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ABSTRACT

Active Reconfigurable Intelligent Surface Architectures for Future
Wireless Networks
Recep Akif TASCI
Master of Science in Electrical and Electronics Engineering
September 1, 2022

Reconfigurable intelligent surface (RIS)-assisted communication has recently at-
tracted the attention of the wireless communication community as a potential can-
didate for 6th generation (6G) of wireless networks. Various studies have been
carried out on the RIS technology, which is capable of enabling the control of the
signal propagation environment by network operators. However, when an RIS is
used in its inherently passive structure, it appears to be only a supportive technol-
ogy for communications, while suffering from a multiplicative path loss. Therefore,
researchers have lately begun to focus on RIS hardware designs with minimal ac-
tive elements to further boost the benefits of this technology. In this thesis, first,
we present a simple RIS hardware architecture including a single and variable gain
amplifier for reflection amplification to confront the multiplicative path loss. The
end-to-end signal model for communication systems assisted with the proposed am-
plifying RIS design is presented, together with an analysis focusing on the capacity
maximization and theoretical bit error probability performance, which is corrobo-
rated by computer simulations. In addition, the major advantages of the proposed
amplifying RIS design compared to its passive counterpart are discussed. It is shown
that the proposed RIS-based wireless system significantly eliminates the double fad-
ing problem appearing in conventional passive RIS-assisted systems and improves
the communication energy efficiency.

This thesis also introduces an RIS-assisted grant-free non-orthogonal multiple
access (GF-NOMA) scheme. We propose a joint user equipment (UE) clustering
and RIS assignment/alignment approach that ensures the power reception disparity
required by the power domain NOMA (PD-NOMA). The proposed approach max-
imizes the network sum rate by judiciously pairing UE with distinct channel gains

and assigning RISs to proper clusters. To alleviate the computational complexity
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of the joint approach, we decouple UE clustering and RIS assignment/alignment
subproblems, which reduces run times 80 times while attaining almost the same
performance. Once the proposed approaches acknowledge UEs with the cluster in-
dex, UEs are allowed to access corresponding resource blocks (RBs) at any time
requiring neither further grant acquisitions from the base station (BS) nor power
control as all UEs are requested to transmit at the same power. In addition to pas-
sive RISs containing only passive elements and giving an 18% better performance, a
fully-connected active RIS structure that enhances the performance by 37% is also
used to overcome the double path loss problem. The numerical results also investi-
gate the impact of UE density, RIS deployment, RIS hardware specifications, and

the fairness among the UEs in terms of bit-per-joule energy efficiency.



OZETCE

Yiiksek Lisans Tez Basglig:
Recep Akif TASCI
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
1 Eylil 2022

Yeniden yapilandirilabilir akilli yiizey (RIS) destekli haberlesme, gelecek 6'inci nesil
(6G) kablosuz aglar igin potansiyel bir aday olarak kablosuz haberlesme toplulugu-
nun yakin zamanda dikkatini cekmistir. Sinyal yayilim ortaminin sebeke operatorleri
tarafindan kontrol edilmesini saglayan RIS teknolojisi lizerinde cesitli ¢aligmalar
yapimigtir. Bununla birlikte, bir RIS dogas1 geregi pasif yapisinda kullanildiginda
carpimsal bir yol kaybindan muzdarip oldugundan, haberlesme sistemleri i¢in yalnmizca
destekleyici bir teknoloji gibi gortinmektedir. Bu nedenle, aragtirmacilar son zaman-
larda bu teknolojinin faydalarini daha da artirmak igin minimum aktif elemanh RIS
tasarimlarina odaklanmaya baglamiglardir. Bu caligmada, ¢arpimsal yol kaybini tol-
ere etmek amaciyla degisken kazanch tek bir yiikselteg iceren basit bir RIS mimarisi
sunuyoruz. Onerilen bu yiikseltici RIS tasarimi ile desteklenen bir haberlegme sis-
temi i¢in ugtan uca sinyal modeli ve kanal kapasitesi maksimizasyonu sunulmugtur.
Bununla beraber teorik bit hata olasiligi performansina odaklanan bir analiz ile bir-
likte kanal kapasitesi sunulmaktadir. Ek olarak, onerilen yiikseltici RIS tasariminin
pasif versiyonu ile kargilagtinldiginda baglica avantajlar tartigilmgtir. Onerilen RIS
tabanl kablosuz haberlesme sisteminin, siradan pasif RIS destekli sistemlerde or-
taya ¢ikan ¢ift soniimleme sorununu énemli 6lgiide ortadan kaldirdigi ve enerji ver-
imliligini iyilestirdigi gosterilmigtir.

Bu tez ayn1 zamanda bir RIS destekli hibesiz dikgen olmayan ¢oklu erigim (GF-
NOMA) semasini tanitmaktadir. Giig eksenli NOMAnin (PD-NOMA) gerektirdigi
gii¢ dagilimi farklhiligini saglayan birlegik bir kullanmici ekipmani (UE) kiimele- me
ve RIS atama algoritmasi 6nerilmigtir. Bu yaklagim, UE’yi farkli kanal kazanglar
ile akillica eglegtirerek ve RIS’leri uygun kiimelere atayarak ag kapasitesini maksi-
muma c¢ikarir. Bu birlesik algoritmanin hesaplama karmasikligini hafifletmek icin,
performanstan odiin vermeden algoritmanin ¢aligma siiresini 80 kat azaltan bagka

bir UE kiimeleme ve RIS atama algoritmasi gelistirilmistir. Onerilen yaklagimlar
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kiime indeksi ile UE’leri onayladiktan sonra, tiim UE’lerin aynm1 anda iletmeleri is-
tendiginden, UE’lerin herhangi bir zamanda ne baz istasyonundan (BS) daha fa-
zla hibe edinimi ne de gii¢ kontrolii gerektirmeyen ilgili kaynak bloklarina (RBs)
erismesine izin verilir. Sadece pasif elemanlar iceren ve %18 daha iyi performans
veren pasif RIS’lere ek olarak, ¢ift yol kayip problemini agsmak igin performans1 %37
arttiran tam baglantili aktif RIS yapisi da kullanilmaktadir. Ayrica, elde edilen
sonuclar UE yogunlugun, RIS konuslandirilmasinin ve RIS donanim spesifikasyon-
lariin etkilerini, ve Joule bagina bit enerji verimliligi acisindan UE’ler arasindaki

gli¢ harcama adilligini ortaya koyar.



ACKNOWLEDGMENTS

I would like to thank my mentors, Assoc. Prof. Ertugrul BASAR and Assoc.
Prof. Mehmet Kemal OZDEMIR, who have always enlightened me with valuable
knowledge and advice, with my genuine gratitude and warm regards. I am grateful
that they made me feel their trust and kind support. I feel fortunate to have the
opportunity to work with them.

I would like to express my gratitude with my deepest love to my beloved parents,
Muammer and Nermin TASCI, who have always supported me. No matter what,
they made me know right from wrong and always trusted in me to find the correct
path. I would also like to thank my sisters and brothers, Stikran, Melek, Emine,
Mustafa Yasin and Ali Osman TASCI, for their support. They were always on my
side and never left me down.

I would also like to thank my close friend Fatih KILINC, with whom I have always
worked. We have shared not only every information we learned but everything we
had. He was always like a brother to me and always will be.

Last but not least, I also wish to thank my beloved one, Irem Tuba ARSLAN, for
her endless love. She encourage and support me everytime when I fall into despair.

She is the most beautiful thing I have found in this world.

viil



TABLE OF CONTENTS

List of Tables xi
List of Figures xii
Abbreviations xiv
Chapter 1: Introduction 1
1.1 Main Contributions . . . . . . . . . . . ... ... ... 6
1.2 Notations and Organization . . . .. .. ... ... ... .. ..... 8

Chapter 2: Reconfigurable Intelligent Surfaces and NOMA Net-

works 10
2.1 Passive RISs . . . . . . . . . 10
2.2 Active RISs . . . . . . . 11
2.3 RIS-Assisted NOMA Networks . . . . . . ... ... ... ... .... 12
24 GF-NOMA Networks . . . . . . . . . .. ... . ... ..., 13

Chapter 3: A New RIS Architecture with a Single Power Amplifier:

Energy Efficiency and Error Performance Analysis 15

3.1 System Model . . . . . . . ... 15
3.1.1  Amplifying RIS-assisted System . . . . . . ... ... ... .. 15
3.1.2  Passive RIS-assisted System . . . . ... ... ... ...... 19

3.2 Performance Analysis . . . . . . ... ... . L L 20
3.3 Total Power Consumption Model and Energy Efficiency Analysis . . . 23
3.4 Numerical Results . . . . . .. .. ... o 25
3.4.1 Performance Evaluation . . .. ... ... ... ........ 26
3.4.2 Energy Efficiency Evaluation. . . . . ... ... ... ... .. 31

1X



Chapter 4: RIS-Assisted Grant-Free NOMA: User Pairing, RIS As-

signment, and Phase Shift Alignment 35

4.1 System Model . . . . . . ... 35
4.1.1 Network Model . . . . . .. ... ... 35

4.1.2  Channel Model . . . . .. ... ... ... . 37

4.1.3 Passive RIS-Assisted NOMA System . . . .. ... ...... 38

4.1.4  Active RIS-Assisted NOMA System . . . . . ... ... .... 39

4.2 Problem Definition and Solution Methodology . . . . . . . . .. . .. 42
4.2.1 Problem Definition . . . . . . . ... ... L. 42

4.2.2  Solution Methodology . . . . .. ... ... ... ... .... 43

4.3 UE Clustering and RIS Assignment Algorithms . . . . .. ... ... 44
4.3.1 Joint 3D UE Clustering and RIS Assignment Algorithm . . . 44

4.3.2 Consecutive 2D UE Clustering and RIS Assignment Algorithm 47

4.4 Numerical Results . . . . . . ... ... .. 50
4.4.1 Benchmark Schemes . . . . ... ... ... ... ....... 50

4.4.2 Impact of UE Density on Sumrate and Time Complexity . . . 52

4.4.3 The Impact of Identical Tx Power on Fairness . . . . . . . .. 53
Chapter 5: Conclusion 57
Bibliography 59
Appendix A: 69



1.1

3.1

4.1

Al

LIST OF TABLES

Comparison of the proposed architecture with a passive RIS, a fully-

connected active RIS, and a multi-antenna AF relay . . . . . . . . .. 4
Power consumption model parameters. . . . . .. ... ... ... .. 25
Table of the simulation parameters . . . .. ... ... ... ..... 51

The shape (k) and scale (v) parameters of the fitted Gamma distribution 70

x1



1.1
1.2

2.1
2.2

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

LIST OF FIGURES

Proposed Active RIS Architecture . . . . . . ... ... .. ... ... 3
Ilustration of the RIS-aided GF-NOMA networks . . . . . ... . .. 6
Passive RIS [Zhang et al., 2021] . . . . . . ... ... ... ... 10
Active RIS [Zhang et al., 2021] . . . . .. ... ... ... 11

Generic system model for the considered amplifying RIS-assisted scheme. 16

Generic system model for a passive RIS-assisted scheme. . . . . . .. 19
The PDF of y,ct and Gamma distribution fits for (a) N = 10,...,20

and (b) N =300,...,400. . . . . . 22
BER results for (a) Ppax = 10 dBm and (b) Ppax =20 dBm. . . . . . 26

Achievable rates of the system for (a) dj = 50 m and (b) dp = 100 m. 27
Achievable rates of the amplifying RIS-assisted system for (a) P, = 20
dBm and (b) P; = 10 dBm. The numbers on the markers indicate
Gopt values. . . . . . ..o 29
Achievable rates of the amplifying RIS-assisted system for different
Prand Poax. -« o o e 30
(a) Energy efficiencies of the amplifying RIS-assisted system for vary-
ing N and (b) corresponding achievable rates and Pio values . . . . . 31
(a) Energy efficiencies for different Py .y values varying with P, and

b) corresponding achievable rates and Py values . . . . . . . .. .. 32

(b)
3.10 (a) Energy efficiencies for different P, values varying with Pp,x and
(b)

4.1

b) corresponding achievable rates and Pio values . . . . . . . . . .. 33

Outer and inner cells of the network . . . . . . . . . . . . .. .. ... 36

x11



4.2

4.3

4.4

4.5

(a) Sum rate and complexity of the proposed algorithms, and (b) sum
rate of the proposed schemes . . . . . . ... ... ... ....... 52
Sum rate and Jain’s fairness index for varying piq for the proposed
and benchmark schemes . . . . .. .. ... ... 53
Sum rate of the network for different varying RIS metrics: (a) Doyt
and (D)R. . . . . 55
Sum rate of the network for different varying N. . . . . . . . ... .. 56

xiil



AA

AF
BEP
BER
BPSK
BS
CLT
CSI
DF
DMA
EE

GB

GF
LNA
LoS
MGF-NOMA
MIMO
MINLP
mMTC
MRC
NLoS
NOMA
NP
OMA

ABBREVIATIONS

Axial Assignment
Amplify-and-Forward

Bit Error Probability

Bit Error Rate

Binary Phase-Shift Keying

Base Station

Central Limit Theorem

Channel State Information
Decode-and-Forward

Dynamic Metasurface Antenna

Energy Efficiency

Grant-Based

Grant-Free

Low-Noise Amplifier

Line-of-Sight

Multi-Level Grant-Free non-Orthogonal Multiple Access
Multiple-Input Multiple-Output
Mixed-Integer non-Linear Programming
Massive Machine-type Communications
Maximum Ratio Combining
Non-Line-of-Sight

Non-orthogonal Multiple Access
Non-Deterministic Polynomial-Time

Orthogonal Multiple Access

X1iv



OPT PD-NOMA
PA

PD

PLS
PSK
PUCSH
PUCCH
RB

RF

RIS

Rx

SE

SEP
SGF-NOMA
SIC
SINR
SISO
SNR
SRS
STAR
TDD
Tx

UE

UL
UMa
UpPTS
3D

6G

Optimum Power-Domain non-Orthogonal Multiple Access
Power Amplifier

Power Domain

Physical Layer Security

M-ary Phase-Shift Keying

Physical Uplink Shared Channel

Physical Uplink Control Channel

Resource Block

Radio Frequency

Reconfigurable Intelligent Surface

Receiver

Spectral Efficiency

Symbol Error Probability

Single Level Grant Free non-Orthogonal Multiple Access
Successive Interference Cancellation
Signal-to-Noise-Plus-Interference-Ratio
Single-Input Single-Output

Signal-to-Noise Ratio

Sounding Reference Signals

Simultaneously Transmitting and Receiving
Time-Division Duplexing

Transmitter

User Equipment

Uplink

Urban Macro

Uplink Pilot Time Slot

Three-Dimensional

6th Generation

XV



Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

The number of mobile users trying to keep up with emerging technologies is
increasing day by day. This situation has an impact on many things around the
world, especially on communication networks. Recent generations of wireless com-
munication have been developed to meet the high data demand arising from these
technological developments [Saad et al., 2020]. For these reasons, the fact that exist-
ing communication systems will start to become insufficient in the future, as it was
before, will make the development of next generation of the wireless communication,
6th generation (6G) and beyond, inevitable. 6G focuses further enhancing data rate,
security, consistency, and mobility, compared to its predecessors. In order to meet
the future demands, numerous studies are being carried out towards 6G wireless
networks. As a result, the use of advanced technologies such as extreme multiple-
input multiple-output (MIMO) systems with power efficient front-ends [Shlezinger
et al., 2021], as well as Terahertz and millimeter-wave communications might play
an important role in supplying these demands.

In recent years, reconfigurable intelligent surface (RIS)-empowered communica-
tion has become one of the most popular developments towards 6G networks [Basar
et al.; 2019, Huang et al., 2019, Calvanese Strinati et al., 2021a, Di Renzo et al.,
2019, Wu et al., 2021, Calvanese Strinati et al., 2021b, Jian et al., 2022]. Supporting
high wireless channel capacity, expanding the signal coverage, reducing the bulki-
ness of the multiple antenna systems as well as the energy consumption, low-cost
implementation and mitigating several negative effects of the wireless channel, such
as multipath fading and the Doppler effect can be given as some of the main reasons

why RISs has been investigated thoroughly [Yildirim et al., 2021b, Basar, 2021, Wu
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and Zhang, 2020].

Numerous studies have been conducted by combining RISs with many other
techniques. Assisting a relay system with an RIS [Yildirim et al., 2021a], RIS-
based index modulation [Basar, 2020], RIS-enabled reflection modulation [Lin et al.,
2021, Yuan et al., 2021], implementation of non-orthogonal multiple access (NOMA)
by using RISs [Zuo et al., 2020, Khaleel and Basar, 2021], and channel modeling in
the presence of an RIS [Basar and Yildirim, 2020, Basar et al., 2021, Kilinc et al.,
2021] can be given as notable examples. These studies have succeeded with the help
of RISs but have not been able to avoid the performance degradation caused by the
double path loss problem when the RIS is not positioned close to terminals [Basar
and Poor, 2021, Dunna et al., 2020]. Therefore, passive RISs cannot go beyond
being a supportive technology for communication systems due to the double path
loss problem. Some studies have been conducted to overcome the double path loss
effect by combining active elements with RISs. In [Alexandropoulos and Vlachos,
2020], a single receive radio frequency (RF) chain that includes a low-noise amplifier
(LNA) was used to enable baseband reception, which in turn, was exploited for
channel estimation at the RIS side. Similarly, channel estimation using a hybrid
RIS architecture has been performed in [Alexandropoulos et al., 2021] by deploying
small numbers of receive RF chains at the RIS side. Another RIS-based channel
sensing approach was studied in [Alamzadeh et al., 2021] by coupling some incident
signals with a modified RIS architecture, including receive RF chains. Furthermore,
[Shlezinger et al., 2021] analyzes dynamic metasurface antennas (DMAs) from an
analog and digital signal processing perspective with less number of RF chains than
the number of metamaterials. In [Zhang et al., 2021], a reflection-type amplifier has
been proposed to be used by each reflecting element of an RIS, and the proposed
active RIS element was designed, fabricated, and experimental results are provided.
Another active reflecting element design has been proposed in [Long et al., 2021]
such that the magnitude of the reflection coefficient of the reflecting elements is
greater than unity. Connecting only a few elements of an RIS with RF chains and
power amplifiers (PAs) has been investigated in [Nguyen et al., 2021] as a hybrid

relay-reflecting intelligent surface.
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Figure 1.1: Proposed Active RIS Architecture

Against this background, as the first contribution, this thesis proposes an am-
plifying RIS design that incorporates a single PA and two RISs. According to our
design, the signals received by elements of the first RIS are combined after getting
their phase configured. Then, the combined signal is fed to the available PA, which
feeds it to the second RIS that transmits it with a controllable phase configuration
as shown in Fig. 1.1

The proposed design works solely in the RF domain, similar to the waveguide-
based approach in [Alamzadeh et al., 2021], unlike full-duplex multi-antenna decode-
and-forward (DF) relays, which perform down-conversion and baseband processing
[Yildirim et al., 2021a]. Therefore, our design looks more similar to a full-duplex,
multi-antenna, and amplify-and-forward (AF) relay. However, they have some key
differences. Relays usually perform linear processing techniques, such as maximum
ratio combining (MRC), and realize power allocation optimization algorithms. Fur-
thermore, they include bulky phase-shifter networks for transmit beamforming and
are subject to loopback self-interference [Uysal, 2009]. Our design is simpler, does
not require complex algorithms, and prevents loopback self-interference via spatial
separation in the form of back to back placement of the different RISs. Note that

simple self-interference cancellation techniques in the RF domain can be applied
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Table 1.1: Comparison of the proposed architecture with a passive RIS, a fully-
connected active RIS, and a multi-antenna AF relay

Proposed Passive | Fully-Connected
AF Relay
Design RIS Active RIS
Complexity Low Low High High
Power
Low Low High High
Consumption
Signal
Interference No No No
processing
Cancellation | interference | interference interference
required
Cost Low Low High High
Performance High Low High High

[Alexandropoulos et al., 2020].

A detailed comparison of the proposed scheme with passive RISs, fully-connected
active RIS and AF relay is presented in Table 1.1. Considering fully-connected ac-
tive designs, where each RIS element contains an active component, there are some
drawbacks, such as power consumption and cost. These architectures may not be
feasible for a large number of reflecting elements because they contain numerous
active components. The proposed design has the key advantages of being energy
efficient and low cost compared to other active RIS designs since it includes a single
PA. Furthermore, the fully-connected active RIS architecture is more complex than
the proposed system because the gain of each active element needs to be config-
ured. In contrast, the gain of a single PA is adjusted in the proposed architecture.
Although the fully-connected active RIS design is more powerful because of the am-
plifiers being connected to each reflecting element, the proposed scheme also benefits
from the passive beamforming of the receiving and transmitting parts of the RIS.
Compared to passive RISs, the proposed design enhances the system capacity in
a more energy efficient manner. Moreover, as our system diminishes the effect of
double path loss due to the amplification, it provides flexibility to place the RIS at

any point between the transmitter (Tx) and the receiver (Rx). However, the pro-



Chapter 1: Introduction )

posed design is more complex because additional signal processing procedures are
required, such as adjusting the gain of the PA and phase configurations of the RISs.

We note that a similar concept was considered in [Abari et al., 2017], assuming
that the received signal is amplified and fed back as leakage to the input; however,
it lacks a sufficient mathematical framework and does not present detailed modeling
of the system operation. On the other hand, in this thesis, we propose a novel
amplifying RIS scheme with a solid mathematical framework and provide a unified
model for the system operation. Moreover, we analyze the theoretical bit error
probability (BEP), capacity, and energy efficiency (EE) of the proposed design and
compare it with a benchmark passive RIS structure.

Moreover, NOMA has also been recognized as a promising candidate to enable
enhanced massive machine-type communications (mMTC) by multiplexing several
user equipments (UEs) on the same network resources [Saito et al., 2013, Islam
et al., 2017]. In particular, power domain (PD)-NOMA improves the spectral ef-
ficiency (SE) by multiplexing UEs with different channel gain and transmit power
such that successive interference cancellation (SIC) can be performed at the receiver.
As the network size increases, PD-NOMA starts suffering from power control com-
plexity, UE pairing and resource allocation overhead and ramifications of channel
state information (CSI) acquisition [Shahab et al., 2020]. NOMA has also been in-
vestigated with emerging technologies such as index modulation [Arslan et al., 2020],
cognitive radios [Arzykulov et al., 2021], and unmanned aerial vehicles-aided wireless
networks [Arzykulov et al., 2022]. Recently, RISs have received attention thanks to
their ability to create the reception power disparity required by PD-NOMA. While
the RIS-aided NOMA is analyzed in [Hou et al., 2020a], dynamic and static RIS con-
figurations for multi-user NOMA schemes are considered in [Liu et al., 2022]. The
authors of [Khaleel and Basar, 2022] have studied partitioning of RIS to facilitate
PD-NOMA. Noting that all of the mentioned schemes are grant-based (GB), there
is still a dire need to address the signaling overhead and computational complexity
issues. For this reason, research on grant-free NOMA (GF-NOMA) schemes that
UEs can operate without grant acquisition recently received much attention. In

particular, power-domain GF-NOMA schemes aim to eliminate the need for power
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Figure 1.2: Hlustration of the RIS-aided GF-NOMA networks

control and CSI acquisition at the transmitter side so that UEs can access allocated
resource blocks (RBs) at any time without requiring grant acquisition. We have
obvserved that the active RIS technology might be very promising for emerging
NOMA systems as well. Therefore, in this thesis, we also decided to implement an
RIS-aided GF-NOMA scheme where power reception disparity is ensured utilizing
novel algorithms dealing with UE clustering, RIS assignment, and RIS phase shift
alignment, considering a network consisting of a specific number of users and RISs
distributed randomly over the cell coverage area as depicted in Fig. 1.2, where RIS

blocks deployed on building facades/windows are highlighted in various colors.

1.1 Main Contributions
The main contributions of this thesis are summarized as follows:

e A new and energy efficient amplifying RIS design is proposed. The end-to-end
system model of the proposed amplifying RIS design is presented.



Chapter 1: Introduction 7

e A cheaper, less complex, and more energy-efficient architecture than fully con-

nected active RIS designs and multi-antenna AF relays is demonstrated.

e The proposed active RIS design provides the flexibility to position the RIS at

any location, with an increase in performance compared to passive RISs.

e The achievable rate and the EE of the proposed amplifying RIS system are
examined under different configurations, and an optimization problem is ad-
dressed to maximize the system capacity. Moreover, the theoretical BEP is
obtained under different conditions, while being also verified through computer

simulations.

e The proposed active RIS model is comprehensively compared with a passive

RIS setup.

e This thesis also introduces an RIS-assisted fully GF-NOMA scheme where the
required power disparity is obtained by three levels of implicit power control:
clustering UEs with different channel gains into the same cluster, properly as-
signing RISs to UE clusters to increase power reception disparity, and aligning
the phase shift matrix of RISs according to the cluster members to reach the
highest possible network sum rate. In this way, the proposed approaches per-
form an over-the-air power control by judiciously pairing UEs, assigning RISs,

and aligning phase shifts of RISs.

e Since optimizing UE clustering and RIS assignment/alignment for the max-
imum network sum rate is a non-deterministic polynomial-time (NP)-Hard
problem, we propose two solution methodologies. In the former, we develop
an iterative approach where each iteration exploits a three-dimensional axial
assignment (3D-AA) problem for joint UE clustering, RIS assignment, and
phase shift alignment. Since 3D cost matrix generation complexity increases
with the number of UEs and RISs, the latter method decouples UE cluster-

ing and RIS assignment/alignment subproblems, which yields 80 times faster
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completion time while reaching almost the same performance as the joint ap-
proach. The proposed schemes are designed to be applicable for both passive
and active RIS architectures. The active RIS architecture considers a fully
connected design where each element is connected to a PA, which introduces

an extra power budget constraint on the optimization problem.

e The network-level simulations show that the proposed RIS-assisted GF-NOMA
schemes outperform optimal GB PD-NOMA and regular GF-NOMA schemes.
The active and passive RIS-assisted schemes provide %34 and %15 higher sum
rate in a network where 150 UEs sharing 25 RBs, respectively. The network
size simulation investigates the deployment scenarios, number of available RIS
blocks and number of RIS elements. Deploying the RISs closer to the BS
can yield up to %15 higher performance than a uniform distribution of the
RISs across the cell area. The fairness among the UEs sharing the same RB
is compared in terms of bit-per-joule energy efficiency by obtaining Jain’s
fairness index. While the proposed active RIS-assisted scheme provides the
fairest scheme up to a 10 dB transmit power level, the passive RIS-assisted
scheme achieves the same fairness as regular GF-NOMA schemes, and they

both enhance the network capacity.

1.2 Notations and Organization

Throughout the thesis, sets and their cardinality are denoted with calligraphic and
regular uppercase letters (e.g., |[A| = A), respectively. Vectors and matrices are
represented in lowercase and uppercase boldfaces (e.g., a and A), respectively. The

i'" member of a vector and set is denoted by a; and A{i}, respectively. Likewise,

" row and j* column is denoted by A[i, j]. Subscripts b, r

matrix A’s entry on i’

and u are used for indexing the RIS blocks, RB/cluster, and UEs, respectively.
The rest of the thesis is organized as follows. In Chapter 2, a literature review

about passive and active RISs, and GF-NOMA networks is presented. The system

models and numerical results of a communication link assisted by the proposed

RIS scheme, and a GF NOMA network assisted by fully-connected active RISs are
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presented in Chapter 3 and Chapter 4, respectively. Finally, the thesis is concluded
in Chapter 5.
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Chapter 2

RECONFIGURABLE INTELLIGENT SURFACES AND
NOMA NETWORKS

In this chapter, a brief description of passive and active RIS structures, and

RIS-Assisted and Grant-Free NOMA networks is given.

2.1 Passive RISs

Transmitter

r.

Receiver E

reflected signal
without amplification

4 ~
4 ~
. ' ~
patch
input
phase-
shift
circuit
output |

passive element

Figure 2.1: Passive RIS [Zhang et al., 2021]

Massive antenna arrays include multiple RF chains attached to the antennas. Dif-
ferently, RISs include only a certain number of reflecting elements that reflect the

incoming signals with a specific phase as shown in Fig. 2.1. This operation can be
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done by changing the electromagnetic properties of their reflecting elements, such as
the reflection coefficient, with the help of a software-defined controller. In that way,
the wireless propagation environment becomes configurable. The potential of RISs
stems from the fact that they perform these operations while being almost passive
because tiny reflecting elements are used instead of power-hungry phase shifters.

Thus, energy efficient and low cost setups can be realized with the help of RISs.

2.2 Active RISs

Similar to passive RIS, active RISs reflect signals incoming to their elements by
changing their phase. In addition, active RISs contain some active elements that
amplify the incoming signals as shown in Fig. 2.2. Amplified and phase-optimized
signals cause greater signal strength at the receiver. Thus, the signal-to-noise ratio
(SNR) at the receiver reaches higher values. Although the use of active elements

causes additional power consumption, it is often much more advantageous in terms of

Transmitter

(..
Receiver

reflected signal
with amplification

signal

reflection-type
amplifier

input

: shift .
circuit PPy
output

active element

Figure 2.2: Active RIS [Zhang et al., 2021]
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energy efficiency as there is a significant increase in SNR at the receiver. In addition
to these advantages of active RISs, the thermal noise produced by the active elements
used can be seen as a disadvantage. The situation may seem even worse given the
fact that the thermal noise will also be amplified by the active elements. But some
setups can be realized where the amplified thermal noise is attenuated or neglected.
As a result, active RISs can greatly improve communication systems in general, even

if they have some disadvantages.

2.3 RIS-Assisted NOMA Networks

RISs have received attention thanks to their ability to create the reception power
disparity required by PD-NOMA [C.Pan et al., 2021]. The authors compare the
RIS-assisted orthogonal multiple access (OMA) and NOMA technologies from dif-
ferent aspects and evaluate the performance of static and dynamic RISs in [Liu
et al., 2022]. In [Hou et al., 2020b], the authors design passive beamforming weights
to boost the performance of the PD-NOMA and propose a priority-oriented NOMA
scheme to increase SE. In [Yang et al., 2021a], the authors aim to maximize the min-
imum signal-to-noise-plus-interference-ratio (SINR) threshold by deploying RISs in
NOMA networks. Integration of the RIS technology to NOMA brings optimiza-
tion problems such as joint optimal power allocation, RIS phase configuration, and
UE allocation to obtain the best performance from the two technologies. To address
these problems [Liu et al., 2021b] uses a two-step machine learning approach for joint
deployment, phase shift design, and power allocation. Also, [Yang et al., 2021b] uses
machine learning algorithms for UE partitioning and phase shifter network design.
[Zhong et al., 2022] investigates the artificial intelligence empowered RIS-NOMA
networks by using deep reinforcement learning. The existing literature also inspects
RIS-NOMA schemes from the physical layer security perspective. In [Tang et al.,
2021], authors propose novel RIS-assisted NOMA schemes for enhancing the phys-
ical layer security (PLS). The study in [Zhang et al., 2021] proposes sub-optimal
joint beamforming and power allocation scheme to increase the PLS as well. The

RISs are also used for serving cell-edge UEs by integrating RIS technology into joint
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transmission-coordinated multipoint in a two-cell NOMA-based network in [Elhat-
tab et al., 2021]. Using different RIS designs and partitioning RIS into sub-surfaces
are also proposed to serve multiple UEs simultaneously to employ NOMA. The au-
thors in [Khaleel and Basar, 2022] propose RIS partitioning to employ NOMA and
maximize UE fairness. Furthermore, [Aldababsa et al., 2022, Aldababsa et al., 2021]
use simultaneously transmitting and receiving (STAR) RIS in NOMA networks and
evaluate from an error performance perspective. The hardware impairments of the
RIS also considered in the literature, and the effects on the outage probability [He-
manth et al., 2020] and secrecy rate [Chen et al., 2021] is investigated.

2.4 GF-NOMA Networks

GF access appears to be a savior technology for NOMA networks. GB NOMA net-
works require the UEs in the same cluster to know the CSI of other members and
align their transmission power accordingly. This process also causes a considerable
signaling overhead and computational complexity on the UE side. Therefore scien-
tists are looking for ways to exclude the computation on the UE side and enable
them to access the base station (BS) without grant permission. Multiple access
based, compute and forward-based, compressed sensing-based GF-NOMA schemes
are presented, and future directions of GF-NOMA technology are given in [Shahab
et al., 2020]. The ALOHA-NOMA schemes are proposed in [Balevi et al., 2018, Elk-
ourdi et al., 2018] which provide high throughput and lower complexity. Semi-GF
schemes where GB and GF UEs share the same spectrum are evaluated from the
stochastic geometry perspective in [Zhang et al., 2022, Zhang et al., 2020]. The
authors analyze the compressing sensing-based GF-NOMA via stochastic geometry
in [Liu et al., 2021a]. A transmit power pool with the help of a deep reinforcement
learning algorithm is created for UEs at certain distances sharing the same RB in
[Fayaz et al., 2021]. In [Abbas et al., 2019] a novel framework is proposed to avoid
collusion in GF-NOMA networks when two UEs choose the same pilot sequence.
Index modulation integrated GF-NOMA scheme for uplink (UL) transmission is
presented in [Dogan et al., 2019]. In [Celik, 2021], the author presents low com-
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plexity multi-level and single GF-NOMA schemes and an UE clustering approach
exploiting the channel gains of the UEs. RIS technology is used in [Chen et al.,
2022] where authors propose a semi GF-NOMA scheme using deep reinforcement
learning to control the transmit power and phase shifts. As pointed out by a recent
survey on GF-NOMA [Shahab et al., 2020], RIS-aided GF-NOMA is a promising
technology but has not been explored in-depth yet.
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Chapter 3

A NEW RIS ARCHITECTURE WITH A SINGLE
POWER AMPLIFIER: ENERGY EFFICIENCY AND
ERROR PERFORMANCE ANALYSIS

In this chapter, we propose an amplifying RIS design that uses a single power
amplifier. The proposed architecture includes two separated RISs and a power
amplifier. The power amplifier receives the signal from a combiner circuit embedded
in the first RIS, amplifies, and forwards it to the other one. The amplified signal
is distributed among the reflecting elements of the second RIS and transmitted.
Section 3.1 and Section 3.2 present the end-to-end system model of the proposed
amplifying RIS design and the performance analysis of the system by investigating
the BEP with a theoretical approach, respectively. In Section 3.3, the EE analysis is
performed by considering the characteristics of the PAs. In Section 3.4, we exhibit

our numerical results to evaluate the system performance.

3.1 System Model

In this section, we propose an amplifying RIS-assisted system model. In addition, a
conventional passive RIS system model is given as the benchmark to the proposed

scheme.

3.1.1  Amplifying RIS-assisted System

In this section, the considered single-input single-output (SISO) amplifying RIS-
assisted system model is introduced. In this scenario, there are two passive RISs,
denoted as RIS; and RIS, that are connected with a PA, and both have N number

of reflecting elements while assuming there is no direct link between the Tx and
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RIS,

. 4

Figure 3.1: Generic system model for the considered amplifying RIS-assisted scheme.

Rx as shown in Fig. 3.1. The vertical and horizontal distances between the Tx
and RISs, and the distance between the Tx and Rx are denoted as d,, d;, and d,
respectively. All of the reflecting elements of RIS; receive signals from the Tx and
these signals are combined by RIS; to be directed to the PA as a single signal.
Then, the signal is amplified by the PA by taking into account that there is also
some additional noise to be amplified, which is due to all of the reflecting elements
of RIS;. Additionally, we consider the signal power at the output of the PA is
limited. The system passes the resulting amplified signal through RISy, such that
the reflecting elements of RIS share and transmit the amplified signal. One should
consider that there might be leakage from the signal transmitted by RISy to the
signal received by RIS;. However, this issue can be resolved by properly positioning
the RISs, since an RIS is an one-sided surface. In our design, RIS; and RISs are
placed back-to-back and separately as shown in Fig. 3.1, so that the signals directed
by RISs do not contaminate the signal captured by RIS;.

In light of these, the received complex baseband signal can be expressed as

y = \/g ((i)Th\/FzS + \/Fntot) 9Tg + Nyx, (3.1)

where s, y, P;, G, F, nyot, and npg, correspond to the transmitted and received

signals, transmit power at the Tx, the gain and noise figure of the PA, the total
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amount of noise at the input of the PA, and the noise sample at the Rx, respectively.
¢ € CV1 and @ € CMV*! are the reflecting element phase shift vectors of RIS;
and RISo, respectively, where ¢ = [¢1, ¢o, . ..,¢N]T, 0 =[01,69,...,08]", and o;
and 6; denote the phase shifts of the ith reflecting element of RIS; and RISs for
i=1,...,N, respectively. h € CM! is the channel between the Tx and RIS, where
h=[hho,..., hN]T, and h; denotes the channel coefficient for Tx and ith reflecting
element of RISy fori =1,...,N. g € CN*1 ig the channel between RISs and the
Rx, where g = [g1,82,...,gn]", and g represents the channel coefficient for ith
reflecting element of RISy and the Rx for i = 1,..., N. Here, ¢ Thy/P,s stands for
the collected signal received by RIS;. This signal is scaled by VG with the help of
the PA and divided by VN due to the phase shift network of RIS, that is a kind of
power-division circuit, so the total power is distributed among all of the reflecting
elements of RISe. After that, the amplified and distributed signal is steered to
the Rx with the help of RIS,. A similar scenario is also valid for ni., so that it
is multiplied with VF and VG, then distributed among the reflecting elements of
RISs. Here, the noise at RISy is ignored, where the noise at RIS; is not because it
is subject to amplification.

The channels exhibit either Rayleigh or Rician fading depending on the line-of-
sight (LOS) probability, pros, which is a function of the distance. The channel

coefficients are modeled as

h,-:,/— w/ hi + | =——=h;'"|, 3.2
Al Ki+1 P Ki+1 ! ( )
Y UL (Y I = S Y e VA 3.3
S N VK + 1% TV Ky 18 (3:3)

where K1, Ko, A", 28, hiL, gl.L, thL and glNL denote the Rician factors for Tx-RIS; and

RIS2-Rx links, the path loss, LOS and non-line-of-sight (NLOS) components for the
channels h and g, respectively, thL,glNL ~CN(0,1) fori=1,...,N, and CN(0,1)
stands for the complex Normal distribution with zero mean and unit variance. If the

channels do not include a LOS component, which mostly refers to Rayleigh fading,
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we consider K1 = Ko = 0. Furthermore, the path loss components A" and A2 depend
on having NLOS or LOS links, and calculated as follows by considering the Indoor
Hotspot (InH) environment in [3GP, 2019]:

Aros[dB] = 32.4 + 17.310g,0(dy) + 20 log 1 (£.), (3.4)

ANLos[dB] = max (Ar,0s, 32.4 + 31.9log(d,) + 201og1(fe)) (3.5)

where d, € {d1, d2} depends on the channel, and dy = /d? + di, do = \/m,
and f. are denoted as the distances between the Tx-RIS;, RIS2-Rx, and carrier fre-
quency in GHz, respectively. The path loss components are the same for each h;
and g; because the RIS is located in the far-field of the Tx and Rx. Furthermore,

pros for the InH environment is given as [3GP, 2019]

1 dn <5,

{4
PLOS = Je \T08 ) 5<d, <49, (3.6)

dn—49

0.546_(W)’ 49 < d,.

To determine the SNR of the amplifying RIS-assisted sytem, (3.1) is expanded

as

y= G]\ft (([)Th) (OTg) s+ \/g (ﬂTg) Niot + Nrx. (3.7)

From the received signal model given in (3.7), the SNR of the proposed system as

G T T
P \gw h)(8"g)

Yact = D) , (3'8)
|GF
_OT 2 2
2

oo+ O
where o7, and o2 are the noise powers at the input of the PA and Rx, respectively.

follows:

2

Yact 18 the instantaneous received SNR of the amplifying RIS-assisted system and

the achievable rate of the system is expressed as Ract =108y (1 + Yact)-
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(@) fr
y s =4
Tx d Rx
Figure 3.2: Generic system model for a passive RIS-assisted scheme.

3.1.2 Passive RIS-assisted System

This section is based on a passive RIS-assisted model shown in Fig. 3.2. In this
scenario, only one RIS is used and it contains 2N reflecting elements such that it
can be considered as a fair benchmark to the amplifying RIS-assisted model. The

signal model of the passive system is specified as

y = gp Why/Prs + nyy, (3.9)

where ¥ € CZVX2N s the reflecting element phase shift matrix of the RIS and
¥ = diag ([¢1, Vo, ..., ¢2N]) with ¢; representing the phase shift for the ith element
of the RIS for i = 1,...,2N. h, € C2Mx1 45 the channel between the Tx and RIS,
while g, € C2Nx1 stands for the channel between the RIS and Rx. They follow either
Rician or Rayleigh fading depending on the distances to the Tx and Rx similar to
the channels in the active model. Here, SNR of the passive model yp,s is determined

as

Py |g1;>T'I’hp|2

ypaS = 2 ’ (3 . 10)
O-rX

where the achievable rate for the passive model is Rpas = 10go (1 + Ypas)-
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3.2 Performance Analysis

In this section, we analyze the maximization of system capacity and the distribu-
tion of the received SNR for the amplifying RIS-assisted system, and present our
theoretical BEP calculations accordingly. In order to maximize the system capacity,
the received SNR for the amplifying RIS-assisted system should be maximized by
finding optimum values of the phase shift vectors of RIS, RIS2 and the gain of the

amplifier G. The corresponding optimization problem is formulated as follows:

J@moy
Yact = INax

2 \/ﬁ o
N g

st. |gil=16:=1, ie{l,2,...,N},

2
P,

2
2 2
Oiot + 0

T 2
GP, o h) < Pon,

G < Gumax (3.11)

where Gpax and Ppax stand for the maximum gain of the amplifier and the max-
imum output power of the amplifier, respectively. Here, the optimal value of G
depends on the phase shift matrix of RIS; as well. Therefore, the optimal solution
to the phases of the reflecting elements should be determined first. The signals
should be constructively combined at the PA and Rx to increase the received signal
power. This can be done by eliminating the phases of the channels h and g. The
optimal solutions to reflecting element phases for RIS; and RISs follow a construc-
tive combining strategy [Wu and Zhang, 2019] by adjusting the phase shifts of the

reflecting elements as:
¢i=e N, (3.12)
0; = e~/ 81, (3.13)
where /- denotes the phase of a complex term. Next, we should specify the value

for an optimal G by fixing the optimal value of ¢ as in (3.12). It is mentioned

earlier that there is a maximum power level for the amplified signal. Therefore, an
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optimal gain value should be determined so that the power of the input signal to the
2
amplifier, Py, = P, (Zf\; 1 |hl-|) , should not exceed the maximum output power when

it is amplified. Thus, the equation below should be satisfied to obtain the optimal

value of G;
N 2
Eoptpt (Z |hl|) = Pmax. (314)
i=1

where Eopt stands for the optimal gain value without the limitation of Gax. Con-

sidering that Eopt can exceed Gpax, we define the optimal gain as:
Gopt = min (Eopt, Gmax) . (315)

By substituting Gopt in (3.15) to (3.8) for G and arranging the reflecting element
phases of ¢ and 0 as in (3.12) and (3.13), respectively, the maximized received SNR
for the amplifying RIS-assisted system can be written as

p, e 422
Yact = N
act — P F )
—m]i;x B20't2Ot + P,A202

(3.16)

where A = Zf\i 1 1hi| and B = Zfi 1 lgil. Here, one can easily observe that the maxi-
mized received SNR increases proportional to N, P;, and Pyax. However, there are
also other constraints that can limit the effect of the RIS size and the Tx power,
such as Ppax and Gpax. The effects of these constraints are further investigated
in Section V. Moreover, the amplifying RIS model experiences multiplicative path
loss just like the passive RIS since (3.16) includes the multiplication of A and B.
Nevertheless, the gain factor significantly compensates this double path loss effect.

Probability analysis of the maximized SNR in (3.16) gives us useful insights. The
terms A and B converge to Gaussian distributed random variables due to the Central
Limit Theorem (CLT) for sufficiently large N, where |h;| and |g;| are Rayleigh or
Rician distributed random variables. Thus, A% and B? follow non-central chi-square
distribution with one degree of freedom. The denominator and numerator of the
SNR term in (3.16) are correlated and follow Gamma distribution due to the com-

bination of weighted non-central chi-square random variables. The received SNR
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Figure 3.3: The PDF of y,t and Gamma distribution fits for (a) N = 10, ...,20 and
(b) N = 300, . .., 400.

term in (3.16) becomes the ratio of two correlated Gamma random variables and
therefore, subject to the Gamma distribution [Flueck and Holland, 1973]. To the
best of the authors’ knowledge, although there are a number of articles in the liter-
ature examining the ratio of two Gamma random variables and ratio of correlated
chi-square random variables, no studies pointing to this kind of distribution has
been found[Joarder, 2009, Lee et al., 1979, Provost and Rudiuk, 1994]. Therefore,
using Open Distribution Fitter app (dfittool), we can find the Gamma parameters
of the received SNR distribution on MATLAB and prove that it follows the Gamma
distribution.

The distribution of y,¢t is investigated for different N values as seen in Fig. 3.3.
Histograms represent the distributions of y,c¢ and are obtained by performing Monte
Carlo simulations. The overlapping lines stand for the fitted Gamma distributions.
The Gamma distribution fits exactly to the probability density function (PDF) of
Yact- Thus, the PDF of y,¢ can be written as|Lee et al., 1979
),gc—tl e Yact/V

vkT(k)

where I'(-), k, and v represent the Gamma function, shape, and scale parameters,

Jr(vact) = (3.17)

respectively. The shape and scale parameters for the fitted Gamma distribution

are provided in Table A.1 for various system specifications'. The parameters of the

nterested readers can produce arbitrary results as well by using the source code provided:
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Gamma distribution vary for different specifications such as N, Ppax and P;. For
instance, the standard deviation of the distribution increases with N as shown in
Fig. 3.3.
Theoretical symbol error probability (SEP) is calculated by using the moment
generation function of the Gamma distribution as follows [Arslan et al., 2022]:
1
M, . (s)=(1- vs)k, for s < " (3.18)
The average SEP for M-ary phase-shift keying (M-PSK) signaling by using the
moment generation function in (3.17) is given as follows:
(M-V)r/M

— sin?(7r/M)

Py=— M, | ————|ax. 3.19
T Yact SiIl2X ( )

We can numerically calculate the SEP in (3.19) by using the Gamma distribution
parameters and obtain BEP as P, ~ Ps/logs M. Accordingly, the BEP for binary
phase-shift keying (BPSK) simplifies to

1 i v -

P, =— I+ —
s ST x

dx. (3.20)

3.3 Total Power Consumption Model and Energy Efficiency Analysis

In this section, we present power consumption models for the proposed amplifying
and passive RIS designs, and we analyze and compare the EE for both systems. The
main power consuming elements can be listed as transmitter, receiver, amplifiers and
RIS elements. There are two PAs in the system, one at the Tx and one between the
RISs. We assume ideal PAs whose power efficiency is given as [Makki et al., 2015a)]

Pout Pout )8

(3.21)

Pmax

Pamp = TNmax (

where Payp and Pyt correspond to power consumed by the amplifier and the output

power of the amplifier, respectively. The maximum output power of the amplifier

https://github.com/recepakiftasci/ Amplifying-RIS
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is set to Ppax to ensure that it operates in the linear region. Here, npax € (0, 1] is
the maximum efficiency of the amplifier and € is a parameter that depends on the
amplifier class. We assume & = 0.5 for more accurate modeling as in [Persson et al.,
2013]. The power consumed by the PA can be obtained by reorganizing (3.21) as

1
Pamp = VPouthax- (3'22)

Nmax

The phase shift of each RIS element is arranged by programmable electronic circuits
that consume power as well. The power consumption of the RIS depends on the

phase resolution of RIS elements [Jia et al., 2021] and modeled as
Pris = NP,(b), (3.23)

where P,(b) is the power consumption of each RIS element which is a function of bit-

resolution. We consider 6-bit phase resolution for each RIS element, which consumes
7.8 mW power according to [Huang et al., 2019]. The total power consumption of

the amplifying RIS-assisted system is expressed as follows:

P?S‘g:aPt+PTX+PRx+NPn(b)+,BVP0uthax, (3.24)

-1

—1 and B =55l with wmax and uay represent the maximum efficiency

where @ = w
of the transmit PA and the PA between the RISs, respectively. We assume that
P; = Ppax for the transmit PA. Here, Ppy and Pgry are the hardware dissipated
static powers at Tx and Rx, respectively and therefore they are constant and do not
depend on the system parameters. The values for the power consumption model
parameters are given in Table 3.1 as stated in [Huang et al., 2019]. Likewise, the

power consumption of the passive RIS-assisted system can be written as follows only

by omitting the power consumed by the PA between the RISs:

P = aP; + Prx + Prac + NP, (D), (3.25)

The bit-per-joule energy efficiency (ngg) of a system can be expressed as

R;BW

i
P tot

NEE = , (3.26)
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Table 3.1: Power consumption model parameters

Parameter | Value

a 1.2

B 1.2
P,(b) 7.8 mW
Pry 9 dBW
Pry 10 dBm

where BW is the communication bandwidth, R; is the achievable rate, and Péot is
the total consumed power by the system where i € {act, pas}. The amplifying RIS-
assisted system consumes more power but provides higher capacity in return. On the
other hand, passive RIS-assisted system is less power consuming and provides less
capacity due to its fully passive nature. The EE analysis is an important criterion
determining which system performs better in terms of energy consumption. We

compute EE for different systems through computer simulations without particularly

focusing on the optimization of the EE.

3.4 Numerical Results

In this section, we provide numerical results for both the amplifying and passive
RIS models to evaluate and compare the performances of them under several con-
figurations. Achievable rate, bit error rate (BER), power consumption, and EE
have been presented by computer simulations and discussed in detail. We consider
the systems as shown in Figs. 3.1 and 3.2 with parameters d, = 5 m, d, = 5 m,
d =50 m, P, =30 dBm, Pyax = 30 dBm, f. = 28 GHz, BW = 180 kHz, F =5 dB,
Ki =Ky =5, N =128, nyx = nior = =100 dBm, and Gax = 30 dB, unless specified
otherwise[Analog Devices, a, Sarkar et al., 2017, Analog Devices, b]. Achievable

rate and EE simulations are performed with 10° iterations.
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Figure 3.4: BER results for (a) Ppax = 10 dBm and (b) Ppax = 20 dBm.

3.4.1 Performance Evaluation

In this subsection, numerical results for BER and achievable rate are presented. For
the BER analysis, two different setups with Ppax = 10 dBm and Ppax = 20 dBm
are considered. Fig. 3.4(a) shows the BER performance when Ppax = 10 dBm,
while Fig. 3.4(b) exhibits the results for Ppax = 20 dBm. Here, the corresponding
theoretical values are given, as well. From Fig. 3.4(a), one can easily observe that
an error floor occurs after P, = 25 dBm for N = 32 case. On the other hand, an

error floor is not observed in Fig. 3.4(b). This is because of the limitation of Poys
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Figure 3.5: Achievable rates of the system for (a) dj = 50 m and (b) d; = 100 m.

when the input signal becomes too strong such that the amplifier cannot stay in
the linear region if it continues to enhance the signal with the current gain. In this
case, when Pgyt is fixed to Ppax, further increment in P, does not lead a better error
performance after a certain point, and thus we observe an error floor. On the other
hand, in Figs. 3.4(a) and (b) we do not observe any error floor when Pqy is smaller
than Ppax. Furthermore, the better BER performance is achieved with larger N
and higher P; in both cases as long as Pyt does not reach Pp,x. Based on these
investigations, we can conclude that it may be beneficial to keep Ppax high enough
to prevent any error floor. In addition, it should be emphasized that using a larger
RIS can further strengthen the received signal and an error floor appears for lower
P; values due to the limitation of Poyt.

Achievable rates of both designs for varying dj with several N values are pre-
sented in Fig. 3.5. For this figure, the lines labeled as N = 128, 256, and 512
represent the achievable rates for the active model, where those labeled with 2N =
256, 512, and 1024 stand for the passive model. The dashed lines show the perfor-
mance behaviours when there is not any output power limitation for the amplifier

(i.e., results with a fixed G value of 30 dB). In Fig. 3.5(a), the achievable rates for
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the active model overlap with the corresponding dashed lines when Poyt < Pax and
Gopt = Gmax- We observe that the intersection points with the dashed lines occur
at smaller values of d, as N decreases. The reason behind is that G,py begins to
decrease after the intersection points as the amplifying RIS gets closer to the Tx to
keep Pout = Pmax. Moreover, it is a well known fact that placing an RIS close to
the Tx or Rx results in a better system performance. This can be seen in both the
Figs. 3.5(a) and (b), however, that is not the case with the amplifying RIS design.
Placing the amplifying RIS close to the Tx provides lower achievable rates. We
mentioned earlier that the reason behind this is the limitation of Py, and having
a greater Py a.x would be a solution to this problem. Based on these examinations,
one can conclude that the amplifying RIS can overcome the common problem that
generally affects system performance unpleasingly in passive RIS designs, which is
the necessity of placing the RIS close to the Tx or Rx. As seen in Fig. 3.5(a), the
worst achievable rate is obtained when the RIS is placed in the middle of the Rx
and Tx for the passive RIS. This gets even worse in Fig. 3.5(b) when the Tx and Rx
are further apart. The amplifying RIS design significantly reduces the multiplicative
path loss effect by amplifying the combined signal by RIS; as it uses a PA between
the two RISs. Using the amplifying RIS instead of the passive one can compensate
this performance drop, even enhance the performance further.

Similar to passive RIS scenarios, the RIS size has a considerable impact on
achievable rate also for the active RISs. Fig. 3.6 illustrates the achievable rates
of the amplifying RIS design where Figs. 3.6(a) and (b) stand for P, = 20 dBm
and P, = 10 dBm, respectively. Here, the numbers for each marker signify G for
corresponding N. Here, Gopt begins to decrease after a point for all of the cases
except for Ppax = 20 dBm in Fig. 3.6(b). Different from the previous case, the
reason behind the occurrence of the break points is the bigger N values, such that
Pi, increases if more reflecting elements are used and again limits Gopt. In Fig.
3.6(a), Poyut reaches Ppax for large N and amplifier cannot operate with Guax even
if Pmax = 20 dBm. However, when P, is reduced to 10 dBm as in Fig. 3.6(b), we
see that Py cannot reach Ppax = 20 dBm even for large N and the amplifier can

boost the signal with G ax.
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Figure 3.6: Achievable rates of the amplifying RIS-assisted system for (a) P, = 20
dBm and (b) P; = 10 dBm. The numbers on the markers indicate Gopy values.

Tx power and RIS size cause similar effects on the system performance because
both of them enhance Pi,. As seen from Figs. 3.6(a) and (b), increasing P, does
not always have an extra constructive effect on the system capacity because the
achievable rates become identical for the same Py, after a certain point as clearly
demonstrated in Fig. 3.7 as well. In Fig. 3.7, the achievable rates are the same after

N =200 and N = 60 when Ppax = 20 dBm and Py ax = 10 dBm, respectively, because
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Figure 3.7: Achievable rates of the amplifying RIS-assisted system for different P,
and Prax.

Pout = Pmax at these N values. Since Ppax = 10 dBm can be reached by lower Pj,
values, the intersection point occurs at lower N compared to the case Ppax = 20
dBm. On the other hand, a considerable performance difference is examined where
N is smaller than 100 and 50 for Ppax = 20 dBm and Ppax = 10 dBm, respectively.
These observations indicate that the system performance is not enhanced with P;
after the break points, nevertheless, it can be boosted slightly by using larger N.
This can be explained by the fact that there are two RISs at both sides of the
amplifier. Increasing N for RIS; can enhance Pj, just as P;, however, Py, will be
the same if it is already at Pyax, so this increment in N for RIS; does not affect the
achievable rate. Despite this, if more reflecting elements are used for RISs, slightly
higher achievable rates are achieved although the total power is the same such that
it is distributed among those reflecting elements. The reason of this advance is the
beamforming gain which increases with N.

Considering the results presented in this subsection, the main performance lim-
iting factors are the PA parameters, which are Pyax and Gpax. Therefore, N and

P; has a considerable effect on the performance depending on the PA parameters.
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Figure 3.8: (a) Energy efficiencies of the amplifying RIS-assisted system for varying
N and (b) corresponding achievable rates and Py, values

3.4.2  Energy Efficiency Fvaluation

In this subsection, numerical results for EE and power consumption are presented.
Fig. 3.8(a) shows the EE values for varying N and different Py, values where Fig.
3.8(b) stands for the corresponding achievable rates and Piot. In Fig. 3.8(a), the EE
values start to decline after some points because the achievable rates are almost at
a constant level for Ppax = 20 dBm and Ppax = 10 dBm while Py is still increasing

as seen in the Fig. 3.8(b). When Ppax = 50 dBm, a worse EE performance is
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obtained as the increase in power consumption has a greater effect than the increase

in the achievable rate. Unless Ppax is too high, the total power consumption of the

active design is nearly the same as the passive RIS. Consequently, the active design

performs better in terms of EE.

EE is investigated for varying P, and different Py values in Fig. 3.9(a). Achiev-

able rates and Py, values are also given in Fig. 3.9(b) for the same scenario. For

Pmax = 20 dBm and Py ax = 10 dBm, although the amplifying RIS does not consume

high amount of power, the EE begins to decrease after some points. The reason is
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Figure 3.10: (a) Energy efficiencies for different P, values varying with P, and (b)
corresponding achievable rates and Pyo; values

that increasing P; after these points does not affect the achievable rate, but increases
Piot. For the case of Ppax = 50 dBm, as we do not reach Pp,.x, both the power con-
sumption of the PA at the base station and the PA between the RISs increases.
Accordingly, we observe that the EE starts to decrease after a certain point even if
the achievable rate keeps increasing.

Finally, Figs. 3.10(a) and (b) represent the EE, achievable rate, and P for
varying P; and different P, values. Unlike Figs. 3.8 and 3.9, the break points

occur when the amplifier cannot amplify the signal more than G,x = 30 dB. Thus,
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increasing the Ppax only leads to higher power consumption as explained in (3.22)
while it does not have a positive effect on the achievable rate. This causes the EE
to show an interesting downward trend.

In the view of these observations, one can conclude that the EE is affected by
many parameters such as Py, Ppax, N, and Gpax. As shown in (3.22), Pyax and P,
have a more clear effect on the EE compared to the other parameters. Increasing
these parameters to have a higher achievable rate does not always lead to a more
energy efficient system. To reach a system with a maximum EE, all of these param-
eters should be jointly optimized, which requires advanced optimization techniques

and might be a topic for the future works.
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Chapter 4

RIS-ASSISTED GRANT-FREE NOMA: USER PAIRING,
RIS ASSIGNMENT, AND PHASE SHIFT ALIGNMENT

In this chapter, a RIS-assisted GF-NOMA scheme is proposed. We realize that
using active RISs to assist NOMA systems can be a very promising approach to boost
the system performance. For that reason, we assist a GF-NOMA network with fully-
connected active RISs. Section 4.1 presents the considered network and channel
model, the proposed signal model and the RIS phase alignment process. Section
4.2 provides the problem formulation and briefly explains the proposed solution
methodologies. Section 4.3 introduces proposed UE clustering, RIS assignment, and
phase shift alignment approaches. At the end of this chapter, Section 4.4 presents

the benchmark schemes and numerical results.

4.1 System Model

In this section, we introduce the considered system model in four subsections. In
Section 4.1.1, the architecture of the network is demonstrated by addressing the
UE distribution as well as RIS deployment and partitioning. In Section 4.1.2, the
channel model is exhibited in detail. The signal models and SINRs of the passive

and active RIS-assisted schemes are given in Section 4.1.3 and 4.1.4, respectively.

4.1.1  Network Model

We consider UL operation of a network consisting of a single BS serving U UEs over
R RBs with W [Hz] bandwidth, whose sets are denoted by U and R, respectively. All
UEs operate at an identical power, p;q, which is broadcast by the BS over a control
channel. Without loss of generality, UEs are assumed to be uniformly distributed

over a cell area of radius D. To show the proposed GF-NOMA schemes’ suitability
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Figure 4.1: Outer and inner cells of the network

for massive connectivity, we consider a dense network scenario (i.e., U > R) and
group/cluster multiple UEs to utilize a single RB. That is, the number of clusters
C is the same with R, and RB/cluster terms are used interchangeably throughout
the thesis. Even though R and C are fixed, U can dynamically change according
to spatio-temporal characteristics of the network traffic. Hence, the UE density
dependent maximum cluster size is set as K = [%] Accordingly, the cluster set
utilizing RB, is defined by C, = {UE, | x¥ = 1,Vu € U, Y ,cr ¥ < K}, where y*
is the binary UE clustering indicator, i.e., y¥ = 1 if UE, belongs to rth cluster,
otherwise y = 0.

In order to improve network performance and facilitate the GF-NOMA, M RISs
are uniformly deployed in a disk having inner and outer radius of Dj, and Dy,
Din, < Doyt < D, where Dj, ensures that RISs are placed at the far-field of the BS
as shown in Fig. 4.1. Each physical RIS is partitioned into G logical sub-blocks,
each with N elements, resulting in an overall B = MG RIS blocks. Each block can
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be exploited by a member of a cluster, and a cluster cannot be assigned to more
than one block. Accordingly, the set of RIS blocks is denoted by 8B, and the bth
RIS block is denoted by RIS,. The binary RIS assignment matrix is denoted by
A € {0, 1}BXUXR with entries 5 such that 6/, =1 if RIS, is assigned to the rth
cluster and configured based on the channels of UE, € C,, 5?,1? = 0 otherwise. Fig.
1.2 demonstrates the RIS assignment and phase shift alignment for two different
type of UEs. Even though UE, € C, has a LoS link to the BS, RIS, is aligned to its
channel to further improve the sum rate of C,. On the other hand, RIS, is aligned

to provide coverage to UE,, € C,», whose LoS link to the BS is blocked by a building.

4.1.2 Channel Model

The channels are modeled according to the Urban Macro (UMa) scenario of the
3GPP standard specified for 0.5-100 GHz bands [3GP, 2019]. The channel be-
tween UE, and RIS, is denoted by hfj = hi’b, . ..,hz’b, . ..,hizb e CV*1 where
hZ’b is the channel coefficient from UE, to nth reflecting element of the RISy,
n € [1,N]. Similarly, the channel vector between the BS and RIS, is denoted
by gp = [g}], s 8prees gév] e CV1 where g}, is the channel coefficient between the
BS and nth reflecting element of the RIS, n € [1, N]. Moreover, the direct channel
from UE, to the BS is denoted by f, € C. All these channels are assumed to ex-
perience Rayleigh and Rician fading under line-of-sight (LoS) and non-line-of-sight

(NLoS) conditions, respectively. The channel coefficients are modeled as

1 Kp LoS 1 NLoS
o o= —|[——H"+ | ——h" ], 4.1
wh "N WKy +1 w0 TN, +1 wh (4.1)
1 K 1
n 4 n,LoS n,NLoS
_ / LoS /_ : , 4.2
&b A Kg+1gb Kg+1gb ) (4.2)
1 Ky 1os 1 NLos
== |\|—— + oy |—— , 4.3
+ +
fu T WK T K T (4.3)

where K; /Ky /Ky is the Rician factor for h2/gy/ fi; An/d4/As is the path loss over

bl /gn/ fu; hzzgos gZ’LOS /flo8 is the LoS component; and h;’f;LOS gZ’NLOS / fNLoS o
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CN(0,1) is the NLoS component of h’/g;/f,. If a channel does not include a LoS
component, which mostly refers to Rayleigh fading, we consider the corresponding
Rician factor as 0. Ap, 4, and Ay can be calculated as per LoS or NLoS links
depending on the LoS probability given in [3GP, 2019, Table 7.2-2]. Additionally,
the path loss models and the Rician factors are calculated and obtained according

to the UMa scenario of the 3GPP standard [3GP, 2019, Table 7.2-1].

4.1.3 Passive RIS-Assisted NOMA System

Based on UE-RIS-BS cascaded channels and UE-BS channels defined in the previous
subsection, the received complex baseband signal of the proposed system at the BS

over RB, when passive RISs are used can be expressed as

yrpas(A) = VPid Z Z ng ((I)']:l’l&;(n,l) hlusu+ JuSu |+, (44)
——

YueC,Vk,l.m

UEs-RIS-BS Ulgls

where k € R; | € B; m € U; y, . (A) is the received signal from members of C, at
RB;; s, is the symbol transmitted by UE, € C,; n ~ CN (0, O'PZ{X) is the additive white
Gaussian noise with variance O'E{X
density; @Zl = diag ([d’ll?,’ll’ e ¢z}”, e ¢’:IN]) e CNXN ig the phase shift matrix of

= NoW; Ny is the thermal noise power spectral

RIS; assigned to UE,, € Ci; and ¢Zl’l" is the phase shift of the nth element of the
RIS; configured as per UE,, € Cy. Assuming the CSI is acquired through accurate
channel estimation methods [Abdallah et al., | and oy, =1, the phase shifts of RIS,

are configured as per the channel characteristics of UE,, € Cx
it s i
¢;I:1,ln _e_]Lf e jégle J ml (4.5)

where /- denotes the phase of complex numbers. Element phases cancel the over-
all channel phases incurred from UE-RIS-BS cascaded channel and UE-BS direct
channel.

The SIC receiver at the BS iteratively decodes y, . (A) in the descending order
of received signal power. That is, the cluster member with the strongest /weakest re-

ception power is decoded first/last such that the strongest/weakest cluster member
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observes all/no intra-cluster interference from other cluster members. Correspond-
ingly, C. denotes the cluster set when the index set of the UEs is sorted in descending
order according to the received signal power of the UEs. Accordingly, following from

(4.4), the SINR of ith ordered UE, € C, is given by

2
vl X Jef (ogsom) -+ 10)
Vk,l,m
Vrpas (B) = , (4.6)
2
pa| > |eF(@por ) wf + LR |+ R,
Vzegr[j>l'],
Yk,l,m

where j corresponds to the index of the UEs with lower received signal power than
ith ordered cluster member. Even though the SINR expression in (4.6) accounts
for s,,Vu € C, reflected from RIS,, Vb € B, regardless of their assignment, the non-
coherent signals reflected from RIS blocks assigned to other clusters have a negligible
impact on the received signal from C,, y,(A). Accordingly, (4.6) can be simplified

by merely considering the signal reflected from RIS; assigned to C, as follows:

2
Pid(Z‘gE ((I):’fbé:’fb) hﬁ + |fu|2
v
Vi (A) = = : (4.7)
2
pa| > |eb(@men ) a2+ ok,
VzeC, [j>i],

VYm

4.1.4 Active RIS-Assisted NOMA System

We further consider the use of active RIS elements to overcome the double-fading
attenuation due to the product of path losses on both links, i.e., BS-RIS and RIS-
UE link and enhance signal strength. Towards this end, each active RIS element
amplifies the reflected incident signal rather than only reflecting it as done in passive

RIS modules. Hence, the received complex baseband signal of the proposed system
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with active RIS is expressed as follows:

Vr &) = VB | D D el G (®20r Whsr fusa f+ > wF (@07 v,
| Vk.lm

YueC,Vk,l,m UEs.BS
UEs-RIS-BS ¥
(4.8)
. . . . m,1
where yr, ., (A) is the received signal from members of G, at RB,; v, = dlag( [v [YEERRY
Vi v’]?’lN]) e CN*N and Vit ~ CN(O, O'EHS) is the additive white Gaussian

noise at the active elements of the RISs with variance O-IQ{IS = NoW; and G, =

diag ([a;"’ll, cnal a/Z“lN ]) € CM*N holds for the amplification factor matrix
of active RISs.
Similarly for the active RIS-assisted case, the SIC receiver at the BS iteratively

decodes y,, . (A) in the descending order of the received signal power. Hence, the

SINR of ith ordered UE, € 5‘, is given as

2
pid( S [gF Gy, (@707, ) m[ + |fu|2)

yruact (A) =

2 2
Pid (ZVzeE‘r [j>i], ‘ng ('11",?’1521’[) hé + |fz|2) + 2vkim )ng (‘I”IZZ(S’]ZZ)) + O-I%X
Vk,l,m
(4.9)

For a similar reason as in the passive RIS-assisted scheme, (4.9) can also be simplified

as

2
pid( S [5E G, (@07, ) 1|+ Ifu|2)

Voo, (A) =

2 2
Pid (szed s, gl (@;’fbéffb) h’| + |fz|2) + 2vm ‘ng (‘I’ffhfﬁ?b)‘ +0h
Vm

(4.10)

Power Limitation for the Active Components

In the proposed active RIS-assisted architecture, each reflecting element of RISs in-

cludes an active component, called fully-connected active RIS. According to [Makki
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et al., 2015al, the power efficiency of these active elements can be modeled as

£
Pout n Pout n

— = — , 4.11
P cons,n Tmax ( P fanch ( )

where Peons.n, m, Nmax € (0,1] and & correspond to consumed power by the nth
active element, the output power of the nth active element, the maximum efficiency
of each active components, and a parameter depending on the amplifier hardware,
respectively. The maximum output power for each active element is set to P2t to
prevent it to operate in the non-linear region.

The proposed scheme has a power limitation for active RISs, so each can use
a limited total power, P, at most to amplify the incoming signal. Considering
a fully-connected active RIS architecture and each RIS has N reflecting elements,
there are also N active components for each RIS. The maximum power consumption
for an ideal active element Pcops , is obtained by reorganizing (4.11) assuming & = 0.5
for more accurate modeling as follows:

1 —— P
Pcons,n = Pout,nplar%x = %’ (4'12)

max

where nmax € (0,1] is the maximum efficiency of the active components [Persson
et al., 2013, Makki et al., 2015b]. Poyt, is the output power of the nth active
component without the limitation of Ppax. Thus, Py, can be extracted from

(4.12) as

Pout,n =

2
Ptotnmax Pact (4 13)
N max* :

Considering the maximum output power limitation of those active components, the

optimum output power of the nth active component becomes

Pout,n = min(Pout,n, pact (4.14)

max/*

Moreover, the gain without the limitation of the maximum gain value that the nth

active component can have is expressed as

P
Goptn = — o (4.15)

pidlhz,b|2'
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Thus, the optimum gain value for the nth active component becomes
Gopt,n = min(Gopt,n, Gmax), (416)

where Gax is the maximum gain of the active components.

4.2 Problem Definition and Solution Methodology

In this section, we first provide joint UE clustering and RIS assignment formulation
of the RIS-assisted GF-NOMA system, and then provide an overview of the solution

methodology.

4.2.1 Problem Definition

The joint UE clustering and RIS assignment problem that maximizes the overall

network sum rate can be formulated as follows:

Primax > > Wlogy(l+x/ 7k (A)

XA VreR Yueld
s.t.
Cq: vy > 24ulB _ 1 vy eC,VreR,
CQ: Z)(ruzl, VuG(l/l,
reR
Cs: ZX;fSK, Vr € R,
Yuel (417)
Cy: 6fb_)(,, Vr e R,Vb € B,VYu € U,
Cs: Z Z de;‘b < Vr e R,
Vuel VheB
YueU VreRVbeB
Cr: xr €1{0,1},0;, € {0, 1}, Vr, Yu, Vb,

where y* is the SINR of UE, € C,, X € {0, 1}Y*R is the binary UE clustering matrix
with entries y¥. In Py, C; ensures that UE, is satisfied with the quality of service
demand ¢, [bps| Yu € C,,Vr € R, Cq assures each UE is admitted to a cluster, Cs3
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limits the cluster size by K = [U/R], C4 states that RIS, cannot be configured as
per UE, if it is not a member of C,, Cs guarantees each cluster is assisted by at
most one RIS block, Cg limits the total RIS assignments by the total number of
RIS blocks, and Cy specifies the domain and bounds on optimization variables. Py
is a mixed-integer non-linear programming (MINLP) problem, which is non-convex
due to the interference terms in the SINR expression defined in the next section.
Finding an optimal solution to this NP-Hard problem is computationally prohibitive,
even for moderate network size, and it necessitates a heuristic solution for real-life

implementation, which is discussed next.

4.2.2  Solution Methodology

The proposed RIS-assisted GF-NOMA scheme allows UEs to access RBs at any
time, requiring neither grant acquisition from the BS nor power control at the UE
side. Instead, the power disparity requirement of PD-NOMA is satisfied by the UE

clustering and the RIS assignment through a three-level implicit power control:

1. The first level of power control is obtained by pairing UEs with different chan-
nel gains on the same cluster/RB. Even if UEs operate at identical transmit

power, the channel gain disparity introduces a reception power disparity to

achieve a higher PD-NOMA gain.

2. The second level of power control is obtained by assigning a proper RIS block
to a cluster. It is worth noting that RIS improves overall communication
performance if it is deployed near the UE or the BS [Kilinc et al., 2021].
Therefore, RIS block assignment plays a crucial role in increasing the power

reception disparity for an improved cluster sum rate.

3. The final level of power control is obtained by selecting the cluster member
according to which assigned RIS is configured. Since reception power levels
determine the SIC decoding order, the cluster member selection is also critical

for improving the overall cluster sum rate.
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Before delving into the details of the proposed UE clustering and RIS assignment
solutions for the considered RIS-assisted GF-NOMA system, it is worth reminding
that the optimal GB PD-NOMA scheme requires UEs with stronger channels to
transmit at the higher powers to maximize the UL-NOMA cluster sum rate [Celik,
2021]. However, this approach is not fair in energy consumption and may result in
reduced network lifetime, which is paramount for low-power mMTC. Alternatively,
the proposed approaches improve network lifetime by requiring all UEs to trans-
mit at identical power fairly and constitutes the required power disparity through

iterative UE clustering and RIS assignments introduced in Section 4.3.

4.3 UE Clustering and RIS Assignment Algorithms

In this section, we introduce the proposed UE clustering and RIS assignment schemes.
Following cluster initialization, the proposed iterative approach admits a single UE
to each cluster at each iteration until all UEs are admitted to a cluster. To this
aim, the admissions are determined based on two different algorithms. Algorithm
1 jointly assigns UEs and RISs to clusters and executes a 3D-AA that yields the
maximum network sum rate; therefore, it is called joint UE clustering and RIS as-
signment algorithm. Algorithm 2 first assigns UEs to clusters by using linear sum
assignment (LSA). After that, it assigns RIS blocks to formed clusters by using LSA
again. Since the second assignment first forms clusters and then makes RIS assign-
ments, it follows a two-step process, unlike Algorithm 1, which is called consecutive

UE clustering and RIS assignment algorithm.

4.8.1 Joint 3D UE Clustering and RIS Assignment Algorithm

Algorithm 1 follows an iterative joint 3D assignment approach. At each iteration, a
3D cost matrix is generated whose elements represent cluster rates for each combi-
nation of UE admission and RIS assignment status. UEs and RISs are then jointly
assigned to clusters using a 3D-AA.

Algorithm 1 starts with receiving sounding reference signals (SRS), which is

a Zadoff-Chu sequence transmitted by each UE separately from the Physical UL
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Algorithm 1 : Joint UE Clustering and RIS Assignment

1: Input: R, U, B, P

2: hﬁ/gb/fu «— Acquire CSI from SRS sent by UE,,Yu € U,Vb € B

3: C«<R // Determine number of clusters
4: K « {%] // Determine mazimum cluster size
5 U — SORTDESCEND(Rss, Vi) // UE ordering based on RSS of SRS signals
6: G — U{r},re[L,...,R] // Initialize clusters
7 x¥ —1luecC //Initialize UE clustering matriz
8: for k=1:K-1 do // Iterative UE admission and RIS Assignment starts

9: A — U - Ule Cr // Initialize admission awaiting UEs
10: Ok, Iy < Cost MATRIX(C,, Ak, B) // Generating cost matriz
11: Y « 3D-Ax1AL ASSIGNMENT(Qp, Ax)

12: C, — C, Uﬂk{u},yf’b =1,Y(r,u,b) // Update clusters
13: Xt —1lued, // Update UE clustering matric
14: 6?:1; —1liffu' =4, ue Cr,Y(r,b) //Update RIS assignment matriz

15: end for

16: return X, A

17: procedure CosT MATRIX(C,, A, B)

18: Q0,1 « RxAxB // Initialize Q and I to matriz of zeros
19: forr=1:R do

20: for b=1:B do

21: foru=1:Ado

22: T — C U Ar{u} // Temp. admit u'™ UE of Ay to C,
23: for j €T, do

24: Qi!b « Align RIS, to UEg;(;} as per (4.5)

25: ¥ « Obtain SINR as per (4.7)/(4.10) for pas./act. RIS

26: N}« Syer Wlogs(1+)

27: end for

28: gy, < max(n;,j €T // Update cost matriz entries
29: oy e argmax(n;,j €7) // Update I entries

30: end for

31: end for

32: end for

33: return Q,1

34: end procedure

35: procedure 3D-AXIAL ASSIGNMENT(Q, A)

36: ¥ max L Shes Sueu iV,

37: st. Yrer Lbes yip =1 VYue A

38: 2reR Zuell Vip,=LVbeB

39: Yber Zueu Yy, = 1L,VreR

40: return ¥

41: end procedure




Chapter 4: RIS-Assisted Grant-Free NOMA: User Pairing, RIS Assignment, and Phase
Shift Alignment 46

shared channel (PUSCH) and physical UL control channel (PUCCH). UEs can
transmit SRS on any subcarriers in the last symbol of an UL subframe regardless
of subcarriers assignments. We especially focus on time-division duplexing (TDD)
mode for the sake of channel reciprocity such that SRS may also be sent in the last
two symbols of the special subframe if UL pilot time slot (UpPTS) is configured
to be in the long format. The SRS is imperative to estimate cascaded and direct
channels [Abdallah et al., | to determine RIS assignment and configure phase shift
matrices accordingly. Notice that the CSI acquisition is an inherent part of any
communication system and not specific to the proposed approach. After the cluster
size is determined based on the available number of RBs in Line 3, the maximum
cluster size is determined in Line 4 based on the UE density. For the sake of cluster
initialization, the UEs are sorted in the descending order of received signal strength
of SRS signals in Line 5. Then, the clusters are initialized by admitting the first R
UEs into C clusters in Line 6. Then, the iterative UE admission and RIS assignment
starts in Line 8, in each iteration one more UE is admitted to each cluster. There-
fore, the first line of the for loop, Line 9, updates the set of UEs awaiting cluster
admission, which is denoted by Ay.

To execute 3D-AA, Line 10 calls cost matrix generation procedure given between

RRxAxB

Line 17 and Line 34, where cost matrix Q € and temporary RIS alignment

RXAXB are formed over three nested for loops. In Line 22, the u-th

matrix I € N
element of admission awaiting UE set is temporarily admitted to C,. Then, the most
inner loop between Line 23 and Line 27 determines the cluster member giving the
maximum cluster sum rate if RIS, is aligned as per its channel conditions. To this
aim, Line 24 adjusts the phase shift matrix of RIS, to UEg-(;}, Line 25 calculates the
cluster members’ SINR based on adjusted the phase shift matrix as per (4.7)/(4.10)
for passive/active RIS, and finally Line 26 records the cluster sum rate of 7; if RIS}, is
aligned to its j-th member, 77;.‘. Accordingly, the cost matrix element q’,iu is updated
in Line 28 based on the UE cluster member giving the highest possible cluster rate if
the phase shift matrix of RIS, is aligned to itself, whose index matrix (representing

the UE index) is also stored in a temporary RIS alignment matrix in Line 29.

Following the generation of the cost-matrix, Line 11 calls 3D-AXIAL ASSIGN-
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MENT to find joint UE clustering and RIS assignment at k-th iteration. For instance,
when 3D-AA returns yi5’>,4 =1, it means that: 1) UEzg, (5} is admitted to C3, 2) RISy
is assigned to Cs, and 3) phase shift matrix of RISy is aligned to assisted UE whose
UE index stored in u’ = Lg, 4 Thereafter, the cluster members are updated as per
the outcome of 3D-AA in Line 12, which is followed by update of UE clustering
matrix X and RIS assignment matrix A in Line 13 and 14, respectively. The final
UE clustering and RIS assignment matrices are returned at the end of (K — 1)-th
iteration. Notice in Line 14 that the phase alignment is obtained from the RIS
alignment matrix I returned by the CoST MATRIX procedure.

The time complexity of the proposed solution is mainly driven by
CosT MATRIX and 3D-AXIAL ASSIGNMENT procedures. The complexity of cost
matrix computation is O (Zf:_ll RAkB). Moreover, the 3D-AA is known to be an
NP-Hard problem, whose matching theory-based approximate solutions can obtain
results for a square cost matrix with complexity O (3M V3) where M is the number of
relaxations and V is the largest dimension of the cost matrix [Pattipati et al., 1992].
Hence, after K — 1 iterations, the time complexity of the considered 3D-AA becomes
o (SM lef:_ll(Vk)?’), where Vi = max(R, Ag, B). Since the latter is more dominant,
the overall complexity can be approximated as ~ O (3M Zlk{:_ll RA;B + (Vk)3).

4.83.2  Consecutive 2D UFE Clustering and RIS Assignment Algorithm

Algorithm 2 proposes a faster and consecutive UE clustering and RIS assignment
algorithm that achieves almost the same performance as Algorithm 1. Algorithm 2
mainly follows a similar iterative clustering approach but instead of jointly assigning
UEs and RIS blocks to cluster sets, it first assigns UEs to the clusters and then
assigns RISs to previously formed clusters. Lines 2-6 performs setting obtaining CSI
information, determining number of clusters and maximum cluster size, initializing
clusters respectively, as in Algorithm 1.

The iterative UE admission starts in Line 8, in each iteration one more UE is
admitted to each cluster. Therefore, the first line of the for loop, Line 9, updates

the set of UEs awaiting cluster admission, which is denoted by Ay. The iterative



Chapter 4: RIS-Assisted Grant-Free NOMA: User Pairing, RIS Assignment, and Phase
Shift Alignment 48

Algorithm 2 : Consecutive UE Clustering and RIS Assignment

1:Input: R, U, B, P

2: w2 /gp/ fu «— Acquire CSI from SRS sent by UE,,VYu € U,Vb € B

3: C<R // Determine number of clusters
4: K « |—%-| // Determine mazimum cluster size
5: U — SORTDESCEND(Rss, Yu) // UE ordering based on RSS of SRS signals
6: Cr « ’l){r}, rell,...,R] // Initialize clusters
T x*—1,uecC //Initialize UE clustering matriz
8: for k=1:K-1 do // Iterative UE admission and RIS Assignment starts

9: A — Uu- Ule C // Initialize admission awaiting UEs
10: Q. « Cost MaTrIX UE(C,, Ayx) // CM for user clustering
11: Y « 2D-AXIAL ASSIGNMENT(Qf)

12: Cr — C-UA{u}, y¥ =1,V(r,u) // Update clusters
13: Xt —1luecC // Update UE clustering matric
14: end for

15: return X

16: Q.1 «— Cost MATRIX RIS(C,., B) // CM for RIS assignment

17: Y, « 2D-AXIAL ASSIGNMENT(Qm)

18: 6;’:,’ —1iffw' =2, y2 =1, ueC,¥(r,b) //Update RIS assignment matrizc
19: return A

20: procedure Cost MATRIX UE(C,, Ax)

21: Q.1 «— oR*A // Initialize @ and I to matriz of zeros
22: forr=1:R do

23: foru=1:Ado

24: Ty — C- U Ar{u} // Temp. admit u™ UE of Ay to C,
25: ¥} « Obtain SINR of UE;, Vj € T;

26: g — Xjer; Wlogs(1+77)

27: end for

28: end for

29: return [0}

30:

31: end procedure

32: procedure CosT MATRIX RIS(C,., B)

33: Q,1 « 0R*B // Initialize Q and I to matriz of zeros
34: forr=1: R do

35: for b=1:B do

36: for j € C, do

37: @i’b « Align RIS, to UEg, ;) as per (4.5)

38: v} « Obtain SINR as per (4.7)/(4.10) for pas./act. RIS

39: n; « Ljer; W log, (1+7)

40: end for

41: qb max(l];’,j €C) // Update cost matriz entries
42: L,’,’ — argmax(r].;‘,j €Cr) // Update I entries
43: end for

44: end for
45: return 0,1
46: end procedure

47: procedure 2D-AXIAL ASSIGNMENT(Q)
48: Y « Iny?‘x 2rer 2izeZ 45 Vr

49: st YeerYi=1,YzeZ
50: Yz YE=1,Vr eR
51: ze{u,b},Z e{U,B}

52: return f’
53: end procedure
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algorithm now only admits UEs to the clusters and starts in Line 8. In line 9 the
set Ay is updated that denotes the admission awaiting UEs. In each iteration one
more UE is admitted to each cluster from the set Ay. Line 10 calls the cost matrix
function for UE admission. The 2D Cost matrix @, € R is generated between
the Lines 20-31 over two nested loops. Line 24 admits the uth UE from the set Ay
to C, and forms a temporary cluster denoted by 7,. The UE SINRs are calculated
in Line 25 and the temporary cluster rate is calculated by summing the rates of UEs
in 7. The cost matrix element ¢} in Line 26 stands for the cluster rate if uth UE
from the set Ay is assigned to C,. Notice that the UE assignment merely depends
on channel gain disparity among the UEs and does not consider RIS assistance and
phase shift alignment.

The UE admission is performed according to LSA executed in Line 11 to find the
assignment maximizing the network sum rate by using the generated cost matrix at
kth iteration. For instance, when LSA returns y5 = 1 € ¥y, it means that UE 4, (5) is
admitted to Cs. In the final step, UE clustering matrix X is updated. After finalizing
the UE admission and forming clusters, RIS blocks needs to be assigned to generated
clusters and assist specific UEs in each cluster to maximize the cluster rate. Line
16 calls the cost matrix function for RIS assignment and phase alignment purposes.
The cost matrix Q,, € R®*E and a temporary RIS alignment matrix I, € N8B are
formed over three nested for loops in procedure explained between lines 32-46. The
first two loops in lines 34 and 35 assign RIS, € B to C.. The most inner loop finds
the UE that maximizes the cluster sum rate when the corresponding RIS block’s
phase shifts are aligned to itself. Line 37 aligns the phase of the RIS, to UE j € C,.
Following SINRs are calculated by considering the phase configuration of the RIS
block in Line 38. Line 39 records the cluster sum rate if RIS, is assigned to UE j in
Cr. In consequence, the cost matrix element g% in Line 42 is obtained by considering
the cluster member yielding the largest cluster rate when assisted with RIS, and its
UE index is stored in (2. Finally, LSA procedure is called again in Line 17 to find
the RIS assignment and alignment at once. For instance, if LSA returns y% =1leYy
for user clustering, it means that RIS, is assigned to Cs. Likewise, if LSA returns

y% =1 €Y, for RIS assignment/alignment, it means that the phase configuration
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of the RISy is aligned for UE,, whose UE index is stored in L%. Thereafter, the
elements of the RIS assignment matrix 5;‘:17 is updated in Line 18 and returned the
final assignment matrix A in 19.

The time complexity of the consecutive approach is mainly driven by CoST
MATRIX and LSA procedures. The complexity of cost matrix computation for UE
clustering and RIS assignment are given by O ( 1k<=—11 RAk) and O (RB), respectively.
Considering the well known cubic complexity of LSA solutions, the overall complexity
can be obtained as O (ngf RA; + (max(R, Ak))3)
and O (RB + (max(R, B))?), which constitutes the entire complexity of Algorithm 2

together.

4.4 Numerical Results

In this section, we provide numerical results for the proposed schemes and compare
their performances with three benchmark schemes for different system parameters.
Achievable rates and fairness indexes for different schemes are presented by com-
puter simulations. Although we consider the SINR expressions in (4.7)/(4.10) for
passive/active RIS assignment in both algorithms, we consider the general SINR
expression in (4.6)/(4.9) while obtaining the numerical results, so that the reflec-
tions from non-coherent RIS blocks are considered as well. We consider the default

system parameters summarized in Table 4.1, unless stated explicitly otherwise.

4.4.1 Benchmark Schemes

For evaluation of the RIS-Assisted GF-NOMA scheme, this section presents three
benchmark schemes [Celik, 2021]:

1. The optimum PD-NOMA (OPT PD-NOMA) where UEs compute optimal
power control based on the readily available CSI, and the maximum and mini-
mum transmit power of UEs are Pyax and Py, respectively. Throughout the
simulations, optimal power weights are obtained by geometric programming

solver of the CVX disciplinized convex optimization toolbox [Grant and Boyd,

2014].
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Table 4.1: Table of the simulation parameters
Param. Def. Value Param. Def. Value
U # UEs 75 N # Reflecting elements 256
R # RBs 25 qu Quality of service demand of UEu 0.1 Mbps
M # RISs 25 Je Carrier frequency 5 GHz
G # sub-blocks 1 Pid Identical power 21 dBm
C # clusters 25 Prax | Maximum transmit power of the UEs 23 dBm
No Thermal noise power spectral density | —174 dBm Prin Minimum transmit power of the UEs —40 dBm
D Cell radius 250 m Pt | Maximum output power for each active element | 21 dBm
Diy RIS area inner radius 15m Pot Maximum power consumed by an active RIS 1w
Dout | RIS areca outer radius 50 m Gmax | Maximum gain of the active components 20 dB
w Resource block bandwith 180 kHz

2. Multi-level GF-NOMA (MGF-NOMA) scheme partitions the set of UEs into

identical transmit power, piq.

gains are required to transmit at the highest/lowest power levels.

R = C groups based on their channel gains and divides power control range
([Pmaz = 23, pmin — 40] dBm) into R = C levels. MGF-NOMA requires UE
partitions with higher channel gain to transmit at higher power levels. For

instance, the UE partition consisting of UEs with the highest/lowest channel

Single level GF-NOMA (SGF-NOMA) scheme requires all UEs transmit at an

We refer interested readers to [Celik, 2021] for a more detailed explanation of

the benchmark schemes. For the sake of a fair comparison, the benchmark schemes

follow the clustering approach presented in Algorithm 2. Additionally, for the same

reason, the proposed schemes uses p;q = 21 dBm for all UEs, which is the average

transmit power of UEs for OPT PD-NOMA. Noting that benchmark schemes do not

benefit from RIS, the main difference between compared schemes is the underlying

power control approach.
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Figure 4.2: (a) Sum rate and complexity of the proposed algorithms, and (b) sum
rate of the proposed schemes

4.4.2  Impact of UE Density on Sumrate and Time Complezity

The number of UEs in the network is a crucial metric affecting both network per-
formance and the complexity of the NOMA schemes. Fig. 4.2 shows run time
complexity and network achievable network sum rate for varying U. As seen in
Fig. 4.2(a), the consecutive algorithm returns result up to 80 times faster than the
joint Algorithm 1 while achieving almost the same network sum rate performance
as shown in 4.2(b). Such a great run time complexity difference is mainly due to
the time spent generating the 3D cost matrix for Algorithm 1, which increases as
U increases. Since the consecutive approach provides almost the same performance
with much-reduced running times, the rest of the simulations are carried out with
Algorithm 2.

As seen in Fig. 4.2(b), the sum rate of the proposed scheme increases with U
because the number of UEs operating in a single RB increases, resulting in more
efficient spectrum usage. The proposed scheme with passive RISs performs up to
15%, 15%, and 18% better than OPT PD-NOMA, MGF-NOMA, and SGF-NOMA
schemes when U = 150, respectively. When active RIS architecture is employed, the
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Figure 4.3: Sum rate and Jain’s fairness index for varying piq for the proposed and
benchmark schemes

proposed scheme performs up to 34%, 34%, and 37% better than OPT PD-NOMA,
MGF-NOMA, and SGF-NOMA, respectively. Thus, active RISs provide 19% better
performance than passive RISs. We note that the increase in the cluster size does not
negatively affect the network performance. The proposed scheme performs better
on denser networks, where U = 150 and the number of UEs per cluster is 6 and
outperforms the benchmark schemes. The performance of the benchmark schemes
starts to saturate after U = 150 while the proposed scheme continues to show an

upwards trend.

4.4.8 The Impact of Identical Tx Power on Fairness

The network sum rate for varying identical transmit power levels, piq, is presented in
Fig. 4.3(a). As the pjq varies for SGF-NOMA and active/passive RIS-assisted GF-
NOMA, transmit power levels are fixed in MGF-NOMA, and the average transmit
power between UEs is obtained as 21 dBm for adaptively regulated OPT PD-NOMA
via Monte Carlo simulations. While the SGF-NOMA achieves the same performance
as MGF-NOMA and OPT GF-NOMA at the maximum transmit power level, the
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RIS-assisted schemes require less power at the UE side, resulting in more energy-
efficient transmission. The passive RIS-assisted scheme requires 4 dB, and the active
RIS-assisted scheme requires 16 dB less transmit power to achieve the same perfor-
mance as OPT PD-NOMA and MGF-NOMA. The evaluation of the fairness in
terms of the energy efficiencies of the UEs sharing the same cluster is presented in

Fig. 4.3(b). The Jain’s fairness index is obtained for each scheme as follows:

T = (Zvuec, ’7u)2 (4.18)
K (ZVueC,- M)

where n, = R,/P{, R,, P! are the bit per joule energy efficiency, the achievable
rate, and transmit power of the UE,, respectively. Since UEs transmit at identical
power levels, the SGF-NOMA and RIS-assisted GF-NOMA schemes present higher
fairness. While the SGF-NOMA and passive RIS-assisted GF-NOMA perform close
fairness results, the active RIS-assisted scheme is the fairest scheme up to 8 dBm
transmit power. Assisting low-rate UEs with active RIS yields a more fair energy
usage. However, as the transmit power of the UEs increases, achievable rates of
the assisted UEs become dominant, resulting in poorer fairness compared to the
SGF-NOMA. Looking at Fig. 4.3, it can be concluded that RIS-assisted GF-NOMA
schemes maintain fairness among UEs while providing enhanced capacity and some-
times even more fair structure.

Network sum rate for varying Doyt and R are presented in Fig. 4.4(a) and 4.4(b),
respectively. As seen in Fig. 4.4(a), the locations of the RISs substantially affect the
system performance. It is a well-known fact that a basic RIS-assisted system exhibits
its maximum performance when the RIS is located near the system’s terminals.
Similarly, the proposed design performs best when the RISs are close to the BS or
UEs. The results show that deploying RISs near the BS performs better than the
uniform deployment of RIS across the cell area. This is mainly because we cannot
guarantee that the RISs will be placed close to the UEs since UEs are also randomly
distributed. The proposed scheme performs 8%, 12%, and 15% better than OPT
PD-NOMA, MGF-NOMA, and SGF-NOMA schemes, respectively, when Dyt = 80
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Figure 4.4: Sum rate of the network for different varying RIS metrics: (a) Doyt and
(b)R.

m with passive RISs. When active RISs are used, the proposed scheme performs
25%, 30%, and 32% better than OPT PD-NOMA, MGF-NOMA, and SGF-NOMA,
respectively. Thus, the active RIS scheme gives around 18% higher performance than
the passive RIS scheme. As Dy increases, the network sum rate decreases because
the RISs gradually become distant from the BS and most of the UEs. Nevertheless,
the proposed scheme still performs 5%, 8%, and 11% better than OPT PD-NOMA,
MGF-NOMA, and SGF-NOMA schemes, respectively, when Dy = 250 m with
passive RISs. The enhancement percentages are 12%, 16%, and 19% for the case
where active RISs are used, respectively. We previously mentioned that an RIS
could assist the other UEs in different clusters, even if its phases are aligned with
the dedicated UE. This condition also helps further improve the network sum rate
when the RIS is close to the BS.

As observed in Fig. 4.4(b), the network performance increases with R because
more spectrum are available and more cluster becomes able to use an RIS. Using
passive RISs for the proposed algorithm gives 8%, 12%, and 14% better performances
than OPT PD-NOMA, MGF-NOMA, and SGF-NOMA, respectively. Likewise, it
enhances the network sum rate by 29%, 33%, and 36% for OPT PD-NOMA, MGF-
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Figure 4.5: Sum rate of the network for different varying N.

NOMA, and SGF-NOMA, respectively, when active RISs are used. Additionally,
using active RISs results in 19% better performance than using passive ones. Here,
we note that using eight passive RISs gives nearly the same sum rate as using two
active RISs.

Finally, Fig. 4.5 represents the sum rate of the network for varying N. The
figure shows that the sum rate increases with N, similar to the case in Fig. 4.4(b).
When passive RISs are used, the network’s performance is enhanced by 13%, 17%,
and 20% for OPT PD-NOMA, MGF-NOMA, and SGF-NOMA, respectively. For
the other case that uses active RISs instead of the passive ones, the sum rate of the
network is increased by 39%, 44% and 47% for OPT PD-NOMA, MGF-NOMA, and
SGF-NOMA, respectively. In addition, a 22% increase in the network performance
can be achieved by using active RISs instead of passive RISs. We emphasize that
using N = 30 gives nearly the same sum rate as OPT PD-NOMA, meaning that
we can achieve the same performance by using RISs with a very small number of

reflecting elements. This amount is much lower when the active ones are used.
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Chapter 5

CONCLUSION

In this thesis, we have proposed an amplifying RIS design that utilizes a single
PA. The differences and advantages of the proposed design have been clearly pointed
out compared to the conventional passive RIS design. We have presented its signal
model for the amplifying RIS systems, and optimized the amplifier gain and the
phase response of RIS; and RISy to maximize the achievable rate. Ultimately,
active RIS-assisted systems provide higher communication capacity and better error
rate performance than the passive RIS-assisted systems. In addition, they enable
the flexibility to place the amplifying RIS anywhere in between Tx and Rx as it
greatly reduces the effect of double path loss, unlike passive RIS that should be
placed closer to Tx or Rx. On top of that, active RIS-assisted systems are more
energy efficient, although they consume more power. Extending our design to MIMO
systems introduces complex optimization problems such as the joint optimization of
transmit precoding, phases of the reflecting elements, and gain of the PA needed.
Potentially, deep learning and alternating optimization algorithms can be used to
deal with these problems. Future works may also include joint uplink and downlink
communication, the optimization and extension of this system to MIMO systems,
as well as real-world experimental results.

This thesis has also proposed two iterative clustering algorithms with 3D and 2D
assignment approaches for an RIS-assisted GF-NOMA system. The performances
of both active and passive RIS have been considered to boost the capacity of a
GF-NOMA system. Through the proposed algorithms, the network can leverage
RIS assistance to create received power disparity among NOMA UEs without the
need for complex power control. Also, Algorithm 2 has been found to be faster and
superior to Algorithm 1 in terms of complexity. Moreover, assisting the system with

RISs results in better SIC due to the power disparity introduced from the presence of
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the RISs, leading to improved achievable rates compared with the conventional GF-
NOMA with no RIS assistance. Furthermore, it has also been shown that active RIS-
assisted systems are superior to passive RIS-assisted systems in terms of maximizing
the overall network sum rate and fairness among UEs, as they contain PAs in each
element and enable us to exhibit a better SIC. Additionally, GF-NOMA schemes
with identical transmit power have been shown to provide more fairness among UEs
in a cluster in terms of energy efficiency. Future works can consider assisting not
only one UE but multiple UEs in a cluster and the multiple cell scenarios where
UEs are also jointly assigned to the BSs, which can come up with some complex

optimization problems.
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Table A.1: The shape (k) and scale (v) parameters of the fitted Gamma distribution
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