Finally, Vi € Z, P; is the allocated power by BS; for each coordinated C-NOMA cluster,
where Z = {1,2}.

4.5.1.1 Transmission Model

In C-NOMA-enabled cellular network, the data transmission is executed over two different
phases [13,29,30,32,33,107]. The first phase is the DT phase and the second phase is the
CT phase, which are detailed as follows [13,29,30, 32, 33,107].

e DT phase: In this phase, the two BSs, i.e. BS; and BS,, apply superposition
coding on the signals of their associated NOMA pairs, which are (CCU} , EU;) for
BS; and (CCUZ, EUy) for BSy. Then, the superimposed signals are transmitted
simultaneously by the BSs to their associated NOMA pairs. Following the NOMA
principle, each CCU first performs SIC to decode the signal of the CEU;. Second,
each CCU removes the decoded signal of CEU; from its own reception and then
decodes its signal from the resulting reception. Meanwhile, the CEU; treats the

signals of the CCUs as noise.

4Through passive SI suppression techniques, such as antennae separation, wavetraps, etc., followed by
the active SI suppression techniques, i.e., analog and digital cancellation, the ST in a SISO set-up can be
effectively mitigated [30]. Although the effectiveness of these SI suppression techniques was demonstrated
in the literature, the SI effect cannot be totally canceled. Hence, the effect of the residual SI is considered
in our model.
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e CT phase: In this phase, each CCU, i.e., CCU! and CCU?, forwards the CEU’s
decoded message during the SIC process to the CEU through a D2D channel.

Since the CCUs adopt FD relaying mode, the two phases occur within the same time-
slot, with the penalty of inducing SI at the CCUs (CCU! and CCU?2). Based on this,
we evaluate in the following the received SINR and the corresponding achievable rates at

both CCUs and CEUs.

4.5.1.2 Signal Model and SINR Analysis

We consider a single coordinated C-NOMA cluster as shown in Fig. 4.5. We start by
describing the signal model for the CCUs, and then, we present the signal model for the
CEU. In particular, Vm € M, f € F and n € N/, assuming that CCU,,,, CEU; and CCU?

form a coordinated C-NOMA cluster as shown in Fig. 4.5, BS; broadcasts a superimposed

mixture of the messages intended to CCU;, and CEUy as 21, ¢ = \/(1 — m ) Preigm +
\/m z¢, where 21 ,, and z; are the signals intended to CCU}, and CEUy, respectively,
and a; ,, r is the PA coefficient assigned by BS; to CEU. According to NOMA principle,
since CCU., should be able to decode the message of CEUy, the PA coefficient oy,
should satisfy 0.5 < aq,, ¢ < 1 [115,116]. Based on this and due to the consideration of
DF FD relaying mode, CCU}, first decodes the message of CEU; and then transmits the
decoded message to this CEU. Consequently, the received signal at CCU! is expressed as

Yim = MmZ1mf + \/mhm’SIZf + homzon f + Wim, (4.26)
where (1, € [0,1] is the fraction of the allocated power by CCU}, to CEUy, Pyax 18
the maximum allowable transmit power at each CCU, /B, Praxhin,s12s is the SI signal
resulting from the transmission of the decoded message of CEUy, i.e. 2y, by CCU} | 22, ;
is the broadcast signal by BS,, which causes an ICI at that UE, and w; ,, is an AWGN
experienced at CCU} | which is ~ CA(0,0?) distributed. Hence, the received SINR at

CCU., to decode the message of CEU; is given by

A1 m, fY1,m
: ) 4.27
L — a1, f)Y1,m + B, fymst + 1 ( )
where Y1 = Pilhim|?/T, Ymst = Poax|hmsi|?/T, and T £ Pylho,.|* + 0. Moreover,

61,m—>f = (

the received SINR at CCU}, to decode its own message after canceling the CEU,’s signal

is expressed as

1-— m m
51,m%m = ( o 7f)’)/1’ (428)

Brm,fYmst + 1
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Thus, the achievable rate at CCU., to decode the message of CEU; and to decode its own
message are expressed, respectively, as

Rim—f =1og(1 + 81 msf), (4.29)

Rim = 1og(1 + 01 m—sm)- (4.30)

By following the same steps as in (4.26)-(4.30), the received SINR and the achievable rate

at CCUZ to decode the message of CEUy, i.e Ra,y, and to decode its own message,

i.e., Ra,, can be obtained. Note that both CCU}, and CCUZ2, which belong to the same

coordinated C-NOMA cluster along with CEU;, will decode and forward the CEU,’s

message. Consequently, the CEU; receives four copies of its own message, two streams

from CCU., and CCU?2 through the D2D relaying and two streams from the two BSs

through CoMP. Therefore, the received signal at CEU; can be expressed as
INUT

useful signal P

— B
Yr = | VOm,f2f T4/ (1= mp)zim | VPho s+

[\ J/

~
received signal from BS;
INUI

useful signal -

—~
\V a2,n,fzf + \/(]— - a?,n,f)ZQ,n V P2h2,f +

~
received signal from BSg

V Bl,m,fpmath,fzji + \\/ ﬁQ,n,meaxhn,fzf + wy ) (6)

received signal from CCUL ~ received signal from CCU2  noise at CEU

where w; is an AWGN experienced at CEU, which is ~ CN(0,0?) distributed. We as-

sume that CCU! and CCU? have perfect SIC [10]. In our proposed model, four nodes,
which are BS;, BS,, CCU! | and CCU?

m) n’

cooperate to jointly serve the CEU;. Conse-

quently, the SINR expression at the CEUy can be expressed as follows.

Qm, fY1f + Q2n 2,8 + Brm fVm g + B, p Yy
(I —ormp)ng + (1L —aong)yr+1

where Vi € Z,v; 5 = %’2”2 and vy r = W. The derivation of the SINR ds_,; in

(4.31) is provided in Appendix B2. One can observe that the SINR is improved with the
amalgamation between CoMP and C-NOMA. This is motivated by the fact that allowing
two cells to serve the ICI-prone UE will not only mitigate the ICI effects but also improve
the signal reception through the D2D communication from the two CCUs. However, since

CCU}, and CCUZ2 operate in DF relaying mode, the achievable rate of CEU; is limited
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by the weakest link and it is expressed as [11]
Ry =min{R,—7, Rscomp; Russ}, (4.32)
where
Rtcomp = log(1+dp¢). (4.33)
Based on the above analysis, the achievable sum rate of the coordinated C-NOMA cluster
(CCU},, CEUy, CCU2) is expressed as
R fm = Rim + R +Rap. (4.34)
Now, let us define X = {0 € {0,1}/m e M, f € F, n € N}, such that, xp, s, is
a binary UC indicator in which 2., s, = 1 when CCU}, CEU;, and CCU? form one
coordinated C-NOMA cluster and x,, s, = 0 otherwise, @ = {(a1,n s, @ans) € [0.5,1]?|
meM,feF,neN}is the collection of the BSs PA coefficients, and 8 = {(S1m.,
Bomys) €10,12| me M, f € F,ne N} is the collection of the PA fractions from the
CCUs to the CEUs. Consequently, the network sum-rate, which is defined as the sum
of the achievable sum rates of all the constructed coordinated C-NOMA clusters, can be

expressed as

RUX, 0, 8)= > > D TR s (4.35)

meM feF neN

4.5.2 Problem Formulation and Solution Methodology

With the goal of enhancing the performance of the proposed CoMP-assisted FD C-NOMA
scheme, a framework that jointly optimizes the PA coefficients at the BSs, the PA frac-
tions at the CCUs in each coordinated C-NOMA cluster, and the UC is proposed. The
UC policy defines the members of each coordinated C-NOMA cluster, i.e., which two
CCUs should be grouped with each CEU. The proposed framework is formulated as an
optimization problem aiming at maximizing the network sum-rate while guaranteeing the

required QoS at the UEs and the SIC constraints at the CCUs, which can be written as

follows.
P R™(X, o, B), (4.36a)
St 0525, ke < Qideiif < Thy fkios Viel k, e Ky, feF, (4.36D)
0 < Bikif < Thy fiko> VieZl kiek; feF, (4.36¢)
Rik, = Tk ko Lotn, Viel kiek; feF, (4.36d)
Ry = Ty, g0, Rin, VfeF, (4.36¢)
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S wma <1, VYm € M, (4.36f)

neN feF
Z Z I Vn e N, (4.36¢)
fEF meM
> wnga <1 Vf e F, (4.36h)
neN mem
Ty, € {0, 1}, VmeM,feFnelN, (4.361)
where k; and K; are defined for all 1 € Z, as
m, =1, M, =1,
ki = K= (4.37)
n, i=2, N, i=2.

Looking deep into problem P, constraint (4.36b) assures that more power is allocated to
each CEU than the CCUs to achieve the NOMA principle, constraint (4.36¢) indicates
that the PA fractions from the CCUs to the CEU in the same coordinated C-NOMA
cluster should be less than one. Constraints (4.36d) and (4.36e) guarantee the required
QoS in terms of the data rate threshold Ry, at the CCUs and CEU, respectively. In
addition, constraint (4.36e) guarantees that each CCU can decode the message of the
associated CEU, which ensures the SIC criteria at the CCU. Constraints (4.36f), (4.36g),
and (4.36h) guarantee that each UE can be a member in at most one coordinated C-
NOMA cluster. Finally, constraint (4.361) guarantees that the value of the UEs clustering
indicator is either 0 or 1.

One key component in the optimization problem P is the availability of the full CSI
of all invoked wireless links in order to perform the optimization in a centralized manner.
At this stage, it is important to mention first that the CSI between the BSs and their
associated UEs can be obtained using one of the CSI acquisition techniques for multi-
user wireless communication systems. For instance, the UL sounding reference signal
transmitted by all UEs (CCUs and CEUs) in LTE is used to estimate the required channel
gains for the communication links between the BSs and the cellular UEs in real time as
in LTE-A standard. Nevertheless, considering the D2D and SI CSI, one can apply the
same approach used in [117], where a method to obtain the full CSI in a source-relay-
destination topology with FD relaying was proposed. Specifically, based on [117], we can
assume in our system model that there is a control channel tunneling from the source
(BS), the relays (CCUs), and the destinations (CEUs) for channel estimation. Based on

this discussion, a perfect CSI is assumed to be available. On the other hand, it is worth
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noting that the computation of the resource allocation usually takes place in a server
located at the core network or in an edge server located near to one of the BSs.

To maximize the network sum-rate, the UC, the D2D PA, and the BSs PA coefficients
should be jointly optimized. It can be seen that the formulated optimization problem P
is an MINLP problem, which is hard to be solved in a straightforward manner. In order
to overcome this issue, we solve the optimization problem P using the concept of bi-level
optimization as detailed in the following [118]. In problem P, it can be seen that the
achievable sum rate expression R,, ;, of a single coordinated C-NOMA cluster is only
a function of the PA policy and is independent of the UC indicator z,, ¢,. Specifically,

one can observe that, Vm € M, f € F and n € N, if the optimal UEs cluster indicator

*

Lon, fn

= 0, then the optimal power control policy (aimJ,ﬁimJ,a;n’f,ﬁ;’n’f) = 04x1.

*
m,fn

of the PA scheme of the coordinated C-NOMA cluster (CCU},,CEU;,CCU2). In other
words, if we assume that the UEs CCU., , CEU; and CCUZ are clustered together and that

However, if x = 1, then (oﬁm £ BTt @ s B, f) should be the optimal solutions

we can obtain their optimal PA scheme (af,, ;. 81, 5 @50 B3 ), Problem P becomes

a linear assignment problem and hence the remaining part is to determine the optimal

*

m.fn- Lhus, since we aim to obtain the optimal power control

UEs clustering policy =
policy such that the network sum-rate of the CoMP-assisted FD C-NOMA system can
be maximized, we can reduce the feasible set of the PA of problem P to the set of PA
coefficients that maximize the achievable sum rate for each coordinated C-NOMA cluster.
Therefore, the formulated optimization problem P is decoupled into two sub-problems

based on the bi-level optimization approach [118], where the first is the PA sub-problem

(inner problem) and the second is the UC sub-problem (outer problem) as shown below.

4.5.2.1 Power Control: CCUs and BSs Power Allocation Coefficients

In this part, we study the PA policy for each coordinated C-NOMA cluster (CCU;,,,,CEUy,
CCU2), Ym € M, f € F and n € N, by defining both the PA coefficients at the BSs
and the PA fractions from CCU}, and CCU? to CEU;. As a result, the PA solution is

obtained by maximizing the achievable sum rate for a given coordinated C-NOMA cluster

(CCU},,CEU;,CCU2), which can be formulated as follow.

Pt max Ry, rn, (4.38a)
Cm,fn
s.t. 0.5 S A1 m,fy, Con,f S 1, (438b)
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0 < Brm,gs Bony <1, (4.38c¢)
Rim, R, Rapn > Rin, (4.38d)
where Cp £ = (Q1m.f5 B1m.fs @20, f5 P2nf). The formulated PA problem is neither concave
nor quasi-concave and the optimal solution is challenging to obtain in practice. Neverthe-
less, since P, r,, must be solved for all possible combinations of (CCU}, ,CEU;,CCU2),
a computationally efficient approach for solving this problem needs to be investigated,

which is introduced in Section 4.5.3.

4.5.2.2 UEs Clustering: Defining The Coordinated C-NOMA Members

The two coordinating BSs jointly perform the UC by grouping one CCU from each cell
with one CEU shared between the two cells. Specifically, we need to define the optimal
UEs to be grouped in each coordinated C-NOMA cluster given the optimal power control
policy obtained from solving problem P, ¢, for all m € M, f € F and n € N. Conse-
quently, the optimal UC solution X'* can be obtained by solving the following optimization
problem

) m’f7n

OPT - UC L max R X, el ), (4.39a)

s.t. (4.36f) — (4.361), (4.39b)
where cj, ., is the solution of problem Py, r,. Note that, the optimal solution for the UC
in problem (4.39) requires an exhaustive search, which is impractical due to its extremely
high complexity. In order to overcome this issue, problem (4.39) will be formulated
as a one-to-one three-sided matching problem [119]. Then, a low-complexity matching

algorithm is developed to obtain a near-optimal solution, which will be discussed in Section

4.5.4.

4.5.3 Power Allocation for Each Coordinated C-NOMA Cluster

In this section, our objective is to solve problem P, s, for a given UEs cluster (CCU},,
CEU;,CCU2). First, we define the feasibility conditions for problem P,, ;.. Then, we

determine c;, ,, within the feasibility region of problem Py, f 5.

4.5.3.1 Feasibility Conditions

The feasibility conditions of problem P,, ¢, define the conditions under which at least one

feasible solution for this problem does exist. The optimization problem P, ¢, in (4.38)
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can be rewritten as

Pm,f,n : max 'Rm%n, (4,40&)
Cm,fn
s.t. 0.5 < Qi f < 1, Viel, (440b)
0<Bikys <1, VieZ, (4.40¢)
iy < UBigy g (Bikas) s Viel, (4.40d)
ik f = OBik,r Bikirss Yikif) Vie T, (4.40e¢)
Qikf > LBigf (Biif) Vi€ T, (4.40f)
|
Yy < Zi:l Yik f> (4.40g)

where t = exp (Rth) —1, Yf = t(’}/Lf + 7o, + 1) and for all 7 € 7T, Yi7ki7f7 UBi,ki,fa OBi,ki,f

and LB, ;, s are expressed, respectively, as

)
Y;:kzwf = ai,ki,f%,f(l + t) + ﬁi,knf’yki,f?
— Vi S Bi ks f + Viks — ¢
UBi,kuf (Bi,ki:f) = ! )
fyl:kz
< OBi,.r (Bikis Yikif) = —Vidksof Bk + ik f (4.41)
3Ry sRiy ) ) sRgy Vz’f(l +t) ?
Vo, S1Bi ks p + (L + Vi)
LBZ ] 1/ ) — (3] vy vy .
| DBik. s (Bikis) Sy

Constraints (4.40d) and (4.40f) result from the facts that Ry, < Ry, and R < Rig—f,
whereas constraints (4.40e) and (4.40g) result from the fact that Ry, < Ry. Based on
this, the feasibility conditions of problem P,, ¢, can be obtained through the following

theorem.

Theorem 4.1. Problem P, s, is feasible iff the following conditions hold.

Condition 1:t < -1+ /1 + miIn%-’ki, (4.42a)
1€

Izl
Condition 2: Yy <> Y™, (4.42b)
i=1
where for all i € T, Y3 is expressed as shown in (4.43)
koot =
1 Vi, f Vi, ST Vi.f VeiST\ pma Vi — ¢
i (1 +1 <—(1—|—sgn( : - — >)( : - A, 4 7
s+ 2 Yip(L+18)  Yikt YL+t wgt) T i
(4.43)
wn which )
ik, — 2t —1
T = min (1, Jiks — 2070 ) : (4.44)
e vki7SIt(2 + t)
Proof. See Appendix B3. [ |
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4.5.3.2 Proposed Power Control Scheme

In this subsection, our objective is to solve the optimization problem P,, ;, under the

assumption that it is feasible. First, we start with the following corollary.

Corollary 1. For alli € Z, the range of Y;, 5 1s given by

Yikor € Ykl ViRl (4.45)
where Y3 is expressed as shown in (4.43) and
~ i (L+1E) tyie(L i ks
i max (”( 1) +7”“1)). (4.46)
oY 2 Vi ks
Proof. See Appendix B4. [ |

Now, let us consider constraint (4.40e). For all i € Z, since o, r = OBi .t (Biki.f
Yik..r), then we have Yip r = v (1 + t)ig.r + VikifBik,s- In addition, the vari-
ables (Y1 n.f, Yan, ) are linked through the inequality constraint in (4.40g). If we trans-
form this inequality constraint into an equality constraint, then we obtain Y5, ; =
Yy — Yim s Therefore, using the results of corollary 1, since Y, ; € [ 21?;2}, 2“2?’}],
then we obtain Y, € [Ylm,;f},ylm,ngi], where Ylm,;“} = max (Y, Yy — Y% and
}qn;gxll = min (}ﬂ‘flgf‘f,Yf — YQH;;I}) Our approach to solving problem Py, ;, is detailed
as follows. First, we solve problem P,, f, for fixed values of (Y3, s, Y2, r) and assuming
that constraint (4.40g) is satisfied. Then, we obtain the optimal solutions of problem
Pon.fn through an optimal design of the parameters (Y], ¢, Y2, ). Based on this, for
fixed values of (Y1, f, Yo s), and assuming that (4.40g) is satisfied, problem Py, f,, is

reduced to the following optimization problem.

Progn max Ry, (4.47a)
st (4.400) — (4.40f). (4.47b)

Let C(Yig, s,i €I) £ Xlzzll Ci (Yik,.s), where Vi € Z, the set C; (Yix,.r) C [5,1] x [0,1]
contains the intersection points (v k, r, Bi,.r) between the bound OB, , r and the bound-
aries of the feasibility region of problem P, ;, except the upper bound UB,y, ;. Based

on this, and Vi € Z, the set C; (Y, r) is characterized as shown in the following theorem.

Theorem 4.2. For alli € Z, the setC; (Y, x, r) is expressed as follows. If Ykt o Yikif

Yik; — Yif(14t)7
then C; contains only one critical point that is expressed as
(ai,ki,ﬂ 6i,kuf)1 = (fi,kmf (Bic,ki,ﬂ Y;J%,f) >ﬁic,k:i,f) ) (4'48)
and if Vvkk : ! > - k_’lzll’_’;t), then C; contains two critical points that are expressed, as

(O‘i,kz‘,fv ﬂi,kmf)l = (fi:kivf (Bic,ki,f’ Y;’ki’f) ’ 5ic,kz‘,f) )

(4.49)
(ai,ki,fv 5i,ki7f)2 = (fi,ki,f (07 Y;J%f) ) O) )
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where the function fi . s (-, -) is expressed as

fiki,r(B,2) = max (—, —— 0+ > ; (4.50)
/ 2y (L+0)" " (141
and By, ; 1s expressed as

B, = min (B35, B 1) (4.51)

in which v ( )

in Yiki Yiki f — t%, Vik; T 1
Bt ;= L : (4.52)

Vho, SUYVisf T Visks Yiokiof

Proof. See Appendix B5. [ |

The critical points are the possible candidates to be optimal solutions for problem

/

. f.ne Which are functions of (Yim,r, Yo, r). Consequently, the proposed solutions of

/
problem P, ;, are expressed as

c:mfm ()/I,m,fu YQ,n,f) = argmax Rm,f,n (Cm,f,na Yl,m,f7 )/Q,n,f) . (453)

Cm, f,n

Based on the above, the original problem P, f, is reduced to a linear search problem.
Specifically, using the linear relation Y5, ; = Yy — Y1 ,, f, the proposed solutions of prob-
lem P, . are fully characterized by obtaining the optimal value of the variable Y}, ;.
Therefore, let us define the L-point discrete uniform range for Y ,, ; that is given by
Vimyg = {( 1“;?‘} — 1%“}) Ly 1‘?,;‘1‘}},1 € [[1,L]]}, where L € N\ {0}. Therefore, for
each value of Yi,, ¢ € Vi, we calculate Yo, ; = Yy — Yi,, r. Then, we obtain the

*

value of ¢y,

(Yim, s, Yr — Y1) from equation (4.53) and the corresponding optimal

*

cluster rate R}, ,

(Yim.fr, Y — Yim,f). Consequently, we select the power control vector

*

Confm

that achieves the highest cluster rate R, ;,(Yim,f, Yy — Y1) over all values of

Yims € Vimy, i€, ¢, = argmax R;’ﬂn(Yl’m’f,Yf — Yi ). Finally, based on
Y1,m,;€V1,m,f

the above analysis, the algorithm of the proposed power control scheme is presented in

Algorithm 2.

4.5.4 UEs Clustering: Three-Sided Matching Game Formula-
tion

To efficiently solve the UEs clustering problem, we reformulate the optimization problem

in (4.39) as a one-to-one three-sided matching game. To better describe the matching

game between the two CCUs and the CEU, we first introduce some necessary definitions

and notations for the matching game.
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Algorithm 2: Proposed power control scheme
= 0451, R},

m,

Initialization: cj, ,,

for [ from 1 to L do
1) Compute ¥, = (V{2 = ¥, ) 4=4 4 Vi and then Cr (Vi)

fn — 1057 Cm,fin = Ouxr and Ty, f = OLa

1,m 1,m

as shown in Theorem 2;
ii) Compute Ys,, f =Yy — Y1, ¢ and then Cy (Y, ¢) as shown in Theorem 2;
iii) Compute C (Y1, f,Yon,f) = C1 (Yim,f) X Co (You,r);

V) Co i (5,1) = argmax Ry i (Cm,fn) and then
Cm,n,fec(yl,m,fvyln,f)
rm7n7f (l) = Rm,f,n (Cmvan (:’ l));

v) if Ry, p (1) < Ry, ¢, then
R;ﬂ,f,’l’b = rm7n7f (l ;

*

m,f,n = Cm7f7n (:7 l);
end if

C

end for

4.5.4.1 Preliminaries

Definition 4.1. When a CCU.,, and another CCU2, jointly serve a CEUy, along with
the two BSs, we say that CCUL , CEU;, and CCU?% are matched with each other, and they
form a matching triple. This matching triple is denoted by A £ (CCUL ,CEU;,CCUR). A
player is defined as one UE in the cellular system, i.e., each UE from CCU.,,, CEU; and
CCU? represents a player. Additionally, any two of these three players compose a player

pair, i.e. (CCUL, CEU;), (CCUL,, CCU2) and (CEU;, CCU?).

We denote the preference utility of any triple (CCU ,CEU;,CCU2) by the sum rate
of the players inside the potential matching triple, i.e., Uy, = Rim + Rs+ Ran, ie.,
Unm.fn = Rum.jn- The intuition behind selecting such preference utility comes from the ob-
jective of OPT — UC, where each matching triple A constructs a coordinated C-NOMA
cluster such that its achievable sum rate is maximized. Each triple has unique channel
gains with the BSs and among its players (D2D channel gains from the CCUs to the CEU)
and therefore results in a distinctive triple utility. Thus, when a player is matched with dif-
ferent player pairs and composes different triples, this player should only select one triple
to be a member of it and, in the meantime, each agent in that triple should accept that
player (agent and player are used interchangeably throughout the paper). To better de-

scribe the decision of each agent and the competitive behavior among the players, we define
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a preference utility for each player over the player pairs (CCU;,,,CEU;), (CCU} ,CCU2),
and (CEU;,CCU2). For example, if CEU; prefers player pair (CCUL, ,CCU2) over the
player pair (CCU},CCU?), the triple utility (CCU},,CEU;,CCU2) should yield higher util-
ity than the triple (CCU},CEU;,CCU?) does, which can be presented as (CCU},,CCU2)
~ceu, (CCU,,CCUY) iff Upfn > Usge By evaluating the utilities of the different
triples, each player can build up a descending-ordered preference profile. Using this
preference profile, each player can identify its preference over all player pairs from the
other two player sets. We denote the set of the preference profiles of all players as S £
{S(Cccul),...,8(CCU},), S(CEU,),...,S(CEUR), §(CCU?),..., S(CCU%)}, where, for
allm € M, f € Fand n € N, S(CCU)), S(CEUy), and S(CCU?) are the preference
profiles of CCU} , CEU;, and CCU2, which have at most FN (CEU;,CCU2) pairs, M N
(CCU;,,CCU2) pairs, and MF (CCU},, CEUy) pairs, respectively. Next, and based on
the above definitions and notations, we will reformulate the UEs clustering optimization

problem OPT — UC as a three-sided matching problem.

Definition 4.2. Given a set M of CCU*, a set F of CEUs, and a set N of CCU?, a one-
to-one three-sided matching ® is a matching function defined as M —— F x N, F ——
M x N, and N — M x F. Therefore, under the matching ®, we have at most Q) =
min{M, F, N} disjoint triples, which are denoted by {A1, Ao,... Ao} such that:

1. ®(CCUL) = (CEU;, CCU?) <= ®(CEU;) = (CCU,CCU?) = &(CCU2)
= (cCU}, CEUy),

2. ®(CCU}L) = @, if COU}, is not in any matching triple, ®(CEU;) = @, if CEU;
is not in any matching triple, and ®(CCU?) = @, if CCU? is not in any matching
triple,

3. ANA; =0, Vi, je{l,2,...Q},

where condition 1) guarantees that CCU,,,, CEU;, and CCU? are matched with each other
and construct a matching triple. Since it s not necessary that the sizes of the three sets,
M, F, and N are the same, it may be that some agents will not be matched, which is
represented by conditions 2). Condition 3) indicates that each agent must belong to at

most one matching triple.

Definition 4.3. The social welfare of the whole system can be defined as the total utility

of all the matching triples, which can be expressed as

Us= > Y @l sn (4.54)

meM feF neN
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Corresponding to the optimization problem OPT — UC, the one-to-one three-sided
CCU!'-CEU-CCU? matching problem can be described as follows. We aim to obtain a
one-to-one three-sided matching ® from a set of CCU's, a set of CEUs, and a set of
CCU?s that can maximize the social welfare Ug in (4.54) subject to constraints (4.36f)-
(4.361) with decision parameters {x, fn,¥m € M, f € F,n € N'}. In order to solve this

matching game, we explain the proposed matching algorithm in the following subsection.

4.5.4.2 Proposed Matching Algorithm

In the considered three-sided CCU-CEU-CCU? matching game, each CEU; is an agent
which tries to be matched with its most preferable (CCU!  CCU?) pair and the CCU's
and CCU?s tend to choose the CEUs that can maximize the total utility (4.54). First,
the CEUs propose themselves to the most favourable (CCU', CCU?) pairs, i.e., for all
m € M, f € F and n € N, each CEU; makes an offer to its favourite (CCU}, , CCU?2)
pair. Then, when CCU's and CCU?s receive the offers from the CEUs, they have the
right to decide whether to reject or accept the offers. In the proposing stage of the CEUs,
it is likely that one CCU! or one CCU? receives more than one offer from different CEUs,
which results in a conflict between the offers. To discuss how the CCU' and CCU? choose
among various offers, the concept of blocking triples is introduced, which can be defined

as follows.

Definition 4.4. Given a matching ® and a player triple Ap having at least one matched

player and one unmatched player under ®, we have:

1. If only one player of Ag, denoted by q,, is matched under ®, then Ap is a blocking
triple under ® when Uay, > Ug a(q1)-

2. If two players of Ag, denoted by q1 and qs, are matched under ®, then we have two
cases
(a) If 1 € ®(q2), then Ap is a blocking triple under ® when Ua, > Uy, a(q))

(0) If 1 ¢ ®(q2), then A is a blocking triple under ® when Un, > Uy, o(q) +
UQQ,q’(QQ)‘

Following up on Definition 4.4, denote g1, g2 and ¢3 as the three players of triple Ag,
where at least one among ¢; and ¢ is matched under ® and ¢35 is an unmatched player.

Item 1) indicates the case when only one agent is matched under ® (say ¢ is the matched
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agent). In this case, if agent ¢; can achieve a higher utility by constructing a matching
triple with agents gs and g3 instead of its original partners under ®, then ¢, ¢o, and g3 is
a blocking triple together [119]. In general, a player in a blocking triple Ag can switch its
current matching triple under ® as long as it can achieve a better utility. As a result, ¢;
must reject its current partners and, therefore, one original matching triple under ® will
be broken up. On the other hand, if (g1, g2) are partners in other matching triples under
®, we have two sub-cases: 2a) when ¢; and g, belong to the same matching triple under
® or 2b) when they have been matched to two different matching triples under ®. Case
2a) is similar to case 1) because only one matching triple under ® must be broken up.
Meanwhile, in case 2b), the two agents are matched with two different matching triples,
which leads to breaking up two matching triples under ®. However, changing the partners
of ¢; and ¢ may affect the number of matching triples, which results in dissatisfaction
with the other players and reduces the social welfare of the network. Consequently,
these players should change their partners and break up two matching triples only when a
remarkable enhancement can be obtained by these switching. Therefore, Ag is considered
as a blocking pair, if the utility of Apg is higher than the profit that can be achieved from
the sum of the triples utilities of ¢; and ¢, under ®, which should be broken-up [119].

The details of the proposed CCU-CEU-CCU? Matching (CECM) algorithm are pre-
sented in Algorithm 3, which consists of three main stages: Stage I: PA phase, Stage
II: Initialization phase and Stage III: Matching phase. In Stage I, the PA for each co-
ordinated C-NOMA cluster (CCU;,,CEU;,CCU?) is evaluated according to Algorithm
3, and the corresponding achievable sum rate of each coordinated C-NOMA cluster is
computed. In Stage II, the preference profile of each CEU; is obtained by sorting the sum
rate of the coordinated C-NOMA cluster for every potential triple (CCU},, CEU;, CCU?).
In addition, three unmatched players sets, V, W, and Z are built to identify whether or
not each CCU', CEU, and CCU?, respectively, are matched.

In Stage III, the matching process requires multiple rounds. In each round r, each
unmatched CEU ; proposes itself to the most preferred (CCU, ., CCUZ.) pair, which is the
first ranked in CEU{’s preference profile, which corresponds to steps 5-6 in Algorithm
3. It should be noted that the pair (CCU} ., CCUZ2.) has never rejected CEU; request
in the previous rounds. If the two agents CCU} . and CCUZ2, have never received any

requests in the previous rounds and only receive a request from CEU; in round r, the
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Algorithm 3: Proposed CECM Algorithm

Input: Set of CCU's A; Set of CEUs F; Set of CCU?*s M
Phase I: Power Allocation
Phase II: Initialization of Matching Algorithm
Calculate the utility Ry, rn, Vm € M, f € F,n € N;
Form M x N (CCU} ,CCU?) pairs from M x N;
Construct the preference profiles of all CEUs in F overall (CCU} , CCU?2) pairs:
{S(CEUl), ‘e ,S(CEUF)},
Initialize the sets of unmatched CCU's ¥ 2 M, unmatched CEUs W S F , and
unmatched CCUZ%s Z £ N;
Phase III: Matching
while W is not empty and the preference profile S(CEUy) of each CEUy is not
empty do
CEUy proposes itself to its most favourable (CCU}..,
its preference profile S(CEUy);
if CCUL. € V and CCU2. € Z then
Match CEU; with (CCU) ., CCU2.) and record this triple;
Remove CCU}..., EU;, and CCUZ. from V, W, and Z, respectively;
end if
else if (CCU. ., CEU;, CCU2,) is a blocking triple then
Remove CEU; from W
Each member of (CCU,, ., CCU2.) kicks out its current partners;
Match CEU; with (CCU! ., CCU2,), and record this triple matching;
Add the rejected players in the corresponding unmatched player sets;

CCU?2.), the first pair in

end if
else
| CEUj is rejected by (CCU,,., CCUZ.);
end if
Remove (CCU} ., CCU2,) from S(CEU;);
end while

pair (CCU. ., CCU2.) will accept temporarily the request from CEU;. Then, (CCU. .,

CEUy, CCU2,) will be matched and form a matching triple, which corresponds to steps

7-9 in Algorithm 3. However, if either CCU} . and/or CCUZ2. have/has already been

matched in earlier rounds or have/has received requests from other CEUs in the current

round, CCU},. and/or CCUZ. should check whether (CCU. ., EU;, CCU2.) can form a

blocking triple under the current matching, which corresponds to step 10 in Algorithm

3. If it can, then the pair (CCU} ., CCUZ2.) will accept the request of CEU; and kicks

out the previously matched CEU, which corresponds to steps 11-14 in Algorithm 3.

Otherwise (CCU} ., CCU2.) rejects CEU; and keeps the previously matched partners,

which corresponds to steps 15-16 in Algorithm 3. It should be noted that the current
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accepted CEU; by (CCU. ., CCU2,) pair might be kicked out in the next coming rounds
because this pair still have the right to accept another CEU if it can offer a better request
in terms of the total utility than the current matching. The rounds stop when no CEU
proposes itself to the (CCU!  CCU?2) pairs, which means that either a CEU ¢ is matched
to an (CCU! , CCU?) pair or it has been rejected by all (CCU}L , CCU?) pairs. Moreover,
the output of ® in Algorithm 3 can be mapped to a feasible UEs clustering set X of
the original problem OPT — UC, where if CCU! | EU;, and CCU? are matched, we set
T fn = 1, and zp, ¢, = 0 otherwise. Note that the UEs that are not members of any
coordinated C-NOMA cluster can be served through OMA technique. Based on that,
after the coordinated C-NOMA clusters are constructed, one possible solution to serve
those remaining UEs is to solve another optimization problem to maximize the sum-rate
while considering the OMA technique. In this paper, we only focus on analyzing the
performance of the UEs which are members of the coordinated C-NOMA clusters. Thus,
the problem is formulated to guarantee the required QoS for admitted UEs.

4.5.4.3 Stability And Convergence Analysis of The Proposed CECM Algo-
rithm

Definition 4.5. A matching ® is said to be stable if there are no blocking triples other
than the matching triples under ®.

Lemma 4.1. If Algorithm 3 converges to ®*, then ®* is a stable matching.
Proof. See Appendix B6. [ |

Theorem 4.3. The CECM algorithm converges to a stable matching after a finite number

of rounds.

Proof. See Appendix B7. [ |

4.5.4.4 Computational Complexity Analysis

In this section, we evaluate the computational complexity of the CoMP-assisted FD C-
NOMA, through both the optimal and the proposed solutions of problem P, and of the
conventional CoMP NOMA scheme. Note that, since we have obtained the optimal PA
coefficients at the BSs and the optimal transmit power at the CCUs, the main reason
of the sub-optimality of the proposed approach is the solution of the linear assignment

problem of the UC. In order to find the optimal solution of the optimization problem P
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in (4.38), we need to optimally solve the UC policy through an exhaustive search, which
refers to as optimal UC (OUC). In order to evaluate the computational complexity of these
three schemes, the computational complexity of the PA optimization for all the potential
coordinated C-NOMA clusters, the UC optimization using the CECM algorithm, and the
OUC scheme need to be evaluated, which is the focus of the following paragraphs.

1) Complexity Analysis of the PA Solution: Algorithm 1 obtains the optimal
solution for one coordinated C-NOMA cluster with an efficient computational complexity
of O(L). Thus, the computational complexity of obtaining the optimal sum rate for all
the possible coordinated C-NOMA cluster configurations is O(LM FN).

2) Complexity Analysis of the OUC Scheme: In the OUC scheme, all the
possible combinations of (CCU! ,CEU;,CCU2), for allm € M, f € F, n € N/, are tested
through an exhaustive search and then the optimal solution is selected. Since the number
of CCU's, CEUs, and CCU?s are not necessarily equal, we assume that Q £ F. This
indicates that each of the FF CEUs can be matched with one CCU! and one CCU% By
choosing F CCU's from M and F CCU? from N, there are (J;I) (J;) patterns in total. For
every selected pattern, we have (F'!)? matching cases between the selected players. As a
result, the total number of triple-matching combinations is M!N!/[(M — F)!(N — F)!].
In order to find the best matching triples that can maximize the network sum-rate, we
need to perform an exhaustive search over all possible matching combinations. Thus, the
computational complexity of the exhaustive search is O((M N)"), which is an exponential
complexity. The same steps can be applied if ) 2 N or Q 2 M.

3) Complexity Analysis of the Proposed CECM Algorithm: to quantify the
complexity of the proposed CECM algorithm, it is necessary to analyze the computational
complexity of forming the preference profile for each CEU (Phase II in Algorithm 3)
and the running complexity of the proposed CECM algorithm (Phase III in Algorithm
3). First, each CEU needs a sorting process to construct its preference profile, which has
a complexity of O(M Nlog(M N)). Consequently, the overall computational complexity of
Phase ITis O(F M Nlog(MN)) [120]. Meanwhile, in Phase III, under the worst case, it can
be observed that the computational complexity of the proposed CECM algorithm is linear
with respect to the size of the preference profiles, and it is given by O(M F N). Therefore,
the computational complexity of the proposed CECM algorithm is O(FM Nlog(MN)),

which is a polynomial complexity, and therefore, more efficient than the OUC scheme.
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As a result, the computational complexity of the optimal and proposed solutions of
the CoMP-assisted FD C-NOMA are O((MN)*+ LM NF) and O(FMN (L+log(MN))),
respectively, which is exactly the same as the one of the CoMP-assisted HD C-NOMA
scheme that is considered as a benchmark in the simulation results section. Finally, it
is worth mentioning that the adopted solution approach in the proposed CoMP-assisted
FD C-NOMA scheme is applied for solving the CoMP NOMA as explained in section VI.
However, for the PA optimization, the line search is not needed after doing the required
substitutions. As a result, the computational complexity for the CoMP NOMA scheme
is O(FMN (log(MN))).

4.5.5 Results and Discussion

In this section, the efficacy of the proposed model and the solution approach is validated

through the following three points:
e The validation of the optimal low-complexity solution for the PA problem.

e The assessment of the proposed UEs clustering, i.e. the CECM algorithm, in com-
parison with the OUC scheme.

e The evaluation of the performance of the proposed CoMP-assisted FD C-NOMA
compared to two benchmark schemes, which are CoMP-assisted HD C-NOMA and
CoMP NOMA, under various system parameters by varying the power budget at
the CUs, the rate threshold at the UEs, and the power allocated for each C-NOMA

cluster.
The baseline schemes can be explained as follows.

e CoMP-assisted HD C-NOMA: In this scheme, the CCUs cooperate with the
CEUs in HD DF relaying mode. The UEs clustering is performed by applying the
proposed CECM algorithm. In addition, a computational-efficient solution for the
PA sub-problem is obtained following the same approach used in the CoMP-assisted
FD C-NOMA.

e CoMP NOMA [9,100]: It is important to remind here that the conventional
CoMP NOMA scheme is the same as the proposed CoMP FD C-NOMA scheme,
but without cooperation between the CCUs and the CEUs. In the CoMP NOMA
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Table 4.4: Simulation Parameters

Parameter Symbol Value
Distance between BS; and CCU}, and between BSy and CCU? | dy,,, = da, [0.2,0.4]
Distance between BS; and CEU; diy [0.8,1]
Distance between BS; and CEU; dos (1.8 —dyy)
Distance between CCU}, and UE; Ay (dif — dim)
Distance between CCU? and CEU; dy s (daoy — dan)
Pathloss exponent Qo 4
Noise variance o? 1
Rate threshold v 1 bits/sec/Hz
Number of CCU's and Number of CCU?s M,N 6
Number of CEUSs F 4

scheme, the UEs clustering is performed by applying the proposed CECM algorithm.
In addition, closed-form expressions for the PA coefficients adopted by the BSs to
the CCUs and CEUs are obtained by following the same proposed procedures for

the proposed power control considering 251 = 0 and P, = 0.

4.5.5.1 Simulation Settings

Considering a homogeneous cellular network, we assume that the power allocated by the
BSs for each C-NOMA cluster is equal in which P, = P, = B, [10,109,113]. Apart from
SI channel, both the small-scale fading and the large-scale fading are considered for each
wireless communication link. The large-scale fading, i.e., the distance-dependent path-
loss, is modeled as PL(dy.) = d,,", where dy, is the distance between node ¢ and node r and
n is the path-loss exponent. Meanwhile, the small-scale fading, which is denoted as gy, is
modeled as Rayleigh fading with zero mean and unit variance [10,33,109]. Consequently,
the corresponding channel coefficients can be expressed as hy = gy, \/m . Finally,
the SI channel coefficient follows a complex symmetric Gaussian random variable with a
zero mean and gy standard deviation, i.e., CA(0, Q%) [10,33,109]. Moreover, we assume
that the cell radius is normalized to unity [33]. The distance from each BS (BS; and BS,)
to its CCUs, i.e., dy,, and dy,, is randomly selected from 0.2 to 0.4, while the distance
from BS; to the CEUs is randomly chosen from 0.8 to 1. The main simulation parameters
are shown in Table 4.4 and are similar to the ones adopted in the literature [10, 33].
Unless otherwise stated, we assume that the number of CCUs at each cell is equal to
6, i.e., M = N = 6. Meanwhile, the number of CEUs is equal to 4, i.e., F' = 4. Note

that, Monte Carlo simulations are employed over 10° independent channel and distance
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Figure 4.6: Analytical and numerical average sum-rate versus SI channel gain, i.e., Qg1 (P, = 27 dBm
and Ppax = 25 dBm).

realizations. Finally, the adopted carrier frequency is 2.5 GHz [9].

4.5.5.2 Validation of The Optimality of The Proposed PA Scheme

Fig. 3 depicts the numerical and analytical average achievable sum rate for one coordi-
nated C-NOMA cluster for the proposed CoMP-assisted FD C-NOMA scheme and the
two benchmark schemes versus the average SI channel gain (g;. The analytical results
are obtained following the procedures in Algorithm 2, whereas the numerical results are
obtained by solving problem P,, ;, using an off-the-shelf optimization solver.” It can be
seen from Fig. 4.6 that the analytical results match perfectly the numerical results, which
validate the optimality of the PA solution obtained by Algorithm 1. For most of the
SI values, Fig. 4.6 shows that the proposed scheme remarkably outperforms the bench-
marked schemes. This is because, compared to the CoMP NOMA scheme, the CCUs are
encouraged to assist the CEUs, which reflects on reducing the power allocated from the
BSs to these CEUs and the BSs allocate most of the power to the CCUs. Meanwhile,
compared to CoMP-assisted HD C-NOMA, the proposed scheme makes benefits from the
one time-slot required for transmission. This results in a significant gain compared to the
other benchmarked schemes. Furthermore, Fig. 4.6 shows that when the SI channel gain
increases, the average achievable cluster sum rate decreases until nearly reaching the same
performance as the CoMP NOMA scheme. This is because when SI increases, each CCU

prefers to transmit with a low power value to avoid harming itself and thus maintain a

®The adopted solver is fmincon, which is a predefined MATLAB solver [107].
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Figure 4.7: Average achievable sum rate per cluster versus the power budget at the CCUs P,,y, where
P, = 30 dBm.

better achievable rate. Thus, more power should be allocated from the BS to the CEUs to
achieve its required QoS. Consequently, the allocated power from BS to CCUs decreases,
and a lower average cluster rate performance is obtained. One can see that at a certain
value of the SI, the performance of the CoMP-assisted HD C-NOMA achieves a better
performance than the proposed scheme. This is due to the SI that limits the transmit
power at CCUs in the FD mode. In addition, at very high SI values, the CCUs do not
contribute to the transmission to the CEUs, and hence the proposed CoMP C-NOMA

achieves the same performance as the CoMP NOMA scheme.

4.5.5.3 Validation of The Ignorance of Inter-CCUs Interference

In order to validate this assumption, we compare the performance of the proposed model,
i.e., without considering the interference between the CCUs belonging to different cells,
with the case when this interference is considered. In doing so, we have considered one
coordinated C-NOMA cluster and we have optimally solved problem P, ¢, for the pro-
posed model without/with considering the interference between the CCUs belonging to
different cells. For simplicity, let us denote the case of neglecting the interference between
the two CCUs as “Scheme-1" and the case of considering the interference between the two
CCUs as “Scheme-2". For Scheme-1, we solve problem P,, , following the procedures in
Algorithm 2, whereas for Scheme-2, we first derive the feasibility conditions. Then, we

use an off-the-shelf optimization solver. Specifically, the adopted solver is fmincon, which
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Figure 4.8: Average network sum-rate versus P, with different SI channel gains (Ry, = 1 nats/sec/Hz
and Ppax = 25 dBm).

is a predefined MATLAB solver. Moreover, 100 different initial points were generated so
as to guarantee convergence to the optimal solution.

Fig. 4.7 depicts the effect of increasing the transmit power budget P,.x at the CCUs
on the performance of Scheme-1 and Scheme-2 for different values of the SI channel gains.
It can be seen that for most of the values of P, .y, Scheme-1 and Scheme-2 have the same
performance. In addition, by considering the worst-case scenario when the SI channel gain
is low and the power budget of the CCUs is high, which encourages the CCUs to transmit
with high power, the impact of interference between the CCUs belonging to different cells
is less than 1% on the performance of the coordinated C-NOMA cluster. For instance,
when Qg1 = 5 dB and P,., = 28 dBm, Scheme-2 achieves 99.15% of the performance
of Scheme-1, which validates the assumption of neglecting the effect of the interference

between the two cell-center users.

4.5.5.4 Network Sum-Rate Performance

Fig. 4.8 presents the average network sum-rate achieved by the three schemes versus the
power budget per C-NOMA cluster at the BS P, for different values of SI channel gains.
It can be observed that for most of the values of P,, the proposed scheme outperforms the
benchmarked schemes. In order to maximize the sum-rate of the network, the performance
of the CCUs should be maximized. This can be approximately achieved by assigning the
maximum allowable power control coefficients to the CCUs while considering the SIC

constraints. Consequently, the BSs will allocate the minimum power control coefficients
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to the CEUs in order to guarantee a successful SIC process at the CCUs. Then, the CCUs
will be able to assist the transmission from the BSs to the CEUs in order to achieve their
QoS. Thus, with low transmit power from the BSs, the CCUs should assist the CEUs
to achieve their required QoS, which explains the performance gap between the CoMP
C-NOMA in FD and HD relaying mode over the CoMP NOMA. For instance, when
P, = 26 dBm, the proposed scheme can achieve about 350% and 252% gain over the
CoMP NOMA scheme for 251 = 5 dB and 15 dB, respectively; and the CoMP with HD
C-NOMA achieves around 150% gain over CoMP NOMA. On the other hand, when the
transmit power from the BSs increases, the gap between the proposed scheme and the
CoMP NOMA scheme decreases. This is because with a high transmit power from the
BSs, the power coefficients allocated by the BSs to the CEUs are able to guarantee the
SIC constraint at the CCUs and are approximately enough to achieve the rate constraints
at the CEUs. Thus, the required contributions from the CCUs will be reduced, and hence
the performance of the CoMP with the FD C-NOMA scheme will converge to the one of
the CoMP NOMA scheme.

As a conclusion, the transmit power from the BSs play an important role to determine
whether the CCUs are required to assist the transmission from the BSs to the CEUs in
the proposed scheme. However, for the CoMP-assisted HD C-NOMA, the gain resulting
in the BS transmit power on the CCUs performance is only leveraged in one time-slot.
Hence, when the power per C-NOMA cluster is sufficiently large compared to the power
budget at the CCUs, the CoMP NOMA scheme achieves better performance than the
CoMP with HD C-NOMA.

Fig. 4.9 compares the performance of the proposed CoMP-assisted FD C-NOMA
scheme with the two benchmarked schemes when varying the required data rate threshold
for different values of the SI. It can be seen that the proposed scheme has a significant
gain compared to the CoMP NOMA scheme, especially at high data rate threshold values.
This observation is explained as follows. Increasing the data rate threshold forces the BSs
to allocate more power to the CEUs in order to guarantee the SIC process at the CCUs,
which results in decreasing the achievable rates of that CCUs and, consequently, the
network sum-rate. Before we proceed in further detail, we have to explain first how the
average network sum-rate is calculated. For each coordinated C-NOMA/NOMA cluster,

we first check the feasibility conditions defined in Theorem 4.2. If these conditions
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Figure 4.9: Average network sum-rate versus Ry, with different SI channel gains (P, = 27 dBm and
Pax =25 dBm).

are not satisfied, the achievable sum rate for this cluster is set to zero. Consequently,
when the required QoS Ry, increases, the BSs allocate more power to the CEUs in order
to satisfy the SIC constraints. However, for certain channel realizations, increasing the
power allocated to the CEUs will break the satisfaction of the rate constraint at the CCUs.
Based on this, by increasing the rate threshold Ry, the probability that the feasibility
conditions to be satisfied decreases. Therefore, the majority of the possible coordinated
C-NOMA /NOMA clusters are in an outage, and hence, the average network sum-rate
decreases.

One can see that CoMP-assisted HD C-NOMA has the worst performance at lower
values of the data rate threshold due to the pre-log penalty in the DF HD relaying
mode. Specifically, at low values of Ry, the PA coefficients at the BSs to achieve the
SIC constraints is enough to achieve the required QoS at the CEUs. Thus, the benefits
brought by the cooperation between CCUs and CEUs in the second time-slot go for only
the CEUs. However, when the Ry, increases, the D2D cooperation is required to meet the
required QoS at the CEUs and to allocate sufficient power to the CCUs for maximizing
the sum-rate, which makes this scheme outperform the CoMP NOMA scheme.

Fig. 4.10 depicts the effect of increasing the transmit power budget Pp.x at the CCUs
on the performance of the three schemes for different values of SI channel gains. For
the proposed scheme, when the power budget at the CCUs increases, the gain resulting
from the contribution of the CCUs through the D2D links to the CEUs increases. In

fact, for lower values of P,.., each BS tries to allocate PA coefficients in a way that
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Figure 4.10: Average network sum-rate versus P,y with different SI channel gains (R, = 1 nats/sec/Hz
and P, = 28 dBm).

not only guarantees the SIC process at the CCUs, but also achieves the QoS at the
CEUs. This is because the contributions from the D2D relaying links are weak. Thus, the
gain from the proposed scheme on the network sum-rate compared to the conventional
CoMP NOMA scheme will be low. However, when P,,., increases, each BS tries only to
allocate the PA coefficients such that the SIC constraints are achieved. Meanwhile, for the
QoS constraints, the CCUs will assist the CEUs to preserve the required rate threshold.
Therefore, most of the transmit power for the BSs goes to the CCUs, which in turn results
in an improvement in the network sum-rate. On the other hand, the CoMP-assisted HD
C-NOMA only outperforms the CoMP NOMA when the power budget at the CCUs is
sufficiently large such that a gain can be obtained from the D2D cooperation. In addition,

due to the pre-log penalty in the HD mode, the proposed scheme always outperforms the
HD C-NOMA scheme.

4.5.5.5 Network Sum-Rate Performance for Different Clustering Schemes

Fig. 4.11 shows the average network sum-rate versus P, for different numbers of CEUs
F' in the network. We compare the performance of the proposed CECM algorithm with
the ones of the OUC scheme and the random matching (RM) scheme. Through the
RM scheme, the power control policy of each C-NOMA cluster is determined according
to Algorithm 2 and the UEs clustering is randomly performed. Moreover, the PA
in the OUC scheme is also determined through Algorithm 2. Fig. 4.11 shows that

the performance of the CECM algorithm is very close to the one of the OUC scheme.
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For instance, when F' = 6 and P, = 29 dBm, the CECM proposed scheme gets around
96.5% of the network sum-rate achieved by the OUC scheme, which demonstrates the high
performance of the proposed CECM algorithm. Furthermore, the proposed UEs clustering
scheme significantly outperforms the RM scheme. These observations demonstrate the
high performance-complexity efficiency of the CECM algorithm compared to the ones of
the OUC and RM schemes.

4.6 Summary

With the quest of enhancing the network connectivity and meeting the high data rate
requirements of the B5G networks, we investigated the amalgamation between CoMP
and FD C-NOMA. First, we provided a low-complexity sub-optimal power allocation
solution for one coordinated C-NOMA cluster considering imperfect CSI and imperfect
SIC. Afterward, we studied the joint UEs clustering and power control problem with the
objective of maximizing the network sum-rate while guaranteeing the QoS requirement
for the UEs, the SIC constraints, and the UEs’ power budget constraints. We compare
the performance of the proposed scheme with two benchmark schemes, which are CoMP-
assisted HD C-NOMA and CoMP NOMA. We show that the proposed CoMP with FD
C-NOMA outperforms the other benchmark schemes when the SI channel gains is not
sufficiently large regardless of the value of the transmit powers at the BS and the near
UEs. Meanwhile, when the SI value is sufficiently large, it is recommended to use either

CoMP with HD C-NOMA or CoMP NOMA as an access technique depending on the rate
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requirements, the transmit power at the BSs, and the transmit power at the near NOMA
UEs. When the power transmit at the BS is sufficiently larger than the power transmit
at the near UEs or when the rate requirement is sufficiently low, it is recommended to
consider CoOMP NOMA as a multiple access technique, otherwise, the CoMP-assisted HD
C-NOMA should be adopted. One extension of the proposed scheme is to investigate
the beamforming problem when deploying multiple antennae at each BS. This would pro-
vide additional performance gains besides the gain brought by exploiting the cooperation

between the CCUs and the CEUs.
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Chapter 5
RIS-Enabled HD/FD C-NOMA Cel-

lular Networks

5.1 Introduction

Recently, C-NOMA has been deemed as one of the vital enabling MA techniques for
the upcoming 6G cellular networks [9,121]. On the other hand, RIS has recently been
recognized as a key promising technology for the 6G wireless network to provide cost-,
energy-, and spectral-efficient communications [122,123]. Motivated by the aforemen-
tioned benefits of these two technologies, the potential performance enhancement brought
by effectively integrating RIS technology with C-NOMA-based cellular networks is inves-
tigated in this Chapter. This combination of RIS and C-NOMA technologies can provide
a promising paradigm for upcoming 6G networks by providing additional paths that can
jointly construct a stronger combined channel gain for user of interest by leveraging RIS

technology and by improving network connectivity by adopting C-NOMA technique.

5.2 State of The Art

The research on RIS-enabled NOMA-based cellular networks is gaining momentum to
enhance and improve different performance metrics, such as power consumption [124-126],
network spectral-efficiency [127-129], network energy-efficiency [130], and user fairness
[131]. The authors in [124] evaluate the minimum power consumption in a two-UE NOMA
network for three different multiple access schemes to achieve the same required data rate
threshold and have proved that NOMA can achieve superior performance compared to the
counterpart OMA schemes in most of the system settings. The transmit beamforming
at the BS, phase-shift matrix at the RIS, and the channel gains ordering for a multi-

UE NOMA cellular network are jointly optimized to minimize the total transmit power
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in [126]. With the goal of maximizing the sum-rate in a two-UE and multi-UE NOMA
cellular network, joint optimization of the PA at the BS and the passive beamforming at
the RIS were investigated in [127,128], respectively. Aiming at improving the spectral
efficiency of a multi-cell RIS-NOMA network, the problem of joint user association, sub-
channel allocation, power control, and passive beamforming is formulated in [129]. By
jointly optimizing the active beamforming at the BS and the passive beamforming at the
RIS, an efficient algorithm is developed in [130] to maximize the network energy efficiency
of a two-user RIS-NOMA network. Joint active beamforming at the BS and passive
beamforming at the RIS is investigated in [131] to maximize the minimum achievable
data rate for ensuring user fairness.

Going deep into the investigation of RIS-NOMA cellular networks, the performance
analysis using tools from stochastic geometry is considered in [14,132-134]. Specifically,
the authors in [14] analyzed the network spectral efficiency when both the RIS technology
and CoMP transmission are jointly integrated in NOMA cellular networks. The network
spectral efficiency, energy efficiency, and outage probability are derived in [132]. Closed-
form expressions for the coverage probability and the ergodic rate are derived in a RIS-
assisted two-UE NOMA network without considering the direct link between far NOMA
user and BS [133]. Meanwhile, in [134], the rate coverage probability is derived in RIS-
assisted NOMA in HetNet considering the effect of the direct link.

All the aforementioned research works [14, 124—134] have only investigated the perfor-
mance of integrating RIS with NOMA without considering the user-relaying cooperation,
whilst there is a lack of investigations in the existing literature on the performance of C-
NOMA when the RIS is considered in the network. Recently, the authors in [135] studied
the performance of a RIS-assisted HD C-NOMA system by jointly optimizing the active
beamforming at the BS, the user relaying power, and the phase-shifts at the RIS. However,
this work has not comprehensively analyzed the performance of RIS-aided HD C-NOMA
compared to the FD C-NOMA, either with or without the RIS technology.

5.3 Contributions

Against the above background, and to the best of our knowledge, integrating RIS with
C-NOMA in HD relaying mode has not been well studied in the literature and remains

still unexplored. Moreover, this chapter is one of the early attempts to explore the per-
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formance of FD C-NOMA systems with the assistance of RIS. These facts motivate us
to study the joint PA at the BS, transmit relaying power at the near UE, and passive
beamforming at the RIS that minimizes the total transmit power. Driven by the afore-
mentioned observations, the main contributions of this chapter can be summarized as

follows.

e A DL RIS-enabled HD/FD C-NOMA framework consisting of one BS, one near
NOMA user, one far NOMA user, and one RIS is considered, where the near NOMA
user can relay the message of the far NOMA user in either an HD or an FD relaying
mode. For each relaying mode, this framework is formulated as an optimization
problem with the objective of minimizing the total transmit power while guarantee-
ing the data rate QoS requirements for the users, the power budget at both BS and
near NOMA user, and the SIC constraint.

e Due to the high coupling between the PA coefficients at both the BS and near
NOMA user from one side and the passive beamforming at the RIS from the other
side, the formulated total transmit power minimization problem is neither linear
nor convex, and hence, is difficult to be directly solved. In order to overcome
this challenge, the AO approach is adopted, in which the original optimization
problem is decomposed into two sub-problems, namely, a PA sub-problem and a PS

optimization sub-problem, which are solved in an alternating manner.

e For the PA sub-problem, and for given phase-shift matrices at the RIS, the feasibility
conditions as relations between the QoS requirements, the power budget of the
active nodes (BS and near NOMA user), and SIC constraints are derived. Then,

the optimal solution of the PA sub-problem is determined in closed-form expressions.

e For given values of the PA coefficients at the BS and fixed transmit relaying power
at the near NOMA user, the passive beamforming sub-problem is reformulated
as a rank-one constrained optimization problem via matrix lifting and change of
variables. Then, a DC representation is formulated for the rank-one constraint.
Finally, an efficient SCA algorithm is proposed to solve the resulting problem and
to obtain a feasible rank-one solution. In addition, we analyze the convergence and

the computational complexity of the overall proposed algorithm.
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Extensive simulations were carried out to evaluate the performance of the proposed
RIS-enabled HD/FD C-NOMA cellular network. In order to validate the effectiveness
of the proposed framework, we compare the performance of the proposed scheme with
the other four baseline schemes. Then, we evaluate the performance of these schemes
with respect to different system parameters, such as the SI channel gain, the number of
RIS elements, the required QoS at the UEs, the RIS location, and the far NOMA user

location. In fact, the numerical results unveil that

e The RIS-enabled FD C-NOMA scheme provides a significant gain in terms of the
total transmit power compared to the RIS-enabled HD C-NOMA, the FD C-NOMA
without RIS, and the RIS-assisted NOMA schemes, despite the existence of high
residual SI at near NOMA user.

e The FD C-NOMA with the assistance of RIS has more resistance to the residual SI
effect and can tolerate high SI values compared to the same scheme without RIS,

which demonstrated the potential of integrating RIS with FD C-NOMA.

e The RIS-enabled HD C-NOMA scheme can beat the FD C-NOMA without the RIS
scheme despite the pre-log penalty in the HD relaying mode. This performance gain
depends on the number of RIS reflecting elements, the SI channel gain at the near

NOMA user, and the required QoS at the NOMA users.

e The location of the RIS depends on the adopted access technique. For instance, in
the RIS-assisted HD C-NOMA scheme, the RIS cannot be deployed at the BS and
it should be located beside either the near NOMA user or the far NOMA user.

The rest of the Chapter is organized as follows. Section 5.4 presents the system model of
the proposed RIS-enabled C-NOMA system. Section 5.5 presents the SINR and the rate
analysis for both HD and FD relaying modes. Section 5.6 and 5.7 present the formulated
optimization problem and the solution approach for the RIS-enabled HD C-NOMA system
and the RIS-enabled FD C-NOMA system, respectively. The simulation results and the
conclusion are presented in Sections 5.8 and 5.9, respectively. Note that, The notations

and symbols adopted throughout this Chapter are summarized in Table 5.1.
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Table 5.1: Table of Notations

System Parameters

Pgg, P, Power budget of BS and UE,, respectively.

R™ and R Minimum required data rate for UE, and UE;, respectively.

pHD Db Power fraction coefficients at UE,, in HD and FD relaying mode, respectively.
allb oftb Power allocation coefficients at BS for UE,, and UE; in HD case, respectively.
afP ofP Power allocation coefficients at BS for UE, and UE; in FD case, respectively.
@E])D, @{{21)3 RIS phase-shift matrix in the first and second time slots, respectively, in HD case.
erP RIS phase-shift matrix in FD case.

hbra hrn; hrf7 hnr

Channel gains for BS-RIS, RIS-UE,, RIS-UE;, and UE,-RIS links, respectively.

hbn ) hbf ) hnf

Channel gains for BS-UE,, BS-UE;, UE,-UE; links, respectively.

hrf

Channel gain for RIS-UEy link in the second time-slot for HD case.

Nz

Path-loss exponent for the communication link x.
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Figure 5.1: RIS-enabled HD/FD C-NOMA cellular network.

5.4 System Model

5.4.1 Network Model

We consider a DL transmission in a RIS-enabled two-UE C-NOMA cellular system, which

consists of one BS, one near UE denoted by UE,, and one far UE denoted by UE; as shown

in Fig. 5.1. To enhance the performance of C-NOMA-enabled wireless networks, a RIS

equipped with M reflecting elements is deployed for improving the wireless service from BS

to both UE, and UE; as well as for boosting the performance of the D2D communication

from the UE, to UE;.

We assume that the UEs and the BS both have one transmit

antenna and one receive antenna. With the assistance of the RIS, the BS serves UE,

and UE; simultaneously using NOMA, while UE, relays the signal for UE; either in an

HD DF relaying mode or in an FD DF relaying mode.

Let hy, € C, hye € (C,hbr €
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CMx1 h,, € CM*1 R, € CM*1 h e CM*! h € C, and hgr be the channel coefficients
of the communication links from BS — UE,, BS — UE;, BS — RIS, RIS — UE,,
UE, — RIS, UE, — UE, and of the SI link, respectively. Note that, we assume
that the CSI of all the communication links is perfectly known at the BS [14,124-133].!
Since UE, can adopt two different relaying modes, i.e., either HD or FD, two different
transmission schemes, i.e., RIS-enabled HD C-NOMA and RIS-enabled FD C-NOMA,

can be adopted, which are adequately defined in the next subsection.

5.4.2 Transmission Model

The transmission model for the two-UE C-NOMA consists of DT and CT phases that are

detailed as follows.

e Direct transmission: the BS applies superposition coding on the signals intended to
UE, and UE;. Then, it transmits the superimposed signal to both of them. The
transmitted signal by the BS will hit the RIS and will be then reflected back to
UE, and UE; to improve their signals reception diversity. Following the NOMA
principle, UE, first performs SIC to decode the intended signal for UE;. Second,
it cancels the decoded signal of the UE; from its own reception. Afterward, UE,
decodes its own signal from the resulting reception; while UE¢ treats the signal of

UE, as a noise.

e Cooperative transmission: UE, relays the decoded signal of UE; through a D2D
channel. Consequently, two signals will be received at the UE;’s side. The first
is resulting from the transmission of UE, and the second signal comes from the
reflection by the RIS. Finally, UE¢ combines the received signals coming from the
BS, RIS, and UE, and then decodes its own signal.

For the case of HD relaying mode, DT and CT occur in two consecutive time-slots.

However, for the case of FD relaying mode, they occur in the same time-slot with the cost

'In order to characterize the theoretical performance gain and to provide useful insights from the
interplay between RIS and C-NOMA, we assume that the channel state information of all the communi-
cation links is perfectly known at the BS. Although it is generally difficult to have perfect CSI, various
efforts in the literature have proposed recently efficient channel estimation methods for RIS-assisted wire-
less networks that can be adopted in our system model to provide accurate CSI [136,137]. For instance,
the authors in [136] developed an alternating least square method based on the parallel factor framework
that can continuously estimate all the channels with low complexity. Two channel estimation approaches
based on compressive sensing and deep learning were proposed in RIS-assisted wireless systems [137].
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of inducing SI at UE, (the green line in Fig. 5.1). After presenting the main operations of
RIS-enabled C-NOMA, we direct our attention toward calculating the received SINR and
the corresponding achievable data rates at UE, and UE; in the two different operation

modes (FD and HD) as shown in the next section.

5.5 Downlink SINRs Model and Achievable Rates Anal-
ysis

In this section, we present the analysis of both the SINRs and the achievable rates for a
C-NOMA-based cellular system assisted by RIS for both HD and FD relaying modes. For
the two different relaying modes and at each channel use, the superimposed mixture of
the signals intended to UE, and UE; at the BS are expressed, respectively, as

S — \/alD P8, + 1/ P8y, and - ST = 1/afP PasS, + 1/ ofP PasS;,  (5.1)
where &, and S represent the intended signals of UE,, and UEy, respectively, such that
E[|S,|?] = 1 and E[|S;|?] = 1, Pgs represents the power budget of the BS, and for R €
{HD,FD}, o and af represent the power control coefficients allocated by the BS to UE,
and UE; in the relaying mode R, respectively. Note that, UE, is located near the BS
and has a better channel gain compared to UE¢, which is located far from the BS. Hence,
following the principle of NOMA, the power allocation coefficients o and aft of UE, and
UE; should satisfy the conditions o < aff and 0 < of + off < 1 in order to perform

downlink NOMA and maintain the power budget at the BS, respectively [69,107,138].

5.5.1 RIS-Enabled HD C-NOMA

For the case of RIS-enabled HD C-NOMA, the received signal at UE, can be expressed
as

ViP = (hon + REO[T hy) ST+ W, (5.2)
where W, ~ CN(0,02) is the additive white Gaussian noise (AWGN) with zero mean and
variance o2 and 9?1])) = diag{qﬁgl), qﬁgl), Ces gbg\?} is the phase-shift matrix of the RIS in the
DT, where Vm € [1, M], o) = ejew, such that 65 € [0, 27] represents the phase-shift
of the mth reflecting element of the RIS in the first time slot. According to the NOMA

principle, SIC is adopted at UE, to decode the message &; of UE;. Consequently, the
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received SINR at UE, to decode the message of UE; can be expressed as
O(?IDPBSvan + hH@HDhbr|2

SINR HD nfD 9.1)) = , 5.3
o (a7, 60) all® Pgs| hpn + hin O i |* + 02 (5:3)
where 01y = [9%1), 0( .. 0(1)] Thus, after cancelling UE;’s message, the SINR at UE,
to decode its own message can be expressed as
o!P Py | by, + R OEP by, |
STNRIP, (o, 0,y)) = bl ) o™ (5.4)

ox
Thus, the achievable data rate at UE, to decode the message of UE; and to decode

its own message can be expressed, respectively, as

1

R (0P, af.00)) = 5 logy [1+ STNRD. (0, 0] (5.5)
1

RID, (ol 6 ):5 log, [1+ SINRIP, (ol 6(1))] . (5.6)

On the other hand, the received signal at UE; in the DT is expressed as
WY = (hos + RGO i) S™ + WY, (5.7)
where Wf(l) ~ CN(0,03) is the AWGN at UE; in the DT. Therefore, the SINR at UE is

given by
af'® Pags|hut + hii O b |
SINR?I])) (QED7Q%{D’0(1)) Bs |t of (1) T°b | ‘ (5.8)
OéHDPBS|hbf + h @ hbr|2 + Uf2
Meanwhile, in the CT, UE, forwards the decoded message Sf to UE¢. Consequently,

the observation at UE; resulting from the transmission of UE, and the reflections by the
RIS can be given by
~H

2 _ gHbp, (hnf + hrfeg?hm) Se+ w2, (5.9)
where 1P € [0, 1] is the fraction of the allocated power by UE,, P, is the power budget at
UE,, isz is the channel gain between the RIS and UE; in the CT and Wf(2) ~ CN(0,07)
is the AWGN at UE; in the CT. In addition, Oy = diag{¢{”, ¢, ..., ¢/} is the phase-
shift matrix of the RIS in the CT, where Vm € [1, M], gb,(fL) = ejeg), such that 812 € [0, 27]
represents the phase-shift of the mth reflecting element of the RIS in the second time slot.

Therefore, the received SINR at UE; can be expressed as
~H
BHP Pyt + By ©(3) e |

SINR(y (8", 0(z) = = : (5.10)
where 05 = [«9%2),952), - ,95\3)]. It is clear that UE; receives its own signal from both

the DT and CT. As a result, at the end of the CT, UE; employs the maximum-ratio-
combining (MRC) technique to combine these receptions in both the DT and the CT in
order to decode its own signal [35,107].
1
HD HD HD ( HD _HD HD ( gHD
RMRC( ,0"") = 3 logy [1+ SINR(;Y (00,7, ap'”, 8(1)) + SINRy) (B0, 0(2))], (5.11)

where ptP = {allP, off®| 1P} and 0" = {6,,),0(5)}. However, the rate Ryrc can be
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achievable if and only if UE, has the ability to decode the message S of UE;. Thus, the
data rate achieved at UE; is bounded by the data rate of UE, to decode the message
of UEg, i.e. Ry [107]. Therefore, the achievable data rate of UE; to decode its own
message can be given as

REP, (P, 0™) = min (R12; (o, af'P, (1)) , Ritpe (PP, 0"7)) . (5.12)

f—f n—->f n

5.5.2 RIS-Enabled FD C-NOMA

For the case of RIS-enabled FD C-NOMA, both the DT and CT are executed simulta-
neously using the same radio channel. Due to this, UE, suffers from a SI resulting from
receiving data from the BS and transmitting data to the UE; simultaneously within the
same co-channel [32]. Hence, the received signal at UE, is given by

VP = (hyn + REO"Phy,) 8P + heiSi + Wi, (5.13)
where hgy represents the SI channel coefficient at UE,, and it is assumed to follow a complex
symmetric Gaussian random variable with a zero mean and {lg; standard deviation, i.e.,
CN(0,92;) [107,111]. Due to the processing time resulting from decoding the message
S¢ of UE; at UE,, the message Sf relayed from UE, to UE; is a delayed version of the
original message S; intended to UE¢. In other words, by denoting 7 the decoding time
of the message S¢ of UE; at UE,, the message S; satisfies Sf('l) = S¢(i — 1), where i
denotes the ith time slot [107,111]. This transmission of S; causes an interference at
UE,.. In addition,®"" = diag{¢1, ¢, ..., P} is the phase-shift matrix of the RIS, where
Vm € [1, M], ¢, = e’ such that 6,, € [0,27] represents the phase-shift of the mth

reflecting element of the RIS. Therefore, the data rate of UE, to decode the message of

UE¢ can be expressed as
f P af® Pug|hy + ROy, |2

RED (PP, 0"P) = 1o [1 + ] , (5.14
(P ) o kP Pgs|hon + RO ™ by + 7P Py + 02 51
where vs1 = |hst|2,0™° = [01,0,,...,0)], and p'P = (P, afP, 3'P). Then, after the

successive decoding and canceling of the signal of UE¢, UE, decodes its own signal S,.

Consequently, the achievable data rate of UE, to decode its own signal can be given as

FD HeoFBDy |2
FD FD AFD aFDY\ _ o, Pps|hon + hiyy ©7 7 Ry, |
Rn—>n (Oén 7/8 70 ) = 10g2 |:]. + /BFDPH’YSI n O'IQI . (515)

Afterward, UE, forwards the signal Sf to UE;. Thus, the received signal at UE; is given
by

VP = (hye + RO Phy,) S + 8PP, (hut + RO hy,) St + Wi, (5.16)
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where the first term in (5.16) is due to the transmission of the BS, whereas the second
term results from the transmission of the near user over the D2D communication link.
Note that, in FD scenario, hy, £ h,,. Note that, the processing delay 7 is very small
compared to the duration of one time slot, i.e., 7 < t;41 — t;, where ¢;,; and ¢; are the
time of the (i + 1)th and ith time slots, respectively [107,111]. Thus, UE; receives its
own message from the BS and from UE, at approximately the same channel use. Based
on [10,107,111], the two signals from the BS and UE, are fully resolvable at UE;, and
hence, they can be appropriately co-phased and combined using MRC. Thus, based on
the above discussion and on the results of [10,111], the achievable data rate of UE; can
be expressed as

Rigc(P™,0"™) =log, |1+

aFDPBS’hbf + hffI@FDhbr’z + ﬁFDPnVLnf + hfg@FDhan
OCEDPBS|hbf + hg@FDhbrP + O'f2 .

(5.17)
Based on this analysis and according to what was explained in the HD case, the

achievable data rate of UE; to decode its own message can be given by

R, (p™°,0"7) = min (Ry,; (p™,0"7)  Rijpc (P77, 07)) . (5.18)

f—f

5.6 RIS-Enabled HD C-NOMA: Problem Formula-

tion and Solution Approach

5.6.1 Problem Formulation

With the quest of improving the performance of the proposed RIS-enabled HD C-NOMA,
an optimization problem is formulated with the objective of minimizing the total transmit
power by the BS and the near user. By optimizing the power allocation coefficients at the
BS (aED , a?D), the power fraction coefficient at the near user S"P, and the phase-shift
matrices for the RIS (0(1), 9(2)), the total transmit power minimization problem for the

proposed RIS-enabled HD C-NOMA framework can be formulated as follows.

OPT — HD : 9(%?2 : (P + af!P) Pgs + PP, (5.19a)
Q11D JID 511D

st. 0 <ol < aflP (5.19b)

0<al® o’ <1, (5.19¢)

0<p™ <1, (5.19d)
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Figure 5.2: Problem formulation and solution roadmap.

Rolsn(am”,00)) > Ry (5.19€)
min (RMRC(PHDa "), RoZi( HD,O‘?Dya(l))) > R", (5.19f)
61 1o =1, vom e [1, M +1], (519g)
where constraint (5.19b) represents the SIC constraint, and constraints (5.19¢) and (5.19d)

guarantee that the total transmit power by the BS and UE, do not exceed their power
budget, respectively. Constraints (5.19¢)-(5.19f) represent the QoS constraints for UE,
and UE;, where R and R represent the required QoS in terms of minimum data rate
for UE, and UEy, respectively. It can be seen that it is challenging to solve OPT — HD di-
rectly due to the high coupling between the power allocation coefficients (ozED, aflP, BHD)
and the RIS phase-shift coefficients (0(1), 9(2)) as well as the non-convexity of constraints
(5.19¢)-(5.19f). Therefore, problem OPT — HD is hard to be solved by common stan-
dard optimization techniques. Thus, it is necessary to transform problem OPT — HD
into tractable sub-problems that can be solved alternatively. Toward this end, the AO
approach is utilized to solve OPT — HD in an efficient manner. The solution roadmap is
discussed as shown in Fig. 5.2.

Accordingly, unlike [135], which decomposes the main problem into the DT sub-
problem and CT sub-problem, we divide problem OPT — HD into two sub-problems, i.e.
power control optimization sub-problem and RIS passive beamforming (phase-shift coeffi-
cients) optimization sub-problem. This is because we seek for deriving optimal closed-form

HD HD BFD)

expressions for the power control coefficients ( as a function of the phase-

shift coefficients (0(1), 0(2)). In particular, we start by optimizing the power allocation
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coefficients at the BS and the power fraction coefficient at the near UE given the phase-
shift coefficients 61y and 63 at the RIS in the DT and CT. Then, once the optimal
power allocation coefficients at the BS and at UE, are obtained, we direct our attention
to the optimal phase-shift coefficients of the RIS at the DT and CT. Based on the above
discussion, the power control optimization problem can be written as

PC—HD: min (o + o) Ps+ 8P, (5.20a)

HD
aEDvaf 7BHD

s.t. (5.19b) — (5.191), (5.20Db)

whereas the passive beamforming optimization problem can be presented as
PS —HD : Find 6,0y, (5.21a)
s.t. (5.19e) — (5.19g). (5.21b)

5.6.2 RIS-enabled HD C-NOMA: Power Control Optimization

In this part, we assume that the phase-shift matrices @{{11)) and @%{2])) are fixed. Based on

this, we denote by
» Poslhon + b O by
Yon = 0_121 )
Prg|hus + hi{ Oy, |?
of ’
P oHDL 12
Pn|hnf + hrfe)(g) hnr’
of '
Before deriving the optimal power control of problem PC — HD, one needs to specify its

Yot =

A

Yd =

(5.22)

feasibility conditions. The feasibility conditions of problem PC — HD define the conditions
under which at least one feasible solution for this problem does exist. In addition, a
feasible solution for problem PC — HD defines a solution that satisfies the constraint of
this problem. In this context, the feasibility conditions of problem PC — HD are presented

in the following theorem.

Theorem 5.1. Problem PC — HD s feasible if and only if the following conditions hold.

”» . JHD HD
Condition 1: app < a2 (5.23a)

” . gHD HD
Condition 2: By < Bmax: (5.23b)

HD HD gHD HD -

where a5, o B and Bos gre expressed, respectively, as
HD tn
Omin = ’

“Ybn

e tHD
oD — min (0, oo ! :
“on (tf + 1)
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1 n—tHD
Egl = max (0, — <t?D — %)) ,
Yd no T o

0D =1, (5.24)

max

such that 1P = 2R 1 and tHD — 92RI 1

Proof. See Appendix C1. [

Afterward, assuming that PC — HD is feasible, its optimal solution is given in the
following theorem.
Theorem 5.2. Assuming that PC — HD is feasible, i.e., conditions (5.23a) and (5.23b)

hold, its optimal solution is expressed as follows. Let p'° and piP denote the power

control scheme expressed, respectively, as

P =
tHD 1 O{HD
(@l 1) = (o (ol et 4 1 ) L (0 I )
’ ’ Vn Yd ap1e+ 1
(5.25a)
HD HD
a2 Yon + 1) T
AP = ol %) ot (D ). (5250
Then, the optimal power control scheme is expressed as
P — (Al afl”" B1) —  agmin £ (p°) (5.26)
pHDe{pII-ID7p2HD}
where the function f is the objective function of problem PC — HD, i.e.,
FP™) = f (o, B"°) = (" + af') Pos + 8PP, (5.27)
Proof. See Appendix C2. [ |

5.6.3 RIS-enabled HD C-NOMA: Phase-Shift Coefficients Op-

timization

In this subsection, the PS coefficients in both DT and CT are optimized with given values
of (aED , oD HD). One can see that PS — HD is a feasibility check problem (finding the
phase-shift coefficient for each element such that the QoS constraints are satisfied). Note
that, the RIS provides additional paths to construct a stronger combined channel gain
at the intended receiver. Therefore, the best channel gain in the second time-slot can
be achieved when the reflected signals from the RIS can be constructively added at UE;
and be co-phased with the direct D2D link from UE, to UE;. As a result, optimal PS
coefficients in CT can be obtained as follows [14,139].

eg) = arg (hnf) — arg ([hnr]m[ﬁrf]m> . (528)
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Consequently, SINR?;)) can be expressed as

~ 2
B0 P (sl + s ot ool

2
Oy

After obtaining the optimal value of le)), it can be seen that the optimization problem

SINR() (8"°) = (5.29)
PS — HD is non-convex due to the unit modulus constraint ](ﬁg)] = 1. In order to overcome
this issue and to find the phase-shift in the first time slot, i.e., f(1), we first reformulate
PS — HD into a rank-one constrained optimization problem via matrix lifting and change
of variables. Then, a DC representation is formulated for the rank-one constraint. Finally,
an efficient SCA algorithm is proposed to solve the resulting problem and to obtain a
feasible rank-one solution.

1) Rank-one constrained optimization problem: Let us start by defining v 2 | §1), ceey
¢§\14)]. By applying the change of variables hffl@ﬁ?hbr — v ® where ® = diag(h?)hy, €
CM*1 and b ©®hy,, = v ¥, where ¥ = diag(h[])h, € CM*!, we have |hp,+hil O} by [
= |hpn + 0T ®|> and  |hye + hg@g]))hbf = |hyp + v W |2 By introducing an auxiliary
variable ¢, the PS — HD can be written as
P:Find 6}, (5.30a)

s.t. ayP Pas (tr (Qpa V) + |hn]?) > t11P07 (5.30b)

n’

ap'® Ppg (tr (Qu V) + |huel*) > (450 — SINRY)) (ay” Pas (tr (Que V) + |heel?) + 07)

(5.30¢)
ap” Pas (tr (Qu, V) + [hinl?) 2 1 (a3 Pas (tr (Quy V) + |hinl*) +07) (5.30d)
V]mm =1, Vme[l,M+1], (5.30f)
rank(V) =1, (5.30g)

where
o7 ®h v whll v
hon® 0 hoe®? 0 t
where V' = 29, which should achieve rank-one constraint. Note that 97Q.v =

tr(Q,vv") for all z € {bn,bf}. One common approach adopted in the literature to
tackle the rank-one constraint is to apply semidefinite relaxation (SDR). By dropping the
rank-one constraint, the relaxed optimization problem ends up with convex semidefinite
programming that can be efficiently solved by existing convex optimization solvers such as

CVX [131]. By solving the relaxed optimization problem, one can obtain a global optimal
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solution of the original problem if the solution of the relaxed problem achieves rank-one.
However, after carrying out deep investigations in the literature and according to recent
studies, SDR may not be the best choice to tackle rank-one constrained optimization
problems [140-144]. This is because in the case when the dimension of the optimization
variable is large, the SDR method has a low probability of returning a rank-one solution
and it often fails to reach it [140-142]. Hence, the Gaussian randomization (GR) should
be applied after the SDR technique to obtain a rank-one sub-optimal solution. However,
this sub-optimal solution may not be feasible to meet the QoS and the SIC constraints,
and hence, this causes early stopping in the AO approach. In addition, due to the ap-
plication of the GR method in solving the feasibility check of the passive beamforming
problem, the convergence is not always guaranteed [143-145].

2) DC representation for the rank-one constraint: To tackle the limitations brought
by directly dropping the rank-one constraint and with the goal of improving the per-
formance loss of the SDR, we design a DC representation for the rank-one constraint.
This representation guarantees to have a solution that satisfies the non-convex rank-one
constraint if the phase-shift optimization problem is feasible. It is worth mentioning that
for a Positive semidefinite (PSD) matrix V' € CMT1XM*1 " the rank-one constraint means
that 01(V) > 0 and 0,,(V) = 0,Ym = 2,..., M + 1, where 0,,(V) is the mth largest
singular value of V. Consequently, the rank-one constraint can be expressed through the

following proposition.

Proposition 1. For a PSDV € CM+*>M+L gnd tr(V') > 0, we can have
rank(V) =1 < V]|, = [V], = 0, (5.32)
where V||, = 01(V) and |V, = SSM ] 6,,(V) are the spectral norm and the nuclear

norm of V', respectively.

Proof: The complete proof can be found in [142, Proposition 3].
Since the norm is a convex function, one can deduce that the function V' — [|V||, —
|Vl is a DC function. Therefore, by applying this DC representation to the phase-shift
matrix feasibility check problem, we can reformulate the original rank-one constraint as
the difference between the nuclear norm and the spectral norm. As a result, problem P

can be reformulated as

Plimin [[VI|, = [[V],,
5.t.(5.30b) — (5.301). (5.33)
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One can see that when the objective function of P1 reaches zero, a rank-one feasible
solution can be obtained, which is denoted as V*. Therefore, a feasible solution for
problem P can be obtained by applying Cholesky decomposition V* = 5. As stated
above, P1 is a DC problem. Thus, in the following step, we design an SCA algorithm for
efficiently solving the DC optimization problem P1.

Before we proceed in the solution procedures, we represent first the objective function
of P1 as a difference of strongly convex functions by adding quadratic terms to the
convex functions while their difference remains unchanged. The main reason behind that
is to guarantee the convergence for the SCA algorithm [142]. Particularly, the objective
function of P1 can be rewritten as follows,

min F(V) = [V, = [V, + Ac(V), (5.34)
where C is a convex cone that achieves the constraints of P1 and A¢(V') is an indicator
function which is equal to zero when V' € C and +oo, otherwise. Then, in order to
establish a convergence result for the DC program, F (V') can be rewritten as a difference
of strongly convex functions, i.e., F(V) = g(V) —¢(V), where g(V') = |V ||, + Ac(V) +
g |V |5 and ¢(V) = ||V, + £ |V ||% [142]. Due to the added quadratic terms, g(V') and
q(V') are p-strongly convex functions. Hence, problem (5.34) ends up with minimizing
the difference of strongly convex functions

m‘;n F(V)=g(V)—q(V). (5.35)
For complex domain V', Wirtinger calculus should be applied for algorithm design [146].
In order to solve this non-convex DC program, a sequence of candidates is iteratively
constructed to the primal solutions and dual solutions via applying SCA [147].

3) SCA Algorithm for Rank-One Constrained Optimization Problem (5.35): According

to Fenchel’s duality [146], the dual problem of (5.35) can be given by

min F(Z) = q(Z) - 9°(2), (5.36)
where ¢*(Z) and ¢g*(Z) are the conjugate functions of ¢(Z) and ¢g(Z), respectively. The
conjugate function g*(Z) can be defined as ¢*(Z) = sup(V,Z) — g(V) in which the
inner product can be given as (V,Z) = R(tr(V¥ Z)). I‘; the rth iteration, the convex
approximation of the primal and dual problems should be iteratively solved by linearizing
the concave part as follow.

2V = angint ¢'(2)-lg"(Z2" ) H{Z 2", V),

VI — arg 13f g(V) = [q(VID+ (v =V ZIy). (5.37)
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According to Fenchel bi-conjugation theorem [146], the solution of (5.37) can be rewritten
as Zl ¢ Oy 11q, where Oy,11q is the subgradient of ¢ with respect to V' at vl Thus, VI
at the rth iteration can be obtained by solving the following optimization problem

m‘;n g(V) —(V,0yr-1q(V)),

s.t. (5.30b) — (5.30f), (5.38)
where VI~ is the solution obtained at iteration r — 1 and Oyir-1q(V') = Oy - ||V ]|, +
pVI= Tt is worth mentioning that g -y ||V, can be efficiently evaluated as a,al,
where a; is the eigenvector corresponding to the largest singular value oy (V') [142]. Given
an initial value of V% and by iteratively solving (5.38) until the objective function F(V)
in (5.35) becomes zero, we get an exact rank-one solution based on Proposition 1. A
practical stopping criterion can also be adopted as ||V||, — ||V ||, < epc, where epc > 0
is a sufficiently small constant [142]. Note that, the convergence characteristic of the
solution obtained by iteratively solving problem (5.38), i.e. steps (4)-(7) in Algorithm

4, can be presented in the following proposition.

Proposition 2. For any r = 0,1,2,..., the sequence {VM} generated by iteratively
solving problem (5.38) has the following properties.

(i) The generated sequence {V"} converges to a critical point of F(V) in (5.34)
from an arbitrary initial point VIO and the sequence {]:(V[T])} 15 strictly decreasing and

convergent.

(i1) For any r =0,1,2..., we have
. 2 ]:(V[O]) — F(V*)
A H il _ oyl | <
vg |:{ \4 |4 F}z_O M(T‘f' 1)

where Avgl.] represents the average value and F(V™) denotes the global minimum of F.

: (5.39)

Proof: The complete proof can be found in [142, Proposition 5|, which is based on [148,
Proposition 1].

Hence, the proposed solution based on SCA can always reach a feasible V' to problem
PS — HD that guarantees that the objective value of problem (5.34) converges to zero.
This means that a feasible rank-one solution is obtained [142]. Finally, the steps of the
proposed optimization scheme for RIS-enabled HD C-NOMA, which is referred to as “HD:
AO-based SCA algorithm” | are presented in detail in Algorithm 1. Specifically, Algorithm
1 optimizes the power allocation coefficients at both the BSs and the near NOMA user
and the phase-shift at the RIS in an alternative manner. Based on Proposition 2, the

convergence of the proposed AO-based SCA algorithm is guaranteed according to the
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Algorithm 4: AO Algorithm for RIS-enabled HD C-NOMA

Input: Pgs, Py, Qy,, Qus, 02, 07 and SINR{Y

(2
Initialize the phase-shift 0?1])3’[0] and set the iteration number ¢t = 1.

repeat
Using the closed-form expressions in Theorem 5.2 to find the optimal power

allocation coefficients at the BS (aED’[t], a?D’m) and the optimal power fraction
coefficient at UE,, i.e. ™l for given HEI)D’M.
Setr = 1.

while The objective value of P1 > epc and r < Ny do
Compute the subgradient 0,1 ||V, and obtain a solution V" by solving
(5.38).
Update r =r + 1.
end while
Obtain @l using Cholesky decomposition, where VI = gl ('D[ﬂ)H.
Obtain phase-shift matrix @%{11)3 = diag ((v[t])H), where vl = [0], ,, / [0],/.1-
Update t =t + 1.
Until The decrease of the objective value in (5.19) is below a threshold € > 0 or
the maximum number of iterations N, is reached.

following proposition.

Proposition 3. By applying the proposed AO-based SCA algorithm, the objective value

of OPT — HD decreases when the number of iterations increases until convergence.

Proof: See Appendix C3.

5.6.4 Complexity Analysis

To quantify the computational complexity of the proposed AO-based SCA algorithm,
i.e., Algorithm 1, the computational complexity of the power allocation optimization
sub-problem, i.e., PA — HD, and the phase-shift matrix optimization sub-problem, i.e.,
PS — HD need to be analyzed. First, for the power allocation solution, since we obtained
closed-form expressions in Theorem 5.2, the computational complexity of having the
optimal total transmit power is approximately O(1). Regarding the phase-shift matrix
sub-problem, it is a semi-definite programming (SDP) that can be solved using interior
point methods [149]. Based on [149, Theorem 3.12], the order of the computational
complexity of the SDP problem with & SDP constraints that includes an a x a PSD matrix
is given by O (y/alog (1/¢) (ka® + k*a® + k?)), where ¢ > 0 is the solution accuracy. For

the phase-shift optimization, we have a = M +1 and k = M +4. Hence, the approximate
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complexity can be obtained as O (N log (1/¢) M*?), where Nj is the maximum number of
required iterations until the decrease in the objective value in (5.35) is below the adopted
threshold. As a result, the approximate overall complexity for solving OPT — HD is

O (N3Ny log (1/¢) M*5), where Ny is the maximum number of iterations until convergence.

5.7 RIS-Enabled FD C-NOMA: Problem Formula-

tion and Solution Approach

5.7.1 Problem Formulation

In this subsection, we investigate the power minimization problem for RIS-enabled FD
C-NOMA systems. In contrast to the HD scenario that requires two time-slot and adjusts
the RIS’s configuration in each one of them, only one RIS’s configuration is required in
the FD case. By optimizing the power allocation coefficients at the BS (afP ofP), the
power fraction coefficient at UE,,, SFP, and the phase-shift coefficients for the RIS 8P, the
total transmit power minimization problem for the proposed RIS-enabled FD C-NOMA

framework can be formulated as follows.

OPT —FD : ngl,Z%D, (aFP + ofP) Pys + BPP,, (5.400)
D gD
st. 0 <alP <af®, (5.40Db)
0<afP+afP <1, (5.40c)
0< 8™ <1, (5.40d)
Ri2,, (P, 8P, 0°) > R, (5.40¢)
min (R (P, OFD) , RiP e (P, HFD)) > RiM (5.40f)
|| =1, Vom e [1,M +1]. (5.40g)

Similar to OPT — HD, OPT — FD is hard to be solved by common standard optimization
techniques. Therefore, we resort to the AO technique similar to the RIS-enabled HD
C-NOMA case in solving problem OPT — FD. Thus, the power control optimization

OFD

problem with a fixed can be written as

PC—-FD: min (aED + afFD) Pgs + 8PP, (5.41a)

FD
aED’af ,BFD

s.t. (5.40b) — (5.40f), (5.41D)
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whereas the passive beamforming optimization problem with given power allocation co-
efficients, i.e., afP af P and P can be presented as

PS — FD : Find 6", (5.42a)

s.t. (5.40e) — (5.40g). (5.42Db)

5.7.2 RIS-enabled FD C-NOMA: Power Allocation Optimiza-

tion

In this part, we start by determining the feasibility conditions of problem PC — FD.

A

Assuming that the phase-shift matrix ®P is fixed, we denote by g = “'YSI and by
Pps|hpn + hl O™ Ry, |2

2 Y

“Ybn
(O

Prs|hyt + b O™ Ry, |2
Yot = D) 5
O
Py|hye + b} @FDhm2
o Folhut & | (5.43)

Uf

Based on this, the feasibility conditions of problem PC — FD are presented in the following

>

Vd

theorem.

Theorem 5.3. Problem PC — FD is feasible if and only if the following conditions hold.

Condition 1: BED < BED | (5.44a)
P P 1
Condition 2: 1 D4 < 3 (5.44Db)
“Yon “Yon
where BED and BED are expressed, respectively, as
’Ybf(l-l-th)tED
Yor — b0 — —————
D = max | 0, d & ,
C1 — Cy
Py (1, A (L) (5.45)
max ) ’YSItED (1 _|_ thD) + tFD 9 .
if 1 < ¢ and
FD "/bf(lthFD)tED
=0, and ALY =min |1 Yo =47 =10 (L 4°) o~ — -
min ) max ) ’YSItED (1 + tFD) + tFD ) C1 — Co )
(5.46)

if 1 > co, such that ¢y = % (1 + thD) t"Pg1, ¢y = g, P = 2R — 1 and tFD =R 1.

Proof. See Appendix C4. [ |

Before continuing with the derivation of optimal power control, let us define the fol-

FD FD

c ) mll’l

lowing quantities. Let 8P, o and ofD be defined, respectively, as
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tP (1 - &>
FD A Tof

c oo~ FD
op sttt Ya'
FD a SR oD | IR
ac - —/Bc .
Ybn Ybn
oD 2 s gt
min rybn min r)/bn Y
FD FD
Ysit t
aggx £ =0 rljlla),x + n_7 (547)
Ybn “Ybn
and let ofP and B§P be the quantities defined, respectively, as
FD 4FD ¢ AFD FD
(O'/min’ min)? 1f Bc < min»
FD QFD) _ FD AFD ¢ AFD FD 4FD
(CYO » 70 )_ (ac 7Bc )7 if ﬁc S [ min> max}? (548)
(aggx, ng), otherwise.

Based on the above definitions, let X’ be the set defined as

({(aFD, 62) , (a8, BE) , (a2, D)}, I ofP <1 and aff, <1

v ] {(onin i) + (onae Buz) } if of” <§ and afR >3,

{ (cmin: Bumin) » (e B ) }- if o >3 and apd <3,

{ (cmin: Bin) }- if ofP>1 and afP > 1
(5.49)

Let L € {1,2,3} be the number of elements of X (the cardinal of X'). In addition, let
af? and B.° be the two 3 x L vectors, such that, for all i € [1, L], ([afP];, [B8""]), is

n n

the ith element of X'. Based on this, let af® be the 1 x L vector defined as

FD] __ FD[,  FD] Ysiti ¢ orp ti > FD FD7 _ Jd [ oFDy ti >
[af ]1 max | [an ]z + [ﬁ ] + [an ]z [5 ]z + )
Ybn Yon Yot Yot

Ve[l L]. (5.50)
Afterwards, let P™P £ { ([afP];, [afP];,[B""];)|i € [1,L]}. To this end, based on the
above and assuming that problem PC — FD is feasible, its optimal solution is given in the

following theorem.

Theorem 5.4. Assuming that problem PC — FD is feasible, i.e., conditions (5.44a) and

(5.44b) hold, its optimal solution is given by
(ar®", of P, BFP7) = argmin f (p'"). (5.51)

n
pFD cPFD

Proof. See Appendix C5. [

One can see that problem (5.51) is a brute force search over a finite set with a size of

at most L = 3 elements, which can be easily solved.
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5.7.3 RIS-enabled FD C-NOMA: Phase-Shift Coefficients Opti-

mization

Similar to the solution of PS — HD, we apply the same three procedures to find the RIS
phase-shift matrix. We first reformulate PS — FD into a rank-one constrained optimiza-
tion problem as follows: by defining v = [¢1, ..., ¢y] and applying the change of vari-
ables h!®"Ph;,, = v'®, where & = diag(h)hy,, € CM*' RO h,, = vW¥, where
¥ = diag(h!)hy, € CY*' and h{®"Ph,, = v"E, where E = diag(hf)h,, € C"*1,
we have |hpy + R2O™hy |2 = |hpn + v®)2, |hpe + REOPhy > = |hye + v ®|?, and
|hng + REO™ R |? = |hys + vE[%. Then, PS — FD can be transformed into
P : Find 6", (5.52a)
5. 0P Py (tr (Quu V) + [ual?) = &7 (8 Puyst + 02) (5.52b)
tr (QV) + af® Pas|hue|* + B0 Palhug[* > 177 (e, Pas (tr (QueV) + |hne|?) + 0F)
(5.52¢)

af P Ps (tr (Quu V) + |hon|?) > P (af” Pos (tr (Quu V) + |hon|?) + B° Paryst + 07)

(5.52d)
V =0, (5.52¢)
V0w =1, Vome[1,M+1], (5.52f)
rank(V') =1, (5.52g)
where
dp7  Phl ool wpi == =Zpd v
Q . bn Q o bf Q o nf D —
bn — 9 bf — ’ nf — 9 - )
hp,® 0 hye®H 0 haeZ2 0 t
(5.53)

where V' = oo and Q = afPPssQ,; + 8P P.Q,;. Note that v7Q. v = tr(Q,vv")
for all z € {bn,bf,nf}. Then, we apply the proposed DC representation for rank-one
constrained which is followed by the proposed SCA procedures to find the phase-shift
matrix in the FD relaying mode. Note that the same procedures in Algorithm 4 are
used in solving problem OPT — FD, but by substituting Theorem 5.2 by Theorem
5.4 to find the optimal power allocation coefficients at the BS and the optimal power
fraction coefficient at near NOMA user for the FD relaying mode. In addition, problem P
is solved instead of problem P in order to find the RIS phase-shift matrix. We denote the
proposed scheme for RIS-enabled FD C-NOMA as “FD: AO-based SCA”. Finally, it is
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worth mentioning that the computational complexity as well as the convergence analysis
of the RIS-enabled FD C-NOMA can be analyzed in the same way as the RIS-enabled
HD C-NOMA scheme.

5.8 Results and Discussion

In this section, several numerical examples and simulation results are presented to examine
the performance of the proposed schemes RIS-enabled FD C-NOMA and RIS-enabled HD
C-NOMA networks. In order to validate the effectiveness of the proposed AO-based SCA
algorithm in both HD and FD relaying modes, we compare its performance with the

following baselines schemes

e AQO-based SDR Algorithm: In this scheme, the SDR is applied on the phase-shift
optimization problem by simply dropping the rank-one constraint. If the obtained
solution of the relaxed problem is not rank-one, the GR method is used to construct
a rank-one solution. The power allocation coefficients are obtained through the
derived closed-form expressions. We denote this scheme as “HD: AO-based SDR”
in the HD relaying mode and as “FD: AO-based SDR” in the FD relaying mode.
The complete analysis of SDR can be found in Appendix C6.

e F'D C-NOMA without RIS [69,107]: In this scheme, the BS communicates with
UE, and UE; and UE, communication with UE; in the same time-slot without any
assistance from the RIS. Hence, with the same target objective (power consumption
minimization), we only need to use the power allocation coefficients at the BS and
UE, to minimize the total transmit power, which are derived in Theorem 5.4
considering only the direct channel gains (BS — UE,, BS — UE;, and UE,, —

UEy) in the derived closed-form expressions.

e Random Phase-shift: In this method, the phase-shifts of the reflecting element
are independent and generated uniformly within [0,27]. In addition, the power

allocation coefficients are obtained through the derived closed-form expressions.

e RIS with NOMA [131]: The RIS is deployed to assist the transmission from the

BS to two NOMA users without any cooperation between the near and the far
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Figure 5.3: Simulation environment.

NOMA users. We adopt the same approach proposed in [131], but with the goal of

minimizing the total transmit power from the BS.

5.8.1 Simulation Settings

The simulation environment consists of one BS, one RIS, one UE,, and one UE; which
are located in a 3-dimensional Cartesian coordinates systems (X, Y, Z) at (0m, 10m, 0 m),
(80m, 10m, 0m), (40m,0m,0m) and (80 m,0m, 0 m), respectively, as shown in Fig. 5.3.
The small-scale fading and the large-scale fading are considered both for each commu-
nication link. The large-scale fading, i.e., distance-dependent path-loss, is modeled as
PL(d,) = po (‘;—z) _%, where py is the path-loss at a reference distance dy, n, is the
path-loss exponent, and d, is the distance between the end-to-end node in the xth
link. Considering the communication links between the BS and the RIS and between
the RIS and UEg, LoS components are assumed to exist [127]. Thus, these commu-
nication links experience small-scale fading that are modeled as Rician fading. The
corresponding channel coefficients for these communication links can be expressed as,
h, = \/m( T8 T mg» ,Va € {br,rf}, where k, is the Rician factor, g,

denotes the deterministic LoS component and g, represents the non line-of-sight (NLoS)

component, which follows a Rayleigh distribution with mean zero and variance one. On
the other hand, Vy € {bn, bf, nf} and z € {rn, nr}, the small scale fading of h, and h, are
modeled as Rayleigh fading. Consequently, the corresponding channel coefficients can be
expressed as h, = g,./PL(d,),Vy € {bn,bf, nf}, and h, = g,\/PL(d),¥z € {rn,nr},
respectively, where g, € C and g, € C**! are the small-scale Rayleigh fading with zero
mean and unit variance, and PL(d,) and PL(d,) are the large-scale path-losses. Note
that, Monte-Carlo simulations are employed over 10® independent channel realizations.

The system parameters for the simulations are listed in Table 5.2 [120,127,135].
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Table 5.2: Simulation Parameters

Parameter Symbol Value
Rician factors of the BS-RIS and the RIS-UE; links Kbrs Krf 3 dB
Path-loss at reference distance of 1 m Po —30 dB
Path-loss exponents for the BS-RIS and for the RIS-UE; links | my, 7t 2.2
Path-loss exponents for the BS-UE; and for the UE,-UE¢ links | ny¢, Nt 4
Path-loss exponent for the BS-UE, link Mbn 3.5
Path-loss exponent for the UE,-RIS link Mnr 3
Power budget at the BS Pgs 46 dBm
Power budget at UE, P, 23 dBm
Noise power at UE, and UE; o2, of2 —90 dBm
Minimum rate QoS requirement for UE, R 1 bits/sec/Hz
24 < FD: AO-based SCA
J— -o-HD: AO-based SCA
é 22
% 20
g 18
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Figure 5.4: Algorithm convergence.

Fig. 5.4 describes the convergence behavior of the proposed RIS-enabled FD C-NOMA
and RIS-enabled HD C-NOMA algorithms versus the iteration number with the number
of RIS elements M = 30, SI parameter Qg; = —100 dB, and R = 2 bits/sec/Hz. It
can be observed that the proposed RIS-enabled FD C-NOMA and RIS-enabled HD C-
NOMA algorithms converge in about 4 to 6 iterations. In addition, Fig. 5.5 depicts
the computational time for both “FD: AO-based SCA” and “FD: AO-based SDR”.2 The
run time of FD: AO-based SCA is higher than the one with SDR, i.e., FD: AO-based
SDR. This is due to the iterations required by the DC algorithm to reach zero objective.
Given the fact that there is a compromise between computational complexity and system
performance, the AO-based SCA algorithm can achieve a better solution at the cost of
a higher run time as we will see later. However, it is worth mentioning that owing to

the advances of cloud computing with the introduction of C-RAN, the run time can be

2The algorithm was implemented in MATLAB using a machine with the following characteristics:
System Type: x64-based PC, Processor: Intel(R) i7-4510U, CPU @2GHz, 8 Gigabyte RAM.

131



12

—FD: AO-based SCA

-%-FD: AO-based SDR

Time, [Sec]

10 15 20 25 30 35
Number of RIS elements, M

Figure 5.5: Computation time.

further decreased and hence the computational complexity can be easily tolerated [97].

5.8.2 Validation of The Closed-form Expressions for The Power

Allocation Coefficients

It can be seen that the closed-form expressions in Theorem 5.2 and Theorem 5./ are
derived for a given phase-shift matrix. As a result, in order to validate the closed-form
expression for the power allocation coefficients, we consider FD C-NOMA without RIS
and HD- C-NOMA without RIS as the schemes that validate the analytical results. Fig.
5.6 depicts the analytical and numerical total transmit power for FD C-NOMA without
RIS and HD C-NOMA without RIS schemes versus the minimum required rate for UEy,
R with Qgr = —90 dB. The analytical results are obtained based on the closed-from
expressions derived in Theorem 5.2 and Theorem 5.4, while the numerical results are
obtained by solving problem PC — HD and PC — FD using an off-the-shelf optimization
solver. ® It can be seen from Fig. 5.6 that the analytical results match perfectly the
numerical results which validate the optimality of the closed-form expressions of the power

allocation coefficients obtained by Theorem 2 and Theorem 4.

5.8.3 Effect of The number of RIS elements

Fig. 5.7 presents the total transmit power for the proposed schemes and the four baseline

schemes versus the number of RIS reflecting elements. First, it can be seen that the total

3The adopted solver is fmincon that is a predefined MATLAB solver [11,107,150]. Moreover, 103
different initial points are generated to guarantee the convergence of the solver to the optimal solution.
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Figure 5.7: Total transmit power versus the number of RIS elements, when Qg1 = —100 dB, where (a)

for the case when R = 2 bits/s/Hz and (b) for the case when R = 3 bits/s/Hz.

transmit power obtained by the proposed AO-based SCA approach is lower than the AO-
based SDR approach. This is due to dropping rank-one constraint causing performance
degradation; meanwhile, the proposed AO-based SCA approach can obtain an exact rank-
one solution. In addition, when the number of RIS elements increases, the probability
that the AO-based SDR approach fails to obtain a feasible solution is high and hence
it early terminates the AO procedure. This explains why the proposed AO-based SCA
approach achieves a better performance than the AO-based SDR approach when the
number of elements increases. Second, it is observed that the total transmit power that
is required by the RIS-based schemes decreases when the number of meta-atoms of the
RIS increases while the total transmit power for FD C-NOMA without the RIS scheme

remains unchanged. This is because a larger number of RIS meta-atoms leads to higher
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Figure 5.8: Total transmit power versus the SI parameter at UE,,, when the number of reflecting elements
at the RIS is M = 40, where (a) for the case when Ri" = 2 bits/s/Hz and (b) for the case when R" = 3
bits/s/Hz.

combined channel gains and hence higher passive array gains. Third, it can be seen that
the number of meta-atoms required at the RIS to allow the HD C-NOMA with RIS to
beat the traditional FD C-NOMA depends on the required QoS at UE¢. This is because
a high QoS requirement at UE; needs a high passive array gain to overcome the pre-log
penalty in the HD mode. Finally, the RIS-enabled FD C-NOMA network significantly
outperforms the other schemes, which reveals the potential of integrating RIS in FD

C-NOMA networks in enhancing the network power efficiency.

5.8.4 Effect of The SI channel

Fig. 5.8.a and Fig. 5.8.b depict the total transmit power versus the SI values at the near
NOMA user. First, it can be observed that the proposed FD C-NOMA with RIS scheme
gives a significant performance enhancement than both the HD C-NOMA with RIS and
RIS-assisted NOMA schemes when )gp is relatively small. However, as (g1 increases, the
performance gain between them decreases. This is because increasing the SI value restricts
the power transmission at UE, and hence the BS should increase its transmit power in
order to meet the QoS constraint at UE;. Second, the HD C-NOMA with RIS scheme
can achieve a significant performance compared to FD C-NOMA without RIS when g
increases. This is because increasing (g1 leads to deteriorating the performance of the
FD mode and hence the passive array gain at the RIS can make the HD C-NOMA with
RIS be a favorable scheme compared to the FD C-NOMA without RIS scheme. Third, it
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Figure 5.9: (a), (b), and (c) illustrates the impact of the RIS location on the total power transmit
for RIS-assisted FD C-NOMA, RIS-assisted HD C-NOMA, and RIS-assisted NOMA respectively, when
M = 30,9Qg1 = —100dB, Ry = 2bits/sec/Hz.

can be also observed that the total transmit power in the network without RIS is sharply
increasing in comparison with the rate of increase in the network with RIS. This means
that the system with RIS can tolerate high values of SI, which validates the effectiveness
of the amalgamation between FD C-NOMA and RIS.

5.8.5 Effect of The RIS Location

Fig. 5.9.a, Fig. 5.9.b, and Fig. 5.9.c present the total transmit power versus the loca-
tion of the RIS Xgig for the RIS-assisted FD C-NOMA, the RIS-assisted HD C-NOMA,
and the RIS-assisted NOMA, respectively. First, we set the coordinate of the RIS as
(Xris m, 10 m,0 m). It has been shown in the literature that the best location for the
RIS is either beside the BS or the UE of interest, which is the far NOMA user, in this
case, to achieve a strong combined channel gain. Different from the literature, in the
RIS-assisted FD C-NOMA, the RIS may be located as well beside the near NOMA user
as shown in Fig. 5.9.a. This is basically due to two points: 1) the combined channel gain
BS-RIS-UE, at UE, will be improved, and 2) the combined channel gain UE,-RIS-UE;
will be also enhanced. Moreover, the best location in the FD relaying mode is near the
far NOMA user UE;. This is because the received SINR at the UE; will be boosted with
the assistance of the RIS. Meanwhile, in the HD C-NOMA, in order to make benefit from
the RIS in the second slot, the RIS should be located at either the near NOMA user UE,
or the far NOMA user UE;. In the case of the RIS-assisted NOMA scheme, it can be
shown from Fig. 5.9.c that, in order to minimize the transmit power, the RIS should be

located beside the BS so that both NOMA users get benefits from the RIS.
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5.8.6 Effect of The Location of The Far NOMA UE

Fig. 5.10 depicts the total transmit power versus the location Xyg, of the far NOMA user
UE¢. We set the coordinate of the far NOMA user as (Xyg, m,0 m, 0 m) and of the RIS as
(80 m, 10 m, 0 m). It can be seen that when the Xyg, increases, the total transmit power
increases, since the far NOMA user is moving away from the BS, and hence, its channel
conditions get worse. Moreover, after a certain location of UE, one can notice that the
transmit power decreases for both the RIS-assisted HD C-NOMA and the RIS-assisted
NOMA schemes and the rate of increase in the total power transmit for the RIS-assisted
FD C-NOMA reduces. This is resulting from the improvement of the combined channel
gain when the UE; is moving towards the RIS.

5.8.7 Effect of The Required Rate QoS Threshold

Fig. 5.11 shows the effect of increasing the required data rate threshold for UE; on the
total transmit power. First, it can be seen that FD C-NOMA with RIS scheme has a
significant gain compared to HD C-NOMA with RIS, RIS-assisted NOMA, and FD C-
NOMA without RIS. Second, due to the pre-log penalty in the HD scenario, the gap
between the FD C-NOMA with RIS and the HD C-NOMA with RIS increases when the
required data rate threshold increases. Finally, it can be seen that the HD C-NOMA with
RIS has the ability to beat the FD C-NOMA without RIS proposed in [30,111] in the low

data rate requirements at UE.
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5.9 Summary

In this chapter, we investigated the RIS-empowered HD/FD C-NOMA downlink trans-
mission scheme in order to minimize the total transmit power at the BS and at the relay
user by jointly optimizing the power allocation coefficients at the BS and the transmit
relaying power at the near NOMA user, along with the phase-shift coefficients at the RIS.
By invoking the alternating optimization technique, the non-convex power minimization
optimization problem is decomposed into two sub-problems, the power allocation opti-
mization sub-problem and phase-shift optimization sub-problem, which are solved in an
alternate manner. By leveraging the DC representation of rank-one constraint and the
SCA approach, the RIS phase-shift coefficients are obtained. Meanwhile, for the power
allocation sub-problem, we derived closed-form expressions for the optimal power alloca-
tion coefficients at the BS and the optimal transmit-relaying power from the near NOMA
user. The Simulation results show that the proposed RIS-enabled FD C-NOMA scheme
significantly outperforms both the FD C-NOMA without the assistance of the RIS and
the RIS-assisted NOMA. In addition, in spite of the pre-log penalty in the HD relaying
mode, and according to the required QoS at the far NOMA user, the number of reflecting
elements, and the SI value, the proposed RIS-enabled HD C-NOMA can outperform the
FD C-NOMA without RIS. Finally, the location of the RIS depends on the adopted access

technique.
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Chapter 6
RIS-Assisted CoMP NOMA Networks:

Performance Analysis and Optimiza-

tion

6.1 Introduction

Nevertheless, the gain of integrating RIS in wireless networks has been widely studied in
the literature. For instance, the RIS has been utilized to significantly enhance the sum-rate
for the CEUs in a multi-RIS wireless network [151], the network latency and reliability in a
mobile edge computing system [152,153], the power consumption in a cooperative NOMA
network [13], data collection for internet of things (IoT) networks [154], the max-min
data rate in vehicular communications [155] and the information freshness in a wireless
network [156,157]. Motivated by the benefits of RIS, CoOMP and NOMA, we investigate,
in this chapter, the potential enhancement brought by effectively integrating RIS with
CoMP NOMA networks. Such a combination of RIS, NOMA, and CoMP technologies
provides a promising paradigm for the upcoming 6G networks. This is due to the extra
paths that can jointly construct a strong combined channel gain at the users-of-interests
by leveraging the RIS, the improvement of the network connectivity and the spectral
efficiency by invoking NOMA, and the mitigation of the ICI effects at the CEUs by

adopting CoMP transmission.

6.2 State of The Art

6.2.1 NOMA-enabled CoMP transmission

With the quest of improving the performance of multi-cell networks, much attention was

recently directed towards the integration between CoMP and NOMA [9,11,67,78,158,159].
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The performance analysis of CoMP NOMA networks in terms of coverage probability
and ergodic rate were studied in [9, 78] using tools from stochastic geometry. In doing
so, the authors in [9, 78] assumed fixed PA between different NOMA clusters, which
is not an optimal PA strategy. Meanwhile, in [67, 158], a power optimization problem
was formulated with the goal of maximizing the network sum-rate while maintaining
the required QoS at the users. However, these works considered only one cluster per
cell. Moreover, the work in [159] investigated the joint resource and power allocation in
CoMP NOMA network. The UC problem has been inherently considered by allowing the
users that allocated the same radio resource to construct a NOMA cluster. However, the

intertwined between the UC policies in different cells has not been considered.

6.2.2 RIS-assisted CoMP OMA networks

The authors in [160] studied RIS-enabled multi-cell network, in which a RIS was deployed
to assist the CoMP transmission to multiple CEUs. Then, joint optimization of the active
and passive beamforming to maximize the minimum user data rate was studied. On the
other hand, joint optimization of the coordinated transmit beamforming at the BSs and
the passive beamforming at the RIS to maximize the minimum weighted received SINR
at the cellular users was investigated in [144]. The authors in [161] investigate a resource
allocation design for RIS-assisted CoMP in the DL transmission cellular networks with
underlying D2D communications. Specifically, the authors formulated an optimization
problem with the goal of maximizing the network sum-rate by jointly designing user
association, the active beamforming at the BSs, the passive beamforming at the RIS, and
the transmit power of each D2D node while considering the QoS requirement of UEs, the
power budget for both cellular UE and D2D pairs, and the backhaul capacity. Finally, a
CoMP-assisted RIS framework is proposed in [162]. The main objective of this work is
to maximize the network EE by jointly optimizing BS clustering, user association, radio
resource assignment, PA, and passive beamforming while guaranteeing the users’ QoS

requirements.

6.2.3 RIS-assisted NOMA networks

In [163], the authors investigated the joint PA, PS matrix of the RIS, i.e., passive beam-

forming, and hybrid beamforming problem to maximize the sum-rate in RIS-assisted mil-
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limeter wave in NOMA system. The joint active and passive beamforming for RIS-aided
multiple two-user NOMA clusters was studied in [164] to minimize the total transmit
power. A joint active and passive beamforming was investigated in [131] to maximize the
minimum achievable rate for ensuring user fairness. However, the works [131, 163, 164]
considered a RIS-assisted single-cell NOMA scenario in which the effect of the ICI has
not been investigated. On the other hand, the work in [129] considered a multi-cell setup.
There was not, however, any coordination between the BSs. Moreover, the performance
analysis for the RIS-assisted NOMA system was investigated using tools from stochastic
geometry in [132,165,166] in which a fixed and a non-optimal PA was considered. Note
that, all the aforementioned works in [129,131,132,144,160-166] have adopted either the
NOMA scheme or the CoMP scheme in RIS-assisted cellular networks.

6.2.4 RIS-assisted CoMP NOMA networks

The authors in [112] investigated the potential gain for integrating CoMP, NOMA, and
RIS. Specifically, in [112], a joint optimization problem of the PA and passive beamforming
was formulated to minimize the uplink power consumption in a two-cell RIS-aided NOMA
system with joint detection CoMP. However, the works in [112] considered a simple setup
consisting of only one CCU at each cell and one CEU in the overlapped area between the
two cells. In fact, typical next-generations cellular systems are expected to serve large
numbers of users. Nevertheless, in multi-user scenarios, the UC policy for the CoMP
NOMA scheme has a great impact on the system performance, which should be carefully
investigated.

Based on the above, the main research limitations and gaps can be presented as follows,

1. To the best of our knowledge, the performance analysis and the potential gains of
RIS-assisted downlink CoMP NOMA cellular network have not been investigated in

the literature.

2. Most of the works investigated the performance optimization of RIS-assisted NOMA
networks assuming that each cell supports either a single NOMA cluster [126-128,
130,131,167] or pre-defined multi-cluster [138,163,164,168-170]. As a result, the UC
policy is not investigated in these works [126-128,130, 131, 138,163,164, 167-170].

3. In [129,171], the authors studied the joint resource allocation, PA, and passive
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beamforming for RIS-assisted NOMA system in which the users that allocated the
same radio resource were grouped in one NOMA cluster. However, the work in [171]
considered a single-cell setup; hence the effect of the ICI is not considered. On the
other hand, the work in [129] assumed a multi-cell setup. However, there was not
any coordination between the BSs. As a result, these works cannot be extended to
the RIS-assisted CoMP NOMA network. This is due to the fact that the PA and
the UC policy at the two BSs are intertwined.

4. The authors in [112] studied the performance optimization of the RIS-assisted CoMP
NOMA network. However, this work considered a two-cell setup consisting of only
one CCU at each cell and one CEU in the overlapped area between the two cells,
which is not practical. In fact, typical next generations cellular systems are expected
to serve large numbers of users. Nevertheless, in multi-user multi-user scenarios,
the UC policy for the CoMP NOMA scheme has a great impact on the system

performance, which should be carefully investigated.

5. To the best of our knowledge, the joint optimization of PA, UC policy, and PS
matrix optimization has not been studied in the literature in the context of RIS-
assisted CoMP NOMA cellular network, which is the main focus of the second part

of this chapter.

6.3 Contributions

First, towards tackling the first point in the limitation and research gaps, we consider a
system model, which is composed of two adjacent cells, each equipped with one BS, two
RISs, and three UEs. Two types of UEs exist in this model: A CCU and a CEU. With
the goal of enhancing the performance of the CEU, the PS matrix for each RIS can be
tuned such that the reflected signals can be added constructively at the CEU. Against the
above background, the performance analysis of RIS-assisted NOMA in multi-cell systems

remains unexplored yet. The main contributions of this part can be summarized as follows,

e We investigate the integration between RIS and CoMP in a two-cell NOMA-based
network with the goal of improving the performance of a CEU without affecting the
performance of CCUs. While the CoMP is adopted to mitigate the ICI effects, the

RIS is utilized to construct a stronger combined channel gain at the CEU.
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e We derive first a closed-form expression for the ergodic rate of the CEU, and then

we evaluate the overall NSE.

e We finally demonstrate the effectiveness of the proposed algorithm by comparing

its performance with other multiple access schemes proposed in the literature.

Second, we extend the above-proposed model to a multi-user scenario with centralized-
based RIS architecture. Against the above background and the aforementioned observa-

tions, the main contributions of this paper are summarized as follows.

e We investigate the joint problem of PA, UC, and RIS PS matrix, i.e. passive beam-
forming, in the downlink transmission of multi-user two-cell RIS-assisted CoMP in
NOMA networks. This framework is formulated as an optimization problem with
the goal of maximizing the network sum-rate while guaranteeing the required QoS

for each user and the SIC constraints at the CCUs.

e The formulated problem turns out to be an MINLP problem, which is difficult
to solve. To overcome this issue, we invoke the AO approach in which the original
optimization problem is decomposed into two sub-problems, a joint PA and UC sub-
problem and a PS sub-problem, that are solved in an alternating way. To the best
of our knowledge, most of the works studying the performance of the CoMP NOMA
network assumed that there was only one NOMA cluster per cell [11,67,158,172].
Then, they developed dynamic PA schemes to achieve their objectives. In addition,
the intertwined between the UC policies in different cells has not been considered in
the literature for such a model. Different from [11,67,158,159,172], we propose and
discuss a joint design of intertwined PA and UC. In doing so, and for a given PS
matrix, the joint optimization problem of the PA and the UC is decomposed into a
PA optimization sub-problem for a single cluster of users, referred to as the inner
problem, and a UC optimization sub-problem, referred to as an outer problem, with

the aid of the bi-level optimization.

e For the inner sub-problem, for each possible cluster, and as opposed to the sub-
optimal PA solutions in [11,67], the heuristic optimal PA solution in [158], and
the high-complexity optimal PA solution in [67], the optimal PA coefficients are

derived in closed-form expressions, which have a computational complexity of O(1).
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Once obtaining the optimal PA for all possible cluster configurations, the outer sub-
problem boils down to a 3-dimensional matching problem. Due to the required QoS
at the CEUs, the pairing of the CEU with the CCU from the first cell is intertwined
with the CCU from the second cell that should be paired with that CEU, which
is different from the traditional two-user paring in a single-cell NOMA network.
To solve this problem, we project the outer sub-problem into three 2-dimensional
matching problems. Then, an iterative Hungarian method is proposed to find an

efficient and low-complexity UC policy.

e For given PA coefficients and a UC policy, the RIS PS matrix optimization sub-
problem is reformulated as a rank-one constrained optimization problem through
change-of-variables and matrix lifting. Then, a DC representation for the rank-one
constraint is designed. Finally, an efficient solution based on the SCA technique
is proposed to obtain a feasible PS matrix for the RIS. Finally, the computational

complexity for the overall proposed AO algorithm is analyzed.

We perform a thorough performance evaluation of the proposed scheme through var-
ious simulations. We also compare its performance to that of the CoMP NOMA scheme
[9,67], which does not incorporate the RIS, the RIS-assisted NOMA network without con-
sidering the coordination between the BSs, and to that of the RIS-assisted CoMP OMA
scheme [144,160]. Numerical results demonstrate the efficacy of the proposed framework
compared to these three benchmark schemes in terms of sum-rate performance.

To address the aforementioned research gaps introduced above, we divide this chapter
into two main parts, which are mapped into two principal Sections 6.4 and 6.5, respec-
tively. The first part, which addresses the performance analysis study for RIS-assisted
CoMP NOMA networks, can be organized as follows. The network model, the signal
model, the SINR, and the data rate analysis are presented in Section 6.4.1. In Section
6.4.2, we derive the ergodic rate for both the CCU and the CEU. Then, the numerical re-
sults for that model are discussed in Section 6.4.3. On the other hand, the second part of
this Chapter addresses the resource management in RIS-assisted CoMP NOMA network
is organized as follows. Section 6.5.1 presents the system model and rate analysis. Section
6.5.2 presents the formulated optimization problem and the proposed solution roadmap.
Section 6.5.3 presents the proposed PA scheme and UC policy. Section 6.5.4 presents

the PS optimization for the RIS. The simulation results are presented in Sections 6.5.7.
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Figure 6.1: RIS-empowered CoMP NOMA cellular network.

Finally, we conclude the Chapter in Section 6.6.

6.4 RIS-assisted CoMP NOMA Network: Performance
Analysis

6.4.1 System Model
6.4.1.1 Network Model

We consider a DL NOMA transmission in a two-cell system in which the RIS technology
and the CoMP are integrated. As shown in Fig. 6.1, each cell consists of one BS and one
CCU. In addition, one CEU is located at the overlapping area of the two cells. Due to
the good channel gain with its nearby BS, we assume that each CCU is associated with
one BS. We denote the CCUs attached to BS; and BS, as UE, and UEL,, respectively. On
the other hand, the CEU, denoted by UEy, is far from its serving BS, either BS; or BSs,
and experiences high ICI from the other BS. Thus, both BSs are cooperating together to
serve this UE. In this model, we assume a two-user NOMA group within each cell, where
each BS pairs its CCU with the CEU in one group. Thus, the CEU is a part of the two
NOMA groups. Furthermore, as shown in Fig. 6.1, we assume that a RIS is located in the
vicinity of each BS, where we denote by RISi and RIS; the RIS associated with BS; and
BS,, respectively. The phase shifts for each RIS can be reshaped such that the reflected
signals are constructively added at the CEU.

We assume that each BS and each UE is equipped with a single antenna, while each
RIS is equipped with L reflecting elements [10,132,173]. In total, there are eight com-

munication links in the considered system, namely BS; — UE,, BS; — UE;, BS; —
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RISg, RISg — UE, BS; — UE., BS; — UE;, BS; — RIS; and RIS; — UEy, whose
channel coefficients are denoted as hy, € C,hiy € C/higp € CH*' hgy € CEX by, €
C,hyy € C,hy; € CI* and hyy € CFX!, respectively. We assume that all the chan-
nel amplitudes are independent and follow distinct Rayleigh distributions. Therefore,
for all ¢ € {1la,1f,1R, Rf,2¢,2f,2I,1f}, the channel gain |h,|* follows an Exponential
distribution with parameter A\,. In addition, we assume that the average channel gain
of each link is determined by the path-loss, that is, A, = d", where d, is the distance

between two involved nodes and « is the path-loss exponent [33]. Finally, we denote by
&, = diag{e/?s1,ei%2 ... et} € CL*L the phase-shift matrix for RIS, s € {R, I},
where ¢, is the phase-shift for the /th reflecting element.

6.4.1.2 Signal Model and SINR Analysis

We first present the signal model at the CCUs, and then we discuss the signal model at
the CEU. Following the NOMA principle, BS; and BSs; broadcast superimposed signals

to the UEs, that are given, respectively, as

yl = 4/ Oé(llpll’a + Oé{Ple, (61&)
Vo = Ja5Pyx. + angxf, (6.1b)

where P, and P, are the transmit powers by BS; and BS,, respectively, z,, z. and x; are
the signals intended to UE,, UE, and UEy, respectively, af and o5 are the power control
coefficients associated to UE, and UE,, respectively, and oz{ and ozg are the power control
coefficients of UE; allocated by BS; and BS,, respectively, such that af + oz{ < 1 and
a§4aj < 1. Let us consider first the downlink NOMA transmission from BS;. According
to the NOMA principle, since |hy¢| < |hiq|, BS; assigns less power to the CCU than the
CEU, ie., of > a% We assume that the distance between the two RISs is sufficiently
large so that the signal transmitted from one BS and reflected by the RIS of the other BS
is negligible at the CEU and at its CCU due to the high path-loss [174]. Therefore, the
received signal at UE, is expressed as

Z, = (hio + W@ ghp) V1 + w,, (6.2)
where w, is the noise experienced at UE,, which is CN(0, 0?) distributed, such that o>
denotes the noise power. As explained in [173], the reflected signal from RISy towards
UE, is significantly weaker than the received signal from the direct path, and hence, it
can be ignored at UE, [173]. Based on this, after UE, decodes the UE;’s message x[l|

and then cancels it from its reception, the received SINR of UE, to decode its own message
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is given by
Ya = afprlhaal®, (6.3)
where p; = P;/o? is the transmit SNR from BS;. Following the same analysis, the SINR at
UE,, denoted by 7., can be obtained. Due to their good channel gains from their serving
BSs, we assume that the ICI at each CCU (the interference from BS; to UE, or from BS;
to UE,) is negligible and thus can be ignored [108].
Considering UEy, its received signal is expressed as
Z; = (hiy + hiz@rhgr)V1 + (hoy +ha ®hy ) Vs + wy, (6.4)
where wy is the noise at UE, which is CA/(0, 0?) distributed. Thus, the received SINR at

UE; to decode its own message can be written as
afpi(hiy + hip®rhry)? + afpa(hoy + by ®rhyy)?

V= T 2 1 oc T 2 (6.5)
afpr(fng + b p®rhiy)? + a5ps(hay + o ®rhyp)® +1
Similar to [132,138,175], the CSI related to the direct link and the cascaded link is assumed

to be available at the RIS controller. Consequently, the maximum SINR at the CEU can
be achieved when the phase-shift is selected as ¢r,, = arg(his) — arg([hig],[hrs)],) and
b1 = arg(hgy) — arg([hos]nlhysl,) for RISk and RISy, respectively. Therefore, the SINR

at UE; can be rewritten as,

vy = 04{0191 + Oégszz (6.6)
f a?plﬁl + QSPQQQ + 1’ ’

where

2
Ql £ <|h1f| + Z th hRf] |> 9

2

0, & (|h2f| + Z I[har] b/, |> (6.7)
6.4.2 Spectral Efficiency Analysis
The NSE for the proposed RIS-empowered CoMP NOMA scheme is expressed as!
R=Re+Rc+ Ry, (6.8)

where for u € {a,c, f}, R, denotes the ergodic rate of UE,. In the following, we derive a
closed-form expression of the ergodic rate for each UE.

The ergodic rate of a UE can be expressed as R,, = E [log,(1 + 7,,)], for all u € {a,c, f}
[33]. Since the performance of a CCU is not affected by the existence of RISs, its ergodic
rate corresponds to the one of traditional NOMA. Thus, the ergodic rate for UE, is given

'We focus in this part on studying the NSE. One may also use the NSE statistics provided in this
part to consider other performance metrics such as reliability, coverage probability, and energy efficiency,
which have been omitted for space limitation
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Figure 6.2: Comparison between the simulation and approximation results of the CDF of ;.

by [33]

-1 1 —1
R, = ——ex Ei , 6.9
In(2) P <a’fl)1)\1a) (Oz‘fpv\m) (69)

where Ei(-) denotes Exponential integral function. The ergodic rate of UE, can be obtained
similarly. Note that, the CCU is not forced to assist the CEU as in C-NOMA, and hence
its performance is not affected by either the SI in FD C-NOMA or the pre-log penalty in
HD C-NOMA due to the required two-time slots for transmission.

On the other hand, in order to evaluate the ergodic rate of UE;, we first need to
determine the distributions of the RVs 2; and €25. In the following, we start by deriving
the distribution of €. For [ € [1, L], the channel amplitude of the signal transmitted from
BS;, incident on the nth element of the RISk, and then reflected towards UE/ is subject
to a double-Rayleigh fading. Let hy g ¢ 2 hr0o hr¢, where © denotes the element-wise
multiplication. Therefore, for I € [1, L], the mean and the variance of RV [h; g f|; can
be expressed as E{|[hy psli|} = F+/MrAry and Var{|[hy g /)i|} = (1 — 7{—;)/\13/\3]0 [122].
For a sufficiently large number of reflecting elements, i.e., L >> 1, and according to the
central limit theorem (CLT), hy g = 3.~ [hy g ]; can be approximated with a Gaussian

distributed RV with mean and variance [122]

L
E{hir s} = pry = 1 VARARS (6.10)
2
T
Val"{hl,R,f} = Ul%?,f = L(]. — 1—6)>\13/\Rf. (6]_]_)

Based on the above, it can be seen that 1/€); is a sum of a Gaussian and a Rayleigh
distributed RVs, and therefore, obtaining its exact PDF is not straightforward. To over-
come this issue, we determine alternatively an approximated expression for the PDF of

;. We approximate the distribution of 2; by a Gamma distribution, i.e., Q; < I'(ky, 6).
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In order to evaluate and validate the accuracy and the good fitness of this approximation,
we have used the well-known Kolmogorov-Smirnov distance (KSD) [176]. Specifically,
the KSD measures the absolute distance between two different cumulative distribution
functions (CDFs) Fy and F;, [176], i.e.,

KSD = %%X\Fl(Ql) — F5()]. (6.12)
Obviously, smaller values of KSD correspond to more similarity between these distribu-
tions [176]. In our case, Fi(-) and Fy(-) represent the exact CDF obtained empirically
from the simulations and the approximated CDF resulting from the Gamma distribution,
respectively. For the considered simulation settings in Section IV with L = 150, the
obtained KSD of the approximation problem in hand is 0.03, which validates the good
approximation obtained by the use of the Gamma distribution. In addition, Fig. 6.2
presents the exact distribution of €2; obtained empirically from the simulations and the
approximated CDF resulting from the use of the Gamma distribution. Fig. 6.2 shows that
the Gamma distribution matches perfectly the exact CDF of €2, which demonstrates the
good fitness of the proposed approximation. Hereafter, the shape and scale parameters k;
and #; can be obtained using the moment-matching technique, which is one of the most
popular techniques for distribution approximation is [177]. Specifically, the exact first
and second moments of €}, are given, respectively, as

B} =B (sl + 1) |

{ 12712 2

7r Lm
16 +L(1—T6)1 )\IR)\Rf+I\/ﬂ')\lfAlRARf‘i‘)\lfa (613)

B2} = B{ (huf + 1)}

4
1=0

4 . .
) E{l g PRl r g (6.14)

7
where

E{[hifl} = /71 /2, E{|hif*} = iy,
E{|his |’} = 3¢/mA}, /4, E{|his|*} = 2X%;,

E{|hy,r s} = 0k + 1% s (6.15)
E{|h1rsl’} = 1k + 310k 5

E{|h1rys|*} = Miz,f + 6#?%,]00%%,]0 + 3‘7;1%,10-
Consequently, using the moment-matching technique, we obtain
b E{:}?
' E{Q}) - E{u}?
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_ E{O7} — E{%,}?
E{€ } '
Following the same procedures (6.10)-(6.15), {2, can be also approximated with a Gamma

0 (6.16)

distribution, i.e., Qy < I'(ks, 6,), where ko and 6, can be also obtained. At this point,
since the distributions of {2; and €25 are determined, we can derive now the closed-from
expression of the ergodic rate of the CEU. However, before we proceed, we present a

related Fact and some necessary lemmas for the derivations.

Fact 1. For any Y ~ I'(k,0) and any scalar 6 > 0, §Y ~ I'(k,00) [178].

Lemma 6.1. If {Y;} are independent Gamma distributed RVs with shape k; and scale 0;,
i.e., Y; ~ T'(k;, 0;), then >, Y; can be approzimated with a Gamma distributed RV with
shape and scale parameters given, respectively, as
(>, kiby)* S, kib?
k, = S——7>0 d 0,=<=—"". 6.17
D SN D S ) (6.17)
Lemma 6.2. If X is a RV with mean E{X} and variance Var{X}, then E{In(1 4+ X)}

can be approximated as

E{ln(1 + X)} ~ In(1 + B{X}) — 2(1%%(}})2' (6.18)

Proof. By using the Taylor approximation of the function = + In(1 + z) around a point

xo €] — 1, 00[, we get
r—x9 (x—m0)?
In(1 ~ In(1 — . 6.19
n(l+z)~In(l+x) + T+ 2 2(1+0)? ( )
Hence, by letting o = E{X} and then applying the expectation for both sides of (6.19),

we obtain

E{ln(1+ X)} ~ In(1 + E{X}) — %, (6.20)

which completes the proof. [ |

Theorem 6.1. The ergodic rate of UE; can be approzimated as
1 1+ ka0 kn, 0% ka,02
sz—<1n< T hay AI)— S 5+ S 2), (6.21)
In2 1+kA29A2 2(1+kA19A1) 2(1+kA26A2)
where for all j € {1,2},

2 2 2
<Z klw391> Z ki(iji)Z
;:1—, and Oa;(w;) = Z:12—
> ki(w;6;)? > kiw;0;
=1 =1

in which wy = p; and wy = B?”pl

b, () = , (6.22)

Proof. The ergodic rate of UE; can be obtained as
Ry = E{loga(1 +7/)},

! 0 f 0 (6.23)
o+ ol )}

a‘fplﬂl + OégpQQQ +1
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Table 6.1: Simulation Parameters [33,175]

Parameter Symbol Value
Distance between BS; and UE, and between BS, and UE, dig, doe 20m
Distance between BS; and UE; and between BS; and UE; dyg,day | 100m, 110m
Path-loss exponent for the wireless links n 3
Power allocation coefficients assigned by BS; and BS, to UEy a{, ozg 0.8
Power allocation coefficients assigned by BS; and BS; to UEa and UE, | of, of 0.2
Distance between BS; and RISy and between BS, and RIS; diR, day 20m
Distance between RISk and UEy dpry (dvf — dir)
Distance between RIS; and UE; dry (day — dor)

Now, note that for any z,y, z > 0, we have,
log<1 + L) = log(l + 37_—1—1/) — log(l + y). (6.24)
Y+ =z z

z
Hence, by considering x = a{plQl + 045/)292, y = afpi + a5pe€dy and z = 1, then Ry

can be rewritten as

Ry=E{log, (1 + A1)} ~ E{log, (1 + Ag)), (6.25)
P1 P2

where Ay = p1Q + p2fde and Ay = afp1y + a§pa€ds. Moreover, based on Fact 1 and
Lemma 6.1, we can see that for j € {1,2}, A; ~ I'(ka,,0a,). Consequently, by applying
the results of Lemma 6.2 to the expressions P1 and P2, we obtain the ergodic rate of

UEy, which completes the proof. [ |

6.4.3 Results And Discussion

In this section, our objective is to validate the performance of the proposed RIS-empowered
CoMP NOMA. The simulation results are obtained by generating 107 independent Monte-
Carlo trials. The main simulation parameters are shown in Table 6.1. The proposed

scheme is compared with the three following baselines.

1. CoMP NOMA [68]: this scheme is the same as the proposed one but without any

assistance from the RISs.

2. RIS-NOMA without CoMP [132,138,173,179]: this is the conventional scheme that
is applied in the literature of RIS-assisted NOMA cellular networks.

3. CoMP C-NOMA [10]: this is similar to the proposed scheme but the CCUs act as
active relays. That is, the two CCUs assist the transmission between the two BSs

and UEy instead of using the two RISs.
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Figure 6.3: Approximation accuracy.

6.4.3.1 Validation of The Analytical Expressions

In order to validate the accuracy of the provided expression for the ergodic rate of UE;

for any values of p; and po, we define the relative distance metric as follows.
|RSim - Rf |

7?'Sim ’
where Rgim is the exact ergodic rate of UE; obtained from simulations. It can be seen

Relative distance = (6.26)
from Fig. 6.3 that for most values of the transmit SNRs p; andp,, the analytical ergodic
rate perfectly matches the exact ergodic rate. In fact, it can be seen that the highest
value of the relative distance over all the transmit SNRs values is equal to 1 x 1073,
which justifies the accuracy of the proposed approximation. Based on this, and since a
homogeneous cellular architecture is considered, we assume that the transmit SNRs from
the BSs are equal, i.e., p; = py = p, for the rest of the results. In addition, from now

onwards, the analytical expressions are used to evaluate the system’s performance.

6.4.3.2 Ergodic Rate and Network Spectral Efficiency versus Transmit SNR

Fig. 6.4(a) presents the ergodic rate of the CEU vs the SNR, p. It can be seen that
the ergodic rate of the proposed system outperforms that of the CoMP NOMA and the
RIS-NOMA without CoMP baselines. This is due to two main facts. First, our proposed
framework allows the two BSs to exploit both RISs in serving the CEU by appropriately
adjusting the phase-shift of each meta-atom. Therefore, a stronger combined channel gain
at the cell edge UE can be achieved. Second, our proposed framework allows cooperation

between the BSs through JT-CoMP, which can mitigate the effect of the ICI. For instance,
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Figure 6.4: The ergodic rate for the CEU vs SNR.

when p = 60 dB, the proposed scheme achieves a gain of 64% and 57% when N = 50
and a gain of 43% and 92% when N = 100 against RIS-NOMA without CoMP and
CoMP NOMA, respectively, which demonstrates the superiority of the proposed scheme.
Furthermore, it can be also observed from Fig. 6.4(a) that, for lower values of p, the RIS-
NOMA without CoMP scheme achieves a better performance than the CoMP NOMA
scheme, especially when the number of elements per RIS increases. This is resulting
from the strong combined channel gain that can be obtained at the CEU, which makes
it more robust against intra-NOMA interference. However, for high values of SNR, the
RIS-NOMA without CoMP has the worst performance. This is because the cell edge UE
experiences in this scheme severe ICI interference, which strongly affects its performance.

In Fig. 6.4(b), we compare the performance of the proposed framework with the CoMP
C-NOMA scheme with FD relaying proposed in [10] in terms of the ergodic rate of the CEU
and the NSE. Aiming to be consistent with [139], and in order to have a fair comparison
between the two systems, we consider the constraint P2 + PP% = P, in the CoMP C-
NOMA system, where PP is the transmit power from the CCU m € {a, c} to the cell edge
UE and PPS is the transmit power from BS b € {1,2}. These constraints ensure that
the proposed scheme and the CoMP C-NOMA scheme utilize the same budget of power.
Note that, in the CoMP C-NOMA scheme, the SI limits the gain of the system and the
whole system performance depends on the FD performance at the CCUs. However, in the
proposed scheme, the number of elements per RIS controls the gain that we can achieve.

It can be seen from Fig. 6.4 that, when N = 150, the proposed scheme outperforms CoMP
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Figure 6.5: The network spectral efficiency vs SNR for various values of SI and RIS elements.

C-NOMA with lower values of SI. This means that we can achieve better performance by
using the RIS instead of allowing the CCUs to help the CEU. A similar observation can
be seen in Fig. 6.5. In fact, due to the effects of the SI on the performance of the CCUs,
the proposed framework has better spectral efficiency than the CoMP C-NOMA scheme.

6.5 Resource Management for RIS-assisted CoMP
NOMA Networks

6.5.1 System Model
6.5.1.1 Network Model

We consider a downlink transmission in a RIS-assisted CoMP NOMA cellular network
that consists of two adjacent cells as illustrated in Fig. 6.6, where each cell is equipped
with one BS. Two classes of users, namely, CCUs and CEUs, are considered within this
framework. The CCUs are the users that are near one of the two BSs, whereas the
CEUs are the users residing in the overlapped area of the two cells as shown in Fig.
6.6.2 Such classification can be performed through the relative received signal strength

(RSS) between each cellular user and its serving BS using the same approach in Chapter

2 QOur system model can be extended to a multi-cell set-up. This can be achieved by allowing any
two adjacent cells in a multi-cell set-up to coordinate together to serve the ICI-prone users. In order to
tackle the complex coordination between them, the BSs may construct a type of centralized-based radio
access network. This can be realized by the introduction of the cloud radio access networks (C-RAN),
which is an ideal network architecture to realize CoMP transmission in cellular networks [180].
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Figure 6.6: An RIS-enabled CoMP NOMA cellular network.

4. In the considered model, each cell invokes two-user NOMA to serve its associated
cellular users, where one CCU is paired with one CEU, for which the CoMP is adopted
between the two BSs as discussed above. In this context, each CCU from each cell
belongs to one NOMA pair within each associated cell, whereas each CEU belongs to two
NOMA pairs from the two cells, i.e., each CEU is paired with two CCUs, each from a
different cell. Moreover, we assume that the BSs and the cellular users have each one
transmit antenna and one received antenna [67,113,129,166]. We also assume that the
BSs are connected to a central processing unit through high-speed fronthaul links for
exchanging the scheduling/association decisions, signaling information, and the data of
CEUs. Although having high-capacity fronthaul links may be a challenge, there are some
state-of-the-art fronthaul technologies that have been investigated to release the potential
gains of CoMP transmission [181]. In addition, there are transmission techniques such as
estimate-compress-forward, compress-forward-estimate, and estimate-multiply-compress-
forward that are deemed as promising methods to circumvent the issue of limited-capacity
fronthaul links [160]. In this paper, and similar to [67, 158, 160], we assume that the
available fronthaul capacity is sufficient for exchanging signaling and data among BSs.
In order to further enhance the performance of the CEUs, a RIS equipped with L
reflecting elements is deployed at the overlapped edge of the two cells to boost the power
of the useful signal by carefully controlling the PS of the RIS’s meta-atoms. Hence, as

shown in Fig. 6.6, each CEU receives not only its desired signals from the two BSs, but
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Figure 6.7: Communication links of one coordinated NOMA cluster.

also the reflected signals from the RIS. Note that, we assume that the received signals
at the CCUs due to the reflection of the RIS can be neglected due to the unavailability
of the communication links resulting from the long distance and blockages [14,173]. For
ease of illustration, let BS; and BS, denote the BSs relative to the first and second cell,
respectively. In addition, let CCU' and CCU? denote the CCUs associated with the first
and second cell, respectively. In this context, we define a coordinated NOMA cluster as
a cluster of cellular users that consists of one CCU', one CEU, and one CCU?2. Since
in practical cellular systems, each cell is serving multiple coexisting users simultaneously,
different coordinated NOMA clusters may coexist within the considered cellular system.
Hence, in order to cancel the inter-cluster interference, i.e., the interference between the
different clusters of users, the resulting distinct coordinated NOMA clusters are simulta-
neously served over orthogonal and equally divided frequency channels [69, 98].

Let Z ={1,2}, M ={1,2,.... M}, F ={1,2,...,F} and N = {1,2,..., N} be the
sets of indices of the BSs, the CCUs!, the CEUs, and the CCUs?, respectively, where, M, I’
and N are the cardinality of M, F, and N, respectively. In addition, let K = {M UN}
be the set of all CCUs in both cells and let & = {M U F U N} be the set of all cellular
users. Regarding the channel models between the different communication nodes, both
the large-scale fading and the small-scale fading are considered for each communication
link. Specifically, for alli € Z, u € U, and f € F, hi, € C, hj g € C*! and hy, € CH*?
denote the channel coefficients of the wireless links from BS; — user u, BS; — RIS,

and RIS — CEUy, respectively. In the proposed model, we assume that the wireless
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links between the BSs and all cellular users, i.e., the CCUs and the CEUs, experience
each a small-scale fading that follows a Rayleigh distribution. Therefore, Vi € 7, u € U,
the channel coefficient h;,, = giu\/PL(d;.), where g;,, € C is the small-scale Rayleigh
fading with a zero mean and a unit variance, and PL(d;,,) is the large-scale path-loss,
which is modeled as PL(d;,) = po(d%)_’“’“, such that pgy is the path-loss at a reference
distance dy, 1;, is the path-loss exponent and d,,, is the distance between BS; and user
u. On the other hand, regarding the communication links between each BS and the RIS
and also between the RIS and each CEU, the line-of-sight (LoS) components are assumed
to exist [127]. Therefore, these wireless links experience a small-scale fading that follows
each Rician distribution. Hence, Vi € Z, the corresponding channel coefficients for the

links between BS; and the RIS elements can be expressed as,

1 K ~
hir =/ PL(d;R) (\/ 1t o SR /1 _i_;f'Rgi,R) ; (6.27)

where ; p represents the Rician factor, g; p represents the deterministic LoS components,

and g; p represents the non-line-of-sight (NLoS) components, which follows a Rayleigh
distribution with a mean zero and unit variance. The channel model for the wireless
links between the RIS elements and the CEUs can be obtained similarly. Moreover, the
channel state information (CSI) of the considered wireless links is assumed to be perfectly
estimated at the BS [129, 131,132,165, 166]. Despite the difficulty of obtaining perfect
CSI, various efforts in the literature have recently designed efficient channel estimation
techniques for RIS-enabled wireless networks that can be adopted in our system model
to provide accurate CSI [136,137,182]. For instance, the authors in [136] designed an
alternating least square approach dependent on the parallel factor framework which is
able to continuously estimate all the wireless links with low complexity. Two channel
estimation methods based on deep learning and compressive sensing were discussed in
RIS-assisted wireless systems [137]. In [182], the RIS-to-user and the BS-to-RIS channels

are estimated by using matrix completion and sparse matrix factorization, respectively.

6.5.1.2 Signal Model and Rates Analysis

To precisely describe the signal model at each CCU and CEU, a single coordinated NOMA
cluster is considered in this part as shown in Fig. 6.7. In particular, Vm € M, f € F
and n € N, we assume that the tuple (CCU},, CEU;, CCU2) forms one coordinated

NOMA cluster as illustrated in Fig. 6.7. We start by defining the main operations
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occurring in the first cell. At the beginning of a time block, BS; broadcasts a superimposed
signal of the messages intended to CCU}, and CEU;, which is expressed as y1m,; =
(1 —a1mf)Pryim + \/myf, where y;,, and y; denote the normalized signals
intended to CCU;},, and CEUy, respectively, i.e., E[ly1,[*] = 1 and E[lys|?] = 1, P; is
the budget of power allocated by BS; to the NOMA pair (CCU;,, CEUy), and ¢ is
the PA coefficient assigned by BS; to CEU;. Following the principle of NOMA, since
CCU;, is the strong NOMA user within the NOMA pair (CCU}, CEUy), it should be
able to detect the message of CEUy. Therefore, the PA coefficient o, s should satisfy
the constraint 0.5 < ay, 5 < 1 [115,183]. Consequently, the received baseband signal at
CCU! can be expressed as
Zm = M mY1m,f + RomYan,f + Wim, (6.28)
where ¥, s is the message broadcasted by BS, and w, ,, is an additive white Gaussian
noise experienced at CCU},, which is CN (0, 02) distributed. The term ha Y2 . f represents
the ICT signal broadcast from BS, and experienced at CCU} . Afterwards, using the SIC
technique, CCU;,, decodes first the message of CEUy, i.e., y, and then removes it from its
received signal in order to decode its own message, i.e., y; ,,,. Based on this, the achievable
rate at CCUj, to decode the message of CEU; is expressed as by
Rimos = log (1 4 CtmfTm ) , (6.29)

(1= aims)vim +1
where 71, = Pi|him|?/T and T £ Palhy,,|? + 02, In addition, the achievable data rate

at CCU! to decode its own message is expressed, as
Rim =1og (1 + (1 — 1m,)V1,m) - (6.30)
By following similar steps as in (6.28)-(6.30), the achievable rate at CCU? to decode
the message of CEUy, which is denoted by R, ¢, and the achievable rate at CCU? to
decode its own message, i.e., which is denoted by R, can be obtained. On the other
hand, CEU; receives its own signal through the transmissions from the two BSs, i.e., BS;
and BS,, and from the reflection by the RIS. Therefore, the received signal at CEU; can
be expressed as
zp = (hiy + hp 1 Ohy R)Yimy + (hay + R Ohy R)ysn s + wy, (6.31)
where w; is an additive white Gaussian noise experienced at CEU, which is CN(0, 0?)
distributed, and © = diag{®;(61), p2(02), ..., ¢ (01)} is the PS matrix of the RIS, where
VI € [1,L], () = €%, such that 6, € [0,27] represents the PS of the [th reflecting

element. Due to the consideration of non-coherent JT-CoMP, the achievable rate at
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CEUy to decode its message can be expressed as [41]
m fYLf + Qo fYag )
Ry=log |1+ , 6.32
T ( (1= )y + (1 —aonp)ry+1 (6532
where v 5 = Pi|hy ¢ —|—hg’f®h173|2/02 and vo,r = Pylho s +hg7f®h273|2/02. Based on

the above analysis, the achievable sum-rate of the coordinated NOMA cluster defined by
the tuple (CCU},, CEU;, CCU2) can be expressed as
Rt = Rim + Ry + Rop. (6.33)

6.5.2 Problem Formulation and Solution Approach
6.5.2.1 Network Sum-Rate Problem Formulation

With the quest of enhancing the performance of the proposed RIS-assisted CoMP NOMA
network, a framework that jointly optimizes the PA coefficients at the BS for each coor-
dinated NOMA cluster, the UC policy, and the PS matrix is proposed. The UC policy
determines the members of each coordinated NOMA cluster, i.e., which CCU from each
cell should be paired with which CEU. This framework is formulated as an optimization
problem with the goal of maximizing the network sum-rate while guaranteeing a successful

SIC process at CCUs and the required QoS for all users, which can be written as follows.

OPT:  max S Rt (6.34a)
meM feF neN

s.t. 0-5xk1,f,k2 S QG ks f S Tky,f ko> Vi € I, ]CZ € ]CZ', f € f, (634b)
Riki = Tiy pe Bl Vie L, ki€ K;, f € F, (6.34c)
Rf > Ik17f7k2Rtfh, VfeF, (6 34d)
Ri,ki—>f > xkl’f7k2Rtfh, Vi e I, f S .F, (6346)
Y wmpa <1, VYm € M, (6.34f)
neN feF
Y tmpa <1 Yn e N, (6.34g)
fEF meM
S T <1 VfeF, (6.34h)
neN mem
Ty, € {0, 1}, VmeM,feFneNN, (6.341)
(0] = 1. vi e [, ], (6.34))
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where X = {xp, s, € {0,1}m € M, f € F,n € N'} represents the set of UC indicators,
such that Vm € M, f € F and n € N, Ty s, is the UC indicator of the tuple (CCU},,
CEUy, CCU2), A = {(a1mf,qony) €[0,1*|m e M, f € F,n € N'} is the collection of
the BSs PA coefficients, and @ = [0, 0, ...,0;] is the L x 1 vector of the PS for the RIS’s
elements, and k; and IC; are defined Vi € Z, as k; = mand C; = M if i =1, and k; = n
and K; = N if i = 2.

Looking in depth into problem OPT, constraint (6.34b) represents the SIC constraints
at the CCUs within each coordinated NOMA cluster, constraints (6.34c) and (6.34d)
guarantee the required QoS at the users, where Vi € 7 and f € F, R};; and R}h represent
the minimum required rates at the CCUs and at the CEU, respectively. Furthermore,
constraint (6.34e) assures that each CCU can decode the signal of the paired CEU to
satisfy the SIC constraint, constraints (6.34f), (6.34g), and (6.34h) guarantee that each
user, either a CCU or a CEU, is a member of at most one coordinated NOMA cluster.
Finally, constraint (6.341) shows that the value of the UC indicator is either binary, where
Vm e M, f € Fand n € N, xy s, = 1 indicates that the tuple (CCU. , CEU;, CCU2)
construct a coordinated NOMA cluster and x, ¢, = 0 otherwise.

To maximize the network sum-rate, the PA at the two BSs, the UC policy, and the
PS matrix at the RIS should be jointly optimized. Due to the coexistence and the high
coupling of the binary variables X and the continuous variables A, @, the objective func-
tion and the constraints of the optimization problem OPT are non-convex. In fact, it
can be easily seen that the formulated optimization problem OPT is an MINLP problem,
which is difficult to solve. As a result, it is necessary to transform problem OPT into
some tractable sub-problems that can be solved separately and alternatively over multiple
iterations. Towards this end, we invoke the AO method to solve the original problem OPT

in an efficient manner, which will be detailed in the following part.

6.5.2.2 Solution Roadmap

The decomposition of problem OPT and the proposed solution approach for each ob-
tained sub-problem are presented in Fig. 6.8. Due to its intractability, problem OPT is
decomposed into two sub-problems, namely, a joint PA and UC optimization sub-problem,
which is an MINLP problem, and a PS optimization sub-problem, which is a non-convex.

With the aid of the AO approach, the two sub-problems are solved in an alternating
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Figure 6.8: Problem decomposition and solution roadmap.

way [127,129,131]. Precisely, at the first iteration, a random RIS PS matrix is generated
and inputted to the joint PA and UC optimization sub-problem. Then, the resulting
problem is solved and the obtained PA scheme and UC policy are inputted to the PS op-
timization sub-problem. Afterwards, the derived PS optimization sub-problem is solved
and an RIS PS matrix is obtained, which will be then inputted to the joint PA and UC
optimization sub-problem at the second iteration, and the same steps of the first iteration
will be repeated. This procedure, which is known as the AO procedure, will keep running
until convergence.

Within the invoked AO approach, efficient solution approaches for the joint PA and UC
optimization sub-problem and the PS optimization sub-problem are presented in section
6.5.3 and section 6.5.4, respectively. With the aid of the bi-level optimization, the joint PA
and UC optimization sub-problem is divided into two sub-problems: a PA sub-problem for
a single coordinated NOMA cluster, which is defined as the inner problem and a UC sub-
problem, which is denoted as outer problem [107]. For the inner problem, by analyzing
the objective function and all the constraints, we derive the feasibility conditions as in
presented in Theorem 6.2. Then, for all possible coordinated NOMA cluster, closed-form
expressions of the optimal PA coefficients are derived as shown in Theorem 6.3. After
finding the optimal PA scheme in a closed-form for all possible coordinated NOMA cluster,
the outer problem, i.e., the UC policy, ends up to be a linear assignment problem, or
precisely, a 3-dimensional matching problem, as shown in (6.42). Such matching problem
is an NP-complete problem [184]. Due to this, we resolve this challenge by introducing an

iterative technique that projects the resulting 3-dimensional matching problem into three
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2-dimensional matching problems, which can be solved using the Hungarian method [184].
Based on this, the proposed UC policy is obtained as shown in Algorithm 5. Finally,
for the PS sub-problem, we resort to DC representation for rank-one constraint and we
then invoke the SCA to solve the PS matrix optimization sub-problem, and the proposed
approach is summarized in Algorithm 6.

Note that, for the case of multiple BSs association scenario, the proposed methods of
designing the UC policy and the RIS PS configuration are primordial tools to investigate
the more general multi-cell set-up. However, there will be two major challenges that
should be considered: 1) Selecting the group of BSs that cooperate to serve a given CEU
should be addressed, which is denoted as BSs clustering, and 2) Obtaining an optimal
and a low-complexity PA scheme will be more challenging while considering multiple BSs

to serve a CEU and, therefore, it should be revisited.

6.5.3 Joint Power Allocation and User Clustering Optimization

Given an RIS’s PS matrix, we seek in this section to solve the joint optimization of the

PA coefficients and the UC policy, which is expressed as

PA = UC : max DD mpaRngs (6.35a)

meM feF neN
s.t. (6.34b) — (6.34i). (6.35b)
In problem PA — UC, it can be seen that, Ym € M, f € F and n € N, the achiev-
able sum-rate R,, r, of a single coordinated NOMA cluster, which is shown in (6.33), is
independent of the UC binary indicator z,, s, and it is only a function of the PA co-
efficients. Particularly, one can see that Ym € M, f € F and n € N, if the optimal

UC indicator xy, ;,, = 0, then the optimal PA policy (a{vmvf,og’n,f) = 09,;. However,
if @7, ., = 1, then (aim,f’ a;n’f) should be the optimal solutions of the PA coefficients

of the coordinated NOMA cluster (CCUL,, CEU;, CCU2). This means that, Vm € M,
f € Fand n € N, if we assume that CCU, CEU; and CCU? construct a coordinated
NOMA cluster and that we can determine their optimal PA coefficients (Oflk,m, 1205 f),
then problem PA — UC transforms into a linear assignment problem, which aims at ob-
taining the optimal UC policy that maximizes the network sum-rate. Thus, with the aid
of the bi-level optimization approach, the formulated optimization problem can be decou-

pled into two sub-problems [107], one inner sub-problem that consists of a PA sub-problem
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and one outer sub-problem that consists of a UC sub-problem. In the next subsections,

we present the two sub-problems along with their proposed solution approaches.

6.5.3.1 PA for Each Coordinated NOMA Cluster

In this subsection, and Vm € M, f € F and n € N, we investigate the PA scheme for the
coordinated NOMA cluster (CCU! , CEU;, CCU2) by determining the PA coefficients at
both BS; and BS,. Consequently, the optimal PA solution can be obtained by maximizing
the achievable sum-rate of a given coordinated NOMA cluster (CCU.L,, CEU;, CCU?),

which can be formulated as follows.

P—PA: max R, (6.36a)
Q1,m, fsX2,n, f

st. 05 < aqmyp, qonr <1, (6.36b)

Rimosf Rps Romsy > RY, (6.36¢)

Rim > R (6.36d)

Ron > RS (6.36¢)

Problem P — PA is a non-convex optimization problem and, hence, it is challenging to
obtain its optimal solution. Nevertheless, since P — PA should be solved for all possible
coordinated NOMA clusters, a computational-time efficient approach needs to be explored.
In doing so, we investigate the objective function and the constraints of problem P — PA so
that closed-form expressions for the PA coefficients can be obtained. In this context, due
to the existence of both SIC and QoS constraints, problem P — PA might be infeasible for
some channel realizations of the cellular users. Due to this, we check first the conditions

under which problem P — PA is feasible, which are given in the following theorem.

Theorem 6.2. Problem P — PA s feasible if and only if the following conditions hold.

Condition 1: t,, < min (% 14+ 3/14+m m) (6.37a)

Condition 2: t,, < min (72% —1+ /147 n) (6.37b)
Condition 3: Yy < Y1+ Your, (6.37¢c)
where Yk € {m, f,n}  tx = eB — 1 and
m tm
Yimy = O = ) (L+t) 1,
'71,m
n - tn
Y2,n
Yi=tr(vs+r2r+1). (6.38a)
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Proof. See Appendix D1. [ |

Based on this, assuming that problem P — PA is feasible, the corresponding optimal

PA coefficients are presented in the following theorem.

Theorem 6.3. The optimal PA coefficients o, ; and a3, ; of problem P — PA are ex-

pressed as
ims = Ul (@l = %0) + 20U (20 — oy U (el — @0) + ol U (w0 — als)
(6.39a)
« « t + +1
0=y Y Wi’f Dar+ 1) (6.39b)
P, (1+15) 72
where U(+) denotes the unit step function and
: . t 1
o'y, = max <oc§nfnlf, —Hag‘;"f 4L O 4025+ )> , (6.40a)
v Ty T (L+1t5) 718
. t 1
ames = min ((apes, 22 ggin b (s 40 ¥ )) , (6.40b)
. Ty (L+t5) 7y
such that, for all i € T and k; € K;
. 1 (i + 1)k, A
Qe ;= max (—, —(7 k+1) k’) ;= Jiki — i (6.41)
Y 2 (tkz + 1) ik v ik
Proof. See Appendix D2. [ |

For allm € M, f € F,n € N, let us define the optimal PA scheme for the coordinated
NOMA cluster (CCU;,, CEUy, CCU2) as Py, ;, = (o, 5, &5, ¢)- In addition, we denote
by P* & {Pr snlm € M, f € F,n € N} the optimal PA scheme of all possible clusters.

Based on this, a near-optimal UC policy will be obtained in the next sub-section.

6.5.3.2 UC: An Iterative Hungarian Method

It is important to note that achieving the required QoS at each CEU depends on the PA
coefficients assigned by both BS; and BS,, which in turn depends on the two CCUs that
are members with the considered CEU in the same coordinated NOMA cluster. As a result,
the two BSs should jointly perform the UC policy by grouping one CCU from each cell
along with one CEU. In particular, we need to get the best users that should be grouped
within each coordinated NOMA cluster given the optimal PA coefficients in P* that was
obtained from solving problem P — PA Vm € M, f € F and n € N. Consequently, the
optimal UC policy X* is obtained by solving the following optimization problem.

P—-UC s max Z Z Z T, fn R, fn(Pr ) (6.42a)

meM feF neN

s, (6.34f) — (6.34i). (6.42D)
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Problem P — UC is a 3-dimensional matching problem and its optimal solution requires
an exhaustive search over all possible coordinated NOMA clusters, which is impractical
due to its immensely high computational complexity especially in large-scale networks.
In order to resolve this issue, we propose an iterative technique that projects the 3-
dimensional matching problem in (6.42) into iterative 2-dimensional matching problems
that can be easily solved. The main idea of this iterative method is to give the opportunity
for each user to choose the best other two members to form a potential coordinated NOMA
cluster such that the network sum-rate is maximized.

Consider an arbitrary initial UC policy X = X°" that is feasible to problem P — UC
in (6.42), i.e., satisfying the constraints (6.34f)-(6.34i). Then, define the set of indices
of CCUs! and CEUs that are clustered together through the UC policy X% as Qy =
{(m, f)|2% ;, =1,V (m, f,n) € M x F x N'}. Then, define the binary set X* = {z .
€ {0,1}V (m, f,n) € Qo x N'}. Consequently, the problem of designing the optimal as-

signment of each CCU? to a predefined pair in Qg can be expressed as follows.

. 1 _ 1 *
P1-UC: X" =argmax YD wh R (6.43a)
X (mf)eQo neN
s.t. Z Ty pn=1,Yn €N, (6.43b)
(m,f)EQO

where constraint (6.43b) indicates that, for all n € N, only one CCU? can be uniquely
assigned to a given predefined pair (CCU.,, CEU), for all (m, f) € Q. Since the set Qg
is already defined and fixed, it can be seen that problem P.1 — UC is now a 2-dimensional
matching problem. As a result, the Hungarian method can be employed to optimally
solve P.1 — UC, which yields to the UC policy X" [185].

Next, we give the opportunity to each CEU to select the optimal CCU! and CCU? from
the first and second cell, respectively, in order to maximize the network utility in terms
of the network sum-rate. Let M! and N'! denote the set of indices of CCUs! and CCUs?
resulting from the clustering policy X', i.e., M' = {m }‘r}n,n,f =1,V (m,f,n)e MxF
xN} and N = {n|z}, =1,V (m, f,n) € M x Fx N}. Then, define the set of
indices of CCUs' and CCUs? that are clustered together through the UC policy X'
as O = {(m,n)| 2, ;, =1,V (m, f,n) € M x F x N}. Afterwards, define the binary
set X% = {x?n’fm e {0, 1}| V (m, f,n) € M' x F x N'}. Consequently, the problem of

designing the optimal assignment of each CEU to a predefined pair in {2; can be expressed
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as follows.

. 2% __ 2 *
P2-UC: &% =arg max Z Z o L (6.44a)
Y2 (mnyequ feF
st Y an,=LVfEF. (6.44D)
(m,n)e

It can be seen that problem P.2 — UC has the same structure as P.1 — UC and the Hun-
garian method can be applied to obtain the UC policy X?".

Finally, it is the turn for each CCU! to select the optimal CEU and the optimal
CCU?, in order to maximize the network sum-rate. First, define the set of indices
of CEUs and CCUs? that are clustered together through the UC policy X% as y =
{(f,n)laZ ;, =1,V (m, f,n) € M x F x N'}. Then, define the binary set X* = {23

€ {0,1}|V (m, f,n) € M x Qy}. Consequently, the problem of designing the optimal as-

signment of each CCU! to a predefined pair in €2; can be expressed as follows.

. 3 _ 3 *
P3-UC: Xx° = arg)glax Z Z Tyt R fim (6.45a)
(f,n)€Qa meM
st Y ab . =1Yme M. (6.45h)
(f,n)GQQ

The Hungarian method can be utilized to get the policy X3". The iterative approach
continues by solving P.1 — UC with the updated set Q3 = { (m, f)| 3, ,, =1,V (m, f,n)
€ M x F x N'}. We develop the subsequent iteration X% — X" — X% — X% —
..., which is denoted as the iterative Hungarian method. The iteration process continues
until there is no change in the UC policy. In fact, the output sequence of the iterative
Hungarian method is non-decreasing and converges when XD = x(+2)" — y+3)"

for a ¢ > 0 [184, Theorem 1]. Finally, the details of the iterative Hungarian method are
described in Algorithm 5.

6.5.4 Passive Beamforming Optimization and Overall Complex-

ity Analysis
6.5.4.1 Passive Beamforming Optimization

For a given PA scheme P* and a UC policy X'*, the optimal PS matrix for the RIS can

be obtained by solving the following optimization problem.

P—PS: mgXZRf (6.464)
feF
s.t. (6.34d), (6.34j). (6.46b)
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Algorithm 5: Proposed Iterative Hungarian Method
Input: {R,, ;0 |Vm € M, f € F,n € N} and the maximum number of iterations
Ja;
Initialize: Iteration index ¢t = 1 and UC policy X" feasible to (6.42);
Compute: X", X?" and &%
if X" = X% = X% then
| =X
end if
else
t =1 and Check = 0;
while (¢ < J, and Check =0) do
Find €3, based on X3*" and solve P.1 — UC using the Hungarian method
to obtain A3+,
if X3t71* — XBt* — X3t+1* then
‘ X* = X% and Check = 1;
end if
else
Find Q3,41 based on X3! and solve P.2 — UC using the Hungarian
method to obtain A3*2":
if X?)t* — X3t+1* — X3t+2* then
‘ X* = X%*2" and Check = 1;
end if
else
Find Q3,9 based on X3*2" and solve P.3 — UC using the
Hungarian method to obtain A3+3":
if X3t+1* — X3t+2* — X3t+3* then
| A = &3 and Check = 1;
end if
end if
end if
t=1t+1;
end while
end if
Output: UC policy A'™;

Since the RIS is located at the edge of the cell to improve the CEUs’ performance, the
objective of (6.46) is to maximize only the sum-rate of the CEUs. It can be easily
seen that P — PS has a non-concave objective function and non-convex constraints, i.e.,
(6.34d), (6.34j), which is also challenging to be solved. To overcome this issue, we first
reformulate problem P — PS into a rank-one constrained optimization problem through
change-of-variables and matrix lifting. Then, we design a DC representation for the rank-
one constraint. Finally, an efficient SCA algorithm is developed to solve the resulting

problem.
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6.5.4.2 Rank-One Constraint Optimization problem

Let us define v = [¢1(6y), ..., ¢ (01)]" and by applying the change of variables hg’thl,R
= v7®, where ® = diag(hj ;)hir € C' and hj Ohyp = v"¥, where ¥ =
diag(hg,f) hy g € CEX!) we obtain

|hiy + hp Ohy g|* = by + 0" @, and

|hay + bt (Ohy g|* = |hy s + v B[ (6.47)
By defining an auxiliary variable 7, then an equivalent representation of the achievable

rate Ry of CEUy, Vf € F, can be obtained as follows,

Rf = log 1+

Cq,m,fpl (tr (UQl,f) + ‘th‘Q) + a;,n,fPQ (tf (UQQ,f> + ‘h2,f‘2)
(1—aj,.)h (tr (UQy ;) + [hgl?) + (1 — @ 1) P (tr (UQay) + |hogl?) + 02|

(6.48)
where
2" i, vu’ whll,
Q= . T Qup = . 1 (6.49)
h® 0 ha p B0
and 97 = [v, 7], in which we used the fact that v7Q.v = tr (Q,vv") for all z €

{1, f},{2, f}}. In addition, let U = ®9", which satisfies rank(U) = 1 and U = 0.
It is worth to mention that in (6.48), the PA coefficients of,, ; and a3, ; represent the
optimal PA of the coordinated NOMA cluster (CCU.,, CEU;, CCU?) after obtaining the
optimal UC policy X*. Maximizing the CEUs sum-rate in their current form still implies
a non-concave objective function with non-convex constraints. By following the same
change of variables approach proposed in [186], we define the following exponential slack
variables

e’ =P (tr (UQy ;) + [his?) + P (tr (UQyy) + |hayl?) + 02,

el =(1—-af,, ;)P (tr (UQLf) + |hag?) + (1= 1) Po (tr (UQQJ) + |hos|?) + 0.

(6.50)

Afterwards, by applying simple exponential and logarithmic properties, the optimization

problem of the PS matrix can be rewritten as follows.

OPT-PS : — 6.51
max >  (ys — qy) (6.51a)
fer
s.t. yr—qr = R}, Vf e F, (6.51Db)

P (tr (UQy ) + |higl?) + P (tr (UQy ) + [hayl?) + 0 > €%, VfeF, (651c)
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(1=l )21 (tr(UQy f) + [hasl?) + (1= a5, 1) P (0(UQy f) + |hos|?) + 0

<,  YfeF (6.51d)
U >0, (6.51e)
U], = 1, Vie[l,L+1], (6.51f)
rank(U) = 1, (6.51g)

where y = [y1,...,yr]t and q = [q1,...,qr]7. After these mathematical manipula-
tions, OPT — PS is still a non-convex optimization problem due to the non-convexity of
constraint (6.51d) and of the rank-one constraint in (6.51g). In order to tackle the non-
convexity of constraint (6.51d), we use SCA to perform a first-order Taylor approximation
as e = e (qy — gy + 1), where the linearization is made around a point gy that satisfies

the constraints of problem (6.51). Consequently, problem (6.51) can be rewritten as

OPT—PS : - 6.52
max J;(?/f ar) (6.52a)
st (1—aj )P (t0(UQy ) + [hngl?) + (1 — a5, ) Po (t1(UQy ) + | o 4[?) + 0
<G -g+1), VfEF, (6.52b)
(6.51D), (6.51¢), (6.51¢) — (6.51g). (6.52¢)

Considering the rank-one constraint, one widely adopted technique in the literature to
deal with such constraint is the SDR technique. By dropping the rank-one constraint,
the resulting optimization problem ends up to a convex SDP, which can be efficiently
solved by existing convex optimization solvers such as CVX [131]. However, when the
dimension of the optimization variable is large, the SDR method has a low probability
of returning a rank-one solution and it often fails to reach it [142, 187]. Hence, the
Gaussian randomization should be applied after the SDR technique to obtain a rank-one
sub-optimal solution [142,187]. Unfortunately, the obtained sub-optimal solution may
not be feasible to meet the QoS constraints [142,187], and hence, it causes early stopping
in the AO approach. To circumvent this issue, we design instead a DC representation for

this rank-one constraint, which is detailed in the following part.

6.5.4.3 DC Representation for Rank-One Constraints

The key idea behind the DC representation can be presented as follows. For a PSD matrix
U € CEFI*LH1 the rank-one constraint indicates that o (U) > 0 and o;(U) = 0, for all

l € [2,L + 1], where for [ € [1,L + 1], 0;(U) denotes the [th largest eigenvalue value
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of U. Based on this, the rank-one constraint can be represented through the following

proposition.

Proposition 4. For a PSD matriz U € CEPYLHL satisfying tr(U) > 0, we have
rank(U) = 1 & ||U||, = [|U|l; = 0, (6.53)

where |U||, = o1(U) and |U|, = 3215 0u(U) represent the spectral and the nuclear

norms of U, respectively.

Proof. The complete proof can be found in [142, Proposition 3]. [

According to Proposition 4, the non-convex rank-one constraint imposed on U in
(6.51g) can be equivalently replaced by a DC function that can be added as a penalty term
to the objective function in (6.52a) of problem OPT — PS [126]. Consequently, problem
OPT — PS can be expressed as

PS—1: max Y (wr—ap) =< (UL - U],) (6.54a)
»Y,q
fer
st (6.52b), (6.51b), (6.51¢), (6.51e), (6.51F), (6.54b)

where ¢ > 0 is a penalty factor that forces the equality constraint for the rank-one
constraint [188]. Therefore, when the penalty term reaches zero, i.e., (||U||, — ||[U||,) =0,
a rank-one solution can be obtained [188]. Similar to [188], we can initialize the penalty
coefficient ¢ with a small value and gradually increase it until the penalty term reaches
zero as follows: ¢ = wg, where w > 1 [188]. Furthermore, since ||-||, is a convex function,
the problem in (6.54) is still non-convex optimization problem. Here, we can apply SCA
to solve it in an iterative manner. Particularly, by linearizing the convex term, all what

remains is to solve the following optimization problem.

_9. ) — _ g
PS—2: max > (5 —a) —< (WU - (oo [UF)|U)). (6550)
feF
s.t. (6.52b), (6.51b), (6.51¢), (6.51e), (6.51f), (6.55h)

where U1 is the obtained solution at iteration r— 1, Oyir-1

U[r—u‘

) is the sub-gradient
of the spectral norm at the point U™ and (.,.) denotes the inner product that is given
by (V,Z) = R(tr(V* Z)). Note that dy— |U], can be efficiently evaluated as u;ul,
where u; is the eigenvector corresponding to the largest singular value o1(U) [142]. Given
an initial value of U and by iteratively solving problem (6.55) until the penalty term
reaches zero, we can obtain an exact rank-one solution for the PS matrix. One practical

stopping criterion for problem (6.55) is given by ||U]||, — [|[U||, < epc, where epc > 0 is a

sufficiently small constant [142].
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Algorithm 6: Proposed Algorithm for the PS Matrix Design
Input: Q,;,Q, ;. P*,X* Py, P,,0% R}, maximum number of iteration .Js,
iteration index r = 1, and maximum tolerance € and epc;
while (r < J3) do
if max [qﬁf] — (jgf_l]} < € and penalty term HUM
\ l;creak;

end if

else

Compute the subgradient -y ||U||, and obtain a solution U by
solving (6.55);

Update gl" := q"!;

Update "1 = well:

Increment r :=r 4+ 1;

end if

end while

— HUMH < epc then
* 2

Obtain @* using Cholesky decomposition, where Ul = 5* (’l_)*)H;

Obtain the PS matrix ®* = diag (('U*)H), where v* = [v*],, / [v*] 4

Based on the above analysis, the overall algorithm for solving the original PS matrix
optimization problem P — PS in (6.46) is summarized in Algorithm 6. In addition, the
convergence behavior of the proposed iterative algorithm is discussed in the following

proposition.

Proposition 5. The generated sequence {U[r]} by iteratively solving problem (6.55) is
strictly decreasing and the sequence {UM} converges to a critical point of PS — 2 from an

arbitrary initial point U,
Proof. The complete proof can be found in [187, Proposition 1]. [ |

At this point, the overall proposed AO algorithm for the network sum-rate maxi-
mization problem OPT in (6.34) for the considered RIS-aided CoMP NOMA network is
summarized in Algorithm 7. It is noteworthy that according to the convergence analysis
in section 6.5.3-B and Proposition 5, one can deduce that the objective function of
problem P — PA in Algorithm 7 is monotonically non-decreasing over iterations. There-
fore, since the objective value is upper bounded due to the limited transmit power at the

BSs, Algorithm 7 is guaranteed to converge.
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Algorithm 7: Proposed AO Algorithm for RIS-assisted CoMP NOMA networks

Initialize: phase-shift matrix for RIS ©V), the tolerance ¢, the maximum
number of iteration J;, network sum-rate R[sjl]lm = 0 and set the current iteration
number as j = 0;

while (7 < J; or RUH Rl ¢) do

Sum Sum
Step 1: Power allocation optimization

With a given value of ®V! check the feasibility conditions according to
Theorem 6.2;

if P — PA in (6.36) is feasible for this coordinated NOMA cluster then

Update the optimal PA for this potential coordinated NOMA cluster
737[,{;17]1 based on Theorem 6.3;

end if

Step 2: User clustering optimization

With given values of all possible PUt1 and ©U update XU+ via

Algorithm 5;

Step 3: Phase-shift optimization

With given PVt and XU+ update OVFY via Algorithm 6;

end while

Output: the solution PU, XUl and ©UI;

6.5.5 RIS-Assisted CoMP NOMA Networks: Practical Imple-

mentation

Here, we provide the main steps for implementing RIS-assisted CoMP NOMA in a cellular

network.

1. User association and classification: Each user first detects the reference signal
from the serving BS and the other BS, which is in this case an interfering BS. Then,
the estimated RSS measures from the two BSs are reported to the serving BS and
then forwarded to the central processing unit. If the measured RSS values from
the two BSs are less distinctive, this user is deemed as a CEU, and therefore, it
associates with the two-BSs and the CoMP transmission is triggered. Otherwise, if
the reported RSS values are highly distinctive, the user is served by only one BS.

Finally, the central processing unit reports the user classification to the BSs.

2. Channel estimation for all the wireless links: In this step, the CSI for
all the considered wireless links should be estimated. We rely on efficient channel
estimation techniques that have been developed in the literature for RIS-enabled

wireless networks. These techniques can be adopted in our proposed system model

to obtain an accurate CSI [136,137,182].
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3. Power allocation, user clustering, and phase-shift optimization: In this
step, at the central processing unit, PA coefficients, UC policy, and PS matrix
optimization are obtained and forwarded to the two BSs as well as the RIS controller

so that the PS for each meta atom can be accordingly tuned.

4. User tracking and channel measurements: In this step, the two BSs keep
tracking frequently the RF channel measurements and reports along with the es-
timates of the users’ positions. Afterward, based on the received information, the
central processing unit will check if there are any changes in either the RSS or the
user positions (some users are mobile and can change from CCUs to CEUs or vice

versa). If it is the case, the first three steps should be repeated.

6.5.6 Computational Complexity Analysis

To quantify the computational complexity of the proposed AO Algorithm for the consid-
ered RIS-assisted CoMP NOMA network, which is presented in Algorithm 7, the com-
putational complexity of the PA optimization, the UC optimization, and the PS matrix
design need to be evaluated. First, for the PA solution, since we obtained a closed-form
solution as shown in Theorem 6.3, the computational complexity of having the optimal
achievable sum-rate for an arbitrary coordinated NOMA cluster is approximately O(1).
Thus, the computational complexity for obtaining the optimal achievable sum-rates of all
the possible coordinated NOMA cluster configurations is O(M FN). Then, for the UC
optimization, and according to [184], the computational complexity of iterative Hungar-
ian method, which is presented in Algorithm 5, is O(I'®), where I' = max(M, F, N).
Finally, regarding the PS matrix design, it is an SDP problem that can be solved us-
ing interior point methods [149]. Hence, based on [149, Theorem 3.12], the order of
the computational complexity of an SDP problem with & SDP constraints that contain
an a x a PSD matrix is given by O (y/alog(1/¢) (ka® + k*a* + k?)), where ¢ > 0 is
the solution accuracy. For the PS matrix problem in hands, we have a = L + 1 and
k = L+ 3F + 1. Hence, the computational complexity of the PS matrix design is approx-
imate O (Jzlog (1/¢) (L*® + F2L*® + L3°F)). As a result, the overall complexity of the
proposed AO algorithm is O (J; (MFN + JoI' + Jslog (1/¢) (L*5 + F2L?*®  +L3°F))),

which is a polynomial time complexity.
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6.5.7 Simulation Results and Discussion

In this section, the efficacy of the proposed system model and the solution approach are
evaluated through the following three points. First, we validate the optimal closed-form
expressions of the PA coefficients. Second, we assess the proposed UC policy, i.e. the
iterative Hungarian method, in comparison with the optimal UC scheme that is based
on the exhaustive search method. Third, we evaluate the performance of the proposed
RIS-assisted CoMP NOMA networks in comparison with four benchmark schemes under
different system parameters by varying the number of RIS’s elements, the rate threshold
at the cellular users, and the BS transmit power. These benchmark schemes are presented

as follows.

1. The CoMP NOMA scheme: This scheme was proposed in [9,67] and it is similar
to the proposed scheme but without including the assistance of the RIS. Hence, with
the objective of maximizing the network sum-rate, the optimal PA coefficients at
the BSs that derived in Theorem 6.3 and the proposed UC policy, which is based

on the iterative Hungarian method, are adopted for this scheme.

2. Random Phase-shift Matrix: This scheme is similar to the proposed scheme,
but a random RIS’s PS matrix is considered instead of the designed one. In this
case, the same PA coefficients and UC policy, which are presented in Section IV,
are adopted for this scheme. However, the phase-shifts of the RIS’s elements are

independent and uniformly generated within [0, 27].

3. The RIS-assisted CoMP OMA scheme: This scheme was proposed in [160],
where the CCUs and CEUs are allocated orthogonal radio channels. With the
objective of maximizing the network sum-rate, the PA and PS matrix sub-problems
are solved using the AO approach. Moreover, after applying the AO approach, the
PA sub-problem is convex, and hence, it can be efficiently solved by existing convex
optimization solvers such as CVX. Meanwhile, the PS matrix at the RIS can be
obtained based on our method presented in Section V. Note that, the UC phase is

not required.

4. The RIS-assisted NOMA scheme: This scheme is studied in [165, 173] in

which there is no coordination between the BSs and each cell will invoke NOMA to
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Figure 6.9: Convergence of the proposed AO algorithm.

serve the associated users by constructing a two-user cluster; meanwhile the RIS is
deployed at the edge of the cell to enhance the performance of the CEUs. With the
objective of maximizing the sum-rate at the first cell, and similar to our proposed
scheme, we invoke the AO approach to obtain the PA, UC, and PS matrix for the
first cell considering that the transmission of the other BS acts as an ICI at both the
CCUs and CEUs. We derive a closed-form expression for the PA coefficients and
we employ the Hungarian method to tackle the UC problem. On the other hand,
the PS matrix at the RIS is obtained based on our method presented in Section V.

6.5.7.1 Simulation Settings

In the 3-dimensional Cartesian coordinates system, the locations of BS; and BS, are
assumed to be (Om,Om, 10m) and (140m, Om, 10m), respectively, where the radius of each
cell is assumed to be equal to 80 m. The RIS is located in the overlapped area of the two
cells, precisely at (70m, 20m, Om). The CCUs! and the CCUs? are randomly distributed
within two discs centered at their nearby BSs, with inner and outer radii of 20 m and 40
m, respectively. Meanwhile, the CEUs are randomly distributed within the overlapped
area of the two cells and at a distance of 20 m from the RIS. Unless otherwise stated,
we assume that the numbers of CCUs!, CCUs?, and CEUs are M = N = I = 3 users.?
Moreover, Vi € Z, m € M, f € F n € N, the path-loss exponents of the wireless

links are 7, = Min = 3.5, ir = Nry = 2.2, and 7, 5 = 4, whereas the Racian factors

3In these simulation settings, we consider the number of CCUs and CEUs are equal. This assumption
is due to the fact that the maximum number of potential coordinated NOMA clusters is the minimum
between the cardinals of the three available sets of users, i.e. min(M, F, N).
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Figure 6.10: Analytical and numerical network sum-rate.

kir = Kr,f = 3 dB. We assume that the transmit power by BS; and BS, are equal, where
P, = P, = P, and that the noise power at the cellular users o2 = —90 dBm [13,113]. All

the results are obtained by averaging over 2000 channel realizations.

6.5.7.2 Convergence Analysis

Fig. 6.9 presents the convergence behavior of the proposed AO algorithm for the proposed
RIS-assisted CoMP NOMA network versus the iteration index when the number of RIS
elements L = 60, the rate thresholds of all users R™ = R = R™ = 1 nats/sec/Hz, and
the transmit power at the BSs P, = 18 dBm. It can be seen from this figure that the pro-
posed AO Algorithm converges in about 5 iterations, which shows the low computational

complexity of the proposed solution [13].

6.5.7.3 Validation of The Closed-form Expressions of The PA Coefficients

Fig. 6.10 presents the numerical and analytical average achievable sum-rate for one coor-
dinated NOMA cluster. The analytical results are obtained by applying both Theorem
1 and Theorem 6.3, whereas the numerical results are acquired by solving problem
P — PA using one optimization solver.* It can be observed from Fig. 6.10 that the ana-
lytical results perfectly match the numerical results which proves the optimality of the PA
expressions derived by Theorem 6.3. It can be also seen from Fig. 6.10 that when the
rate requirements for the CEU increases, the average achievable sum-rate per coordinated

NOMA cluster decreases. This observation is due to the following two reasons. First,

“fmincon is used to solve the problem P — PA, which is a built-in function in MATLAB [107]. Moreover,
100 different initial points are generated in order to guarantee convergence to the optimal solution.
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increasing the rate requirement at the CEU leads to increasing the failure probability of
satisfying the feasibility conditions in Theorem 6.2, which results in a high probability
of having zero achievable sum-rate for the associated coordinated NOMA cluster. Second,
a high rate requirement at the CEU means that high PA coefficients should be allocated
by the BSs. In this case, small PA coefficients are allocated to the associated CCUs,

which results in a lower achievable sum-rate per cluster.

6.5.7.4 Sum-Rate per Cell

Fig. 6.11 presents the sum-rate per cell achieved by the proposed scheme, CoMP NOMA
scheme, RIS-assisted NOMA scheme, and RIS-assisted CoMP OMA scheme versus the
BS transmit power considering a single coordinated NOMA cluster. For a fair comparison
between the four schemes, the sum-rate per cell is adopted where only the achievable
sum-rate of one CCU along with the CEU is considered. It can be seen from this figure
that the proposed system outperforms that of the three baseline schemes. This is because
of two main reasons. First, our proposed model combats the severe path-loss at the CEU
by allowing the two BSs to exploit the RIS in serving this user by properly adjusting its
PS matrix. Therefore, a stronger combined channel gain can be achieved. Second, our
proposed model also allows cooperation between the two BSs through CoMP transmission,
which can mitigate and benefit from the ICI by converting the interference signal into a
useful signal. In addition, for a high transmit power at BSs, one can see that the RIS-

assisted NOMA without CoMP has the worst performance. This is due to the fact that the
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CEU experiences severe ICI, which deteriorates its performance. In order to evaluate the
performance of the proposed two-cell network, we will exclude the RIS-assisted NOMA

baseline scheme in the following results.

6.5.7.5 Network Sum-Rate Performance

Fig. 6.12 presents the average network sum-rate versus the number of RIS reflecting
elements. First, one can see that the network sum-rate achieved by the RIS-based schemes
increases when the number of RIS’s reflecting elements increases while the performance
of CoMP NOMA scheme (without RIS) remains unchanged. This is due to the fact that
a larger number of RIS’s passive elements leads to a strong combined channel gains at
the CEUs, and hence, a strong passive array gains. Second, the orthogonal allocation of
the radio channel in CoMP OMA with RIS, which results in doubling the required signal-
to-noise-ratio threshold, makes the CoMP OMA scheme exhibits the worst performance,
which validates the necessary of invoking NOMA at each BS. For instance, when the
number of reflecting elements is equal to 60, the proposed RIS-assisted CoMP NOMA
scheme can achieve around 9.5%, 12.5%, and 88% gain over the random phase-shift matrix,
the CoMP NOMA without RIS, and the RIS-assisted CoMP OMA schemes, respectively.

Fig. 6.13 illustrates the relationships between the average network sum-rate and the
CEUs rate threshold R}h. It can be seen from this figure that the proposed scheme
outperforms the other three benchmark schemes under various required rate settings.

Moreover, it can be observed that when the data rate threshold increases, the system
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performance in terms of the network sum-rate decreases. This can be explained as follows.
In order to have a better network performance, the feasibility condition in Theorem 6.2
should be maintained for each possible coordinated NOMA cluster. This can be attained
by increasing the transmit power, by having low required QoS, and/or by enhancing the
channel gain at the CEUs. As a result, for low rate requirements at the CEUs, more
coordinated NOMA clusters are constructed and most of the power will be allocated to
the CCUs, which translates into a higher achievable network sum-rate. In addition, for a
low rate threshold at the CEUs, the minimum fraction of power allocated to the CEUs to
having a successful SIC is almost enough to achieve their required QoS, and therefore, the
improvement are almost coming from enhancing the achievable rate at the CEUs using
RIS. This explains the small gain between the proposed RIS-assisted CoMP NOMA model
and the CoMP NOMA model without RIS.

On the other hand, when the rate threshold at the CEUs increases, the probability
of achieving the target QoS and SIC constraints decreases. In such conditions, most of
the CEUs are not admitted to the network and most of the coordinated NOMA clusters
are in an outage, which leads to a deterioration in the network performance. The gap
between the proposed model and the model without RIS is, however, high. This is due to
the enhancement the RIS brings to the channel coefficients of the CEUs, which makes the
proposed model more robust against the increase in the QoS of the users, and, therefore,
more cellular users can be admitted to the network. In other words, due to the integration

of CoMP, NOMA, and RIS technology, the proposed model provides higher connectivity
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compared to the benchmark schemes.

Fig. 6.14 depicts the average network sum-rate versus the maximum transmit power
at the BSs for different UC policies. In order to validate the performance of the proposed
UC policy, i.e., the iterative Hungarian method, we compare its performance with two

other UC schemes, which can be explained as follows.

e The optimal clustering scheme: In this scheme, the UC solution is obtained through
an exhaustive search over all possible coordinated NOMA clusters. In fact, using
the exhaustive search, all the possible combinations of (CCU} , CEU;, CCU2), for
allme M, f € F,n €N are tested. Then, the optimal UC policy is selected.

e The random clustering scheme: In this scheme, a random UC policy is randomly
generated first to construct different Coordinated NOMA clusters. Then, the PA

and the PS matrix sub-problems are solved based on the proposed AO approach.

Fig. 6.14 shows that the performance of proposed iterative Hungarian method is very
close to the one of the optimal UC policy. For instance, when the BSs power P, = 16
dBm, the proposed scheme gets around 97% of the network sum-rate achieved by the
optimal UC policy, which validates the high performance of the proposed UC policy. It
is noteworthy that we have tested the performance of the proposed UC policy for large
numbers of users and we concluded that it achieved the same efficiency compared to the
optimal UC scheme. It can be also observed from Fig. 6.14 that the random clustering

scheme achieves a better performance than the random phase-shift scheme in most of the
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BS transmit power values. This demonstrated that optimizing the PS matrix at the RIS
is dominant over-optimizing the UC policy.

It can be also seen from Fig. 6.14 that the network sum-rate is improved when
the BS transmit power increases. However, one can remark that the gain between the
proposed RIS-assisted CoMP NOMA model and the CoMP NOMA model without RIS
is reduced. The reason behind such behavior is that enhancing the network performance
mainly comes from improving the performance of the CCUs. Thus, at low transmit power,
enhancing the channel gain of the CEUs by properly adjusting the PS of the RIS leads
to reduce in the allocated power at the BS to the CEUs, which reflects on improving
the CCUs performance, and hence, an improved network performance. However, when
the BS transmit power increases, the minimum allocated power to maintain the NOMA
and SIC principles is almost enough to achieve the target QoS constraints at the CEUSs.
Therefore, the effect of enhancing the channel gains of the CEUs through the RIS on the
CCUs performance will reduce. As a result, at high transmit power, most of the gain
between the system with and without RIS comes from the enhancement of the CEUs
performance.

Fig. 6.15 presents the network sum-rate versus the location of the RIS Xg;s for CoMP
NOMA network with and without the assist of the RIS. First, we set the coordinate of the
RIS as (Xgris m, 20 m, 0 m). One can see that the best placement for the RIS is within the
overlapped area between the two cells, where the CEUs are distributed. This is basically

due to the fact that the combined channel gains between the two BSs and the CEUs
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Figure 6.16: Network sum-rate vs the number of users, when L = 60, R};) = R'* = R} = 1.5 nats/sec/Hz
and P, = 20 dBm.

will be boosted when the RIS is deployed near to the users-of-interest, i.e. the CEUs.
Meanwhile, when the RIS is moved to the coverage areas of BS; or BS,, the performance
will be degraded. This is due to the combined channel gain with both BSs gets worse.
Fig. 6.16 shows the effect of increasing the number of users (M, F, and N) on the network
sum-rate performance achieved by the proposed scheme, the CoMP NOMA scheme, and
the RIS-assisted CoMP OMA scheme. Note that, in this figure, we assume that number
of CCUs!, CCUs?, and CEUs are equal. It is expected that when the number of CCUs!,
CCUs?, and CEUs increases, the number of potential constructed coordinated NOMA
clusters increases. This explains the improvement of the network sum-rate performance
for the three schemes. Moreover, the proposed scheme provides the best performance due

to the performance gains brought by integrating CoMP, NOMA, and RIS.

6.6 Summary

In this Chapter, we proved that the amalgamation between these three technologies, RIS,
CoMP, and NOMA can form a promising paradigm for 6G networks due to their effec-
tiveness of enhancing the spectral efficiency. First, we derived a closed-form expression
for NSE, and then, the derived analytical results are assessed by Monte Carlo simula-
tions and benchmarked with three baselines proposed in the literature. The obtained
results demonstrated that the proposed RIS-empowered CoMP NOMA outperforms the
state-of-the-art schemes in terms of both the CEU performance and the NSE.

Afterwards, with the goal of enhancing the performance of cellular systems in terms of
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sum-rate, we investigated the joint PA, UC, and passive beamforming in an RIS-assisted
CoMP NOMA network, which was formulated as an MINLP optimization problem. By
invoking the AO technique, the non-convex network sum-rate optimization problem is
decomposed into two sub-problems, a joint PA and UC optimization sub-problem and
a PS optimization sub-problem, which are solved alternately. Finally, simulation results
under various system parameter settings validated that through reconfiguring the wireless
communication environment in favor of the CEUs, the RIS has the ability to improve the
system performance in terms of the network sum-rate. Moreover, the proposed model with
the assistance of the RIS provided significant gain compared to the same model without
RIS when the transmit power at the BSs is low. Finally, it has been shown that the
proposed RIS-assisted CoMP NOMA can achieve around 88% gain over the RIS-assisted
CoMP OMA scheme.

It is important to mention that we consider in this work an accurate CSI, a perfect SIC
process, and efficient capacity fronthaul links in order to present a proof of concept and to
gain some insights from the proposed scheme. However, in practice, obtaining an accurate
CSI requires a huge training signaling/overhead, the realization of a perfect SIC requires
a complex hardware design at the users and the fronthaul capacity is limited. Therefore,
considering an imperfect CSI and SIC along with limited capacity fronthaul links is indeed
an interesting problem that can be considered as a potential future research direction in
order to highlight the trade-off between the performance gain that can be achieved and

the aforementioned challenges.
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Chapter 7

Conclusions and Future Works

7.1 Conclusion

Unlike earlier generations of cellular networks, future wireless networks under different
labels such as B5G or 6G are expected to seamlessly and ubiquitously connect every-
thing, support very high data rates, and diverse requirements on reliability, latency, and
capability of devices to support a myriad of applications such as augmented or virtual
reality, ultra-high-definition movies, [oE and smart cities. This urges the development of
unconventional solutions such as C-RAN, network densification, NOMA, FD communi-
cation, RIS, to name a few. NOMA has been deemed as a key enabler access technique
for the 6G networks because of its ability to provide high spectral efficiency, low latency,
and massive connectivity. In contrast to OMA, NOMA can simultaneously serve multiple
users using the same transmission block (same frequency channel, time, and/or spatial
domain) with the cost of intra-cell interference. Despite its numerous advantages, there
are still several challenges that should be tackled. This thesis addressed the fundamentally
challenging problems for integrating NOMA with other B5G/6G enabling technologies in
future wireless networks in order to achieve high spectral efficiency, and energy-efficient
communications, as well as increase the number of connected devices. A track record of
publications resulting from the conducted research in this thesis indicates that this thesis
has made significant contributions toward next-generation multiple access. We briefly

present these achievements:

1. We have introduced analytical frameworks to investigate the application of CoMP
transmission in C-NOMA /NOMA-based cellular networks. We invoked tools from
stochastic geometry to derive analytical and closed-form expressions for CEU’s out-
age probability and network spectral efficiency. Results obtained via both analyses
and Monte-Carlo simulations demonstrated the efficacy of this integration compared

to other baseline schemes.
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2. We studied the joint user pairing and power control problem with the objective
of maximizing the network sum-rate while guaranteeing the QoS requirement for
the UEs, the SIC constraints, and the UEs power budget constraints. We showed
that the proposed CoMP with FD C-NOMA outperformed the other two baseline
schemes, especially when the SI channel gains is not sufficiently large regardless of
the value of the transmit powers at the BS and the near UEs. Meanwhile, when
the SI value is sufficiently large, it is recommended to use either CoMP with HD C-
NOMA or CoMP NOMA as an access technique depending on the rate requirements,
the transmit power at the BSs, and the transmit power at the near NOMA UEs.
When the power transmit at the BS is sufficiently larger than the power transmit at
the near UEs or when the rate requirement is sufficiently low, it is recommended to
consider CoMP NOMA as a multiple access technique (no cooperation is required),

otherwise, CoMP-assisted HD C-NOMA should be adopted.

3. We investigated the synergistic integration between RIS and HD/FD C-NOMA in
order to enhance the network energy consumption toward “green” wireless networks.
We demonstrated that the network energy consumption can be reduced by 50% com-
pared to the current cellular system. Moreover, we showed that the potential gains
brought by the proposed model can be significantly improved by increasing the num-
ber of the RIS elements and/or a well-optimized RIS location. More importantly,
we showed that the optimal location of the RIS depended on the adopted multiple

access technique at the BS.

4. We investigated the amalgamation between NOMA, CoMP, and RIS to improve
and boost the performance of CEU in multi-cell wireless networks. We showed that
this combination can provide a promising paradigm for the upcoming 6G networks.
Simulation results under various system parameter settings validated that through
controlling the wireless communication environment in favor of CEUs, RIS is able to
improve system performance in terms of network sum-rate. Moreover, the proposed
model with the assistance of the RIS provided significant gains compared to the

same model without RIS, especially when the transmit power at the BSs is low.

5. We tackled the intensive computational complexity required to solve the proposed

formulated optimization problems by deriving closed-form expressions for the power
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allocation coefficients as well as the transmit power at the relaying user which has low
computational complexity. In addition, regarding the other optimization variables
such as passive beamforming at the RIS, we derived novel transformations and
approximations to formulate convex optimization problems. Finally, we provided
a low-computational complexity approach to tackle the user pairing problem in
multi-cell NOMA networks in which the intertwined between the user pairings in

the different cells has been considered for the first time.

7.2 Future Works

In this section, we shed light on some potential directions of research to further extend

the derived results of this thesis:

1. Channel Estimation for RIS-Empowered 6G Wireless Networks
To realize the full potential of the integration of RIS in NOMA-based cellular net-
works, there are several challenges that must be tackled. One fundamental challenge
is channel estimation. In practice, to attain the promised performance gains by the
RIS, accurate CSI acquisition is required [62]. Specifically, a proper configuration
for the RIS’s elements and the active beamforming at the BS critically depends
on the CSI. Most of the prior works in the context of RIS focused primarily on
designing efficient schemes for the RIS phase-shift matrix and implicitly assumed
that the CSI of all wireless links is available at the BS, either totally or partially.
There are two main reasons why the CSI acquisition is particularly challenging in
RIS-aided wireless networks: 1) Unlike traditional transceiver architectures, an RIS
is not equipped with transceiver chains. Therefore, conventional channel estimation
techniques cannot be applied; 2) In order to achieve an adequate gain from a RIS, a
sufficient number of elements is required. Consequently, a large number of channel
coefficients needs to be estimated with reasonable accuracy. Therefore, a potential
direction is to develop accurate, low-complexity, and low-training overhead channel

estimation techniques.

2. RIS Deployment Strategy
RIS deployment for multi-RIS is another fundamental and crucial problem in NOMA-

based multi-cell wireless networks. However, the RIS position determination prob-
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lem is not well-investigated in the literature. For a practical network setup, it is
essential to study this critical problem due to the following reasons. 1) The RIS
performance is very sensitive to the deployment location due to the severe path-
loss experienced (the cascaded path-loss model). 2) The signal strength, at higher
frequencies, is severely attenuated due to the blockage. Thus, the RIS should be
deployed with a LoS with both the UE and the BS. 3) The more the number of
deployed RISs, the more the signaling overhead due to the information exchange
between the BS and the multiple RISs controllers is required. Therefore, an inter-
esting direction is to investigate the fundamental problem of the RIS deployment
strategies by providing the optimal number of RISs with their optimal locations, the
active beamforming at the BS, and the passive beamforming (phase-shift matrix)

at the RISs to enhance the network coverage performance.

. Rate Splitting Multiple Access for 6G Wireless Networks

Rate-Splitting Multiple Access (RSMA) has been envisioned as a contender non-
orthogonal transmission mechanism for the next-generation wireless networks [189].
RSMA is a generalized joint framework of the space division multiple access (SDMA)
and the NOMA and is capable of outperforming both SDMA and NOMA in terms
of network energy efficiency, network spectral efficiency, and multiplexing gain [189].
Specifically, the main concept of RSMA is to split the user messages into common
and private parts wherein the common parts are encoded into common streams,
meanwhile, the private parts are encoded into private streams [189]. Note that the
common streams are required to be decoded by multiple users whereas the private
streams are needed to be decoded by the corresponding users [190-192]. Accordingly,
RSMA provides a versatile interference management feature that allows for partial
decoding and partial treatment of interference as noise [193]. Much research in the
literature focused their attention to study the performance of RSMA considering
the single-cell scenario. However, the performance of RSMA in multi-cell wireless
networks has not been well investigated in the literature, which is considered a

potential research direction.
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Chapter 3

A1l Proof of Lemma 3.1

We start by evaluating the probability that a typical user associates with the nearest
MRRH, which can be expressed as follows,

P,D7om
L =PB=vy,|=E Pl dm S ’
Q 1B = Y] D1m|: [Pstsas > H

- /]P) [Dls Z (epsm)l/as Tams] fDlm (Tlm)drlmv
Ry

@ 27 A, / T'1m €XP [—7? ()\mr%m + A (GPsm)Cs Tf%m)] drim, (A.1)

+
where (a) obtains from the null probability of 2-D Poisson process with intensity A and
area mr?, which states that fr(r) = 2w Arexp(—nAr?) [81].
Now, we evaluate the SRRH association probability which is calculated as follows

P,D;*
Q. =P[B =y =Ep,, |P|"=2->1]]|. (A.2)
oDy,

A typical user associates with the nearest SRRH, SRRH;, only when the received signal
from that SRRH is 7 times the maximum between the received signal from the nearest
MRRH, MRRH; and the received signal from the second nearest SRRH, SRRH;. Thus,
the association probability in (A.2) can be written as

Q, =P [P, Dy > n max(P, Dy, P,,Diom)],

(a) 1 1 ..
- P |:D2s Z T)es Tls]]P) |:D1m 2 (ans)am rlssm] fDlS (Tls)drlm

R+

© / / 2T \sT25 €XP [—7‘1’)\5 (r%s — r%s)} exp

R 1
+ NS T

L—

—TAm, (ans)Cm rzasm] [y, (115)drasdrys,

(A.3)
where (a) follows from the independence of the two-tier distribution for a given value
of Dis and (b) comes from the joint PDF of the nearest n RRHs, which states that
ID1aDa. (T1s,T2s) = (27 As)?r1s79s exp(—mAsT3,) [194] as well as using the null probability

for the 2-D Poisson Process. After some mathematical manipulations, we can obtain the
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SRRH association probability as in (3.8).

Now, we turn our attention towards the CoMP association probability especially when
a typical user associates with the best two SRRHs which receives the strongest power
from. This event occurs when the nearest SRRH is the serving RRH and the dominant
interference resulting from SRRH,. This association probability can be evaluated as

follows,

QSS

P [yP, Dy > P.Di, PuDy > PuDi]

1 Qs 1
- [Dls > (5) D257D2s < (Psm)&s D?:nqs )

Psmi"'lxs T2s
Z/ / / 1 fD1S,D25(r187TZs)fDlm(Tlm)drlsdrlsdrlm- (A-4)
=y Jo (3)7 e

After some mathematical manipulations on (A.4), the association probability Qs can be

given as in (3.9). This completes the proof.

A2 Proof of Lemma 3.2

Here, we need to find expressions for the PDF of the distance(s) from the serving RRH(s)
to a typical user. For fy(u), since the event U > u is the event of Dy, > w given that
UEy associates with the MRRH;. The probability of U > u can be given as

P[U > u] =P [Dis > ulB = {ym}],

1 P, Do
:Q_mIP |:D1m>u7—1>0:|,

1 E
/ P [Dls > (0Pgp) s 71(11777:5} I D1 (T1m) AT 11,

Qm
Tim>U

a) 2T\,
(@ 27 / T'1m €XP [—7? [Amr%m + A (QPsm)Cs rff‘nmﬂ drim, (A.D)

Qm
Tim>U

where (a) comes from the null probability of 2-D Poisson process. Hence, to obtain the

PDF fy(u), we use the resulting complementary cumulative distribution function (CCDF)
in (A.5). By taking the derivative of the CCDF, i.e., 1 =P(U > u), which results in (3.11).

Secondly, considering a typical user associates with the nearest SRRH only, the CCDF,
in this case, can be calculated as follows.

P[V > v] = P[Dy, > v|B = {ys}],

1 P.D
= —P|Dy >v,—2 > n Dy > ()" Dy,
0. 1s > U Py Do 1, 2 (n) 1
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715>V

where (a) follows from the independence of the distribution of the MRRHs and SRRHs. In

715>V

1

addition, (b) obtains based on the null probability of the 2-D Poisson process and the joint
PDF from a typical user to the SRRH; and SRRH,. Since the CDF Fy (v) = 1-P[V > v],
the PDF fy (v) can be given using fy(v) = —£P[Dy, > v|B = {y,}]. Thus, we can obtain
the PDF of the distance to the serving SRRH as in (3.12).

Concerning the CoMP-UEs, we need to evaluate the joint distances distribution for
the serving RRHs. Firstly, we start by finding the distribution of the joint distances to
the nearest RRH from each tier, i.e., fyy(u,v). In fact, we know that if the distance to
the MRRH; is Dy,,, the distanc? to the SRRH; Dy, is b0111nded as follows
(PS’”) D <Dy < (ePsm) g (A7)
where, it can be obtained fer (3.2) when B = {ysm, ys}. Thus, the conditional probability

of Dy, < u and Dy, < v given that UEj associates with the nearest RRH from each tier

can be calculated as shown in (A.8). Note that, to find the joint PDF expression, we find

02 Fy v (u,v)

the derivative of the joint CDF, ie., —5=>-

. For computing the joint PDF in (3.13),
by using the Leibniz rule, we directly calculate the joint PDF.
PlU <u,V <] = P[Diy < w, Dis < 0|B = {ym, ys}],
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In addition, throughout the calculation of the joint PDF, we consider that Doy > Dy,.
This is because the distance from a typical user to the SRRHy must be greater than the
distance to SRRH;. Moreover, in the first integral part of the (A.8) in (a), it can be
observed that the received signal from the SRRH; is greater than the received signal from
the MRRH; (715 < (Pms)cj—s,,,%m)_ This is because getting the value from the derivative of
the first integral in (a), this condition v < Psér‘fgs must be achieved. This means that
the serving RRH in this case is the SRRH; and the coordinated RRH is the MRRH;. On
the contrary, in the second case, the serving RRH is the MRRH; and the coordinated
RRH is the SRRH; because of v > (Pms)c%suam.

Finally, for the joint PDF fy (v, w) of a typical UE’s distance to the cooperating
SRRH; and SRRH,, we know that if the distance to the SRRH, is D,,, the distance to
the SRRH; is bounded as follows: )

Ly~ Dos < D15 < Do (A9)
This obtains from the fact that thenSRRHg is always farther than the SRRH;. In addition,
the received signal from the nearest SRRH is lower than n times the received signal from
the second nearest SRRH. Therefore, the conditional probability of D, < v and Doy < w
given that the user associates with the two strongest SRRHs can be written as shown in

(A.10).
P[V < U7W < ’UJ] = IED[l)ls <w, D2s < U)lB = {ysygs}]v
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By taking the derivative with respect to v and w and using the Leibniz rule for (A.10),
we get the joint PDF as in (3.14).

A3 Proof of Lemma 3.3

Here, we evaluate the interference produces from the small-tier to a typical user that
associates with the nearest MRRH. £;_ is the LT of a random variable I, conditioned
on the distance to the closest RRH to a typical user. The LT of I, can be evaluated as

follows,

Lr,,(s) =Er,, [exp[—slm]],
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In the above (a) follows from the probability generating functional (PGFL) of PPP [90],
which states that E [Hyeq, f(y)} = exp (= [ (1 — f(y))dy, (b) follows because the in-

terference fading received power g; o ~ exp(1), and (c) comes from the closest interference

resulting from the second tier is at least at distance o = (GPsm)c%suam. After some
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mathematical manipulations, the Laplace transform for I, can be obtained as in (3.18).

Similarly, the Laplace transform of I,,,,, I,ns, and I, can be obtained.

A4 Proof of Lemma 3.4

Based on the previous steps to derive the LT for the interference, we first calculate the
interference from the macro-tier to a typical user attaching to the two nearest SRRHs.
This interference produces from all the MRRHs nodes in the 2-D plane except the region
defined by B(0, (Pms)ﬁw“m), where B(0, p) denotes a ball of radius p centered at the
origin. This is obtained as follows,

1
;= —2TA l— | — d
Lr = exp T m/( L‘FS mxam})x x

L >0

(@) 1
= —2TA d
exp TAm / (|:1 + (SmeL'_am)_l:|) xraxr

(i) exXp —27T)\m / ({H;%}) dX (A12)
X 2

X>(ﬁ)§m w2sm

where (a) obtains from the nearest interfering MRRH to a typical user should have a

1

SPQ)mezasm, and (b) is acquired by executing a change of variable y =

distance x > (
(sP,,)~%m22. By following the same steps to obtain I,,, we can obtain I, which is provided

in (3.21).

A5 Proof of Lemma 3.5

Here, the interference from small-tier to a typical user depends on which RRH is the

serving RRH and which one is the coordinated RRH. When the serving RRH is the MRRH,

the I,, and I, come from the other MRRHs on the plane except the region defined by

B (0, u) and the other SRRHs except the region defined by 2B(0, v), respectively. However,

when the SRRH is the serving RRH, the I,,, comes from the other MRRHs on the plane

except the region defined by B(0,u); while I, produces from the other SRRHs except
1

the region defined by (0, Psy u®ms). Then, following the same procedures adopted in

Lemma 3.3 and Lemma 3.4, the LT of the interference can be obtained.
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Chapter 4

B1l Power Allocation for CoMP-assisted HD C-NOMA

In this section, we provide the preliminary steps to derive a computationally efficient
power allocation solution in a CoMP-assisted HD C-NOMA system. First, it is worth
mentioning that the DT phase and the CT phase occur in two consecutive time-slots. In
other words, the DT phase occurs in the first time-slot and the CT phase is executed in
the second time-slot. Accordingly, the received SINR at the CCU associated with BSy,
i.e., CCU} , to decode the message of the CEU; and the received SINR at the CCU,, to

decode its own signal are given, respectively, in the DT phase as follows.
(]‘ _almf>r71m+1

(B.1)

1m*>f

51 m—m (1 - O-/Lm,f)’}/l,m) (BQ)
where vy, = M and T 2 Py|hy,,|> + 0% Thus, the achievable rate at CCU., to

decode the message of CEU and to decode its own message can be written, respectively,

as
1
RID_, = bog (1+10_,), 83
1
RI{I,BL—)m = log (1 + 51 m—>m) . (B4)

Similarly, the achievable rate at CCU assomated with the BS,, i.e. CCU?L, to decode the
message of CEU; (R}, _,;) and to decode its own message (R}, _,,) can be obtained.
Meanwhile, the received SINR at the CEU; in the DT phase can be written as follows.
HD HD
Oél,m,ffylvf + aQ,n,f727f (B 5)
(T—=af'D I+ (1 =gy )yay+17
= P'Z—Qf‘ On the other hand, the received SINR at the CEU; in

Orf sy =
where Vi € {1,2},7; ¢
the CT phase can be written as follows.

HD HD
52 J—f B17m7f’7m,f + ﬁZ,n,f/yn,fa (B6)

Prax/|hi, 1|2 . .
%. Note that, in order to maximize the network sum-rate, we will

where v, 5 =

allow the CCUs to transmit with the maximum power, i.e., 3] m’f = By ;= 1. Thus, the
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received SINR in the CT phase at the CEU; can be rewritten as follows.
Oosf—sg = Ymf + Vo (B.7)
At the end of the CT phase, CEU; employs the MRC mechanism to combine these
receptions in both the DT phase and the CT phase to decode its own signal, which can
be as follows.
Omre = O1ip—yy + 057y

HD
a1,m,f71,f + Qg 12 f

N (1- 0‘1mf)71 FH (= agl,g,f)’h,f +1
Since the two CCUs, CCU1 and CCU?, operate in decode and forward relaying mode,

+’7m,f +’7n,fa (Bg)
the achievable rate of CEUy is limited by the weakest link and it is expressed as

RI}ID = miH{REEHf, R Mre; ,R’;{,]r?%f}v (B.9)
where R¢nvre = % log (1 4+ dmrc). After obtaining the achievable data rate expression for
each user, we will follow the same steps given in Section 4.5.3 for deriving the feasibility

conditions as well as a computationally efficient power allocation solution.

B2 Proof of the SINR Expression at CEU

Before we proceed, let us denote hy ¢ = ho, ha ¢ = hi, B, ¢ £ h,y, and o, ¢ £ hs. We
generally set the indices of the transmission nodes BS;, BSy, C'U1,,, and CU2,, as 0,1, 2, 3,
respectively. In addition, let Py = aym P, Pi = ot Poy Pa = Bim.jPuax, and Py =
B2.n, f Pmax. The NCJT exploits the concept of cyclic prefix (CP), which ensures that the
different timely-dispersed multi-path versions of the information-bearing signal do not
cause inter-symbol interference. Based on that and according to our proposed system
model that allows four nodes to jointly serve an CEUy, the received OFDM signal, which
is a discrete time- domain signal can be represented as

Z VP(hy ® zp)[b] +i[b] + wep], b=1,...,B, (B.10)
where z¢[b] is the message of EUy, b \/mhl PR mt \/mf@ F2on
is the INUI signal, w¢[b] is an AWGN at EUy, which is ~ CN(0,0?) distributed, B is
the OFDM symbol length, and ® denotes the circular convolution. The effective channel
coefficient between the transmit node ¢ and EUy, which includes the distance-based path-
loss dt_f", the small scale fading ¢;¢, and the time offset due to the lack of synchronization
between the four transmit nodes denoted as 73, can be represented, in time-domain, as,

heb] = gir[b — Tt]dtf Note that, due to there is no prior phase alignment and a lack
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of tight coordination, both the small-scale fading and the time offset are independent
across the different transmission nodes. Based on that, the received useful signal in the
frequency domain after applying the discrete Fourier transform (DFT) on the subcarrier

¢ can be written as follows.

v DFT{ 3 VP(h ® zp)] }

= Zsle Zv gl 2 992 (B.11)

where ¢, is the phase rotation of the complex valued small-scale fading. Thus, and with

CSI at the receiver, the useful received signal power at CEU; can be written as [41]

YRl 2 = |24l * Y Bilgilel ;" +

t=0

VPP Busle] ome Y
el 3 VIR0 [ rnc] (B.12)
tt]#O tf d]f

J

where ¢;[c] 2 dir[c]—jslc], iy 2 7 —7;, and R(.) refers to the real part. Note that, when

both the coherence bandwidth and 7;; are relatively large, the modulation term (the two
complex exponentials in (B.12)) causes the received signal power to change noticeably over
a large number of subcarriers that have the same g;¢[c| = g¢f and ¢if[c] = ¢1s [41]. In order
to take the overall effect of the timing offset, the average of the power variations during

the coherent bandwidth, i.e. spanning N, subcarriers around subcarrier ¢ is considered

as follows N1
[vpselc]]? Zﬂ|gtf| '~ N, Z |Z s [a]|*+
VEPgisldgisld 1 S 5 ity
tr It J G jbrj ,j2ma s
PR Z |Z1la R[ej ¢ B}’
t,j=0 tf ]f
t#£j
3
1 _
= 3 3 Plastag, (B.13)
=0

where the approximation in (B.13) is based on the fact that 1/N, ZN“_I | Z¢[a]|* =
E[2[)]] /N = 1/N and that 1/N. 3" Z[a] PR [emweﬂmﬂ ~ 0 for large N, [41].
Similarly and with the assumption that the interference signals are non-coherently super-

imposed at the CEUy, the interference-plus-noise power can be readily obtained as
1
_— 1 _ ., o2
T+ W= 5D (P = PloyPdy + 5
t=0

where I and W are the DFT for the i[b] and w[b], respectively. By combining (B.13) and
(B.14), the SINR in (4.31) can be obtained.

(B.14)
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Figure B.1: Feasibility region.

B3 Proof of Theorem 4.1

The feasibility conditions of the power control problem P,, s, are the conditions that
ensure the satisfaction of its constraints, which are constraints (4.40b)—(4.40g). Fori € Z,
let us consider first the triple (o g, . Biki.fs Yik.f)- Since LBk, r < ay g, r < UB, 4, f, then
Bi k;,r should satisfy

0 < Bikis < ﬁio,ki, (B.15)
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where
0o Yik; — 2t — t2
B st (24 1)
which corresponds to the abscissa of the intersection point between the bounds UB, 4, ;

(B.16)

and LB, , y. Therefore, in order to have a feasible solution for 3;;, r, the parameter 53 K,
should satisfy 0 < 37, . This can be achieved by ensuring that 0 < v, — 2t — >, which
is in turn satisfied iff

0<t< =14 /14+7ig- (B.17)

Moreover, assuming that the condition in (B.17) holds, we have

1+t 1
UBikis (Bir) = LBigs (Bik,) = 37 € {57

Therefore, the corresponding region of «;y, s is within the interval [%, 1]. Hence, the

(B.18)

feasibility region of (o . f, Bik,.r) is non-empty if and only if the condition in (B.17) holds.

Consequently, the feasibility region of the decision parameters {(c s, Bix, sl € I)} is

1€

which represents the first feasibility condition.

non empty if and only if

Now, let us assume that the condition in (B.17) holds and let us define the quantity

Y“,;a’} for all 7 € 7 as

(2
Y £ max  Yig.s (B.20)
Qi ey, fBisky, f
Hence, the second feasibility condition should satisfy

IZ|
Yy <y v (B.21)
i=1
. max Wki,SIt 'Yi,ki,f
Based on Fig. B.1, V3™ is expressed as follows. For the case when e Sy and

as shown in Fig. B.1(a), the maximum value of Y;, ; is reached when the intersection
between the bounds UB, 4, y and OB, y, y occurs at the point with abscissa f; x, y = 55 =
min (1,@07,%), i.e., when
UBines (7)) = OBikos (B Yikty) » (B.22)
which implies
-t (g ) ) e

On the other hand, for the case when 7’;?’5# > vyffljt), and as shown in Fig. B.1(b), the

maximum value of Y, ¢ is reached when the intersection between the bounds UB,, ¢
and OB, ;, s occurs at the point with abscissa 3;x, s = 0, i.e., when

UB,k,.r (0) = OBy, £ (O, ;,;fj}) , (B.24)
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which implies
b — 1
VS = (L4 1) x B2 (B.25)
Therefore, by combining the expressions in (B.23) and (B.25), we obtain the expression

of Y1 shown in equation (4.43), which completes the proof.

B4 Proof of Corollary 1

The value of Y} was derived in Appendix Bl. In this section, we derive the expression
of Y. Based on Fig. B.1, the lowest feasible value of ay, ; when S, ; = 0, which we

denote by af,. (, is given by

T t(1+vik,)
0 i,k;
: = - ). B.26
Qi p = MAX (27 7@,]@(1 + t) ( )

Consequently, Ylnléinf is reached when the point (a;x, 1, Bik.f) = (a?,k“f, 0) is located in
the bound OB, 4, ¢, i.e., when

a?,ki,f = OB, s (0, zrsz) . (B.27)
Therefore, from equation (B.27), we obtain
~ (L) (14 v
Zn];lnf = max (fy’f (2+ )’ Pyvf( +’7,k1)) 7 (B28)
3Ry in,ki

which completes the proof.

B5 Proof of Theorem 4.2

In this section, we derive the intersection points (@ k. f, Bik:.f) between the bound OB, , ¢
and the boundaries of the feasibility region except the upper bound UB,, ;. Let lm,; 7
denotes the abscissa of the intersection point between the bounds OB, , ; and LB, ;.

By solving the equality between the expressions of these bounds in (4.41) with respect to

Bik..s» the expression of % ; can be obtained as

e YikYikis — 0 (i + 1) (B.29)

Hhed Vo SUVisf + Vi Vikiof
Now, let 5, ; = min ( Zn}ixf,@”};f) We distinguish between the two cases
Yik, f Yik; —t Yik, f
Yi,r (141) and Yiky Vi, (L4t

Vi,k; —t <
Yi,k; -

7 The intersection points within each case are given in the

following subsections.
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Vi k; —t Yik .r
B5.1 1% case: 2fi- < b
Yik, — Vif(1+t)

Vk,,S1t Vikgof

o S s which admits the scenario
ik 7,

This case corresponds also to the case when
when the ordinate at the origin of the bound OB, 4, s can be higher than the one of the
upper bound LB, 4, r. In this case, and as it can be seen in Fig. B.1(a), there exists only

one critical point that is expressed as

(it Biseot )y = (fisko (Birs s Yiront) - Bk (B.30)
where the function f;, s (-, ) is expressed as
1 Vi, f x
fik; r(B,2) = max (—, — —— 3+ ) . B.31
g = me e S .

et Yk
B5.2 2% case; Lokt > ikt
773,762‘ - 77f(1+t)

In this case, and as it can be seen in Fig. B.1(b), the point (a;, f, Bix,,r); in (B.30) is also
a critical point. Moreover, an additional critical point will be added, which corresponds
to the intersection between the bound OB, s and the line 3;;, ; = 0. This critical point
is expressed as

(ikirgs Bikif)g = (fimis (0,Yig f),0), (B.32)

which completes the proof.

B6 Proof of Lemma 4.1

We assume that ®* is the output of the proposed matching algorithm. We prove that the
output matching ®* is not blocked by any triple that does not exist in ®*. It can be shown
from step 6 in Algorithm 3 that every unmatched CEU; is willing to propose itself to
its most favorable (CCU} ., CCUZ2.) pair that have not rejected it in previous rounds.
Furthermore, every unmatched CEU; will continue to propose itself until it is accepted
by an (CCU!, CCU?) pair or traverses all the (CCU}, , CCU?) pair in its preference profile.
Suppose that, in a certain round r, there is a triple A, = (CCU! | CEUy, CCU?) that does
not belong to ®*. In this case, there are two possibilities which can be described as follows:
1) CEU; has never proposed itself to (CCU;, , CCU?) and 2) CEU; proposes itself in an
arbitrary round r to (CCU. /CCU?) and is subsequently kicked out. The first possibility
will prove this case by contradiction. According to the above description, CEU; must
prefer ®*(CEU;), which is its currently matching pair, to the (CCU} , CCU?). This is
because ®*(CEUy) =cguy, (CCU!L  CCU?) and Ucku, e+ (cEu;) > Ua,, which contradicts
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the blocking triple definition. On the other hand, the second possibility means that A,
is not a blocking triple. This is because if it is the case, then (CCU}, , CCU?) would have
kept CEU/ instead of its former partners at round r to avoid the blocking triple. In other
words, if (CCU;L, CCUi) rejects CEUy, this indicates that one player, either CCU,ln or
CCU2, or both of them can construct another triple A, with other CEU instead of CEU £
which contradicts the definition of the blocking triple. As a result, the proposed UEs
clustering algorithm converges to a final matching ®* and based on Lemma 4.1, if CECM

algorithm converges to a matching ®*, then ®* is a stable matching.

B7 Proof of Theorem 4.3

With a detailed explanation of the CECM algorithm, we prove in this appendix that this
matching algorithm will terminate after a limited number of rounds. In each round, each
unmatched EUy,Vf € V proposes itself to its most favorable (CCUL ., CCU2,) pair that
is not rejected it in the previous rounds (step 6 in Algorithm 3). Note that, once the
CEU; sends a request to its most preferred pair, it removes this (CCU} ., CCUZ.) pair
from its preference profile (step 17 in Algorithm 3). As a result, as the number of rounds
increases, the number of pairs in the preference profile for the CEU; decreases. It has been
shown that the proposed algorithm ends when each CEU  is matched with (CCU},, CCU?2)
pair or is kicked out by all the pairs and so it has an empty preference profile. Since the
preference profile for each CEU contains M x NN pairs, the number of requests that each
CEU; makes is no larger than M x N and hence the total number of rounds is no more
than M x N. In the worst case, after each CEU; passes over its preference profile, it has
no request to make. In this situation, the proposed algorithm terminates with M x N

rounds. Thus, the CECM algorithm can converge to a final matching ®* in a limited

number of rounds and the final matching ®* is stable in accordance with Lemma 4.1.
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Chapter 5

C1 Proof of Theorem 5.1

In this section, we present the proof of Theorem 5.1. At the beginning, constraints

(5.19b)-(5.19f) can be expressed as

0<a®<aff® <1, (C.1a)
of® <1 —alP (C.1b)
0 < piP <1, (C.1c)
2(:HD
oliP > vT (C.1d)
HD oD |, b
ap > ap ot + P (C.1e)
bn
HD HD
gHD > 7 Qf Vot (C.1f)

Yo Ya (@D 1)
Constraints (C.1a) and (C.1b) imply 0 < off® < I In addition, constraints (C.1b) and

_JHD
(C.1e) imply ollP < % Therefore, it can be concluded that o!!P should satisfy
bn | ¢

oD < oD < oD “where ofP and ol are expressed as shown in (5.24) in Theorem

5.1. Hence, for problem PC — HD to be feasible, the condition olIP < oD should be
satisfied. On the other hand, one can remark that the lowest value of 3P that satisfies
constraint (C.1f) is reached at the lowest feasible value of o' and the highest feasible
value of ofP. In this context, based on constraint (C.1d), the lowest feasible value of af'P

is oD = oD — 2 41, based on constraint (C.1b), the highest feasible value of ofP is

n min Ybn
allP =1 - allD =1 tI:)D. Therefore, the lowest feasible value of 3P is given by AP
in (5.24). Consequently, for problem PC — HD to be feasible, the condition g1P < gHD

HD _

max

should be also satisfied, where 1, which completes the proof.

C2 Proof of Theorem 5.2

In this section, we present the proof of Theorem 5.2. With the goal of minimizing the

total transmit power of the C-NOMA cellular system, two directions can be considered.
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The first direction consists of minimizing the BS transmit power first and then minimizing
the one of the near UE, while the second direction consists of minimizing the transmit
power of the near UE first and then minimizing the one of the BS. Let us start with the
first direction. As discussed in the previous appendix, the lowest feasible value of o!P
is i} = agib. Based on this, we can see from constraints (5.19b) and (C.1le) that the

lowest feasible value of oflP is

tHD
ozg? = max (aHD aHDt?D + £ ) ) (C.2)

min’ ~'min
n

Therefore, by injecting these two values in constraint (C.1f), we conclude that the lowest

value of 1P is
up _ 1 (. mup oy e
==t -5 |- (C.3)
Vd ap1ye+ 1
Now, considering the second direction, the lowest feasible value of B8P is SHP = 0. on

the other hand, recall that the lowest feasible value of o!IP is aEg = oD Therefore, by

injecting these two values in constraint (C.1f), we find that the lowest feasible value of

afP is
HD HD
HD (O‘min'ybn + 1) ts
“bn
Finally, the optimal power control scheme is the one among the above two schemes that

minimize the total transmit power of the HD C-NOMA system, which completes the

proof.

C3 Proof of Proposition 3

First, we denote Q(p"P, 8"P) as the objective value of OPT — HD for a feasible solution
(p"P, 0"P). We also denote (p" 1 ") a5 a feasible solution of OPT — HD at the
tth iteration. For a given BHD’M, in the ¢ + 1 iteration, we can obtain the optimal power
allocation based on Theorem 5.2, p"Pl+1 and we have

Q(p"P I+, gHD.I) (2 Q(p"P11, gHDiI) (C.5)
where (a) holds since for given 0% and 0@), aED’[tH],a?D’[tH], and AHPIH are the
optimal solutions for the power allocation. For a given p"P[+1 based on the proposed
AO-based SCA algorithm if there exists a feasible solution V! to problem P1, it is also
feasible OPT — HD and we have Q(p"Pl+1 @Dy — Q(pHPilt+1] gD+ iy which
the equality holds due to the value of Q depends only on p'™®. According to the above

discussion, we have Q(p"Pl+1 gHD- 1y « Q(pMP:l @HP:I) ~ This demonstrates that Q
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is always decreasing over the iterations. In addition, since the total transmit power is
lower bound because of the minimum required QoS for each user, the proposed algorithm

is guaranteed to converge.

C4 Proof of Theorem 5.3

At the beginning, constraints (5.40b)-(5.40f) can be expressed as

Vst P
ofP > gD (C.6a)
“bn “Ybn
,YSItFD tFD
P 3 afpgD 4 D gro 1 (c.o)
“on “Ybn
,ythD tFD
aFD > &EDtFD . f BFD + f (C6C)

ot Vot
Constraints (5.40b) and (5.40c) imply 0 < a;® < 1. Let B; be the bound whose ex-

pression is given in constraint (C.6a). In addition, constraints (5.40c) and (C.6b) imply

By: ol < Jon~ P — Pn’YSIt?DBFD. (C.7)
v Ybn (t?D +1)
Moreover, based on constraints (5.40c) and (C.6c), we obtain
B3 . aHD < Yon — t?D + Pn’ydﬁFD (CS)

N M ()
The bounds By, B, and Bs are, each, a function of the variables (P, 5FP). Therefore,

problem PC — FD is feasible if and only if the bound B; can be lower than the bounds
B, and Bj simultaneously within the region (af®, 5*P) € [0,1] x [0,1]. The condition

B, < B, implies that 8P should satisfy
Yo — 2 — P (1 +¢P)

prY < FDy L ED (C.9)
PYSItED (1 -+ tf ) -+ tf
On the other hand, the condition B; < Bj implies that 8P should satisfy
Yor — t 1 — nr(1E7)
BFD 2 Tn (Clo)
€1 —C
if ¢; < ¢y and
7bf(1+thD)t§D
Yo — B P —
BFP < f o (C.11)

if ¢; > cy. Therefore, along with the fact that S¥P € [0, 1], we obtain the first condition
in Theorem 5.3. Furthermore, since By should be lower than the bounds B, and Bs

simultaneously within the region (o, 8°) € [0, 1] %[0, 1], we conclude that % o+
?TD should be lower than %, which is the second condition of Theorem 5.3 and this

completes the proof.
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C5 Proof of Theorem 5.4

In this section, we present the proof of Theorem 5.4. Since the objective function of
problem PC — FD, the optimal solution is one of the intersection points of the boundaries
of its feasibility region. The point with coordinates (af®, ), defined in (5.47) represents

the intersection point of the bounds By and Bs. Therefore, depending on whether 85D

FD FD

min’ ~max

is within the feasibility interval [ }, this intersection point is transformed into
the point (of?,B5") in (5.48) in order to verify if this point should be considered as
a candidate solutions or no. Based on this, the intersection points of the boundaries
of the feasibility region of problem PC — FD are given in (5.49). Afterwards, for each
intersection point (&ED, BFD), the corresponding afP can be obtained as shown in (5.50),
which in turn constructs a candidate solution (P, of P, 5P). Consequently, the optimal

solution of problem PC — FD is the candidate solution that produces the lowest objective

function as presented in Theorem 5.4, which completes the proof.

C6 Semi-Definite Relaxation

First, we apply change-of-variables with the SDR technique and Gaussian randomization
method to find the phase-shift matrix. Define v = [vy,...,v.]", where VI € [1,L],
v; = €%, Then, the constraints in (5.19g) are equivalent to the unit-modulus constraints,
ie., |v|*>=1,Vl € [1,L]. By applying the change-of-variables hgnyhLR = v®, where
® = diag(hjj ;)h1r € C** and hj ;Ohy p = v W, where ¥ = diag(hjj ;)har € CH,
we have

|hiy + b (Ohy g|* = |hyp + 07 @),

|ha,p + hil ;Ohy g|* = |hay + v W[ (C.12)
By defining an auxiliary variable , then an equivalent representation of the achievable

rate of the CEUs can be obtained as

Ry = log|1+ & P (UQy f) + 05, Potr(UQy f) (C.13)
(1- aim,f)Pltr(UQl,f) +(1— a;,n,f)PQtr(UQQ,f) +o%|’
where
2"  @onf, vu’ whil | -
R P R T B A Y
Lf 2.f k

Note that 27 Qv = tr(Q,vo™) for all z € {{1, f},{2, f}}. In addition, define U = vo”,
which needs to satisfy rank(U) = 1 and U > 0. It is worth to mention that in (C.13), the
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PA coefficients o ,, ; and o3 ,, , represent the optimal power coefficients of the coordinated
NOMA cluster (CCU},, CEU;, CCU2) after obtaining the optimal clustering policy X*.
Maximizing CEUs sum-rate in their current forms still results in a non-smooth objective
function with non-convex constraints. After following the change-of-variables approach
proposed in [186], we can now define the following exponential slack variables

e’ = Pitr(UQ, 4) + Potr(UQy ) + 07,

e = (1— a’imf)Pltr(UQLf) +(1-— Oé;,n’f)pgtr<UQ2’f) + o2, (C.15)
Next, after following simple exponential and logarithmic properties and dropping the
rank-1 constraint on U through SDR, the maximization optimization problem for the

phase-shift matrix design can be written as follow

OPT — PS : _ C.16
max > (yr — qp), (C.16a)
feF
sty —qr = R}, VfeF, (C.16b

)
Pitr(UQ, ;) + Potr(UQy f) + o?>e¥%, feF, (C.16c¢)
(1=l ) Prtr(UQy 4) + (1 — a5, ) Ptr(UQy ;) + o’ <eV, feF, (C.16d)
)
)

U >0, (C.16e
Ul =1, Vie[l,L+1], (C.16f
where y = [y1,...,yr]?, and ¢ = [q1, ..., qr|". The only non-convex constraint in (C.16)

is (C.16d). In order to tackle this challenge, we resort to the SCA technique. Accordingly,
we apply a first-order Taylor approximation such that e% = e% (q; — gy + 1), where the

linearization is made around g;. Consequently, (C.16) can be rewritten as

OPT — PS: — .
max > (y; — q) (C.17a)
fer
st. (1-— oz}‘7m7f)P1tr (UQLf) +(1- a;n,f)Pgtr (UQH) +o% < eqf(qf —-qr+1),feF,
(C.17b)
(C.16b), (C.16¢), (C.16e), (C.16f). (C.17¢)

At this point, it can be observed that all the constraints in (C.17) are convex, which can be
iteratively solved using software packages such as CVX. Finally, with the optimal solution
of (C.17),i.e., U* = v*v*! | the optimal phase-shift matrix ®* can be obtained. However,
if rank(U*) # 1, the Gaussian randomization method will be applied to construct a rank-
one solution from the higher-rank solution obtained by solving the relaxed problem. This

can be achieved as follows.
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Algorithm 8: Proposed Algorithm for PS Matrix Design

Input: Q, s, Qs s, P*, X", P1, Py, o2, Rtfh, maximum number of iteration Js, iteration

index ¢ = 1, and maximum tolerance ¢;
Define: errl! = m}iX {QE:H” - @Eﬁﬂ?
while (¢ < J3) do
Solve (C.17) to obtain U™, qf,yf,Vf € F and evaluate errlt;
if errl! < € then
| break;
end if
else
Update gl := qll;
Increment t :=t+ 1;
end if
end while
Call Algorithm 9 to calculate ©*;

Algorithm 9: Obtaining Phase-Shift Matrix ©*

Input: Optimal solution of U*;
Initialize the maximum number of candidate random vectors as A;
if (rank(U*) =1) then
Calculate the eigenvalue A and eigenvector 9 of U™ according to U*¥ = A\
Update ©* := diag{v/\9};
end if
else
Obtain the eigenvalue decomposition using (C.18);
fora =1: Ado
‘ Obtain a phase-shift matrix solution using (C.19) and (C.20);
end for
Find the optimal value of the phase-shift matrix, i.e., ®* using (C.21);
end if
Output: The optimal phase-shift matrix @*;

First, if rank(U") = 1, the optimal phase-matrix can be obtained by finding the
eigenvalue and eigenvector of U*. On the other hand, when rank(U™) # 1, the Gaussian
randomization method is invoked, and the eigenvalue decomposition of U* is defined as

U =vzv? (C.18)
where V' = [01,7s,...,9,41] is a unitary matrix and ¥ = diag(A;, Aa,..., Ar41) Is a
diagonal matrix, respectively. Then, we generate a random vector denoted as r,, where
r.,Va € [1,A] is a random vector that follows a circularly symmetric complex Gaussian
(CSCG) distribution with a zero mean and a co-variance matrix A = I, e, r ~

CN(0,A) and A is the maximum generation of random vectors. Based on that, we can
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obtain a sub-optimal solution to (C.16), denoting as
v, = VSir, Vacl[l, Al (C.19)
Next, the candidate phase-shift matrix can be expressed as

0, = diag {exp {j arg (%)} } , Vaell,A], (C.20)
Valr41
where [x];.;, denotes a vector having the first L elements in . With the obtained candidate

set of phase-shift matrix ®,|a € [1, A], we can obtain the optimal one that maximizes

the sum-rate of the cell-edge users as shown in (C.21).
F

" = arg maleog [1+
a =
O‘T,m,fpl|h17f + hR,fGahl,R|2 + Oé§7n7fp2|h2’f + hR’f@ahZR’Q
(1 —af ) Pilhiy + hr©®chi p? + (1 — a3, () Palhaf + hrOuhy r|? + 02
The design approach for the phase-matrix is presented by Algorithm 8. At this point,

. (C.21)

the overall proposed alternating optimization algorithm for the network sum-rate maxi-
mization in RIS-aided CoMP NOMA cellular network is summarized in Algorithm 4.
However, the SDR is invoked instead of the DC approach to obtain the phase-shift matrix.
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Chapter 6

D1 Proof of Theorem 6.2

The constraints of problem P — PA can be rewritten as

1 m+ 1) tn, m — tm

max <_7 u) < Ay < 71’—7 (D.1a)
2 (tm + 1) Y1i,m Y1i,m
1 nt+1)t, n—tn

max (—, M) <agnfs < %’—, (D.1b)
2 (tn + ]-) Y2,n Y2,n

g (L+tp) vip + ons (L+Ep)vor =t (V17 +725 + 1) (D.1c)

Based on this, in order for constraint (D.la) to be feasible, t,, should satisfy the con-

dition t,, < min (712”",—1 +4/1 —|—’yl,m), which represents the first condition. Simi-

larly, in order for constraints (D.1b) to be feasible, ¢, should satisfy the condition ¢, <
min (72” 14+ /147 n) which represents the second condition. Finally, in order to

have feasible factors aq ., r and s, s that satisfy constraint (D.1lc), then then maximum

’YI,m_t'm 72 n—ln

and respectively, should satisfy

feasible values of oy .,y and ava , ¢, which are

. . m—tm n—tn
constraint (D.1c), i.e., ('”m—m) (L+tf) g+ % (1 + tf) Yo.f = tr (g +y2r+1),

which represents the third condition and completes the proof.

D2 Proof of Theorem 6.3

Based on the proof in Appendix D1, the power control factors ay ,, r and oo, s satisfy

t 1 .
max (_ma n, f (/yl,f + V2, f + ) Oéin;rnl f) S L n.s S Oflin:i(f7 (D2a)
1, (L +15) 71y " "
1 .
max (_u@lmf + (71,]0 +72,f + ) Oén;nf) < Qo f < Oégnzxfj (D2b)
. (1 +15) 72y " "

min min max 3 3
where a0 ¢, o' e gl and aypY, are expressed as shown in (6.41) in Theorem 6.3.

Consequently, one can conclude that Oz;njr}n < mp < 0%, where
min min 024 max |, U (g +y2s 1))
o, = max | a ,— T , D.3a
el ( Lmf> o 2l (L+tp) 71 (D-32)
. t 1
ap?y, = min (ainﬁff, Rt om r Oy 02y + )) : (D.3b)
o Ty (L+tp) 7
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Based on this, since Ry = R‘}h, then solving problem P — PA is reduced to solve the

following optimization problem

Prognt  max f(aimy), (D.4a)
1,m,f
stooamh < gy < ot (D.4b)

where the objective function f(-) is expressed

/ (al,m,f) = log [(1 + 71,m) - 71,m041,m,f]

Y1t tr (yif+25+1)
+ log { L +9m) = Y2 (——’ W, f + (D.5)
( ) Yo.f d (T+tr) vy

= log [(1 + ’Yl,m) - 71,m051,m,f]

nt + +1 n
©log Kl oy, = J2nts (s + 21 )>  Yeny Q’l,m,f:| ' (D.6)
(L+127) 72 2.6
The gradient of the objective function with respect to oy, s is expressed as

of 2(01m t—
(Q1mg) = s —20) (D.7)
dat (Q1m,f — 1) (Q1m,p — T2)
where
o 1 <1+71,m Yo,r (1 +Y2,n) N tr (v r+ 25 + 1))
0— 5 - )
2 Y1,m Y1, 72 M,f (1 + tf)
1 + T1,m
T =,
"Yl,m
t 1 1 "
o ( rgt s+l 147 ) ' (D.8)
V1. Yo.r (1+15) Yon
Since apf, < afpy, < 1 < %, we have ap®f < x; and since —1?—:;04‘2‘}2’7} +
M < o™t and a2, < 1 < M, we have zy < o™ . Therefore, the
(1+tf)'yl,f m7f7n 2:n7f Y2,n m:fvn

2
O‘l,m,ffxl) (al,m,fme)

the sign of the gradient of f depends on the relation between z, a

function o 4, 5 — ( is negative within the interval [(pin, max|. Hence,

and oy, . Based

min
m1f7n
min
m’f7n )

mi
m7

on this, the optimal solution af ,, ; is expressed as af ,, , = ap'}, it 2o < « and

1 = i * __ ,max
Oél,m,f = X if lpnin S i S Olmax and Osz’f = am,f

o 1 an®s, < @o, which completes the

proof.
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