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Abstract

Visible light communication (VLC) has attracted significant research interest within the
last decade due in part to the vast amount of unused transmission bandwidth in the
visible light spectrum. VLC is expected to be part of future generation networks. The
heterogeneous integration of radio frequency (RF) and VLC systems has been envisioned
as a promising solution to increase the capacity of wireless networks, especially in indoor
environments. However, the promised advantages of VLC and heterogeneous RF/VLC
systems cannot be realized without proper resource management algorithms that exploit
the distinguishing characteristics between RF and VLC systems. Further, the problem of
backhauling for VLC systems has received little attention. This dissertation’s first part
focuses on designing and optimizing VLC and heterogeneous RF/VLC systems. Novel
resource allocation algorithms that optimize the sum-rate and energy efficiency perfor-
mances of VLC, hybrid, and aggregated RF /VLC systems while considering practical con-
straints like illumination requirements, inter-cell interference, quality-of-service require-
ments, and transmit power budgets are proposed. Moreover, a power line communication-
based backhaul solution for an indoor VLC system is developed, and a backhaul-aware
resource allocation algorithm is proposed. These algorithms are developed by leverag-
ing tools from fractional programming (i.e., Dinkelbach’s transform and quadratic trans-
form), the multiplier adjustment method, matching theory, and multi-objective optimiza-

tion. The latter part of this dissertation examines the adoption of emerging beyond 5G
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technologies, such as intelligent reflecting surfaces (IRSs) and reconfigurable intelligent
surfaces (RISs), to overcome the limitations of VLC systems and boost their performance
gains. Novel system models for IRSs-aided and RISs-aided VLC systems are proposed,
and metaheuristic-based algorithms are developed to optimize the configurations of the
IRSs/RISs and, consequently, the performance of VLC systems. Extensive simulations
reveal that the proposed resource allocation schemes outperform the considered bench-
marks and provide performance close to the optimal solution. Furthermore, the proposed

system models achieve superior performance compared to benchmark system models.

iii



To my parents: Mr. Augustine Boadi and Madam Diana Owusu; my siblings: Kate,

Rosemary, Bright, and Junior; and my fiancée, Tose.

v



Acknowledgements

I would like to express my most profound appreciation to my supervisors, Prof. Telex
M. N. Ngatched and Prof. Octavia A. Dobre, for their unwavering support, uncondi-
tional guidance, and belief in me. They were always available for discussions, provided
outstanding feedback, and offered invaluable advice that I will keep throughout my life.

I could not have undertaken this journey without financial support from my super-
visors, the Faculty of Engineering and Applied Science, the School of Graduate Studies,
and the Natural Science and Engineering Research Council of Canada. I am eternally
grateful.

Special thanks to Dr. Ahmed Ibrahim and Dr. Alain R. Ndjiongue for generously
sharing their knowledge and expertise and for our numerous successful collaborations. I
am also thankful to Prof. Cecilia Moloney, who impacted and inspired me during my
Ph.D. journey. I would like to extend my sincere thanks to all my lab colleagues for the
cherished time spent together in the lab and social settings. Your friendship and support
have added a lot to my life.

To my parents and siblings, thank you for being the best and always making me smile.
Your continuous support, words of encouragement, love, and prayers have brought me this
far. I love you all so much.

Finally, I would like to thank my fiancée Tose for being my rock and the sunshine in
my life. Nothing could be possible without your help and contribution to my life. Many
thanks to the following amazing people who contributed to this success, Elizabeth, Abena

Amponsah, Lydia, Babara, and Dr. Nana Baafour.



Co-Authorship Statement

I, Sylvester Aboagye, hold a principle author status for all the manuscript chapters (Chap-
ters 2 - 9) in this dissertation. However, each manuscript is co-authored by my supervisors
and co-researchers, whose contributions have facilitated the development of this work as

described below.

o Paper 1in Chapter 1: Sylvester Aboagye, Alain R. Ndjiongue, Telex M. N. Ngatched,
Octavia A. Dobre, and H. Vincent Poor, “RIS-Assisted Visible Light Communica-
tion Systems: A Tutorial,” Early Access IEEE Commun. Surveys Tuts., 2022.

I was the primary author, with the second author contributing equally to the devel-
opment of the idea and refinement of the presentation. Authors 3 - 5 contributed

to the development of the idea and refinement of the presentation.

o Paper 2 in Chapter 2: Sylvester Aboagye, Ahmed Ibrahim, Telex M. N. Ngatched,
and Octavia A. Dobre, “VLC in future heterogeneous networks: energy — and spec-
tral — efficiency optimization,” in Proc. IEEE Int. Conf. Commun. (ICC), Dublin,
Ireland, Jun. 2020. pp. 1-7.

I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

o Paper 3 in Chapter 3: Sylvester Aboagye, Telex M. N. Ngatched, Octavia A. Dobre,

and Ahmed Ibrahim, “Matching theory-based joint access point assignment and

vi



power allocation in hybrid RF/VLC HetNet,” in Proc. IEEE Global Commun.
Conf. (GLOBECOM), Taipei, Taiwan, 2020, pp. 1-7.
I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

Paper 4 in Chapter 3: Sylvester Aboagye, Telex M. N. Ngatched, Octavia A. Dobre,
and Ahmed Ibrahim, “Joint access point assignment and power allocation in multi-
tier hybrid RF/VLC HetNets,” IEEE Trans. Wireless Commun., vol. 20, no. 10,
pp. 6329-6342, Oct. 2021.

I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

Paper 5 in Chapter 3: Sylvester Aboagye, Ahmed Ibrahim, Telex M. N. Ngatched,
and Octavia A. Dobre, “Joint user association and power control for area spectral
efficiency maximization in HetNets,” in Proc. IEEE Veh. Technol. Conf., Victoria,
Canada, 2020, pp. 1-6.

I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

Paper 6 in Chapter 4: Sylvester Aboagye, Ahmed Ibrahim, Telex M. N. Ngatched,
Alain R. Ndjiongue, and Octavia A. Dobre, “Design of energy efficient hybrid
VLC/RF/PLC communication system for indoor networks,” IEEE Wireless Com-
mun. Lett., vol. 9, no. 2, pp. 143-147, Feb. 2020.

I was the primary author, with authors 2 - 5 contributing to the development of the

idea and refinement of the presentation.

Paper 7 in Chapter 5: Sylvester Aboagye, Telex M. N. Ngatched, Octavia A. Dobre,
“Subchannel and power allocation in downlink VLC under different system config-

urations,” IEEE Trans. Wireless Commun., vol. 21, no. 5, pp. 3179-3191, May

vii



2022.
I was the primary author, with authors 2 and 3 contributing to the development of

the idea and refinement of the presentation.

Paper 8 in Chapter 5: Sylvester Aboagye, Telex M. N. Ngatched, and Octavia A.
Dobre, “Efficient subchannel and power allocation in multi-cell indoor VLC sys-
tems,” in Proc. Pan-African Artificial Intelligence and Smart Systems Conference
(PA-AISS), Windhoek, Namibia, 2021, pp. 237-247.

I was the primary author, with authors 2 and 3 contributing to the development of

the idea and refinement of the presentation.

Paper 9 in Chapter 6: Sylvester Aboagye, Telex M. N. Ngatched, Octavia A. Dobre,
and Ana G. Armada, “Energy efficient subchannel and power allocation in cooper-
ative VLC systems,” IEEE Commun. Lett., vol. 25, no. 6, pp. 1935-1939, Jun.
2021.

I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

Paper 10 in Chapter 7: Sylvester Aboagye, Telex M. N. Ngatched, and Octavia
A. Dobre, “Energy efficient resource allocation for multi-user aggregated VLC/RF
communication systems,” under second round of review for publication in IEEFFE
Trans. Wireless Commun., 2022.

I was the primary author, with authors 2 and 3 contributing to the development of

the idea and refinement of the presentation.

Paper 11 in Chapter 8: Sylvester Aboagye, Telex M. N. Ngatched, Octavia A.
Dobre and Alain R. Ndjiongue, “Intelligent reflecting surface-aided indoor visible

light communication systems,” IEEE Commun. Lett., vol. 25, no. 12, pp. 3913-
3917, Dec. 2021.

viii



I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

Paper 12 in Chapter 9: Sylvester Aboagye, Alain R. Ndjiongue, Telex M. N.
Ngatched and Octavia A. Dobre, “Design and optimization of liquid crystal RIS-
based visible light communication receivers,” IEEE Photon. J., vol. 14, no. 6, pp.
1-7, Dec. 2022.

I was the primary author, with authors 2 - 4 contributing to the development of the

idea and refinement of the presentation.

Sylvester Aboagye Date

X



Table of Contents

Abstract ii
Acknowledgments %
Co-Authorship Statement ix
Table of Contents xviii
List of Tables xix
List of Figures xxiii
List of Abbreviations XXiv
1 Introduction and Overview 1
1.1 Background and Motivation . . . . . . . ... ... ... 1
1.2 Basics of Visible Light Communications . . . . . . . . .. ... ... .... 3
1.2.1  Principle of VLC Technology . . . . . . ... .. ... ... .... 3

1.2.2  Transmission and Detection in VLC Technology . . . . . . . . . .. )

1.2.2.1  VLC signal transmission . . . . . . . .. ... .. .. ... )

1.2.2.2  VLC signal detection . . . . . . . ... ... ... ... .. 6

1.2.3 VLC Communication Channel and Sources of Noise . . . . . . . .. 7



2

1.2.4 Modulation Schemes . . . . . . . . . ... 10

1.2.5 Standardization Efforts for VLC Technology . . . . . . . . .. ... 12
1.2.6  VLC vs. Light Fidelity . . . . .. ... .. .. ... ... ..... 12
1.3 RIS Basics . . . . . . . . . 13
1.3.1 RIS: The Concept . . . . . . . .. . . .. 13

1.3.2 Intelligent Reconfigurable Metasurface (IRM): From the Physics
Point of View . . . . . . ... 14
1.3.2.1  Structure and tuning mechanisms . . . . . . . .. ... .. 16
1.3.2.2  Typical tunable functionalities and applications in com-

munication systems . . . . . . ..o 17

1.3.3 Intelligent Reconfigurable Mirror Array (IMA): From the Physics

Point of View . . . . . . . .o 19
1.4 Thesis Objective . . . . . . . . . .. 20
1.5 Thesis Organization . . . . . . . . . . .. .. 21
1.6 Thesis Outline . . . . . . . . . ... 22
References . . . . . . . . . 23

VLC in Future Heterogeneous Networks: Energy-and Spectral-Efficiency

Optimization 30
2.1 Abstract . . . ... 30
2.2 Imtroduction . . . . . . . .. 31
2.3 System Model . . . . . . . ... 34
2.3.1 Network Model . . . . . . .. .. 34
2.3.2 RF Channel Model . . . . . .. .. ... ... . L. 35
2.3.3 VLC Channel Model . . . . . ... .. ... ... ... ... .... 36
2.4 Energy Efficiency (EE) Optimization . . . . . .. ... ... ... .. ... 36
2.4.1  User Association with Fixed power . . . . . . . . ... ... . ... 39

x1



2.4.2 Power Control with Fixed User Association. . . . . . . . . . . ... 43

2.5 Spectral Efficiency (SE) Optimization . . . . . . . ... ... ... .. ... 45
2.6 Simulation Results . . . . . .. ..o oo 46
2.7 Conclusion . . . . . . . . 50
References . . . . . . . . . o1

Joint Access Point Assignment and Power Allocation in Multi-tier Hy-

brid RF/VLC HetNets 54
3.1 Abstract . . . . .. 54
3.2 Introduction . . . . . . ... 55
3.2.1 Main Contributions . . . . . . . . .. ... L o7
3.2.2  Chapter Organization . . . . . . . .. ... ... ... .. ..... 58

3.3 Related Works . . . . . . . . 60
3.4 System Model . . . . . . .. 62
3.4.1 Hybrid RF/VLC Three-tier HetNet . . . . . . ... ... ... ... 62
3.4.2 Channel Model . . . .. .. ... .. 62
3421 RFChannel . . . . ... ... ... ... ... ...... 62

3.4.22 VLC Channel . . . .. ... ... ... L. 64

3.4.2.3 Illumination in VLC System . . . . . .. .. .. ... ... 64

3.5 Optimization Problem Formulation and Solution Method . . . . . . . . .. 65
3.5.1 Sum-Rate Optimization Problem . . . ... ... ... ... .... 66
3.5.2  Problem Reformulation as a College Admissions Model . . . . . . . 68
3.5.2.1 Preliminaries of the College Admissions Problem . . . . . 68

3.5.2.2  Sum-Rate Optimization as a College Admissions Problem 69

3.6 Proposed Solution Based on Matching Theory . . . . . .. ... ... ... 70
3.6.1 Initialization and Design of the Preference Lists (PLs) . . . . . .. 71
3.6.1.1 RF/VLC AP n Preference List (PL) . .. ... ... ... 71

Xii



3.6.1.2  User j Preference List (PL) . . . ... ... ... ... .. 72

3.6.1.3  Proposal and Accept/Reject Decision . . . . . ... . ... 72

3.6.1.4 PA for Matched Users . . . ... ... ... .. ...... 72

3.7 Proposed Power Allocation (PA) Algorithm . . . ... ... ... ... .. 74
3.7.1 RF Domain PA Scheme . . ... ... ... ... . ... ..... 76
3.7.2 VLC Domain PA Scheme . . . . . . . ... ... ... ... ..... 7

3.7.3 Optimality and Complexity of the RF and VLC Domain PA Schemes 78

3.8 Analysis of the Stability, Optimality and Convergence of the Proposed

Matching Theory-based Solution . . . . . . . .. .. ... ... ... ... .. 79
3.9 Simulation Results . . . . . .. ..o o 83
3.10 Conclusion . . . . . . . . .. 91
References . . . . . . . . . 92

Design of Energy Efficient Hybrid VLC/RF/PLC Communication Sys-

tem for Indoor Networks 98
4.1 Abstract . . . . .. 98
4.2 Introduction . . . . . . . .. 99
4.3 System Model . . . . . . .. 101
4.3.1 Network Model . . . . . ... .. ... ... 101
4.3.2 Network Flow Model . . . . . . . .. ... ... .. ... ... ... 101
4.3.3 Channel Models . . . . . . .. .. ... .o 103
4.3.3.1 RF channel . . .. ... ... . oL 103

4.3.3.2 VLCchannel . ... .. ... ... ... ... ... ..., 104

4.3.3.3 PLCchannel . .. ... ... ... ... ... ... ... 105

4.4  Energy Efficiency (EE) Optimization Problem . . . . ... ... ... ... 105
4.5 Equivalent Reformulation and Proposed Algorithm . . . . ... ... ... 107
4.6 Simulation Results and Analysis . . . . . . .. .. ... ... ... ... 109



4.7 Conclusion . . . . . . ., 114

References . . . . . . 116

Subchannel and Power Allocation in Downlink VLC under Different

System Configuration 119
5.1 Abstract . . . . . .. 119
5.2 Introduction . . . . . . ... 120
521 Overview . . . . ... 120
5.2.2 Related Work . . . . . . ... 121
5.2.3 Main Contributions . . . . . . . .. ... oL 124

5.3 System Model . . . . . . .. 125
5.3.1 Network Model . . . . . . . .. .. ... 125
5.3.1.1 Traditional VLC System . . . . . . .. ... .. ... ... 126

5.3.1.2  Cooperative VLC System . . . . .. ... ... ... ... 126

5.3.1.3 Non-cooperative VLC system . . . . . . .. .. ... ... 128

5.3.2 Link Characteristics and Channel Model . . . . . . .. .. ... .. 128

5.4 Sum-Rate Optimization Problem . . . . .. .. ... ... ... ...... 131
5.5 Subchannel Allocation (SA) Optimization . . . ... ... ... ... ... 133
5.5.1 Strongest Channel Gain (SCG)-based SA procedure . . . . .. . .. 133
5.5.2  Matching Theory (MT)-based SA Procedure . . . . . .. ... ... 133
5.5.2.1 Matching Game for SA. . . . ... ... ... ... ... 134

5.5.2.2  Preference Lists (PLs) . . . . . .. ... ... ... .... 136

5.5.2.3  Proposed Matching Theory (MT)-based SA Algorithm . . 136

5.5.3 Analysis of Stability, Optimality and Convergence of the MT-based

SA algorithm . . . . .. ..o 137
5.6 Power Allocation (PA) Optimization . . ... ... ... ... ....... 139
5.6.1 Preliminaries of the Quadratic Transform Approach . . . . . . . .. 139

Xiv



5.6.2 Proposed Power Allocation (PA) Scheme . . . . . . ... ... ... 140

5.6.3 Joint Subchannel and Power Allocation Algorithm . . . . . . . . .. 142
5.7 Simulation Results . . . . . .. .. oo 142
5.8 Conclusion . . . . . . . . L 150
Appendix A . . . . 151
Appendix B . . . . .o 152
Appendix C . . . . . . 153
References . . . . . . . . . 155

Energy Efficient Subchannel and Power Allocation in Cooperative VLC

Systems 161
6.1 Abstract . . . . . .. 161
6.2 Introduction . . . . . . . ... 162
6.3 System Model . . . . . . . . .. 164
6.3.1 VLC Network . . . . . . . . . . . ... 164
6.3.2 VLC Channel Model . . . . . ... ... .. ... ... ...... 165
6.4 Energy Efficiency (EE) Optimization . . . . .. .. ... ... ....... 166
6.5 Proposed EE Resource Allocation Scheme . . . . . . . .. ... .. ... .. 168
6.5.1 Subchannel Allocation (SA) Procedure . . . ... ... ... .. .. 168
6.5.2 Energy Efficient Power Allocation (PA) . . . . .. ... ... .. .. 169
6.6 Simulation Results and Discussions . . . . . . . .. .. ... ... ... 173
6.7 Conclusion . . . . . . . .. 177
References . . . . . . . . . 178

Energy-Efficient Resource Allocation for Aggregated RF/VLC Systems181
7.1 Abstract . . . . ... 181

7.2 Introduction . . . . . . . 182

XV



7.3 System Model . . . . . . . . 187

7.3.1 Aggregated RF/VLC Systems . . . . .. ... .. ... ... .... 187
7.3.2 Channel Model . . . . . . . .. . 189
7.3.2.1 RF Channel . . . . . . .. ... ... 189

7.3.2.2 VLC Channel . . . . ... ... ... o 190

7.3.3 Achievable Rates . . . . . ... ... ... ... .. 191

7.4 Energy Efficiency (EE) Maximization Problem . . . . . ... ... ... .. 192
7.5  Energy-Efficient AP Assignment and Subchannel Allocation (SA) . . . . . 196
7.5.1 Energy-Efficient Access Point (AP) Assignment . . ... ... ... 196
7.5.2  Analysis of Stability, Optimality, and Convergence . . . . . . . . . . 201
7.5.3 Subchannel Allocation (SA) Scheme . . . . . . ... ... ... ... 202

7.6 Energy-Efficient PA Scheme: e-Constraint Approach . . . . . . .. ... .. 203
7.6.1 Determining Rpax - - -« « « o v v i e 205
7.6.2 Determining the EE Solution . . . . . ... ... ... ... .... 207
7.6.3 Complexity of the EE Optimization Solution . . . . . . . ... ... 209

7.7 Simulation Results . . . . . . ... oo 210
7.8 Conclusion . . . . ... 218
References . . . . . . . . . 220

Intelligent Reflecting Surface-Aided Indoor Visible Light Communica-

tion Systems 227
8.1 Abstract . . . . . . . 227
8.2 Introduction . . . . . . .. Lo 228
8.3 System Model . . . . . . .. .. 230
8.3.1 Indoor VLC Network . . . . . . . . . ... ... ... ... ..... 230
8.3.2 VLC Channel . . . ... .. ... .. ... 230
8.3.3 LoS Channel Gain . . . . .. .. ... ... ... ... ..... 231

xvi



8.3.4 Non-LoS Channel Gain: IRS (Mirror Array) and no-IRS . . . . .. 232

8.3.4.1 No-IRS VLC System . . . . . .. ... ... ... ..... 233

8.3.4.2 IRS-aided VLC System . . . .. ... ... ... ..... 233

8.4 Achievable Data Rate Optimization for IRS-Aided VL.C System . . . . . . 234
8.5 Proposed Solution . . . . . . .. .. 235
8.5.1 Sine-Cosine based Algorithm . . . . . .. ... ... ... .. ... .. 235
8.5.2  Complexity Analysis . . . . . . . .. .. ... L 238

8.6 Simulation Results . . . . . .. ... oo 239
8.7 Conclusion . . . . . . . . . 244
References . . . . . . . . . 245

Design and Optimization of Liquid Crystal RIS-Based Visible Light

Communication Receivers 248
9.1 Abstract . . . . . . . 248
9.2 Introduction . . . . . . ... 249
9.3 System and Channel Model . . . . . .. ... ... .. ... ... 251
9.3.1 LC RIS-Based Receiver . . . . . . . . .. ... ... ... ...... 252
9.3.2 Channel Model . . . . . . . ... . 253
9.3.3 Amplification Gain Coefficient . . . . . . . ... ... .. ... ... 256
9.4 Achievable Rate Optimization . . . . . . .. .. ... ... ... ...... 257
9.4.1 Rate Maximization Problem . . . . . . ... ... ... ... .... 257
9.4.2 Proposed Solution Approach . . . . . . .. ... ... .. ... ... 258
9.4.3 Computational Complexity Analysis . . . . .. ... .. ... ... 260
9.5 Simulation Results . . . . . .. .. oo 260
9.6 Conclusion . . . . . . . . .. 267
References . . . . . . . . . 269

xXvii



10 Conclusions and Future Work
10.1 Conclusions . . . . . . . . .. ... ..

10.2 Possible Directions for Future Research

xviii



List of Tables

1.1
1.2

3.1

3.2

5.1

6.1

7.1

8.1

9.1

A Comparison of LEDs and LDs [7] . . . . . . .. ... ... .. ... 6
A Comparison of VLC and RF RISs . . . . ... ... ... .. ...... 15

Recent Works on Sum-Rate Optimization for VLC and Hybrid RF/VLC

Systems . . . .. 59
Simulation Parameters . . . . . . . .. ..o 84
Simulation Parameters . . . . . . . .. ..o 143
Simulation Parameters . . . . . . ... ..o 173
Simulation Parameters . . . . . .. ... 210
Simulation Parameters . . . . . . . ..o 239
Simulation Parameters . . . . . .. ..o 261

Xix



List of Figures

1.1
1.2
1.3

1.4

2.1
2.2
2.3
24
2.5

3.1
3.2
3.3
3.4

Block diagram of data transmission using VL.C technology. . . . . . . . . . .. 4
Geometry of line-of-sight (LoS) propagation model. . . . . . . .. .. ... .. 4
Selected functionalities of metasurfaces [31,33]: (a) bandpass frequency selec-
tive surface; (b) bandstop frequency selective surface; (c) narrowband perfect
absorber; (d) refractive index tuning; (e) beam steering transmitarray; (f) beam
steering reflectarray; (g) beam amplification; (h) polarization transformation. . . 18
Controllable mirror as RIS: (a) specular reflection (©; = ©,); (b) anomalous

reflection (©; # ©,); (c¢) mirror array orientation according to the yaw angle;

(d) mirror array orientation according to the roll angle. . . . . . . . . ... .. 19
Network model of a three-tier HetNet. . . . . . . . .. ... .. ... ... 34
Total throughput vs. the number of users. . . . . . .. ... .. ... ... 47
Total energy efficiency vs. the number of users. . . . . . ... ... .... 48
Total energy efficiency vs. the QoS requirements of users. . . . . . . .. .. 48
Total spectral efficiency vs. the number of users. . . . . . ... ... .... 49
Network model of a hybrid RF/VLC three-tier HetNet. . . . . . . ... .. 63
Sum-rate versus number of users for the RF Domain heuristic. . . . . . .. 79
Sum-rate versus number of users for the VLC Domain heuristic. . . . . . . 80
Sum-rate for RF domain under varying transmit power. . . . . . . . . . .. 80



3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

4.1

4.2
4.3
4.4
4.5
4.6

4.7
4.8

5.1
5.2
9.3
5.4
9.5
5.6

% decrease of the proposed scheme from the optimization solver’s solution. 81
Average sum-rate versus number of users. . . . . .. ... ... ... ... 85

Average sum-rate versus number of users for various schemes and RF HetNet. 86

Average sum-rate versus F,., for various schemes. . . . . . . . ... .. .. 87
JFI in the VLC domain of the hybrid HetNet for various schemes. . . . . . 87
JFI in the RF domain of the hybrid HetNet for various schemes. . . . . . . 89
Average sum-rate versus different values of R, for a total of 60 users. . . 90
Average percentage of users in outage versus number of users. . . . . . .. 90

Hlustration of the proposed system model for the hybrid VLC/RF/PLC

network. . . . . . L 102
Average total throughput vs. the number of UEs. . . . . . . ... ... .. 110
Average AN power consumption vs. the number of UEs. . . . . . ... .. 110
Average BH power consumption vs. the number of UEs. . . . . . ... .. 111
Average EE vs. the number of UEs. . . . . . .. .. ... ... ... .... 112

Average EE vs. the number of UEs for the same total transmit power in

VLC/RF/PLCand RFonly. . . . . .. ... ... ... .. .. .. ..... 113
Average EE vs. number of walls. . . . . . . .. ... ... 113
Convergence of the proposed algorithm. . . . . . . . ... ... ... .. .. 114
Traditional multi-cell VLC system configuration. . . . . . . . . . . ... ... 127
Cooperative VLC system with 5 directional LED arrays per AP. . . . . . . .. 127
Geometry of the LoS propagation model. . . . . . . . . . ... ... ... 129
Average number of iterations versus total number of users. . . . . . . .. . .. 143
Sum-rate versus number of iterations. . . . . . . . ..o 144

Average sum-rate performance for the proposed schemes and the exhaustive

method. . . . . .o e, 144

xxi



5.7 Average sum-rate performance for fFR and FFR cooperative VLC systems. . . . 146

5.8 Sum-rate versus number of users for the different system configurations. . . . . 146
5.9  Sum-rate versus number of users for the various schemes. . . . . . . . ... .. 147
5.10 Sum-rate versus maximum transmit power per LED array. . . . . . . . . . .. 148
5.11 Average number of users in outage versus total number of users. . . . . . . 149
5.12 Average sum-rate versus elevation angle. . . . . . . . . ... ... ... ... 149
6.1 Frequency reuse pattern in cooperative VLC system. . . . . ... ... .. 165
6.2 EE versus the number of users for all schemes. . . . . . . . ... ... ... 174
6.3 EE versus subchannel bandwidth for all schemes. . . . . . . ... ... .. 174
6.4 EE versus maximum transmit power for all schemes. . . . . . ... .. .. 175
6.5 EE versus iteration number for the proposed scheme. . . . . . . . ... .. 175
6.6 Average users in outage versus total number of users. . . . ... ... ... 176
7.1 Network model of a three-tier heterogeneous network. . . . . . . . . . . .. 188
7.2 Block diagram of data transmission in an aggregated RF/VLC system. . . 189

7.3 Framework to obtain the joint solution: (a) alternating optimization; (b)

non-alternating. . . . . . .. Lo 196
7.4 Convergence of the proposed iterative joint solution. . . . . . . . . . .. .. 211
7.5 EE comparison of the proposed and the global optimal scheme. . . . . .. 211
7.6 Average EE versus the total number of users. . . . . . . ... ... ... .. 212
7.7 Average sum-rate versus the total number of users. . . .. ... ... ... 212
7.8 Average EE versus the required minimum rate. . . . . . . .. ... ... .. 215

7.9 Average EE for different values of the probability of LoS communication. . 215
7.10 Average number of users in outage versus the total number of users. . . . . 216
7.11 Average EE versus the circuit power consumption. . . . . . . . .. ... .. 216

7.12 Average EE versus the total number of users for FoV values of 70° and 90°. 217

xxii



8.1

8.2

8.3
8.4

8.5

8.6

9.1

9.2
9.3

9.4
9.5
9.6
9.7

IRS-aided VLC system model with random device orientation: (a) VLC
system with IRS mirror array, one user, and a non-user blocker; (b) receiver
orientation according to the polar angle o and the azimuth angle 3; (c¢) IRS
mirror array orientation according to the yaw angle v; (d) IRS mirror array
orientation according to the roll angle w. . . . . . . .. .. ... ... 231
Achievable data rate comparison of the proposed scheme and the exhaustive
search. . . . . Lo 240
The convergence rate of Algorithm 13. . . . . . ... ... ... ... ... 241
Achievable data rate and outage performance versus transmit optical power:
IRSversus wall. . . . . . . . . . . . 241
Achievable data rate versus transmit optical power for different numbers
of blockers. . . . . . .. 243

Outage versus transmit optical power for different numbers of blockers. . . 243

VLC system model with LC RIS-based receiver: (a) VLC transmission system
with a single AP and LC RIS-based receiver; (b) Geometry of optical signal
propagation through the LC cell. . . . . . . . . . . .. . ... ... 253
The principle of stimulated emission. . . . . . ... ... ... ... .... 257
Transition coefficient versus angle of incidence for LC RIS with different
refractive indexes. . . . . . . ... 262
Refractive index and transition coefficient versus the applied voltage. . . . 263
E-fold increase in the intensity of the emerged light versus the applied voltage.264
The convergence rate of Algorithm 14. . . . . . . . .. .. ... ... ... 265
Achievable data rate versus transmit optical power for light signals of dif-

ferent wavelength: LC RIS-based receiver versus ordinary receiver. . . . . . 266

xxiii



List of Abbreviations

AN Access Network

AP Access Point

BH Backhaul

BS Base Station

CCU Central Control Unit

cJT Cooperative Joint Transmission
CSI Channel State Information
CSK Color Shift Keying

DC Direct Current

DD Direct Detection

EE Energy Efficiency

EPA Equal Power Allocation
FFR Full Frequency Reuse

fFR Fractional Frequency Reuse

XX1V



FoV Field-of-View

HetNets Heterogeneous Networks

IAPPA Iterative AP Assignment and Power Allocation
ICI Inter-Cell Interference

IEEE Institute of Electrical and Electronic Engineers
IJUAPC Iterative Joint User Association and Power Control
IM Intensity Modulation

IMA Intelligent Reconfigurable Mirror Array

IRM Intelligent Reconfigurable Metasurface

IRS Intelligent Reflecting Surface

JFI Jain’s Fairness Index

JT Joint Transmission

KP Knapsack Problems

LC Liquid Crystal

LD Laser Diode

LED Light Emitting Diode

LiFi Light Fidelity

LoS Line-of-Sight

MBS Macro Base Station

XXV



MD

MEMS

MIMO

MOOP

MPL

MT

OFDM

OFDMA

OOK

OWC

PA

PBS

PD

PHY

PL

PLC

PSD

PSK

QoS

Minimum Distance

Micro-Electro-Mechanical Systems

Multiple-Input Multiple-Output

Multi-Objective Optimization

Minimum Pathloss

Matching Theory

Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiple Access

On-Off Keying

Optical Wireless Communication

Power Allocation

Pico Base Station

Photodetector

Physical

Preference List

Power Line Communication

Power Spectral Density

Phase Shift Keying

Quality-of-Service

XXVi



RF Radio Frequency

RIS Reconfigurable Intelligent Surface
RSA Random Subchannel Allocation
RSRP Reference Signal Received Power
SA Subchannel Allocation

SCA Sine-Cosine Algorithm

SCG Strongest Channel Gain

SE Spectral Efficiency

SINR Signal-to-Interference plus Noise Ratio
SNR Signal-to-Noise Ratio

SP Single Point

TIA Transimpedance Amplifier

UE User Equipment

VLC Visible Light Communication
VPPM Variable Pulse Position Modulation
WiFi Wireless Fidelity

XXVvii



Chapter 1

Introduction and Overview

1.1 Background and Motivation

Wireless data transmission has undergone significant growth within the last decade and
this trend is expected to continue due to the emergence of next-generation applications
[1]. At the same time, the recent outbreak of COVID-19 has changed the normal way
of life, particularly the way people conduct their work and studies. Traditionally, the
constant increase in transmit power and bandwidth has satisfied this demand for data
traffic. However, utilizing additional bandwidth has become a costly solution because
the radio spectrum available for cellular communication has become extremely scarce and
expensive. Besides, increasing power consumption not only raises the electricity bill of
network operators but also contributes to the global carbon footprint.

Motivated by the proliferation of light—emitting diodes (LEDs), the integration of ra-
dio frequency (RF) and visible light communication (VLC) systems is seen as a potential
solution to satiate this surge in data demand. VLC is a communication technology that
uses light sources for the dual purpose of communication and illumination [2]. Tt pos-

sesses many desirable communication network features such as ultrahigh bandwidth, zero



electromagnetic interference, free abundant unlicensed spectrum, and very high-frequency
reuse [3]. Compared to dense small cell deployment, VLC offers lower implementation
costs, and minimum additional power consumption [2]. This is because the used lumi-
nary infrastructures already exist in almost every home and building. Moreover, recent
studies have shown that 70% of mobile data services originate from indoors [4]. However,
several unique challenges specific to the visible light band, spanning from the algorithmic
level to the infrastructure level, need to be addressed to realize the full potential of VL.C
systems. Visible light signals incur high propagation losses and, as a result, have a short
transmission distance. In addition, they are very susceptible to blockages since they can-
not penetrate through opaque objects. At the algorithmic level, the promised advantages
of VLC cannot be achieved without proper resource management schemes. Core design
issues include mitigating the inter-cell interference (ICI) among the VLC access points
(APs) and guaranteeing the illumination requirements of users. Moreover, the problems
of assigning users to APs, and allocating the available transmit power and subchan-
nels while considering ICI and line-of-sight (LoS) blockages have received little attention.
These problems are important since existing AP assignment and resource management
techniques for RF networks fail to exploit the distinguishing characteristics between RF
and VLC systems. Furthermore, by considering the distinctive features of RF and VLC
systems [4], numerous additional benefits can be obtained from heterogeneous networks
(HetNets) composed of VLC and RF communication systems. At the infrastructure level,
the design of a suitable backhaul solution to connect the access network of a VLC system
to the core network remains at an embryonic stage. Lastly, the adoption of emerging
beyond 5G technologies, such as intelligent reflecting surfaces (IRSs) and reconfigurable
intelligent surfaces (RISs), to overcome the LoS blockage and random receiver orientation
issues and boost the gains of VLC systems has not been investigated.

This work positions VLC and heterogeneous RF/VLC systems as key technologies



for future generation networks by proposing novel design solutions to the challenging
problems above. The next 6 chapters of this thesis propose system models and novel re-
source allocation schemes for heterogeneous RF/VLC systems. Chapters 8 and 9 propose
the integration of IRSs and VLC, and RISs and VLC for data rate performance gain,

respectively. To that end, the basics of VLC and RISs/IRSs are discussed in the sequel.

1.2 Basics of Visible Light Communications

This section provides the basics of the VLC technology while presenting a comprehensive
overview of its communication principle, transmission and detection schemes, commu-
nication channel and sources of noise, modulation schemes, as well as standardization

efforts.

1.2.1 Principle of VLC Technology

As with most optical wireless communication (OWC) technologies, the VLC technology
utilizes high switching rate LEDs to encrust the incoming data into the generated light
as depicted in Fig. 1.1. The generated light carries the message signal toward an optical
filter and a concentrator embedded in the photodetector (PD). Its intensity is modulated
(i.e., intensity modulation (IM)) to accommodate the transmitted data within a frequency
bandwidth. At the receiver, with the help of a transimpedance amplifier (TIA), the PD
converts the detected light intensity (i.e., direct detection (DD)) into a voltage, readily
understandable by the signal processing unit. Unlike RF signals, the transmitted signal
in VLC is required to be of a real (as opposed to being complex) and positive value.
The widely acceptable models for the VLC transmitter and receiver in the literature
are the generalized Lambertian radiation pattern and the Lambertian detection pattern

with a given field-of-view (FoV), respectively, and hence the Lambertian emission model.
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Fig. 1.1: Block diagram of data transmission using VLC technology.
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Fig. 1.2: Geometry of line-of-sight (LoS) propagation model.

Fig. 1.2 depicts the geometry of a LoS propagation for a VLC system. In this figure,
the LoS path of the transmitter and the user is the straight line between them, and the
corresponding Euclidean distance is denoted as d. The angles of irradiance and incidence
related to the LoS path are denoted by ¢ and ¢, respectively. At the transmitter side, the
Lambertian emission pattern follows a cosine dependence on the irradiance angle ¢. The
intensity is highest for emission normal to the LED surface (i.e., for ¢ = 0°). At an angle
of @/, which is the LED’s semi-angle at half power, the intensity decreases to half of its
maximum value [5]. At the receiver side, the detection characteristic of a single PD is
generally modeled by means of a Lambertian detection pattern. Similar to the LED, the
FoV of a PD is defined as the angle between the points on the detection pattern, where

the directivity is reduced to 50% [6].



1.2.2 Transmission and Detection in VLC Technology
1.2.2.1 VLC signal transmission

A closer look at the transmitter depicted in Figs. 1.1 and 1.2 shows that the VLC trans-
mitter differs from the conventional one by the constitution of the different blocks. For
example, an RF transmitter does not need a LED’s driver, which cannot be omitted in
VLC. The VLC encoder is similar to the RF encoder in its functionality. The modulator
may be different from those used in RF by the fact that transmitted signals in VL.C are
purely positive and real. In the VLC technology, two main types of diodes are used in
the light source package (i.e., transmitter), namely laser diodes (LDs) and LEDs, which
are solid-state devices. For these light sources, the information can be encoded on the
frequency, the phase, or the intensity of the emitted light. However, intensity modulation
is the simplest and the most widely used in OWC systems in general, and VLC systems
in particular. Hence, intensity modulation is considered for this work. In this technique,
the incoming bits modulate the current intensity flowing through the LD/LED. In this
work, LEDs are chosen as the light sources since they are typically deployed in indoor
environments for illumination purposes. A comparison of LEDs and LDs is shown in
Table 1.1.

Several types of LEDs are available and they differ by wavelength or by the process
through which light is produced. These include phosphor-LEDs, red-green-blue-LEDs,
high-power LEDs, IR-LEDs, ultraviolet-LEDs, matrices of LEDs, organic LEDs, and
Quantum dot LEDs. Originally, light-emitting semiconductors were manufactured in
several colors (or not perceptible colors) and wavelengths, such as yellow for 570 nm < A <
590 nm; red for 610 nm < A\ < 760 nm, blue for 450 nm < A < 500 nm, and green for
500 nm < A < 570 nm. The white color can be constructed from two different processes:

(7) by a combination of red, green, and blue, or (i) by phosphor conversion. In the latter



Table 1.1: A Comparison of LEDs and LDs [7]

Characteristics LED LD
Optical output power | Low power High power
Optical spectral width | 25 - 100 nm 0.01 - 5 nm

Modulation bandwidth

Tens of kHz to hundreds of MHz

Tens of kHz to tens of GHz

Electrical-to-optical
conversion Efficiency

10 - 20 %

30 - 70 %

Eye safety

Considered eye safe

Must be rendered eye safe

Beam is broader and spreads as

Beam is directional and is

Directionality it travels outward highly collimated
Reliability High Less

Cost Low Moderate to high
Noise None Relative intensity noise

case, the phosphor is incorporated in the body of a blue-LED with a peak wavelength of
around 450 to 470 nm. Part of the blue light is converted to yellow light by the phosphor,
and the combination of the obtained yellow color and the remaining blue produces a white
color. The former offers an opportunity to apply specific modulation techniques for data
transmission such as color shift keying (CSK), multiple-input multiple-output (MIMO), or
diversity techniques. Note that most power LEDs are white-colored, and that ultraviolet-
LEDs are part of visible light sources. Most of the semiconductor materials used are
low-cost and, as a result, contribute to the complexity aspects of VLC systems by the
ease of their current modulation. All the above-mentioned light sources represent only
the antenna, which physically corresponds to the bridge between the modem and the
transmission channel. After signal processing, the current sent through the light source

should allow adequate lighting, while performing data transfer.

1.2.2.2 VLC signal detection

At the receiver, the information bearing optical signal is converted into its equivalent
electrical signal. Depending on the modulation format used at the transmitter, direct

detection or coherent detection schemes can be used. Since intensity modulation is used at



the transmitter, direct detection, which is also known as envelope detection, is used at the
receiver to recover the encoded information. The intensity modulation/direct detection
combination provides advantages in cost and complexity over coherent schemes. The key
elements in VLC detectors, which make its receiver different from the RF receiver, are
the PD and the TTA. These two elements are briefly discussed below.

In general, PDs have the same doping structure as illuminating semiconductors. For
a PD to detect a specific wavelength, it must naturally be prepared to detect the corre-
sponding frequency range, i.e., it must be sensitive to that specific wavelength. Thus, an
IR-PD detects light from an IR-LED, a laser PD is sensitive to a signal from an LD, and
so forth. Significantly, PDs, as with LEDs, are cost-efficient and low-power components,
which make the entire receiver a cost-effective device. A TTA is a current-to-voltage con-
verter made of operational amplifiers. The VLC processing modules which include the
analog-to-digital converter, de-modulator, and decoder, are voltage-driven components,
i.e., their input requires a signal in voltage form. The TIA converts the PDs’ output

current to a voltage, which is acceptable by these blocks.

1.2.3 VLC Communication Channel and Sources of Noise

VLC channel: The communication channel in VLC, as in any other telecommunication
technology, is the medium between transmitting and receiving antennas, i.e. bounded by
the light source and PD. The VLC channel suffers from optical path loss and multi-path
induced dispersion. However, the configuration of the VLC system typically determines
how the channel impacts the transmitted signal. For LoS configurations, the reflected
light components do not need to be taken into consideration, and consequently, the VL.C
channel is impacted by path loss which can be easily calculated from the knowledge
of the transmitter beam divergence, receiver size, and separation distance between the

transmitter and receiver. The LoS channel gain is given by [8]
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where m is the Lambertian index which is calculated by m = —1/log, (cos (<I>1 /2)), with
®, /5 the half-intensity radiation angle, App is the physical area of the PD, d denotes
the distance between the AP and the user, ® is the angle of irradiance, 9 is the angle
of incidence, T (¥) and G () are the gains of the optical filter and the non-imaging
concentrator, respectively, and ¥g,y is the FoV of the PD. The gain of the concentrator
can be expressed as G (¥) = f2/sin? gy, 0 < 9 < Ip,v, where f is the refractive index.

With regard to non-LoS configurations (which occur mainly in indoor deployments),
reflections from wall surfaces and furniture need to be considered. According to [8,9] the
optical power received from signals reflected more than once is negligible. As a result,
only the signals from the LoS path and those from the first reflected links are typically
considered. By focusing on the effect of reflective light by any wall surface &, the channel

gain of the first reflection is given as [§]
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where pyan denotes the reflection coefficient of the wall surface, df, is the distance between
the AP and reflective surface k, d} is the distance between reflective surface k£ and the
user, ®¢ is the angle of irradiance from the AP to reflective surface k, 9% is the angle
of incidence on the reflective surface k, ® is the angle of irradiance from the reflective
surface k towards the user, and 9% is the angle of incidence of the reflected signal from

surface k.



Unlike RF communication systems, VLC links do not suffer from the effects of multi-
path fading since the receivers use PDs with a surface area typically of magnitude much
bigger than the transmission wavelength. Another unique feature of the VLC channel is
its susceptibility to blockages and shadowing as well as impact of the device’s orientation.
As a result of the short wavelength of VLC signals, specific shadows are formed when the
light signals encounter any opaque obstacle such as a human body. As a consequence,
a receiver in the shadowed area will be in communication outage. With regard to the
impact of device orientation, PDs have limited FoVs. This restricts the angle at which a
PD can receive the optical signals as the angle of the incident light significantly affects
the intensity of the received optical signal. While the angle of irradiance is not affected
by the random orientation of the user’s device, the angle of incidence is highly influenced
by it. It is shown in [10] that the cosine of the angle of incidence ¥ can be expressed in

terms of the device’s polar angle a and the azimuth angle [ as

cos (V) = (%) sin () cos (B) + (%) sin () sin (3) + (%) cos (@), (1.3)

where (24, Ya, 24) and (x,, Y., 2,) denote the position vectors specifying the locations of
the AP and the user, respectively. According to [10], the polar angle can be modeled
using the truncated Laplace distribution with a mean and standard deviation of 41° and
9°, respectively, and its value lies in the range [0, 5]. The azimuth angle follows a uniform
distribution: g ~ U[—m,w| [10].

Noise over the VLC channel: Several noise sources are identified over the VLC
channel. They occur in both the optical and electrical domains, and are present in both
indoor and outdoor environments. Among these, shot and thermal noises are the most

prominent. Shot noise, also called Poisson or quantum noise, is an optical noise and is



related to the particle nature of light. This noise refers to the variation of the number
of electrons generated after the photons hit the PD and may originate from coherent or
thermal lights. When due to the former, it follows the Einstein statistics, but follows
the Poisson statistics when resulting from the latter [11]. Shot noise bears a normal
distribution for a high number of photons falling on the PD’s area [11]. The electronic
circuitries of the transmitter and receiver generate thermal noise, which is also called
Johnson or Nyquist noise, and follows a normal distribution as per the central limit
theorem. Other noises such as background and Fano noises are present in the VLC
environment, but their amplitude is small enough to be neglected.

Interference in the VLC channel: Signal deterioration in VLC is also due to other
light sources which interfere with the message signal. They are mainly two groups: (1)
natural sources such as the sun and moon, and (77) interference from artificial light sources
such as other LEDs, fluorescent bulbs and other light sources in the environment. Sun
and moon rays may disturb the message encrusted in the light beam. In general, they
increase the number of photons which land on the effective area of the PD and force it to

work in the saturation region.

1.2.4 Modulation Schemes

Most modulation schemes proposed for VLC systems relate to the asymmetric and pos-
itive aspects of the VLC signal. An analysis of the VLC technology considers two main
groups of modulation schemes, namely, standardized and non-standardized techniques.
Institute of electrical and electronic engineers (IEEE) 802.15.7 D3a proposes most of
the standardized modulation schemes which are all associated with a specific physical
(PHY) layer [11]. Here, except for those that use phase shift keying (PSK) for example,
most schemes naturally produce the required positive signal. Besides this constraint, the

modulation technique should also satisfy dimming and flickering requirements of VLC,
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and efficiently convey information. Most of these schemes produce the required real
and positive-valued signal after one or sometimes several operations, such as direct cur-
rent (DC) offset-orthogonal frequency division multiplexing (OFDM) and asymmetrically
clipped optical OFDM, amongst others.

Standardized modulation schemes: The typical standardized schemes include
on-off keying (OOK) and variable pulse position modulation (VPPM), which are used
with PHY I and II. CSK proposed for PHY III which can be used in combination with
OOK. Optical variances of OOK and VPPM such as undersampled frequency-shift-OOK,
twinkle VPPM, and offset VPPM for PHY IV, camera-based OOK for PHY V, and
hidden asynchronous quick link for PHY VI, are also proposed in IEEE 802.15.7 D3a. A
complete description of these modulation techniques, their corresponding data rate and
coding schemes are provided in [11].

Non-standardized modulation schemes: OFDM cannot be applied directly in
VLC due to the restrictions of IM/DD schemes (real and positive values of transmit-
ted signals). Therefore, different variations of OFDM have been proposed, such as DC
biased optical OFDM [12], asymmetrically clipped DC-biased optical OFDMs [13], asym-
metrically clipped optical OFDM [14], fast-OFDM, and polar-OFDM. Among the OWC
versions of OFDM, optical OFDM techniques were proposed with an aim of applying
schemes such as quadrature amplitude modulation to VLC systems. All these schemes
try to provide a modulated signal which meets the asymmetric aspect of VLC, while keep-
ing the system cost-effective and efficient. Note that all of these versions of OFDM suffer
from a high peak-to-average power ratio. The optical version of MIMO (index modula-
tion) has been investigated in order to improve VLC transmission. Other schemes, such as
space shift keying, generalized space shift keying, spatial modulation, and multiple active
spatial modulation, have also been proposed. There is also evidence in the literature that

other higher-order schemes have been developed for VLC systems. These schemes include
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quad-LED and dual-LED complex modulation, as well as quad-LED complex modulation,
which are used in MIMO VLC systems, quadrature spatial modulation, and dual-mode

index modulation.

1.2.5 Standardization Efforts for VLC Technology

The VLC technology is regulated by standards on short-range optical wireless commu-
nications. Up to date, a few drafts of these standards have been proposed, including
from IEEE and the VLC consortium. In IEEE, the IEEE 802.15.7 Task Group specifies
wireless personal area network standards and deals with rules and regulations for the
VLC technology. They have successively launched IEEE Std 802.15.7-2011, IEEE Stan-
dard for Local and Metropolitan Area Networks—Part 15.7: Short-Range Wireless Optical
Communication Using Visible Light [15]. This standard was successively revised several
times. Thus, in 2018, the IEEE 802.15.7 Task Group proposed a new draft called the
[EEE Draft Standard for Local and metropolitan area networks - Part 15.7: Short-Range
Optical Wireless Communications, abbreviated IEEE P802.15.7/D2a, [16]. The IEEE
P802.15.7/D2a draft was improved to IEEE P802.15.7/D3, which led to an approved
draft, P802.15.7/D3a, in August 2018 [17]. Finally, in 2019, the IEEE task group released
revised version of the standard for VLC technology, IEEE 802.15.7-2018, in 2019 [18].
The main focus of all these versions of the IEEE 802.15.7 standards are the modulation
schemes, the forward error correction and line codes, and data rates over short range

optical channels in local and metropolitan networks.

1.2.6 VLC vs. Light Fidelity

The relationship between VLC and light fidelity (LiFi) is similar to that of RF and wireless
fidelity (WiFi). Just like how a WiFi network allows bidirectional communication (i.e.,

uplink and downlink transmissions), a LiFi nework supports data transmission in both
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uplink and downlink. However, unlike WiFi that uses RF for both links, LiFi uses VL.C
for the downlink and another communication technology (e.g., infrared, laser, or WiF1i)

for the uplink.

1.3 RIS Basics

1.3.1 RIS: The Concept

An RIS can be defined as a mirror or a metasurface consisting of an array of low-cost
nearly passive reflecting elements for reconfiguring incident signals and manipulating (e.g.,
reflecting, refracting, focusing, etc.) them in an intelligent way to improve communication
performances. Note that RISs that can only reflect incident signals are usually referred
to as IRSs. Specifically, each of the RIS elements can be configured individually, and in
real-time, to induce controllable manipulation of some characteristics (e.g., amplitude,
phase, polarization, etc.) of the incident signal. For instance, the use of RISs enable the
direction of any reflected wave to be controlled such that all the waves converge to a point
(i.e., anomalous reflection) rather than having specular reflection. For that to happen,
the electromagnetic response of each of the reflecting elements is first adjusted by tuning
the surface impedance through electrical voltage stimulation. This causes each element of
the RIS array to induce a phase shift to the incoming signals, and as a result, controlling
the main direction of the reflected signals. In general, the control mechanism in RISs
can be realized by using ultra-fast switching elements such as varactors, positive-intrinsic-
negative diodes, or micro-electro-mechanical systems (MEMS) switches that communicate
with a central controller. As opposed to requiring human subjective judgement and
recognition in controlling the operation of traditional metasurfaces, an RIS controller has
the capability to sense the environment [19], and make use of intelligent algorithms to

actively identify and judge environmental changes and make autonomous decisions on its

13



operations [20,21]. As a result, a dense deployment of RISs in any wireless communication
network will allow full manipulation of transmitted and reflected waves to enable an
intelligent control of the communication channel and signal propagation to enhance the
end user’s quality of experience.

The RIS technology has recently gained significant research attention in wireless com-
munications due to the numerous benefits it offers including: (7) metasurfaces that are
used in RISs are easy to fabricate using traditional nanofabrication techniques such as
photolithography and electron-beam lithography due to the rapid advancement in the
semiconductor industry; (7) their ease of deployment since RISs can be deployed on ex-
isting infrastructure like the exterior and interior of buildings, roadside billboards, t-shirts,
etc.; (47) their low energy consumption and carbon footprint; (iv) key performance metrics
(spectral efficiency (SE), throughput, energy efficiency (EE), and coverage) enhancements
especially in the absence of a LoS path between the transmitter and the receiver; and (v)
compatibility with the standards and hardware of existing wireless networks. There has
been extensive research on its application in RF communications. However, the RIS tech-
nology and its application in RF communication systems cannot be directly adapted to
VLC systems due to the reasons summarized in Table 1.2.

In the subsections that follow, the two different setups for RISs/IRSs for VLC sys-
tems, namely, intelligent reconfigurable metasurface (IRM) and intelligent reconfigurable
mirror array (IMA) are briefly introduced. Then, detailed discussions on their operating

principles and functions, in the context of communication, are also provided.

1.3.2 Intelligent Reconfigurable Metasurface (IRM): From the

Physics Point of View

A typical IRM consists of three main layers, namely, a metasurface for the outermost layer,

a conducting back plane that prevents energy leakage as the second layer, and a control
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Table 1.2: A Comparison of VLC and RF RISs

Feature VLC RF
1 h f 1
Wavelength ranges from 350 nm to 800 nm Wavelength ranges from
. . . mm to 10 m
Intensity modulation and direct .
: Coherent modulation and
. detection .
Signal o . demodulation
. Real- and positive-valued signals .
characteristics . Complex-valued signals
Intended for communication and ..
. . Intended for communication
illunination Emitted from and received b
Emitted from LEDs and received by PDs . ) Y
electromagnetic transceivers
Dynamic FoV control
Light amplification Coverage expansion and beam
Typical Wavelength filtering and interference focusing P
functionalities | suppression & .
. . Interference nulling
Coverage expansion and beam focusing
[llumination relaxation
Metasurfaces
Hardware Mirror arrays Metasurfaces
Liquid crystals (LCs)
At the transmitter side (e.g., in
front of the LED)
Place At the receiver side (e.g., in front In the channel between

of deployment

of the the PD)
In the channel between transmitter
and receiver

transmitter and receiver

Decision variables include roll
and yaw orientation angles of mirror

Phase shift as the decision

Performance | arrays, phase shift for metasurfaces, and variable

optimization | refractive index for LCs Communication related
Communication and illumination constraints
constraints

Propagation Novel channel modgls required Novel channel model required for

model for metasurface, mirror arrays, and metasurface-based RIS
LCs-based RISs

Maturity Moderate High

Cost Low Moderate
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circuit that connects to a micro-controller as the third layer. It is important to note that
this third layer distinguishes an RIS from classical reconfigurable reflectarrays and array
lenses [22]. In this subsection, a description of the typical structure of a metasurface is
provided. Then, the various tuning mechanisms that enable the reconfigurable properties
of metasurface reflectors are discussed in terms of the tuning material, the operating

frequency range, and the typical application.

1.3.2.1 Structure and tuning mechanisms

A metasurface is a two-dimensional artificially nanostructured interface that is composed
of spatially arranged meta-atoms of a subwavelength size on a flat substrate. These
meta-atoms typically consist of dielectric [23,24] or plasmonic [25] nanoantennas that can
directly reconfigure properties such as the phase, the amplitude, and the polarization, of
any incident signal by manipulating the outgoing photons. The types of substrates used
in metasurfaces include silicon, gallium arsenide, sapphire, germanium, quartz, polymide,
and parylene. Metasurfaces in general have been widely investigated in the past decades
because of their unique abilities for blocking, absorbing, focusing, reflecting, or guiding
incident waves ranging from the microwave band through the optical frequency bands [26].
Such unique abilities result from their strong interaction with electric and/or magnetic
fields, which is typically provided by resonant effects controlled by the geometry of the
meta-atoms. In the early development stages of metasurfaces, they were mostly designed
for specific functions. For instance, a metasurface absorber composed of a reflective
backplane and a microwave absorption layer sandwiched between two dielectric substrates,
only works for a certain or a narrow range of frequencies. As such, complete redesign and
re-fabrication were required for the metasurface to be able to absorb signals of different
frequency range.

Recently, real-time re-configurable (or programmable or tunable) metasurfaces have
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received enormous research attention due to their ability to offer multiple unique func-
tionalities without any re-fabrication processes [27,28]. Such RISs generally consist of a
metastructure and a tuning mechanism, and both components communicate through a
control circuit. Several tuning mechanisms for realizing real-time re-configurable meta-
surfaces have been proposed in the literature. Popular tuning mechanisms in the design of
IRM include liquid crystals (LCs) [29], graphene [30], and photoconductive semiconductor

materials [30].

1.3.2.2 Typical tunable functionalities and applications in communication

systems

Figure 1.3 shows some of the typical functionalities performed by metasurfaces in wire-
less communication systems. Particularly, Figs. 1.3(a) and (b) demonstrate the use of a
metasurface to perform spectral filtering. This functionality has several signal processing
applications in communication systems. Notable among them is the design of a tunable
optical filter (7) for signal detection in multi-color VLC systems, (i7) to block outdoor
light noise in VL.C systems, and (477) to function as a low-cost, nearly passive optical iden-
tifier in VLC-based indoor positioning systems. Figure 1.3(c) shows a scenario whereby
a metasurface has been used as a perfect absorber. A material is said to be a perfect
absorber when it absorbs 100% of the incident wave power under a specified angle of inci-
dence at a single frequency [31]. Perfect absorbers, including narrowband absorbers, have
useful applications in many areas including interference management in RF radars where
they are used to suppress backscattering by large metal targets. Figure 1.3(d) depicts a
scenario where the incident signal is refracted towards the opposite side of the impinging
signal. This particular functionality of RISs is crucial to the development of intelligent
omni-surfaces that are capable of reflecting and refracting impinging signals towards both

sides of the metasurface [32]. Figures 1.3(e), (f), and (g) depict scenarios of wavefront
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Fig. 1.3: Selected functionalities of metasurfaces [31,33]: (a) bandpass frequency selective sur-
face; (b) bandstop frequency selective surface; (c) narrowband perfect absorber; (d) refractive
index tuning; (e) beam steering transmitarray; (f) beam steering reflectarray; (g) beam ampli-
fication; (h) polarization transformation.

shaping with metasurfaces. Specifically, Fig. 1.3(e) shows the use of a metasurface to
steer the beam from the transmitter in a particular direction. This is useful in coverage
extension for wireless communication systems. Figure 1.3(f) shows the use of a metasur-
face to control the main direction of a reflected signal (i.e., achieve anomalous reflection).
For instance in optical transmission, when light waves leave a source, they spread out in
all directions and upon striking any smooth, finite-sized flat surface, they get reflected
away from the surface at the same angle as they arrived and the intensity of the reflected
light is not always equal to that of the incident light as some of the light get absorbed
by the surface (i.e., specular reflection). However, anomalous reflection can be achieved
if each element of the metasurface induces a certain phase shift to the incoming signal
and the overall joint effect of all phase shifts is a reflected beam in a specified direction.
Figure 1.3(g) and Fig. 1.3(h) depict the scenario whereby a metasurface is used for signal

amplification and polarization transformation, respectively.
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Fig. 1.4: Controllable mirror as RIS: (a) specular reflection (0; = ©,); (b) anomalous reflection
(©; # ©,); (c) mirror array orientation according to the yaw angle; (d) mirror array orientation
according to the roll angle.

1.3.3 Intelligent Reconfigurable Mirror Array (IMA): From the

Physics Point of View

Mirrors offer another approach to realize RISs (i.e., IRSs to be specific), especially for
optical communication systems. As depicted in Fig. 1.4(a), the relationship between the
angles of incidence, ©;, and reflection, ©,., of any plane mirror is governed by Snell’s law.
According to this law, on reflection from a smooth surface, the angle of the reflected ray
is equal to the angle of the incident ray (i.e., ©; = ©,) and the reflected ray is always in
the same plane defined by the incident ray and the normal to the surface. However, re-
cent advancements in MEMS technology have enabled the development of reconfigurable
mirrors that can guide and control light dynamically. MEMS are particularly well suited
for optical applications because they are well matched to optical wavelengths, and can be
manufactured in high volume and high density arrays in semiconductor manufacturing
processes [34]. As shown in Fig. 1.4(b), the use of an electro-mechanical mirror array
allows the arbitrary control of the direction of the reflected ray and, as a result, the

angles of incidence and reflection are no longer necessarily the same (which is in accor-
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dance to the generalized Snell’s law). As shown in Figs. 1.4(c) and (d), the micro-mirror
uses a compactly folded actuator design to tune its yaw and roll angles via electrostatic
actuation, respectively, enabling it to perform a wide range of operations including wave-
front shaping and beam steering. Typical design of such controllable mirror array and
its operating principle have been reported in [35,36]. In comparison to metasurfaces, the
MEMS-based mirror arrays offer numerous advantages such as (7) relatively lower power
consumption, (7) all of the incident light is always reflected with the same intensity (i.e.,
there is no absorption), (7ii) they work at very low temperature, and (iv) despite using

mechanically mobile parts, their lifetime is long due to miniaturization [37].

1.4 Thesis Objective

In this thesis, I have identified and investigated the following research points:

1. Develop frameworks to optimize the sum-rate and EE performance of multi-tier
hybrid RF/VLC HetNets while considering illumination requirements in VLC [38-
40].

2. Propose a novel backhaul solution that uses power line communication (PLC) tech-
nology for a hybrid RF/VLC system. For this hybrid VLC/PLC/RF communica-
tion system, I formulate a joint backhaul-aware transmit power and flow control

optimization problem and propose an efficient algorithm [41].

3. Develop a framework to combat ICI and LoS blockages in VLC systems while op-
timizing the achievable EE and sum-rate. This framework combines fractional fre-
quency reuse (fFR) and cooperative joint transmission (CJT) schemes and jointly

optimizes the allocation of the available resources in VLC systems [42,43].
4. Develop a framework to maximize the EE performance of aggregated RF/VLC
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systems by optimizing AP assignment, subchannel allocation (SA), and transmit
power allocation (PA). The EE performance of both hybrid RF/VLC and aggregated
RF/VLC are compared to show which effectively combines the resources from both

RF and VLC APs [44].

5. Propose an IRS-aided indoor VLC system whereby IRSs are deployed in the channel
to overcome LoS blockages and random receiver orientation issues by assisting in
non-LoS transmission. For this system model, I investigate an optimization problem
to configure the IRS elements’ orientation so that the achievable rate of the non-LoS

links is maximized [45,46].

6. Design a LC reconfigurable RIS-based VLC receiver and propose channel gain and
incident light amplification gain expressions. I formulate an optimization problem

that maximizes the achievable rate of this novel VLC receiver [46,47].

1.5 Thesis Organization

The relationships among the the different contribution chapters are explained in this sec-
tion. Chapter 2 reveals the significant performance gains in introducing VL.C system in an
RF HetNet to form a three-tier hybrid HetNet. Chapter 3 builds on Chapter 2 by consid-
ering resource allocation problems for hybrid RF/VLC HetNets. Chapter 4 considers the
issue of backhauling in a hybrid RF/VLC system. It proposes a backhaul (BH) solution
and optimizes the allocation of resources for the proposed novel RF/VLC/PLC commu-
nication system for indoor networks. Chapter 5 investigates the issues of interference
and link blockages in VLC systems. The chapter proposes novel sum-rate optimization
resource allocation schemes for multi-cell VLC system design while Chapter 6 investigates
EE optimization for multi-cell VLC systems. Chapter 7 considers aggregated VLC/RF

HetNets and proposes an EE optimization algorithm for this novel design. Chapter 8
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examines the use of IRSs to relax the LoS requirement for VLC systems. The chapter
proposes optimization frameworks for IRS-aided VLC systems. Finally, Chapter 9 pro-
poses a novel VLC receiver design that uses LC RISs for light steering and amplification,
and optimization framework to maximize the data rate performance of the new design.
The computer used to run simulations for the proposed algorithms has the following

specifications: intel core i7 processor, 16 GB RAM, Windows 10, and 8 number of cores.

1.6 Thesis Outline

In the remainder of this dissertation, each research point mentioned above is discussed
as follows. Chapter 2 introduces the proposed EE and SE optimization frameworks for
hybrid RF/VLC HetNets. Chapter 3 introduces a novel illumination constraint for VLC
systems and develops an optimization framework for the sum-rate maximization of hy-
brid RF/VLC HetNets while considering illumination constraints. Chapter 4 presents a
novel hybrid VLC/RF /PLC communication model and proposes a novel EE optimization
framework while considering BH links’ capacity and transmit power constraints. Chap-
ter 5 considers various practical system configurations for multi-cell VLC systems and
develops a novel SA and PA scheme to optimize the sum-rate performance. Chapter 6
focuses on cooperative VLC systems and presents an optimization framework to maximize
its EE performance. Chapter 7 introduces a novel EE optimization framework for aggre-
gated RF/VLC systems and compares the EE performances of aggregated and hybrid
RF/VLC systems. Chapter 8 proposes a novel IRS-aided VL.C system and develops an
optimization framework to maximize the data rate performance of non-LoS transmissions.

Chapter 9 proposes a novel design for VLLC receivers and an optimization framework for
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LC RISs-based VLC systems. Finally, the thesis is concluded in Chapter 10.
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Chapter 2

VLC in Future Heterogeneous
Networks: Energy-and

Spectral-Efficiency Optimization

2.1 Abstract

Energy efficiency and Spectral efficiency have been identified as key performance indi-
cators in the design of future cellular networks. However, the available RF spectrum is
becoming highly saturated, thus making it difficult for network operators to achieve signif-
icant throughput and SE enhancement without increasing their power consumption. To
that end, exploiting the abundant unlicensed spectrum in the visible light band to com-
plement RF communication has become an important research direction in the design
of wireless systems. VLC combines illumination and communication while significantly
reducing the power consumption and related carbon footprint of wireless systems. This
chapter investigates the introduction of a VLC system in a two-tier RF HetNet. The EE

and SE performance of the resulting three-tier HetNet is investigated, and a novel energy
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efficient resource allocation scheme is proposed. More specifically, the joint problem of user
association and power control to maximize the EE is formulated as a fractional program-
ming problem under the transmit power and quality—of-service requirements constraints.
To tackle the nonconvexity of the problem, the original EE problem is first transformed
into a parametric subtractive form. Then, the joint problem is separated into a user
association and power control sub—problems. An efficient iterative algorithm is proposed
to solve these two sub—problems, alternately. The performance of the proposed algorithm
in terms of total network throughput, EE, and SE for different user densities is verified

through simulation results.

2.2 Introduction

The RF spectrum available for cellular communications has now become extremely scarce,
forcing network operators to explore other avenues to meet the ever—increasing demand
for high data rates. As a viable solution, the concept of small cell deployments overlaid the
traditional macro base station (MBS), forming a HetNet, was introduced [1]. HetNets
offer numerous benefits that include higher coverage area, improved network capacity,
and reduced MBS loading [2]. As the deployment of small cells in HetNets becomes
denser, network operators encounter new challenges. These include: the increase in power
consumption and the related greenhouse gas emission; the strong cross—tier and co—tier
co—channel interference; sophisticated user association scheme and backhaul solution; and
the rising costs of installation and maintenance.

The future cellular networks seek to be a revolutionary leap forward in terms of sig-
nificantly improving key performance metrics like data rates as well as spectral- and
energy—efficiency [3]. However, the dense deployment of small cells might not be enough

for attaining these goals because of the limitations discussed above. As such, there is an
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urgent need to exploit other ways of meeting these goals sustainably. VLC is seen as a po-
tential technology that complements the existing RF networks to meet the requirements
of future cellular networks [4]. VLC possesses prominent features such as (i) abundant
license—free spectrum; (ii) relatively secure transmissions; and (iii) less susceptibility to
electromagnetic interference due to the higher penetration losses. In comparison to dense
small cell deployment, VLC offers lower implementation cost and minimum additional
power consumption. This is because the used luminaire infrastructures already exist in
almost every home and building. Moreover, recent studies have shown that 70% of mobile
data services originate from indoors [5].

A heterogeneous multi-layer 5G cellular architecture has been proposed in [5], and
some benefits and challenges have been introduced. The benefits of this multi-layer archi-
tecture include high security, reduced deployment cost, high system capacity, and reduced
interference. In such a multi-tier network, the well known user association schemes such
as the reference signal received power (RSRP) and the minimum pathloss (MPL) strate-
gies might not be the best approaches since the VLC and the RF channels are completely
different. Further, due to the different mechanisms involved in receiving the optical and
radio signals, different noise power levels are experienced between the VLC and the RF
systems. Moreover, there have been no works on the EE performances of the RSRP and
MPL schemes in such a multi-tier network. To the best of the our knowledge, no research
work has studied the joint problem of user association and power control in three—tier Het-
Nets. In this chapter, the VLC technology is introduced into a two-tier HetNet, making
it a three-tier HetNet. The performance gains in terms of total throughput, EE, and SE
of the three-tier HetNet are investigated. Unlike the existing works on resource allocation
schemes for two—tier RF HetNets (e.g., [6]), a novel resource allocation scheme is proposed
for the hybrid RF/VLC three-tier HetNet. Specifically, this work seeks to highlight how

the VLC system, with an appropriate resource allocation scheme, can complement RF
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HetNets to enhance capacity and reduce power consumption. The main contributions of

this chapter are summarized below:

o This chapter considers a three—tier HetNet where the macrocell and picocells layers
operate in the sub 3 GHz frequency band while the attocells layer operates in the
visible light spectrum. For comparison purposes, a two—tier HetNet consisting of

only the macrocell and picocells layers is also considered.

o This chapter formulates the problem of EE maximization via the joint optimization
of user association and power control. The formulation considers the required data
rates for the users and the maximum available transmit power for the RF base
stations (BSs) and the VLC APs. It proposes a novel iterative algorithm to solve this
joint problem to obtain a high quality solution. Further, it establishes a relationship
between the EE and the SE, and explore the EE-SE performance for the three—tier

HetNet.

o Simulation results are used to quantify the performance gains of the three-tier
HetNet and the proposed algorithm over some benchmark user association schemes

and the two—tier HetNet in terms of total throughput, power consumption, EE, and

SE.

The rest of the chapter is organized as follows. The system model and the description of
the RF /VLC channel models are considered in Section 2.3. The EE optimization problem
formulation and solution technique are presented in Section 2.4. The relationship between
EE and SE is developed in Section 2.5. Simulation results are presented in Section 2.6,

followed by conclusion in Section 2.7.
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Fig. 2.1: Network model of a three—tier HetNet.

2.3 System Model

2.3.1 Network Model

Figure 2.1 illustrates the three—tier network model considered in this chapter. The down-
link scenario is considered. The MBS provides blanket coverage for all users in the net-
work. The pico base stations (PBSs) provide smaller coverages such as hotspot areas,
while the VLC APs are used exclusively for indoor data transmissions. Each room inside
a building serves as an attocell. As discussed in [5], this network model has potential
benefits such as: (a) high security induced by the poor penetration of VLC; (b) high total
network capacity by employing PBSs, VLC APs, and the MBS; (c¢) high EE by realizing
illumination and data transmission simultaneously; and (d) reduced interference since
different operating spectrum are used for the RF and VLC systems.

The set of RF BSs and VLC APs are denoted by K = {0,...,k..., K —1} and
V=A{1,...,v...,V}, respectively, where the index k = 0 and k& > 1 represent the MBS
and PBSs, respectively. The RF BSs and VLC APs employ orthogonal frequency division
multiple access (OFDMA) scheme [7-10]. The MBS and the PBSs use different sets of

frequency sub—bands to avoid cross—tier interference. The same sub—bands are reused
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across all PBSs. The coverage ranges of PBSs do not overlap in order to mitigate co—tier
interference since neighboring PBSs are positioned far away from each other to weaken the
signal strength of any interfering signal. Each VLC AP consists of an array of LEDs, and
all attocells reuse the same set of sub-bands. However, there is no interference between
the attocells since light does not penetrate the room walls. This network serves J users,
represented by the set J = {1,...,7,...J}, that are uniformly and randomly distributed
within the MBS coverage area. It is assumed in this work that there are backhaul links
between the MBS and all the PBSs and VLC APs for the reliable exchange of channel

state information (CSI).

2.3.2 RF Channel Model

The RF communication channel power gain between any user and the kth BS captures
the distance-dependent pathloss (PL), penetration loss (V¥), multipath fading (I"), and
shadow fading. In particular, the pathloss for user j served by the MBS and that of user
j served by PBS k, in dB, are given as 128.14 37.6log,, (do ;) and 140.7 + 36.7log;, (dx.;),
respectively, where dy, ; is the distance in km between BS k and user j [11]. For outdoor
user j being served by the RF BS k, the penetration loss is 0 dB. However, the penetration
loss for indoor user j served by the MBS is determined as 20 dB + 0.5 d;,,, where d;,, is an
independent uniform random value between [0, min (25, dj ;)]. Similarly, the penetration
loss between indoor user 7 and the PBS k is 23dB + 0.5d;,. The multipath fading is
assumed to be Rayleigh. The log normal shadowing standard deviation is X dB. The
channel power gain between user j and the RF BS k is defined as

_ TPL[dB]
10

G, = 10 (2.1)

where TPL [dB] = PL+ VUV + T+ X.
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2.3.3 VLC Channel Model

Each VLC AP is treated as a point source and the PD is installed on the user device
facing upward. By considering only the LoS paths, the direct current gain between user
J located indoor and the vth AP can be modeled using the Lambertian emission model

as follows [12]:

o APD (m + 1)
e 27rd%7j

G cos™ (®;) T (&) G (&), (2.2)

where App is the detection area of the PD, m is the order of the Lambertian emission
which is calculated as m = —log, (COS <¢% ))_1, with ¢% as the LED’s semi-angle at
half power, d, ; is the distance between the AP v and user j, ®; represents the AP k
irradiance angle to user j, §; is the angle of incidence of AP v to user j, T'(§;) is the gain

of the receiver’s optical filter, G (§;) = Sn{—j&, 0 <& < oy, is the gain of the non-imaging
concentrator, with f as the ratio of the speed of light in vacuum and its speed in the
optical material. For VLC systems, typical values of f lie between 1 and 2. &, < 7 is the
field-of-view of the PD. The electrical signal-to—noise ratio (SNR) for any user j served

by the AP v is defined as in [12].

2.4 Energy Efficiency (EE) Optimization

The efficiency of a system is a measurable quantity that is determined by the ratio of
its output to input. In the system model presented in Fig. 2.1, efficiency can be seen
as the extent to which the available transmit power to the BSs and APs is utilized to
provide users with at least their required data rates. To that end, the EE [in bit/Joule]
can be defined as the ratio of the amount of data transmitted to the amount of power
consumed in the network. Given that BSs and APs are power constrained and by not

considering circuit power consumption of the HetNet, the EE optimization is defined as
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maximizing the network total achievable throughput while minimizing its total power

consumption [13]. The EE maximization problem is formulated as

. Prs| G| , Puj(RpDGy )*
( % %I‘k,jB].ogQ (1 + NrrB ) + % %xv,]Blog2 <1 + ]NVLCB J

max
x,p D22 Pkt Pu
Vk Vj Yo Vj
s.t.

C1: Zxkd +va,j = 17vj7
Vk Vo

C2: pyj < xy,; P VE,V,

C3: py; < xy; P, Y0, V5,

C4: Y prj < P, Vk, (2.3)
vy

C5: Y pyj < P Yo,
vj

2
C6 : Blog, (1 + *”“'G’”) > RuinTh,j

Nrr B

] 2
C7 : Blog, (1 - ’%) > RuinTo,j
C8: Pk,j 2 O7p'u,j Z O,Vk‘,Vj,

9 : Tk, j € {0, 1} y Lo, j € {0, 1},

where x is the user association vector, p is the power control vector, Ngrr is the power
spectral density (PSD) of noise at the receiver, Ny is the PSD of noise at the PD, B is
the bandwidth allocated to any user, Pf°" is the total available power at any RF BS, and
P™* is the total available power at each VLC AP. In (2.3), C'1 ensures that each user is
associated with only one BS/AP. C2 and C3 ensure that each BS and AP only allocates
power to the users associated with it, respectively. C'4 and C'5 limit the transmit power at
the BSs and APs, respectively. C'6 and C'7 ensure that the users’ quality—of-service (QoS)

requirements, R, are satisfied. C8 represents the non-negativity of the power variables

while, C'9 indicates the binary nature of the user association variables. In the sequel, the
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set of RF BSs and VLC APs is represented by Z = {L UV}, where |Z| = [CU V.
It is clear that the objective function of the EE optimization problem in (2.3) is in
a fractional form, and hence, can be classified as a non-linear fractional programming
problem. It is well known that this class of optimization problems is difficult to solve
directly. Further, problem (2.3) is a mixed—integer program. However, the optimization
problem in (2.3) can be equivalently transformed into the parametric subtractive
F'(n) = max N (x,p) —nD (p)
s.t. (2.4)

C1-0C9,

where 7 represents the EE parameter [14], [15]. N (x,p) and D (p) are defined as

N(x,p)= X X z;;Blog,(1+p;;Ai;),and D(p)= > > p;j, respectively, where

VjET VieT VieIVieT
2

Gr.j P

%, lf 1€ ’C,
A = (2.5)
] 2

(RenGo)® if ¢y

NyrcB 7’ ’

The solution {x*, p*} to (2.3) is also optimal for (2.4) for a certain n* > 0 that satisfies
F (n*) = 0 [14]. The optimal value of the objective function in (2.3) is equal to n*. For a
given 7, the problem in (2.4) is still non—convex and in a mixed—integer form, thus difficult
to solve to optimality. For a given n and by temporarily fixing x, the objective function
in (2.4) becomes concave in p and (2.4) turns out to be a convex optimization problem.
However, for a given n and a fixed p, (2.4) becomes an integer programming problem
which is still non—convex and difficult to solve, but for which an efficient algorithm is
proposed in subsection 2.4.1. Thus, in solving (2.4), the user association problem is first
considered under fixed p, and then, the power control problem is solved under fixed x.

The joint optimization is performed alternately.
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2.4.1 User Association with Fixed power

Given the transmit power vector p and EE parameter 7, consider the optimization problem

max N (x,p) —nD (p)

s.t.

ClA: ¥ z,;=1Vje J, (2.6)
VieT

CQA . Z xmpi,j S Pimt,Vi € 1'7
vjegJ

C3A:z,;€{0,1},Vie Z,Vje J,
where C'1A guarantees that one user can only associate with one BS/AP i. C2A is the
power constraint for the BSs and APs. C'3A keeps the association indicators binary. The
optimization problem in (2.6) assumes the form of a generalized assignment problem,
which is NP-hard [16]. Since the decision variable x does not appear in the second term
nD(p) in (2.6), N(x,p) can only be considered in solving for x. In the following, an
efficient algorithm for solving (2.6) is proposed. This method is based on the multiplier
adjustment method, originally introduced in [17], for generating bounds in a branch and
bound scheme. The Lagrangian relaxation of (2.6), which is obtained by dualizing the

constraint set C'1A with the multipliers x;,j € J, is given by

Zp (x,x) = max <Z > x;;Blog, (1 +pi,jv4i,j)> - XX <Z Tij — 1)
X €L jeJ JjeJ i€l
=X Zpi (X, x)+ X X;j
€T jeTJ
s.t. (2.7)
> i pij < P Vie T,
JjeET

xi,j € {0,1},]€j
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Clearly, the resulting Lagrangian problem in (2.7) separates into I 0—1 knapsack problems
(KPs), where the KP i is

Zpi (x,x) =max Y. (Blog, (1+pi;Ai;) —Xj) Tij,

X VieJg
S.t. (2 8)
> i pig < P,
JjeT

z;; €{0,1},j € J.
The KPs can be independently solved by the BSs and APs, which greatly reduces the
computational effort in solving the relaxed problem in (2.7). The 0-1 KPs can be solved
by dynamic—programming. The complexity of the dynamic—programming algorithm is
proportional to J ZIPitOt [18]. In this work, a more computationally efficient algorithm
is proposed to solxi the 0-1 KPs (2.8).

The method for solving (2.8) begins by initializing each multiplier x; to the second
largest Blog, (1 + p;;A;;), ¢ € Z. With this value of x;, (Blogy (14 p;;Aij) —x;) > 0
for at most one ¢ € Z. Thus, the user j is associated with the BS/AP ¢ that ensures
(Blogy (1 + pijAij) — x;j) > 0). As a result, (2.8) can be easily solved using off-the-shelf
sorting algorithms. Hence, there is an optimal Lagrangian solution for this x that satisfies
%:Ixm- <1, 5 € J. If the constraint %}I:c” =1,Vj € J, is satisfied, then this solution is
;easible and optimal in the generaliz;d assignment problem in (2.6). Thus, all users have
been associated to maximize N(x,p). Otherwise, for all j* for which Z:IQZZJ =0 (ie.,
violates the constraint %:I:B” = 1), we formulate a simple optimizati;; problem. The
aim of this simple optir;ization problem is to make sure in the new Lagrangian solution
%:I x;;+ = 1,Vj* while %:I x;; < 1 continues to hold for all other j.

Before introducing this problem, it is necessary to first identify all users that have

not been associated at this stage. This identification and the formulation of the simple

optimization problem are presented as follows. Define the sets
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J:{jej

> Tij :O}a

i€l

TP ={j € T|Blog, (14 pi;Ai;) —x; =0},
0 ={ieIljed’},

P = P — 3 Blog, (1+ p;,;Aij) Tij.
JjET

(2.9)

The set J represents all users that have not been associated with either an RF BS or
VLC AP. For these users, the set J defines particular users for BS/AP i. The set Z?
defines the candidate BSs/APs for which the particular users in J can be associated
with. Finally, the term PEOt ensures that BS/AP i has enough transmit power to serve

the users defined in J. For j € J?,i € I}, set x; ; by applying any heuristic to solve the

optimization problem

max ¥ Y (Blog, (1+pijAij)) i,
VieZ? VjeJy?

s.t.
—tot .
ngjo xiipi; <P, 1€ Ijoy (2.10)
> owiy=1Vje€ J,
Wejg@

zi; € {0,1},j € JPi € I).

The choice of a heuristic to solve (2.10) is not important since at this stage the elements
in J? are sufficiently small as to allow little discretion in the further setting of z; ; [17].

Clearly, the problem in (2.10) can be solved by first sorting the throughput of users,
denoted by r;; = (Blog, (1+p;;Ai;)),j € JP,i € I}, in a decreasing order. Then,
beginning from the least index and for each (i,7) € Z)J°, set x;; = 1if p;; < FZOt.
Otherwise, set x; ; = 0. The definition of sets in (2.9) and solving the problem in (2.10)
are iterated until all users become associated (i.e., J = 0). The output variables (x,X)

define the upper bound value U = Y Zp; (z, x) + > Xx;. If the algorithm terminates and
i€l JjeT
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Algorithm 1 Distributed user association algorithm.

Input: r; ;, P, J, L;
Initialize: x; = max, {r;;}andz;; =0,Vie Z,Vj e J
Define J;" ={j € J |ri; — xi; > 0}.
for j€ J",i€Z do
Set z; ; to the solution in (2.8)
end for
if ZIx” =1,Vj € J then
i€
End, (Lagrangian solution is optimal in (2.6)).
else
repeat
Define 7, J?, and Z} as in (2.9).
Calculate P Vi € T as in (2.9).
for (i,j) € Z7, 7 do
Sort (7,7), in order of decreasing r; ;.
Starting from the leasE index7

Set Xy = 1 lfp%] S Pz .

end for
if Z Tij = 1, then

1€T

End, (Lagrangian solution is optimal in (2.6)).
else

Go back to the line Define 7, J and Z} as in (2.9).
end if

until 7 = 0.

end if

if E Tij = 1,VJ € J then
i€l

End, (Lagrangian solution is optimal in (2.6))
else

End, (Lagrangian solution is not optimal in (2.6))
end if

Output: x,x.
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the Lagrangian solution satisfies the condition ) x;; = 1,Vj € J, then the solution is
i€l

feasible and optimal in (2.6). This procedure for solving the user association problem is

presented in Algorithm 1. In comparison to dynamic programming, sort functions have

lower complexity. The worst case complexity of popular sort functions such as heapsort

and merge sort algorithms is Jlog J.

2.4.2 Power Control with Fixed User Association

Consider the power control optimization problem for any given n and x in (2.11). J;
represents the set of users associated with the BS/AP i. Obviously, the set 7; ensures that
only the transmit power of users associated with BS/AP ¢ is updated. The problem in
(2.11) is convex because the objective function is concave and the constraints are convex.
Thus, the globally optimal solution can be obtained by well developed interior—point
methods [19]. Further, (2.11) can be independently solved at each BS since users have
already been associated at this stage and each BS allocates the available transmit power
to its users. Being able to solve (2.11) distributively greatly reduces the computational

effort involved.

max N (x,p) —nD (p)
S.t.

ClB: Y pi; < PP VicT, (2.11)
VieT;

C2B :ri; > Rnin,Vj € J;, Vi €L,
C3B :p;; >0,Vje J,Vie€l,
The iterative joint user association and power control (IJUAPC) algorithm for the EE
optimization problem can now be presented in Algorithm 2. This proposed algorithm has

an inner and outer loops. The inner loop alternately solves the user association and power

control sub—problems until convergence. The outer loop updates the EE parameter n until
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convergence. Given the CSI G, ;,Vi € Z,Vj € J, the algorithm begins by initializing the

%7

transmit power to users such that

Bmin 1

1,J
A pre-processing algorithm, implemented in the MBS, can be used for this initialization.
The pre-processing algorithm will set pi; =0 for BS/AP 7 that cannot guarantee R
to any user j. Note that the CSI can be relaibly obtained using feedback mechanisms
whereby BSs and APs broadcast pilot signals for users to estimate the channel state and
then upload that information to the BSs and APs.

Initializing p according to (2.12) ensures that the users’ QoS requirements are satisfied.
The initialized power vector is broadcasted to the PBSs and APs. Each BS/AP uses
this power vector to solve its user association problem. With the solution of the user
association problem, each BS/AP solves the power control problem to update the transmit
power values. FEach PBS/AP sends the optimal solution of the power control sub—problem
to the MBS. Thus, after the first iteration of solving the user association and power control
sub—problems, the updated power vector at the MBS has the power values that guarantee
Rin for users that were not associated to an BS/AP, and the optimal solution from (2.11)
for users that were associated to an BS/AP. The MBS broadcasts this updated transmit
power vector to the PBSs and APs. Then, the user association problem is solved for a
new solution. This iteration continues until the inner loop convergences. Similarly, the
initialization and update of n occurs at the MBS. The MBS then broadcasts n to the
PBSs and APs. After the outer loop converges, a post-processing algorithm in the MBS
is used to set p; ; = 0 if x; ; = 0. The final transmit power vector p* is broadcasted to the
PBSs and APs.

Since the objective value increases with the solution found in each iteration and it

has a finite upper bound, the proposed iterative algorithm is guaranteed to converge at a
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superlinear rate [14], [15]. Further, the EE parameter 7 is non-decreasing, and continues

to increase until convergence [20].

Algorithm 2 Proposed [JUAPC algorithm.

Initialization: counter u = 1, parameter n, = 0, F'(n,) > 0, error tolerance 3 > 0,
set p, as in (2.12);
while F'(n,) > do
while no convergence do
Solve the user association problem (2.6) with 7, and fixed p, for x,,.
Solve the power control problem (2.11) with the given 7, and fixed x,, for p,.
end while
Update u = u + 1.
Calculate F'(n,) = N (Xy—1, Pu—1) — Tu—1D (Pu—1)-
Update n, = 7]\7(’5“(;2’{’5‘1).
end while

Output: x*, p*.

2.5 Spectral Efficiency (SE) Optimization

SE can be defined as the ratio of the total achievable throughput to the system bandwidth.

Mathematically,

\Eﬂgj (Blogy (1 + pijAij)) @i
SE ==
Br ’

(2.13)

where Br is the system bandwidth. From the definition of EE and SE, the relationship

between EE and SE can be established as

_ EEx Pp

SE
Br

(2.14)

with the units [bit/sec]/Hz, where Pr is used to denote the total consumed power. The
SE-EE relation in (2.14) helps to highlight how optimizing the EE of the three-tier HetNet

affects its SE. This is crucial, since both EE and SE are key performance indicators for
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future cellular networks.

2.6 Simulation Results

In this section, the performance of the proposed IJUAPC algorithm for the three—tier Het-
Net is compared with the RSRP and the MPL user association schemes with power control
using simulation results. The performance of the three—tier HetNet is also compared with
a two-tier HetNet (i.e., MBS and PBSs) to highlight the importance of introducing the
VLC APs. Thus, “IJUAPC: three-tier” refers to the IJUAPC algorithm implemented in
a MBS/PBS/VLC three-tier HetNet while “IJUAPC: two-tier” refers to the implemen-
tation of the JUAPC algorithm in an MBS/PBS two-tier HetNet. The simulation results
presented are averaged over 10,000 instances.

In the following results, the maximum transmit power for the MBS, PBS, VLC AP are
set to 46 dBm, 30 dBm, and 10 dBm, respectively. The standard deviation for the shadow
fading component is 10 dB. The system bandwidth for the MBS, PBS, VLC AP is 10
MHz each. It is assumed that users’ devices have PD installed on them facing upwards.
Ngrrp = —174 dBm/Hz and Ry, = 0.5 Mbps. It is assumed that two-third of the total
number of users are deployed indoors. The remaining parameters for the VLC system are
as in [12] and [21].

The total network throughput for the proposed IJUAPC algorithm, both the three—tier
and two—tier HetNets, is presented in Fig. 2.2 for different user densities. Additionally,
the total network throughput for the RSRP and MPL user association schemes, with
power control, for the three—tier HetNet is also shown in Fig. 2.2. As observed, the three—
tier HetNet architecture achieves significant throughput gains than the two-tier HetNet.
This highlights the additional throughput gain which is brought by introducing VLC APs

into the two—tier HetNet. In the three—tier HetNet, users within an indoor environment
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Fig. 2.2: Total throughput vs. the number of users.

are mostly served by VLC APs, which provide them with better channel conditions (i.e.,
shorter transmission distance and no penetration loss) and higher bandwidth. As a re-
sult, higher throughputs are achieved in the three—tier HetNet. In the two—tier HetNet,
the more considerable transmission distance and the penetration loss resulting from walls
increases the signal power’s attenuation for the indoor users and consequently reduces the
total network throughput. For the three-tier HetNet, the proposed IJUAPC algorithm
outperforms the conventional RSRP and MPL user association schemes with power con-
trol. The RSRP scheme results in a higher network throughput than the MPL scheme
since the latter does not take into account the SNR in the user association decision.
Figure 2.3 shows the total EE versus the number of users for the three— and two-tier
HetNets. Results from Fig. 2.3 highlight the benefits of the proposed IJUAPC algorithm.
It is observed that the IJUAPC algorithm, for both the three— and two-tier HetNets,
achieves superior EE than the RSRP and MPL with power control. Although the RSRP
and MPL schemes obtain higher network throughput than the [JUAPC: two-tier, the EE
performance of the [JUAPC: two-tier is much better than the RSRP and MPL schemes.
More particularly, the [IJUAPC algorithm maximizes the total throughput while minimiz-

ing the total energy consumption. Further, [JUAPC performs better than the RSRP and
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MPL schemes because of the difference in their objective functions. The RSRP scheme
associates a user to the BS/AP from which it receives the strongest signal, while the MPL
scheme associates a user to the BS/AP from which it has the minimum pathloss. On the
other hand, IJUAPC associates users to the BSs/APs such that the overall network EE is
maximized. With the proposed IJUAPC algorithm, the three-tier HetNet presents much
higher EE than the two-tier as the presence of the VLC APs expands the feasible region
of the optimization problem, leading to the increase in the EE.

Figure 2.4 depicts the impact of the QoS requirements of users on the achievable EE.
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It is observed that the performances of the IJUAPC (i.e., for the three-tier and two-tier),
RSRP, and MPL algorithms degrade as the value of R,,;, increases. This is expected
since the higher QoS requirements for users reduce the feasible region of the optimization
problem. Besides, additional power is required to satisfy the users’ QoS requirements. It
is noticed that the rate of the EE degradation is more severe in the two—tier HetNet than
the three—tier HetNet. This indicates the superior performance of the three-tier HetNet
for higher QoS requirements. Note that the proposed algorithm performs better than the
RSRP and the MPL algorithms.

Figure 2.5 shows the impact of optimizing the EE on the SE for different number of
users. It is observed that the proposed IJUAPC algorithm not only optimizes the EE,
but also improves the SE of the three-tier HetNet. However, this is not the case for
the two—tier HetNet as the RSRP and MPL user association schemes with power control
perform better than the two—tier HetNet. This is because of the additional bandwidth
and power resources that the VLC system offers in three-tier HetNets.

It is worth mentioning that the proposed IJUAPC algorithm has an inner and outer
loop. In all the simulation tests carried out, the average number of iterations required

for the convergence of the outer loop of the proposed IJUAPC algorithm is three. For a
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fixed 7, the inner loop converges in an average of five iterations.

2.7 Conclusion

This chapter focused on three-tier HetNets and proposed an efficient solution that obtains
a high quality solution to the problem of user association and power control. Simulation
results quantified the EE and the SE gains and demonstrated critical insights on the intro-
duction of VLC in already deployed RF HetNets. Firstly, it was shown that introducing
the VLC systems significantly increases the total network achievable throughput, the EE,
and the SE. Secondly, the proposed IJUAPC algorithm performed better than conven-
tional user association schemes, such as the RSRP and the MPL, with power control.
Further, it was revealed that optimizing the EE of the three—tier HetNet also maximizes
its SE. In summary, this chapter has validated the throughput, EE, and SE gains that the
introduction of VLC in a two—tier HetNet can achieve. The proposed IJUAPC algorithm
was shown to converge within a few iterations while substantially increasing the attained

throughput, EE, and SE.

50



References

1]

J. G. Andrews, “Seven ways that HetNets are a cellular paradigm shift,” IFEE

Commun. Mag., vol. 51, no. 3, pp. 136-144, Mar. 2013.

J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K. Soong, and
J. C. Zhang, “What will 5G be?” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp.
1065-1082, Jun. 2014.

M. Shafi, A. F. Molisch, P. J. Smith, T. Haustein, P. Zhu, P. De Silva, F. Tufvesson,
A. Benjebbour, and G. Wunder, “5G: A tutorial overview of standards, trials, chal-
lenges, deployment, and practice,” IEEFE J. Sel. Areas Commun., vol. 35, no. 6, pp.
1201-1221, Apr. 2017.

A. R. Ndjiongue, T. M. N. Ngatched, O. A. Dobre, and A. G. Armada, “VLC-based
networking: Feasibility and challenges,” IEEE Netw. Mag., vol. 34, no. 4, pp. 158-
165, Jul./Aug. 2020.

L. Feng, R. Q. Hu, J. Wang, P. Xu, and Y. Qian, “Applying VLC in 5G networks: Ar-
chitectures and key technologies,” IEEE Network, vol. 30, no. 6, pp. 77-83, Nov. /Dec.

2016.

N.-T. Le, L.-N. Tran, Q.-D. Vu, and D. Jayalath, “Energy-efficient resource allocation
for OFDMA heterogeneous networks,” IEEFE Trans. Commun., vol. 67, no. 10, pp.
7043-7057, Oct. 2019.

51



[7]

H. Zhang, C. Jiang, N. C. Beaulieu, X. Chu, X. Wen, and M. Tao, “Resource allo-
cation in spectrum-sharing OFDMA femtocells with heterogeneous services,” IEFEE

Trans. Commun., vol. 62, no. 7, pp. 2366-2377, Jul. 2014.

H. Haas, L. Yin, Y. Wang, and C. Chen, “What is LiFi?” J. Lightw. Technol., vol. 34,
no. 6, pp. 1533-1544, Mar. 2016.

J. Fakidis, D. Tsonev, and H. Haas, “A comparison between DCO-OFDMA and
synchronous one-dimensional OCDMA for optical wireless communications,” in Proc.

IEEE PIMRC, London, U.K., Sep. 2013, pp. 3605-3609.

[10] Y. Wang, X. Wu, and H. Haas, “Resource allocation in LiFi OFDMA systems,” in

[11]

[12]

[13]

[14]

Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2017, pp. 1-6.

“Small cell enhancements for E-UTRA and E-UTRAN-physical layer aspects,” 3GPP
TR 36.872, San Jose, CA, USA, v. 1.0.0, Rel. 12, Aug. 2013.

H. Tabassum and E. Hossain, “Coverage and rate analysis for co-existing RF/VLC
downlink cellular networks,” IEEE Trans. Wireless Commun., vol. 17, no. 4, pp.

2588-2601, Apr. 2018.

A. Mesodiakaki, F. Adelantado, L. Alonso, and C. Verikoukis, “Energy-efficient user
association in cognitive heterogeneous networks,” IEEFE Commun. Mag., vol. 52,

no. 7, pp. 22-29, Jul. 2014.

X. Huang, W. Xu, S. Shen, H. Zhang, and Z. You, “Utility-energy efficiency oriented
user association with power control in heterogeneous networks,” IEEE Wireless Com-

mun. Lett., vol. 7, no. 4, pp. 526-529, Aug. 2018.

52



[15]

[18]

[19]

[20]

[21]

W. Xu, Y. Cui, H. Zhang, G. Y. Li, and X. You, “Robust beamforming with partial
channel state information for energy efficient networks,” IEEE J. Sel. Areas Com-

mun., vol. 33, no. 12, pp. 2920-2935, Dec. 2015.

S. Martello and P. Toth, Knapsack Problems: Algorithms and Computer Implemen-
tations. John Wiley & Sons Ltd., 1990.

M. L. Fisher, R. Jaikumar, and L. K. V. Wassenhove, “A multiplier adjustment
method for the generalized assignment problem,” Management Sci., vol. 32, no. 9,

pp. 1095-1103, Jan. 1986.

A. Benoit, Y. Robert, and F. Vivien, A Guide to Algorithm Design: Paradigms,

Methods, and Complexity Analysis. Taylor & Francis Group, LLC, 2014.

S. Boyd and L. Vandenberghe, Convexr Optimization. Cambridge University Press,
2004.

W. Dinkelbach, “On nonlinear fractional programming,” Management Sci., vol. 18,

no. 7, pp. 492-498, Mar. 1967.

I. Stefan, H. Burchardt, and H. Haas, “Area spectral efficiency performance compar-
ison between vlc and rf femtocell networks,” Proc. IEEE Int. Conf. Commun. (ICC),

pp- 3825-3829, Budapest, Hungayr, Jun. 2013.

53



Chapter 3

Joint Access Point Assignment and

Power Allocation in Multi-tier

Hybrid RF/VLC HetNets

3.1 Abstract

This chapter investigates the joint problem of AP assignment and PA in a three-tier
hybrid RF/VLC HetNet. The main goal is to maximize the HetNet’s sum-rate under
practical constraints such as APs’ power budgets and users’ QoS requirements, while
maintaining an acceptable level of illumination in the VLC system. When this design
problem is formulated mathematically, it turns out to be a combinatorial decision problem
that involves non-linear constraints, and hence is NP hard. To efficiently obtain good
quality solutions for the formulated problem, a reformulation into the college admission
model is first performed. Then, a distributed and low-complexity algorithm based on
matching theory and an efficient heuristic PA scheme is proposed to obtain a good quality

suboptimal solution for the joint problem. Simulation results highlight the robustness of
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the proposed solution and its significant gain in network sum-rate as compared to different
benchmark schemes. The effect of various system parameters such as the minimum QoS
and maximum illumination requirements on the performance of the proposed solution is
studied. Finally, the theoretical analysis of convergence, stability, and complexity of the

proposed technique is performed.

3.2 Introduction

The continuous emergence of high data rate services and wireless applications has led
to massive growth in the demand for higher capacity cellular networks. According to
Cisco [1], the total number of internet users in the world would increase from 3.9 billion
in 2018 to 5.3 billion by 2023. The deployment of small cells, overlaid the traditional MBS,
will undoubtedly continue to provide increased capacity to accommodate this explosive
growth rate. However, the recent spectrum crunch in the sub-6 GHz frequency band and
the deployment costs of small cells underscore the essential role that the densification
of wireless infrastructures plays in meeting the explosive data demand. To that end,
recent works have focused on exploring new spectrum, access technologies, and network
architectures to satiate the surge in data demands [2].

Motivated by the proliferation of LEDs, the integration of RF communication systems
and VLC systems, forming a hybrid system, is seen as a potential solution to meet the
rapidly increasing data demands. Such a hybrid architecture offers a novel way to exploit
an alternative to the already crowded RF spectrum and utilize the visible light band’s
untapped capacity to compliment RF communication systems [2]. By considering the dis-
tinctive features of RF and VLC systems, numerous additional benefits can be obtained
from such a hybrid system. Firstly, a VLC system can significantly ease the congestion

in the lower RF spectrum region due to its vast and unregulated bandwidth. Secondly, a
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VLC system offers high security due to the poor penetration of optical signals. Thirdly,
a VLC system offers relatively lower power consumption (i.e., since the same power is
used for illumination and communication) and deployment costs as compared to an RF
communication system. Deploying a new RF communication system typically requires a
careful planning process (i.e., acquiring land, cooling devices, and power supply units) and
link budget analysis to improve network reliability and reduce interference. However, such
a process is not required in the deployment of a VLC system since installed illumination
and display elements can be used for data transmission. Moreover, the short transmission
distance and the narrow coverage area of a VLC system may be particularly attractive
in environments where many users within a confined space require highly secured and
bandwidth-demanding data transmission [3]. Furthermore, VLC networks typically have
limited coverage capability since optical links can be easily interrupted by the random
movement and/or rotation of users’ devices. RF communication networks, on the other
hand, can achieve ubiquitous coverage. These motivate the need for VLC and RF com-
munication systems to coexist, with the VLC APs mainly focusing on indoor data since
around 80% of the internet traffic originates from indoors [1]. In addition, there has been
a significant advancement in the standardization for VLC [4-6]. Lastly, a new physical
layer, incorporating VLC and extreme infrastructure densification, has been identified as
a critical enabler to realize the intended full-coverage broadband connectivity goals for
the sixth-generation network [7,8].

Recent works have shown significant improvements in network-wide sum-rate [9-15],
spectral efficiency [16], power consumption [17-19], and energy efficiency [12,20-22] for
hybrid RF/VLC systems as compared to the conventional RF system. However, introduc-
ing a VLC system into an RF system comes with new challenges such as APs” assignment
and resource allocation [23]. Note that the existing techniques used in homogeneous and

heterogeneous RF networks are not straightforwardly applicable to a hybrid RF/VLC
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system since they fail to exploit the distinguishing characteristics between RF communi-
cation and VLC systems [23,24]. Specifically, these techniques do not consider the fact
that different mechanisms are needed to receive optical and radio signals. The AP as-
signment issue for hybrid networks is a complicated problem since hybrid networks are
normally characterized by the dense deployment of different AP technologies (e.g., MBS,
PBSs, and VLC APs) with overlapping coverage areas. This can widen the scale of the
possible options of APs available to users and therefore increase the computational com-
plexity of the algorithms proposed. Moreover, the previous studies on hybrid RF/VLC
systems focused on PA and did not consider how to assign users to the APs [9,11-21].
Unlike these works, the issue of AP assignment for hybrid RF/VLC system was investi-
gated in [10], although under the simplified assumption of equal PA (EPA). Among the
above mentioned works, only [19] considered illumination requirements in the formulated
optimization problem. However, the illumination constraint in [19] was defined under the
assumption that the transmit power of the APs for illumination purpose is fixed and it
is desired to turn on a number of APs. Since the same transmit power is used for the
dual purpose of illumination and communication, additional degree of freedom in illumi-
nation control can be achieved by relaxing this assumption. All the remaining works did
not consider the required illumination constraint, which is vital in the design of a VL.C
system since the illumination and communication functions of LEDs are concurrent. To
the best of our knowledge, the joint problem of AP assignment and PA has not yet been
considered for a hybrid RF/VLC system.

3.2.1 Main Contributions

Motivated by the above observations, this chapter studies the joint problem of AP as-
signment and PA to maximize the sum-rate of a three-tier hybrid RF/VLC HetNet. The

contributions of this chapter are summarized as follows:
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o This chapter considers a hybrid RF/VLC HetNet composed of an MBS, multiple
PBSs, and multiple VLC APs. For this hybrid HetNet, it studies the joint problem
of AP assignment and PA under the users’ QoS requirements and the APs’ transmit
power budgets, while maintaining an acceptable level of illumination in the indoor

environment.

o This chapter establishes the relationship between an LED’s radiated optical power
and the illumination on a surface. Then, it introduces the illumination requirements

needed for our study in terms of the equivalent electrical power.

o Because the global optimal solution to this joint problem is extremely computa-
tionally complex to obtain, it proposes a low-complexity and efficient suboptimal
scheme. The proposed solution has two stages. In the first stage, a matching the-
ory (MT) based approach is developed to place users on ‘waiting lists’ of the APs
under the assumption of EPA. Then, in the second stage, each AP optimizes the
transmit power of the users on its wait list via a proposed heuristic PA algorithm.
It demonstrates that a stable-optimal AP assignment is obtained via the MT-based

approach, while a near-optimal PA is achieved with the heuristic PA scheme.

o The efficacy of the proposed MT-based AP assignment and PA (MT-PA) solution
method is demonstrated by comparing its performance with the approach in [25]
and different benchmark schemes. The theoretical analysis of convergence, stability,

and complexity of the proposed solution is performed.

3.2.2 Chapter Organization

The remainder of this chapter is organized as follows. A review of the recent research activ-
ities on the problem of AP assignment and PA in standalone VLC and hybrid RF/VLC

systems is provided in Section 3.3. The system model is introduced and described in
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Table 3.1: Recent Works on Sum-Rate Optimization for VLC and Hybrid RF/VLC Sys-

tems
Ref. System model Contribution
Design aspect: AP assignment problem is explored.
Objective: Network sum-rate maximization.
Technique: A centralized, two-stage AP assignment scheme is proposed.

[10] A multi-user, hybrid LiFi and In the first stage, a fuzzy logic system is designed to determine users to be

WiF1i indoor network. connected to WiFi. The system accepts input information (such as users’
required rate, WiFi SNR, LiFi SNR) and then apply a number of fuzzy
rules to decide on whether or not to assign a certain user to WiFi. In the
second stage, the remaining users are assigned to the LiFi APs.

Design aspect: The joint problem of PA and load balancing is studied.
Objective: Network sum-rate maximization.
A hybrid RF/VLC system consisting Technique: Users are first assigned to their closest APs. Then, the PA

[11] | of one RF AP, multiple VLC APs, problem to maximize network sum-rate is solved by using the
and multiple users is considered. Lagrangian dual problem. After that, users with lower data rates are

progressively transferred to other APs until no improvement in the
sum-rate is achieved.
A multi-user coordinated VLC/RF Design aspect: Power, time fraction, and bandwidth allocation problem.
network consisting of one VLC AP Objective: Network sum-rate maximization.

[13] | and one RF AP is considered, under | Technique: An optimal resource allocation based on the dual decomposition
the assumption of a common method as well as a simplified low—complexity resource allocation scheme
backhaul network. where the available resources are equally distributed among the users.

Design aspect: The problem of LEDs assignment and PA is considered.
) s Objective: Network sum-rate maximization.
[24] IAHS;)(;I;l?i/igﬂi};bfslﬁsiisnblsmng of 4 Technique: The users are first assigned to multiple LEDs based on the
P ' received signal strength from each LED. Then, the problem of PA is
studied by considering the Lagrangian dual function.
Design aspect: The problem of joint AP assignment and PA is considered.
A cell free VLC network consisting 0bj ect.ive.' Netwgrlf utility max.imization. .

[25] of 3 APs and 7 users Technique: The joint problem is separated into two sub-problems,

o which are solved iteratively using a centralized solution based on the dual
projected gradient algorithm and successive convex approximation.

Section 3.4. The joint AP assignment and PA optimization problem is presented in

Section 3.5. Then, a reformulation of the original problem into the college admissions

problem is introduced. The proposed MT-PA solution method for the joint problem and

the heuristic PA scheme employed are detailed in Sections 3.6 and 3.7, respectively. The

stability, convergence, and complexity analyses of the proposed solution method are pro-

vided in Section 3.8. Section 3.9 presents the simulation results. Finally, Section 3.10

summarizes the work.
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3.3 Related Works

The design of hybrid RF/VLC systems has been recently investigated in the literature
[2,9-13, 15, 17-22,26-28]. The work considered in this chapter is particularly related
to the AP assignment and PA problems to optimize the sum-rate. A summary of the
recent state-of-the-art studies that considered AP assignment and/or PA to maximize the
sum-rate for VLC or hybrid RF/VLC system is presented in Table 3.1. Furthermore,
an optimal PA scheme to maximize the EE for an aggregated VLC-RF system under
different dimming control setups was proposed in [12]. A Lagrange multiplier method—
based resource allocation scheme to allocate time resources of LiFi APs under the AP
assignment rule of signal strength strategy was proposed for a parallel transmission LiFi
system in [14]. By considering time division multiple access based VLC system, the
problem of time and PA to maximize the SE was studied in [16]. A Q-learning based
two-timescale PA strategy was developed for multi-homing hybrid RF/VLC networks
in [15]. In [18], the authors optimized the RF BS and VLC AP intensities to minimize
the area power consumption under an outage probability constraint. In [19], the authors
optimized the power consumption of a hybrid RF/VLC system while satisfying users’
demand and maintaining required illumination.

It has been envisioned that multi-tier hybrid HetNets will play an essential role in
meeting the continuous demand for higher data rate and ubiquitous wireless coverage.
The concept of multi-tier hybrid RF/VLC HetNets has been recently proposed in [2,9].
Core issues in the design and implementation of such multi-tier HetNets include how
users connect to the network via one of the many hybrid access technologies and how the
available resources at the APs are allocated.

Conventionally, the strongest channel gain (SCG) assignment scheme is used in RF
cellular networks. In this scheme, a user is assigned to the AP with the SCG. How-

ever, the distinctive system model (e.g., a heterogeneous mixture of APs, different prop-
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agation models, and noise levels) and requirements (e.g., eye safety requirements) of a
hybrid RF/VLC system render the SCG scheme less efficient in harnessing its full po-
tential [24]. To that end, developing novel assignment techniques for multi-tier hybrid
RF/VLC HetNets is necessary for an improved aggregate performance. Note that the
proposed approaches in the studies presented in Table 3.1 are not suitable for the result-
ing complex environment in three-tier hybrid RF/VLC HetNets. For instance, all the
schemes in Table 3.1 employ centralized algorithms that require global network infor-
mation and centralized control. This can result in significant overhead and complexity,
which rapidly increases with the number of users and APs (especially in three-tier hy-
brid HetNets). The fuzzy logic system implemented in [10] requires information from all
users and APs as input, which makes it highly impractical. The AP assignment problem
in [10] did not consider practical design constraints such transmit power budgets and
QoS requirements. Furthermore, duality-based approaches (e.g., as in [11,24,25]) induce
substantial information exchange. The work in [25] considered a VLC system but not a
hybrid RF/VLC HetNet. Due to the highly non-convex nature of the joint optimization
problem of AP assignment and PA, the stationary point solution returned by the proposed
iterative algorithm in [25] is highly sensitive to any initial condition being utilized. As
a result, a much more robust approach that produces a solution which is independent of
any initial condition is desirable. Finally, none of the aforementioned works considered
the required illumination constraint, which is important in the design of a VLC system.
To the best of our knowledge, the joint problem of AP assignment and PA in a three-tier
hybrid RF/VLC HetNet, considering power budgets, illumination requirements, and QoS
requirements for users has not been previously investigated. This work proposes a novel
solution method for the joint problem of AP assignment and PA in a three-tier hybrid
RF/VLC HetNet.
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3.4 System Model

3.4.1 Hybrid RF/VLC Three-tier HetNet

The downlink scenario of the considered three-tier hybrid RF/VLC HetNet is illustrated
in Fig. 3.1. This HetNet consists of one MBS, multiple PBSs, and many residential /office
buildings with multiple compartments. Each compartment is equipped with a VLC-
enabled ceiling lamp (i.e., a VLC AP) that contains several LEDs. The MBS and PBSs
are collectively referred to as RF APs. The MBS provides seamless connectivity for all
users in the HetNet. The PBSs provide relatively higher data rate for users in smaller
coverage areas, while the VLC APs are exclusively used for indoor applications where
data demands are at their highest. Due to the coverage area overlap of APs belonging
to different tiers, indoor users have the option of accessing the HetNet via the MBS, a
PBS, or a VLC AP for data transmission. In contrast, outdoor users can only connect
via an RF AP, i.e., the MBS or a PBS. Let the set of RF APs, VLC APs, and users be
denoted by X = {0,..., k..., K -1}, V ={1,...,v...,V},and J = {1,...,5,... J},
respectively, where k = 0 represents the MBS. The RF and VLC APs employ OFDMA
scheme to serve multiple users [29-32]. The MBS and the PBSs use different sets of
frequency sub-bands to avoid cross-tier interference. The same frequency sub-bands are
reused among the PBSs since their coverage areas do not overlap. In the VLC system,

the same set of sub-bands are used by each AP.

3.4.2 Channel Model
3.4.2.1 RF Channel

The channel gain captures the distance-dependent pathloss (), penetration loss (),

multipath fading (T"), and shadowing. In particular, the distance-dependent pathloss, in
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Fig. 3.1: Network model of a hybrid RF/VLC three-tier HetNet.

dB, on a downlink connection from the MBS to user j is expressed as [33]

where dj ; is the distance in km. On the other hand, the distance-dependent pathloss for
user j served by PBS k, in dB, is given by [33]

where dj ; is the distance in km. For outdoor user j served by an RF AP, ¥ = 0
dB. However, ¥ = 20dB + 0.5d;, for any indoor user served by the MBS, and ¥V =
23dB + 0.5d;, for any indoor user served by a PBS, where d;, is a distance parameter in
m and is an independent uniform random value between [0, min (25, d ;)]. The channel

power gain between user 7 and the RF AP £k is defined as

4+ P4 4X[dB]
10

Gr;=100""m (3.3)

where X is the log-normal shadowing standard deviation.
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3.4.2.2 VLC Channel

Each user’s device is assumed to be fitted with a PD vertically facing upward. By consid-
ering only the line-of-sight paths, the channel direct current gain between user j located

indoor and the AP v can be modeled using the Lambertian emission model ! as follows [10]

. APD (m+ 1)

Gog = —5 g co8™ (Pug) T (§.,5) G (§05) cos (€u) (3.4)

where App is the detection area of the PD, m is the order of the Lambertian emission
which is calculated as m = —log, (COS (gbl/g))_l, with ¢/, as the LED’s semi-angle at
half power, d, ; is the distance between the AP v and user j, ®,; represents the AP v
irradiance angle to user j, &, ; is the angle of incidence of AP v to user j, T'(&,;) is the gain
of the optical filter, G (&, ;) = f2/sin%Eoy, 0 < &, 5 < oy, is the gain of the non-imaging
concentrator, with f as the ratio of the speed of light in vacuum to its speed in the PD.

For a VLC system, typical values of f lie between 1 and 2. &g, < 7/2 is the field-of-view
of the PD.

3.4.2.3 Illumination in VLC System

The relation between an LED’s radiated optical power to any point %, p;op, and the

illumination at the point 4, denoted by E;, is given by [23]

hipi,opt = E; (3-5)

where h; is the luminous flux of the unit optical power at point 7, which is given as

(m+1)
h; = oS d%,ﬁ cos™ () cos (&u.i) (3.6)

Tt is important to note that our proposed solution method is a generic one and can be readily adapted
in other VLC systems that employ models other than the Lambertian emission model. This would not
affect the considered problem formulation and the proposed AP assignment and PA algorithm.
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where 0 is the optical power to luminous flux conversion factor. The relation between the
electrical power at point 7, denoted as p; elec, and the optical power has been established
as [34] pielec = (pi,opt)Q /q*, where ¢ is a conversion factor. In terms of p; clec, (3.5) can be
expressed as

(m+1)

s cos™ (Py,;) €08 (§u,i) 4y/Pielec = Ei. (3.7)

It is assumed in this work that the maximum and minimum acceptable illumination levels

lie within the LEDs’” dynamic range.

3.5 Optimization Problem Formulation and Solution

Method

In this section, the optimization problem of joint AP assignment and PA to maximize
the sum-rate is presented. Note that the task of assigning users to BSs in a homogeneous
network, considering QoS requirements, has been shown to be an NP-hard problem [35].
Similarly, the problem of assigning users to APs in a VLC network is an NP-hard prob-
lem [24]. For NP-hard problems, no known algorithm can find the optimal solution in
polynomial time. Following the analysis in [24] and [35], the problem of AP assignment in
the hybrid three-tier HetNet is also an NP-hard problem. Considering the AP assignment
and PA optimization, in a joint manner, further complicates the problem. To that end,
the original optimization problem is reformulated as a college admissions problem. Then,
an algorithm based on the application of MT is proposed to assign the APs to the users
in the hybrid RF/VLC HetNet. Additionally, a heuristic PA scheme is proposed to opti-
mize the transmit power of the assigned users. The significant advantages of this novel

joint algorithm are its inherent distributive implementation, fewer overheads exchange,
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superior performance, as well as low complexity. In the rest of this section, the sum-rate
optimization problem and constraint sets are first introduced. Then, the reformulation
into the college admissions problem is presented. Finally, the proposed solution method

is discussed.

3.5.1 Sum-Rate Optimization Problem

According to Shannon’s formula, the achievable rate for user j assigned to the RF AP k
is characterized as
Prg|Grsl’
Ry ; = Blog, <1 + NRFB> , (3.8)
where B is the allocated bandwidth, py ; is the transmit power, and Ngp is the PSD of
noise at the receiver. Since a closed—form channel capacity remains unknown in VL.C, the

following tight lower bound on the achievable rate of the j-th user assigned to the AP v

is used and is given as [36-39]

exp(1) pv,j(RPDGv,j)2> (3.9)

R, = B,1 1
7 082 ( * 27 Nvrc By

where B, is the allocated bandwidth, p, ; is the electrical power allotted to user j from
the VLC AP v, Rpp is the responsivity of the PD, and Ny is the PSD of noise at the
PD. The sum-rate optimization problem for the K RF APs, V' VLC APs, and J users

can be formulated as follows:
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max F'(p) = L3 Ry + X3 Ry j,

Yk V5 Yo V5

S.t.
C1: ZIkJ + va,j = 17vj7
vk Vo
C2: prj < xy,; PEE,VE, V],
C3:pyj < 2y ; PR, Vo, V5,
C4: Zpk;,j S Pf{OFt»Vka
vy

C5: Yoy < P, Vo,
Vi

3.10
C6 : Rk,j > Rmin$k,j7vj7Vk7 ( )

07 : ij Z Rminxv,ﬁvj;vvy
2
€8+ (L258 con™ (1) 05 (60:) ) Pry 2 (B0
Yu, V7,
2
€9+ (258 c05™ (@) €05 (€00)0) Pus < (Bunae)? 7

Vv, Vj,

C10 : pg; > 0,py,; > 0,Vk, Vv, Vj,
Cl1l:x; €{0,1},2,; € {0,1},VEk, Vo, Vj.

In (3.10), x and p are the AP-user assignment and PA vectors, respectively. Specifically,
for the RF communication system, z;; = 1 if user j is assigned to the AP £k and 0
otherwise, py; is the transmit power allocated to user j from the AP k, and P&} is the
total power available at any RF AP. For the VLC system, x, ; = 1 if user j is assigned to
the AP v and 0 otherwise, p, ; is the power allocated to user j from the AP v, and P{J'y
is the total power available at each VLC AP. Constraint C'1 ensures that any user j is
assigned to a single AP. C'2 accounts for the fact that if z; ; = 0, then p; ; = 0. Similarly,
constraint C3 accounts for the fact that if x,; = 0, then p,; = 0. Thus, C2 and C3

guarantee that no power is allocated to user j if the RF AP k and VLC AP v are not
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assigned to it. C'4 and C5 represent the transmit power budget at the RF and VLC APs,
respectively. Constraints C'6 and C7 ensure fairness [23] and guarantee the minimum
rate, Ry, for users assigned to the RF and the VLC APs, respectively. C8 ensures
that the VLC system provides the desired illumination. Constraint C'9 ensures that the
illumination does not exceed the human eye safety levels. Constraint C'10 represents the
non-negativity of the power variables, and constraint C'11 imposes a binary constraint on
the AP-user assignment variables.

Problem (3.10) is a mixed integer nonlinear program, for which there exists no known
algorithm that guarantees the optimum solution in polynomial time. Most of the existing
approaches (e.g., [25]) that tackle similar problem are centralized schemes that require
global network information, yielding significant overhead and computational complexity,

which rapidly increases with the large number of APs and users.

3.5.2 Problem Reformulation as a College Admissions Model
3.5.2.1 Preliminaries of the College Admissions Problem

Consider a set of applicants to be assigned among a set of colleges. The set of applicants
and colleges are both finite and disjoint. Each college has a positive integer @), called a
quota, which represents the number of positions it has to offer. Applicants and colleges
form preference lists (PLs) by ranking one another, in descending order of preference,
omitting those that they would never accept under any circumstances. Given the two
sets, () and the PLs, it is desired to assign the applicants to the colleges per the following

agreed-upon criteria of fairness [40]:

o The assignment of an applicant to a college should be an ‘individually rational’

matching.

Definition 3.1. A matching is individually rational if each applicant (college) is
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acceptable to the college (applicant) considered. Thus, a matching is individually

rational if it is not blocked by any (individual) college or applicant.

o The assignment of applicants to colleges should be a stable matching.

Definition 3.2. A matching is stable if it is not blocked by any individual or any
college-applicant pair. Thus, any assignment of applicants to colleges is called un-
stable if there are two applicants ¢; and i, who are assigned to the colleges ¢; and

co, respectively, although ¢, prefers iy to i and ¢; prefers iy to 4.

« A stable assignment is called optimal if every applicant is at least as well off under
it as under any other stable assignment. Thus, a stable matching yields a unique

“best” method of assignment.

3.5.2.2 Sum-Rate Optimization as a College Admissions Problem

In this sub-section, the sum-rate optimization problem in (3.10) is re-formulated as a
one-to-many matching procedure using the college admissions model. The users and
the APs in the hybrid RF/VLC HetNet are mapped as the applicants and the colleges,
respectively. The number of users that can be served by each AP is limited by the total
transmit power, while each user can only be assigned to at most one AP. The matching
game for the sum-rate optimization problem can be formulated as follows.

Definition 3.3. The sum-rate optimization problem is a 4-tuple (N, 7, P, L), where
N ={1,...,n,...,N} is the set of APs in the hybrid RF/VLC HetNet with |[N| =
KUV, P = (P, ..., PP .., P¥") is a vector of the APs’ total transmit power, and
L= (Ly,....,Ly,...,Ln,lu,....1,... 1y is the list of preferences. L, denotes the pref-
erence relation of any AP n over the set of users, while /; denotes the preference relation
of any user j over the set of the available APs. It is desired to match the elements in the

sets N and J, where a matching p is defined as a function p : N+ 7, such that:
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1. |u(j)] = 1 for every user j, where p(j) = n denotes that user j is assigned to the

AP n at the matching pu.

J n

2. ;pn,j < Pt for every AP n, where p, ; is the allocated power and p,, ; < z,, ;P
J

where x, ; <> u(n) = j.
3. u(j) =nif and only if p(n) = j.

Condition 1 ensures that each user is matched to only one AP. Condition 2 guarantees that
the total power allocated to the matched users does not exceed the APs’ transmit power
quotas. Condition 3 states that if a user j is matched to the AP n, then this AP n is also
matched to the same user j. Note that the classical deferred acceptance algorithm [40]
is not directly applicable here due to the set of constraints considered and the fact that
the AP assignment and PA are jointly investigated. To that end, the deferred acceptance
algorithm framework is combined with a heuristic PA scheme to determine a good quality

suboptimal solution for the sum rate optimization problem in (3.10).

3.6 Proposed Solution Based on Matching Theory

The proposed solution, which is based on the framework of the deferred acceptance al-
gorithm, comprises two stages. The first stage consists of the following two steps: (i)
initialization and PLs design and (ii) APs/users’ proposals and accept/reject decisions.
During the second stage, each AP performs PA for the users placed on its wait list,
and then, the solution method terminates. The proposed solution method is detailed as

follows.
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3.6.1 Initialization and Design of the Preference Lists (PLs)

The concept of a preference relation represents the individual view that each AP has of
the users (and each user has of the APs), based on the available local information. In the
following, the PLs of the users and the APs are designed in terms of the achievable rate.
Users within the coverage area of an AP exchange information such as channel power
gain, QoS requirements, and illumination requirements. With this information, each AP,
on its own, determines the potential achievable rate of all the users in its coverage area
and share this information with them. Each user and AP then construct its PL. Note
that each user can construct a PL using a maximum of three APs (i.e., an MBS, a PBS,

and a VLC AP).

3.6.1.1 RF/VLC AP n Preference List (PL)

o Each AP searches for all the users within its coverage area. Users within the coverage
range of AP n are denoted by the set J,. Each user j € J, exchanges control
signaling frames with the AP n that carry the information that will be used to

construct the PL.

o With the local information on the channel gain of all the users in its coverage area,
each AP determines the potential achievable rate using either (3.8) or (3.9). Note
that conventional PA techniques such as EPA can be employed at this stage. Thus,

each AP n allocates to the user j € J,, the transmit power p,, ; = %.

o Each AP n then constructs its PL, denoted as L,, over the users, by ranking the

users’ individual achievable rate, R, ;, in a decreasing order of j.
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3.6.1.2 User j Preference List (PL)

The APs inform the users about the achievable rate. Each user j builds a PL, denoted

as l;, over the APs based on the achievable rate.

3.6.1.3 Proposal and Accept/Reject Decision

Each user iteratively proposes to the APs in its PL, beginning from its top-ranked (i.e.,
preferred) AP and deletes any AP it sends a proposal control message to. Each AP receives
the proposals, checks for users in its PL, and then reject all users that proposed but are
not in the PL. For those in the PL, the AP places the highest-ranked users on a wait
list while rejecting the least ranked users such that the AP’s transmit power constraint is

satisfied. This repeats as the rejected users apply to the next preferred AP.

3.6.1.4 PA for Matched Users

At this stage, each RF and VLC AP optimize the transmit power for the users on its wait

list by solving the PA problems in (3.11) and (3.12), respectively.

max », Iy

Pr vjie7,

s.t.

Cl: Y py; <P, (3.11)
Vi€Tk

02 : Rkﬂ' 2 Rmin,Vj € jk;
C3:pr; > 0,Y5 € Ty,
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max ., R,;,

Pv vjed,

s.t.

Cl: ¥ po; <P,

ViETy
02 : Rv,j 2 Rminavj € jm (312)
2
C3: (2(:21?2;608’” (D) cos (&) q) Do > (Bni)’, Vi € Ty,
3] 9
C4: (é;’;;}cosm (@) cos (&v,i) q) Poj < (Bmax)” . Vj € To,

C5: Du.j Z O,VJ S jv.

In (3.11), py represents the power vector for users on the wait list of the RF AP k,
denoted as Ji. In (3.12), p, is the power vector for users on the wait list of the VLC
AP v, denoted as J,. Note that the problems in (3.11) and (3.12) are convex. As such,
they can be solved with existing interior-point optimization algorithms [41,42]. Other
approaches based on the dual decomposition method (e.g., [24,25]) can also be applied
in solving (3.11) and (3.12). However, a careful study of the problems’ structure reveal
that a lower complexity algorithm that yields a near-optimal solution can be proposed for
solving (3.11) and (3.12). If each AP successfully solves its PA problem, then each AP
accepts every user on its wait list and a stable-optimal assignment of the APs to users
and a near-optimal PA for the assigned users have been achieved. Then, the solution
method terminates. However, if the PA problem turns out to be infeasible for the AP n,
it would remove the least ranked user from its wait list. This user then proposes to the
next favorite AP on its PL and the procedure repeats until termination. The proposed
solution method terminates when every user has been placed on a wait list (or has been
rejected by all the APs) and each AP has successfully solved its PA problem. Thus, the
RF and the VLC APs solve the PA problems in (3.11) and (3.12), respectively, for users
on the wait list. In the unlikely event that a user gets rejected by all APs, then the

admission control algorithm of this HetNet should deny the user’s admission due to lack
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of resources. The detail of the proposed MT-PA solution method for the joint problem is
illustrated in Algorithm 3. The heuristic PA schemes employed for the problems in (3.11)
and (3.12) are presented in the next section.

Algorithm 3 is a distributed AP assignment and PA scheme and is executed by each
AP to decide which users to associate with and the portion of transmit power to allocate.
It is assumed that each AP can reliably obtain the CSI through feedback links from the
users and that the position of users and the CSI do not change during the execution of
the algorithm. Based on the CSI and by using EPA, each AP determines the potentially
achievable throughput of the users in its coverage area and exchange this information.
Note that this information can be exchanged as part of the control signals, and the main
signaling overhead involved is upper and lower bounded by JN and J, respectively, where

J is the total number of users and N is the total number of APs.

3.7 Proposed Power Allocation (PA) Algorithm

At this stage, any user j in the hybrid RF/VLC HetNet has either been placed on the
wait list of an RF or a VLC AP. As such, the PA algorithm is implemented by each AP
for the users on its wait list. Since the RF and VLC channels are completely different and
the set of constraints also vary, the two problems are considered separately. To that end,
an RF domain PA algorithm is first proposed, and then a VLC domain PA algorithm
is also proposed. An experimental comparison between the proposed schemes and an
optimization solver is undertaken to demonstrate that the proposed schemes obtain a

near-optimal solution at a significantly reduced complexity.
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Algorithm 3 Proposed solution for the sum-rate optimization.

First Stage
1. Initialization

o Each user discovers the APs in its vicinity.
o Users exchange channel power gain information with APs.
» Using the EPA technique, each AP determines and sends R, ; to all users in the

set J,,.
2. Construct the PLs of APs and users

» A user j constructs a PL, [;, over the APs by sorting R,, ; in a decreasing order
of n.
« An AP n creates a PL, L,, over the users by sorting R,, ; in a decreasing order of

VE

3. Users iteratively propose to APs based on PLs while APs accept/reject
users’ proposals based on PLs

e A user j proposes to its highest-ranked AP and deletes it from the PL.
e Each AP n considers all the proposals from the users and places on a wait list the
highest-ranked users in its PL such that the transmit power constraint is satisfied.

e The proposals from the least-ranked users on the PL. and any other user not on
the PL are rejected.

o If AP n rejects the proposal from user j, then user j sends another proposal to
the next preferred AP on its PL.

4. Step 3 repeats until all users are placed on a wait list or their PLs become
empty

Second Stage
5. Each AP optimizes its transmit power for the users on its wait list by
solving (3.11) or (3.12)

o If (3.11) and (3.12) are solved successfully for all APs, then each AP accepts all
users in its wait list, and the algorithm terminates.

o Else, that particular AP removes the least preferred user from its wait list.

e The removed user proposes to next preferred AP.

o The APs that made changes (i.e., removed or added users) to their wait list solve
(3.11) and (3.12) again.

6. Output: x, p
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3.7.1 RF Domain PA Scheme

The CSI and R, requirements for all users on the wait list of the RF AP k are known

at this stage. The minimum transmit power, P,f,‘;n, required by each user j to guarantee

Ruin can be calculated as in (3.13). Note that the transmit power of user j from the RF

i

AP k, ie., pyj, is lower bounded by Pg" for all j € Ji, where Jj is the set of users on

the wait list of the RF AP k.

Rmin
B — 1) NRFB
2
| P

. (2
ppin = (3.13)

The RF AP k first assigns P to its matched users. Then, it determines if there is any

remaining transmit power by calculating

P = P = > B (3.14)

remain
VieTk

Any remaining available transmit power, PEE . s equally divided among all users on

remain’

the wait list for the RF AP k, and then added to their respective P,g‘;n to yield the final

power allocated to user j from the RF AP k as in (3.15).

. PRE
Prj = Py + 7|}:|“ (3.15)

The proposed RF domain PA algorithm is summarized in Algorithm 4 for any RF AP n.

Algorithm 4 RF domain PA algorithm.

IHPUt jk) B7 NRF7 h’k’,] v] € jk’a Rmin
Initialize P;"" using (3.13)

Set Prj = P]gljm

Determine PR . asin (3.14)

Update py, ; using (3.15)
Output: p;
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3.7.2 VLC Domain PA Scheme

The PA optimization problem for the VLC APs differs from that of the RF APs due to
the illumination constraints. Most importantly, the illumination constraints can act as
lower and upper bounds on the transmit power allocated to the users. As a result, the
RF domain PA algorithm cannot be directly applied in the VLC domain.

By considering C2 and C3 of (3.12), the minimum transmit power for user j from the

VLC AP v, denoted as P™", that guarantees Ry, and Ey;, can be given as

v,7 )

Rmin
2 Bv —1) QTFNVLcBU 2
. 270d? .5 B
min _ ( v,j min
Pt = max | S e ((mﬂ)cosm(e) cos(zp)q) : (3.16)

Note that the initialization of qufljin in (3.16) ensures that both Ry, and E;, are satisfied.

Any remaining transmit power after allocating Pmln to the users can be calculated as in

VLC tot min
P =P — Y PR (3.17)

remam
ViE€ETw

PVLC

remain’?

The remaining transmit power, is equally divided among the users matched

to the VLC AP v, and then added to the already allocated P;flji“ as in (3.18). How-
ever, unlike the RF domain scenario, the maximum illumination constraint in C'4 of
(3.12) must be accounted for in this PA scheme. To enforce that constraint, for any

. . 26 Emax 2 . .
user j € J, with p,; > ( @ j;rco“s’,il(f)cos( w)q> , the allocated transmit power is set to

& 6 Fmax 2 . . . o
Doj = ((m ;;0’;’; (;J) ol w)q> . The proposed VLC domain PA algorithm is summarized in

Algorithm 5.

pvj . Pmm _|_ I“G/Iﬁgn. (318)
| | Tl
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Algorithm 5 VLC domain PA algorithm.
Input t77)7 B’U7 NVLC7 h’U,j vj € jna Rm’bn
Initialize P;}" using (3.16)

Set p,; = P"

Determine PYLC. ~as in (3.17)
Update p, ; using (3.18)
forj=1,...,|7,| do

. 27’I’d% -(5Emaz 2
if Du.j > ((m+1)cos7jn(9) COSW’)Q) then

27d2 5B mas 2
PUJ = <(m+1)c§ézn(9)cos(¢)q>
else
Puv,j=Puv,j
end if
end for
Output: p,.

3.7.3 Optimality and Complexity of the RF and VLC Domain

PA Schemes

The proposed PA schemes in Algorithms 4 and 5 are heuristic in nature. As such, it
is challenging to provide a theoretical analysis on their performance. Similar to the
approach in [10], an experimental comparison between the proposed approaches and that
of a commercial solver (e.g., CVX [41]) is undertaken. It is demonstrated that Algorithm 4
and Algorithm 5 solve the RF and VLC PA optimization problems with a guaranteed
near-optimal solution, respectively.

In this experiment, it is assumed that the users have already been assigned to an RF
AP and an indoor VLC AP, and it is desired to solve the PA problems in (3.11) and (3.12),
respectively. The minimum required rate is fixed at 5 Mbps. It can be seen in Figs. 3.2 and
3.3 that the proposed heuristic PA schemes perform very close to the optimization solver
for both the RF and VLC domains. These observations are valid for all the considered
number of users. To further explain why, a plot of the sum-rate versus the available

transmit power for the RF AP is shown in Fig. 3.4. It can be observed that the solutions
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Fig. 3.2: Sum-rate versus number of users for the RF Domain heuristic.

from the proposed scheme and the solver become closer as the transmit power increases.
This happens since the rate function is of log form and saturates as the power gets higher
(i.e., beginning from 31 dBm). Note that the MBS typically transmits at 46 dBm [33].
As a result, the percentage decrease of the proposed heuristic PA algorithms from the
optimal solution returned from the solver is less than 1% as shown in Fig. 3.5. Note
that a similar analysis can be provided for both PBS and VLC APs. The overall time
complexity for implementing the proposed schemes at any AP is O (J). Thus, the RF and
VLC domain PA schemes have a linear time complexity as compared to the polynomial

time complexity of well known interior point methods.

3.8 Analysis of the Stability, Optimality and Conver-
gence of the Proposed Matching Theory-based

Solution

As discussed earlier, the proposed solution method for the joint AP assignment and PA

optimization problem first matches users to APs under the EPA, and then, optimizes
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the transmit power of the APs for the matched users. It has been demonstrated via
experimental results in Section 3.7 that the proposed PA schemes achieve a near-optimal
solution for their respective subproblems. In this section, it is first proven that the as-
signment of users under the EPA scheme in Algorithm 3 yields a stable and an optimal
solution for any stated preferences. Then, the convergence behavior and complexity anal-
ysis of using Algorithms 3, 4, and 5 to solve the joint optimization of AP assignment and
PA are discussed.

Theorem 3.0 Algorithm 3 is a stable matching mechanism and produces a stable match-
ing with respect to any stated preferences.

Proof: When Algorithm 3 terminates, each user j* is matched with the most preferred
AP n* on its final updated PL, [;-. This assignment is stable since any AP n that user j*
originally ranked higher than n* was deleted from user j*’s PL after it proposed to and
got rejected. Therefore, the final assignment gives each AP n a user that it ranked higher
than j*. Algorithm 3 produces the stable matching p* : n* — j5*,Vn, 7, where it is not
blocked by any AP n — user j pair.

Theorem 3.1 For any defined APs and users’ PLs, Algorithm 3 produces a matching

that gives each user j* its highest ranked AP n*.
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Proof: 1t is sufficient to show that the highest ranked AP n* for user j* is never deleted
from its PL, as this guarantees that the final matching gives each user the AP that provides
the highest achievable rate. The proof is by induction. Let us name an AP “possible” for
a particular user if there is a stable matching between the two. Assume that up to the
1th iteration in Step 3 of Algorithm 3, no user has been rejected by an AP that is possible
for that user. It is also assumed that each AP can only serve up to two users. Suppose
that the AP n*, having accepted proposals from users j; and js, rejects the proposal from
user js at the i + 1st iteration. It is obvious that each user j; and j, prefers AP n* to all
other APs, except for other APs that have previously rejected each of them, and hence
(by the induction assumption) are impossible for them. Consider a hypothetical scenario
that matches AP n* with user j3 and any other user to their respective possible APs. At
least one of the users j; and j, would have to be matched with a less preferred AP n
than n*. However, such an arrangement is unstable since it is blocked by either j; or j,
and n*. As such, this hypothetical assignment is impossible for user j3. In conclusion,
Algorithm 3 produces the optimum assignment for a given PA since it only rejects the
proposals of users which cannot be accepted by APs in any stable matching.

Theorem 3.2 Algorithm 3 is guaranteed to converge after a limited number of iterations
for any given PLs.

Proof: During the initialization and design of PLs stage of Algorithm 3, each user con-
structs a PL [; over the set of finite APs. The PL of each user therefore has a finite size.
At each iteration of Step 3 in Algorithm 3, after APs make decisions regarding either the
acceptance or rejection of users, each user removes the AP it proposed to at the current
iteration from its PL. As a result, the PLs of the users become smaller in size as the
number of iterations increases. In the worst case scenario, Algorithm 3 converges when
the maximum number of iterations is reached or the PLs of users become empty. Note

that for a network with NV APs, each user can propose to at most N APs. Hence, there
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can be a maximum of N iterations.

The complexity of Algorithm 3 mainly depends on the construction of the PLs as
well as how the convex optimization problems in (3.11) and (3.12) are solved. For a
hybrid RF/VLC HetNet with N APs, the maximum size of the PL for each user would
be N. Using off-the-shelf sorting algorithms such as merge sort, quick sort, each user can
construct the PL in an average time of O (N log N). The required PLs for all J users in
the HetNet can be built in an average time of O (JN log N). The worst case complexity
for implementing the proposed PA scheme at the AP n is O (J). Since there are N APs,
the overall complexity for the proposed PA scheme is O (JN). Note that Algorithm 3
terminates when all users have been assigned to APs or after the PLs of all users become
empty. By considering the worst case scenario, each user would have to propose to N APs
to find a suitable assignment. The complexity of a user proposing to all N APs is O (N).
For J users, the complexity of all users proposing to all the APs is given as O (JN).
From the discussions above, the total complexity for the proposed sum-rate optimization

algorithm amounts to O (JNlog N) + O (JN)+ O (JN)~ O(JNlogN).

3.9 Simulation Results

The RF communication system parameters for simulations are chosen according to the
3GPP standard [33]. The simulation setting is shown in Fig 3.1. Specifically, there is one
MBS, 6 PBSs, and 9 office buildings. The MBS is located at the center of the macro-cell
while the PBSs and the indoor VLC environments (i.e., office buildings) are randomly
and uniformly deployed overlaid the MBS coverage such that two-thirds of the buildings
are within the PBSs’ coverage area while keeping a minimum distance (MD) of 20 m
between the PBSs. Each office building has two rooms with one centrally located VL.C
AP per room. The radius of the MBS and each PBS is chosen to be 500 m and 50 m,
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Table 3.2: Simulation Parameters

Parameter ‘ Value Parameter ‘ Value
RF system VLC system

Noise power spectral density, Nrp —174 dBm/Hz || LED semi-angle at half-power, ¢1 60° [43]
Log-normal shadowing standard deviation, X | 10 dB Mlumination requirements, [Eumin, Pmax] [150, 800 lux]
Multipath fading type Rayleigh fading || Gain of optical filter, T (&;) 1

VLC system Refractive index, f 1.5
Average emitted optical power per LED, B, | 189 mW [43] FOV of a photodetector, &gy 85° [43]
Area of a VLC cell 5% 5 m? Physical area of photodetector, App 1 cm?
Noise power spectral density, Nyrc 10721 A?/Hz Optical power to luminous flux conversion 2.1 mW /Im
Photodetector responsivity, Rpp 0.53 A/W factor, ¢ )

respectively. The total transmit power for the MBS and each PBS is set to 46 dBm and
30 dBm, respectively. Each VLC AP consists of an array of 144 LEDs [43]. The users
are uniformly and randomly distributed within the MBS’s coverage area. The vertical
distance between the VLC APs and users is set to 2.15 m. Each RF and VLC AP has a
system bandwidth of 10 MHz [12] and 200 MHz [44], respectively, and Ry, = 5 Mbps.
Other related parameters are provided in Table 3.2. The performance indicators used
in our simulations include the average network sum-rate and the Jain’s fairness index
(JFI) [45]. The fairness among the users served by the RF APs (i.e., JFI;aN") and the

VLC APs (i.e., JEIY0®) are measured according to (3.19).

2 2

<Z E Rk,j> (E Z Rv,j)
JFIHetNet _ Vk V€T JFIHetNet — \CAN ISV )
RE \Tel> 2 Rl%,j’ Ve T ¥ RZ;

Vk VjeTy Yo VjETy

(3.19)

Five benchmark schemes, listed below, and an RF HetNet (i.e., the MBS and PBSs) are

considered for comparison:
e MD AP assignment and PA (MD-PA) [11];
« SCG assignment and PA (SCG-PA) [24];

o Iterative AP assignment and PA (IAPPA) [25]. Thus, solving the AP assignment
problem under fixed PA, and then the PA under fixed AP assignment until a sta-

tionary point is found;
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e Minimum distance AP assignment and EPA (MD-EPA). For the EPA, the Ry,
requirement is enforced by eliminating all instances that violate this constraint. For
any VLC AP, the PA problem in (3.12) is solved with the constraint C'1 redefined

as C1:py; < PP\ Tl V) € To;
 Strongest channel gain assignment and EPA (SCG-EPA);

All results are averaged from 1000 independent Monte Carlo simulations.

The proposed MT-PA solution is compared with the optimal solution (i.e., upper
bound) obtained via the exhaustive method in terms of the average sum-rate in Fig. 3.6.
For this figure, 3 APs (i.e., one MBS, one PBS, and one VLC AP) and up to 8 users were
considered. It can be observed that the proposed solution for the joint AP assignment
and PA problem obtains a near—optimal sum-rate, within 1%.

Figure 3.7 depicts a comparison of the average total sum-rate for the proposed MT-
PA algorithm, the five benchmark schemes, and the RF HetNet. For the RF HetNet,
the total transmit power is increased to be the same as the total power for the hybrid
RF/VLC HetNet. It is observed that for a small number of users, the network sum-

rate is the same for all schemes and the RF HetNet, which is due to the availability of
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Fig. 3.7: Average sum-rate versus number of users for various schemes and RF HetNet.

adequate network resources for a small network load. With an increased number of users,
the proposed MT-PA solution method outperforms the other schemes due to the careful
consideration of all achievable rates from all APs, in its decision-making process. A sum-
rate performance gain of up to 16%, 31%, 45%, 75%, and 90% is achieved by the MT-PA
solution as compared to the MD-PA, SCG-PA, IAPPA, MD-EPA, and SCG-EPA schemes,
respectively. The use of the preference relation, which is based on the achievable rate (i.e.,
the objective function), by both APs and users, ensures that users are assigned to the
APs from which they can get the highest rate. This is different from the other schemes,
which consider other information such as the distance (i.e., for the MD-PA and MD-EPA
schemes) and the channel power gain (i.e., for the SCG-PA and SCG-EPA schemes). It
can be seen from Fig. 3.7 that introducing the VLC APs significantly enhances the average
total sum-rate (i.e., up to 1,965% gain) as the hybrid RF/VLC HetNet outperforms the
RF HetNet. Note that this significant performance gain does not come at any huge cost
since VLC uses available light fixtures and, as a result, has low deployment cost.

The impact of the illumination constraint on the sum-rate for the hybrid RF/VLC
HetNet is studied in Fig. 3.8 for a total of 120 users. As the value of E,,., increases, the

average total sum-rate increases for all the schemes except the MD-EPA and SCG-EPA.
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This is because the value of E,., acts as an upper bound on the power that can be
allocated to each user assigned to a VLC AP. Hence, increasing the F,,., value expands
the feasible region of the VLC APs’ PA optimization problem in (3.12) and offers the
algorithms more freedom to maximize the sum-rate. However, this is not the case for the
MD-EPA and SCG-EPA schemes as the Ey,,, requirement is not considered during the
process of AP assignment and PA.

Figures 3.9 and 3.10 depict the users’ fairness in the separate VLC and RF domains,
respectively, that combine to form the hybrid HetNet. It is observed that the proposed
MT-PA solution attains a fairness level of 1 and 0.99 for the VLC domain and the RF
domain, respectively, for all the numbers of users considered. This happens because the
MT-PA solution method guarantees that each user is served by the AP that can provide
the highest achievable rate. This helps in reducing the variance of the achievable rate
among users. Though the SCG-PA, MD-PA, and TAPPA schemes achieve similar fairness
index as the MT-PA solution method in the VLC domain, their performances are worse in
the RF domain. The SCG-EPA and MD-EPA schemes record the worst users’ fairness in
both VLC and RF domains. The overall average fairness among the users in the three-tier
hybrid RF/VLC HetNet is not considered because of the large differences in the achievable
rates of the two domains. These differences tend to create a gap in the users’ fairness
measured for the hybrid HetNet.

The minimum rate requirement for all users is varied from 5 Mbps to 11 Mbps and the
average sum-rate curves obtained for the proposed MT-PA scheme, the five benchmarks,
as well as the RF HetNet are shown in Fig. 3.11. It can be seen from Fig. 3.11 that
increasing the value of Ry, does not affect the performance of the proposed MT-PA
scheme. This is mainly because the proposed scheme ensures that users are assigned to
the AP from which they receive the highest achievable rate. As such, the solution from

the proposed scheme will only change if the best-serving APs cannot guarantee R, for
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Fig. 3.10: JFI in the RF domain of the hybrid HetNet for various schemes.

the connected users, which means that the sum-rate optimization problem is infeasible.
The result suggests that the proposed MT-PA scheme also works very well for the scenario
with a large value of Ry;,. However, the performance of the TAPPA algorithm slightly
degrades with the increase in R,;,. This observation is expected since the IAPPA scheme
uses the Ry, value to initialize the transmit power (i.e., to fix the power) and solve
the AP assignment problem. By increasing the value of R, the feasible region of the
AP assignment and PA problem becomes more restricted for the IAPPA scheme. This
demonstrates that the IAPPA scheme is highly sensitive to the initial condition since the
Rpin value is normally used in determining this initial condition.

Figure 3.12 depicts the average percentage of the outage in the considered hybrid
HetNet and the proposed MT-PA solution method for different numbers of users when
Ruin = 5 Mbps. An outage occurs when a user has been associated with an AP on its
preference list (that ensures a stable matching), and that AP cannot satisfy the user’s
minimum rate requirement. The performance of the proposed MT-PA scheme in the
hybrid HetNet is better than the benchmarks and the RF HetNet. The outage increases

with increasing number of users due to increasing competition for the limited resources.
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Fig. 3.12: Average percentage of users in outage versus number of users.

90



3.10 Conclusion

This chapter investigated the joint problem of AP assignment and PA for the sum-rate
optimization in a three-tier hybrid RF/VLC HetNet. Due to its non-convexity, the original
optimization problem was transformed into a college admissions model, where APs and
users evaluate each other based on well-defined PLs. By applying MT, an efficient and
low-complexity method was proposed to obtain a good quality suboptimal solution for
the joint problem. Specifically, the proposed solution method first constructs the PLs for
both the APs and users under the assumption of EPA. Then, the concept of MT is applied
to perform the task of matching the APs with the users. Finally, a heuristic PA scheme
is employed by each AP to optimize the transmit power for its assigned users. Extensive
simulation results have revealed that the proposed solution method provides a substantial
improvement in the network sum-rate over different benchmark schemes. Additionally,
the considered hybrid HetNet significantly outperforms the traditional RF HetNet. The
effect of varying the maximum illumination levels and the minimum rate requirements
on the average sum-rate was also explored. The corresponding results suggest that the
considered three-tier hybrid HetNet and the proposed algorithms are very suitable to

handle the expected dense deployment of hybrid APs and increase in data traffic demand.
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Chapter 4

Design of Energy Efficient Hybrid
VLC/RF/PLC Communication

System for Indoor Networks

4.1 Abstract

Integrating VL.C system with indoor RF network is seen as a possible way of increasing the
capacity and coverage of indoor networks. In such a hybrid network, the traffic generated
at the indoor RF and VLC access points must be backhauled to the core network. PLC
technology is seen as a cost-effective BH solution due to its infrastructure availability in
every home. In this chapter, a novel system model that captures the joint effect of power
and BH flow optimization for hybrid VLC/RF/PLC indoor communication network is
proposed. For the proposed system model, the problem of EE maximization via power
and BH flow optimization is formulated as a non-convex problem, and then transformed
into a convex problem via the Dinkelbach’s approach. An energy efficient algorithm is

proposed to solve this joint problem with guaranteed optimality. Simulation results are
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used to verify the superiority of the proposed hybrid VLC/RF /PLC system and algorithm
over a conventional indoor RF system and equal power allocation benchmark scheme,

respectively, in terms of network throughput, power consumption, and EE.

4.2 Introduction

The design of energy efficient wireless communication networks has become an emerging
trend due to the rapid growth in the demand for wireless data services and the associated
rising energy consumption. Since the RF spectrum is becoming too crowded and getting
saturated, requiring complex interference management and channel access schemes, the
indoor RF communication networks (e.g., femtocells) will eventually not be able to cope
with the increasing throughput requirements of users’ equipment (UEs) [1]. VLC, as
compared to indoor RF network, offers a promising solution for high data rate indoor
transmission due to the large and unregulated visible light spectrum [2]. Integrating the
VLC system with RF network is seen as a possible way of increasing the capacity and
coverage of indoor networks. For such a hybrid network, the use of PLC for backhauling
has recently received attention due to the ubiquity and availability of power line cables
in almost every home.

A few research works have studied hybrid VLC/RF/PLC communication systems.
A resource allocation scheme that maximizes the EE of a single RF BS and VLC AP
indoor network is studied in [3]. In [4], the problem of transmit power optimization for
a hybrid PLC/VLC/RF communication system is explored. In [5], the SE of an indoor
VLC system is investigated. A unified framework for the coverage and rate analysis of
coexisiting RF/VLC networks is examined in [6].

On the other hand, EE is now considered a prime design parameter for wireless net-

works due to their high power consumption and carbon emissions. However, to the best
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of our knowledge, only [3] considers EE in the context of VLC/RF systems and none for
hybrid VLC/RF /PLC communication systems. This chapter investigates the problem of
EE maximization in hybrid VLC/RF/PLC indoor communication systems via power and
BH flow optimization. Specifically, the contributions of this chapter are summarized as

follows:

1. This chapter proposes a novel system model for a hybrid VLC/RF/PLC indoor
network that considers the access network (AN) as well as BH available transmit
power and BH capacity constraints on UEs’ achievable throughput to ensure reliable

and energy efficient transmission.

2. This chapter formulates the problem of joint power and BH flow optimization while
satisfying the power budget for the AN and BH links, the capacity of the BH links,
and UEs’ QoS constraints. This is a novel approach since the EE maximization,

AN and BH power, and BH flow optimization are jointly considered.

3. This chapter shows that the problem is a non-convex fractional program and pro-
poses a Dinkelbach-method based EE maximization algorithm to solve it with guar-

anteed optimality.

4. This chapter demonstrates, based on simulation results, that the EE gain of the
hybrid system is superior to the indoor RF only system, and quantify the gains of

the proposed algorithm with respect to an EPA benchmark scheme.

The rest of the chapter is organized as follows. The system model is introduced in
Section 4.3. The EE maximization problem is formulated in Section 4.4. The proposed
algorithm is presented in Section 4.5. Simulation results are discussed in Section 4.6, and

conclusions are drawn in Section 4.7.
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4.3 System Model

4.3.1 Network Model

The downlink of a hybrid VLC/RF/PLC network composed of a single RF BS and mul-
tiple VLC APs, as shown in Fig. 4.1, is considered. This is typical for an indoor office
building with several rooms, with one VLC AP per room. Since a single LED cannot pro-
vide the required room illumination, the abstract point source model, where each VLC
AP consists of many LEDs concentrated in a small area to form a single point source [7], is
employed. The VLC APs in the building are considered to create a cluster and are inter-
connected through PLC links.! The sets of BS/APs, UEs, and PLC BH links are denoted
by N ={0,1,....,n,...,.N—1}, J ={1,2,...,4,...,J} and £ = {1,2,...,1,..., L},
respectively, where n represents the nth BS/AP, j is the jth UE, and [ is the Ith PLC
BH link. The index n = 0 represents the RF BS and n = {1,2,..., N — 1} are the VLC
APs. The UEs’ positions are random and uniformly distributed inside the office building.
Each UE is associated with either the RF BS or a single VLC AP from which it has the
strongest channel gain. The RF BS and VLC APs employ OFDMA for data transmission.
The PLC system also uses OFDM.

4.3.2 Network Flow Model

It is desired to carry the downlink traffic from the core network to the RF BS and VLC
APs through the PLC BH links. The RF BS is considered to be the single source node in
this hybrid indoor network since it connects to the core network. The VLC APs act as
the destination (sink) and/or relay nodes. The sink nodes are labeled as d = 1,2,..., D,

where D = N — 1. Let Uy and U, represent the sets of UEs associated with the RF BS

!The PLC backbone topology can be a different topology other than a ring (e.g., tree, star). This
would not affect the proposed EE problem formulation and the solution technique.
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Fig. 4.1: Tllustration of the proposed system model for the hybrid VLC/RF /PLC network.

and VLC AP d, respectively. For the J UEs in the network, J = Ll@l Z/{d] U Uy. Each
UE has a throughput requirement that needs to be satisfied. The thr01_1ghput of any UE
Jj € Uy and j € Uy is denoted as y? and yj(-d), respectively.

Similar to the works in [8] and [9], the directed multicommodity network flow model
is used. For each VLC AP d, a source-sink vector, s(¥ € RNV~ whose nth (n # d) entry,
59 represents the non-negative amount of flow into the network at the RF BS (source)
which is destined for VLC AP d (sink) is defined. From the throughput requirements of
UEs associated with VLC AP d, the total demand at VLC AP d can be calculated as

s&d) = > yj(-d). The total demand for UEs associated with the RF BS is s = > y?.
J€Uq JEUL

According to the flow conservation law, the sink flow at VLC AP d is given by sfid) = —s((]d).

For the BH links, a node-link incidence matrix A € RV*? is defined, whose entry, A,;, is

associated with node n and link [ via
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1, if link [ is outgoing from node n
An =4 —1, if link [ is incoming from node n (4.1)
0, otherwise.
Let O (n) represent the set of outgoing links from node n and I (n) represent the set of

d)

incoming links to node n. On each link [, xl( > 0 is the amount of flow destined for

VLC AP d. x e RE denotes the flow vector for VLC AP d. The flow conservation law

required at each node n is expressed as

s,(zd), n = 0, source

> o= 3 o =1 0,90 #0,n# d relay (4.2)
1eO(n) lel(n)
_S%d)’ n — d, Sink,

and can be written in a matrix-vector form as

Ax D =g d=1.2 .,D. (4.3)

Due to the capacity constraint on each BH link [, the total amount of traffic flow on link

[, denoted as t;, should be less than the link’s capacity, ¢, i.e.,

=2 <. (4.4)
d

The capacity of each BH link can be determined using the classic Shannon’s equation.

4.3.3 Channel Models
4.3.3.1 RF channel

The RF pathloss model follows the Winner II channel model [10]. The channel power

gain is defined as
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PLg ;|dB]

Goy; =107 10, (4.5)

where PL ; [dB] is the pathloss of UE j € Uy. The SNR for UE j € Uy is given by

_ PylGoyl?

= 4.6
’}/07.7 NRFABO ’ ( )

where Py ; is the RF BS transmit power to UE j € Uy, Ngr is the RF noise power spectral

density, and A By is the allocated bandwidth.

4.3.3.2 VLC channel

Only the LoS paths are considered for the VLC system as, according to [6], the reflection
paths have an insignificant effect on atocells. The channel DC gain for UE j € U; can be

modeled using the Lambertian emission model as in [6]

Apd (m + 1)

Ga; =
I 2mdy

cos™ (®;) T (V) g (¥;), (4.7)

where A,,; denotes the detection area of the photodetector (PD), m is the order of Lamber-
tian emission which is calculated as m = —W, with 925% as the LED’s semi-angle
at half power, dg; is the distance between \fiC AP% d and UE j € Uy, ®; represents the
VLC AP d irradiance angle to UE j, ¥; is the angle of incidence of VLC AP d to UE j,
T (¥;) is the gain of the receiver’s optical filter, g (V;) = #2%,0 < U, < Upyy, is the
gain of the non-imaging concentrator, with v as the ratio of the speed of light in vacuum
and the velocity of light in the optical material. For VLC systems, the typical values of
v lie between 1 and 2. ¥p,y < 7 is the FoV of the PD. The electrical SNR for UE j € Uy

is defined as in [6].
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4.3.3.3 PLC channel

The channel transfer function of the PLC system considers the effect of multipath propaga-
tion and frequency- and length-dependent attenuation [11]. The channel transfer function

for the kth subcarrier frequency, fi, of a PLC link, labeled [, is given as

Z
hy, (fi) = Y goe 1m0l (4.8)
z=1

where Z is the number of effective echoes in the PLC network, g, is a weighting factor
for the path z, ¢, represents the length of path z, a(fx) is the frequency-dependent
attenuation coefficient, and [ is the phase constant. The power gain for subcarrier k of a

PLC BH link [; can be calculated as

Hy, (fi) = [l (F)F, (4.9)

and the average power channel gain for the PLC link /; over all subcarriers is denoted
as H;,. Having calculated Hj,, the capacity of the PLC link [; can be easily evaluated
given the power spectral density Nprc and bandwidth ABprc. For the PLC BH power
consumption, the linear approximation model [12] is employed. From this model, the
power consumed on link [; scales with its load (i.e., traffic flow) and can be calculated
as P = ngig. Since Ppp, is dependent on the BH flow, optimizing ¢; also optimizes

Pgr,.

4.4 Energy Efficiency (EE) Optimization Problem

The EE is defined as the ratio of the sum of the total system throughput, R, to the total
power consumed, Pr. The throughput of user j € U, is given in (4.10), where ABy, Rpp,

and P, ; are the allocated bandwidth, PD responsivity, and the electrical transmit power
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from AP d to UE j € Uy, respectively.

2
@ _ AB,log, (14 [rpGis) P 4.10
Ys 41082 < + NyrLcABy ) (4.10)
Similarly, the throughput of user j € U, is given as
Py,j|Gogl”
0= ABylog, [ 1+ =220 ) 411
y] 0108, + NRFABO ( )

The total throughput and power consumption for the hybrid system can be calculated as

in (4.12) and (4.13), respectively.

Rr=3Y > 4"+ > o, (4.12)

vd jeUq €U0
Pr=Qvic+Qrr+ Y, >, Puj+ > P+ Peuy (4.13)
vd Vjely jetlo 7

where Qvrc and Qrr denote the fixed power consumed in the VLC and RF system,
respectively. The EE maximization problem, via power and BH flow optimization, con-
sidering the AN and BH power constraints, BH capacity constraints, as well as UEs QoS
requirements is formulated as in (4.14). Though the decision variables in (4.14) are the
throughput and flow variables (i.e., y, x), the optimal transmit power (p*) for the UEs
can be obtained by first solving for the optimal throughput y* and then substituting in
(4.10) and (4.11).

In (4.14), the constraint sets C'1 ~ C3 and C7 have been explained in Section 4.3.2.
Moreover, C'4 and C5 are the power budget constraint sets for the VLC APs and the RF
BS, respectively. Constraint set C'6 imposes a maximum allowable transmit power for
the PLC BH links. C8 and C9 are the QoS constraint sets that guarantee a minimum
throughput for UE j € U, and j € Uy, respectively. It can be observed that (4.14) has a

concave-convex fractional objective function, and hence, can be classified as a non-convex
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optimization problem, which is generally difficult to solve. By exploiting the relationship
between the powerful fractional programming theory and parametric programming, the
problem in (4.14) is reformulated into an equivalent convex programming problem for
which an algorithm is proposed to obtain the optimal power and BH flow solution.
R

AX b

s.t.

C1: s&d) = > yj(»d),‘v’d,

JEUq
C2: Ax¥ = s vq,
C3: tl = le(d) S CZ,VZ,
vd

e
(2A3d 1) NyLcABy
C4: Z S Pd,mam Vd, (414)

vieUy (RPDGdJ)Q

052 Z Go 2 <P0,maxa
Vi€Uy | OJ|

C6: > Ppuy < P2 Vn,
leO(n)

C7: 20,590, Vd,
C8: y\V > yuin, Vd, Vi € Uy,

C9: y? Z yminavj € Z/[().

4.5 Equivalent Reformulation and Proposed Algorithm

By defining 7 as the EE parameter, (4.14) can be written as
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max % =7
y.X T

s.t. (4.15)

C1l~ C9.

In a parametric subtractive form, (4.15) can be expressed as

F(n) = max Ry —nPr
s.t. (4.16)

C1~ C9.

According to [13], y*,x* is optimal for (4.15) if and only if it is optimal for F (n*) in
(4.16) and n* is the unique root of F'(n). Thus, we can write the following equivalent

statements:

F(n)>0&n<n,
F(n)<0&n>n (4.17)
Fm)=0en=n"

It is important to note that the optimization problem in (4.16) is not jointly concave
in x, y, and 1. However, for a fixed value of 7, (4.16) is a convex optimization problem
which can be efficiently solved using interior point methods [14]. Tt can be observed that
obtaining an optimal solution for (4.15) is equivalent to finding the root of the nonlinear
function F'(n). To that end, a Dinkelbach-method based algorithm to determine the
optimal solution to (4.16) is described in Algorithm 6. It has been proved in [13] that the

Dinkelbach method has at least a linear convergence rate.
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Algorithm 6 Proposed energy efficient joint power and BH flow optimization algorithm

Initialization: k£ = 1,7, = 0, F (n;) > 0, error tolerance £ > 0;
while F' (1) > ¢ do

Solve the problem in (4.16) for yi, Xy.

Update k =k + 1;

Determine

R

Me = ——3 4.18

Set I (1) to objective value of (4.16).
end while
if F'(n) > 0, then

Y(k-1), X(k_1)> is sub-optimal.

end if
if F'(n,) =0, then

(y(k_l), X(k_l)) is optimal.
end if
Output: x,y.

4.6 Simulation Results and Analysis

Simulation results, averaged over 10,000 independent instances, are presented in this
section to evaluate the proposed hybrid system and algorithm. The carrier frequency
for the indoor RF BS is set to 2.4 GHz. It is assumed that heavy walls separate the
rooms (e.g., 12 dB wall attenuation) and the PD is installed on the UEs’ devices facing
upward [5]. We set Qyrc = 4W and Qrr = 6.7W. The remaining parameters for the
VLC system are as in [5], [6], and for the indoor RF system as in [5].

For the PLC channel transfer function specified in (4.8), the parameters of reference
channel one in [11] are used. The number of subcarriers for a PLC BH link is 2048 [15].
Four different practical values for P22 : 0.012W, 1 W, 1.5 W, and 2W are considered for

max*

the VLC AP-to-VLC AP BH links. However, the P for the RF BS-to-VLC AP BH link
is always 2 W. The parameter Nppc is set to 10712 W/Hz and the system bandwidth for
the PLC BH is set to 30 MHz. The performance of the hybrid system and the proposed

algorithm is compared with a standalone indoor RF communication system and EPA
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Fig. 4.3: Average AN power consumption vs. the number of UEs.

scheme in terms of AN and BH power consumption, total throughput, and EE.

In Fig. 4.2, the average downlink total throughput for the hybrid VLC/RF/PLC sys-
tem is compared with that of an RF only and EPA for P21 = 0.12W, 1 W, 1.5 W, and 2 W,
respectively. It can be observed that the proposed hybrid VLC/RF /PLC system obtains a
significantly higher throughput than the RF only system and EPA. The total throughput
for the RF only system starts decreasing from N = 35 since a high number of UEs in the
RF only system can lead to a high number of non-LoS UEs. The achievable throughput
of the non-LoS UEs can be less due to wall penetration losses. For the hybrid system,
increasing P2 from 0.12W to 1 W, 1.5 W, and 2 W, respectively, results in about 3.42%,

max
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4.91%, and 5.04% increase in the total throughput, respectively. This can be explained
by the fact that, for the same BH bandwidth and channel conditions, the PLC network
with higher PBI offers higher BH capacity. Also, augmenting P2 increases the feasi-
ble region of the optimization problem. One insight from Fig. 4.2 is that the continual
increase in P2 leads to a diminishing return on the total throughput.

Figure 4.3 shows the average AN power consumption for the hybrid VLC/RF/PLC
system, the RF only, and EPA. It is observed that the AN power consumption of the RF
only system and EPA increases rapidly with the number of UEs. The RF only system
records the highest AN power consumption because the RF BS has to transmit extra power
to overcome the wall attenuation effects in order to satisfy the throughput requirements
of non-LoS UEs. However, less power is consumed in the hybrid system since UEs inside
a room are served by a VLC AP and those in the corridor are served by the RF BS. It can
be observed that the VLC/RF/PLC system with higher P! consumes a slightly more
AN power.

Figure 4.4 shows the average PLC BH power consumption for the proposed hybrid
system for PBH = 0.12W, 1W, 1.5W, and 2 W, respectively. No power is expended on

max

BH for the RF only system as it does not require a BH network. It can be observed that
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the BH power consumption increases with the values of N, particularly for higher PBH

max*

This is because higher PE! enables UEs to enjoy higher throughput in the AN. Also,

max

larger values of N imply higher aggregate UEs throughput. Hence, higher BH power is
consumed to support the BH flows for reliable backhauling. The BH power consumption
for EPA is almost constant.

Figure 4.5 compares the EE of the hybrid VLC/RF /PLC system with that of the RF
only system and EPA for P2 = 0.12W, 1 W, 1.5W, and 2W, respectively. Significant

max

EE savings is obtained for the hybrid VLC/RF /PLC system than the RF only and EPA.
Increasing PBY degrades the EE for the hybrid system. It was seen in Fig. 4.2 that

increasing P22 from 0.12W to 1W resulted in 3.42% gain in the total throughput.

max

However, this increase in P2 comes at the expense of about 11.90% loss in the EE.

max

Similarly, an increase in P22 from 0.12W to 1.5W, and 2W results in about 17.35%

and 20.85% loss in the EE, respectively. One insight from Fig. 4.5 is that the value of
PBH “affects the overall EE of the hybrid system.
The scenario where the available transmit power for the RF only system is equal to

the sum of the AN and BH power of the hybrid VLC/RF/PLC system is considered in

Fig. 4.6. Thus, the hybrid system and RF only use the same transmit power. The EE
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for this RF only system is compared with that of the hybrid system for P2 = 0.12 .
As can be seen, the hybrid system obtains remarkably improved EE when compared with
this RF only system.

Figure 4.7 shows that the hybrid VLC/RF/PLC communication system significantly
outperforms the conventional indoor RF system in terms of EE, for the range of the
number of walls considered. As observed, an increase in the number of walls significantly
deteriorates the EE of the conventional indoor RF communication system. This is because

increasing the number of walls increases the signal power’s attenuation for the non-LoS

RF users. For the RF only system, these non-LoS RF users, which must be served by
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the RF BS, would require a linear increase in transmit power to achieve the user required
throughput, while on the other hand, the increase in throughput achieved by increasing
the power is only logarithmic. The effect of increasing the number of walls for the non—
LoS RF users on the EE of the hybrid system is minimal since the hybrid system has
the flexibility of allocating the transmit power of the VLC APs and RF BS while also
optimizing the backhaul links’ transmit power and flows.

Finally, Fig. 4.8 shows the number of iterations required for the proposed algorithm to

converge. It is observed that the proposed algorithm converges after only six iterations.

4.7 Conclusion

The problem of energy efficient joint power and BH flow optimization has been investi-
gated for a proposed hybrid VLC/RF/PLC system. This problem was formulated as a
non-convex optimization problem and converted into a convex one using the relationship
between fractional programming and parametric programming. Using the Dinkelbach-
method, an algorithm that obtains the optimal AN power, BH power, and BH flows was
introduced. Specifically, this hybrid system and algorithm jointly addressed three key

challenges in wireless networks: (i) AN and BH power minimization, (ii) throughput max-
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imization under constraints such as the available AN and BH power, UEs” QoS and limited
BH capacity, and (iii) EE maximization. The proposed algorithm was shown to converge
after only six iterations. Simulation results demonstrated that the proposed hybrid sys-
tem outperforms the RF only system and the EPA in terms of EE, total throughput, and
power consumption. In summary, this chapter has revealed that a hybrid VLC/RF/PLC
system with the proposed algorithm offers a promising solution for high-capacity and

low-power consumption indoor communication networks.
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Chapter 5

Subchannel and Power Allocation in
Downlink VLC under Different

System Configuration

5.1 Abstract

VLC has attracted a significant amount of research interest due to its ability to support
high data rates. However, the issue of ICI caused by resource sharing and the LoS
blockage problem are significant challenges that need to be considered in the design and
analysis of VLC systems. This chapter investigates the resource allocation problem for
the downlink of an OFDMA-based multi-cell VLC system, while considering ICI and LoS
blockage. This is carried out under various system configurations employing different
transmission modes. Specifically, the joint problem of SA and PA to maximize the sum-
rate is formulated as a combinatorial and highly non-convex optimization problem due
to the binary and continuous optimization variables. To obtain an efficient solution, the

original problem is first separated into the SA problem and the PA problem. Two simple,

119



yet efficient, procedures based on the quality of the channel conditions and matching
theory are proposed for the SA problem, respectively. Then, the quadratic transform
approach is exploited to develop an algorithm for the PA problem. Simulation results
demonstrate the effectiveness of the proposed solutions in terms of their fast convergence

and overall performance.

5.2 Introduction

5.2.1 Overview

The continuous emergence of high-data rate services and wireless applications, coupled
with the recent outbreak of COVID-19, has led to the exploding demand of wireless
data transmission. COVID-19 has resulted in significant changes in how people conduct
work and studies, and therefore contributed to the massive growth in the demand of
wireless data traffic. If this trend remains unabated, the RF spectrum which is heavily
regulated and now highly saturated can create a bottleneck in satisfying the foreseen
traffic demands in future wireless networks. Motivated by its huge license-free bandwidth
and the availability of low-cost off-the-shelf LEDs, VL.C has attracted extensive research
interest as a new paradigm that can address the RF spectrum crunch and improve the
performance of indoor communication systems [1]. Despite the aforementioned benefits,
VLC systems suffer from performance degradation factors such as limited coverage (i.e.,
illumination reach) of LEDs, the LoS blockages of the optical signals, and the impact of
ICI. Moreover, the FoV of the users’ devices also play a key role in the individual users’
experiences [2]. Specifically, increasing the FoV improves the probability that the LoS is
available but attenuates the received power and can also lead to significant ICI effects. On
the contrary, reducing the FoV can decrease the LoS paths and lead to a situation where

users cannot access the network. In order to realize the deployment of VLC systems in
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beyond fifth-generation cellular networks, several works have investigated the design of
VLC systems in general [3,4], and the resource allocation problem with various objective
functions for VLC systems in particular [4-24]. The system model considered in these

papers can be classified into two main categories: single-cell and multi-cell VLC systems.

5.2.2 Related Work

A single-cell indoor VLC system involves the deployment of a single LED array (i.e.,
single point (SP) source) to serve the dual purpose of illumination and communication.
Focusing on single-cell VLC systems, a user cooperation strategy to improve the sum-
rate and the outage probability performances of a hybrid VLC/RF relaying network with
non-orthogonal multiple access was proposed in [4]. The joint time and PA optimization
problem to maximize the downlink SE was investigated in [5]. An energy efficient user
association and PA scheme was proposed for a hybrid RF/VLC heterogeneous network
in [6]. In that same paper, the authors demonstrated the throughput, EE, and SE gains
that the introduction of VLC in RF networks can achieve. In [7], the authors proposed
a MT-based joint AP assignment and PA scheme to maximize the sum-rate of a hybrid
RF/VLC system. The problem of transmit power and bandwidth allocation for EE max-
imization of a hybrid RF/VLC system was explored in [8], while a resource allocation
scheme to maximize the data rate in a hybrid VLC/RF network with common backhaul
was proposed in [9]. In [10], the authors proposed a cooperative scheme among users to
extend the coverage and improve the sum-rate performance in a non-orthogonal multiple
access-based VLC system. In [11], the transmit power minimization problem was explored
for a hybrid system composed of a cascaded PLC/VLC link in parallel to an RF wireless
link. By utilizing a mixed VLC/RF relaying and simultaneous lightwave information and
power transfer, a congitive-based resource allocation policy was proposed in [12] for hy-

brid VLC/RF systems. In [13], the authors investigated the resource allocation problem
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of SA, PA, and DC bias optimization for a LiFi system. The above-mentioned works
(i.e., [4-13]) focused on an indoor environment with a single-cell VLC system, where
a single LED array is employed to serve user(s). However, a single LED array cannot
provide sufficient uniform illumination and seamless communication for large indoor envi-
ronments (e.g., conference rooms). More than one LED array is typically installed in any
indoor environment to guarantee uniform illumination, giving rise to a multi-cell struc-
ture. The multiple LED arrays’ illumination regions must overlap to guarantee seamless
network connectivity. Consequently, the performance of multi-cell VLC systems suffers
from the effects of ICI (i.e., when various LED arrays convey different information). The
proposed schemes in the above studies are not applicable in indoor environments with a
multi-cell structure, where the interference needs to be considered and mitigated. More-
over, most received signal power is collected from the LoS path as the reflection paths
have insignificant effects on VLC systems. Thus, LoS blockages can compromise users’
connectivity and severely impact the achievable data rates, resulting in many users in
outage, especially for single-cell VLC systems [14].

Considerable research has been undertaken on resource allocation in OFDMA based
multi-cell VLC systems. The study in [15] investigated the PA optimization problem for
hybrid RF/VLC systems with multi-mode users. However, the authors made the sim-
plifying assumption that the coverage regions of the VLC APs do not overlap, and as a
consequence, did not consider the ICI effects. In [16], the authors studied EE maximiza-
tion via SA and PA for an OFDMA based software defined heterogeneous VLC and RF
networks. However, the authors assumed that the multiple LED arrays transmit the same
signal simultaneously and, as a result, ignored any ICI effects. A joint load balancing and
PA scheme was proposed for a hybrid VLC/RF communication system in [17]. In [18],
the authors discussed LED assignment algorithms, PA techniques and an optimum diver-

sity combining method for VLC networks. The authors in [19] proposed an SA scheme
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to exploit the multi-user diversity gain in LiFi systems. A cellular OFDMA scheme
for multi-user VLC system was proposed in [20] and the SA problem was investigated.
However, several simplifications such as: 1) adjacent subchannels can be aggregated and
assigned as a set; 2) users are all assigned the same number of subchannels, were assumed
at the expense of performance degradation. As pointed out in [21], allocating individual
subchannels is more efficient and flexible than allocating them in bands or assigning the
same number of subchannels to each user. In [21], a dynamic load balancing scheme was
proposed for a hybrid LiFi/WiFi network while considering user mobility and random
device orientation.

Recently, cooperative communications [22,25] and fFR [26] have been identified as
cost effective approaches toward ICI mitigation in multi-cell VLC systems. Any user
in a cooperative VLC system can receive data transmission services from adjacent APs
(i.e., LED arrays) via the concept of joint transmission (JT) [22,25]. This JT technique
alleviates ICI by converting interfering signals arriving from adjacent APs into useful
signals. Early studies on combatting this ICI problem by exploiting fFR and JT were
made in [22,25,27] and an evaluation of the different resource allocation patterns that can
be utilized in cooperative multi-cell VLC systems was carried out in [14]. Under the JT
technique, a joint association control and resource allocation problem was studied in [22].
The performance of a cooperative VLC indoor system that employed directional LEDs
pointing to the cell edges was examined in [25]. The EE optimization of a cooperative
VLC system was investigated in [27]. It was demonstrated in [28] that cooperative VLC
systems, employing JT, offer considerable superiority in robustness over VLC systems
with SP transmission. The works in [14, 25,29, 30] analyzed the system performance of a
multi-cell cooperative VLC system, by considering JT, without optimizing any parameters
of the system such as subchannels, transmit power, and FoV of the PD. Note that the

optimization of such parameters is necessary to enhance the performance of the VLC
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system. On the contrary, a few works (i.e., [23,24]) have considered the resource allocation
problem in cooperative VLC systems. Hence, the resultant performance gain is still not
fully exploited yet and can be enhanced, which calls for further investigation. Inspired by
the advantages of both fF'R and cooperative JT, it is necessary and imperative to integrate
them and study efficient resource allocation and interference management schemes to

improve the performance of indoor multi-cell VLC systems.

5.2.3 Main Contributions

In all the above studies, jointly allocating subchannels and transmit power while consider-
ing LoS blockages and ICI, which are two of the main challenges in VL.C systems, have not
been investigated. This chapter, for the first time in the literature, proposes combining
fFR and cooperative JT schemes as well as jointly optimizing the available resources to
combat these challenges and improve the system performance. Specifically, the chapter
focuses on the joint optimization of SA and PA for an OFDMA-based multi-cell VLC
system under various configurations, ranging from the most widely used multi-cell de-
sign (named “traditional VLC system”) to cooperative VLC systems. Particularly, three
multi-cell VLC system configurations, namely 1) traditional VLC system; 2) cooperative
VLC system; and 3) non-cooperative VL.C system, are first presented in a comprehen-
sive manner. The joint problem of SA and PA to maximize the sum-rate performance
under transmit power budgets and minimum rate requirements is then formulated. Due
to the combinatorial nature of the initial joint problem, the SA and PA problems are op-
timized separately, thereby reducing the overall computational complexity. Two solution
methods are proposed for the SA optimization problem. First, a relatively simpler yet
efficient SA scheme based on the quality of the channel condition is proposed. Second,
a low-complexity optimal SA procedure based on MT is designed. For a fixed SA, the

quadratic transform approach is exploited to recast the original non-convex PA prob-
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lem into a convex problem that can be iteratively solved to obtain at least a stationary
point. Simulation results are used to highlight the performance and convergence of the
proposed algorithms for the different VLC system configurations as compared to baseline
approaches. Moreover, the impact of varying key system parameters, such as the max-
imum transmit power, on the sum-rate performance as well as the outage analysis are
studied.

The rest of the chapter is structured as follows. The system model, the three VLC
configurations, and their respective channel models are introduced and described in Sec-
tion 5.3. The joint optimization problem of SA and PA is presented in Section 5.4. The
proposed solution for the SA and PA problems are detailed in Sections 5.5 and 5.6, re-
spectively. Section 5.7 presents the simulation results. Finally, Section 5.8 summarizes

the work.

5.3 System Model

5.3.1 Network Model

An OFDMA-based indoor multi-cell VLC system with many APs and multiple users is
considered. The entire indoor environment is divided into logical cells (i.e., cells only
known to the network but not the users) denoted by the set R = {1,2,...,r,...,|R|},
where |-| represents the cardinality of a set. Depending on the VLC system configuration,
each cell can have one or more APs to provide illumination and data transmission services.
Each cell r has a predefined number of OFDMA subchannels represented by the set IC, =
{1,2,...,k,...,|K|}. Let V. = {1,2,...,0,...,|V,|} denote the set of available LED
arrays for users in any cell . All the APs in the indoor environment are connected to a
central control unit (CCU) via high-speed backhaul links. A set 7 ={1,2,...,7,...,|J|}

of | J| users are considered for this network. The number of users in a cell r is represented
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by the set N, = {1,2,...,7,...,|N,|}, where U, N, = J, with U as the union operator,
N, NN, = 0 whenever r # [, with (] as the intersection operator and () denoting the
empty set. In VLC, the signals received at the users’ devices consist of LoS and non-LoS
components. In comparison with the LoS components, the non-LoS signals are much
weaker and have insignificant effects on the system’s performance. Hence, only the LoS
signals are considered. Under this general settings, the following three main VLC system

configurations are investigated.

5.3.1.1 Traditional VLC System

The term “traditional VLC system” is used to represent the widely used set-up in multi-
cell VLC systems [15-20,31-33]. As depicted in Fig. 5.1, the entire coverage area is divided
into multiple cells and each cell has one AP! located at its center. The cells belonging
to different APs are made to overlap in order to guarantee seamless connectivity and
uniform illumination. Each AP is constituted by an array of £ LEDs pointing vertically
downwards. In this network, a user is typically served by the closest AP [17] or the AP
that provides the strongest signal strength [18]. The same set of subchannels is reused
among all cells (i.e., full frequency reuse (FFR)) and, as a result, users residing in the cell

overlapping areas may experience ICI.

5.3.1.2 Cooperative VLC System

The downlink scenario of the considered cooperative VLC system is illustrated in Fig. 5.2.
Unlike the traditional VLC system configuration, each AP in the cooperative VLC system
is equipped with £ directional LED arrays. The LED arrays of any AP are specifically
arranged such that there is one LED array at the center and the remaining £ — 1 LED

arrays at the outer edges. As depicted in Fig. 5.2, each central LED array forms a single

!The abstract point source model [34], where each VLC AP consists of many LED arrays concentrated
in a small area to form a single point source, is adopted in the traditional VLC system
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' VLC AP T User equipment

Fig. 5.1: Traditional multi-cell VLC system configuration.

Multiple point ‘i‘ User
transmission equipment
regions

' VLC AP
O Single point

Transmission region

Fig. 5.2: Cooperative VLC system with 5 directional LED arrays per AP.

cell (i.e., the green region) and uses SP transmission to serve users. The outer edge LED
arrays have directed beams, specified by the elevation angle 7. The illumination from the
LED arrays located on the outer edges of different APs merge to form a cell, as shown in

Fig. 5.2 (i.e., blue and red regions), and cooperate to serve users within that area via the

concept of multi-point JT [25].

In multi-point JT mode, all the available LED arrays in a cell cooperate and transmit

the same information on any subchannel allotted to any user. Due to the unique properties
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of the intensity modulation and the direct detection schemes for VLC [35], accurate
synchronization is not a requirement. All the signals arriving from any neighboring APs
add up constructively at the user’s receiving device. Further, since only the LoS paths are
considered, the time differences between the arrival of signal components from different
APs are small relative to a symbol period [25]. Note that the cell regions do not have to
be rectangular or circular in shape. The shape of the cells mainly depends on the number
of the LED arrays on the outer edges. Different cell shapes can be found in [14,22,25,30].
Both fFR and FFR can be employed in this system configuration. Fig. 5.2 depicts the

scenario where fFR is implemented among the cells using three set of subchannels.

5.3.1.3 Non-cooperative VLC system

The distribution of APs and the fFR scheme employed in the non-cooperative VLC system
are similar to that of the cooperative VLC system shown in Fig. 5.2. However, users in the
indoor environment can only be served by one LED array from any VLC AP. Specifically,
users located in a single cell coverage area are served by the LED array in that cell via
SP transmission. Similarly, users located in a merged cell area are served by one of the
four available outer-edge LED arrays. The criterion for the LED array assignment can be

the highest power gain or the MD rule.

5.3.2 Link Characteristics and Channel Model

The motivation for adopting directional LED arrays in the cooperative and non-coperative
VLC system configurations as well as the geometry of the indoor VLC propagation are
presented in Fig. 5.3. In this figure, the LoS path of LED array v and user j is the
straight line between them, and the corresponding Euclidean distance is denoted as d, ;.
The angles of irradiance and incidence related to the LoS path are denoted by ®, ; and

v, ;, respectively. In VLC, the transmitter is modeled using the generalized Lambertian
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Fig. 5.3: Geometry of the LoS propagation model.

radiation pattern, while the receiver has a Lambertian detection pattern with a given
FoV [36]. The Lambertian emission pattern follows a cosine dependence on the angle
®, ; and the intensity is highest for emission normal to the surface of the LED (i.e., for
®,; = 0°). At an angle of ®,; = 60°, the intensity decreases to half of its maximum
value [37]. It can be observed from Fig. 5.3 that user 2 is best served by the LED array
2 with the elevation angle 7 since the irradiance angle ®, 5 is much smaller than @ 5.
The channel direct current gain of the LoS path Gj ; between any user j and LED

array v on the subchannel k£ can be modeled using the Lambertian emission model as [16]

Y= ik App (m+1) o m (D) T (V,;)G (¥, ;) cos (¥, ), (5.1)

2
27rdv’j

where p; j represents the probability of LoS scenario on subchannel k for user j, App is
the physical area of the PD, m is the order of the Lambertian emission which is calculated
as m = —log, <cos <¢1/2>>_1, with ¢;/2 as the LED’s semi-angle at half power, T (¥, ;)
is the gain of the optical filter, G (¥, ;) = f2/sin*Uryy, 0 < ¥, ; < Wg,y, represents the
gain of the non-imaging concentrator, where f and U,y denote the refractive index and

FoV, respectively. The total electrical power received by the PD of user j on subchannel

129



k from all the transmitting LED arrays in cell r can be written as

> pZ,j(RPDGzJ)Qa (5.2)

’UEVT
for the cooperative VLC system, with py ; as the transmit power allocated to user j
on the k-th subchannel of LED array v, and Rpp being the responsivity of the PD.
The corresponding electrical signal-to-interference-plus-noise ratio (SINR) at user j on

subchannel k is obtained as

> v, (RenGi,)”

SINR,,; = vV . : (5.3)
j%é:j (v%/r Phy <RPDGZ’j ) ) o

where 7' and v" denote other users and APs that reuse the same subchannel k, respectively,
and o2 is the electrical additive white Gaussian noise power. Similarly, the total electrical
power received by the PD of user j on subchannel k for the traditional VLC system can

A N
be expressed as py ; (RPDGQ j> and the corresponding SINR is given by

pZJ (RPDGZJ‘)Q

Ny o \2 ’
Z ( Z szI (RPDG]CJ’) > _'_ 0'2
§'#i \'#

SINRy,; =

(5.4)

where ¢ is the serving AP and ¢’ denotes other APs that reuse the subchannel k. The
total electrical power received by the PD of user j on subchannel % for the non-cooperative

2
VLC system can be expressed as p’; (RPDG%) , and the corresponding SINR is given by

Pk} (RPDGZTJ‘) i

D ( 5 pg;;,(RPDG;;;;,)Q) Lo

J'#5 \vr'EVr

SINRy,; =

(5.5)

where v, is the serving LED array in the cell » and v,” denotes LED arrays in other cells

that reuse the subchannel k.
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5.4 Sum-Rate Optimization Problem

The well-known Shannon’s capacity equation does not hold for optical systems in general,
and VLC systems in particular. Since a closed-form channel capacity equation for VLC

systems remains unknown, the following tight lower bound on the achievable rate is used

[38,39]

exp(1)
27

R}, = pjxBlog, (1 + SINR;W), (5.6)

where R}, is the rate of user j on subchannel k of cell r and B is the bandwidth of a
subchannel. The considered sum-rate optimization problem for the various configurations

of the VLC system can be formulated as follows:

max > > > Ri, st

XP& rcR jEN, kEK,

Cl: ¥ Rjj > Rumaj, Vj € No,Vr € R,
keK,

C2:a;|K,| > X a};, VjEN,VreR,
kekc,

C3:pp; <y P Vi e N, Vk € K, ,Yv € V,,Vr € R,

J- v

Ci: ¥ Y py, < P™ VeV, VreR, (5.7)
JEN, k€K,

C5: Y xp; <1L,Vke K, Vr e R,
JEN,

C6:xy; €{0,1},Vj € N;,Vk € K,,Vr € R,

C7:a; € {0,1},Vj € N,,Vr € R,

C8:pp; >0,¥j € N.,Vk € C,, Vv € V,,Vr € R,
where zj ; is the decision variable for assigning subchannel & of cell r to user j, pj;
denotes the optimization variable for the transmit power that AP v allocates to user j on
subchannel £, a; indicates any user in outage where a; = 0 means that user j who has not

been allocated any subchannel is in outage and a; = 1 means user j has been allocated
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subchannel(s) and the the minimum data rate requirement Ry, has been satisfied (i.e.,
not in outage). Constraint C'l guarantees the QoS requirement for user j that is not in
an outage. C'2 ensures that no more subchannels than available are allocated. Constraint
C3 implies that the transmit power on each subchannel should not exceed the maximum
transmit power P;"** for LED array v, and ensures that no power is allocated to user j on
subchannel £ if subchannel k is not assigned to user j. C'4 represents the power budget
for any LED array v. Constraint C'5 ensures any subchannel can be allocated to at most
one user in each cell. C'6 indicates the binary nature of the SA variables, C'7 specifies that
a is a binary variable, and C'8 denotes the non-negativity of the PA variables. Note that,
due to the minimum rate requirement for each user, there may exist no feasible solution
for the joint problem in (5.7) even if all the available subchannels and transmit power are
utilized for a single user. Hence, it is important to determine the feasibility of problem
(5.7). A simple approach involves testing its feasibility whenever one user is considered.
If the Ry, requirement in C'1 is satisfied for any single user, then problem (5.7) is feasible
since there is at least one solution that satisfies all the constraints.

Problem (5.7) is an NP-hard problem and difficult to solve with a guaranteed optimal
solution. To find a tractable solution, it is decomposed into two separate problems (i.e., SA
problem under fixed PA and PA problem under fixed SA) which are solved successively
[16, 40, 41]. Two solution methods are proposed for the SA problem. Firstly, an SA
allocation procedure that allocates subchannels to users according to the quality of the
channel condition is introduced. Secondly, an SA allocation procedure based on matching
theory is proposed. For a given SA, the PA problem is solved to a stationary point by

exploiting the quadratic transform approach.
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5.5 Subchannel Allocation (SA) Optimization

This SA subproblem is solved for a given PA. The EPA scheme is employed where each
AP equally shares the total power to all the available subchannels. The proposed solution

methods for the SA problem are discussed as follows.

5.5.1 Strongest Channel Gain (SCG)-based SA procedure

The main idea is that any subchannel should be allocated to the user with the high-
est power gain associated with that subchannel in each cell. This can be represented

mathematically as

1, (k% j*) = argmax ) G} ;
:L‘Z.*J‘* - k,j vEV, (58)

0, otherwise.

With this approach, it is possible that a user might not be assigned a subchannel due
to the extremely bad channel conditions of all subchannels. In such a situation, that
particular user will be denied access to the network by the admission control scheme, and
the user can try again later. This is necessary since allotting resources (e.g., subchannels
and transmit power) to users with extremely bad channel conditions can lead to inefficient

usage of the available resources. Note that this SA procedure has a worst-case complexity

of O (IN:]IK, ).

5.5.2 Matching Theory (MT)-based SA Procedure

MT represents a promising framework capable of providing mathematically tractable so-
lutions for combinatorial decision problems such as matching players in two distinct sets,
based on the individual information and preference of each player [42]. In this subsection,

a low-complexity algorithm based on MT is proposed to achieve a stable matching for the
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SA problem for any given PA.

5.5.2.1 Matching Game for SA

The problem of allocating subchannels to users can be modeled as a two-sided many-
to-one matching game between the set of users A, and the set of subchannels K,, where
N, N K, = 0. This matching game is two-sided since each of the two players involved (i.e.,
the users and the subchannels) belongs to one of the two disjoint sets. Additionally, this
game is a many-to-one matching since, at least one user from the set NV, can be matched
to multiple subchannels of the opposing set IC,, while every subchannel of the set K, has
exactly one match from the set N,.

Definition 1: The SA problem is a 4-tuple (N, K,, Q, L,), where Q = (ql, e Ry ,qmr‘)
is a vector of the quotas for the subchannels (describing how many users any subchannel
k can have at most) and £, = (Ll, v Ly L,y b, ,ZWT‘) is the list of pref-
erences. L, denotes the preference relation of subchannel & over the set of users, while /;
denotes the preference relation of user j over the set of the available subchannels. It is
desired to match the elements in the sets N, and K., where a matching y is defined as a

function p : N, — K., such that:

L. |u(j)] < |K,| for every user j, where p(j) = k denotes that user j is assigned to

the subchannel £k at the matching pu.

2. |p (k)| < gx = 1 for every subchannel k, where p (k) = {j1} denotes that subchannel

k, with quota ¢, = 1, is assigned to user j; and has its position filled.
3. pu(j) =k if and only if u (k) = j.

Condition 1 ensures that each user is matched to at most |KC,| subchannels. Condition 2

guarantees that the number of users assigned to subchannel k£ does not exceed its quota.
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Condition 3 states that if a user j is matched to the subchannel £, this subchannel % is
also matched to the same user j. An iterative solution, based on the framework of the
deferred acceptance algorithm [43], is proposed to solve this matching game to reach the
stable matching p*.

Definition 2 (Blocking Pair): Any pair of user j € N, and subchannel k € K, is said
to be a blocking pair if user j and subchannel k prefer each othehr over their partners in
the current matching.

Definition 3 (Matching Stability): A matching is stable if it is not blocked by any un-
happy player or any user-subchannel pair. Thus, any assignment of users to subchannels
is called unstable if there are two users j7; and j, who are assigned to the subchannels k;
and ks, respectively, although ks prefers j; to jo and ki prefers js to j;.

In this solution, each user and subchannel first builds a preference relation representing
the individual view that each user has of the subchannels (and each subchannel has of the
users) based on the available local information. Then, the users submit proposals to the
subchannels, which in turn, decide to accept or reject these proposals while respecting
their quota. All users and subchannels make their decisions (i.e., which of the subchannels
does a user submit proposal to, at which iteration of the matching game should a user
submit a proposal to a particular subchannel, which user should a particular subchannel
accept the proposal of, etc.) based on their individual preferences. Note that this match-
ing game is implemented in the CCU. Thus, with the knowledge of the downlink CSI,
the CCU builds the PLs for both the subchannels and the users. By using these PLs, the
CCU executes the matching game (i.e., submitting proposals from the users and making
accept or reject decisions for the subchannels) to reach the final matching p*, and then

broadcasts the solution to all the APs via dedicated BH connections.
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5.5.2.2 Preference Lists (PLs)

The PLs of the users and the subchannels are designed in terms of the achievable rates.
Under the assumption of EPA, the potential achievable rate R}, of user j on subchannel
k of cell r can be easily determined using (5.6). The PL Ly € L, of subchannel k in cell
r can be constructed by ranking R’ , in a decreasing order of j. Similarly, the PL [; € £,

of user j in cell r can be obtained by ranking R, in a decreasing order of k.

5.5.2.3 Proposed Matching Theory (MT)-based SA Algorithm

The CCU uses the PLs of both users and subchannels as well as the quota of the subchan-
nels and delivers a final matching relation p*. In the initialization stage, the CCU denotes
the preference index of any user j as 3; with 8; = 1,Vj and also represents the wait list
of any subchannel k as Wy, with Wy, = 0,Vk. At the §;-th iteration of the matching
game, any user j proposes to its most preferred subchannel and deletes it from its PL.
Each subchannel k, with the quota g, = 1, then places on its wait list the user who ranks
highest among all users in its PL, and rejects the rest. Thus, the PL’s size of any user
reduces by one at the end of each iteration and the second ranked subchannel at the ;-th
iteration becomes the first ranked at the beginning of any [; 4 1-th iteration. During the
B; + 1-th iteration, each user submits a proposal to their most preferred subchannel on
their updated PLs. Once again, each subchannel selects the highest ranked user among
the new applicants and the user on its wait list, then places the selected user on its new
wait list while rejecting the rest. This matching procedure terminates when every user is
either on a wait list (i.e., Wy, # (), Vk) or has been rejected by every subchannel on its PL
(ie., [; = 0,Vj). At this point, each subchannel accepts the user on its wait list and the
final stable matching p* has been obtained. The SA vector for all users can be computed

from the final matching by
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L ity (j) =k
Ty, = (5.9)

0, otherwise.

At the end of this game, some users may not be assigned any subchannels and as a
consequence be in outage (i.e., achievable data rate for these users will be zero). Any user
J is said to be in outage if kg:c xp;=0,Vj € N,,¥Vr € R. The admission control scheme
will deny users in outage accegs to the network due to lack of resources and these users
can try again later. The detail of the proposed MT-based SA algorithm is illustrated in

Algorithm 7 for any cell r, where x” and a” are used to represent the SA solution and

users in outage for cell r, respectively.

Algorithm 7 Proposed MT-based SA algorithm.
1. Input: O, N,, K,, L,.
2. Initialization: §; = 1, W, = 0.
3. Users submit proposals while subchannels make accept/reject decisions:
while [; £ 0,1; € £,,Vj € N, and W, = 0,Vk € K, do
i) At the §;-th iteration, any user j proposes to the most preferred subchannel and
deletes it from its PL [;.
ii) Each subchannel k, with quota ¢ = 1, places on its wait list Wj, the highest-ranked
user, and rejects the rest.
iii) Update g; = §8; + 1.
end while
4. Output: Stable matching p*, SA solution vector x", users in outage vector a”:
i) The SA solution x" can be determined from the final matching p* as indicated in
(5.9).

ii) To determine a”, set a; = 0if Y x}; =0, Vj € N,, and a; = 1 otherwise.
ke,

5.5.3 Analysis of Stability, Optimality and Convergence of the

MT-based SA algorithm

It is shown in this subsection that the proposed MT-based SA algorithm always termi-

nates with a guaranteed stable and optimal solution for any given preference relations.
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In addition, the convergence behavior as well as the complexity of proposed MT-based
solution are discussed.

Theorem 1: The proposed matching mechanism in Algorithm 7 is guaranteed to con-
verge to a stable matching p* for any stated preferences.

Proof: See Appendix A.

Theorem 2: For any defined set of subchannels and users” PLs, Algorithm 7 produces
a matching p* that gives any subchannel k* its highest ranked user j* and any user j*
its most preferred subchannels and this matching is not blocked by any other user j or
subchannel £.

Proof: See Appendix B.

Theorem 3: Algorithm 7 is guaranteed to converge after a limited number of iterations
for any given PLs.

Proof: See Appendix C.

The complexity of the proposed MT-based SA technique mainly depends on the con-
struction of the PLs and the matching step of users proposing to the subchannels. For a
VLC system with |/C,| subchannels, the maximum size of the PL for each user would be
|IC|. Using off-the-shelf sorting algorithms such as merge sort and quick sort, each user
can construct its PL in an average time of O (|K,| log |K,|) and all | V.| users can build their
PLs in an average time of O (JNV,||K,|log|K.|). The complexity of any user proposing to
all the subchannels is O (|K,]). For |N,| users, the complexity of all users proposing to all
the APs can be given as O (JN,||K,|). From the discussions above, the total complexity
of Algorithm 7 amounts to O (|N,| [KC,|1log |IC,|) + O (N IK,]) = O (N IK,|log |K.]).
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5.6 Power Allocation (PA) Optimization

At this stage, the SA and the numbers of users in outage have been obtained and can
therefore be regarded as the constants x* and a*, respectively. The PA optimization can
be given as

max >, >, > Ri, st

P rcR jEN, keK,
Cl: ¥ R}, > Ruma}Vj € N, Vr € R,

kek, (5.10)
C3:pp; < aj P Vj e N,,Vk € K,,Yv € V,,¥r € R,
C4, and C8.

Problem (5.10) is still non-convex, and difficult to solve. The non-convexity arises from
the SINR term in both the objective function and the constraint C'l. To address this
difficulty, the quadratic transform approach, originally proposed in [44] for solving frac-
tional programming problems, is exploited to transform (5.10) into an equivalent convex
optimization problem for which an iterative solution that converges to a stationary point

is proposed.

5.6.1 Preliminaries of the Quadratic Transform Approach

The quadratic transform approach, originally introduced in [44], was proposed for solv-
ing fractional programming and sum-of-functions-of-ratio problems. According to this
approach, the non-convex sum-of-functions-of-ratio problem of the form

a A (t)
mtaxn;fm (Dm (t)>, st.teT, (5.11)

can be equivalently reformulated as
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X o (2Um/Am () — y2D,, (), s.t.
max % fon (/A (6) = 0* Do (1)), s 512

teT, yn €Rm=1,..., M,

where f,, (-) denotes a sequence of nondecreasing and concave functions, A,, (t) is a con-
cave function, D,, (t) is a convex function, and 7T is a convex set. The term 2y,,+/A,, (t) —
Ym>D,, (t) in (5.12) represents the quadratic transformation for the fractional term (A,, (t)/D,, (t))
in the objective function of (5.11), y,, € R is an auxiliary variable and R denotes the
set of real numbers [44]. The equivalent problem (5.12) is still non-convex in both t,y.
However, the quadratic transformation enables the primal variable t and the auxiliary
variable y to be optimized in an iterative manner since (5.12) is a convex problem for a

fixed y and y can be found in a closed form for any fixed t.

5.6.2 Proposed Power Allocation (PA) Scheme

The PA problem (5.10) fits the form of the sum-of-functions-of-ratio problem (5.11) since
(i) the SINR terms are in fractional form; and (ii) each SINR term resides inside a
logarithm function which is nondecreasing and concave. As a result, each SINR term

n (5.10) can be replaced by the quadratic transform

SINRZ’] - ka:] Z pkj RPDij) _y]%’] (Z (

vEV, J'#5

v’ v’ 2 2
U,%;T ka/ (RPDG}@J/) +o s
(5.13)

and the PA optimization problem can be equivalently formulated as
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max Y ¥ pjeBlog, (1+ “RUSINR; )

Y:P reR jEN; kEK,

S.t.
(5.14)

- 2 pixBlog, (1+ PUSINR; ;) > Ruina,Vj € N, ¥r € R,

C3, 04, and C8,

where y; ; is an auxiliary variable for the SINR term of any user j on subchannel k.
Problem (5.14) is non-convex in both y and p. However, for a fixed y, (5.14) becomes
a convex optimization problem whose optimal solution can be obtained using the CVX
toolbox [45]. As such, the variables y and p are optimized iteratively until the value of
the objective function in (5.14) converges. For a fixed Dk j» the optimal y ;, denoted as

Yr j» can be obtained in closed form by setting ISINRy, ;/0yy ; to zero, and is given by

\/Z pk] RPDGk)j)

€Vr

Yej = ; : (5.15)
J'#i A\ EVr

Note that yj ; is equal to SINRy, ;. Then, the optimal p for fixed y can be found by solving

the resulting convex problem in (5.14). This PA method is summarized in Algorithm 8.

Algorithm 8 Proposed PA algorithm.

Initialize p to a feasible value;
while no convergence do

i) Update y by (5.15);

ii) For updated value of y obtained in i), update p by solving (5.14).
end while
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5.6.3 Joint Subchannel and Power Allocation Algorithm

Based on the proposed SA and PA algorithms in Algorithm 7 and Algorithm 8, respec-
tively, it is worth discussing how to consider SA and PA together. Two approaches for
achieving that are provided as follows. Firstly, a low complexity joint SA and PA can
be obtained by solving the SA problem via Algorithm 7, then solving the PA problem
via Algorithm 8. Thus, both algorithms are executed once, in succession. On the other
hand, joint SA and PA can be obtained by alternating between Algorithm 7 and Algo-
rithm 8 such that the solution of the PA algorithm gets updated after any change in the
output of the SA algorithm. However, such a joint solution will incur high computational
complexity and it can be shown that alternating between Algorithm 7 and Algorithm 8
would not yield any noticeable performance improvement when compared to executing

each algorithm just once. Hence, the low complexity solution is adopted in this chapter.

5.7 Simulation Results

The performance of the proposed SA and PA algorithms is investigated for the different
VLC system configurations in this section. A 15 mx15 mx3 m room model is considered,
which is covered by a VLC system including 4 x4 uniformly distributed APs. The users
are uniformly and randomly distributed within the indoor environment. It is assumed that
each user device is fitted with a PD vertically facing upwards. There are 25 subchannels
available in each cell [16]. The minimum rate requirement is set as 5 Mbps. Other related
parameters are presented in Table 5.1. For comparison purposes, random subchannel
allocation (RSA) and EPA are also considered for the various VLC system configurations.
Under the RSA scheme, users occupy subchannels randomly without considering the
channel state. Specifically, the benchmark scheme SCG-SA-EPA denotes the proposed

SCG-based SA with EPA. The benchmark scheme RSA-EPA means the RSA with EPA.
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Table 5.1: Simulation Parameters

Parameter Value Parameter Value

Maximum transmit power per LED array, P)** | 4 W Gain of optical filter, T’ 1

Height of VLC APs 2.5 m Refractive index, f 1.5

Noise power spectral density, o2 10~ A%2/Hz || FoV of a photodetector, Ugyy 70°

Photodetector responsivity, Rpp 0.53 A/W Physical area of photodetector, App | 1 cm?

LED semi-angle at half-power, ¢ 1 60° Outer edges LEDs’ elevation angle, 7 | 45°
10 ‘

‘+MT—based SA

Average number
of iterations
D
T
L

5 10 15 20 25 30 35 40 45 50
Number of users

Fig. 5.4: Average number of iterations versus total number of users.

Figure 5.4 shows a plot of the average number of iterations per user to reach a stable
matching in Algorithm 7 versus the total number of users. It can be observed that the
number of iterations initially increases with an increase in the number of users and then
remains constant from 35 users. This happens since increasing the number of users while
the number of subchannels and the quota per subchannel remain fixed leads to intense
competition among users for subchannels and a higher number of rejections by each
subchannel. This figure demonstrates that the proposed MT-based SA algorithm has a
fast convergence rate (does not exceed eight) and the curve saturates after 35 users.

The convergence behavior of the proposed PA algorithm is examined in Fig. 5.5 for
the two SA algorithms. Clearly, it can be observed that the proposed algorithm reaches
convergence after iteration number 5.

Figure 5.6 compares the sum-rate performance of the proposed SA and PA solution
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Fig. 5.6: Average sum-rate performance for the proposed schemes and the exhaustive method.
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methods with the optimal solution for the joint problem (i.e., the upper bound) obtained
via the exhaustive search method. For this figure, 2 APs and up to 8 users are considered.
It can be noticed that the average percentage gap between the exhaustive method and
the proposed MT-based SA-PA (MT-SA-PA) scheme is around 3.43% while that of the
exhaustive method and the proposed SCG-based SA-PA (SCG-SA-PA) scheme is 9.30%.
Thus, with their lower complexity, the proposed solution methods can achieve close opti-
mum sum-rate performance. The reason for such a great performance can be explained as
follows. The proposed MT-SA-PA scheme allocates subchannels under fixed power in a
similar way to the exhaustive method by considering all the available users and selecting
only the users that contribute to the highest sum-rate without the need of enumerating
all the candidate SA solutions. Thus, through the application of the MT, the proposed
scheme is able to identify users that utilize the subchannel and transmit power resources
efficiently.

Figure 5.7 compares the sum-rate performance for the cooperative VLC system under
the fFR and the FFR patterns (i.e., C-fFR and C-FFR, respectively). Clearly, the C-fFR
configuration outperforms the C-FFR. This reveals that implementing fF'R in cooperative
VLC systems is more beneficial in terms of the sum-rate performance than the FFR pat-
tern. This can be explained by the fact that the ICI effect is significantly reduced by using
fFR and the JT technique. Among the three schemes, the MT-SA-PA method performs
the best, followed by the SCG-SA-PA method for both C-fFR and C-FFR configurations.

Figure 5.8 plots the sum-rate versus the number of users for the cooperative system
with fFR, referred to as “C-fFR,” the non-cooperative system, referred to as “NC,” and
the traditional VLC system referred to as “TD.” Among the three configurations, the
C-fFR achieves the best sum-rate performance while the TD VLC system performs the
worst. Specifically, the two key problems in VLC (i.e., ICI effects and LoS blockages) can

be effectively mitigated by exploiting cooperative transmission, SA, and PA. Moreover,
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Fig. 5.8: Sum-rate versus number of users for the different system configurations.

the non-cooperative VLC system performs better than the traditional system because
of the use of the directional LED arrays. Figure 5.8 clearly establishes the fact that
the cooperative system with fFR offers the best sum-rate performance among the three
different configurations considered in this chapter. As such, several detailed performance
analyses on the cooperative VLC system with fFR are discussed next.

Figure 5.9 depicts the sum-rate comparison for the proposed MT-SA-PA and SCG-
SA-PA schemes and the two benchmarks (i.e., SCG-SA-EPA and RSA-EPA) for the coop-

erative VLC system with fFR. Clearly, the sum-rate performance improves as the number
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of users increases for all four schemes. The MT-SA-PA solution method outperforms the
other schemes due to careful consideration of all the achievable rates for users and the
subchannels in allocating the subchannels and transmit power. The use of the preference
relation, which is based on the achievable rate, in the decision making process ensures
that subchannels are assigned to users such that the system sum-rate is maximized. This
is entirely different from the SCG-SA-PA and the RSA-EPA methods, where the channel
power gain and the random allocation method are used to assign subchannels to users,
respectively. It can be observed that the proposed SCG-SA-PA scheme and the SCG-
SA-EPA benchmark achieve close sum-rate performance. Specifically, the SCG-SA-PA
scheme achieves a sum-rate performance gain of 4% as compared to the SCG-SA-EPA
scheme. This observation can be explained as follows. For a given SA solution, both
the proposed PA and the EPA technique allocate similar transmit power since, typically,
there are a few users per cell. The RSA-EPA scheme has the worst sum-rate performance.

Figure 5.10 depicts the impact of varying the maximum transmit power per LED
array on the sum-rate performance of the two proposed SA and PA solution methods as
well as the two benchmarks for 40 users. It can be seen that increasing the total power

results in an increase in the average sum-rate for all schemes. However, the performance
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Fig. 5.10: Sum-rate versus maximum transmit power per LED array.

increase is much faster in the MT-SA-PA solution method than in the remaining three
schemes, especially for transmit power values higher than 4 W . This behavior can be
explained as follows. Increasing the total transmit power can result in severe ICI effects.
The MT-SA-PA solution method considers ICI effects in allocating both subchannels and
transmit power. On the contrary, the SCG-SA-PA scheme only considers ICI effects when
solving for the PA while both SCG-SA-EPA and RSA-EPA approaches do not consider
ICT effects during the SA and the PA. As a result, the MT-SA-PA method is able to
utilize the additional transmit power efficiently.

Figure 5.11 shows the number of users in outage versus the total number of users for
the cooperative VLC system with the fFR scheme. Any user is said to be in an outage
when no subchannel is allocated to that particular user and, as a consequence, the system
cannot guarantee the QoS requirement. From the figure, no user is in outage for the
MT-SA-PA solution method while the number of users in outage for the SCG-SA-PA
solution is significantly low. This observation is due to the fact that the cooperative VL.C
system with the fFR scheme and the two solutions proposed can effectively combat LoS
blockages and improve the received signal quality of all users. Increasing the number of

users (i.e., to above 35) can result in outages for the SCG-SA-PA solution due to the
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associated increase in competition for the limited number of subchannels. However, this
does not happen for the MT-SA-PA solution because of the use of preference relations.

Finally, Fig. 5.12 illustrates the effect of the elevation angle 7 of the outer edge LED
arrays on the sum-rate performance for the cooperative VLC system with a total of 40
users. It can be observed that a maximum sum-rate gain is reached when 7 = 45°.

The extensive simulation results presented above reveal a trade-off between the perfor-
mance (i.e., sum-rate and number of users in outage) and the required complexity of the
SCG-SA-PA and the MT-SA-PA solutions. Although the MT-SA-PA provides a better
sum-rate and outage performances, the SCG-SA-PA has a relatively lower complexity.
Accordingly, there is flexibility in selecting a solution according to the importance of a

higher performance versus a lower complexity.

5.8 Conclusion

In this chapter, the joint SA and PA optimization problem to maximize the sum-rate has
been considered for different VLC system configurations and efficient solution methods
have been proposed. In particular, the original joint problem, a non-convex optimization
problem, was divided into two separate problems, namely SA and PA problems. Two low-
complexity SA algorithms based on the quality of the channel condition and on matching
theory, respectively, have been proposed. In addition, a PA algorithm based on the
quadratic transform approach has been developed. Simulation results have revealed the
following findings: 1) the proposed approaches (i.e., MT-SA-PA and SCG-SA-PA) can
achieve a near-optimal performance and yield a performance improvement in terms of
the sum-rate, convergence rate, and number of users in outage; 2) for cooperative VLC
systems, implementing the fF'R scheme is more beneficial in terms of sum-rate performance

than the FFR; 3) among the different configurations, the cooperative VLC system has
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the best sum-rate performance, followed by the non-cooperative VL.C system, while the
traditional VLC system is the worst. In summary, this study has systematically compared
the sum-rate and outage performances of different VLC system configurations and has
demonstrated the critical impact of resource allocation schemes and system configurations
in achieving good performance in VLC. The results and discussions from this work can help
engineers design cooperative VLC systems and understand how various system parameters
affect the sum-rate and outage performances, as well as the complexity associated with

each solution method.

Appendix A: Proof of Theorem 1

Theorem 1: The proposed matching mechanism in Algorithm 7 is guaranteed to converge

to a stable matching p* for any stated preferences.

At the beginning of the matching mechanism, each user proposes to its favorite sub-
channel and removes it from its PL (i.e., size of the PL reduces by one and the initial
second most preferred becomes the most preferred). Each subchannel that receives more
than one proposal rejects all but its favorite from among those that have proposed. How-
ever, the subchannel does not accept this user yet, but places the user on a wait list to
allow for the possibility that a more favorable user may later submit a proposal. All users
then propose to the most preferred subchannels on their updated PL. Any subchannel
that receives proposals selects its favorite from the group consisting of the new proposers
as well as the user on its wait list, if any, while rejecting any other user. Users repeatedly
submit new proposals to the most preferred subchannels on any updated PL until the
PL becomes empty or all subchannels have users on their wait list. At this point, each

subchannel accepts the user on its wait list and the matching terminates. This match-
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ing is stable since each subchannel £* is matched with the most preferred user j* while
each user j* is assigned its most preferred subchannels at the final matching. This final
matching is not blocked by any user-subchannel pair since any subchannel £ that user j*
originally ranked higher than subchannel £* was deleted from user j*’s PL after it got
rejected. Therefore, the final assignment gives subchannel k£ a user that it ranked higher

than user j*.

Appendix B: Proof of Theorem 2

Theorem 2: For any defined set of subchannels and users’ PLs, Algorithm 7 produces
a matching p* that gives any subchannel k* its highest ranked user j* and any user j*
its most preferred subchannels and this matching is not blocked by any other user j or

subchannel k.

This proof is illustrated via an example. Consider a system with two users, j; and js, and
three subchannels, k1, ko, and k3. The PLs for users j; and j, are given as l;, = {ky, k3, k2}
and l;, = {ki, ko, k3}, respectively. Similarly, the PLs for subchannels k;, ko, and k3 are
given as Ly, = {J1,J2}, Lk, = {Jo, 71}, and Ly, = {jo, j1}, respectively. Subchannels &,
ko, and k3 have the wait list wy, = 0, wy, = 0, and wg, = 0. Each subchannel has a
quota of one. It is shown below that the proposed algorithm gives each subchannel its
highest ranked user and each user the most preferred subchannels for this system. At the
1-st iteration, users j; and js propose to subchannel k; and then delete it from their PL.
Subchannel k;, with a quota of one, receives the proposals from both users and places
the most preferred user, 71, on its wait list, wy, = j1, while rejecting user j5. At the 2-nd
iteration, users j; and jy propose to the subchannels k3 and ks, respectively, and then

delete them from their PLs. Subchannel k3 places user j; on its wait list, wy, = 71, and
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subchannel %, places user jo on its wait list, wg, = jo. During the 3-rd and final iteration,
user j; proposes to subchannel ko and user j, proposes to subchannel k3. Subchannel k5,
having already placed user j, on its wait list, rejects the proposal from user j; since js is
the most preferred user and it has a quota of one. However, subchannel k3 replaces user
j1 with jo on its wait list since j, is the most preferred user. All the subchannels accept
the users on their wait lists (i.e., wg, = ji, Wk, = j2, and wy, = jo) and the matching
terminates. Now consider a hypothetical scenario that matches subchannel k; with user
J2 and any other subchannel to a user as described above. In this case, subchannel k;
has been matched with a less preferred user j, than j;. In addition, user j; would not be
matched with subchannel k; even though subchannel k; is the most preferred and 7, is the
most preferred user for subchannel k;. However, such an arrangement is unstable since it
is blocked by the user j; and the subchannel k;. Hence, this hypothetical assignment is
impossible for subchannel k;. In conclusion, Algorithm 7 produces the optimal matching
since it only rejects the proposals from users which cannot be accepted by subchannels in

any stable matching.

Appendix C: Proof of Theorem 3

Theorem 3: Algorithm 7 is guaranteed to converge after a limited number of iterations

for any given PLs.

At the begining of Algorithm 7, user j constructs a PL [; over the |,| subchannels.
Therefore, the PL of each user has a maximum of |KC,| elements. At any iteration of
Algorithm 7, after the subchannels make decisions regarding either the placement of a
user on a wait list or rejection of users, each user removes the subchannel it proposed

to at the current iteration from its PL. As a result, the users’ PLs get smaller in size as
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the number of iterations increases. The users’ PLs become empty when the maximum
number of iterations is reached. Note that for a system with |IC,| subchannels, any user

can submit at most |/C,| proposals, leading to a maximum of |, | iterations.
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Chapter 6

Energy Efficient Subchannel and

Power Allocation in Cooperative

VLC Systems

6.1 Abstract

VLC systems can support high data rates for indoor communications. However, the ICI
in multi-cell VLC systems caused by resource sharing and the LoS blockage problem
are significant challenges that cannot be neglected in the design and analysis of VLC
systems. This chapter studies the EE optimization of cooperative VLC systems while
considering ICI and LoS blockage. Specifically, the optimization problem of subchannel
and power allocation to maximize EE under transmit power budgets and users’ mini-
mum rate constraints is considered. The formulated problem turns out to be a difficult
nonlinear fractional program for which a low-complexity iterative solution based on frac-
tional programming theory and the quadratic transform approach is proposed. Extensive

simulations are conducted to show the efficacy of the proposed scheme over conventional
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approaches. In addition, the outage analysis and impacts of varying the transmit power

and the bandwidth of each subchannel on the EE performance are investigated.

6.2 Introduction

The continuous emergence of high data rate wireless applications, as well as the recent
spread of COVID-19, have resulted in an ever-increasing demand for network capacity.
Specifically, COVID-19 has led to significant changes in the way people conduct work and
studies, and therefore contributed to the massive growth in indoor data transmission de-
mand. Concurrently, the RF spectrum available for cellular communications has become
extremely scarce, forcing researchers and network operators to explore viable alternatives
to meet the data volume growth.

Motivated by the proliferation of LEDs and the vast license-free spectrum, VLC has
lately emerged as a potential solution to enhance the cellular network’s capacity [1].
Focusing on EE optimization, few works studied the resource allocation problem in VLC
systems [2-6]. Most of these works considered an indoor VLC system with either a single-
user [2] or a single-cell (i.e., single LED array) [3-5]. Although multiple LED arrays
were considered in [6], the authors made the simplified assumption that the LED arrays
transmit the same signal simultaneously. Note that indoor environments are typically
equipped with multiple LED arrays (forming a multi-cell structure) to guarantee uniform
illumination. The multi-cell VLC system suffers from high ICI (i.e., when different LED
arrays transmit different signals) since the illumination regions of the multiple LED arrays
must overlap to ensure seamless coverage. As a result, the proposed approaches in [2-6]
are not applicable in multi-cell indoor environments where the resulting ICI needs to be
considered and mitigated.

Recently, cooperative communications have been identified as a promising approach
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towards interference management in multi-cell VLC systems. In cooperative VLC sys-
tems, a user can be served by adjacent APs (i.e., LED arrays) via the concept of JT [7,8],
thereby improving the received signal quality. This JT technique alleviates ICI in cooper-
ative VLC systems by converting any interfering signals-arriving from adjacent APs-into
useful signals. Early studies on mitigating ICI in multi-cell VLC systems by combining
fractional frequency reuse and JT were made in [7,8] and an evaluation of the different re-
source allocation patterns that can be applied in cooperative multi-cell VLC systems was
carried out in [9]. The sum-rate optimization problem was investigated for cooperative
VLC systems in [10-12].

EE has become a widely adopted performance metric in the design of wireless commu-
nication networks. Note that existing EE optimization schemes for RF communication
systems are not directly applicable in VLC systems due to the distinct characteristics
of the latter [2]. Therefore, it is crucial to study the EE performance of a VLC sys-
tem while considering ICI and LoS blockages. To that end, this chapter studies the EE
maximization in cooperative VLC systems by considering the optimization of transmit
PA and SA under transmit power budgets and minimum data rate constraints. An it-
erative solution based on the quadratic transform and fractional programming theory is
proposed to address this highly intractable non-convex problem. Simulation results show
that the proposed resource allocation scheme achieves superior EE performance than the
conventional approaches.

The rest of the chapter is organized as follows. The cooperative VLC system that
applies JT, along with the channel model, is described in Section 6.3. The energy efficient
resource allocation problem focusing on SA and PA considering ICI is introduced in
Section 6.4, and the proposed iterative solution is detailed in Section 6.5. Simulation

results are discussed in Section 6.6, and conclusions are drawn in Section 6.7.
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6.3 System Model

6.3.1 VLC Network

As shown in Fig. 6.1, an indoor environment with multiple VLC APs, where each AP
is equipped with directional LED arrays, is considered. All APs are connected to a
CCU located in the cloud or at an RF BS via a high-speed, low-latency BH connection.
Specifically, the LED arrays of an AP are arranged such that there is one central LED
array and additional LED arrays at the outer edges. The central LED array forms a
single cell (i.e., the green cells) and uses single-point transmission to serve users. The
outer edge LED arrays with directed beams specified by the elevation angle 7, merge to
form a cell (i.e., blue and red cells) and cooperate to serve users via the concept of multi-
point JT [7]. Note that these cells are logical and their total number can be represented
by the set R ={1,2,...,7,...,|R|}, where |-| represents the cardinality of a set. Under
the JT technique, all the available LED arrays in a cell transmit the same information on
the subchannel allocated to a user. Due to the special features of the intensity modulation
and direct detection scheme for VLC [13], accurate synchronization is not a requirement.
All the signals arriving from the neighboring APs add up constructively at the receiver’s
end.

It is assumed that OFDMA is used for the VLC system [6] and fractional frequency
reuse is employed. As an example, Fig. 6.1 shows how different sets of subchannels can
be assigned in a multi-cell VLC system. FEach cell r is allocated a predefined number
of OFDMA subchannels represented by the set K, = {1,2,...,k,...,|K,|}. Let V., =
{1,2,...,v,...,|V:|} denote the set of LED arrays serving users in the coverage cell . The
considered network serves | 7| users denoted by the set J = {1,2,...,4,...,|J|}, which
are uniformly and randomly distributed within the indoor environment. The number of

users in any cell r is represented by the set N, = {1,2,...,4,...,|N;|}, where U, N, = 7,
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Fig. 6.1: Frequency reuse pattern in cooperative VLC system.

with {J as the union operator, N, NN; = 0 whenever r # [, with (] as the intersection

operator and () denoting an empty set.

6.3.2 VLC Channel Model

Only the LoS paths are considered as, according to [3], the non-LoS (reflection) paths
have an insignificant effect on VLC systems. The channel direct current gain between
any j and LED array v on subchannel £ can be modeled using the Lambertian emission

model as [6]

Gy, = pip 22 eos™ (0, ) T (U, )G (W, ) cos (), (6.1)

omd? |
v,j

where pj; j, represents the probability of LoS senario on subchannel k for user j, App is the
detection area of the PD, m is the order of the Lambertian emission which is calculated
as m = —log, (cos ((%))71, with cé% as the LED’s semi-angle at half power, d, ; is the
distance between LED array v and user j, ®, ; is the angle of irradiance, ¥, ; is the angle

of incidence, T (¥, ;) is the gain of the optical filter, G (¥, ;) = f72, 0< ¥, ; <V¥poy,

SiHQ\PFOV
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is the gain of the non-imaging concentrator, with f as the ratio of the speed of light in
vacuum to its speed in the optical material and Wrgy is the FoV of the PD. The total
electrical power received by the PD of user 57 on subchannel k£ from all the transmitting

LED arrays in cell r, denoted as V,, is given as

> i (RenGy,) (6.2)

VEV,
where pj ; is the transmit power allocated to user j on subchannel k by the LED array
v, and Rpp is the responsivity of the PD. The corresponding electrical SINR of user j on

subchannel k£ can be expressed as

> Dk (RPDGZ,]'>2

SINRy,; = oEVr . : (6.3)
v (RppGY ., + o2
jéj (wgvrpk’” ( i '”) )

where 7' denotes other users that employ the same subchannel k, v" denotes LED arrays
of other cells that reuse the subchannel k, and o2 is the electrical additive white Gaussian

noise power.

6.4 Energy Efficiency (EE) Optimization

EE can be defined as the ratio of the achievable sum rate to the total consumed power.
The considered EE optimization problem for the cooperative VLC system under users’
QoS requirements and transmit power budgets while considering ICI and LoS blockages

can be formulated as follows
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> > Y pjkBlogy(1+SINRy, ;)

reER jJENy kEKXy

max
x,p,a Z Z Z Z pz,]

reRvEVy jENF kEK,

s.t.

C1l: Z pj,kB 10g2 (1 + SINRkJ) Z Rminaj,
ke

Vje N, VreR

C2:a; K| > X ap;, VieEN,,VreR
kek

6.4
C3:pp; < ap ;PR vje N, Ve e K.,Yv eV, Vre R (6.4)

J- v

Cd: > X pi; S PM™YoeV,VreR
JEN kEK,

Co: ¥ xp; <LVEeEK, VreR
JEN,

C6:xy,;€{0,1},Vj € N.,Vk € K,,Vr € R
CT7:a; €{0,1},Vj e N,,Vr € R
C8:p}; >0,Vj e N, Vk € K,,Yv € V,,Vr € R,

where B is the bandwidth of a subchannel, zj ; is the optimization variable for assigning
subchannel % of cell r to user j, pj; denotes the optimization variable for the power
allocated to user j on subchannel £ by LED array v, a; indicates users in outage: a; = 0
means that user j is in outage (i.e., not allocated any subchannel) and a; = 1 means
otherwise, and R, denotes the minimal rate requirement. The physical interpretation
of the constraint sets in (6.4) is defined as follows. C'1 is the QoS requirements. C'2 ensures
that no more subchannels than available are allocated. C'3 limits the total transmit power
on each subchannel to be below the maximum transmit power, P***  for each LED array,
and also ensures that no power is allocated to user j on subchannel £ if that subchannel
is not assigned to user j. C4 represents the power budget constraint for each LED array.
C) ensures that at most one user can be served on each subchannel for each cell. C6
indicates the binary nature of the SA variables, C'7 indicates that a is a binary variable,

and C8 denotes the non-negativity of the PA variables.
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6.5 Proposed EE Resource Allocation Scheme

Problem (6.4) is non-convex and belongs to the nonlinear fractional programming class,
which is generally difficult to solve. To that end, an efficient, low-complexity sub-optimal

SA and PA solution based on the following three main steps is proposed:

1. The SA problem and the PA problem are separately optimized to reduce the com-

putational complexity [3,6,14].

2. Fractional programming theory and parametric programming are utilized to trans-
form the original fractional-form objective function into a parametric subtractive

form.

3. For a given SA vector, the quadratic transform approach is exploited to find the

optimal PA that maximizes the EE.

Note that the proposed solution for the joint problem (6.4) is a centralized algorithm.
All computations are performed by the CCU, which decides on the SA and PA and
broadcasts the solution to all the APs via dedicated backhaul connections. The downlink
CSI is required at the CCU and can be obtained as follows. Firstly, each LED array
broadcasts some pilot signals to all the users within its cell. Next, each user estimates its
downlink channel and uploads it to the related LED array(s) via wireless infrared or RF

system. Then, all the LED arrays send the CSI to the CCU via backhaul links.

6.5.1 Subchannel Allocation (SA) Procedure

The main idea of the SA procedure is that each subchannel in a cell should be allocated

to the user with the highest power gain. This is mathematically represented as
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1, (k*,j*) = argmax Y G} ;
— k.,j vEV, (6.5)

0, otherwise.

T o

With this approach, it is possible that a user might not be assigned a subchannel due to
the bad channel conditions it experiences on all subchannels. In such a case, the admission
control scheme will deny that particular user access to the network (i.e., a; = 0), and the
user can try again later. This is important since allocating resources to users with bad

channel conditions can lead to inefficient usage of scarce resources.

6.5.2 Energy Efficient Power Allocation (PA)

Since the SA has already been obtained at this stage, zj ; and a; can be regarded as
constants in the optimization problem, leaving only the variable pj, ;. The EE PA problem

then becomes

D ij,kBlogQ(l—‘rSINRk,j)

reER FENT ey

max STYY YL,

reRvEVr jENF kEKy

s.t.

Cl . Z pj,kB 1Og2 (1 + SINR]C,J) Z Rmin;
ke,

(6.6)
Vie N VreR

C3: phy < af P, Vj € N7 VR € K Yo €V, Vr € R

J- v

c4: > > p};j < quna",‘v’v eV.,.VreR
JENF ke,

C8:pp; >0,¥j e NS\ VE e K,,Yv eV, Vr e R,
where NV is a set of users in cell r that have been allocated subchannel(s). By introducing
n as the EE parameter, the fractional objective function in (6.6) can be equivalently
transformed via fractional and parametric programming into the parametric subtractive-

form
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F'(n) = max D (p) —nN (p), (6.7)

where D (p) = X DD pjrBlog, (1+SINRy ;) and N (p) = X X DD p};j.l
reR jEN* ke, reR veV, JEN ke,

The solution p* to (6.6) is also optimal for (6.7) for a certain n* > 0 that satisfies

F (n*) = 0. The optimal objective function value of (6.6) is equal to n*. For a fixed 7,

problem (6.7) has the form

mng (p) —nN (p) s.t. (6.8)

C1, C3, C4, and C8.

Problem (6.8) is still a non-convex optimization problem and is difficult to solve with a
guaranteed optimal solution due to the non-concave objective function as well as the non-
convex constraint in C'l. The non-convexity of the objective function and the constraint
in C'1 arises from the SINR term. To address this difficulty, the quadratic transform
approach, initially proposed in [16] for solving the sum-of-ratio problem, is exploited to
convert (6.8) into an equivalent convex optimization for a given 7. By introducing the
auxiliary variable y, each SINR term in (6.8) can be replaced by the equivalent quadratic

transform term

* v v 2 v’ v’ 2
SINRy; = Q?Jk,jv%:} Dgj (RPDGk,j) - yl%,j (j%;j <v%) Py <RPDGk,j'> ) + U2> , (6.9)

and the equivalent energy efficient PA problem can be reformulated as

! An alternative approach to solve (6.6) is by using (6.9) and the algorithm in [15].
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max D (y, p) — 1N (p)
s.t.

Cl: 5 pxBlogy (1+SINR} ) > Ruin (6.10)
kel ’

Vie N VreR
C3, C4, and C8,

where D (y,p) = X > X pjrBlog, (1 +SINR2J~). Clearly, the quadratic trans-
reR jeN, keK, ’

formed function D (y, p) is concave for p under fixed y and the function D (p) is convex
for p. Thus, the reformulated optimization problem in (6.10) is a convex optimization
problem for a given 1 when y is held fixed because the objective function is concave and
the constraints are either linear or convex.

The problem now lies in how to solve (6.10) for a given 7 since it is a non-convex
optimization in both y and p. For any given 1, y and p are optimized in an iterative

fashion. Specifically, by following [16], it can be shown that the optimal y; ; for fixed pf, ;

is

> Dk (RPDGZJ’)z

* UEVr
Vi, = 2 . (6.11)
> ( > sz/ (RPDG;;J/> ) + o2
J'#5 \V'EVr

Thus, by initializing p to any feasible value, the starting point for y can be easily de-
termined using (6.11). For a fixed y, a Dinkelbach-style algorithm [17] can be used to
solve (6.10) for p and 1. With the solution obtained for p, y is updated using (6.11)
and problem (6.10) is solved to update p and n. This process repeats until both p and
1 converge to the optimal solution. Thus, the proposed energy efficient PA scheme has
an outer iteration index, t.,, for y and an inner iteration index, t;,, for . This iteration

between solving (6.10) for fixed y and updating y via (6.11) is guaranteed to converge
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to the global optimum solution [16]. The convergence of the proposed scheme is guar-
anteed at a superlinear convergent rate [17], since the EE (i.e., 1) increases or remains
unchanged at each iteration for any given iterate of y. This iterative algorithm for (6.10)

is summarized in Algorithm 9.

Algorithm 9 Proposed PA algorithm.

1. Set touy = 1, error tolerance € > 0, and initialize p to a feasible value.
while no convergence do
2. Set tin = 1, nn) =0, and F (n(ti“)) > 0.
3. Determine y(*out) using p®=) and (6.11);
while F' (n(tin)> > e do
4. Update t;, = t;, + 1;
5. Solve the convex optimization problem in (6.10) given y(eu) and nt==1 to
update p{in),

. in D(y(tout)7p(tin)) .

6. Determine n(t ) = W,
7. Set F (n(ti“)) to the objective function value returned after solving (6.10) in line
4.

end while

8. Update tous = tout + 1;

end while.

The computational complexity of the proposed energy efficient resource allocation
scheme depends on the complexity of the SA procedure and the PA algorithm. The SA
procedure has a worst-case complexity of O (|R||K,||N,|). The complexity of the PA
algorithm depends on the complexity of solving (6.10) for any given 1 and y. Since (6.10)
is a convex problem and by following the standard convex analysis [18], it can be stated
that the computational complexity of solving (6.10) is polynomial in the number of vari-
ables and constraints. Consequently, the proposed solution for SA and PA optimization
problem has a polynomial-time worst-case complexity. Note that the VLC channel is time
invariant. As a result, there will be less overheads associated with the implementation of

the proposed algorithm.
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Table 6.1: Simulation Parameters

Parameter Value
Maximum transmit power per LED array, P*** | 20 W
Height of VLC APs 2.5 m
Noise power spectral density, o 10721 A%/Hz
Photodetector responsivity, Rpp 0.53 A/W
LED semi-angle at half-power, ¢% 60°

Gain of optical filter, T' 1
Refractive index, f 1.5

FOV of a photodetector, Vroy 70°
Physical area of photodetector, App 1 cm?
Outer edge LED arrays’ elevation angle, 7 45°

6.6 Simulation Results and Discussions

In this section, the performance of the proposed solution is demonstrated via simulation
results. A 15 m x 15 m x 3 m room model is considered, which is covered by a VLC
system with 4x4 uniformly distributed APs. Each AP is equipped with 5 directional LED
arrays as depicted in Fig. 6.1. Unless otherwise stated, there are 25 subchannels available
in each cell [6], and each subchannel bandwidth is 1.5 MHz. R, is set as 5 Mbps. Other
default simulation parameters are presented in Table 6.1.

The following benchmarks are considered for comparison purposes: 1) allocating sub-
channels to users via the strongest channel gain rule and adopting EPA [19] to allocate
the transmit power, referred to as “SCG-EPA”; and 2) allocating subchannels to users
and performing PA via the RSA method and EPA, respectively, referred to as “RSA-
EPA”. Under the RSA method, users occupy subchannels randomly without considering
the channel state.

Figure 6.2 shows the average EE performance for the proposed scheme and the con-
sidered benchmarks for different number of users. It can be observed that the EE per-
formance of the proposed scheme is significantly higher than that of the SCG-EPA and

the RSA-EPA schemes. This shows the superiority of the proposed solution. Besides,
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Fig. 6.3: EE versus subchannel bandwidth for all schemes.

the EE performance of the proposed scheme improves as the number of users increases.
This is because increasing the number of users for a fixed number of subchannels provides
each subchannel with more candidates to select from, according to (6.5). Moreover, the
proposed PA scheme effectively manages any resulting ICI with the increasing number of
users.

Figure 6.3 plots the EE versus the subchannel bandwidth for all schemes when the
total number of users is set at 40. The subchannel bandwidth is varied from 0.5 MHz to

2.5 MHz. It can be seen that when more bandwidth is allocated to each subchannel, the
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EE enhances for all schemes. The proposed EE scheme effectively utilizes the additional

bandwidth per subchannel as the rate of increase in its EE performance is significantly

higher when compared with the conventional schemes.

Figure 6.4 compares the EE performance of the proposed scheme and the different
benchmarks for various maximum transmit power values. It can be observed that the
EE of the proposed scheme initially improves with the maximum transmit power and
then saturates. However, this is not the case for the SCG-EPA and RSA-EPA schemes

since both schemes always utilize the available maximum transmit power even when the
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additional transmit power has low efficiency in improving the data rates. This results in
the degradation of their respective EE performance. Concerning system design, Fig. 6.4
has revealed that increasing the available transmit power does not always yield additional
EE benefits in cooperative VLC systems.

Figure 6.5 shows the convergence behavior of n for any iterate of y and that of the
proposed energy efficient PA scheme. It can be seen that n converges at the third iteration
(i.e., F (77(3)) < ¢) for any iteration of y. Note that ¥ = 0 and hence it is not shown in
this figure. The proposed PA scheme converges after 8 iterations of y. Thus, Algorithm 9
has a fast convergence rate.

Finally, Fig. 6.6 depicts the number of users in outage in the VLC system as the
number of users varies. Outage occurs when a user is not allocated any subchannel, and
as a consequence, the minimum rate requirement can not be satisfied. The number of users
in outage is significantly low since the considered VLC system and the proposed scheme
are able to combat the LoS blockage and improve the received signal quality of all users.
As expected, increasing the number of users (i.e., to above 35) can result in outages due
to the associated increase in competition for the limited number of subchannels. Because

VLC is mainly used for indoor data transmission and the number of users is typically
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small, the proposed scheme is very practical.

6.7 Conclusion

In this chapter, the SA and PA optimization problem to maximize the EE in multi-
cell cooperative VLC systems that employ joint transmission has been considered. This
problem has been formulated as a non-convex optimization problem and converted into
a series of convex problems by exploiting the fractional programming theory and the
quadratic transform approach. An iterative solution with a fast convergence rate has been
proposed. Simulation results have demonstrated that the proposed scheme outperforms
conventional approaches in terms of EE performance. The results and discussions from
this work can help engineers understand how system parameters such as transmit power
budgets, bandwidth of subchannels, and number of users affect the EE and the outage
performances of cooperative VLC systems. Interesting areas for future studies include
examining BH power consumption and the impact of finite BH link capacity on the

performance of the proposed system model.
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Chapter 7

Energy-Efficient Resource Allocation

for Aggregated RF/VLC Systems

7.1 Abstract

VLC is envisioned as a core component of future wireless communication networks due to,
among others, the huge unlicensed bandwidth it offers and the fact that it does not cause
any interference to existing RF communication systems. In order to take advantage of
both RF and VLC, most research on their coexistence has focused on hybrid designs where
data transmission to any user could originate from either an RF or a VLC AP). However,
hybrid RF/VLC systems fail to exploit the distinct transmission characteristics (e.g.,
susceptibility of VLC transmissions to blockages, limited FoV of VLC APs and receivers,
more coverage and better reliability of RF systems, etc.) of RF and VLC systems to fully
reap the benefits they can offer. Aggregated RF/VLC systems, in which any user can
be served simultaneously by both RF and VLC APs, have recently emerged as a more
promising and robust design for the coexistence of RF and VLC systems. To this end, this

chapter, for the first time, investigates AP assignment, SA, and transmit PA to optimize

181



the EE of aggregated RF/VLC systems while considering the effects of interference and
VLC LoS link blockages. A novel and challenging EE optimization problem is formulated
for which an efficient joint solution based on alternating optimization is developed. More
particularly, an energy-efficient AP assignment algorithm based on MT is proposed. Then,
a low-complexity SA scheme that allocates subchannels to users based on their channel
conditions is developed. Finally, an effective PA algorithm is presented by utilizing the
quadratic transform approach and a multi-objective optimization framework. Extensive
simulation results reveal that: 1) the proposed joint AP assignment, SA, and PA solution
obtains significant EE, sum-rate, and outage performance gains with low complexity,
and 2) the aggregated RF/VLC system provides considerable performance improvement

compared to hybrid RF/VLC systems.

7.2 Introduction

VLC has attracted significant research interest and is expected to be a key component
of future communication systems [1,2]. VLC, a communication technology that uses
frequencies in the visible light spectrum, offers a vast amount of license-free bandwidth,
high security due to the poor penetration of visible light signals, and relatively lower
power consumption since the same power is used for the dual-purpose of illumination and
communication. VLC uses readily available light sources such as LEDs as transmitters
and the receivers are equipped with PDs. Data transmission is achieved in VLC systems
via intensity modulation at the transmitter side and direct detection at the receiver side.

Like other high-frequency communication technologies (e.g., terahertz and millimeter-
wave), signal propagation at such frequencies is short-range and highly susceptible to
blockages. Hence, successful signal transmission in VLC requires a direct LoS path be-

tween the transmitter and the receiver. The inherent characteristics of visible light signals

182



promote a mutually beneficial co-existence of VLC and RF communication systems. More
particularly, RF communication systems cannot support the ongoing rapid increase in de-
mand for capacity due to the limited available radio spectrum in the sub-6 GHz band and
the rising costs of installation and maintenance of RF cell sites. Hence, the co-existence of
VLC and RF communication systems allows the combination of the former’s high-speed
data transmission and the latter’s ubiquitous connectivity. It also provides a promising
solution to the potential connectivity issues (resulting from blockages and users being in
dead zones) in VLC.

The design of communication systems that allow the co-existence of VLC and RF
systems can be realized in two main ways, namely, hybrid RF/VLC systems [3—-24] and
aggregated RF /VLC systems [25-32]. The former realizes signal transmission to any user
via a VLC or an RF link, while the latter utilizes both VLC and RF links simultaneously
to serve any user. However, the challenging problems of AP assignment due to the mix-
ture of heterogeneous APs and the efficient allocation of transmit power and bandwidth
resources arise in such communication systems [2,4,9]. Specifically, the APs and receivers
in VLC systems have limited FoV, affecting the strength of any received signal. As a
result, the closest AP might no longer provide the strongest channel gain [33]. Moreover,
network densification is expected to continue to play a vital role in the next generation
of communication networks. This dense deployment can cause severe overlapping of the
coverage areas, resulting in strong interference effects. Furthermore, the co-existence of
RF/VLC systems will be characterized by multiple heterogeneous layers (e.g., macrocell,
picocell, femtocell, and optical attocell layers) with different coverage sizes and operating
characteristics [3]. Hence, developing highly scalable and novel AP assignment and re-
source management schemes that can exploit the distinguishing characteristics of RF and
VLC systems is of utmost importance.

A number of studies have been carried out to tackle the AP assignment problem
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and/or the resource management issue in hybrid RF/VLC systems under various objec-
tives such as sum-rate [3-10, 20, 21,23, 24], SE [11-13], power consumption [14-17], and
EE [13,18,19,22]. Unlike hybrid RF/VLC systems, few papers have considered the prob-
lem of resource allocation in aggregated RF/VLC systems and none has studied the AP
assignment problem. The authors in [31] investigated EE maximization via SA and PA
for an OFDMA-based software-defined aggregated RF/VLC system with multiple RF and
VLC APs. However, the authors made the simplifying assumption that the multiple LED
arrays transmit the same signal simultaneously and, as a result, ignored any ICI effects.
In [25], the problem of transmit power optimization to maximize the achievable rate was
investigated for an aggregated RF/VLC system with one VLC AP, one RF AP, and one
user. In [26], the authors optimized the transmit power and bandwidth allocation to
maximize the EE of an aggregated system, with a single RF AP and a single VLC AP,
that serves multiple users. By leveraging the bonding technique in the Linux operating
system, the design and real-time implementation of an aggregated system were explored
in [27,28]. The authors focused on a system with one RF AP, one VLC AP, and multiple
users and provided a theoretical analysis of the average system delay. The authors in [29]
studied the EE maximization problem by optimizing the transmit power of an aggregated
system with a single user, a single RF AP, and multiple VLC APs but did not consider
ICL In [30], the authors investigated the joint optimization of the discrete constellation
input distribution and PA to maximize the achievable rate of an aggregated system with
a single user, a single LED, and one RF antenna. The study in [32] explored the PA opti-
mization problem for an aggregated RF/VLC system with a single RF AP, multiple VLC
APs, and multiple users. However, the authors made the simplifying assumption that the
coverage regions of the VLC APs do not overlap and, consequently, did not consider ICI
effects.

From the discussion above, [25] considered PA for sum-rate maximization, [26] studied
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PA and bandwidth allocation for EE maximization, [29] explored PA for EE and sum-
rate maximization, [30] investigated PA for sum-rate maximization, [31] solved SA and
PA for EE maximization, and [32] studied PA for data rate maximization. However, none
of the studies in [25-32] considered the AP assignment problem in aggregated RF/VLC
systems. The novelty of each individual problem treated in this chapter is explained as
follows. Firstly, the AP assignment problem in aggregated systems is different from that
of hybrid RF/VLC systems since, unlike hybrid systems where each user can only be as-
signed to a single AP, a user can be assigned to more than one AP in aggregated RF/VLC
systems if that improves the EE or the sum-rate performance of the system. To that end,
the considered AP assignment problem and constraints have not been investigated yet.
Secondly, the studies in [25-28,30-32] (i.e., the considered SA and/or PA problem(s)) did
not consider the impact of ICI since the formulated SA and PA problems were for single
RF AP and single VLC APs. Although [29] considered multiple APs, ICI effects were
ignored. Hence, the proposed solutions cannot be implemented in an aggregated system
with multiple RF and VLC APs and the considered problems cannot be compared with
the individual problems in our work. Thirdly, only [31] considered blockage effects which
is important in the performance analysis of VLC systems. Moreover, the joint optimiza-
tion of AP, SA, and PA has not been studied for aggregated RF/VLC systems. Since
these individual problems are coupled, it is important to investigate them jointly. Fi-
nally, this chapter reveals how aggregated RF /VLC systems with an appropriate resource
management scheme can achieve significant sum-rate and EE performances.

This chapter investigates the EE optimization of aggregated RF/VLC systems equipped
with multiple RF and VLC APs serving multiple users, taking into account ICI effects

and LoS blockages. The main contributions are summarized as follows:

o This chapter considers an aggregated RF/VLC system composed of a single macro-

cell AP and multiple VLC and picocell APs; that serves multiple users. Under
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the electrical transmit power budgets for the APs and users’ minimum QoS re-
quirements, we study the joint optimization problem of AP assignment, SA, and
transmit PA, while considering the effects of LoS blockages in the VLC systems
and ICI in both communication systems. This aims to maximize the EE of the
aggregated RF/VLC system. To the best of our knowledge, this is the first time
that such an EE optimization problem and constraint sets have been considered for

an aggregated RF/VLC system.

The formulated design problem turns out to be a challenging non-convex optimiza-
tion problem. To handle the non-convexity efficiently, the joint problem is decom-
posed into three subproblems, for which a three-stage alternating solution technique
is proposed. In the first stage, MT is exploited to assign users to APs while consid-
ering any ICI and blockage effects as well as the transmit power budgets of the APs.
Then, in the second stage, each AP allocates its subchannels to the assigned users
according to the quality of the channel condition. Finally, the APs optimize the
transmit PA on the allocated subchannels such that the users’ QoS requirements
and the APs’ transmit power budgets are satisfied while reducing any impact from
blockages and ICI. For the transmit power optimization, the quadratic transform
approach is first used to express the terms of the SINR into non-fractional forms.
Then with a fixed AP assignment and SA, the formulated EE optimization problem
is recast as an equivalent multi-objective optimization problem (MOOP). A solution
for the MOOP based on the e-constraint method is proposed to obtain the globally

optimal solution.

Finally, this chapter demonstrates the effectiveness of the proposed alternating so-
lution for the joint problem and compare it with existing schemes and a hybrid

RF/VLC system. Moreover, it also investigates the impact of LoS blockages and
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users’ QoS requirements on the EE performance of the aggregated RF /VLC system.

The remainder of this chapter is structured as follows. The considered system model
as well as the channel models for the VLC and RF communication links are introduced
and described in Section 7.3. The proposed joint AP assignment, SA, and transmit PA
optimization problem for aggregated RF/VLC systems is formulated and discussed in
Section 7.4. The proposed energy-efficient AP assignment and SA solutions are detailed
in Section 7.5, and the proposed solution for the PA subproblem is presented in Section 7.6.
Section 7.7 presents and analyzes the simulation results. Finally, Section 7.8 summarizes

the work.

7.3 System Model

7.3.1 Aggregated RF/VLC Systems

Figure 7.1 illustrates the three-tier network model for the considered aggregated RF/VLC
system. In this figure, the MBS, also called a macrocell AP, provides blanket coverage
for all users in the network. The PBSs, also called picocell APs, provide smaller cov-
erages such as hotspot areas, while the VLC APs are used exclusively for indoor data
transmission. According to [3], such a network model involving the coexistence of RF and
VLC systems provides several potential benefits that include: (i) high security induced
by the poor penetration of the VLC signals; (ii) high total network capacity by employ-
ing picocell and VLC APs; (iii) high EE by realizing illumination and data transmission
simultaneously in the VLC system; and (iv) reduced interference since the RF and VLC
systems use different spectral bands.
The set of RF and VLC APs are denoted by £ ={0,...,k...,|K| —1} and

V ={1,...,v...,|V|}, respectively, where the index k = 0 represents the macrocell AP
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Fig. 7.1: Network model of a three-tier heterogeneous network.

and |-| is the cardinality of a set. The RF and VLC APs employ the OFDMA scheme
[34,35]. The macrocell and the picocell APs use different sets of subchannels to avoid
cross—tier ICI. However, the same subchannels are reused among all picocell APs and,
as a result, there is co-tier ICI. The OFDMA subchannels for the macrocell and picocell
APs are represented by the set N = {1,...,n,...,|N|} and M ={1,...,m,...,|M|},
respectively. Each VLC AP in any indoor environment consists of an array of LEDs, and
all attocells reuse the same set of subchannels. Hence, there is the occurrence of ICI in
places where the illumination coverage of the VLC APs overlap. The VLC subchannels
are represented by the set @ ={1,...,q,...,|Q|}.

The network serves J users, represented by the set 7 = {1,...,7,...,|J|}, with multi-
homing capability that allows any user to aggregate resources from RF and VLC APs,
simultaneously. The users are uniformly and randomly distributed within the macrocell.
A block diagram of signal transmission and reception in the downlink for any user with
multi-homing capability is depicted in Fig. 7.2. In this figure, the message signal is
transmitted simultaneously via the RF and VLC APs assigned to the user, where the
signal s is a real signal and s, is a complex signal for the VL.C and RF links, respectively.
The user’s receiver comprises a single PD, with a transconductance amplifier (TCA) that

converts the current output from the PD to voltage, and a single RF antenna for receiving
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Fig. 7.2: Block diagram of data transmission in an aggregated RF/VLC system.

the independently transmitted signal over the VLC and RF links, respectively. It is
assumed in this work that the CSI is known at the APs, and there are BH links between
the macrocell AP and all the other APs for the reliable exchange of CSI. The CSI can be
collected in the following way. Each AP broadcasts pilot signals to all users. Then, each
user estimates the CSI and sends it to the related AP via a feedback channel. Finally, all
the APs send the CSI to a CCU.

7.3.2 Channel Model
7.3.2.1 RF Channel

The channel power gain between user j and the macrocell AP on subchannel n can be

expressed as [26]

L(doyj)+\Il+F+Xg [dB]

Gr. =10~ 0 : (7.1)

where L (-) denotes the distance-dependent pathloss given by [36]:
L (do;) = 128.1 + 37.6logyq (do.) , (7.2)

with dp; being the distance between user j and the macrocell AP in km, V¥ is the pene-
tration loss which is defined as ¥ = 0dB for outdoor users and ¥ = 20dB + 0.5d for any

indoor user, with d being a distance parameter in m that takes an independent uniform
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random value from [0, min (25, dp ;)]. The parameters I" and X,, represent the multipath
fading and the log-normal shadowing standard deviation, respectively.
The channel power gain between user j and picocell k, k # 0 on subchannel m is [26]

L(dk’]-)Jr\IIJrFJrXJ [dB]

kg =107 0 : (7.3)

where

L (di;) = 140.7 + 36.7og,, (di;) , (7.4)

with dj ; being the distance between user j and the AP k, and ¥ = 23dB + 0.5d for any
indoor user served by any picocell AP with d being a distance parameter with value from

[0, min (25, di ;)] [36].

7.3.2.2 VLC Channel

Only the LoS paths are considered as, according to [26], the non-LoS signals degrade
significantly and may result in unsuccessful data transmissions. The LoS channel power

gain between user j and the VLC AP v on subchannel ¢ can be expressed as follows:

Guj = Pog 7141)552%1;1)008”” (0,) T (t0,)G (Y,5) cos (1hu5) , (7.5)

where pf ; is the probability of LoS availability (i.e., the probability that there is no
obstacle in the communication link) between AP v and user j on subchannel ¢, App is the
physical area of the PD, m; is the order of the Lambertian emission which is calculated
as mp; = —log, (cos (¢1/2))71’ with ¢1/5 as the LED’s semi-angle at half power, ¢, ;
represents the AP v irradiance angle to user j, 1, ; is the angle of incidence of AP v to
user j, T (1,;) is the gain of the optical filter, and G (¢, ;) = f?/sin*¥poy, 0 < 1, ; <
Yrov, represents the gain of the non-imaging concentrator, where f and g,y denote the

refractive index and FoV, respectively.
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7.3.3 Achievable Rates

Shannon’s capacity formula for additive white Gaussian noise channels is used to represent
the achievable data rate on any RF' link for mathematical tractability in this work. Based
on this equation, the achievable downlink rate on subchannel n of the macrocell AP for

user j is calculated as

2
m

Ve
6, |Goy
M
Ngry Brr

g,j = BRF 1Og2 1+ (76)

where By is the subchannel bandwidth, pg; is the transmit power allocated to user j on
subchannel n, and Ngr is the power spectral density of additive white Gaussian noise at
the RF receiver. Similarly, the downlink rate on subchannel m of picocell AP k for user

J is given by

2
m m
Pk ‘Gk,j

2
% k%;kpz},j' G| + NeeBre
J'#I K

Ry'; = Brrlogy [ 1+ Jk #0, (7.7)

where p'; is the transmit power from picocell AP k to user j on the subchannel m,
and j' and k' denote other users and picocell APs that reuse the same subchannel m,
respectively.

In OWC systems in general, and VLC systems in particular, there is no suitable closed-
form channel capacity formula. Thus, the following tight lower bound on the achievable

data rate for user j on subchannel ¢ of the VLC AP v is used [10, 37|

xp(1) Pg,j <RPDGg,j)2

2
YD pg/,j/<RPDGg/,j> + NvrcBvie
i viF

e
RZJ = pg’jB\/Lc IOgQ 1+

: (7.8)

where Bypc is the subchannel bandwidth, pgﬁj is the electrical transmit power from VLC

AP v to user j on the VLC subchannel ¢, v' ranges over other VLC APs that reuse
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subchannel ¢ to serve other users, denoted as j', and Ny is the power spectral density
of noise at the PD.

According to the block diagram in Fig. 7.2 for data transmission in aggregated RF /VLC
system, the achievable data rate of user j is given as

Ry=> >R+ > > R'+> Rpj (7.9)
Yo Vg Vk,k£0 Vm Vn
and the sum of the achievable rates in the three-tier heterogeneous network is calculated
as Ry = ; R;. The total transmit power allocated to user j is given by
J

Pp=3"% i+ D D oDi Y phj (7.10)

Yv Vq Vk,k#0 Ym Vn

where the first, second, and third summation terms represent the total power consumed
by the VLC, the picocell, and the macrocell APs, respectively. The total transmit power

used to serve all users in the entire network is calculated as

Pr = Ppps (K| = 1) + Pugs + Pvrc (V]) + D P;, (7.11)
vy

where Ppps, Pups, and Pypc denote the circuit power consumption for any picocell,

macrocell, and VLC AP, respectively.

7.4 Energy Efficiency (EE) Maximization Problem

The efficiency of any system is a measurable quantity determined by the ratio of its output
to input. In the system model presented in Fig. 7.1, efficiency can be seen as the extent
to which the RF and VLC APs are assigned among the users, the available subchannels
are allocated to the users, and the available transmit power to the RF and VLC APs are
utilized to provide users with at least their required data rates. To that end, the EE [in

bit/Joule] can be defined as the ratio of the amount of data transmitted to the amount of
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power consumed in the network. The considered EE maximization problem via the joint

optimization of AP assignment, SA, and transmit PA can be formulated as

max 1) = %
X,p,;s,a T

s.t.
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(7.12)

where the variables to be optimized are the AP assignment vector x, the SA vector s, the

transmit PA vector p, and the outage vector a, where user j is said to be in an outage

(i.e., a; = 0) if that user is not assigned any subchannel and a; = 1 means otherwise.

Specifically, the AP assignment variables zj ; and z,; denote the assignment of RF AP

k to user j and that of VLC AP v to user j, respectively. The SA variables si';, sq ,
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and sg,j indicate the assignment of subchannel m of picocell AP k to user j, subchannel
n of the macrocell AP to user j, and subchannel ¢ of VLC AP v to user j, respectively.
Similarly, py';, po;, and pgd- represent the transmit power allocated by picocell AP k to
user j on subchannel m, by the macrocell to user j on subchannel n, and by VLC AP v
to user j on subchannel ¢, respectively.

The physical meaning of the constraints in (7.12) is explained as follows. Constraint
C'1 ensures that any subchannel of an AP can only be allocated to a user if that user is
assigned to that AP. For example, considering the picocell AP k and user j, the variable
sy; can take the value of 0 or 1 when z;; = 1, and can only take the value of 0 when
x; = 0. Constraint C2 implies that the transmit power on each subchannel should not
exceed the maximum value specified by P, Py, and P,, for picocell AP k, the macrocell
AP, and VLC AP v, respectively. Moreover, C'2 ensures that no power is allocated to
any user on any subchannel if that particular subchannel is not assigned to that user.
Constraint C3 is the transmit power budget for the APs. Constraint C'4 guarantees that
any subchannel of an AP is allocated to at most one user. Constraint C'5 ensures that
no more subchannels than available are allocated to user j. Constraints C'6 and C7
ensure that each user is assigned to one RF AP and at most to one VLC AP, respectively.
Constraint C'8 guarantees the minimum QoS requirement, R,;,. [t requires that the
aggregate data rate of user j not in an outage is constrained to be equal to or higher than
Ryin. Constraints C'9, C'10, C'11, and C'12 are imposed to guarantee that the transmit
power variables are non-negative, the SA variables are binary, the AP assignment variables
are binary, and the outage variables are binary, respectively.

Problem (7.12) is unique for aggregated RF/VLC systems and has not been studied
before. For instance, the problem requires that each user should be assigned to an RF AP,
and also a VLC AP if that will impact the EE performance positively. However, a user

assigned to an AP does not necessarily guarantee that any subchannel(s) will be allocated
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to that user from the AP as specified in constraint C'1. Note that subchannels are scarce
resources that should be utilized efficiently. Allocating them to any user when the channel
condition is bad would require the AP to transmit at a higher transmit power to guar-
antee Ry,. This could result in high interference for users sharing the same subchannel.
Moreover, the joint problem in (7.12) is difficult to solve directly due to the existence
of both binary and continuous variables, the non-convex SINR structure in the objective
function, the coupling of the decision variables, the QoS requirement constraint, as well
as the fractional form of the objective function. This joint problem belongs to the class of
mixed-integer nonlinear programming problems. To obtain the global optimal solution,
a direct approach would involve an exhaustive search of all the possible AP assignment,
SA, and PA combinations to find the solution that yields the highest EE performance.
However, the computational complexity associated with the exhaustive search method is
exponential and, as a result, infeasible in practice, even for small network sizes. More-
over, by decoupling this joint problem into three subproblems, each subproblem remains
challenging to solve with conventional convex and quasi-convex optimization techniques.
Specifically, the AP assignment and SA subproblems are combinatorial optimization prob-
lems, while the PA subproblem is challenging due to its non-convex structure.

The proposed approach involves separately optimizing the AP assignment, the SA, and
the transmit PA subproblems in order to reduce the associated computational complexity
and solve the EE optimization problem in (7.12) faster [9,31,38]. The joint solution to
(7.12) can therefore be obtained by either alternating among the three subproblems until
convergence or by just solving the three subproblems once but in a successive fashion, as

illustrated in Fig. 7.3.1 Simulation results will be used to compare these two approaches.

I'Note that the proposed solution approaches are generic and can be readily adapted in other RF and
VLC systems that employ channel models other than those in Section 7.3.2.
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Fig. 7.3: Framework to obtain the joint solution: (a) alternating optimization; (b) non-
alternating.

7.5 Energy-Efficient AP Assignment and Subchannel

Allocation (SA)

In this section, the AP assignment and the SA optimization subproblems are investigated,
and practical solution approaches are proposed. More particularly, the AP assignment
subproblem is considered first, and a matching algorithm based on MT [39,40], is pro-
posed to assign APs to users such that the EE performance is maximized. Then, each
AP allocates the available subchannels to users according to the quality of the channel

conditions.

7.5.1 Energy-Efficient Access Point (AP) Assignment

The proposed matching algorithm for the AP assignment subproblem is described in
this subsection for any given transmit PA. The main idea of this matching algorithm is

explained as follows. Firstly, the potential EE performance for user ;7 within the coverage
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range of the RF AP k and the VLC AP v is calculated as in (7.13) and (7.14), respectively.

—_ = 2
Pr|Gr,j
BRF 10g2 <1+ NF|{FBF7{1L )
L if k=0,

Pyps+Pr
EEy; = (7.13)
Pi |G|’
BRF 10g2 1+ — — 72
E Pk/’Gk/J‘ +NRrBRF
K £k .
Pons TP , otherwise.
_ exp(1) Pu(BppGuy)’
PUJBVLC log, [ 1+ o — —
> Pv/(RPDle,j) +NvLcBvLe
[
EE,, = g (7.14)
g . .
Pyre + P,

In (7.13), Py, which is obtained by dividing the total power by the number of subchannels,
is a predetermined transmit power that each user is allocated when assigned to RF AP k
and Gy ; = <VZ G’,jfj) /| M| is the average channel power gain between AP k and user j
over all the Algn’s subchannels. In (7.14), P, is the predetermined transmit power that is

allocated to any user that is assigned to VLC AP v, p, ; = (Z pii,j) /19| is the average
Vg

of the probability of LoS availability between AP v and user j, and G, ; = (VZ Gg,j> /19|
is the average channel power gain between AP v and user j. Note that the Eg definitions
in (7.13) and (7.14) accurately capture the LoS blockages for the VLC links as well as
ICIT effects in the VLC and RF communication systems. Secondly, each of RF AP k
and VLC AP v constructs a PL by sorting EE; ; and EE,; in decreasing order of j,
respectively. Similarly, user j builds a PL of the RF APs and VLC APs by sorting EEy ;
and EE, ; in decreasing order of k and v, respectively. For the RF system, the PL of APs
and users is denoted by the set Lrrp = {1350, ce lggk e ,lggmq, IRE ,I?F, . ,IE}T},
where 15g  denotes the preference relations of RF AP k over the set of user terminals

(UTs), while I?F represents the preference relations of user j over the set of the available

RF APs. Thus, the first user in I3 corresponds to j* = argmax; EE;, j € J. Given
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RF AP k and users ji,j2 € J, it can be concluded that AP k prefers j; to js if j;
precedes j, on AP k’s PL. For the VLC system, the PL of APs and users is denoted by
the set Lyic = {13501,...,135Cv...,1850‘”,11“0,...,1]VLC,...,1|VJL,C}, where 197, and
l}/LC represent the preference relations of VLC AP v over the set of UTs and user j
over the available VLC APs, respectively. Finally, the energy-efficient AP assignment
can therefore be formulated as a 4-tuple (K, 7, Prr, Lrr) and (V, T, Pvrc, LvLc), for
the RF and VLC systems, respectively, with Prp = { Py, ..., Pg, ..., Pc—1} and Pyrc =
{Pi,...,P,,..., Py} being the quotas for the RF and VLC APs, respectively, that indicate
the available transmit power budget of each AP. It is desired to match the elements in
the disjoint sets K and J for the RF system and V and J for the VLC system using the
preference relations defined in Lrr and Ly, respectively. Note that the AP assignment
matching games for the RF and VLC systems can be implemented simultaneously and in
parallel since our formulated matching game only considers the transmit power budgets.
A formal definition of this bilateral matching? game is given as follows.

A one-to-many matching prr (pyrc) is defined as a mapping from the set £ U J

(VU J) into the set of all subsets of XU J (VU J) such that for each k € K, v € V and
1€ J:
1. |urr (j)| = 1 for every user j, where urrp (j) = k denotes that user j is assigned to RF

AP k at the matching prp, and |puyre (7)] < 1 for every user j, where pyrc (5) = v

indicates that user j is assigned to VLC AP v at the matching pvyc.
2. |urr (k)| Py < Py for every RF AP k and |pvrc (v)| Py, < P, for every VLC AP v.

3. prr (7) = k if and only if urp (k) = j, and pyrc (j) = v if and only if pyre (v) = J.

Condition (1) ensures that each user is matched to only one RF AP and at most to

one VLC AP. Condition (2) guarantees that the total power allocated to the matched

2The matching is bilateral because a user is associated with a given AP if and only if that AP is
assigned to that user.
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users by any RF and VLC APs does not exceed the available power budget (i.e., quota).
Condition (3) states that if a user j is matched to the RF AP k, this AP k is also matched
to the same user j, and the same can be said about the VLC APs. The QoS requirement
defined in constraint C8 of (7.12) is not included in the AP matching game since the
existence of R, will severely restrict the matching of users and APs and, as a result,
affect the quality of the solution obtained from the matching game. The QoS requirement
is considered in the PA subproblem, where the users’ R, can be satisfied by adjusting
the PA coefficients.

The proposed algorithm to solve this bilateral matching game and obtain the global
optimal solution to the EE AP assignment subproblem is summarized in Algorithm 10.
This matching procedure is assumed to be performed by a CCU located at the macrocell
AP or in the cloud and provided with any required input data. In this algorithm, the
CCU takes as input data the initial transmit power values, the average channel gain
information, the LoS availability information, the PLs of both users and APs, and the
quota of the APs, and delivers a final matching relation p*. In the initialization stage, the
CCU denotes the preference index of user j as ¢; with ¢; = 1,V; and also represents the
waitlist of RF AP k as Wy, = 0 and VLC AP v as W, = (. At the ¢;-th iteration of the
matching game, user j proposes to match with its top-ranked AP and removes this AP
from its PL (thus, this is done in parallel for the RF and VLC system). RF AP k& (VLC AP
v) places on its waitlist Wy, (W) the top-ranked users such that the sum of their allocated
transmit powers do not exceed RF AP k’s (VLC AP v’s) quota Py (P,). Thus, the PL’s
size of any user reduces by one at the end of each iteration, and the second-ranked AP
at the t;-th iteration becomes the first ranked one at the start of the ¢; 4 1-th iteration.
During the ¢; + 1-th iteration, each user submits a proposal to its most preferred RF and
VLC APs on their respective updated PLs. Once again, each AP selects the top-ranked

user among the new applicants and those on its waitlist, then places the selected user on
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Algorithm 10 Energy-Efficient MT-Based AP Assignment.

Input: Pk, ék,j; pvd, PU, év’j, ERF, EVLC; PRF, and PVLC7 with k& € K:, J € j, and
ve V.
Initialization: Set iteration counter for user j as t; = 1, and let the waitlists for the
APs be denoted by W, = () for RF AP k and W, = () for VLC AP v, with k € K,
jeJ,and v e V.
while [ # 0, Vj € J and Wy, = 0, Vk € K do
(i) At the t;-th iteration, user j sends a proposal request to the t;-th preferred RF
AP in its PL (i.e., I;¥) and clears that AP from the PL.
(ii) For each of the RF APs, AP k considers all the proposal requests from the users
and places on the waitlist W, the highest-ranked users in its PL and rejects proposals
when the quota Py is reached.
(iii) Set t; =t; + 1.
end while
while [y*¢ £ 0, Vj € J and W, = 0, Vv € V do
(i) At the t;-th iteration, user j sends a proposal request to the ¢;-th preferred VLC
AP in its PL (i.e., ;) and clears that AP from the PL.
(ii) For each of the VLC APs, AP v considers all the proposal requests from the users
and places on the waitlist W, the highest-ranked users in its PL and rejects proposals
when the quota P, is reached.
(iii) Set t; = t; + 1.
end while
Output: The APs accept all users on the waitlists to form the stable matching ©* and
the AP assignment solution x* can be computed from (7.15).

an updated waitlist while rejecting the rest. This matching procedure terminates when
every user is either on a waitlist (i.e., Wy, # 0, k € K and W, # 0, v € V) or has been
rejected by every AP on its RF and VLC PLs (ie., I} =0, 'Y =0, j € J). At this
point, each AP accepts the users on its waitlist, and a final stable matching p* has been

obtained. The AP for all users can be computed from the final matching according to

1, if u* (j) = k,Vk € K 1, if yu* (j) = v, Yo € V
Thj = 1 and 1w, ; = # ) (7.15)

0, otherwise, 0, otherwise,

for RF AP k£ and VLC AP v, respectively.
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7.5.2 Analysis of Stability, Optimality, and Convergence

In this subsection, the properties of the proposed matching algorithm for the energy-
efficient AP assignment subproblem are analyzed. Before discussing the stability property,
the definition of a blocking pair is provided.

Definition 1: Any pair of user j € J and RF AP k£ € K or user j € J and VLC AP
v €V is said to be a blocking pair if user j and the RF AP k or user j and the VLC AP
v prefer each other over their partners in the current matching.

Definition 2: A matching is stable if there is no blocking pair.

The above definition of stability implies that there is no pair of user and AP or an
unhappy user or an unhappy AP that prefers being matched to each other or to another
AP or to another user instead of being matched to their current partner.

The proposed matching algorithm in Algorithm 10 is guaranteed to converge to a
stable matching phy and p3; o for the RF and VLC systems, respectively, for any stated
preferences. The reason is that, at the end of Algorithm 10, user j* is matched with
the top-ranked (i.e., most preferred) RF AP k* on its final updated PL, l]P-EF, under the
matching pugrr (5%). For the VLC system, user j* is matched with the top-ranked AP v* on
its final updated PL, l}’}c, under the matching pyrc (j*). This matching is stable since
RF AP k (VLC AP v) that user j* originally ranked higher than k* (v*) was deleted from
the PL It" (l}iF) after user j* sent a proposal request and got rejected. Therefore, the
final matching gives RF AP k£ and VLC AP v a user that it ranked higher than j*. It
can be concluded that Algorithm 10 produces the stable matching pfp and g3, which
is not blocked by RF AP k-user j pair and VLC AP v-user j pair, respectively.

Algorithm 10 is guaranteed to produce a matching that gives each user j* its highest
ranked VLC AP v* and/or its highest ranked RF AP k* and, as a result, obtains the
globally optimal AP assignment solution. This follows from the fact that the output

of Algorithm 10 is a stable matching and it can be shown that this stable matching is
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unique [41]. Specifically, the proposed matching procedure provides an optimal matching
for each user and that forms the basis for the overall matching outcome. Thus, the
proposed algorithm guarantees that the final matching gives users the APs that contribute
to the highest network EE and only rejects the proposals of users that cannot be accepted
by APs in any stable matching.

Finally, Algorithm 10 is guaranteed to converge in a finite number of iterations, which
is upper bounded by the number of APs, since no user sends more than one proposal

request to any AP.

7.5.3 Subchannel Allocation (SA) Scheme

Having obtained the AP assignment solution from Algorithm 10, a low-complexity sub-
optimal SA is proposed in this subsection. This scheme assigns any subchannel of an
AP to a user based on the quality of the channel condition. A sub-optimal scheme is
motivated because the optimal SA scheme, i.e., the exhaustive search, needs to search all
possible combinations of users and subchannels for all APs and select the solution that
maximizes the EE of the aggregated system. However, the task of enumerating all the
candidate SA solutions dramatically increases the associated complexity of the exhaustive
search. In comparison, the proposed SA scheme is more straightforward and can tackle
the SA subproblem faster.

The main idea of the SA scheme is that the macrocell AP, any picocell AP k € IC, k # 0,
and any VLC AP v € V should allocate any subchannel n € N, m € M, and ¢ € Q,
respectively, to the user with the highest channel power gain. For instance, the macrocell
AP assigns subchannel n to user j* (i.e., o+ = 1) if j* = arg max; GG ;. Similarly, picocell

k and VLC AP v perform SA according to si’;. = 1 if j* = argmax; G}, and s; ;. = 1

q

if j* = argmax; G ;, respectively. Based on the SA solution s, any user j € J can be

said to be in outage (i.e., a; = 0) if X sp;+ X sp;+ X s;; = 0. Such user can later
neN 7 meM T qeQ
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try to access the network via the network’s admission control scheme.

7.6 Energy-Efficient PA Scheme: ¢-Constraint Ap-
proach

Given the AP assignment and SA solutions, the transmit PA is optimized in this section
to maximize the EE of the aggregated RF/VLC system. Specifically, the energy-efficient

PA subproblem can be formulated as

Rr
max = =
XN = Py

s.t. (7.16)

C2, C3, C8, and C9.

The PA subproblem above is non-convex since (i) the objective function is in a fractional
form with respect to p and (ii) there are ICI terms in the rate function of the objective
function and the QoS requirement in C'8. Moreover, problem (7.16) can be classified as a
MOOP and is hard to solve in general since it involves two conflicting objectives, namely,
maximizing the sum-rate while minimizing the total power consumption. Typically, there
is no single global solution; rather, there is a set of acceptable trade-off optimal solutions
called the Pareto optimal set and corresponding objective function values called the Pareto
optimal frontier. A solution belongs to this set if no other solution can improve one of the
objective functions without reducing the other objective function values. Although the
MOOP in (7.16) can be converted into a single objective function (i.e., by rewriting the
objective function into a parametric subtractive form) and then tackled by the well known
Dinkelbach algorithm [42], such an approach has several limitations including [43]: 1) the
objective function in a parametric subtractive form leads to only one solution and system

engineers may desire to know all possible optimization solutions; 2) trade-offs between the
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objectives (i.e., sum-rate and total power) cannot be easily evaluated; and 3) the solution
may not be attainable unless the search space is convex.

In this section, a low-complexity solution, based on the framework of the e-constraint
method for MOOPs [44], is proposed to discover the entire Pareto optimal frontier of
(7.16) that also contain the global optimal solution. The concept of Pareto dominance is
first introduced.

Definition 3 (Pareto dominance): Given two solution vectors p and p®, p® is
said to Pareto dominate p'?, if and only if (i) solution p(!) is no worse than p(® in all
objectives, and (ii) solution p™) is strictly better than p(® in at least one objective. Thus,
solution p» is non-dominated by p®.

According to the e-constraint method, the EE optimization problem in (7.16) can be

cast as
min Pr
1
s.t.
(7.17)
C2, C3, C8, C9,
Cl13: Ry > e,
where € = A X Ryax with A € (0,1] and Rp.x determined from
R.x = max Rp
P
s.t. (7.18)

C2, C3, C8, and C'9.

In (7.17), the numerator function (i.e., the sum-rate) of the original EE problem in (7.16)
has been transformed into the constraint C'13 that requires that the sum-rate of the
aggregated RF/VLC system, Rr, should be greater than or equal to e. Thus, € represents
a lower bound of the value of Ry. The motivation for moving the sum-rate term to the
constraint set is that the achievable rate is a function of the transmit power and, as a

result, the impact of the total power consumed on the EE is much more significant than
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that of the sum-rate. By choosing different values for A and repeatedly solving (7.17), we
can generate its complete Pareto optimal set [44]. Specifically, for any value of A (and
€), the resulting problem with C'13 divides the original feasible objective space into two
portions, Ry > € and Rr < e. The right portion becomes the feasible solution of the
resulting problem stated in (7.17). In this way, intermediate Pareto optimal solutions
can be obtained for nonconvex objective space problems as the unique solution of the
e-constraint problem stated in (7.17) is Pareto optimal for any given lower bound e. To
solve (7.17), the value of Ry,ax must be determined first by solving (7.18), which is a sum-
rate optimization problem. An approach for solving the non-convex problem in (7.18) is

proposed below.

7.6.1 Determining R,

Problem (7.18) is highly intractable and non-convex because of the SINR terms in both
the objective function and the constraint C'8. To overcome this difficulty, the quadratic
transform approach, originally proposed in [45], is used to transform the fractional SINR
terms into an equivalent non-fractional form. According to the quadratic transform tech-

nique, any SINR term in the RF system can be equivalently represented as

2 2
V Ji#i Kk

where y;"; is an auxiliary variable for the SINR term introduced by the application of
the quadratic transform technique. For the VLC system, a similar transformation can be

carried out according to

2 2
SINR;; = QyZ,j\/pg,j (RPDGg,j) — Yy <§ z#: D jr (RPDGZ’J‘) + NVLCBVLC> :
jiZiviZv
(7.20)
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Algorithm 11 Proposed Algorithm to Determine Ry,

Set the iteration counter ¢ = 1, maximum error tolerance ¢ > 0, R{¢) > ¢, RO) =0,
Py

and initialize p'® using the equal power assignment (EPA) scheme, where PO = Nk
Phy = %, Vk,k #0, and p] ; = %', Yo,
while R(9) — RV > ¢ do
c=c+1;
Calculate y(© using p(¢~Y and (7.22);
Solve the convex problem (7.21) given y© to obtain R() and p(®;
end while

Output: R.x.

By utilizing the SINR terms in (7.19) and (7.20) to calculate the achievable rate of any

user as well as the sum-rate Ry, problem (7.18) can be equivalently reformulated as

R.x = max Ry
P,y

s.t. (7.21)

C2, C3, C8, and C9.

Although, (7.21) remains non-convex in p and y, it becomes a convex optimization prob-
lem when y is fixed and the optimal solution can be obtained using the CVX toolbox [46].
For a fixed p, the optimal solution for y, denoted by ¥ can be obtained in closed form
by solving 9SINR}";/dy;"; = 0 for the RF system and dSINRY ;/dy; ; = 0 for the VLC

system. Specifically,

2
m m
\/ Pk.j ‘Gk,j‘

2
> pi,j/< G >+NRFBRF

31 Kk

Poj (RPDGZJ)2

5 .
q q
jgj UIZ;QU Py i (RPDGU/,]) +NvLcBvLc

AN 21—
yk,j - ) yv,j -

(7.22)

Then, the optimal p for any fixed y can be obtained by solving the resulting convex
problem in (7.21). The proposed algorithm to determine the value for R,y is summarized

in Algorithm 11.
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7.6.2 Determining the EE Solution

Given the value of R« and any value for A, the transmit power minimization problem in
(7.17) can be formulated as in (7.23) after replacing the SINR terms with their equivalent
quadratic forms given in (7.19) and (7.20).

min Pr
p?y

s.t. (7.23)

C2, C3, C8, 9, and C13.

In (7.23), the decision variables are the transmit power vector p and the auxiliary variable
y. It is non-convex in both p and y due to the constraints in C'8 and C'13. However,
for a fixed y, (7.23) becomes a convex optimization problem. On the other hand, the
optimal solution for y can be determined using the closed form expressions in (7.22).
Thus, for any given value of A (and its corresponding € value), problem (7.23) is solved by
optimizing p and y in an alternating fashion until convergence. The proposed algorithm
for solving (7.23) and obtaining the optimal EE solution, denoted by n*, is summarized
in Algorithm 12.

In this algorithm, problem (7.23) is solved repeatedly for the different values of the
e vector. Specifically, by initially setting A = 0 and increasing it by a small step size
such that A\ always has a positive value in the range of (0, 1], different values of € can
be generated according to € = A X Ry.x. The values of A must be in the range of (0, 1]

because:

1. If A =0, e = 0 and, as a result, (7.23) becomes a transmit power minimization
problem without any constraint on the sum-rate (i.e., C'13 becomes inactive). Since
EE seeks to balance the total power consumed and the achievable rate simultane-
ously, it becomes imperative to consider the sum rate. Since this is not the case

when A = 0, A must always have a value greater than 0.
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Algorithm 12 Proposed Algorithm to Solve (7.23)

Input: R.«;
Set A = 0, step size u = 0.1, outer iteration counter ¢ = 1, maximum error tolerance
e >0, and vy = 0;
Create an empty non-dominated set G and Pareto optimal front n;
while A <1 do
Set inner iteration counter ¢ = 1, the convergence parameter 'y(c) > ¢, and initialize
p'© using the EPA scheme;
Set A = X+ u;
Calculate € = ARk
while 7(© — 4= > ¢ do
c=c+1;
Calculate y© using p~" and (7.22);
Solve the convex problem (7.23) given € and y(© to update p(®;
Set v to the objective function value of (7.23);
end while

RT<p(°),y(c)) )

Pr(p@y©)’
Set G = (p©,y);
Update t =t + 1;

end while

Output: 1, G.

Calculate ' =

2. If A > 1, € > Ryax, and problem (7.23) becomes infeasible since, with the given
transmit power budgets of the APs and according to (7.21), the maximum attainable
sum-rate in the aggregated RF /VLC system is Ry,.x. Hence, values of A greater than

one are not considered.

3. If A\ =1, € = Rpax, and problem (7.23) becomes a sum-rate maximization problem.
4. If0 <A <1,0<e< Ryax, and (7.23) turns out to be a MOOP.

Based on the above discussions, values for A in 3) and 4) are used in the proposed al-
gorithm. At the ¢-th iteration of the algorithm, problem (7.23) is solved for the given
values of X\ and € to obtain the optimal solution, which is stored as the vector G' and
the corresponding EE solution is denoted as ‘. Note that G is the non-dominated set

of solutions for the problem in (7.16). For any solution outside this set, we can always

208



find a solution in G that will dominate the former. Thus, G has the property of domi-
nating all other solutions that do not belong to this set. At the end of the algorithm,
the different solutions in G form the Pareto optimal set. Since it is desired to obtain the
best EE performance (i.e., most appropriate trade-off between sum-rate and total power
consumption), the Pareto optimal solutions are ranked based on their corresponding ob-
jective function values, and the best is selected as the solution for the EE optimization
problem in (7.16). This solution is the global optimum since it is determined by solving

the convex problems in (7.21) and (7.23).

7.6.3 Complexity of the EE Optimization Solution

The overall complexity of the proposed joint solution for the energy-efficient AP assign-
ment, SA, and transmit PA involves the computations involved in solving each sub-
problem. For a given SA and PA, the worst-case complexity of the energy-efficient
AP assignment algorithm in Algorithm 10 can be given as O (|J| x Sap X log Sap) +
O (|T| x Sap) = O(|TJ| x Sap x log Sap), where Ssp is the number of subchannels for
each AP, the term O (|J| x Sap % log Sap) is the complexity for all users constructing
their PLs using off-the-shelf sorting algorithms such as merge sort and quick sort, and
the term O (|J| X Sap) is the complexity of all users proposing to the subchannels of the
APs assigned to them. For any given AP assignment and PA, the worst-case complexity
of the proposed SA procedure for each AP is O (|JKUV| x |J| x Sap). In comparison to
the optimal SA procedure (i.e., exhaustive search) which has a computational complexity
of O ((|/C UV]) Sap! x 27 ), the proposed SA scheme has significantly lower complexity.
With regards to the PA subproblem for any given AP assignment and SA, the associated
computational complexity comes from solving (7.21) and (7.23). Since (7.21) and (7.23)
are convex problems for any given y, and by following the standard convex analysis in [47],

Algorithms 11 and 12 have a polynomial time complexity in terms of the number of vari-
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Table 7.1: Simulation Parameters

RF system VLC system

Parameter Value Parameter Value
Noise power spectral density, NRp -174 dBm/Hz Physical area of PD, App 1 cm?
Log-normal shadowing standard deviation, X, 10 dB LED semi-angle at half-power, ¢, /o 60°
Multipath fading type Rayleigh fading Gain of the optical filter, T' (1,[),,,_7') 1
Circuit power consumption, Pppg 6.8 W [48] Refractive index, f 1.5

PD responsivity, Rpp 0.53 A/W

- . FOV of a PD, Y,y 707 [49]

Circuit power consumption, Pyigg 130 W [48] Cirouit power consumption; PyLG T

Noise power spectral density, Nyc 10271 AZ/HZ

ables (i.e., |J| x Sap) and constraints (i.e., |J|(Sap + 1) + [KUV|). From the above
complexity analysis, the proposed resource allocation scheme, including AP assignment,

SA, and transmit PA, has a polynomial-time worst-case complexity.

7.7 Simulation Results

In this section, the performance of the proposed AP assignment, SA, and PA optimization
algorithm is investigated in terms of the EE, the sum-rate, and the outage performances
of the aggregated RF/VLC system. The macrocell AP is located at the center of the
macrocell and has a cell radius of 500 m. The picocell and the VLC APs are randomly
and uniformly deployed overlaying the macrocell. Each picocell has a coverage radius of
100 m, and each VLC indoor environment is a room with an area of 5 x 5 m?. Each VLC
environment has two APs, deployed at the height of 2.15 m, with overlapping coverage
to guarantee uniform illumination across the room. The total transmit power for the
macrocell AP, each picocell AP, and each VLC AP is 46 dBm, 30 dBm, and 30 dBm,
respectively. Each AP has 50 subchannels, with a subchannel bandwidth of 20 MHz and
10 MHz for the VLC and RF systems, respectively. The minimum rate requirement of
each user is set as 50 Mbps. The remaining system model parameters are summarized
in Table 7.1. The following benchmark schemes and configuration are considered for

comparison:

o SCG-SCG-EPA scheme: This scheme assigns APs to users based on the SCG rule.
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Fig. 7.4: Convergence of the proposed iter-  Fig. 7.5: EE comparison of the proposed
ative joint solution. and the global optimal scheme.

The available subchannels and power are allocated according to the SCG rule and

the EPA policy, respectively, for the users assigned to an AP.

 Baseline scheme: This scheme has been adopted from [31], in which the authors
proposed an SA and PA procedure for an aggregated RF/VLC system under the
assumption that users are assigned to the AP with the SCG. Specifically, the AP
assignment scheme is according to the SCG rule, the SA scheme is according to
Algorithm 2 of [31], and the PA scheme is per our proposed energy-efficient PA

scheme.

« Hybrid RF/VLC: In this configuration, each user is only assigned a macrocell AP
or a picocell AP or a VLC AP (i.e., > xx;+> x,; = 1, Vj). The proposed iterative
Vk Yv

solution for the joint problem is adopted for this configuration.

Figure 7.4 shows the convergence of the proposed joint solution as demonstrated in
Fig. 7.3(a). It can be seen that the proposed approach converges after 6 iterations.

Figure 7.5 illustrates the EE performance gap between the proposed scheme and the
globally optimal solution obtained via exhaustive search. For this figure, an aggregated

system with one MBS, one PBS, and a VLC AP was considered. The coverage areas
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of these APs overlap. As can be seen, the average gap between the proposed and the
exhaustive scheme is around 5%. This indicates that the proposed sub-optimal scheme
approaches the globally optimal solution while offering a practical solution to the joint
optimization problem of AP assignment, SA, and transmit PA.

Figure 7.6 illustrates the average EE performance of the proposed iterative and non-
iterative energy-efficient resource allocation schemes, the considered benchmarks, and the
hybrid system for varying numbers of users. It can be seen that the proposed schemes
outperform the two benchmarks and the hybrid RF/VLC system, and the EE performance
improves as the number of users increases for all schemes. This is because the proposed
approaches make use of the EE’s definition and consider ICI effects when assigning APs
to users and during the optimization of the APs’ transmit power to users. The energy-
efficient MT-based AP assignment scheme in Algorithm 10 can assign APs to users under
a given PA, such that the overall best EE performance is achieved through the use of
preference relations among users and APs. Once the users have been associated with the
APs that guarantee the highest EE, the low-complexity SCG rule-based SA procedure
efficiently allocates any subchannel of an AP to the user with the best channel condition.

After the SA step, the proposed energy-efficient PA scheme is used to update the transmit

212



power to the users. Thus, both the AP assignment and PA schemes of our proposed
solution to the EE optimization problem consider the objective function definition and
the ICI effects in their decision-making processes. In contrast, the baseline approach does
not consider users’ EE performance when assigning APs since it uses the SCG rule to
assign APs to users. Moreover, the SA policy of the baseline approach focuses more on
ensuring that the required minimum rate is guaranteed for all users since it first allocates
subchannels to users to guarantee their QoS requirements. Note that this results in a
trade-off between assigning subchannels to users with the best channel condition and
assigning subchannels to improve fairness among users. Specifically, the baseline scheme
can assign a subchannel to a user with a relatively worse channel condition to meet
the QoS requirement. This can cause the AP to transmit at a higher power level on that
subchannel and thus generate significant interference to nearby users being served on that
same subchannel. The SCG-SCG-EPA scheme performs worst since it does not consider
the definition of EE and ICI effects when assigning APs to users, allocating subchannels,
and allocating transmit power. Between the two joint solution approaches, it can be
observed that alternating among the AP assignment, SA, and PA subproblems (i.e., the
iterative approach) results in a superior EE performance when compared with the non-
iterative approach. However, this performance improvement is obtained at the expense
of an additional number of iterations (6 more iterations) as the iterative approach can
yield at most 16% EE improvement. Moreover, the rate of increase in the EE decreases
for all schemes with an increasing number of users due to the resulting stronger impact
of ICI. The hybrid RF/VLC system performs worse than the aggregated system (except
with the SCG-SCG-EPA scheme). This is because there are more available options for
the aggregated system (i.e., there is better exploitation of the available resources) as the
users can receive data transmission from both RF and VLC APs.

Figure 7.7 shows the average sum-rate performance of the proposed schemes, the two
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benchmarks, and the hybrid RF/VLC system for a varying number of users. Clearly,
the proposed schemes outperform the two benchmarks in terms of the average sum-rate,
revealing the benefit of jointly optimizing the AP assignment, SA, and PA. Moreover,
the sum-rate performance improves with increasing number of users for all four schemes.
This is because increasing the number of users for a fixed number of subchannels and
transmit power budget expands the feasible region of the considered optimization problem.
However, the rate of increase for the baseline scheme decreases after a total of 140 users.
This behavior is due to the SA policy used by the baseline scheme. More precisely,
this policy fails to exploit all users’ channel power gain differences, especially for a more
significant number of users, since it always focuses on satisfying the QoS requirements of
all users first. The performance of the aggregated system (with the proposed schemes)
is significantly better than the hybrid system because of the multi-homing capability
of the users’ receiving devices. Specifically, any user served simultaneously by an RF
AP and a VLC AP can have communication links with better channel conditions with
at least one AP. This can lead to an improvement in the achieved data rate. Since
the proposed iterative approach outperforms the non-iterative approach and the hybrid
RF /VLC system, the proposed iterative approach is considered in this chapter’s remaining
EE performance analyses.

Figure 7.8 depicts the average EE of the aggregated RF/VLC system versus the re-
quired minimum rate, which is varied from 50 Mbps to 1 Gbps. It can be observed
that the average EE decreases as the required minimum rate value increases for both the
proposed and the baseline schemes. This can be explained by the fact that increasing
the value of R, restricts the feasible region of the EE optimization problem. However,
the performance reduces at a much slower pace (especially between 50 to 125 Mbps) for
the proposed solution compared to the baseline approach. This indicates the ability of

our proposed approach to cope very well with higher users’ rate requirements. On the
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contrary, increasing the minimum rate requirements of users does not affect the EE curve
for the SCG-SCG-EPA scheme since the value of R, is never used in the assignment of
APs or the allocation of power and subchannel resources by this naive scheme.

Figure 7.9 demonstrates how the existence of LoS communication links between VLC
APs and users influences the EE performance of the proposed solution and the two bench-
marks. The labels on the x-axis of this figure are defined as follows: “Very low” indicates
that the probability of an LoS path is between 0 and 0.3; “Low” means the probability
is between 0.3 and 0.5; “Medium” means the probability is between 0.5 and 0.8; “High”
means the probability is between 0.8 and 1. Note that such labels allow the probability
of an LoS scenario to vary among the various users and the access points, which depicts
the fact that the VLC channel changes with changing the location of the receivers. The
figure reveals that LoS path blockage affects the EE performance of all the considered
schemes as it considerably impacts the propagation environment. Specifically, when the
probability of having an LoS path is low, users are less likely to be served by the AP
that can provide the highest EE. This would lead to a reduction in the overall EE. The
proposed scheme has the best EE performance for the different scenarios considered.

Figure 7.10 shows the average number of users whose QoS requirements cannot be
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guaranteed by the three schemes versus the total number of users. The SCG-SCG-EPA
scheme has the highest number of users in outage since this scheme does not take into
consideration users’ minimum rate requirements when allocating the available resources.
The hybrid system performs worst compared with the proposed and baseline schemes since
users with relatively bad channel conditions and assigned to an AP may not be allocated
any subchannel. As a result, their QoS requirements cannot be guaranteed. However,
this is not the case in the aggregated system since users can receive from both RF and
VLC APs to realize additional data rates to meet their QoS requirements. The baseline
scheme outperforms the proposed approach since it prioritizes satisfying the minimum
rate requirement of all users first by allocating subchannel resources to them such that
the R, value is achieved for most or all users. Moreover, the outage increases with
increasing users for all schemes due to increased competition for the limited resources.
Figure 7.11 indicates the average EE performance of the proposed scheme, the baseline
scheme, and the SCG-SCG-EPA scheme when the values of the circuit power consumption
for the macrocell, picocell, and VLC APs are varied. Note that the range of the considered
circuit power values lies within the typical practical ranges for MBSs [48], PBSs [48], and

VLC APs [26]. It can be observed that the EE decreases for all the schemes as the circuit

216



x 108

/ 1

-e-Iterative: Proposed, FoV=90°
aIterative: Proposed, FoV=70°
4 Baseline [31], FoV=T70°
=++Baseline [31], FoV=90°
©SCG-SCG-EPA, FoV=70°
SCG-SCG-EPA, Fov=90°

20 30 40 50 60 70 80
Number of users

Average EE (bits/Joule)

Fig. 7.12: Average EE versus the total number of users for FoV values of 70° and 90°.

power consumption increases for the macrocell, picocell, and VLC APs. This observation
is in line with the definition of the system EE. Hence, future designs should focus on
hardware components with lower circuit power consumption.

Finally, Fig. 7.12 illustrates the EE performance of the proposed scheme, the baseline
scheme, and the SCG-SCG-EPA scheme when the value of the FoV is increased from 70°
to 90° [30]. As discussed in [2], decreasing the FoV of the VLC receiver leads to enhancing
the VLC channel and decreasing the number of interfering APs. However, a substantial
decrease of the FoV can also lead to a decrease of the coverage probability. On the other
hand, increasing the FoV can enable the receiver to collect as much optical signals as
possible. However, interference mitigation approaches must be used to overcome any
possible effects from interfering APs. It can be observed from this figure that the EE
performance of the proposed scheme improves when the value of the FoV is increased to
90° while the performances of the benchmarks decrease. The reason for this observation
is because the proposed scheme considers and mitigates any ICI effects in the assignment

of APs to users and the PA while the benchmarks do not.
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7.8 Conclusion

This chapter has investigated EE optimization for aggregated RF/VLC systems by jointly
optimizing AP assignment, SA, and PA. More specifically, the original EE optimization
problem, which belongs to the class of mixed-integer nonlinear programming problems
and is generally intractable, has been decoupled into AP assignment, SA, and transmit
PA subproblems. A solution technique has been proposed for each, and two frameworks
to obtain the joint solution have been introduced. A novel energy-efficient AP assign-
ment scheme has been developed by invoking MT. Additionally, a simple yet efficient
SA scheme has been designed based on the AP assignment result. Given the AP assign-
ment and SA solutions, a PA algorithm based on the quadratic transform approach and
from the viewpoint of multi-objective optimization has been proposed. Simulation results
have demonstrated the effectiveness of the proposed algorithms. They have revealed the
superior EE and sum-rate performances of aggregated RF/VLC systems compared with
hybrid systems and existing schemes. Moreover, the impact of critical system parameters,
such as the circuit power consumption, users’ QoS requirements, and LoS availability for
the VLC links, on the performance of the aggregated RF/VLC system has been exam-
ined. This chapter has revealed that the considered aggregated system and the proposed
algorithms can effectively combine resources from both RF and VLC APs to enhance the
EE, sum-rate, and outage performances while offering ubiquitous connectivity solution to
users.

Interesting problems for future work in this area include developing techniques for
supporting mobile users for VLC LoS blockage-aware resource allocation in aggregated
systems, and the use of the average Shannon capacity or outage capacity to characterize
the capacity of the RF system. Moreover, the integration of reconfigurable intelligent
surfaces and aggregated RF/VLC systems to assist in non-LoS transmission and FoV

optimization is another challenging and exciting area for future work. Furthermore, the
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development of a machine learning-based framework for the problem of energy-efficient
AP assignment, SA, and PA in aggregated RF/VLC systems is also of considerable inter-
est. It is important to propose synchronization techniques to ensure RF and VLC APs
assigned to a user are synchronized for simultaneous message signal transmission. Finally,
a framework to analyze the impact of control overhead on key performance metrics for

aggregated RF/VLC systems is worth examining.

219



References

1]

F. Wang, F. Yang, J. Song, and Z. Han, “Access frameworks and application scenarios
for hybrid VLC and RF systems: State of the art, challenges, and trends,” I[FEFE
Commun. Mayg., vol. 60, no. 3, pp. 55-61, Mar. 2022.

M. Obeed, A. M. Salhab, M.-S. Alouini, and S. A. Zummo, “On optimizing VLC
networks for downlink multi-user transmission: A survey,” IEEE Commun. Surveys

Tuts., vol. 21, no. 3, pp. 2947-2976, 3rd Quart. 2019.

L. Feng, R. Q. Hu, J. Wang, P. Xu, and Y. Qian, “Applying VLC in 5G networks:
Architectures and key technologies,” IEEE Netw., vol. 30, no. 6, pp. 77-83, Nov.
2016.

X. Wu, M. Safari, and H. Haas, “Access point selection for hybrid Li-Fi and Wi-Fi
networks,” IEEE Trans. Commun., vol. 65, no. 12, pp. 53755385, Dec. 2017.

V. K. Papanikolaou et al., “On optimal resource allocation for hybrid VLC/RF net-
works with common backhaul,” IEEE Trans. Cognit. Commun. Netw., vol. 6, no. 1,

pp. 352-365, Mar. 2020.

S. Zargari et al., “Resource allocation of hybrid VLC/RF systems with light energy
harvesting,” IEEE Trans. Green Commun. Netw., vol. 6, no. 1, pp. 600-612, Mar.

2022.

220



[7]

[10]

[11]

[12]

[13]

[14]

M. Amjad, H. K. Qureshi, S. A. Hassan, A. Ahmad, and S. Jangsher, “Optimization
of MAC frame slots and power in hybrid VLC/RF networks,” IEEE Access, vol. 8,
pp- 21653-21664, Jan. 2020.

S. Shrivastava, B. Chen, C. Chen, H. Wang, and M. Dai, “Deep Q-network learn-
ing based downlink resource allocation for hybrid RF/VLC systems,” IEEE Access,
vol. 8, pp. 149412-149434, Aug. 2020.

S. Aboagye, T. M. N. Ngatched, O. A. Dobre, and A. Ibrahim, “Joint access point as-
signment and power allocation in multi-tier hybrid RF/VLC HetNets,” IEEE Trans.

Wireless Commun., vol. 20, no. 10, pp. 6329-6342, Oct. 2021.

S. Aboagye, T. M. N. Ngatched, and O. A. Dobre, “Subchannel and power alloca-
tion in downlink VLC under different system configurations,” IEEE Trans. Wireless
Commun., vol. 21, no. 5, pp. 3179-3191, May. 2022.

[. Stefan and H. Haas, “Hybrid visible light and radio frequency communication
systems,” in Proc. 80th IEEE VTC Conf. (VTC2014-Fall), Vancouwver, BC, Canada,

Sep. 2014, pp. 1-5.

I. Stefan, H. Burchardt, and H. Haas, “Area spectral efficiency performance compar-
ison between VLC and RF femtocell networks,” in Proc. IEEE Int. Conf. Commun.

(ICC), Budapest, Hungary, Jun. 2013, pp. 3825-3829.

S. Aboagye, A. Ibrahim, T. M. N. Ngatched, and O. A. Dobre, “VLC in future het-
erogeneous networks: Energy— and spectral—efficiency optimization,” in Proc. IEEE

Int. Conf. Commun. (ICC), Dublin, Ireland, Jun. 2020, pp. 1-7.

M. Kashef, M. Abdallah, and N. Al-Dhahir, “Transmit power optimization for a
hybrid PLC/VLC/RF communication system,” IEEE Trans. Green Commun. Netw.,
vol. 2, no. 1, pp. 234-245, Mar. 2018.

221



[15]

[16]

[18]

[19]

[21]

[22]

J. Kong, M. Ismail, E. Serpedin, and K. A. Qaraqe, “Energy efficient optimization of
base station intensities for hybrid RF/VLC networks,” IEEE Trans. Wireless Com-
mun., vol. 18, no. 8, pp. 41714183, Aug. 2019.

A. Khreishah, S. Shao, A. Gharaibeh, M. Ayyash, H. Elgala, and N. Ansari, “A hybrid
RF-VLC system for energy efficient wireless access,” IEEE Trans. Green Commun.

Netw., vol. 2, no. 4, pp. 932-944, Dec. 2018.

B. S. Ciftler, A. Alwarafy, and M. Abdallah, “Distributed DRL-based downlink
power allocation for hybrid RF/VLC networks,” IEEE Photon. J., vol. 14, no. 3,
pp. 8632510-8632 510, Jun. 2022.

S. Aboagye et al., “Design of energy efficient hybrid VLC/RF/PLC communication
system for indoor networks,” IEEE Wireless Commun. Lett., vol. 9, no. 2, pp. 143—
147, Feb. 2020.

J. Chen, Z. Wang, and T. Mao, “Resource management for hybrid RF/VLC V2I
wireless communication system,” IEEE Commun. Lett., vol. 24, no. 4, pp. 868-871,

Apr. 2020.

M. M. Fouda, S. Hashima, S. Sakib, Z. M. Fadlullah, K. Hatano, and X. Shen, “Opti-
mal channel selection in hybrid RF/VLC networks: A multi-armed bandit approach,”
IEEE Trans. Veh. Technol., vol. 71, no. 6, pp. 6853—6858, Jun. 2022.

O. Narmanlioglu and M. Uysal, “Event-triggered adaptive handover for centralized
hybrid VLC/MMW networks,” IEEE Trans. Commun., vol. 70, no. 1, pp. 455-468,
Jan. 2022.

M. Asad and S. Qaisar, “Energy efficient QoS-based access point selection in hybrid
WiFi and LiFi [oT networks,” IEEE Trans. Green Commun. Netw., vol. 6, no. 2, pp.
897-906, Sep. 2022.

222



23]

[24]

[25]

[26]

28]

[29]

Y. Guo, K. Xiong, Y. Lu, D. Wang, P. Fan, and K. B. Letaief, “Achievable informa-
tion rate in hybrid VLC-RF networks with lighting energy harvesting,” IEEFE Trans.
Commun., vol. 69, no. 10, pp. 6852-6864, Oct. 2021.

S. Hashima, M. M. Fouda, S. Sakib, Z. M. Fadlullah, K. Hatano, E. M. Mohamed, and
X. Shen, “Energy-aware hybrid RF-VLC multiband selection in D2D communication:
A stochastic multiarmed bandit approach,” IEEE Internet Things J., vol. 9, no. 18,

pp. 18002-18014, Sep. 2022.

M. Kashef, A. Torky, M. Abdallah, N. Al-Dhahir, and K. Qaraqge, “On the achiev-
able rate of a hybrid PLC/VLC/RF communication system,” in Proc. IEEE Global
Commaun. Conf. (GLOBECOM), Diego, CA, USA, Dec. 2015, pp. 1-6.

M. Kashef, M. Ismail, M. Abdallah, K. A. Qaraqe, and E. Serpedin, “Energy efficient
resource allocation for mixed RF/VLC heterogeneous wireless networks,” IEEE J.

Sel. Areas Commun., vol. 34, no. 4, pp. 883-893, Apr. 2016.

S. Shao et al., “Design and analysis of a visible-light-communication enhanced WiFi

system,” IEEE/OSA J. Opt. Commun. Netw., vol. 7, no. 10, pp. 960-973, Oct. 2015.

M. Ayyash et al., “Coexistence of WiFi and LiFi toward 5G: Concepts, opportunities,
and challenges,” IEEFE Commun. Mayg., vol. 54, no. 2, pp. 64-71, Feb. 2016.

S. Ma, F. Zhang, H. Li, F. Zhou, M.-S. Alouini, and S. Li, “Aggregated VLC-RF
systems: Achievable rates, optimal power allocation, and energy efficiency,” IFEFE

Trans. Wireless Commun., vol. 19, no. 11, pp. 7265-7278, Nov. 2020.

S. Ma, F. Zhang, S. Lu, H. Li, R. Yang, S. Shao, J. Wang, and S. Li, “Optimal dis-
crete constellation inputs for aggregated LiFi-WiFi networks,” IEEE Tran. Wireless

Commun., Early Access 2021.

223



[31]

32]

[38]

H. Zhang et al., “Energy efficient subchannel and power allocation for software-
defined heterogeneous VLC and RF networks,” IEEFE J. Sel. Areas Commun., vol. 36,
no. 3, pp. 6568670, Mar. 2018.

J. Kong, Z.-Y. Wu, M. Ismail, E. Serpedin, and K. A. Qaraqe, “Q-learning based
two-timescale power allocation for multi-homing hybrid RF/VLC networks,” IEEE
Wireless Commun. Lett., vol. 9, no. 4, pp. 443-447, Apr. 2020.

X. Wu and D. C. O’Brien, “Parallel transmission LiFi,” IEEE Trans. Wireless Com-
mun., vol. 19, no. 10, pp. 6268-6276, Oct. 2020.

H. Zhang, C. Jiang, N. C. Beaulieu, X. Chu, X. Wen, and M. Tao, “Resource allo-
cation in spectrum-sharing OFDMA femtocells with heterogeneous services,” IFEE

Trans. Commun., vol. 62, no. 7, pp. 2366-2377, Jul. 2014.

H. Haas, L. Yin, Y. Wang, and C. Chen, “What is LiFi?” J. Lightw. Technol., vol. 34,
no. 6, pp. 1533-1544, Mar. 2016.

“Small Cell Enhancements for E-UTRA and E-UTRAN-Physical Layer Aspects,”
document 3GPP TR 36.872, v. 1.0.0, vol. Rel. 12, Aug. 2013.

J.-B. Wang, Q.-S. Hu, J. Wang, M. Chen, and J.-Y. Wang, “Tight bounds on channel
capacity for dimmable visible light communications,” IEEE/OSA J. Lightw. Tech-
nol., vol. 31, no. 23, pp. 3771-3779, Dec. 2013.

H. Zhang et al., “Energy efficient resource management in SWIPT enabled hetero-
geneous networks with NOMA,” IEEE Trans. Wireless Commun., vol. 19, no. 2, pp.
835-845, Feb. 2020.

224



[39]

[40]

[41]

[42]

[43]

Y. Gu, W. Saad, M. Bennis, M. Debbah, and Z. Han, “Matching theory for future
wireless networks: Fundamentals and applications,” IEFEE Commun. Mayg., vol. 53,

no. 5, pp. 52-59, May 2015.

A. E. Roth and M. A. O. Sotomayor, Two-Sided Matching—A Study in Game-
Theoretic Modeling and Analysis. Cambridge, U.K.: Cambridge Univ. Press, 1990.

E. A. Jorswieck, “Stable matchings for resource allocation in wireless networks,”
in 2011 17th International Conference on Digital Signal Processing (DSP), Corfu,

Greece, Jul. 2011, pp. 1-8.

W. Dinkelbach, “On nonlinear fractional programming,” Manage. Sci., vol. 13, no. 7,

pp. 492-498, Mar. 1967.

P. Ngatchou, A. Zarei, and A. El-Sharkawi, “Pareto multi objective optimization,” in
Proceedings of the 13th International Conference on, Intelligent Systems Application
to Power Systems, Arlington, VA, USA, Nov. 2005, pp. 84-91.

K. Chircop and D. Zammit-Mangion, “On epsilon-constraint based methods for the

generation of Pareto frontiers,” J. Mech. Eng. Autom., vol. 3, pp. 279-289, May 2013.

K. Shen and W. Yu, “Fractional programming for communication systems—Part I:
Power control and beamforming,” IEEE Trans. Signal Process., vol. 66, no. 10, pp.

2016-2630, May 2018.

C. Research., CVX: MATLAB Software for Disciplined Convex Programming, Ver-
ston 2.2., 2015.

S. Boyd and L. Vanderberghe, Convex Optimization. Cambridge, U.K.: Cambridge
Univ. Press, 2004.

225



[48] G. Auer et al., “How much energy is needed to run a wireless network?” I[EEE

Wireless Commun., vol. 18, no. 5, pp. 40-49, Oct. 2011.

[49] S. Sun, F. Yang, J. Song, and Z. Han, “Joint resource management for intelligent
reflecting surface-aided visible light communications,” IEEE Trans. Wireless Com-

mun., vol. 21, no. 8, pp. 6508-6522, Aug. 2022.

226



Chapter 8

Intelligent Reflecting Surface-Aided
Indoor Visible Light Communication

Systems

8.1 Abstract

This chapter explores the use of IRSs to address the LoS blockage issue in an indoor VL.C
systems. This is done while considering practical user behaviors such as random receiver
orientation and the presence of obstructions in the direct link between the transmitter and
the receiver. Specifically, a system model for an [RS-aided VLC system is proposed and
a rate maximization problem is considered to determine the optimal orientation of the
IRS mirror array to establish robust non-LoS links. A low-complexity iterative solution
based on the sine-cosine algorithm is proposed for this non-convex optimization problem.
Simulation results are used to verify the effectiveness of the proposed IRS-aided VLC

system design and optimization algorithm in overcoming the LoS blockage issue.
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8.2 Introduction

The rapid growth of the number of connected devices and the continuous emergence of
wireless applications necessitate the search for new wireless communications alternatives
to RF communications. RF-based communication systems have been faced with issues
such as spectrum scarcity, high energy consumption, and the associated large carbon
footprint. Motivated by its wide unregulated spectrum, low-energy requirements, and the
proliferation of LEDs, VLLC has emerged as a promising technology to coexist with and
complement existing RF communication systems [1].

In a VLC system, the availability of a LoS link between the AP and the PD is essential
for successful data transmission. However, the existence of a direct LoS path is not always
guaranteed due to the presence of other users and opaque objects (collectively called
blockers). Thus, the occurrence of LoS blockage is very common in indoor VLC systems
and, according to [2], this can have detrimental effects on its performance. In many
studies on VLC systems (e.g., [2-5]), the simplified assumption that the users’ devices
face upward towards the ceiling is made. However, such an assumption is impractical as
users typically employ their smartphones by holding them in any comfortable position
other than vertically upward. It was demonstrated in [6] that random device orientations
do affect the existence and quality of LoS links. It is therefore important to consider
random receiver orientation in the design and analysis of VLC systems.

The use of IRSs to influence the wireless propagation and enhance communication
quality has recently gained significant research interest in the design of RF communica-
tion systems [7]. An IRS can improve communication links by configuring its elements
to reflect any incident wave from the transmitter towards the receiver. In VLC systems,
where the communication performance is largely dependent on the existence of LoS paths,
a blocked LoS path can be compensated by re-configuring the wireless propagation chan-

nel. Therefore, IRS can be utilized to relax the LoS requirement in VLC systems [8,9].
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Although the application of IRS in VLC systems first appeared in [10], the authors focused
on the derivation of irradiance expressions for IRS elements and studied their focusing
capabilities. An IRS aided secured VLC system and the EE optimization of a similar
system model were explored in [11] and [12], respectively.

In this chapter, an IRS-aided indoor VLC system is exploited to overcome the LoS
blockage problem, while considering random receiver orientations. To the best of our
knowledge, this chapter makes the first attempt to quantitatively investigate the utiliza-
tion of IRSs to provide a high data rate and improve the reliability of VLC systems,
especially in the absence of a LoS path. The main contributions of this chapter are

summarized as follows:

1. This chapter proposes an IRS-aided indoor VLC system, where IRS elements are
utilized to support data transmission in the presence of randomly deployed blockers,

while considering the effect of random device orientation.

2. For this system model, an optimization problem to configure the orientation of the

IRS elements such that the achievable rate is maximized is formulated.

3. Due to the non-convexity of the optimization problem, a sine-cosine based opti-
mization algorithm is proposed, in which a number of search agents cooperate and

compete to find the global optimal solution.

4. Simulation results are used to demonstrate the effectiveness of the proposed de-
sign and the optimization algorithm in terms of achievable data rate and outage
performances. Additionally, the impact of the number of blockers on the system
performance, the convergence rate, and the complexity of the algorithm are ana-

lyzed.
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8.3 System Model

8.3.1 Indoor VLC Network

As depicted in Fig. 8.1(a), an indoor VLC system where the AP is composed of an array
of LEDs and the receiver is equipped with a PD is considered. In this figure, the LoS
and non-LoS links are denoted by the solid and dotted lines, respectively. Multiple non-
users present in the indoor environment may block (i.e., non-user blockers) the LoS path
between the AP and the user. In addition to the non-user blockages, self-blockage — which
refers to the blockage of the optical channel by the user itself — is also considered. Unlike
many VLC studies, the assumption that the user’s device is vertically upward is relaxed
in this chapter. Thus, the orientation of the user’s device can be in any direction, and this
direction is typically defined by a polar angle, «;, and an azimuth angle, 3, as shown in
Fig. 8.1(b). An intelligent mirror array' (i.e., IRS), consisting of several low-cost, passive
reflecting elements, is deployed on a wall of the indoor environment. The orientation of
each element of the mirror array can be adjusted via two rotational degrees of freedom
which can be denoted as the yaw angle, , and the roll angle, w, as shown in Figs. 8.1(c)
and (d), respectively. For comparison purposes, a similar VLC network without the IRS
mirror array is also considered. Note that the IRS controller can be located in the VL.C

AP or could be in the cloud via cloud computing.

8.3.2 VLC Channel

The channel gain between the AP and the user is given by

G = IGLOS + GNLOS? (81)

LA mirror array is considered as it was shown to outperform a metasurface reflector [10].
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Fig. 8.1: IRS-aided VLC system model with random device orientation: (a) VLC system
with IRS mirror array, one user, and a non-user blocker; (b) receiver orientation according
to the polar angle o and the azimuth angle /3; (¢) IRS mirror array orientation according
to the yaw angle 7; (d) IRS mirror array orientation according to the roll angle w.

where I € {0,1} denotes the indicator function that specifies whether or not the LoS path

between the AP and the user is blocked, Gp.s is the channel gain of the LoS path, and

G'NLos 1s the non-LoS channel gain. The indicator function is defined as I = I x Hf)V:bl L,
where If = 0 indicates self-blockage and I§ = 1 otherwise, I, "> = 0 indicates blockage by

the o-th non-user and I,"* = 1 otherwise, N, refers to the number of non-user blockers,

and [] is the product operator.

8.3.3 LoS Channel Gain

The LoS channel gain is given by [13]

G %COSWL (P)T (&) G (&) cos(€),0 <& < &pov 82

0, otherwise,
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where m is the Lambertian index which is calculated by m = —1/log, (cos ((bl /2)),
with ¢/, as the half-intensity radiation angle, App is the physical area of the PD, d
denotes the distance between the AP and the user, ® is the angle of irradiance, £ is the
angle of incidence, T' (¢) and G (&) are the gains of the optical filter and the non-imaging
concentrator, respectively, and &g,y is the FoV of the PD. The gain of the concentrator
can be expressed as G (§) = f?/sin? &poy, 0 < € < Epoy, where f is the refractive index.
While ® is not affected by the orientation of the user’s device, £ is highly influenced by
the device’s orientation. The cosine of £ can be expressed in terms of the device’s polar

angle, «, and the azimuth angle, 3, as [14]

cos (§) = (%) sin («) cos (B) + (%) sin () sin (8) + (%) cos (o), (8.3)

where (24, Ya, 24) and (z,, Yy, z,) denote the position vectors specifying the locations of
the AP and the user, respectively. According to the experimental results in [14], the polar
angle can be modeled using the truncated Laplace distribution with the mean and the
standard deviation of 41° and 9°, respectively, and its value is typically restricted to the

range [0, 7]. The azimuth angle follows a uniform distribution: 8 ~ U[—m, 7| [14].

8.3.4 Non-LoS Channel Gain: IRS (Mirror Array) and no-IRS

The non-LoS optical channel can be described by two components: (i) the IRS element or
the wall surface is considered as a receiver of the optical signal from the AP; (ii) the IRS
element or the wall surface is considered as a point source that re-emits the light-collected
signal scaled by a reflection coefficient. In this chapter, the term “IRS-aided” implies a
VLC system with mirror array as the reflector. Similarly, the term “no-IRS” refers to

the scenario where a wall serves as the reflector. Note that only first-order reflections are
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considered since it has been shown that higher-order reflections have insignificant effect
on the performance of VLC systems [2]. The reflective surface is divided into K squared
surfaces with the k-th surface having an area dAj;. Similar to the work in [10], it is

assumed that the incident ray from the AP hits the center of the reflective surfaces.

8.3.4.1 No-IRS VLC System

The channel gain of the first reflection by any wall surface k is given as [13]

(m+1)App m (Ha a k k
pwa1172ﬂ2(dz>2<dz)2 dAy cos™ (D) cos (&) cos ((I)u> cos (fu) T ()G (&),
Gk = 0 < &k < Eroy

0, otherwise,
(8.4)

where pyan denotes the reflection coefficient of the wall surface, dj, is the distance between
the AP and any reflective surface k, dj; is the distance between any reflective surface k
and the user, ®} is the angle of irradiance from the AP to any reflective surface k, £ is
the angle of incidence on the reflective surface k, ®F is the angle of irradiance from the
reflective surface k towards the user, and £ is the angle of incidence of the reflected signal
from any surface k. Note that cos () can be easily calculated using (8.3) to capture the

effects of the random device orientation.

8.3.4.2 IRS-aided VLC System

The channel gain of the reflected signal from the k-th mirror array is derived as [10]

pIRS%dAk cos™ (P%) cos (&) cos (@ﬁ) coS (fﬁ) T G(€),

s
G%\IP}JOICS (v,w) = 0 < EF < &roy

0, otherwise,
(8.5)
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where prrs is the reflection coefficient of the IRS element and the cosine of the angle
of irradiance (which is specified by the yaw and roll angles of the mirror array) can be

expressed as

di; K dy;

cos (@ﬁ) = @) i (4) cos (w) + (y’“d_iuy“) cos (7) cos (w) + E=2) gin (w) (8.6)

where (xy, Yk, 2) represent the coordinates of the IRS.

8.4 Achievable Data Rate Optimization for IRS-Aided
VLC System

The achievable data rate of the IRS-aided VLC system can be characterized by the lower

bound [15]

2
ex ERPD GLOS+Z’C: G%\]RLSOI%('Y?‘-’J)
Ryt (v,w) = Blogy | 1+ ;’fr”(q ( s ) , (8.7)

where B, p, q, Rpp, and N denote the system bandwidth, the optical transmit power,
the ratio of the transmitted optical power to the electrical power, the responsivity of the
PD, and the PSD of noise at the PD, respectively. Typically, ¢ = 3 [16]. It is desired
to optimize the data rate in the IRS-based VLC system by intelligently controlling the
orientation of the mirror array via the two rotational degrees of freedom (i.e.,yandw).

This design problem can be mathematically formulated as the rate maximization problem

max Ryt (7, w)
s.t. (8-8)
Cl: -3 <y<3, C2:-F<w<3.



The optimization problem in (8.8) is non-convex and requires the joint optimization of
the yaw and roll angles. For an IRS surface with IC mirrors, the problem in (8.8) will have
a total of 2KC variables and 2/C constraints since there I mirrors and each mirror has 2
variables and 2 constraints. In order to reduce the dimension of the decision variables and
consequently lower the computations involved in solving (8.8), the idea of a coordinated
IRS-enabled VLC system, whereby all the mirror surfaces share the same yaw and roll
angles, is adopted. Note that utilizing coordinated IRS reduces the total number of
decision variables and constraints from (2K 4 2K) to 4 since the total mirror array now

has 2 variables and 2 constraints.

8.5 Proposed Solution

8.5.1 Sine-Cosine based Algorithm

In the following, a low-complexity solution based on the sine-cosine algorithm (SCA) is
proposed to obtain the global optimal solution. The motivation for exploiting the SCA
algorithm is because of its simple structure, ease of implementation, fast convergence
rate, and local optima avoidance. The SCA is a population-based stochastic optimization

method, originally introduced in [17], for solving problems of the form

(8.9)
fk(X)—O,k—l, ,k}
ljngﬁu],jzl, 75?
where the vector x = (x1,...,x,) is the optimization variable, i and k indicate the

number of inequality and equality constraints, respectively, and [; and u; denote the

lower and upper bounds of the j-th variable, respectively. The proposed solution for the
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optimization problem in (8.8) is discussed as follows. Note that the decision variables

for the optimization problem (8.8) can be found in (8.5). Hence, maximizing Riry, is

equivalent to maximizing the non-LoS-IRS channel gain 3%, G%\IP}JSO’“S (v,w). Similarly,

maximizing S8 | Gk (7, w) is equivalent to minimizing — S8 | Gavoks (7, w). To that

end, the optimization problem of interest can be expressed as

r%n—z’,;l Gk (y,w) s.t. C1 and C2. (8.10)

To solve problem (8.10), a number of search agents, denoted as N, is first specified. Each

t
n

agent n is then assigned an initial set of random solutions s!, = (y,w), where ¢ is the
iteration index. The initial set of solutions for the agents are randomly chosen to ensure
that all the promising regions of the search space are explored. The fitness of the solution
for each agent is evaluated using the objective function and the solution of the fittest

agent is designated as the destination point I'*. In the next iteration, each agent updates

its solution according to the sine and cosine equations

st o4y xsin (ry) X |[rlf — st | if rq < 0.5,
sl = ¢ 7 ’ (8.11)

n,v

Sho 11X cos (rg) X [rsly — s | if 4 > 0.5,

where s/, is the solution from the previous iteration, sf;’jvl is the current solution, with
v = {1,2} being the index for the optimization variables, and | - | indicates an absolute

value. The parameters ry, r9, 73, and ry in (8.11) are defined as follows. Parameter rq,

which can be obtained as

a
r=a-— tf’ (8.12)

where a is a constant and 7' is the maximum number of iterations, defines the movement

direction of the current agent which could either be in the space between the current
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solution and destination point (if r; < 1) or outside that search space (if r; > 1). The
parameter ry, which can be any random number in the interval (0,27), dictates how
far the movement should be towards or outwards the destination point. The parameter
r3, which is a single uniformly distributed random number in the interval (0,2) controls
the effect of the destination point on the distance between the destination point and the
current solution. Finally, the parameter r, which is a random number in the interval
(0,1) switches equally between the sine and cosine components. In (8.11), 71 X sin (1)
and ry X cos (r2) jointly enable the exploration and exploitation search process of the sine-
cosine algorithm. Specifically, the algorithm conducts a global exploration search when
the value of 1 X sin (1) or 71 X cos (rg) is greater than 1 or less than —1, and conducts
an exploitation search when the value of 71 X sin (rg) or 71 X cos (rg) is within the range
of [—1,1]. Further, it can be observed from (8.11) that the movement of the agents (as
they update their solutions) is influenced by the previous best known solution I'*. Thus,
agents are guided towards the best known positions in the search space. The fitness of
the updated solutions of the agents is determined and the fittest agent becomes the new
destination point. This process repeats until a maximum iteration number is reached or
a predefined termination criterion is satisfied. Algorithm 13 summarizes the proposed
sine-cosine based approach.

Algorithm 13 is implemented by a CCU which is connected to the AP and the IRS
mirrors. It is assumed that this control unit can reliably obtain the required downlink
CSI. Similar to other intelligent algorithms such as particle swarm optimization and ant
colony optimization algorithms, Algorithm 13 is a heuristic algorithm. As such, it is
challenging to provide a theoretical analysis on its performance. However, it has been
shown in [17] that the SCA is guaranteed to produce feasible solutions and is able to

determine the global optimum.
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Algorithm 13 Sine-Cosine Algorithm for Rate Maximization
Input: N, T, and a;
Stage one
Set t = 0;
Generate the initial set of random solutions s, Vn;
Evaluate the fitness of each agent using (8.5);
Designate the solution of the fittest agent as I'*;
Stage two
Sett =1
while no convergence do
Obtain 7 using (8.12), rq, r3, and r4;
for n =1: N (Repeat for all agents) do
for v = 1: 2 (Repeat for all decision variables) do
Update s, ,, using (8.11);
end for
Evaluate the fitness of the solution of agent n, s, using (8.5);
end for
Update I'* if there is any better solution;
Update the iteration counter t =t + 1;
end while
Output: The best solution s, = (v*,w*), where n* denotes a particular agent and
(7", w*) is the global optimum.

8.5.2 Complexity Analysis

The computational complexity of Algorithm 13 is described as follows. Generating the
initial set of solution for all agents requires O (NV') operations, where V' is the number
of decision variables. Evaluating the fitness of the solution for all agents requires O (N)
operations. The complexity for selecting the destination point is O (N). Consequently,
the computational complexity of the first stage of Algorithm 13 is O (NV). The worst-
case complexity for updating the solution sets according to (8.11) is O (NVT). The
worst-case complexity for evaluating the fitness of the updated solutions for all agents
and updating the destination point is O (NT) and O (NT), respectively. Hence, the
worst-case complexity of the second stage of Algorithm 13 can be given as O (NVT).

From the discussion above, the overall worst-case computational complexity of finding a
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Table 8.1: Simulation Parameters

Parameter | Value Parameter | Value

B 200 MHz ®1/2 70°2

N 1072 A?/Hz || Rpp 0.53 A/W
T(f) 1 APD 1 Cm2
gFOV 85° Pwall 0.8

f 1.5 PIRS 0.95

solution using Algorithm 13 is O (NV) 4+ O (NVT) ~ O (NVT).

8.6 Simulation Results

A5 m x 5m x 3 m room model is considered with one AP, one user, and multiple non-
users as blockers. The distribution of the user and non-users is random and according
to a uniform distribution. The user and non-users are modeled as cylinders with 0.30 m
diameter and 1.65 m height. The receiver is held by the user at a distance of 0.75 m
above ground and 0.36 m from the human body. The orientation of the user is random.
For the IRS-aided VLC system, the IRS contains 10 x 30 mirrors and the dimensions of
each mirror are 0.1 m x 0.1 m. For the no-IRS VLC system, a wall dimension of 1 m
X 3 m is considered. Unless stated otherwise, the parameter N = 10 and the other
simulation parameters are summarized in Table 8.1. The performance indicators used in
the analysis are the achievable data rate and the outage probability. The user is in outage
if the data rate is less than the target rate of 30 Mbps. All results are averaged from
10,000 independent realizations.

Figure 8.2 compares the performance of the proposed algorithm and that of the ex-
haustive method for different number of search agents. Since the decision variables are
continuous it is important to briefly explain how the exhaustive search method was car-

ried out. Firstly, a “coarse-search” is done whereby feasible candidate solutions for the

2Note that practical values of the FoV ranges from 50° to 90°.
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Fig. 8.2: Achievable data rate comparison of the proposed scheme and the exhaustive
search.

yaw and roll angles are enumerated, with an increment of 1 (i.e., [—90° : 1° : 90°]). The
objective function values for all the different combinations of the yaw and roll angles are
computed and the yaw and roll angles that offer the highest achievable rate is selected.
Then, a “fine-search” is performed to refine the yaw and roll angles. As an example,
assuming the coarse-search yields 50° and 75° for the yaw and roll angles, respectively,
a fine-search can be performed over a feasible region of [49° : 0.01° : 51°] for the yaw
angle and that of [74° : 0.01° : 76°] for the roll angle. The highest achievable rate from
the fine-search is the globally optimal solution. It can be observed from Fig. 8.2 that the
achievable rate performance of the proposed method initially improves with an increase
in the number of search agents and then saturates after ten agents. Clearly, the solution
obtained from the proposed method and that of the exhaustive search matches when the
number of search agents equals ten and above.

Figure 8.3 shows the convergence rate of Algorithm 13 and a performance comparison
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Fig. 8.4: Achievable data rate and outage performance versus transmit optical power:
IRS versus wall.
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with the exhaustive search. Clearly, it converges to the solution of the exhaustive search
within 15 iterations.

Figure 8.4 shows the data rate and outage performances for different transmit powers,
assuming no LoS path. In this figure, “IRS only” means that any received signal is
from the IRS mirror array while “Wall only” indicates that any received signal is from
wall reflections. The following baseline IRS designs are considered: 1) different mirrors
of the IRS assume different angles and these angles are optimized using Algorithm 13,
referred to as “Baseline 1”; and 2) different mirrors of the IRS assume different angles
and these angles are chosen randomly according to the uniform distribution from the
interval [—90°,90°], referred to as “Baseline 2”. Baseline 1 achieves an average data rate
and outage performance gains of about 11% and 2%, respectively, when compared with
the proposed design. However, it has a significantly higher computational complexity
which grows rapidly with an increase in the number of mirrors while that of the proposed
design is independent of the number of mirrors since they have identical angles. Moreover,
its hardware implementation would be more difficult and expensive since each mirror of
the IRS array would require its own controller. It can be observed that the proposed
design achieves up to 397% improvement in data rate and up to 50% reduction in outage
when compared to the Wall only. Thus, in the absence of a direct LoS path, the mirror
array is able to reflect the optical signals in preferred directions and focus them on the
receiver to enable higher system performance. Although Baseline 2 requires no exchange
of information between the AP and the user, its performance is worse than that of the
proposed design and that of the wall reflections, especially at higher transmit power
values.

Figure 8.5 compares the data rate of an IRS-aided VLC system with that of the no-IRS
system for different values of N,. It can be observed from this figure that the data rate

reduces when N, increases for any fixed value of the transmit power. However, the IRS-
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aided VLC system attains superior data rate performance (up to 28.84% gain) compared
to the system without IRS for any value of N,. This is because the IRS is able to enhance
the NLoS channel gain to complement the LoS signal.

Finally, Fig. 8.6 plots the outage performance for an IRS-aided and a no-IRS VLC
system for different values of N, when the transmit power is varied from 2 W to 14 W. It
can be seen that increasing the transmit optical power results in an improvement in the
outage performance. For a fixed N, the IRS-aided VLC system outperforms the no-IRS
system due to the fact that the IRS mirror array is able to improve the performance of

the VLC system by providing large improvement in the channel gain.

8.7 Conclusion

In this chapter, a novel indoor VLC system with an IRS mirror array has been considered
to combat the LoS blockage issue which can result from (i) the random orientation of
the user’s device, (ii) self-blockage, and (iii) non-user blockage. A detailed model of
the system that captures typical behavior of an IRS-enabled indoor environment such as
random device and user orientation, presence of non-users, and the deployment of IRS
mirror array has been provided. A non-convex optimization problem for optimizing the
configuration of the IRS elements has been formulated and an efficient solution based on
the SCA has been proposed. Simulation results have revealed that integrating IRS in an
indoor VLC system enhances the data rate and outage probability performances. Hence,
IRS should be considered as a promising solution to overcome LoS blockages in indoor

VLC systems.
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Chapter 9

Design and Optimization of Liquid
Crystal RIS-Based Visible Light

Communication Receivers

9.1 Abstract

In the design of RISs-aided VLC systems, most studies have focused on the deployment
of mirror arrays and metasurfaces on walls to influence signal propagation and enhance
communication performance. This chapter provides a new research direction in the de-
sign and performance optimization of RIS-aided VLC systems whereby voltage-controlled
tunable liquid crystals (LCs) are deployed as part of the VLC receiver. The purpose of
the LC RIS is to provide incident light steering and intensity amplification in order to
improve the received signal strength and the corresponding achievable data rate. More
specifically, an LC RIS-based VLC receiver design is proposed and its operating princi-
ples and the channel model for a VLC system with such a receiver are provided. Since

the refractive index of the LC RIS plays a critical role in the wave-guiding and light
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amplification capabilities of this novel receiver, a rate maximization problem is consid-
ered to achieve the optimal refractive index and the required voltage to obtain the best
light amplification and data rate performances. This communication design problem is a
non-convex optimization problem for which a metaheuristic approach is developed based
on the sine-cosine algorithm. Simulation results are used to confirm the considerable
data rate improvement by the proposed LC RIS-based VLC receiver and optimization
algorithm when compared to a VLC receiver without the LC RIS and a baseline scheme,

respectively.

9.2 Introduction

VLC has emerged as a disruptive technology that promises low-cost implementation,
huge unlicensed bandwidth and high data rate to complement RF-based communication
systems. VLC has sparked the interest of the research community and the industry
in recent years and is envisioned as a key evolutionary technology to enable ultrahigh
data rate (potentially up to 100 Gb/s) in beyond fifth generation systems [1]. Inspired
by the promising advantages of VLC, significant research efforts have been devoted to
its design and performance analysis and can be categorized into areas such as network
architecture design, user mobility, transmitter and receiver designs, AP assignment and
resource allocation, interference management, and RISs-aided design [2-4]. Although
the aforementioned areas are equally important in enhancing the performance gain of
VLC systems, there has been few studies on the design and performance analysis of VL.C
receivers with light steering and amplification capabilities that can significantly improve
the received signal-to-noise ratio. That is the focus of this chapter.

A typical VLC receiver (i.e., ordinary VLC receiver) is composed of a convex lens and

a PD characterized by a small physical area, App, and a FoV. In VLC, the incoming light
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from the source must fall within the FoV of the PD in order to successfully recover the
transmitted data. To achieve that, ordinary VLC receivers use convex lens as etendue
reducers to collect and focus the incoming light onto the PD. However, as discussed in [5],
the use of a convex lens can result in up to 30% losses in the incident light power due to
reflection at the len’s upper surface. Moreover, convex lenses cannot dynamically steer the
impinging light beam and, as a result, can limit the detection capabilities of the receiver,
especially when the angle of incidence is large. As examined in [6], methods such as (i)
extending a flexible matrix with dielectric nano-resonators, (ii) modifying the phase of an
amorphous crystalline transition in a chalcogenide, and (iii) ultra-fast switching of mie-
resonant silicon nano-structure, are among the various ways of steering incoming beam.
However, such methods typically weakly affect the refracted beam, even at high optical
intensity.

Motivated by the numerous appealing functionalities and low cost of RISs, the idea of
using liquid crystal (LC) as an RIS to overcome this specific drawback and amplify the
incident light power, without using power amplifiers, has recently been proposed in [5,6].
The LC RIS has electronically tunable physico-chemical properties (e.g., the refractive
index) that can be controlled by re-orienting the LC molecules via an external electrical
field. By tuning the physico-chemical properties, the LC RIS can steer any incident
light beam such that the refracted beam falls within the FoV of the PD. However, the
realization of such an LC RIS-based VLC receiver is still far from practice as there has
been limited research on it. In [7—10], the authors demonstrated the use of LCs as dynamic
optical filters for ambient light and interference suppression in different VLC and visible
light positioning scenarios. This chapter, for the first time, proposes a practical design
for LC RIS-based VLC receivers with light steering and amplification capabilities, and
a framework to optimize its communication performance. The main contributions are

summarized as follows:
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o A novel LC RIS-based receiver technology is proposed to enhance the received signal

strength and the corresponding achievable rate in VL.C systems.

o A channel model for the LC RIS-based receiver is proposed and the equation char-
acterizing the achievable rate is derived. In addition, mathematical expressions for

incident light amplification are provided.

o A framework to optimize the performance of the new LC RIS-based receiver is
presented. To the best of our knowledge, this is the first channel modelling and

optimization framework for an LC RIS-based receiver.

o Simulation results are presented to demonstrate the significant performance gains of
the LC RIS-based receiver and the proposed optimization algorithm, respectively,

when compared with an ordinary receiver and a benchmark scheme (BSch).

The rest of the chapter is organized as follows. Section 9.3 describes the system and
channel models for a VLLC system with an LC RIS-based receiver. Section 9.4 formulates
the data rate optimization problem and proposes a solution to tune the refractive index of
the LC RIS to yield the optimal data rate performance. In Section 9.5, simulation results

are reported and final conclusions are drawn in Section 9.6.

9.3 System and Channel Model

This section describes the indoor VLC environment and details the structure of the LC
RIS-based receiver and its channel model. Finally, the principle of incident light amplifi-
cation for this receiver is presented and the expression for the amplification coefficient is

derived.
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9.3.1 LC RIS-Based Receiver

The downlink of an indoor VLC system composed of a VLLC-enabled ceiling light emitting
diode array (i.e., a VLC AP) and a user equipped with a nematic LC RIS-based VLC
receiver as depicted in Fig. 9.1(a) is considered. In this figure, the LC RIS-based receiver
is composed of an optical filter, optical concentrator, and a PD by having an LC RIS
module placed right in front of the PD. Similar to the LC RIS module structure in [5,6],
it is composed of tin oxide nanodisks with LC infiltration (i.e., the LC cell) sandwiched by
different layers of thin materials. These layers are the anti-reflection polarizer for filtering
any incoming light, a glass substrate for generating the preferred direction of orientation
for the LC molecules, indium tin oxide to assist with heat production and control, and a
photoalignment film for guiding light beam through the LC cell.

Figure 9.1(b) describes the geometry of light propagation inside the LC cell when an
external voltage, v., which is greater than the threshold voltage, vy, is applied. In this
figure, the emitted optical signal from the AP, denoted as Li, travels through the air
medium (i.e., the VLC channel) with a refractive index 7, and incidents on the interface
between air and LC cell at an angle . Since no light is absorbed at this interface, part of
the optical signal L, gets reflected while the remaining signal, Lo, undergoes refraction,
at an angle 6, as it propagates through the LC cell with thickness d and refractive index
n.. The propagation characteristics (e.g., direction and intensity) of the optical signal as
it travels through and exits the LC cell can be controlled through an eletric field-induced
molecular reorientation which, in turn, causes changes in the refractive index 7.. Thus, the

refractive index is the main parameter that offers the LC RIS its wave-guiding capability.
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VLCAP VLC channel VLC receiver

ﬁ —_——
EOUICS —_— recipient

LED array LCRIS PD

Fig. 9.1: VLC system model with LC RIS-based receiver: (a) VLC transmission system with a

single AP and LC RIS-based receiver; (b) Geometry of optical signal propagation through the
LC cell.

9.3.2 Channel Model

The channel model for the LoS communication in the system model in Fig. 9.1(a) can
be described by the signal propagation through air and the LC cell, with the former
represented by the DC gain and the latter by the transition coefficient. Mathematically,

it can be given as

H = GLoS X o1,¢, (91)

where H is the channel gain between the AP and the receiver, G, represents the DC gain
of the LoS link between the AP and the LC RIS module, and ay,c denotes the transition

coefficient. The LoS channel gain can be expressed as

Gros = —— 708" (D) T (¢) G (¢) (9.2)
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-1
where App is the area of the PD, m = —log, (cos (gbl/g)) is the Lambertian emission
order with ¢;/5 being the LED’s semi-angle at half power, [ is the distance between the

AP and the receiver, ® represents the angle of irradiance, ¢ is the angle of incidence,

f2

T () is the gain of the receiver’s optical filter, G (p) = 75> 0 < ¢ < Prov, Is the gain of
the non-imaging concentrator with an internal refractive index f. pr,v < 7 is the FoV of
the PD.

The transition coefficient quantifies the impact that the LC RIS module has on the
overall channel gain. This coefficient can be obtained by analysing the propagation of
light as it enters the LC RIS, travels through the LC cell and exits it. Assuming an un-
polarized incident light, the angular reflectance — specifying the amount of any incident

light I; that gets reflected by the LC RIS — can be determined according to the Fresnel’s

equation [11]

(9.3)

1 cos @ — cosf 2+1 cos p — ncos 6 ?
2

1
R 0) = — —
e (:0) 2(ncoscp+cos@ cos ¢ + ncos 6
where n = 1./n, is the relative refractive index, and R,. is the angular reflectance at the

LC RIS. By using the Snell’s law, 7, sin ¢ = 7. sin §, the angular reflectance can be given

as a function of the angle of incidence ¢ as

2

2 cos p— 2 _gin?2 2 cos (p— 2 _gin?2 2
Rac(sf))—1<" PV “") +1< kA “”) . (9.4)

T 2 \ g2 cospty/m2—sin? p 2 \ cos g/ —sin? o
Since no light is absorbed at the interface between air and the LC RIS, the angular
transmittance, T,., representing the amount of the incident light that is being refracted
through the LC RIS can be given as T,.(p) = 1 — Rac () and the resulting refracted

radiance that propagates through the LC cell is

L= (1) Tae () L. (9.5)



As the light signal exits the LC RIS, it gets attenuated by the angular reflectance

R (0) _1 n%cos@—dnf—sir@@ 2 + 1 COS@—\/W%—SiHQQ 2 (9 6)
ca n? cos 9+\/nffsin2 0 oS 0+ /nffsin2 0 ’ '

=2 2
where 1, = 1,/n. and the corresponding angular transmittance T, can be obtained as
Tea (9) = 1 — Rea (¢). The refracted radiance that is detected by the PD can therefore be

given as

I = (m)* T (0) 1. (9.7)

By substituting (9.5) in (9.7),

I = ()" Tea (6) x (n)” Tac (0) L, (9.8)

from which the transition coefficient ag,c can be obtained as

arc = Tea (©) X Tae (0) . (9.9)

It can be observed from (9.9) that the transition coefficient can be optimized by tuning
the refractive index 7. of the LC RIS. Tuning 7. involves varying the tilt angle ¢ that
specifies the molecular orientation of the LC cell. The relationship between the refractive

index and the tilt angle can be expressed as [12]

1 cos’¢ N sin? &
ne)  om o

where 7. (£) is the refractive index of the LC for the given tilt angle &, and 7, and 7,

(9.10)

are the extraordinary and ordinary refractive indices of the LC. However, the tilt angle is

controlled by an externally applied voltage and this relationship can be characterized by
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07 Ve S v
£ = " (9.11)

Z —2tan™! [exp (—wﬂ s Ve > Ugp,

vg
where v, is the externally applied voltage, vy, is a critical voltage at which the tilting
process begins, and vy is a constant. Since ¢ is controlled by the voltage applied to the
LC cell in accordance with (9.11), the LC cell can be readily used as a voltage controlled
RIS that can manipulate the propagation of light by adjusting its refractive index and

the refraction angle to steer the incident light beam.

9.3.3 Amplification Gain Coefficient

This subsection details how the LC RIS module can be used to provide light amplification
and enhance signal reception as depicted in Fig. 9.1(b). It can be observed from this figure
that the intensity of the light emerging from the LC module at the refraction angle x,
labelled L3, is greater than the intensity of the incident light, L;. This light amplification
occurs as a result of stimulated emission, which is illustrated in Fig. 9.2, where incident
photons interact with LC’s molecules excited by an external voltage causing them to drop
to a lower energy level to create new photons that are coherent. When an optical signal
of intensity L; travels through an LC cell of depth d that has undergone population
inversion, the intensity of the output beam L3 can be given by the Beer’s absorption
law [13], however, with a negative absorption coefficient I" as given in (9.12). In this
equation, I' denotes the amplification gain coefficient and the term exp (I'd) represents

the ‘e-fold” increase of the intensity of the incident light.

Ls = Ly x exp (I'd) x arc. (9.12)
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Fig. 9.2: The principle of stimulated emission.

According to the dynamic two-wave coupling theory, the amplification gain coefficient can

be expressed as [14, 15]

27T77§

1"_

= ef I, 9.13
)\cos<prﬂr ( )

where ) is the wavelength of the transmitted light, r.¢ is the electro-optic coefficient, and
E [V /m] is the externally applied electric field. It can be observed from (9.13) that the
wavelength of the light beam, the refractive index of the LC RIS, and the applied voltage
affect the amplification gain of the LC RIS. To that end, those values must be carefully

selected to ensure optimum performance.

9.4 Achievable Rate Optimization

9.4.1 Rate Maximization Problem

The achievable rate of the RIS-aided VLC system in Fig. 9.1(a) is given by the lower

bound on the channel capacity [16]

(9.14)

exp (1) ((P/q) exp (I'd) Rop H )2>
2 N,B ’

R = Blog, (1 +
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where B, P, q, Rpp, and N, denote the information carrying bandwidth, the optical
power, the ratio of the transmitted optical power to the electrical power, the responsivity
of the PD, and the power spectral density of noise, respectively. This chapter proposes
to optimize (9.14) by intelligently controlling the refractive index, 7., of the LC cell.
For the optimal refractive index 7}, the required tilt angle of the LC molecules and the
corresponding external voltage can be determined from (9.10) and (9.11), respectively.
This data rate optimization design problem can be formulated as
mpx B

s.t. (9.15)

Cl:15<n <1.7,

where the constraint C'1 represents bounds on the refractive index of a typical off-the-shelf
LC E7 (Merck) [17,18]. The optimization problem given in (9.15) is highly non-convex
and cannot be approached by traditional optimization algorithms. To that end, a meta-
heuristic solution method based on the SCA is leveraged to find the suitable refractive
index for the optimal data rate performance. The motivation for exploiting the SCA com-
pared to other metaheuristics is its several advantages, such as a straightforward approach,
ease of implementation, superior convergence property, and local optima avoidance. The

proposed SCA-based solution is detailed in the following subsection.

9.4.2 Proposed Solution Approach

The SCA is a population-based metaheuristic introduced in [19] and recently applied
in [20]. It solves optimization problems by randomly generating initial candidate solutions
and causing them to iteratively shift towards the optimal solution using a sine-cosine-
based mathematical model. At the start of the algorithm at iteration ¢, I search agents,

whose positions represent various potential solutions to the problem (9.15), are randomly
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deployed within the boundary of the solution space. The fitness of the agents is assessed
via the objective function (9.14), and the fittest agent is designated as the destination

point D'. At the t + 1-th iteration, each agent updates its solution using

st4+ry xsin (rg) X |r3D! — st if ry < 0.5,
st = (9.16)

7
st 41y x cos (rg) X [rsD! — st if ry > 0.5,

t+1

where s! represents the solution at ¢t-th iteration for agent 7, s;™" is the current solution,
and | - | denotes an absolute value. The parameters ry, 7o, 73, and 74 take on pseudo-
randomly generated numbers that influence the search procedure of the algorithm and
the current and best solution positions. More specifically, r; denotes the direction of the
agents’ next movement in the search space and can be obtained as

a

1 :a—tf, (9.17)

with @ and T being a constant value and a predetermined maximum iteration number,
respectively. The parameter ro € [0,27] dictates to what extent the movement should
be towards or outwards from the destination point. The parameter r3 € [0,2] controls
the influence of the destination point on how far the current solution should be from it.
Finally, the parameter r, € [0, 1] equally switches between the sine and cosine search
paths as indicated in (9.16). The fitness of the agents is determined using (9.14), and the
fittest agent so far becomes the new destination point. The algorithm repeats the steps
mentioned above until a stopping criterion (e.g., the maximum iteration number or the
precision of the global optimal solution) is satisfied. The proposed SCA-based procedure

is summarized in Algorithm 14.
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Algorithm 14 The Proposed Algorithm for Rate Optimization
Input: I, T, and a;
Stage one
Set t = 0;
Initialize the set of random solutions (i.e., agents) s, Vi;
Evaluate the fitness of each solution by the objective function (9.14);
Select the best solution as D?;
Stage two
Set t =1
while no convergence do
Update the parameters rq, ro, r3, and r4;
Update the solutions s, Vi using (9.16);
Check for agents that violate constraint C'1;
Update D' if there is any better solution;
Set t =1+ 1;
end while
Output: 7’ = s;+, where ¢* is the agent and 7 denotes the global optimum. The
external voltage required to obtain 7} can be determined from (9.10) and (9.11) .

9.4.3 Computational Complexity Analysis

The computational complexity of the proposed solution mainly depends on the tasks per-
formed in stages one and two. The tasks of generating the initial set of random solutions,
evaluating their fitness, and selecting the destination point require O (I) operations each.
Hence, the computational complexity of stage one can be given as O (I). The computa-
tional complexity of the second stage, which involves updating the agents’ solution using
(9.16), evaluating their fitness via (9.14), and updating D' is O (IT). The overall worst-

case computational cost for solving (9.15) using Algorithm 14 is O (I)+O (IT) =~ O (IT).

9.5 Simulation Results

Without loss of generality, a 5 m x 5 m X 3 m room size, a single AP and one user are
considered. The AP is deployed at 2.5 m x 2.5 m x 3 m while the position of the user is

random and according to a uniform distribution. The values for the parameters I and a
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Table 9.1: Simulation Parameters

Parameter | Value Parameter | Value

Mo 1.7 N, 102" A? /Hz
o L5 T (¢) 1

Ma 1.0 PFoV 85°

Uth, 1.34V f 1.5

Vo 1 q 3

d 0.75 mm || ¢;/2 70°

Teft 12 pm/V RPD 0.53 A/W
B 200 MHz || App 1 cm?

are set to 2 and the rest are summarized in Table 9.1.

Figure 9.3 shows the influence of the angle of incidence, ¢, on the transition coefficient,
arc, of an LC RIS for different values of the refractive index 7.. It can be observed
that arc decreases with an increase in 7. for any given . Moreover, the intensity of the
refracted light gradually decreases with an increase in the angle of incidence until ¢ = 60°
and then starts decreasing at a steeper rate for increasing values of ¢. The reason is that,
for values of ¢ above 60°, the light beams L, and Ly approach the refraction limit and,
as a result, a greater proportion of L gets reflected and less amount gets refracted. This
figure reveals that apc is mainly impacted by the angle at which the transmitted light
impinges on the LC RIS as well as the value of the refractive index. Since ar ¢ affects the
overall channel gain as given in (9.1), it is important to ensure that ¢ does not exceed
60° in order to guarantee higher values for ag,c.

Figure 9.4 depicts how the refractive index and the transition coefficient of the LC
RIS vary with the externally applied voltage, v.. It can be observed that the value of the
refractive index starts decreasing when the applied voltage v, > vy, and saturates when
ve > b V. With regards to the transition coefficient, it starts increasing when v, > v, and
saturates when v, > 5 V. These observations can be explained by the fact applying the
external voltage induces a change in the molecular orientation (i.e., tilting ) of the LC.

The tilting of the molecules changes the refractive index in the direction of the tilt and,
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Fig. 9.3: Transition coefficient versus angle of incidence for LC RIS with different refrac-
tive indexes.
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Fig. 9.4: Refractive index and transition coefficient versus the applied voltage.
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Fig. 9.5: E-fold increase in the intensity of the emerged light versus the applied voltage.

this in turn, affects the transition coefficient. This figure reveals that as little as up to 5
V is all that is needed to efficiently control the LC RIS as any voltage above 5 V does not
yield significant changes.

Figure 9.5 illustrates the exponential (e-fold) rate of increase in the intensity of the
emerged light from the LC RIS in the presence of an applied voltage. In this figure, the
applied voltage is varied from 0 to 5 V since it was revealed in Fig. 9.4 that voltages outside
this range do not affect any properties (e.g., refractive index and transition coefficient) of
the LC RIS. For each voltage, the tilt angle and the refractive index can be determined
from (9.11) and (9.10), respectively. The e-fold gain for that voltage and refractive index
can be calculated from (9.12). It can be seen from this figure that light signals of distinct

wavelengths get amplified at different rates when the same voltage is applied. More
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Fig. 9.6: The convergence rate of Algorithm 14.

specifically, for light signals of wavelengths 510 nm, 550 nm, and 670 nm, up to ten, eight,
and six-fold gain in the intensity of the emerged light can be obtained from the LC RIS,
respectively, for the considered values of the externally applied voltage.

Figure 9.6 shows the convergence rate of the proposed algorithm for light signals of
different wavelengths. Clearly, Algorithm 14 converges within 20 iterations for all the
wavelengths. This highlights its fast convergence rate.

Finally, Fig. 9.7 compares the data rate performance of the proposed LC RIS-based
receiver and optimization algorithm with that of (1) an ordinary receiver (i.e., without
the LC RIS); (2) a BSch; and (3) the exhaustive search for different transmit power levels.
This is done for light signals of different wavelengths since the data rate performance of

the LC RIS-based receiver is affected by the wavelength of the transmitted light. The
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Fig. 9.7: Achievable data rate versus transmit optical power for light signals of different
wavelength: LC RIS-based receiver versus ordinary receiver.
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considered BSch involves randomly selecting any feasible value for the refractive index.
The curves in this figure are obtained by averaging over 10,000 independent realizations.
Several insights can be drawn from this figure. Firstly, it demonstrates that augment-
ing the transmit power improves the data rate for the LC RIS-based and the ordinary
receivers. Secondly, it can be observed that the data rate performance of the proposed
SCA scheme matches that of the exhaustive search. Thus, the proposed algorithm can
obtain the optimal solution within 20 iterations. Thirdly, the figure reveals that the L.C
RIS-based receiver with the proposed SCA algorithm can achieve up to 731%, 688%, and
591% improvement in data rate for transmitted light signals of wavelengths 510 nm, 550
nm, and 670 nm, respectively, when compared to that of the ordinary receiver. Moreover,
it can be seen from Fig. 9.7 that the proposed SCA scheme significantly outperforms
the BSch for all the considered wavelengths. This demonstrates the effectiveness of the
proposed optimization scheme and establishes the LC RIS-based receiver as an efficient

way to enhance the data rate performance of VLC systems.

9.6 Conclusion

In this chapter, a novel RIS-based receiver technology for incident light steering and
amplification as well as data rate improvement in VLC systems has been presented. The
proposed RIS-based receiver uses tunable LCs whose refractive index can be controlled via
an externally applied voltage. A channel model characterizing the propagation of the light
signals from the AP to the receiver has been proposed. In addition, the principle behind
the incident light amplification and the equation for the amplification gain coefficient have
been explicitly provided. The main challenge for this novel LC RIS-based receiver design is
to determine the value of the refractive index of the LC RIS and the corresponding required

external voltage for different user positions. To that end, a non-convex optimization
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problem for optimizing the refractive index as well as the required voltage for the LC RIS
to guarantee the highest data rate performance has been formulated and a low-complexity
solution based on the SCA has been proposed. Simulation results have revealed that the
proposed LC RIS-based receiver and the SCA scheme can dramatically improve the data
rate performance when compared to baselines such as the random allocation and the
ordinary VLC receiver. This chapter has revealed that LC RIS-based receivers should be
considered a promising solution to satisfying the ultra-high data rate demands in VLC
systems without any additional transmit power and bandwidth resources. Interesting
future research areas include (i) considering non-LoS communication and user-mobility
in VLC systems with mirror array RISs deployed on walls and LC RIS-based receivers,
(ii) a practical implementation of the proposed design, (iii) examining the delay and noise
performances of the LC-based RIS due to the LC tuning time and photon generation

process, respectively.
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Chapter 10

Conclusions and Future Work

This chapter summarizes the main contributions of this dissertation and discusses several

areas of considerable interest for future work.

10.1 Conclusions
The following conclusions can be drawn from the dissertation:

o Chapter 1 discussed the basics of VLC systems and RISs. It was revealed that
signal transmission and detection in VLC differ from RF communication systems.
Moreover, the design of VLC systems must consider novel constraints such as illumi-
nation requirements and practical user behaviors such as random device orientation
and LoS blockages. Consequently, resource allocation schemes proposed for RF
systems cannot be used in VLC systems, and novel schemes will be required. The
chapter also discussed the two types of RISs in VLC, namely IMR and IMA, and

their specific functionalities.

o Chapters 2 and 3 addressed the EE and sum-rate maximization problems for hybrid

RF/VLC HetNets via the joint optimization of AP assignment and PA while consid-
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ering users’ QoS requirements and illumination constraints. A novel low-complexity
and optimal solution based on fractional programming and the multiplier adjust-
ment method was proposed for the EE optimization problem. An optimal solution
was proposed for the sum-rate optimization problem based on the college admission
model and matching theory. Simulation results revealed that the proposed algo-
rithms outperform the benchmarks and RF HetNets regarding EE and sum-rate

performances.

Chapter 4 introduced a PLC BH solution for hybrid VLC/RF indoor networks and
proposed an energy-efficient power and flow control optimization algorithm for the
hybrid VLC/RF/PLC indoor network. Simulation results showed that the proposed
solution outperforms the EPA and RF only indoor network in EE, throughput, and

AN and BH power consumption.

Chapters 5 and 6 addressed the joint problem of SA and PA optimization for multi-
cell VLC systems while considering ICI and LoS blockages. More specifically, Chap-
ter 5 proposed resource allocation schemes based on MT and the quadratic transform
approach to maximize the sum-rate of various multi-cell VLC system configurations
(i.e., traditional, cooperative, and non-cooperative VLC systems). It was demon-
strated that cooperative VLC systems outperform traditional and non-cooperative
VLC systems. Based on that insight, an energy-efficient resource allocation scheme

was proposed for cooperative VLC systems in Chapter 6.

The earlier chapters focused on hybrid RF/VLC systems. However, the idea of
aggregating from RF and VLC systems to serve users sounds promising for future
communication networks. Chapter 7 addressed this issue by formulating energy-
efficient AP assignment, SA, and PA for hybrid and aggregated RF/VLC systems.

The formulated problem for the aggregated system is novel as it considers addi-
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tional unique constraints. A low-complexity and near-optimal solution based on
MT and the e-constraint method was proposed to solve the EE maximization prob-
lem. Simulation results revealed aggregated RF/VLC systems achieve significant
EE performance compared to hybrid RF/VLC systems. Moreover, the proposed

solution outperformed existing schemes in the literature.

o Finally, Chapters 8 and 9 focused on the design and performance analysis of RIS-
aided VLC systems. More particularly, Chapter 8 addressed the LoS blockage and
random device orientation issues in VLC systems by using IMAs to support non-
LoS transmissions. Chapter 9 proposed a novel design for VLC receivers. This
design used LC-RISs to steer and amplify incident light signals in VLC systems
for significant data rate improvement. Novel expressions for channel power gain
and amplification coefficient for LC RIS-based VLC system were introduced, and a
framework was proposed to optimize the LC RIS receiver’s performance. Simulation
results showed that the integration of RISs and VLC system could overcome some

limitations of VLC systems.

10.2 Possible Directions for Future Research

This section further highlights other potential research problems in VLC, hybrid /aggregated

RF/VLC, and RIS-enabled VLC systems that need to be investigated in future work.

o This dissertation assumed the availability of accurate CSI of the channel paths for
all users in the considered VLC, hybrid/aggregated RF /VLC, and RIS-enabled VLC
systems. However, acquiring users’ position information or the full real-time CSI
can be computationally expensive, and any errors in these estimates can severely
impact the system’s performance. As a result, investigating learning approaches for

CSI prediction is of considerable interest.
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o The work on RIS-aided VLC systems considered deploying RISs either in the chan-
nel (i.e., Chapter 8) or inside the receiver (i.e., Chapter 9). However, RISs can be
deployed in the transmitter, the receiver, and the channel to realize transmitter-
channel-receiver RIS-assisted VLC systems. Located within the transmitter, the
RIS could be used as a refractive element that assists beam generation. Within the
receiver, the RIS can enable dynamic FoV and perform incident light amplification
and selective interference rejection. When deployed in the medium between the
transmitter and the receiver (i.e., the channel), the RIS can achieve signal coverage
and illumination expansion and enhance security and signal power transmission. It
will be interesting to explore how such a system can improve performance. Fur-
thermore, future RIS-aided VLC systems should consider both static and mobile

blockers.

o The proposed optimization algorithms involved in this thesis were based on math-
ematical models. As the number of the various network entities (e.g., APs, users,
RIS elements, etc.) gets more extensive and more complicated, faster and more effi-
cient algorithms may be needed. As an example, it was shown in Chapter 8 that the
data rate optimization problem for IRS-aided VLC systems suffers from the high di-
mensionality problem. The mathematical models for such large-sized networks may
become intractable. Integrating machine learning approaches such as deep reinforce-
ment learning into RIS-aided VLC systems and heterogeneous RF/VLC systems is
of utmost importance. The performance of machine learning-based solutions should

be compared with those from optimization and metaheuristic approaches.

o It will be interesting and challenging to conduct simulations for the proposed system
models and algorithms for networks with large numbers of users and APs using

powerful computers, and analyze the associated time complexity.
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o Several other exciting optimization problems with various objective functions and
design constraints can be considered for the well developed system models in this
research. Design problems focusing on handover minimization, load balancing, and
uplink power minimization need to be considered for the proposed system mod-
els. Moreover, the applicability of the proposed optimization frameworks in MIMO

systems need to be studied.

o This research has demonstrated that hybrid and aggregated RF/VLC systems can
become a key component in the design of future generation networks. However, there
has been limited research on transceiver design architectures and standardization
activities to support the implementation of such HetNets. This is another area

worth investigating.
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