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Preface

The fast-growing need to satisfy billions of mobile subscribers calls for the
deployment of advanced wireless communication techniques to achieve the
desired quality of service. Reconfigurable intelligent surfaces (RIS) are currently
being explored to ameliorate several issues in wireless networks. RIS comprises
passive elements that require limited active antennas at the base station (BS) to
achieve energy efficiency and spectral gains. RIS, a key enabler for 6G wireless
networks, has enormous potential to address signal loss between the transmitter
and the receiver. RIS can be deployed to enhance the reliability of wireless systems
in 6G and beyond. Additionally, RIS can be employed to mitigate interference in
wireless communication systems. RIS supports simultaneous wireless informa-
tion and power transfer and enhances security at the physical layer. Compared to
relay-assisted technologies, RIS offers low cost and high efficiency. However, the
computational complexity issue in RIS-assisted wireless networks design is still an
issue that needs to be addressed holistically. In order to address this issue, among
others, there is a need for a book that investigates the characteristics, benefits,
and limitations of RIS deployment in advanced wireless communication systems.

The book analyzes the design and applications of RIS in 6G and beyond. In
particular, the book considers the application of RIS, aiding efficient wireless sig-
nal transmission from the base station to the mobile station, considering several
practical constraints. The book is a high-quality reference to practitioners, indus-
try and academic researchers, scientists, and engineers in the fields of wireless
communications and networking, information theory, signal processing, 5G and
6G networks, antennas design, sensing and localization, channel modeling and
propagation measurement, reconfigurable intelligent surfaces, ICTs, and others.
Additionally, graduate and senior undergraduate students will find the book very
useful for courses within the broad aspects of wireless communications. Finally,
the book is structured into 17 chapters collected from industry experts, world-class
academics, and researchers, resulting in a diverse and high-quality reference for
the readers.
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Introduction

The book, reconfigurable intelligent surfaces (RIS) for 6G and Beyond Wireless
Networks sheds light on the design, modeling, and deployment of energy-efficient
reconfigurable intelligent surfaces (RISs) to address several network issues, such
as interference, pathloss, delay, traffic outage, among others. The book presents
advanced signal-processing algorithms to enable RIS applications in realistic envi-
ronments. Additionally, the book introduces advanced mathematical tools and
machine learning (ML) algorithms to critically analyze RIS dynamics in evolv-
ing wireless environments. Furthermore, the book provides industry personnel,
researchers, and academics with new insights into the real-world scenarios of the
technological development, implementation, application, benefits, and challenges
of RIS deployment in advanced wireless communication systems. The book is pre-
sented in 17 chapters outlined as follows.

Chapter 1 introduces RISs as a key element in shaping future wireless com-
munication systems such as 6G and beyond. While 5G focuses on enhancing
transmitter and receiver intelligence, 6G explores RIS to customize wireless
propagation environments, offering benefits like extended coverage and improved
system performance. Passive RIS enhances indoor coverage economically, while
active RIS offers more control in outdoor settings, albeit with higher resource
requirements. However, the task of optimizing baseband processing algorithms
in wideband environments is not just a challenge but a complex task that can be
quite daunting. Overcoming these challenges is crucial to fully harnessing RIS’s
potential in diverse deployment scenarios. To this end, the chapter explores RIS
in wireless communication systems, examining both narrowband and wideband
environments. Additionally, the study establishes analytical upper bounds for bit
error rate (BER) using probability density function (PDF) and moment generating
function (MGF) methods and validated via Monte Carlo simulations, especially in
high signal-to-noise ratio (SNR) scenarios. Last, the chapter examines the effect
of discrete phase shifters in place of ideal continuous phase shifters, owing to
practical constraints.
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Chapter 2 buttresses the fact that 6G wireless networks envision an immersive
and interactive experience for the users, with high quality of service (QoS)
demands, full-dimensional network coverage, microsecond latency, and high
spectral and energy efficiency. RIS-assisted communication is the key enabling
technology that has the potential to meet these demands, with the capability of
controlled signal reflection through which the data rate is maximized. RIS helps
to reduce multiple reflections of the signal, which leads to minimum latency. RIS
has gained significant attention in recent years due to its potential to revolution-
ize various fields, including the Internet of Things, vehicular ad-hoc networks,
device-to-device communications, simultaneous wireless information and power
transfer protocol, unmanned aerial vehicles (UAVs), and military applications.
Specifically, the chapter explores the various active and passive RIS applications
in these domains and highlights their potential use cases. RIS deployment in a
real-time environment, cost-effective fabrication, and scalability concerns are
some of the challenges that need to be addressed. In addition, the chapter reviews
RIS’s potential use cases and applications to assist 6G communication functional-
ities. Last, the chapter elaborates on recent developments, challenges, and future
research directions in RIS-empowered wireless communication systems.

Chapter 3 describes RISs as candidate enablers for the envisioned 6G technology
due to their ability to manipulate electromagnetic waves in real time, enhancing
cell coverage and prevent recurring blockages, and interference. This manipu-
lative feature of RIS is especially important for 6G, where high data rates, low
latency, and massive device connectivity are expected to be the norm. Specifically,
the chapter presents a comprehensive examination of the RIS architecture, hard-
ware design, operational modes, and frequency bands that are relevant to various
duplexing techniques. The chapter also conducts an electromagnetic analysis of
RIS-assisted networks, establishing a mathematical model to characterize the gain
of both transmit and receive units. The analysis includes understanding how the
RIS surface affects the propagation, reflection, and scattering of electromagnetic
waves in its vicinity. The chapter also involves characterizing the electromagnetic
properties of the surface materials and structures, such as their impedance, phase
response, and radiation pattern. Additionally, the chapter models the channel
characteristics and reflection coefficients of individual elements within the
RIS. Furthermore, the chapter investigates the impact of spatial correlation and
mutual coupling on the performance of RIS and explores potential mitigation
approaches. Last, the expressions for average error probability under spatially
correlated conditions are derived, accounting for various diversity factors.

Chapter 4 analyzes massive MIMO (M-MIMO) systems assisted by RISs, pro-
viding insights on the performance and computational complexity via extensive
Monte-Carlo simulations, considering multiuser uplink (UL) scenarios. Such
analyses on RIS-aided M-MIMO communication systems scenarios have potential
applications for the next generations of mobile communication systems, such
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as beyond 5G and 6G, which demand new electromagnetic spectrum under
high millimeter-wave (mmWave) frequencies. The RIS-aided M-MIMO systems
are configured with active beamforming combiners/precoders and the use of
optimization methods on the N RIS element phase shift by deploying passive
beamforming (PBF) and Naive local search (NLS) low-complexity quasi-optimal
methods to improve metrics such as system signal-to-interference-plus-noise ratio
(SINR), spectral efficiency (SE), and outage probability (OP). The key numeric
results address metrics related to the QoS of the wireless communication system,
operating under different types of fading channels considered, such as Rayleigh,
Rice, Nakagami-m, a-pu, and x-u. The potential relevance is to show how
these diverse channel propagation conditions impact the system performance,
providing a comprehensive understanding of network behavior in different
environments. This insight is crucial for optimizing wireless communication
systems to ensure robustness and QoS delivery across different channel and
system configurations. Additionally, the chapter strategically defines geometric
configurations with well-defined positions for mobile users, a base station (BS),
and an RIS panel. Two scenarios are explored; known and deterministic user
equipment (UEs) localization and random UE positions. Both communication
links offer insightful analyses as well as a comparison of signal reception qual-
ity between the UEs and the BS when the signal path is partially and totally
obstructed.

Chapter 5 focuses on integrating RISs into wireless communication systems
and its associated challenges. In practice, the task can be even more challenging
when dealing with multiple users connected to a system sharing spectrum,
time, or power resources. Specifically, the chapter explores the challenges of
integrating the RIS into multiuser (MU) downlink transmission systems. The
efficiency and applicability of RIS-assisted multiple-input single-output (MISO)
and multiple-input multiple-output (MIMO) schemes are analyzed in terms of
BER performance and the complexity of the algorithms and techniques utilized.
Likewise, the effects of the different wireless propagation channel models are
analyzed, and several approaches of blind RISs and optimization algorithms are
presented. Simulation results show up to 37dB gain in BER curves using N-RIS
surfaces when the system has SE = 12 bp cu/user, 32 Tx antennas, and 8 users with
4 Rx antennas. These outcomes validate an increase in performance by adopting
N-RIS surfaces and optimization techniques for adequate phase searching. In
addition, the chapter presented frameworks that apply ML algorithms to improve
the overall system performance, including estimation of channel state informa-
tion (CSI), beamforming applications, federated learning (FL), and demodulation
applications. Finally, the chapter sheds light on trends and open research areas in
this exciting domain.

Chapter 6 delves into the critical aspects of optimizing energy efficiency (EE) in
active RIS-assisted massive MIMO (M-MIMO) wireless communication systems.
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A comprehensive and unified theoretical framework was developed to analyze the
boundaries of EE within M-MIMO systems integrated with active RIS while adher-
ing to practical constraints. The study focuses on a formulated EE optimization
problem aiming to maximize the EE for active RIS-assisted M-MIMO communi-
cation systems. The goal is strategically finding the number of active RIS elements
for outperforming the EE attainable by an entirely passive RIS. Besides, the pro-
posed novel solution has been tailored to the innovative EE optimization problem.
The formulation and solution design take into account analytical optimization
techniques, such as Lagrangian dual transform (LDT) and fractional programming
(FP), facilitating the effective implementation of RIS-aided M-MIMO applications
in real-world settings. In particular, key results show that the proposed algorithm
can provide up to 120% higher EE compared to the entirely passive RIS. Besides,
it was found that the active RIS can operate with lower than half of the reflect-
ing elements for the entirely passive RIS. Finally, because active RIS achieves the
complete utilization of amplification power available, it should be equipped with
a reasonable number of reflecting elements above N = 49.

Chapter 7 beams a torchlight on an intelligent reflecting surface (IRS), an
exciting novel technology for future wireless communication networks, achieving
energy and spectrum efficiency. In particular, an IRS consists of passive ele-
ments responsible for manipulating incoming signals, introducing an additional
degree of freedom to enhance system performance, further improved with
suitable phase optimization techniques. However, channel estimation becomes
more challenging when employing an IRS, with channel estimation overhead
being a key parameter that impacts system complexity and performance, and one
way to resolve this issue is to exploit the element grouping technique. To this
end, the chapter presents IRS element grouping schemes and considers the UL
rate maximization challenge using the IRS. Specifically, the study utilizes the
grouping of IRS-reflecting elements to analyze system performance and presents
a comparative analysis between the system with and without optimization.
Numerical findings indicate that an IRS with an element grouping scheme has
tremendous potential to significantly enhance the capacity performance of the
investigated wireless communication system.

In Chapter 8, RIS-assisted wireless communication is examined as a possible
contender for next-generation networks due to its lower implementation cost
and end-to-end system performance. RIS can increase the signal-to-noise ratio
(SNR) by controlling the reflection and scattering properties of incoming sig-
nals. Non-orthogonal multiple access (NOMA), which assigns various power
levels to different users, can provide the huge connectivity and lower latency
requirements of next-generation networks. The majority of works assume RIS
in between the transmitter-receiver propagation environment. However, due
to the reduced received signal level at the RIS, it may not be possible to fully
exploit the associated benefits. As a result, the idea of RIS as an access point
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(AP) has been presented, in which the RIS is placed at the source and capable of
producing phase for both constellation mapping and channel pre-compensation.
In particular, RIS-AP-NOMA is presented, combining the benefits of both RIS
and NOMA. For both smart and blind transmissions, analytical average bit error
rate (ABER) and outage expressions are derived, assuming a two-user downlink
scenario. In addition, numerical simulations are used to validate the performance
of the system. The proposed smart RIS-AP-NOMA system for user 1 achieves the
target outage with a significant SNR gain of ~58 dB and the target ABER with a
gain of ~25dB when compared with the conventional NOMA. Similarly, for user
2, the proposed system achieves the target outage with an SNR gain of ~58 dB
and the target ABER with an SNR gain of ~31 dB.

Chapter 9 provides detailed explanations of the combined use of RIS struc-
tures with NOMA, spatial modulation, small cells, massive multiple-input
multiple-output (MIMO), mmWave communication, visible light communica-
tion, terahertz communication, UAVs, and more. The characteristics, advantages,
and evaluations in terms of system performance of these system structures
are elaborated. Additionally, the chapter offers a comprehensive examination
of some theoretical assessment metrics in communication systems, including
OP, average bit error probability, and capacity analyses, and their valuable
applications in RIS structures.

Chapter 10 emphasizes the promise of 6G wireless networks in revolution-
izing the landscape of the Internet of Things (IoT), expanding the horizons of
wireless communication, and ushering in a new era of IoT applications with
unprecedented performance and reliability. However, a crucial requirement in
this domain is the need for precise positioning and localization of IoT devices,
which is a fundamental necessity for a plethora of applications. Nevertheless, the
existing positioning and localization methods used in 6G-IoT pose several chal-
lenges due to blockages of the line-of-sight signals, interference, and difficulties
arising from multipath propagation, which results in new requirements for posi-
tioning and localization. These fundamental necessities for precise positioning
and localization can be fulfilled with an RIS, a potential candidate technology
for future 6G wireless communication. Thus, integrating RIS in the IoT can
enhance the accuracy of positioning while offering the added benefits of being
economical and energy efficient. To this end, the chapter examines the role of
RIS-assisted 6G-IoT networks in wireless positioning and localization. Then, the
fundamental localization principles and the RIS-aided localization algorithms are
explored. Moreover, the state-of-the-art research on positioning and localization,
comprising RIS-assisted mmWave positioning systems, RIS for indoor, near-field,
outdoor, and far-field localization, and RIS for terahertz communication, is
elaborated in detail. Finally, the chapter concludes by discussing the potential
challenges and future research directions of RIS-assisted 6G-IoT for wireless
positioning and localization.
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Chapter 11 delves into the multifaceted landscape of privacy and security issues
associated with RIS deployments. Privacy concerns stem from the manipulation of
wireless signals, raising issues of data leakage, location privacy, user profiling, and
surveillance. In parallel, security challenges encompass unauthorized access, data
tampering, signal jamming, physical infrastructure vulnerabilities, and regulatory
compliance issues. Addressing these issues requires robust encryption, authen-
tication mechanisms, intrusion detection, rigorous privacy and security regula-
tions adherence. The chapter outlines a comprehensive strategy for various attacks
and threats, ensuring data confidentiality, integrity, and availability in RIS-enabled
networks. Additionally, the chapter covers physical layer security for RIS-assisted
networks. Incorporating physical layer security measures into RIS deployments
enhances the confidentiality and integrity of wireless communication, making
it more resilient against eavesdropping and unauthorized access. Furthermore,
the chapter identifies multiple challenges for future research to fully utilize the
benefits of the IRS in physical layer security and covert communications. Finally,
the chapter offers insights into the evolving domain of RIS, shedding light on the
imperative need to balance its transformative potential with protecting individual
privacy and system security.

Chapter 12 explores how the integration of RIS in wireless communication
systems holds tremendous promise for revolutionizing connectivity by offer-
ing scalability, cost-efficiency, and energy neutrality. However, navigating the
complexities of dynamic environments poses significant challenges for power
control in RIS-empowered wireless networks. The chapter projects a method
that involves implementing a cooperative deep reinforcement learning (DRL)
system with two interconnected networks, DRL-M and DRL-S referred to as Deep
Reinforcement Learning Master and Slave DRL (M-S), aiming to optimize system
performance and energy efficiency. RL-M optimizes system performance by
adjusting transmit beamforming and phase shift. The results show that increasing
the transmit power (from 0dB to 10 dB to 20 dB) leads to a proportional increase
in the average reward, reaching approximately values of (2.5, 4.8, 7.8). The average
reward serves as feedback for the DRL-S network, assisting it to intelligently
manage power transmission to adapt to changing environmental conditions.
This is achieved by leveraging the reward feedback from DRL-M, facilitating
dynamic adjustment of power transmission based on variations in these rewards,
either increasing or decreasing power transmission accordingly. The chapter
contributes to advancing RIS-integrated wireless systems with enhanced power
control capabilities, offering a robust solution to address the challenges of power
control in RIS-enabled wireless systems operating in dynamic environments.

Chapter 13 examines the emergence of the IRS as a transformative technology
in a new era of intelligent and efficient wireless networks. IRS can manipulate
radio waves, which means they can help to improve communication in terms
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of coverage, capacity, and energy efficiency. IRS can overcome obstacles such as
signal blockage, pathloss, and interference, improving communication reliability
and performance. IRS can adaptively reconfigure the wireless propagation envi-
ronment according to changing conditions. IRS can adjust its reflective properties
dynamically in real time, optimizing signal propagation based on user location
and channel conditions. The work points out that propagation measurements
are essential for understanding signal propagation processes and describing
wireless channel behavior. These measurements involve collecting data on
signal strength, fading, delay spread, and other channel parameters in various
environments. Channel modeling techniques aim to represent wireless channel
behavior in mathematical models accurately. These models incorporate factors
such as pathloss, multipath fading, shadowing, and interference to simulate the
propagation of electromagnetic waves in different scenarios. Wireless channels
are inherently non-stationary, evolving unpredictably in response to environmen-
tal changes. This unpredictability poses a significant challenge for propagation
measurements, which aim to characterize the behavior of wireless channels
over time and space. Overcoming these challenges requires integrating IRS into
6G wireless communication systems, which promises to make a big difference
in performance. Thus, the chapter comprehensively reviews the propagation
measurements and channel modeling techniques in 6G wireless communication,
focusing on the concept of an IRS.

Chapter 14 describes RIS as a promising technology with the potential to enable
6G wireless networks. These metasurfaces are energy efficient, enhancing over-
all system performance, and expand signal coverage, especially in Sub-6GHz and
mmWave networks. Although RIS-based networks are proving to be a vital ele-
ment in achieving better and faster wireless systems, there are certain optimiza-
tions to be made such as enhancing energy efficiency. This required the merging
of ML to assist RIS-based techniques; specifically, deep reinforcement learning
(DRL) algorithms, to process information more effectively and accurately. The
chapter investigates the composition of DRL and presents a few works on its appli-
cations. The chapter closes off with a summary of the methods and future direc-
tions for the system examined.

Chapter 15 examines physical layer security (PLS) for RIS-aided wireless
communication systems. Physical layer security is an important technique that
guarantees information-theoretic security regardless of the computational capa-
bility of eavesdropping, covered security, and privacy protection, as fundamental
requirements. The NOMA as a transmission technique supports higher SE.
The RIS technology is envisioned promising due to their abilities in enhancing
communication from key aspects. The chapter presents different approaches of
RIS, NOMA securing the most favorable environment and asylum for the Internet
of Things. As a result, RIS-aided PLS design solutions appeared promising within

xlix
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various approaches and system models. Furthermore, RIS-aided NOMA network,
a significant approach of RIS-aided PLS model, showed decent mathematical
statistic, and further certificated the potential of the presented design.

Chapter 16 highlights the building blocks of RIS, being metamaterials, meta-
surfaces and their control mechanisms. Specifically, the supporting technologies
for deploying RIS in terrestrial and non-terrestrial wireless communication
systems are presented. To ensure that the variables used are consistent for both
environments, the free space pathloss model is presented before detailing a
complete geometry-based system model suitable for the environments. Using
these models, the architecture for implementing RIS-empowered terrestrial
communication systems enhanced by MIMO and Orthogonal Frequency Division
Multiplexing (OFDM) techniques in the terrestrial environment is presented.
For the non-terrestrial environment, RIS-empowered aerial networks comprising
UAVs, and high-altitude platforms (HAPs) are highlighted. Additionally, archi-
tectures involving satellites are presented followed by a multi-layered integrated
RIS-empowered system involving both terrestrial and non-terrestrial compo-
nents. The chapter concludes by presenting lessons learned and discusses future
research directions.

Chapter 17 concludes the book, highlighting that energy efficiency will remain
a key criterion in order to evaluate the feasibility of deploying any wireless sys-
tem in 6G and beyond. The study shows that the expected increase in the number
of devices that use the network in the 5G and beyond underscores the critical
need for enhanced network architectures to support burgeoning demands. RIS has
emerged as promising for the next generation of wireless communication tech-
nology, and it is being well-perceived by both researchers and engineers, owing
to their considerable potential. The chapter presents a summary of existing litera-
ture, encompassing energy efficiency evaluations and optimization techniques in
RIS systems. The analysis not only deepens the understanding of methodologies
for measuring energy efficiency but also sheds light on strategies for optimizing
RIS systems. Finally, the chapter reviews the current methods of determining RIS
energy consumption and optimizing the systems. The authors conclude that the
findings could help future researchers make informed decisions when evaluating
and designing RIS-aided wireless systems.
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1.1 Introduction

Operating within the millimeter-wave (mmWave) spectrum of frequency range
(FR2; 24.25-52.6 GHz) in 5G wireless communication encounters obstacles such
as buildings and atmospheric conditions, which can impede or scatter its signals.
A primary hurdle in utilizing 5G for data transfer lies in its limited ability to trans-
mit over extended distances. An emerging solution to address these challenges is
the implementation of reconfigurable intelligent surfaces (RISs), also known as
intelligent reflecting surfaces (IRSs), heralded as a revolutionary paradigm for the
evolution of wireless communication in the next-generation [1-5]. It finds a way in
shaping the future of wireless communication networks, especially within the con-
text of 6G networks. RISs dynamically reorganize the propagation environment to
improve both capacity and coverage. The functioning of RIS relies on a straightfor-
ward principle: introducing a finite, adjustable time delay to the incoming wave at
the reflective elements.

RIS is a passive device made up of meta-materials that can be easily tuned. A few
commonly used meta-material structures, namely, split-ring resonator, squared
structure, single-ring structure, and bow resonator, are shown in Figure 1.1 [6].
The gap in the meta-material reflecting unit and its unique design allow the engi-
neers to control the reflection parameters of the reflected signal. RIS does not
Reconfigurable Intelligent Surfaces for 6G and Beyond Wireless Networks, First Edition.
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(a) (b) () (d)

Figure 1.1 Common meta-material reflecting unit designs:. (a) split-ring resonator,
(b) squared structure, (c) single-ring structure, and (d) bow tie resonators.

require a dedicated energy source. It can be easily deployed in indoor spaces, and
any surface can be converted using RIS. Another merit of RIS is that it is neither
affected by receiver noise nor amplifies the latter due to its passive characteristics.
The principle behind RIS arrays is simple: By estimating the phases of incoming
waves, the RIS elements are adjusted to provide a suitable received signal’s phase
component [7-9]. Ideally, this operation facilitates the entire reflected wave to be
in phase, which leads to the up fade of the signal due to constructive interfer-
ence of the multiple signals reflected from each individual RIS element. As per
the theory, doubling the number of reflecting elements improves yields ~6 dB
improvement in the received signal-to-noise ratio (SNR). The RIS-based model is
shown in Figure 1.2 [10].

Each reflecting element is controlled individually by field programmable
gate array (FPGA) controller. By altering the states of individual elements to
ON and OFF using PIN diodes, control over the reflection parameters of RIS
can be achieved as desired. In the OFF state, RIS elements behave as simple
reflectors without beamforming capabilities. However, through the manipulation
of these switches, desired amplitudes and phase shifts can be attained to optimize
multiuser communications effectively.

Fabrication of RIS and employing it to assist in wireless communication is a mul-
tidisciplinary project might bridge radio frequency (RF) and wireless engineers
over a common goal. Fabrication challenges include electromagnetic (EM) func-
tionalities like absorption, steering, and control aspects of RIS. Wireless aspect
analysis of RIS includes channel sounding through RIS and data acquisition to
develop a statistical channel model. Using a software defined radio to transmit the
modulated signal, the data rate and error rate can be analyzed for the developed
statistical channel model.

1.1.1 Key Contributions

This chapter presents several noteworthy contributions, including:

e To provide a comprehensive overview of RIS in wireless communication
systems.
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o To characterize the signals that are encountered in RIS-assisted wireless com-
munication system in narrowband and wideband environments.

o To analyze bit error rate (BER) and outage performance of RIS-assisted wireless
communication systems.

e To analyze the impact of discrete phase shifters in BER performance of
RIS-aided transmissions.

1.1.2 Organization

Section 1.2 presents an overview of existing literature surveys that focus on
the analysis of outages and BER in wireless environments assisted by RIS. It
also explores the impact of discrete phase shifters and the integration of RIS
with other technologies. Section 1.3 presents the comprehensive overview on
the basic principles of RIS and its use-case scenarios. Section 1.4 describes the
characterization of RIS-assisted wireless communication systems. The BER and
outage analysis are carried out for two different configuration of RIS, namely,
narrowband and wideband. Further, trade-off in using discrete phase shifter in
the place of continuous phase shifter is also discussed. Results and discussion are
provided in Section 1.5. Conclusion and future direction of RIS is described in
Section 1.6.

1.2 Related Work

This section offers a synopsis of prior literature reviews that concentrate on BER
and outage analyses within RIS-supported wireless environments. Numerous
studies have explored the performance of RIS in wireless communication systems,
particularly in terms of outage probability and BER. These analyses are essential
for understanding the reliability and error rates associated with RIS-assisted
transmissions across various scenarios.

When evaluating the effectiveness of systems, employing practical discrete
phase shifters in RIS compared to those utilizing ideal continuous phase shifters.
Several factors contribute to the observed decline in performance. These include
quantization errors, inaccuracies in beamforming, challenges in channel esti-
mation, and increased system complexity and overhead. While discrete phase
shifters offer cost and hardware simplicity advantages over continuous ones, their
limited resolution and associated constraints lead to performance deterioration
compared to the ideal continuous phase shifter setup in RIS-based communica-
tion systems. Achieving a balance between performance, complexity, and cost
becomes crucial when deploying RIS with discrete phase shifters. Researchers
in this area investigate how discrete phase shifter degrades BER and outage
probability in RIS-enhanced setups.
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Furthermore, the convergence of RIS technology with other communication
technologies has garnered significant attention. Studies have examined the syner-
gies between RIS and techniques such as massive Multiple Input Multiple Output
(MIMO), beamforming, and cognitive radio. This exploration aims to harness the
combined benefits of RIS and other technologies to further enhance wireless com-
munication performance, coverage, and efficiency.

By synthesizing findings from various literature surveys, a comprehensive
understanding of the outage and BER characteristics of RIS-assisted wireless
environments is attained. These surveys shed light on the impact of utiliz-
ing discrete phase shifters in optimizing RIS deployments and advancing the
state-of-the-art in wireless communication systems. Understanding the outage
and BER behavior in RIS-enabled environments is crucial for designing efficient
communication systems. Moreover, insights into the influence of discrete phase
shifters offer valuable guidance for practitioners aiming to leverage RIS tech-
nology effectively, leading to enhanced performance and resource utilization in
wireless networks.

1.2.1 BER Analysis of RIS-aided Systems

Nemati et al. [11] suggested a novel RIS-aided ambient orthogonal frequency
division multiplexing (OFDM) subcarriers paradigm for the coverage improve-
ment of short-distance Internet of Things (IoT) applications. The suggested
model enhances BER performance compared to conventional OFDM techniques.
By using the unique spectrum structure of OFDM and compensating for phase
distortion, the RIS improves data rate and signal quality. An iterative approach
for deciding RIS element phase shifts and precoder matrix for access points
utilizing OFDM links in sub-tera hertz (THz) and mmWave bands is discussed
by Velez et al. [12]. This study evaluates the BER of the single-link performance
between the transmitter and the user. The RIS elements increase communication
efficiency by reducing BER at the user, leading to improved throughput and
expanded coverage area.

In Li et al. [13], RIS-based phase shift keying (PSK) signaling transmission strat-
egy for wideband wireless communications systems is discussed. The RIS elements
are adjusted based on the transmitted PSK symbols to provide distinct cyclically
delayed versions of the incident signal for multipath diversity. The BER perfor-
mance is examined, and a practical channel estimator is established. The sug-
gested model offers a reduced computational complexity and enhanced spectral
efficiency. Chapala and Zafaruddin [14] investigated the influence of RIS elements
on the performance of THz wireless transmissions. The average BER and outage
probability are used to analyze the diversity order. According to simulation results,
RIS dramatically enhances THz wireless transmission performance.

5
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1.2.2 Outage Analysis of RIS-aided Systems

For the RIS-assisted THz system, exact expressions for outage probability are dis-
cussed by Du et al. [15]. According to the numerical findings, RIS has the potential
to notably enhance the THz communications system’s performance by substan-
tially decreasing propagation and molecular absorption losses. Zhou et al. [16]
presented a RIS installation and beamforming design to improve system reliability
in wideband mmWave systems with random obstructions.

Du et al. [17] validated performance measures such as outage probability and
average BER for strong connections in RIS-aided mmWave communications. They
solved an optimization problem at the RIS with robust beamforming techniques
that rely on blockage probability to reduce system outage probability. The results
show that the RIS-assisted system offers better performance than the amplify
and forward (AF) relay system even with fewer reflecting elements. Additionally,
the RIS-assisted system achieves similar performance with less transmit power.
Qin et al. [18] suggested an indoor RIS deployment method that considers
human obstruction to reduce the outage probability in indoor environments in
wideband mmWave communication. An algorithm for calculating RIS locations
is described for both single and multiple RIS installations. Properly implement-
ing RIS can considerably decrease indoor communication loss and the outage
probability.

1.2.3 Impact of Discrete Phase Shifter on RIS-aided Systems

Traditional studies use continuous phase shifters for RIS, which can be expensive
and challenging to implement due to hardware limitations. Instead, using discrete
phase shifts with finite resolution is suggested, as it can reduce signaling overheads
and energy consumption during channel acquisition [19]. You et al. [20] explored
the balance between spectral efficiency and energy efficiency in a multiuser MIMO
uplink (UL) system bolstered by RIS with discrete phase shifters. This study delves
into the joint optimization of precoding and beamforming matrices at users and
RIS, respectively, to maximize resource efficiency.

The discrete RIS phases are formed through an iterative mean square error min-
imization approach, as outlined in [21]. Pala et al. [22] demonstrated that the
disparity in sum rate performance between continuous and 1-bit discrete phase
shifters is minimal. Furthermore, Dai et al. [23] successfully implemented an RIS
prototype at 28 GHz using a two-bit discrete phase shifter. While several studies
have compared continuous and discrete phase shifters, there is a need for further
examination of the impact of discrete phase shifters on metrics such as BER and
outage performance. Such analysis would prove valuable for the design and prac-
tical deployment of 6G wireless communication systems.
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1.2.4 Convergence of RIS with Other Technologies

In Aziz and Girici [24], an analytical model for path loss in the THz range is
presented for RIS-aided unmanned aerial vehicle (UAV) systems. The authors
investigate the installation and configuration of UAV-based RIS in a THz band
environment, taking into account various parameters such as absorption loss,
blockage probability, far-field limitations, and RIS elements. The study provides
a detailed discussion of the design of UAV-based RIS in the THz band.

Chrysologou et al. [25] investigated the performance of RIS-aided non-
orthogonal multiple access (NOMA) in the THz band. They analyze the outage
probability and diversity order. According to the simulation results, the NOMA
technique outperforms the conventional orthogonal multiple access (OMA) tech-
niques. Li et al. [26] examined UL transmission strategy and channel estimation
design for high-mobility scenarios in RIS-assisted Orthogonal Time Frequency
Space (OTFS) systems, proposing an effective transmission strategy to minimize
channel training overhead in real-time setup. The suggested method utilizes a
low-complexity approach, which makes it suitable for effective communication
in high-Doppler channels.

1.3 Comprehensive Overview of RIS

Conventional wireless communication systems operate within frequency bands
ranging from a few hundred MHz to a few GHz. The preference for these bands was
driven by their favorable propagation characteristics and the cost-effective imple-
mentation of efficient transceivers. Although the extensive spectrum within the
mmWave range (30-100 GHz) was traditionally considered unsuitable for outdoor
environments, recent extensive measurement campaigns have shed light on its
potential. Especially when utilized alongside directional high-gain antenna arrays,
mmWave bands have attracted considerable attention, prompting a reassessment
of their feasibility in wireless communication systems.

All practical channels, which are either wireline (telephone and coaxial chan-
nels) or wireless (cellular and satellite), are constrained with finite bandwidth.
These finite bandwidth channels are characterized by frequency response and
impulse response. The pulse shaping filter generates pulse shapes whose spec-
trum fits into the channel frequency response. If the spectrum of the generated
pulse shapes is not fitting into the frequency response of the channel, it creates an
important impairment of digital communication called distortion or Inter Symbol
Interference (ISI) [27]. The baseband model of a digital communication system
over finite bandwidth channel is shown in Figure 1.3.

The impulse responses of the transmit filter, channel, and receive filters are g (¢),
c(t), and gg(1), respectively. w(t) is modeled as Zero Mean Circularly Symmetric

7
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Figure 1.3 Baseband model of digital communication system in finite bandwidth
channel.
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Figure 1.4 Baseband model of digital communication system in RIS supported wireless
medium.

Complex Gaussian (ZMCSCG) random process. It is also to be referred as Additive
White Gaussian Noise (AWGN) with power spectral density of N,,. The receive
filter is a matched filter that is sampled at symbol rate to deliver the sufficient
statistic y, to the decision device. The baseband model of a digital communication
system over an RIS-supported wireless medium is shown in Figure 1.4.

1.3.1 RIS

The RIS-assisted wireless communication system is shown in Figure 1.5. In
a densely populated urban area, the challenge of providing consistent and

(@)

UE
BS

Figure 1.5 RIS-supported wireless communication system.
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high-quality wireless connectivity is exacerbated by the presence of high-rise
buildings, which create signal shadows and dead zones.

Traditional solutions, such as increasing the number of base stations (BS) or
using decode and forward (DF) and AF relaying system, are often limited by prac-
tical constraints like cost, space, and regulatory issues. The deployment of RIS is a
novel and efficient solution to these challenges. An RIS is installed on the facade
of strategically chosen buildings to act as a smart reflector that can dynamically
adjust the propagation environment. The RIS panels receive signals from the
BS and intelligently reflect them toward the user equipment (UE), significantly
improving signal strength and quality in this previously shadowed area. As the
user demand fluctuates throughout the day, the RIS system dynamically adjusts,
ensuring optimal service during peak hours and conserving resources when
demand is lower. The smart reflection capabilities of the RIS help to mitigate inter-
ference, enhancing the overall network performance for users within its coverage
area. A use-case scenario of RIS in an outdoor environment is shown in Figure 1.6.

()
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‘

»
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2
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Figure 1.6 Use-case scenario of RIS in outdoor environment.
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RIS RIS

Figure 1.7 Use-case scenario of RIS in indoor environment.

Within a modern office building, maintaining reliable wireless connectivity
is crucial for productivity and efficiency. However, typical office layouts with
cubicles, meeting rooms, and corridors often present challenges such as signal
attenuation, interference, and dead zones. To address these issues, the deploy-
ment of RIS offers a sophisticated solution for indoor wireless optimization.
The scenario unfolds within a multistory office building occupied by various
companies and departments. The building is equipped with standard Wi-Fi
infrastructure, but users frequently encounter connectivity issues, especially in
certain areas such as conference rooms and remote corners of the building. RIS
panels are strategically placed throughout the building’s interior to enhance
wireless coverage and performance. A use-case scenario of RIS in an indoor
environment is shown in Figure 1.7.

RIS operates on a fundamental principle of introducing a finite controllable
time delay to incoming waves on the reflecting elements. This time delay in the
time domain translates to phase shifts in the frequency domain. The impact
of time delay differs between narrowband and wideband systems. The key
differences are highlighted below [28]:

Narrowband Systems

o In narrowband systems, the time delay uniformly affects the phase shift of the
signal across the entire frequency band.
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o Since the signal operates within a narrow frequency range, it is assumed to travel
at a constant speed regardless of frequency.

o Consequently, the signal experiences a consistent phase shift as it traverses the
channel, irrespective of its frequency.

Wideband Systems

o In wideband systems, the time delay induces varying phase shifts across the fre-
quency spectrum.

o Wideband signals span a broader frequency range, and at the subcarrier level,
different frequencies lead to disparate phase shifts.

o This phenomenon, known as dispersive propagation, results in signals experi-
encing distinct phase shifts at different subcarrier frequencies.

1.4 Characterization of RIS

In this section, the BER and outage performance of RIS-assisted wireless com-
munication systems are analyzed by developing a theoretical framework. The
analytical expressions for BER are derived in two different approaches, namely,
moment-generating function (MGF) and probability density function (PDF). The
BER analysis is also carried out for the RIS system with discrete phase shifter.
The upper bound analytical BER expressions are verified using Monte Carlo
simulations. Similarly, the analytical expressions are also derived for the outage
probability and verified using Monte Carlo simulations.

1.4.1 BER Analysis of RIS-assisted Narrowband Systems

Assume that the transmit symbol s has unit average energy and is drawn from a
scalar constellation. Let h = [hl, h,, ... ,hN]T represent the baseband equivalent
flat fading channel coefficients between the transmitter and ith element of RIS. In
phasor form, each element of the N X 1 channel vector h is defined as h; = aiejei,
i=1,2,...,N. Letg= [gl, s ees gN] T represent baseband equivalent flat fading
channel coefficients between the ith RIS element and the receiver. In phasor form,
each element of the N x 1 channel vector g is defined as g; = g,¢¥1,i =1,2,...,N.
The channel coefficients h;,i=1,2,...,N and g;,i =1,2...,N are modeled as
independent and identically distributed (IID) ZMCSCG random variables with
unit variance. The magnitude of channel coefficients | h; | = ;,i =1,2,...,N and
| g |=p.i=1,2,...,N are IID Rayleigh distributed random variables. The «; and

p; are positive real with mean 4/ /2 and variance (4_7”) [29].

The adjustable phase shifts induced at ith RIS element is represented as
¢;,i=1,2...,N. In matrix form, it is represented as ® = diag [¢/*1, &%, ..., &¥~].

11
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The received signal is given in (1.1).
y = VEg"®hs + w (1.1)
where E is the symbol energy at the transmitter, w is the AWGN modeled as
ZMCSCG variable with variance N;. The instantaneous SNR at the receiver is
given in (1.2).
_ 2511 o, f, 0| 2E
n= N,
It is assumed that phase shifts §; and y; between the transmitter and RIS and RIS
and receiver, respectively, are known. Then, the ith element of RIS can be con-
figured such that ¢; = 6, + y;,i = 1,2...,N. The maximum instantaneous SNR is
given in (1.3).
| Zf; a,;°E;
Mmax = — N,

(1.2)

(1.3)

Let the average SNR at the receiver be p = 1% The maximum instantaneous SNR
0

is rewritten as in (1.4).
N
”Imax = |Zaiﬂi|2p (14)
i=1

Since «; and f; are independent and positive real with mean 4/z/2 and vari-

ance (%Z), the mean and variance of a;f,i=1,2,...,N are given in (1.5)
and (1.6) [29].
B[] = %,i =12....N (1.5)
2| .
Varlafil =4 1= 7| i=12....N (1.6)

When the number of reflecting elements N is large in RIS, the term | Zf;l a0

. . . N. .
can be modeled as a Gaussian random variable with mean 7” and variance

4N [1 - ’;—Z] according to the central limit theorem.

1.4.1.1 Moment-Generating Function Approach
Let X be a Gaussian distributed random variable with zero mean and unit variance
and fy(x) be the PDF of X. It is defined as in (1.7).

1 o=

e a7
V(27)

The MGF of X is defined as in (1.8) [29].

My(s) = My [e] = / e ()dx (1.8)

fx(x) =
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Then, (X + ,ux)2 hasanoncentral Chi-squared distribution with one degree of free-
dom. Now, the MGF of (X + ﬂx)z is given in (1.9).

My [eS(“"x)z] = / St fxCodx 1.9
Substituting (1.7) in (1.9), the MGF of (X + p,) is written as in (1.10).

M, |e [ s(x+;¢x)2 S(x+ﬂx) dx (1.10)

-7/

Simplifying this, the MGF of (X + yx)z is derived as in (1.11).

M, [e“x”x)z] —(1- 2s)‘%e<‘ufz;"> (1.11)

Since the term Zl 1 @;f; is modeled as Gaussian distributed, error probability can
be expressed in the form of Q-function at the given channel condition. The average
error probability is expressed as in (1.12) [30].

13;=/ Q (avfy)f,(ndy (1.12)
0

where a is a constant depends on the modulation scheme. For Binary Phase
Shift Keying (BPSK), a = \/5 f,(r) is the PDF of y. The MGF of y is expressed
asin (1.13).

M, (s) = / ef (n)dy (1.13)
0

In alternate form, for the M-PSK modulation scheme, Q (a\/? ) is expressed as in
(1.14) [30].

(M-Dzx
v —a2y

Q (av/r) =;/ 5 ) de (1.14)

Substituting (1.14) in (1.12), the average probability of error (APE) is expressed as
in (1.15).

(M D

/ / szZG f (y)dydo (1.15)

Comparing (1.13) and (1.15), the APE for M-PSK modulation scheme is defined
asin (1.16).

M-

2
Pe=l/ " My< flzy>d0 (1.16)
T 2sin“6@
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LetA = | Zfi L ;3. then (A + ) is noncentral Chi-square distributed with mean
1, and has one degree of freedom. The MGF of (A +u A)2 is defined as in (1.17).

2
Has

ers (1.17)

1
M, o) = —
(A+ua) V=25

The variance of A is N(%_”Z). Considering this, the MGF M, (2_;:{ 5 > is written as
in (1.18).

—a? ~N(16 — 22
M, <£> =My, (M) (1.18)

2sin%0 4sin%9

substituting (1.18) in (1.16), and by using the approach in [31], the APE for M-PSK
signaling is expressed as in (1.19).

=

N2z2y
M- [_(lﬁsinzg) ]
~ M L Na6-r2)y
p=1 1 v )do (1.19)
7 Jo N6 — 7%y
1+ |——— >
8sin“0

For BPSK M = 2, then APE is expressed as in (1.20).

1

2 _N222y
x 1ﬁsinzfi2 ]
~ 2 L Na6=r2)y
. = l/ 1 g sinZo do (1.20)
7 Jo [N(16 - Ez)}’]
1+ [———
8sin“0

In (1.20), the error probability is maximum at # = Z. Hence, the upper bound of
error probability is given in (1.21). is okay as given or else it can be changed to “<”
(globally in this chapter)

[ ~N242E) ]
—T6Np__
~ N(16-72)E
Pt — 1 |l (1.21)
2 - N6 — 7nH)E, |2
8N,

1.4.1.2 PDF Approach

Let X = |Zi1 a;p;]. Since X > 0, the tight approximation for the PDF of the
random variable X can be obtained using the Laguerre series. It is defined
asin (1.22) [32].

fe®) = Y be X Li(x) (1.22)
n=0
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where L (x) is the generalized Laguerre polynomials and they are orthogonal to
each other in the interval [0, co). It is defined as in (1.23).

x~*d"
nldxn
The coefficients b, are defined as in (1.24).

L) =& [e™x™] ,a > —1 (1.23)

j— 1 ® a

where I'(x) is the Gamma function. Since the higher order coefficients of b, have
more complex expressions, the values of @ and f are chosen such that higher

2
order coefficients are zero. It results is « = % —land g = % Using (1.24),

b, =isdetermined as b, = ﬁ The PDF of X is defined using the Laguerre series
asin (1.25).

1 x\* (-%)
X)=———=) e\’ 1.25
fe =7 (3) (1.25)
= EXD® g NHDZ-16 g p =YX — 16-7° The degrees of freedom of this
Var(X] 16-x2 E[X] 2

pdf is “T“ = %’ (16’;2). It implies that the RIS-assisted wireless systems has the
diversity gain of %’ (16’f p compared to the diversity gain of 1 in single input single

output (SISO) link.

Assuming maximum likelihood (ML) symbol detection at the receiver, the symbol
error probability is given in (1.26) [33].

Mooy A2
P,=N,Q \/ w (1.26)

where N, is the number of nearest neighbors and d,;, is the minimum Euclidean

distance in the scalar constellation from which the symbol s is drawn. Applying

x2

Chernoff inequality Q (x) < e<_ 2 ) the upper bound average symbol error proba-
bility (ASEP) is given in (1.27).

(_ max dfmn )
P,<Ne\ * (1.27)
Substituting for #,,,, , the ASEP is given in (1.28).
(_ IZN, wiylpd2 )
P, <N, ¢ (1.28)

The symbol error probability, averaged over | 2511 a;p;|? is given in (1.29).

N _=x
2

P,<N

Al | — (1.29)
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At high SNR (p), it can be approximated as in (1.30).

22

_ (16 7[.2) ) (15 (16-72)
mln
Pe < Ne pW (130)

The array gain of the system is calculated by finding the mean of the instantaneous
SNR #,, 18 given in (1.31).

E [”max} =E [sz]
= pE[X?]

=p / xzfx(x)dx
0

I +2 _X
= Tt D /0 exp < b) dx (1.31)

By using [34], Eq. (1.31) can be simplified as in (1.32).

_ (e +1)

E [ax] = Ta+1)

(1.32)

B2T(a+1)
T(a+1) ’

by the factor of e f (‘”)1) over the standard SISO link.
The APE for BPSK modulation in a SISO system is given in (1.33) [35].

Peza( ZVE”)=Q(\/Z) (133)

It implies that array gain of the system is , as the average SNR is enhanced

0

The APE for BPSK modulation in single input multiple output (SIMO) with M,
receive antenna is given in (1.34) [36, 37].
My 1
p,<[[— (1.34)
Lt
In case of RIS-assisted wireless communication system, the APE for BPSK modu-
lation with N element in RIS is given in (1.35).

N ”2
— 2(16 — 7'[2) T2 (622
As N > M, the ASEP is much lower than the SIMO environment with maximal
ratio combining (MRC).

1.4.1.3 BER Analysis of RIS-assisted Narrowband System with Discrete

Phase Shifter

In practical implementations, complete phase compensation ¢; = 6; + y; is not
feasible due to hardware limitations. Hence, discrete phase shifters are employed
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at each element of RIS. However, the performance of the system is degraded due to
the phase quantization error. Discrete phase shifters offer easier implementation
and lower cost [38, 39].

The number of bits to represent discrete phase shift levels is represented by b.
The 2° possible discrete phase shifts that can be introduced at each element of the
RIS is listed in the set is given as in (1.36).

9=le", ... % .. e = [o, . ZEo 1)] (1.36)
20 2b

The phase shifts are equally spaced in the interval [0, 2x). The variance of ideal

RIS is reduced by factor of £(b) due to discrete phase shifter in RIS, and it is given

in (1.37) [34].

T
£(b) = 0.5 <1+®(b+ 1)_2®<Z>> (1.37)
where
i y=b
o) = <M> (1.38)
@)

The resultant mean E[X] and variance Var[X] of the RIS system with discrete
phase shifter are given in (1.39) and (1.40).

uy = EIX10(b) = %@(b) (1.39)
)
o2 = Var[X1&(b) = wi(b) (1.40)

The values of ®(b) and &(b) for different values of b are listed in Table 1.1. Now,
the MGF of instantaneous SNR in Eq. (1.11) is rewritten as in (1.41).

1 (e )
My [e”‘“x)z] = (1 -2s07) 2e<”‘”12> (1.41)

Table 1.1 Mean and variance factors O(b), £(b).

b O(b) &(b)

1 0.636 0.451
2 0.902 0.281
3 0.974 0.231
4 0.993 0.219
5 and above 0.999 0.215
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Similarly, the upper bound of APE for BPSK modulation when discrete phase
shifter is employed in RIS is given in (1.42).

1
1 2,25 2
3 -N2x2Eyul
6N,
N(16-72)02E,
~ 1 1+ b~b
e

l No
2 N(16 — 77.'2)0'§Eb
14— 00
8N,

(1.42)

Whether the phase shifting is done discretely or continuously, the underlying
statistical distribution of the channel response | ZL a;f;| remains unchanged.
However, the influence on the distribution parameters, such as mean and vari-
ance, of the channel response can indeed vary based on b. When a discrete phase
shifter is used, the phase of the transmitted signal is quantized into a finite number
of levels determined by b. As b increases, the resolution of the phase quantization
increases, allowing for finer adjustments in the phase of the transmitted signal.
For example, increasing b in the discrete phase shifter can lead to a narrower
distribution of the channel response around its mean, effectively reducing
variance. Similarly, it can also affect the mean value of the channel response, as
more precise phase adjustments can lead to better alignment with the receiver’s
expectations.

1.4.2 Outage Probability Analysis

The outage probability of a RIS-assisted narrowband wireless system, with the
bandwidth of B Hz, at the bit rate of R, bits/s is defined as in (1.43) [40].

P, (Ry) = P[C < R;] (1.43)

where C is the capacity of the AWGN system, defined as in (1.44).
E .
C = Blog, (1 + WSB> bits/s (1.44)

For convenience, let us represent the rate of transmission of data in bits/s/Hz.
Then, the capacity can be represented as in (1.45).

C =log, (1 +7,) bits/s/Hz (1.45)
N 2
where y,,, = 'Zﬂ;ﬂ = )% represents the instantaneous SNR of the overall

0 0
system from the transmitter to receiver. Then, the outage probability at R,
bits/s/Hz can be written as in (1.46).

Pout(Rb) =P [yinst < sz - 1]

2071 (1.46)
= L, (dy

inst
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where f, (y) is the pdf of y;,,;. The cumulative distribution function (CDF) of y;,,
can be written as in (1.47).

o fex)

110 = Lo (147
where x; is ith root of the transformation equation is given in (1.48).
2Es
r =g =" (148)

In this case, only one root x; = 4 /rEﬂ is feasible. Using (1.48), the PDF of y,,, is
written as in (1.49). '

N,
(%)
£ )= ———" (1.49)

2 vEs
N 0

For convenience, let p = ]EV then it can be simply written as in (1.50).
0

()

L, )=——— (1.50)
Yinst 2\/%
Using (1.25), the PDF of f; () is defined as in (1.51).
1 el (L /T
Jinst () = Y L3V7) (1.51)

20+ Dl(a+1)pT
Substituting (1.51) in (1.47), the outage probability of RIS-assisted narrowband
system is given in (1.52) [41].

Ry _
" P W T
B p

Pout(Rb) = F(a + 1) (152)

1.4.3 BER Analysis of RIS-assisted Wideband Systems

In wideband system, the transmitter-ith RIS element-receiver channel has multi-
ple paths and frequency selectivity. Multiple carriers are employed for the higher
rate to counteract the frequency selectivity of the wideband channel. Assume that
a sequence of data symbols s [I] . =0,1,2,... drawn from a unit energy scalar
constellation is to be transmitted. Let h; (f) = g (f) * c(f) * g (t) be the overall
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impulse response as depicted in Figure 1.4. Considering that, there are L resolved
paths in the overall channel, the received signal is given in (1.53) [42].

N -1
y() = Z lhi(t) s Z\/Ess[l]é [t=1T] | + w(®) (1.53)
i=1 1=0
where * represent convolution, E; is symbol energy, T, is symbol duration and n(t)
is ZMCSCG with variance N,,. After convolving, the received signal is written as
in (1.54).
N L-1

y () = E Y. Y sk (t = IT,) + wli] (1.54)
i=1 I=0
If the received signal y(¢) is sampled at (kTs + A), then the discrete-time sampled
signal model at the kth symbol is given in (1.55).

N 0
yo=vVEY Y sk k-1 +wik] (1.55)
i=1l=k—(L~1)
Combining the effect of impulse responses over all N reflecting elements as h[k],
it is simply written as in (1.56).

0
y(y=+E Y slih k-1 +wk] (1.56)

I=k—(L-1)

In alternate form, it is written as in (1.57).

L-1
y (k) = E, Y hills [k — 1] + wlk] (1.57)
1=0

1.4.3.1 RIS for OFDM-based Systems
Assume that the block of data symbol sequence s[k],k =0,1,...K—1 is to
be transmitted. In (N X 1) vector form, it is represented as s = [s[0],s[1],...,
s[K —1]]7. The N-point Inverse Discrete Fourier Transform (IDFT) of the data
symbol sequence is given in (1.58) [42].

K-1

3[n] = Lzs[k]d%”"",n =0,1,....,K—1 (1.58)

VK i
To eliminate ISI, a new sequences x[n] is formed by appending the last (L — 1)
samples of the sequence §[n],n = 0,1, ..., K — 1 as prefix to the original sequence
S[nl,n=0,1,...,K — 1. The new sequence x(n) of length K + L —1 is given in
(1.59).

x[n] = [§[K - L +1],...,5[K - 1],5[0],3[1], ... ,8[K — 1]] (1.59)
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At the receiver, after removing cyclic prefix and computing N-point Discrete
Fourier Transform (DFT), the received signal for the kth transmitted symbol is
given in (1.60).

Y[k] = \/EHIkls[k] + n[kl,k =0,1,...,K — 1 (1.60)

where H(k) is the frequency response of the overall channel impulse response
sequence h[0], h[1], ..., h[L — 1], which is given in (1.61).
K-1
HIk] = LZh[n]e‘f%””k, n=01,.. K-1 (1.61)
K=o
From (1.61), it is observed that the wideband frequency selective fading channel
can be divided into K narrowband flat fading channels. Each narrowband
channel occupies the bandwidth of 15; Hz. Thus, in this case, K + L — 1 symbols
are transmitted in one symbol duration. L — 1 is the length of cyclic prefix. The
capacity or maximum data rate of the RIS system is expressed as in (1.62).

K-1 opt 2
1 Z Egyy, |H,| .
C= max —— lo 1+ —— bits/s/Hz 1.62
o KHL-14 g2< N, /s/ (1.62)

NZ yoptz 0
n

n=0

where y.* is the optimal power allocated to the nth subcarrier. It is determined
asin (1.63).

N,
opt 0
= max - 1.63
n <ﬂ E(|H|? > (163

where u is a constant and can be determined using “waterpouring” algorithm.

The major challenge is how to configure RIS in a wideband environment. As
the RIS is to be configured for K sub-carriers at the same time, this problem is
theoretically and practicably intractable. Attempts have been made to solve this
problem using heuristic techniques, namely, successive convex approximation
(SCA), semidefinite relaxation (SDR), and strongest tap maximization (STM) in
time domain. Further, with the use of In STM, the RIS configuration is optimized
for single channel tap rather than one that is optimized for single subcarrier. The
frequency selective channel with K sub-carriers is transformed to time domain
using IDFT with M taps. From the M taps, the tap contributes highest energy is
chosen as the strongest tap in configuring the RIS.

1.5 Results and Discussions

The performance metrics for the RIS-assisted wireless communication system are
evaluated by BER and outage probability. To enhance comprehension regarding
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the advantages of RIS in wireless communication systems, a foundational simu-
lation has been conducted to analyze the probability of error (PE) in an AWGN
environment for SISO and SIMO systems. This analysis is presented graphically
in Figure 1.8, illustrating the relationship between SNR and PE. The simulation
parameters are provided in Table 1.2, and the simulations were carried out using

MATLAB R2021a.

100 T T

_l
o
%

Probability of error

[ —ae— SISO-fading-theory
—8— SISO-fading-simulation
——#— SIMO-fading-theory
—&— SIMO-fading-simulation
—8— SISO-AWGN-theory

105

8 10 12 14 16 18 20
SNR (dB)

Figure 1.8 Comparison of the PE performance of SISO, SIMO systems under flat fading

with SISO system under AWGN.

Table 1.2 Simulation parameters.

Parameters Values

Modulation BPSK

Channel Uncorrelated Rayleigh flat fading
Number of iterations 108

M, 1

M, 2,4

N 16, 32, and 64

b 1,2,and 3
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It is observed that in an AWGN environment ~3 dB SNR is sufficient to obtain
the PE of 1072. The same error performance is achieved in a SISO system with
flat fading environment with an SNR of 14 dB. This is due to multipath fading and
destructive interference, which leads to deep fading in the system. In the SIMO
system under the flat fading scenario, multiple receiver antennas (M r = 2)isused,
which eventually results in diversity gain of My. This gives an improvement of
~8 dB SNR to achieve the same PE. As M, increased in the SIMO system, the PE
performance is improvised at the cost of RF chains at the receiver, and it will be
closer to the performance of SISO under the AWGN channel.

In Figure 1.9, the upper bound error probability performance of SIMO flat
fading system without RIS is compared with SISO flat fading system with RIS. The
upper bound error probability for SIMO system is evaluated for different receiver
antenna configurations of My = 2,4, 8, and 16. The increase in the number of
receiving antenna My of the SIMO system results with minimum improvement
in SNR gain. But RIS-aided SISO system with smaller N, results in significant
SNR gain over increasing number of receiving antenna M. It is observed that,
at high SNR region, upper bound analytical expression using PDF approach and
simulation results are closer to each other for N = 16. For the target PE of 1074,
SIMO flat fading system with M = 16 requires ~—1 dB of SNR whereas RIS-aided

S
5
ks 1
> _3 . '.l
= 107° ¢ 3 E
3 a®
@ A%
8 s
a e
107 ¢ 2
| =—6— SIMO-upper bound Mg = 2 L
—&— SIMO-upper bound Mg = 4 o
—p— SIMO-upper bound Mg = 8 W@ 1
105 |- | —€&— SIMO-upper bound Mg = 16 Lt ]
v1es@ e+ RIS-N = 16-theory &t ]
s+ RIS-N = 16-simulation | )
106 1 | | 1 LM 1
-40 -35 -30 -25 -20 -15 -10 -5 0
SNR (dB)

Figure 1.9 Comparison of the upper bound PE performance between SIMO flat fading
system without RIS and SISO flat fading system with RIS.
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100 F T T T T T
—8— N = 16-theory
——4— N = 32-theory
—f8— N = 16-simulation
—&— N = 32-simulation
1071 |

Probability of error
3
N

108 F

1074 ;
-20 -18 -16 —14 -12 -10 -8
SNR (dB)

Figure 1.10 MGF approach-based APE for different values of N in RIS.

SISO system with N = 16 requires only ~—14.76 dB of SNR results in ~13.76 dB
gain. It is observed that lower PE can be attained at negative SNR regions. The PE
for RIS-assisted SISO system with different values of N is shown in Figure 1.10.
In this figure, analytical PE expression using MGF is compared with Monte Carlo
simulation. These two results closely match with each other. As N increases,
the SNR gain also increases. To attain the target PE of 107*, an RIS-aided SISO
system with N = 16 requires ~—9 dB of SNR and with N = 32 requires —17 dB
of SNR.

In Figure 1.11, the PE performance of simulated RIS-aided SISO system is com-
pared with the analytical upper bound PDF approach by varying N. From the
figure, it is observed that the increase in N decreases the PE. At low SNR, the
simulation results have deviation with the upper bound. As the SNR increases,
the simulation results match the upper bound for all N. For the target PE of 1073,
N = 64,32 and 8 requires ~—6.49 dB, ~—13.8 dB and ~—20.17 dB of SNR. As N
doubles, ~6.3 dB to ~7.3 dB of gain is achieved.

The PE performance between the continuous and discrete phase shifter RIS for
N =16 is shown in Figure 1.12. It is clear that the increase in SNR is reflected in
the enhanced PE performance. From (1.36), the increase in b increases the per-
formance and nearly meets the P, of the continuous phase shifters. For the PE of
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Figure 1.11 PDF approach-based APE for different values of N in RIS.
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Figure 1.12 PE performance comparison between the continuous and discrete phase
shifter RIS.

1074, a discrete phase shifter with b = 1 requires ~10 dB of SNR. As increasing the
number of bits to b = 2 and b = 3 requires only ~—6.42 dB and ~—8.13 dB of SNR.
The continuous phase shifter reached the PE of 10™* at ~—8.52 dB of SNR. The dis-
crete phase shifter with b = 3 can reach the PE performance of continuous phase
shifter with the 0.39 dB of difference. Only with eight levels or phase angles does
the performance of discrete phase shifters reach the continuous phase shifters with
infinite angles. The impact of b on the performance of the discrete phase shifter to
attain PE = 107* is presented in Table 1.3.

Table 1.3 Impact of b on the performance of the
discrete phase shifter to attain PE = 107*.

b Required SNR (dB) Performance loss (dB)
1 ~10 ~18.52
2 ~—6.42 ~2.1

3 ~—8.13 ~0.39
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Figure 1.13 Outage performance of RIS-aided SISO system under varying N.

The outage performance of the RIS-assisted SISO system under varying N
is shown in Figure 1.13. RIS integration results in the enhancement of outage
performance even at the negative SNR region. From the figure, it is evident that
the increase in N results in decrease in the outage. For the target outage of 1073,
N = 64,32 and 16 requires ~—16 dB, ~—23.89 dB and ~—31.07 dB of SNR, which
shows a significant gain in terms of SNR.

1.6 Conclusion and Future Directions

This book chapter provides a thorough examination of RIS in wireless communi-
cation systems, offering detailed insights into various aspects. It begins by delving
into the time domain signal characterization of narrowband environments
within RIS, analyzing and deriving both diversity gain and array gain achieved.
Additionally, it presents an analytical upper bound for BER in RIS, employing
two approaches: PDF and MGF. Notably, Monte Carlo simulations corroborate
the analytical findings, particularly in high-SNR regimes. This chapter also
explores the time domain signal characterization of wideband environments
in RIS. Furthermore, it investigates the practical implications of discrete phase
shifters compared to ideal continuous phase shifters.
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Looking ahead, the chapter outlines promising directions for RIS advance-
ment, emphasizing the development of sophisticated algorithms for optimizing
beamforming, channel estimation, and resource allocation. It underscores the
integration of artificial intelligence and machine learning to enhance adaptability
to dynamic wireless environments and improve energy efficiency. Additionally,
it suggests exploring RIS applications in higher frequency bands like mmWave
and THz for enhanced data transmission capabilities. Moreover, the chapter
highlights the importance of addressing practical challenges such as hardware
design, scalability, and standardization efforts to foster interoperability across
diverse systems.
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2.1 Introduction

Reconfigurable intelligent surface (RIS) or intelligent reflective surface (IRS) is
an emerging technology that enhances and manipulates electro-magnetic (EM)
waves using semi-passive or active elements in the communication chain of the
next-generation networks. The deployment of RIS in the next-generation wireless
networks results in signal strengthening, which boosts coverage, mitigates block-
age, and improves coverage in low-quality signal regions [1]. RIS is a network node
that can be configured semi-dynamically or dynamically by a controller. This turns
the wireless environment between the transmitter and user equipment (UE) from
passive to programmable, as shown in Figure 2.1.

By strategically positioning RIS, the system can greatly enhance its energy effi-
ciency (EE). The adaptive reflection ability of active RIS (ARIS) minimizes energy
consumption and maximizes spectral efficiency (SE). These features of ARIS play
avital role in the quality of service (QoS) of different applications. The deployment
of multiple RIS provides the potential for minimizing blocking probability in chal-
lenging environments like tunnels, pipes, and other applications, where the pres-
ence of obstacles degrades the signal quality. An RIS can adjust the propagation
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Figure 2.1 RIS-a new network node in the communication chain.

angle, optimizing the signal paths and beamforming, thereby reducing the block-
ages. It ensures reliable communication even in complex scenarios like cell-free
networks, where the multiplicative fading effect (MFE) degrades the signal qual-
ity. The future network must provide seamless connectivity to vehicles with up to
1000 km/h speeds. RIS can marginally mitigate the end-to-end transmission delay
in such systems by enhancing the performance of wireless networks.

RIS is a promising technology that can help transform the wireless environment
into a smart wireless environment, meeting the requirements of fifth-generation
(5G) and beyond (5GB) networks. RIS can be used to enhance SE, improve
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physical layer security (PLS), increase location accuracy, improve coverage, man-
age beams, and enhance EE. These use cases enable a wide range of applications
for next-generation networks.

The EE and beamforming properties of RIS can substantially support the
wide range of potential applications across various fields of next-generation
networks, such as Internet of things (IoT) applications, unmanned aerial
vehicles (UAV) communication, smart environments, PLS, simultaneous wireless
information and power transfer (SWIPT) protocols, IoT-based mobile edge
computing, device-to-device (D2D) systems, vehicular ad hoc networks (VANET)
applications, hybrid terrestrial and satellite communication, and so on [2].
These applications demonstrate the versatility and potential of RIS in various
domains, from telecommunications and networking to healthcare and beyond.

2.1.1 Key Contributions
The substantial contribution of the work is listed as follows:

o The chapter examines RIS’s application and its integration with various
advanced technologies such as IoT, UAV, PLS, D2D, VANET, and hybrid
technologies.

o The chapter discusses various use cases of RIS, such as coverage enhance-
ment, SE enhancement, improving PLS and localization accuracy, beam
management, EE enhancement, and energy-efficient cell-free network.

o A detailed study of prior works is provided in this chapter, alongside a discus-
sion of how integration improves various parameters such as EE, SE, and total
capacity.

o A detailed discussion of research challenges associated with cutting-edge tech-
nologies while integrating RIS is presented. Additionally, the work provides
insights into upcoming trends in this area.

2.1.2 Organization

RIS is considered a crucial technology in developing sixth-generation (6G) wireless
networks. In recent times, RIS has gained considerable attention as a fundamental
component, which contributes high support for data rate demands with a low cost
of implementation for next-generation wireless systems. The proposed chapter
about RIS is organized as follows: Section 2.1 provides a concise introduction to the
chapter. A thorough explanation of use cases involving RIS technology is provided
in Section 2.2. Section 2.3 of the chapter explores the application of RIS for future
networks. The challenges encountered while introducing RIS and the research
trends associated with the applications are discussed in Section 2.4. Finally, the
chapter concludes with Section 2.5.
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2.2 Use Cases of RIS

RIS emerges as a prospective technology poised to revolutionize the wireless
landscape, aligning seamlessly with the demands of 5G and 5GB networks.
Its applications extend to elevating SE, fortifying the PLS, refining localiza-
tion accuracy, expanding coverage, beam management, and augmenting EE.
These diverse applications unlock a plethora of possibilities for advanced network
functionalities, marking a significant stride toward the next era of wireless com-
munication. This section details the requirements and prior works on RIS-aided
use cases.

2.2.1 Coverage Improvement

For 6G networks, one of the essential necessities is offering users wider and
more efficient coverage. The evolution of 6G will expand coverage from 2D to
3D globally. Merely 10% of the entire planet can be covered by 5G, whereas
6G is anticipated to cover 99% of the entire planet. Space-, air-, ground-, and
marine-linked communication networks will enable 6G to acquire worldwide
coverage [3].

When the signal is transmitted through air, there may be reflection, scattering,
and diffraction of the signal due to the obstacles between the base stations (BS)
and the receiver. Therefore, propagation losses increase and the coverage reduces.
Increasing the number of BSs to enhance coverage is a costly and ineffective solu-
tion. RIS is gaining significant attention in communication because of its potential
for enhancing coverage. A smart radio environment can be created by incorporat-
ing RIS in the communication chain.

In Figure 2.2, line-of-sight (LoS) propagation is impossible due to a building
blockage between the BS and the user. By using RIS, the signal can be reflected

RIS

Figure 2.2 RIS-assisted communication for coverage enhancement.
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&

Figure 2.3 Coverage extension by cascading RIS.

to the user. Hence, blockage issues can be resolved, and coverage also increases.
The RIS can be deployed in the walls and windows of buildings, vehicles, and any-
where where the signal coverage needs to be increased. The deployment of RIS
is cost-effective compared to the BS installation. Figure 2.3 depicts a frequently
occurring variation of the blockage problem. Additional RIS can be set up in a cas-
caded way for coverage extension to prevent significant penetration loss created
by obstructions.

Sang et al. [4] fabricated RIS and conducted a field test on its effectiveness
in improving coverage in urban environments’ existing 5G commercial mobile
networks. The outcomes of field test trials reveal that there is a significant
improvement in the coverage and throughput by incorporating RIS in the
communication chain. To enhance the coverage and remove the coverage blind
spots, RIS can be placed in irregular terrains in UAV-based communication.
To maximize the coverage, Savkin et al. [5] suggested a new algorithm for
UAV-based BSs. One of the main factors enabling the 5GB cellular networks
to accomplish high data rates is the utilization of millimeter wave (mmWave)
bandwidth. However, mmWave signals suffer from large path loss, restricting
their usage. Nemati et al. [6] analyzed the coverage enhancement possibilities
of RIS in mmWave communication. The analytical results show that, regarding
mmWave coverage enhancement, installing RIS is more effective than installing
new BSs with more active antennas. Tapio et al. [7] analyzed the performance
improvement offered by RIS using a link-level simulator that adheres to 5G-new
radio (NR) standards. To optimize the orientation of RIS and maximize cell
coverage, Zeng et al. [8] suggested an algorithm for solving the RIS deployment
optimization problem with the objective of achieving optimal coverage.
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2.2.2 Beam Management

Beam management is a commonly employed technique to reduce signal propa-
gation losses during wireless transmission in wireless communication systems.
To deliver higher data rates, 5GB networks require multiple antennas. Beam-
forming techniques are becoming more complicated due to signal processing
complexity. Cellular systems are moving toward higher carrier frequencies. As a
result, the crucial tasks of beam management, such as beam alignment, tracking,
and recovery, will become difficult [9].

Beamforming is the most significant use case for RIS. By varying the phases of its
reflecting parts, RIS can beamform messages in the direction of the intended user.
RIS can beam form signals either based on constructive reflection or destructive
reflection; based on that, it can be classified as energy-focusing and energy-nulling,
which are explained in this Section [10].

2.2.2.1 Energy-Focusing Use Cases

In Figure 2.4, the depicted scenario illustrates the energy-focusing application of
RIS. In this use case, as the signal travels from the BS to the user via the LoS path,
it undergoes reflection through the RIS. Through the manipulation of the phase
of the reflector elements, the two signals are strategically combined, leading to
constructive interference and focus toward the targeted user. Consequently, this
results in an enhancement of the received signal strength. These energy-focusing
use cases can be used in applications where signal strength needs to be increased.

2.2.2.2 Energy-Nulling Use Cases

Figure 2.5 depicts the energy-nulling use cases of RIS, which is based on
destructive reflection. If the transmitter sends a signal that is not meant for a
particular user, it is possible to adjust the phase of the reflector elements in RIS.
This adjustment allows for the addition of a LoS signal and an RIS reflected signal
to destructively interfere, effectively creating a zero signal that will be received by
the user.

RIS
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Figure 2.4 Energy-focusing use cases of RIS.
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Figure 2.5 Energy-nulling use cases of RIS.

The beam training issue in RIS-assisted wideband terahertz (THz) commu-
nication systems is analyzed by Chen et al. [11]. An analytical beam training
framework is suggested to increase the beam training accuracy in broadband
communication. To generate different beam patterns while considering the
hardware constraints of RIS, Rahal et al. [12] suggested an optimizing method
for the design of RIS. For RIS-aided integrated sensing systems such as radar,
reflection pattern design and transmit beamforming have a significant role in
target detection [13]. Jiang et al. [14] developed a machine learning algorithm
for RIS to select optimal beams between the user and BS based on the existing
wireless data. The suggested method can estimate the optimal beams, and the RIS
beam selection solution may achieve near-optimal attainable rates with a large
reduction in beam training overhead.

2.2.3 SE Enhancement

6G networks are poised to bring about ground-breaking breakthroughs in
wireless technology. With the increasing demands of modern connectivity,
SE has become even more crucial in the vast domain of 6G. The use of available
spectrum to transfer data at high rates is measured by a basic statistic called SE.
With ultra-high-definition content and huge data traffic supported by 6G, SE is
essential to meeting the growing need for faster and more seamless connectivity.
Higher data rates, optimal spectrum utilization, and improved user experiences
are all made possible by SE. Nevertheless, this frequently leads to increased
energy usage.

On the other hand, giving EE priority saves energy but may result in decreased
data rates. In fact, to ensure continuous connectivity, effective resource utiliza-
tion, and future-proof technology, 6G systems need creative ways to manage
this trade-off. Although 5G brought multiple input-multiple output (MIMO)
technology, 6G’s increasing performance requirements are greater than what 5G
MIMO can handle. In the realm of 6G networks, the anticipated significance of
full-duplex (FD) and MIMO capabilities at the BS is expected to be heightened.
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These capabilities are foreseen to be pivotal contributors to achieving larger data
rates, reduced latency, and enhanced SE and EE [15].

Through long-distance power loss compensation, RISs can reconfigure the
wireless propagation environment. By passively reflecting the incoming radio
signals, BSs and mobile users can establish virtual LoS relationships. Significant
throughput enhancements are observed, particularly in scenarios where obsta-
cles, like tall buildings, impede the LoS connection between BSs and users.
The strategic deployment and design of RISs have the potential to establish a
software-defined wireless environment. This intelligent setup has the capability
to enhance the signal-to-interference-plus-noise ratio (SINR) received [16].
Figure 2.6 illustrates the application of RIS in conjunction with MIMO for mul-
tiplexing and interference management. The utilization of RIS in tandem with
MIMO systems presents an innovative strategy for elevating the performance of
wireless communication. RIS can augment spatial multiplexing through intelli-
gent signal reflection and redirection, generating additional virtual channels and
enhancing overall SE. Integrating MIMO and RIS concurrently optimizes signal
coverage, mitigates dead zones, and overall improves the reliability of wireless
communication.

Strong channel correlation between the transmitter and receiver antennas in
wireless networks reduces the number of eigen-channels available for simultane-
ous data transfer. The channel correlation issue can be resolved by implementing
RIS. Multiple access using RIS is presented in Figure 2.7. Utilizing RIS involves
strategically reflecting and redirecting signals to establish separate spatial chan-
nels for individual users. This spatial multiplexing feature enables multiple
users to utilize the same frequency band, thereby improving SE simultaneously.

() J w1

N Tx _T T_ Rx [ —* &

RIS

Figure 2.6 Multiplexing and interference management using RIS in conjunction with
MIMO.



2.2 Use Cases of RIS

User

Figure 2.7 Multiple access using RIS.

The dynamic adjustment of phase and amplitude in RIS elements facilitates
adaptive beamforming, accommodating multiple users. Communication net-
works can achieve greater SE and advantages in spatial multiplexing with more
eigen-channels. Specifically, the enhanced coverage brought about by the greater
received signal power also results in an increase in SE.

The combination of RISs with FD-MIMO has the ability to completely trans-
form communication networks in the 6G future, meeting growing demand and
providing several benefits like

o Improved SE and EE: RIS-aided FD-MIMO maximizes SINR with minimum
route loss which improves SE and EE. In FD-MIMO, less energy is used, requir-
ing fewer resources overall.

o Increased coverage and capacity: By overcoming limitations, RIS enables
reflection to target sites, which enhances capacity and coverage. The same fre-
quency range of FD-MIMO further enhances capacity and allows higher data
rates.

o Flexibility and adaptability: In response to user demands and channel condi-
tions, FD-MIMO adjusts the number of antennas and transmission power, while
RIS’s reconfigurability enables beamforming.

o Improved user experience: By utilizing the advantages of both technologies,
it is possible to support several users at once, guaranteeing support for strong
user without sacrificing SE and EE.

The performance of RIS-assisted systems has been the subject of numerous
initiatives focused on improving network coverage, outage probability, SE, and
EE. A substantial amount of research was devoted to improving the system’s SE.
For instance, a study by Abeywickrama et al. [17] examined how to maximize
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the throughput of a single-user multiple input-single output (MISO) system.
Conventional orthogonal multiple access (OMA), non-OMA (NOMA), and space
division multiple access (SDMA) provide better SE and coverage capability
in RIS-aided networks, especially when direct links between communicating
nodes are absent [18, 19]. Yu et al. [20] suggested a method to maximize SE in
an RIS-assisted MISO system. Research has been conducted on improving the
SE in wireless networks with RIS-assisted FD communication. The findings
demonstrated that FD technology with the same spatial dimension quadruples
the SE compared to half-duplex [21-23].

2.2.4 EE Enhancement

The upcoming 6G networks are expected to provide faster speeds and greater capa-
bilities than 5G. However, if these networks are not managed properly, they may
lead to higher energy usage. In 5G, massive MIMO (mMIMO) antennas result in
high energy consumption due to the large number of antennas and the need for
individual radio frequency (RF) chains for signal processing, which increases sys-
tem complexity. For this reason, 6G is expected to be 10 times more energy efficient
than 5G.

RIS, a technology that manipulates the propagation of EM waves, has the poten-
tial to increase the EE of next-generation networks significantly. By adjusting the
phase of its elements, RIS can steer signals toward the desired user, concentrating
energy and reducing the need for higher transmission power. This beamforming
capability has a great impact on energy consumption reduction. RIS does not
require any external power source, as it consists of passive reflector elements, thus
consuming much less energy than relays. Overall, RIS is a promising technology
to improve the efficiency of wireless networks [24]. To enhance EE, RIS can be
utilized for energy harvesting, WPT, and reducing exposure to EM field (EMF).

2.2.4.1 Energy Harvesting

5G networks require more energy to function due to their high data throughput
and low latency demands. However, this energy requirement can be met sustain-
ably by using energy harvesting technologies. One such technology is RF energy
harvesting, which involves converting ambient RF signals from wireless fidelity
(Wi-Fi), cellular communications, and radio and television broadcasts into
electrical power. Devices on 5G networks that consume less energy, such as
sensor nodes and IoT devices, usually require external batteries to function.
However, energy harvesting techniques can replace these batteries, resulting in
energy-efficient transmission and reception of signals.

RIS is particularly promising for creating self-sustaining wireless networks.
RIS can improve the efficiency of both information and energy transfer, as radio
waves can carry both. By harvesting energy from ambient RF signals, RIS can
function without the need for external power sources. This is especially useful in
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Figure 2.8 Energy harvesting using RIS.

remote locations where providing an external power source is challenging and
expensive. An energy harvesting scenario using RIS is depicted in Figure 2.8,
where RIS elements reflect toward the user, while others are dedicated to energy
harvesting. In Figure 2.8, the user experiences blockage due to the building. Thus,
the user is dependent on the RIS’s reflected path. The BS sends the signal carrying
information, which is reflected off the surface of the RIS. Part of the RIS elements
harvest the energy with the simple RF circuitry, and the remaining elements
reflect the signal to the desired user.

2.2.4.2 WPT
In today’s wireless era, wireless devices are on the rise. However, their short bat-
tery life can be a problem as these devices often need to be frequently charged
or replaced. This can be costly or challenging in certain situations. WPT has the
potential to provide wireless energy to a large number of devices, thereby elimi-
nating the need for battery replacement. This, in turn, can extend the battery life
of battery-powered devices.

RIS technology has the ability to enable WPT. A WPT scenario using RIS is illus-
trated in Figure 2.9. Here, an RIS can facilitate the power transfer between the BSs
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Figure 2.9 WPT using RIS.
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and users when the signals between the transmitters are obstructed. This means
that users can receive both the information signal and energy collected by RIS.
WPT increases the EE and reduces the transmission power.

2.2.4.3 Reducing EMF Exposure

Future wireless networks must consider the rising impact of EM pollution.
The implementation of 5G communication networks has raised health concerns
due to the exposure to EMF radiation. When many BSs are deployed for cover-
age enhancement, it generates more signals and increases the EMF radiation.
Although coverage can be enhanced by increasing the number of BSs, it also
increases EM radiation.

However, the effective use of RIS significantly reduces the emission of EM
radiation. RIS can control the EM environment and adjust the phase of the
reflecting signal toward a particular user. Therefore, the beamforming property of
RIS reduces unwanted EMF radiations, making it an excellent system for 5G com-
munication systems. Ntontin et al. [25] suggested a power consumption and
energy harvesting model for the RIS system by analyzing its power consumption.
They suggested an effective solution to the most efficient RIS deployment problem
by adjusting its components’ phase and amplitude responses to maximize the
signal-to-noise ratio (SNR) while harvesting enough energy for the system to
function. The RIS can assist backscatter transmitters to improve the efficiency of
cooperative ambient backscatter communications. In an RIS-assisted cooperative
ambient backscatter communications system, the RIS with an energy harvesting
circuit can reflect the signal and also gather wireless energy [26]. When IoT
devices require harvesting energy, they might need to collect energy from RF sig-
nals of nearby BSs. Ahmed et al. [27] suggested a solution to reduce the amount
of energy RIS panels use for the active and passive components of IoT systems.
The energy harvested by the transmissions powers RIS panels. The features of
signal reflection and amplification in ARIS require much energy, whereas passive
RIS (PRIS) uses less energy because of its signal reflection properties.

Ren et al. [28] analyzed the benefits of implementing RIS in the WPT system
and suggested an effective RIS-aided WPT strategy. RIS can significantly improve
the EE of WPT systems using many ground sensors that UAVs enable [29].
Yin et al. [30] optimized the connectivity of RIS-assisted networks by considering
EMF radiation limits and suggesting a power-efficient algorithm to reduce EMF
exposure by 14% compared to the system without the RIS and increase the
connectivity by 20%.

2.2.5 Improving PLS

The heterogeneous nodes of the 6G network range in size from macro to nanoscale
[31]. It comprises an ultradense network (UDN) that handles applications
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requiring high data rates and extremely dense traffic. Security must be included
in the network design to use these services. Therefore, PLS can be the first
defense line for certifying wireless communications confidentiality. The research
community’s focus has shifted to 6G physical layer technologies, such as RIS. RIS
is a novel idea that offers a different transmission method and allows incident
signal amplitude, phase, and frequency to be adjusted.

The uncontrolled dissemination of private information caused by the unpre-
dictable nature of wireless propagation channels is one of the elements affecting
communication system security. Using RIS, creating a controlled and intelligent
wireless propagation environment that efficiently prevents eavesdroppers from
intercepting sensitive signals and enhanced communication system security is
possible. Without RIS, as shown in an example scenario in Figure 2.10, data
delivered to a UE can readily be leaked to listeners through reflections from
surfaces like walls and ceilings. Redirecting reflections to a “trusted region” is
one way RIS might address this issue and improve communication security by
minimizing data leakage to possible eavesdroppers.

Similar to various technologies with substantial potential for wireless appli-
cations, RIS can also be exploited for malicious purposes. For instance, an
unauthorized party might deploy an RIS with the intention of leveraging its
capability to establish a secure wireless link with a legitimate system. This could
enable the eavesdropper to intercept and decode data that has been legitimately
transmitted. In these circumstances, adopting just artificial noise (AN) broadcast
by the legitimate system might not be able to ensure confidentiality, making a
genuine RIS equally necessary.

RIS
Redirected reflection
A= =3
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Figure 2.10 RIS for secure communication.
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Secrecy capacity (SC) is a key criterion assessed in PLS; it represents the
fundamental bound of secure communications. In Zhou et al. [32], Yu et al. [33],
and Cui et al. [34], RIS-assisted secrecy communications were examined. Active
transmit and passive reflect beamforming are collaboratively developed to
improve the achievable SC, utilizing various optimization strategies. Additionally,
Guan et al. [35] and Feng et al. [36] examined AN, which may be employed in
RIS-assisted secure communication as a transmit jammer. They demonstrated
how this design enhances the network SC. The PLS can be obtained by integrat-
ing RIS with the system, and it results in better performance in the following
dimensions:

o Secure signal beamforming and reflection: RIS has the ability to modify
the environment’s signal beamforming and reflection dynamically. Adjust-
ing signal routes makes it possible to create secure communication zones
where it is more difficult for eavesdroppers to intercept or tamper with the
communication.

o Enhanced signal confidentiality: By reducing the signal strength in unde-
sired directions, RIS can be utilized to foster ideal propagation conditions for the
targeted communication channel. This aids in preserving the confidentiality of
the transmitted information.

o Decreased susceptibility to interception: Due to its ability to regulate sig-
nal pathways and reflections, RIS makes the communication environment more
dynamic and unpredictable, making it more difficult for potential eavesdroppers
to intercept messages.

o Energy-efficient security: Energy-efficient security solutions may benefit
from using RIS. RIS can assist in lowering the communication system’s overall
energy usage while preserving a high level of security by optimizing signal
pathways and reflections.

In the simple design of RIS-aided PLS, the transmitter sends signals to
the receiver through an insecure communication link. The RIS is strate-
gically placed to take advantage of the unique features of the propagation
channel. By limiting the information of the secret messages that the eavesdropper
can extract, the RIS can prevent eavesdropping. This can be achieved by
either degrading the eavesdropper or improving the SINR at the receiver.
RIS-assisted PLS solutions have proven more successful in difficult situations
than traditional MIMO techniques [37-42]. This could apply in cases where
the eavesdropper/jammer is situated closer to the transmitter, has more antenna
(or better channel conditions) than the receiver, or has a higher secrecy rate
need. Under such circumstances, both spatial beamforming and PLS with
larger antenna arrays might be unsuccessful in terms of providing enough
secrecy gain.
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2.2.6 Improving Localization Accuracy

One crucial element in ensuring smooth network connectivity is device
localization. Localization information ensures reliable multi-hop connectiv-
ity, specifically in sensor networks. Likewise, effective network design and
real-time resource distribution rely on location data to improve connection
quality. The applications like, industrial IoT (IIoT), intelligent transportation
systems (ITS), SWIPT, location-aware systems, radar, robot localization, and
extended reality, are developed based on the increasing demand and societal
advancements. Traditional wireless communication systems already offer
positioning services. Nevertheless, the location, LoS availability, and BS count
restrict the accuracy. Implementing RIS is less expensive and more versatile
than implementing BS. Employing RIS, communication networks can achieve
greater spatial precision of placement and resolution. The use of RIS can also
increase the indoor scenario’s placement accuracy. Figure 2.11 depicts the process
of attaining localization accuracy using RIS. RIS’s dynamic adaptation of the
phase and amplitude of reflected signals facilitates the creation of focused beams.
Steering these beams toward the designated device, RIS plays a key role in
enhancing signal strength and directionality, thereby contributing to heightened
precision in localization. Strategic placement of RIS can be leveraged to improve
SNR at the receiver, a critical factor for precise signal detection in localization
systems.
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Figure 2.11 Localization accuracy using RIS.

47



48

2 Emerging Applications and Potential Use Cases of Reconfigurable Intelligent Surfaces

Numerous investigations have been carried out, and various approaches have
been proposed in recent years to enhance localization accuracy. RIS offers an
additional degree of latitude in this regard to enhance the localization data.
A platform like this can be utilized both indoors and outdoors. This encourages
the researchers to investigate RIS’s potential for localization. Elzanaty et al. [43]
have shown that using RIS can greatly enhance the position and orientation error
bounds. Additionally, it enhanced multiuser localization by utilizing IRS to boost
signal strength [44].

In addition to measuring signal intensity, time delay can also be used, as
discussed by Wymeersch and Denis [45]. By maximizing the phase distribution
for the RIS elements and their selection, the authors have successfully optimized
the position error bounds in this instance. Moreover, the RIS can be used as a
lens or reflector for localization and sensing applications. Similar reports can be
found for RIS-aided sensing [46] and RIS-aided localization [47-49]. In Hu et al.
[49], the effects of RIS size, RIS deployment tactics, and associated impairments
are covered. In Alegria and Rusek [48], it is reported how RIS quantization affects
localization performance. Abu-Shaban et al. [47] have illustrated the potential
applications of RIS in 3D localization.

2.2.7 Energy-efficient Cell-free Network

The cell-free network has become increasingly appealing in the context of
5G without cell boundaries [50]. It has much potential for use in next-generation
indoor hotspot environments, such as subways, train stations, hospitals, and retail
centers. Furthermore, cell-free networks perform especially well in high-mobility
situations without incurring changeover costs, such as automobile networks [51].
Despite the aforementioned benefits, deploying many access points (APs) in a
standard cell-free network produces high power consumption for both hardware
and transmit power, lowering EE. This is one issue that needs to be resolved in
future networks.

RIS has emerged as a potentially useful technology in recent times for
overcoming barriers, boosting channel capacity, and enhancing EE in various
situations, including secure communications [52, 53]. Cell-free networks use
PRIS to minimize power usage, but the double-fading effect limits the data rate.
To enhance the EE in cell-free networks and mitigate fading effects, hybrid RISs
with active elements that can amplify the incident signal could replace some of
the APs.

Future wireless networks will require very high data rates, so energy con-
sumption has become a major worry. Numerous energy-saving techniques
have been developed to guarantee sustainable and environmentally friendly
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wireless networks. Deploying RIS can greatly improve network performance
regarding coverage and data rates; in the RIS-assisted scenario, fewer BSs and
less transmit power from the BSs would be needed to reach a required coverage
or data rate target. Compared to relay solutions, RIS-assisted deployments can
be a compelling way to improve network efficiency and performance while con-
suming less energy. Similarly, RIS deployment can enhance user EE when
considering the uplink transfer that the RIS facilitates. The system model for the
cell-free RIS network is given in Figure 2.12. In the context of a hybrid RIS-aided
cell-free network, the deliberate deployment of RIS elements is coordinated with
cell-free APs. The integration of RIS with cell-free communication is designed to
capitalize on the unique advantages of both technologies, aiming for enhanced
overall performance. Within the cell-free framework, where multiple APs may
serve a user, the strategic use of RIS assists in alleviating inter-cell interference,
thereby contributing to improved network performance.
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Figure 2.12 Hybrid RIS-aided cell-free network.
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RIS hardware architectures are categorized into four groups based on their
ability to control the impinging signal: hybrid, active, passive, and semi-active.
With its almost passive or passive components, a PRIS can function with-
out a dedicated power source, allowing for enormous connections with low
power consumption and lower complexity. On the other hand, power ampli-
fiers (PAs), signal processors, and RF circuits may be included in an ARIS or
semi-ARIS.

The kind and resolution of each reflective element in an RIS determines
how much power it uses in the main. The power consumption of passive and
ARIS is intended to be lower than that of conventional alternatives like micro-BSs
or relays. A novel approach for indoor and outdoor radio access networks
that incorporates RIS will aid in lowering the network’s power usage. In particular,
RIS-assisted networks require fewer BSs to cover a given region.

RIS has been employed not only to improve system capacity but also to
provide low power consumption. Additionally, RIS has been incorporated
into cell-free networks to take the position of some APs [54-56]. However,
because of the MFE, it is practically difficult to reach the optimum capacity
improvements. RIS offers extraordinarily significant path loss in the cascaded
channels. Considering this, Zhang et al. [57] have developed a novel RIS structure
called ARIS, in which RF chains and PAs are arranged in conjunction with
active reflecting parts to mitigate the severe fading impact. On the other hand,
the ARIS uses more power and produces thermal noise and non-negligible
self-interference.

Hybrid RIS architecture has been presented by Nguyen et al. [58], Yigitet al. [59],
and Nguyen et al. [60], taking into account the trade-off between power consump-
tion and the signal amplification effect. Only a few reflecting elements in this
architecture are active, which results in less effective noise and transmit power
than in ARIS but a much stronger signal than in full RIS. With reasonable cost and
power consumption, a hybrid RIS offers a dependable and sustainable solution for
wireless network architecture.

2.3 RIS Applications

The EE and beamforming capabilities inherent in RIS present substantial support
for a diverse array of applications within the realms of next-generation networks.
These applications span a wide range of fields, including IoT applications,
communication for UAVs, smart environments, PLS, SWIPT protocols, IoT-based
mobile edge computing, D2D systems, VANET, and hybrid terrestrial and satellite
communication. This section provides an overview of the requirements for
RIS-aided applications and prior works in this area.
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2.3.1 RIS-aided loT Applications

The IoT revolutionizes various industries by enabling innovative applications
and services. Key uses include smart infrastructure management, industrial
automation, smart cities, healthcare monitoring and telemedicine, smart homes,
environmental monitoring and agriculture, supply chain management and
logistics, and energy management [61, 62]. IoT devices enable infrastructure
monitoring, optimizing production processes, and improving efficiency [63].
Smart cities connect urban systems, improving quality of life. Healthcare mon-
itoring and telemedicine use IoT devices for remote patient monitoring and
chronic disease management [64]. Smart homes can be controlled remotely via
smartphone apps or voice commands. Environmental monitoring and agriculture
use IoT sensors to collect data on air quality, water quality, soil moisture, weather
conditions, and crop health. Supply chain management and logistics use IoT for
real-time tracking and monitoring of goods. In conclusion, IoT plays a trans-
formative role in next-generation networks, enabling innovative applications
and services across various industries and improving efficiency, productivity,
sustainability, and quality of life.

Figure 2.13 illustrates IoT applications that are assisted by RIS. In IoT applica-
tions, current methods relying on Wi-Fi or Bluetooth have limited connections,
leading to interference, reduced throughput, and congestion when scaled up.
Inadequacy in the signal coverage can result in security threats and privacy risks.
IoT devices are vulnerable to harsh or outdoor environments with varying weather
conditions, terrain obstacles, and EM interference. Most of the IoT devices are
battery-driven. Connectivity issues arise due to limited power consumption by
IoT devices during transmissions and receptions.
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Figure 2.13 RIS-aided loT applications.
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2.3.1.1 Advantages of RIS in the loT Applications

o Strong connectivity: RIS optimizes signal propagation and mitigates inter-
ference and connectivity issues, such as weak signals, dead zones, and signal
blockages, which support the reliability and coverage of IoT networks [65].

e Congestion control: RIS dynamically controls the signal reflections and
refractions, interference, and performance degradation due to congestion in
IoT applications and overcome packet loss, reduced throughput, and high
latency.

e Enhanced coverage: RIS deployment enhances signal propagation and
extends coverage in IoT applications to achieve adequate coverage in specific
locations. Also, RIS adaptively adjusts signal propagation and compensates for
environmental effects [66].

e Optimal power consumption: RIS optimizes signal transmission and
reception and maintains connectivity, leading to longer battery life in IoT
devices.

o Scalability and flexibility: RIS dynamically adapts to changing network
conditions and user requirements. Deploying and managing large-scale
IoT deployments with RIS gives IoT solutions efficient signal optimization,
scalability, and flexibility.

These highlight the importance of RIS in overcoming various challenges asso-
ciated with wireless connectivity and enhancing the performance, reliability, and
security of IoT applications.

In Niu et al. [67], researchers investigated secure communication in an IoT
network using a combination of an ARIS-based transmitter and a PRIS in order
to enhance user secrecy. This research aims to create and refine phase angle
compensations, beamforming, and power allocation to maximize the weighted
sum secrecy rate. Additionally, the researchers also extended the scheme to solve
secrecy energy maximization problems. The results of the simulation demon-
strate the effectiveness of the suggested scheme. Another work, Sagir et al. [68]
discussed the usage of RISs as cooperative relay systems to enhance wireless
communication performance in IoT networks. The paper presents novel cooper-
ative RIS (CRIS) models that use deep neural networks (DNN)-CRIS in order to
enhance cooperative communications and optimize the RIS phase. The authors
have demonstrated that the models preserve modest system complexity and
exhibit good bit error rate (BER) performance, even in high-noise conditions.
Chu et al. [69] characterized the relationship between primary and cognitive
networks using a Stackelberg game in cognitive IoT systems. The suggested
scheme demonstrated superiority in numerical results, focusing on unlocking
the potential of RISs in IoT. According to Zhang et al. [70], RIS-assisted place-
ment is recommended for numerous IoT devices in location-based IoT services.
The technique takes advantage of user-to-BS direct connection signals that
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are reflected through the RIS. Propagation delay can be estimated using the
triangulation-based positioning framework. By optimizing the multi-antenna
BS and RIS, the total transmission power can be reduced. Numerical findings
indicate that decimeter-based localization provides a considerable power gain
and precision with low power consumption when compared to unoptimized
RIS-assisted localization.

2.3.2 RIS-aided D2D Communication

RIS-aided D2D communication uses RIS to improve the efficiency and reliability
of direct communication between devices. By optimizing signal paths, mini-
mizing interference, and controlling reflections, this approach reduces energy
consumption and latency, opening up new opportunities for proximity-based
services, collaborative applications, and better connectivity in densely populated
environments [71]. It enables direct communication between nearby devices
without the need for an intermediate network infrastructure. However, D2D
applications may face several limitations, such as limitations in usability range,
poor interference, and blockage management. Most of the D2D communication
depends on LoS which is practically not realizable [72].

Figure 2.14 illustrates how RIS integration with D2D communication enhances
the coverage area. In this scenario, a device sends and receives information to
and from another device via RIS. This suppresses the limited range, interference
and signal blockage, LoS dependence, spectrum congestion, power consump-
tion, security and privacy concerns, scalability, and reliability in conventional
D2D applications. In crowded wireless environments, interference and signal
blockage due to other devices or physical obstacles can be observed in D2D com-
munication. However, enhanced RIS-aided D2D links can improve performance
and connectivity, especially in urban or outdoor environments. The RIS system
overcomes the issue of obstacles and obstructions encountered in traditional D2D
links that are dependent on LoS. Spectrum is effectively utilized in RIS-assisted
D2D links, which results in improved throughput and reduced latency.

Device 1 Device 2

Figure 2.14 RIS-aided D2D communication.
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Zhao et al. [73] use Nakagami-m fading to derive closed-form outage and data
rate expressions for RIS-assisted D2D communication. In Zhao et al. [73], the sys-
tem model discusses both the underlay and overlay modes. The theoretical expres-
sions derived are verified using simulations. A noval active elements selection
approach for a hybrid RIS-assisted D2D communication system is suggested by
Mu et al. [74]. To connect to PAs and passively reflect incident signals, they selected
a subset of RIS elements. The sum capacity is maximized by designing the active
elements selection (AES) matrix, beamforming matrix of RIS, and D2D transmis-
sion power.

In their study, Selim and Tomasin [75] evaluate how well an RIS-aided NOMA
system works for D2D transmissions. They provide approximate closed-form
expressions for the outage probability of devices connected to the RIS-aided
NOMA system. In addition, they calculate the ergodic data rate of each device
using a fixed power allocation and verify their expressions through simulations.

An optimized sum capacity for an RIS-assisted D2D multicast system using
a hypergraph is presented by Li and Zhu [76]. The maximum sum capacity
is obtained by optimizing channel reuse coefficients and active and passive
beamforming. A new block coordinate descent algorithm is designed, and simu-
lation results show the suggested hypergraph method can improve sum capacity
efficiently.

2.3.3 RIS-aided VANET Applications

ITS and autonomous driving are cutting-edge technologies for 6G wireless
networks, enabling improved traffic effectiveness, road safety, economy of fuel
usage, and daily travel management. However, the dynamic nature of wireless
propagation environments, especially with fast-moving vehicles, makes trans-
mission links unstable [10, 77, 78]. RIS can address this by improving channel
conditions through intelligent signal reflections and enhancing coverage and
communication efficiency. To fully utilize RISs in ITS, resource management
and vehicular scheduling must be optimized. RISs can improve VANETS’ cov-
erage area and capacity in next-generation networks. However, their dynamic
links are unreliable due to variable SNR and fading effects. Software-controlled
configuration of reflecting surfaces provides additional control of phase shifts
and reflection angles, enhancing received signal strength and removing channel
fading. In Figure 2.15, RIS placement in building walls enables vehicle-to-vehicle
(V2V) communication that results in highly directed beams and strengthens the
connection between vehicles.

2.3.3.1 Advantages of RIS-aided VANET Applications
o Thelimitation in coverage and connectivity in V2V and vehicle-to-infrastructure
(V2I) due to changes in topology and shadowing effect can be overcome by
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Figure 2.15 RIS-aided VANETs.

integrating RIS in the vehicle or environment. RIS-aided V2V or V2I results in

large-range coverage with ubiquitous connectivity [77].

o RIS-aided VANETS are effective even under vulnerable fading channels [79].
It is more effective in multipath propagation, especially in urban canyons and
areas with high-rise buildings, resulting in reliable communication links and
enhanced data transmission rates.

o Effective spectrum usage is obtained with enhanced network capacity.

o RIS-aided VANETs are more flexible and scalable than the conventional
VANETs. With many vehicles and diverse applications, it is easy to maintain
reliable communication and efficient resources. Integration of RIS results in
efficient bandwidth usage and tackles mobility issues.

e Deploying and maintaining RIS-aided infrastructure for VANETs, including
roadside units (RSUs) and communication infrastructure, is cost-effective.
Integration of RIS leads to innovative solutions for VANETS, improving reli-

ability, coverage, scalability, and efficiency through network protocols, resource

management strategies, interference mitigation techniques, and security mecha-
nisms.

A recent survey conducted by Chen et al. [80] offers extensive insight into the
use of RIS technology in vehicular communication systems. The survey covers
various aspects such as RIS-enabled channel modeling, beamforming techniques,
resource allocation (RA) strategies, interference mitigation, etc. The article dis-
cusses practical considerations, such as hardware implementation, scalability, and
regulatory challenges, associated with deploying RIS in vehicular environments.
The authors also discuss the emerging applications of RIS technology, such as
cooperative sensing and localization, and highlight future research directions
for leveraging RIS in dynamic vehicular environments. Alsenwi et al. [81] have
conducted research on the use of RIS to address the limitations in mmWave
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communications. These surfaces are designed to reflect mmWave signals to
vehicles that experience obstructions in direct connections. An optimization
problem is formulated under stochastic obstructions to improvise the precoding
matrix and RIS phase angles. The authors have developed a solution by utilizing a
decomposition and relaxation-based optimization algorithm and a learning-based
method. Extensive simulations have been conducted to validate the efficacy of
the algorithms.

2.3.4 RIS-aided UAV Applications

In next-generation networks, UAVs will address the increasing demand for high
data rates and ubiquitous connectivity. UAVs are expected to serve as airborne
platforms, providing extended coverage, enhanced capacity, and faster deploy-
ment facilities in areas with limited or no existing infrastructure. With their
ability to rapidly navigate and adapt to dynamic environments, UAVs will support
various applications, including emergency communication, disaster recovery,
surveillance, and IoT connectivity [10]. Furthermore, because of their small
coverage areas, fuel efficacy, environmental vulnerabilities, and inefficient
bandwidth usage, UAVs outfitted with cutting-edge communication technolo-
gies like 5GB will find it difficult to facilitate adaptable and effective network
deployments. This will disrupt future networks’ seamless connectivity and user
experiences [82].

RIS-aided UAV applications leverage the combined capabilities of RIS and
UAVs to enable a wide range of innovative functionalities and it is illustrated
in Figure 2.16. In Figure 2.16, the direct link between the UAV and the BS may
be weak and distorted. However, the RIS-dependent link to the UAV enables
an array of reflections that provide strong and extended coverage for UAVs.

(0%

BS

Figure 2.16 RIS-aided UAVs.
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These applications encompass various domains such as wireless communication,
surveillance, disaster management, agriculture, and infrastructure inspection.
RIS surfaces are deployed strategically to manipulate EM waves, which helps to
enhance signal coverage, improve communication reliability, and enable precise
beamforming for UAVs equipped with communication or sensing payloads.
By dynamically adjusting signal propagation, RIS-aided UAVs can establish and
maintain connectivity in challenging environments, such as urban canyons
or remote areas with limited infrastructure. RIS-aided UAVs can be useful in
surveillance and monitoring tasks. They can make use of the reflective properties
of RIS surfaces to extend the sensing range, thereby facilitating data collection
in complex terrains or obstructed environments. By directing sensors to specific
areas of interest, RIS-aided UAVs can optimize data acquisition, improving the
efficiency and effectiveness of monitoring operations in agricultural applications.
In conclusion, RIS-aided UAVs have the potential to address various challenges
and create new opportunities across multiple sectors [83].

In Hu et al. [84], a deep learning (DL) framework for trajectory planning and
jamming rejection is discussed. The algorithms offer reliable resistance against
jamming and demonstrate robustness against different jammer locations. This
algorithm is used to learn UAV trajectory and RIS configuration. Yang et al. [85]
suggested an RIS-aided UAV scheme to enhance the coverage and performance
of UAV communication systems. The RIS is deployed on a building to reflect
signals from the terrestrial source to the UAV, relaying the decoded messages to
the destination. The statistical distribution of the RIS-assisted terrestrial-to-areal
links is modeled, analytical expressions for outage and BER are derived, and
simulations validate the effectiveness of RIS integration. Yang et al. [86] investi-
gated the efficiency of a UAV system assisted by RIS. In this configuration, the
RIS is situated on the UAV to reflect signals to terrestrial users, with a specific
emphasis on probability density functions (PDFs) of instantaneous SNR. The
study derived analytical expressions for outage probability, average BER, and sum
rate, supplementing the findings with numerical results to validate the analysis.
In Abualhayja’a et al. [87], the performance limits of a multi-hop RIS-aided UAV
system are analyzed. The analytical expressions for SNR, outage probability, and
BER under statistical RIS channels are given. Under various fading conditions,
the analysis shows that strategically placing required RIS elements can enhance
UAV communications performance. RIS effectively adapts to various channels
and device locations, enhancing performance in various locations.

2.3.5 RIS-aided SWIPT Protocols

SWIPT, is crucial for sustainable and energy-efficient wireless communication sys-
tems. It enables devices to decode information and collect energy from incoming
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signals, improving network efficiency and battery life. SWIPT is especially impor-
tant for powering sensor networks, IoT devices, and low-power devices, reduc-
ing dependency on conventional power sources and supporting applications like
smart infrastructure and remote sensing [88].

Due to direct communication lines, SWIPT systems have limits with regard
to power transfer, spatial coverage, and energy harvesting efficiency. Addition-
ally, they might encounter more interference and poorer signal quality, which
could undermine system dependability. Furthermore, their low adaptability
in dynamic situations impedes the simultaneous optimization of information
decoding and energy harvesting. Figure 2.17 illustrates the SWIPT-enabled RIS
communication under blockage and provides extended coverage. Figure 2.17
describes the RIS-aided SWIPT for multiuser systems. In this scenario, users
experience significant shadowing, so they rely on RIS-assisted transmission. The
users harvest a portion of the energy (y) from the reflected signal from RIS, while
the remaining energy (1 — y) is used for information decoding. The harvested
energy provides extended battery usage for the users.

RIS-assisted SWIPT systems can provide advantages in wireless communication
networks. With RIS integration, enhanced signal focusing, beamforming, spatial
coverage, and energy harvesting efficiency can be observed. RIS’s configurability
allows dynamic signal reflection and refraction optimization, mitigating interfer-
ence and improving signal quality. RIS-assisted SWIPT systems also enable adapt-
ability in dynamic environments, optimizing information decoding and energy
harvesting, contributing to network efficiency and sustainability.

In Zhang et al. [89], RIS-aided SWIPT networks with rate-splitting multiple
access (RSMA) are explored. It suggests a deep reinforcement learning-based
approach for optimizing power allocation and discrete phase shifts. This approach
outperforms traditional SWIPT-only methods and enhances energy and infor-
mation transmission. Simulation results show the suggested system achieves
enhanced energy EE with RSMA. The application of RIS in SWIPT with
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Figure 2.17 RIS-aided SWIPT.



2.4 Challenges and Research Trends

multi-antenna AP systems is discussed by Yang and Zhang [90]. By employing
sorting and iterative optimization methods to simplify the objective function, the
authors developed two solutions for optimal and nonideal channels. They effec-
tively resolve the issue under ideal boundary and Karush-Kuhn-Tucker
conditions, demonstrating a potential method for next-generation networks.
Yaswanth et al. [91] explore an ARIS framework for improving SWIPT system
performance under imperfect channel conditions. It suggests that joint beam-
forming design can reduce transmit power by ~60% compared to PRIS while
maintaining QoS requirements, and it is validated using simulations.

The study by Yaswanth et al. [92] addressed the SWIPT-enabled RIS-assisted
MIMO communication network, emphasizing active and passive beaming
optimization matrix and power reduction. It suggests computationally efficient
algorithms and uses mean square error and alternating optimization techniques
to simplify the problem. The impact of imperfect channel conditions is also
discussed.

2.4 Challenges and Research Trends

RIS introduces several kinds of challenges that need to be addressed according
to the service demands of users. This section outlines critical prospects for future
research that are essential to realizing the full potential of RISs in 6G networks.

2.4.1 RIS-aided THz Communication

With its ultrawide bandwidth, THz communication is considered a potential
option for 6G communication. However, due to its ultrahigh frequency, THz
transmission may experience significant signal distortion and communication
disruptions, affecting coverage performance. To address this issue, RIS can be
applied to THz communication, which can help improve coverage performance.
However, significant challenges associated with RIS-assisted THz communication
need to be addressed to fully utilize the special THz propagation features in the
RIS-assisted network.

2.4.2 Aerial RIS-aided System

An airborne RIS carried by a UAV or a balloon can provide full-space reflections,
enabling it to serve a comparatively higher number of users than a ground RIS
fixed at a site [82]. The aerial RIS is less susceptible to blockages and can benefit
from LoS channel conditions. The high mobile UAVs can further expand the cov-
erage of the aerial RIS. However, the aerial RIS presents other challenges, such as
3D positioning and channel estimation, that must be addressed.
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2.4.3 RIS-assisted PLS

The RIS can improve PLS by manipulating the signal. This is done by simul-
taneously enhancing the signal beam directed toward the intended user and
suppressing the beam directed toward the undesired user. However, obtaining
accurate channel information from an interferer to the RIS and the BS in
real-world scenarios is challenging. Therefore, a complex channel information
and beamforming design is required for RIS-aided PLS under imprecise channel
state information.

2.4.4 RIS-aided Optical Wireless Communication

Optical wireless communication (OWC) is a cost-effective option for high data rate
applications in the next generation, thanks to its comparatively less hardware com-
plexity. However, it requires LoS between the transceivers to function properly. To
address this issue, RIS can be used to guide the optical beam in the right direction,
thus reducing LoS obstructions. By integrating RIS and OWC, it becomes possible
to enable a wide range of applications for both indoor and outdoor environments.

2.4.5 RIS-assisted mMIMO Network

MIMO technology has been extended to mMIMO, which helps to increase SE and
transmission gain significantly. However, the main hurdles in the practical deploy-
ment of mMIMO systems are their high power and hardware costs. To overcome
these challenges, RIS can be integrated with mMIMO to achieve the necessary per-
formance improvements in an economical and energy-efficient way. For optimal
performance, it is essential to investigate low-complexity methods for beamform-
ing and RA for RIS-aided mMIMO systems.

2.4.6 Joint Optimization of the Number of Elements and Phase Shifts

The number of elements and the phase shifts control the beamforming of reflected
signals. Optimizing these parameters minimizes system energy consumption,
aligning with sustainable wireless concepts. Due to the larger elements, chan-
nel coefficients increase significantly. This results in path diversity, but it is
challenging to select the optimal channel and estimate it accurately in this
scenario.

2.4.7 Optimal Deployment of RIS

Deploying a meta-surface in a proper location is also considered a bottleneck,
especially in the system, where multiple obstacles are present. It is treated
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as a primary concern in mmWave applications where LoS communication
plays a major role. Placing multiple RISs in a multi-hop signal propagation
scenario increases beam-routing complexity. Most research considers this to
be a multi-objective optimization problem. The investigation of the size and
arrangement of elements within an RIS constitutes a research direction that holds
significance in communication scenarios characterized by constrained spaces,
such as pipes or tunnels. Researchers use the ray tracing method to identify the
propagation mechanism of RIS and for multi-hop beam-routing. Transparent
ARIS (TARIS) is an evolving work that boosts the aesthetics of the environment.

2.4.8 Selection of Type of RIS

The research trends in RIS show rapid advancements in every dimension. Element
with a dynamic role as either active or passive is one among them; PRIS only
reflects the signal where as ARIS amplifies and reflects the signal. This dual nature
provides the freedom of mode selection and results in an energy-efficient system
[93, 94]. Simultaneous transmission and reflection RIS (STAR-RIS) is one of the
primary research areas focusing on coverage improvement [95, 96]. Programmable
RIS is another research area where RIS can adaptively decide signals’ reflection
angle and beam-routing.

2.5 Conclusions

Emerging applications and potential use cases of RIS in wireless communi-
cation systems are explored in this chapter. Various use cases are discussed
in detail. Integration of RIS with the existing communication chain is easily
realizable and results in extended coverage; the large RIS elements on the
surface produce highly focused beams in which the phase angles are controlled.
The significance of energy-focusing and energy-nulling characteristics of RIS
is highlighted based on the desired and interfering user. The description of EE
enhancement with RIS is given, and the EMF exposure reduction using RIS is
detailed. The key features of RIS that support 6G applications, such as PLS, local-
ization accuracy, and EE cell-free networks are discussed in detail. Furthermore,
the significant applications such as IoT networks, UAV communication, D2D,
and VANET are discussed, and the significance of the integration of RIS with
the existing applications is highlighted. Finally, the chapter is directed to the
research trends and challenges associated with the various technologies, such
as mMIMO, THz communication, OWC, etc. Based on the requirements and
applications, the selection of PRIS, ARIS, and STAR-RIS deployment is suggested
in the chapter.
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3.1 Introduction

Global use of fifth-generation (5G) networks, which are engineered to satisfy
international mobile telecommunications (IMT)-2020 requirements, is increas-
ing. High-performance networks with distributed intelligence to the edge and
end-to-end automated coordination to meet individual user needs are now
possible thanks to a combination of new network capabilities associated with the
5G core, an advanced wireless system built upon the 5G-new radio (NR) interface,
and a new architecture utilizing cloud-native approach [1]. The goal of 5G’s
evolution and many of its characteristics is to make 5G networks future-proof
as the industry moves forward and research into potential sixth-generation (6G)
systems is being conducted worldwide. The key requirements for 6G are a higher
data rate of 1 TB/s with a peak spectral efficiency of 60b/s/Hz. It also should
encompass ubiquitous 3D coverage, resilience, security, and sustainability.

Reconfigurable Intelligent Surfaces for 6G and Beyond Wireless Networks, First Edition.
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3 Electromagnetic Analysis of RIS

Many interesting technologies have the potential to enable 6G. One such tech-
nology is reconfigurable intelligent surfaces (RISs), which aims to partially control
the channel for better coverage and data rate gains. RIS is a two-dimensional grid
of antennas/reflectors which are reconfigurable in nature. The RIS controller con-
trols the RIS antennas/reflectors. The RIS system is almost passive (i.e., the signal
is not amplified or regenerated); the only power consumed is the one by the RIS
controller. The RIS system increases coverage, and it can be placed on building
facades, billboards, underground ceilings, train stations, and airports [2-6].

RISs are a promising hardware-based transmission technique that has the poten-
tial to artificially alter wireless propagation environments. Several discrete, flexible
parts implanted on a flat surface, each with sub-wavelength dimensions, reflect
incident electromagnetic (EM) waves. The RIS uses an intelligent RIS controller
to modify the signal phases and/or amplitudes, increasing the degrees of freedom
(DoF) of wireless channels, improving signal propagation, and enabling sophisti-
cated wireless functions [7-9]. Section 3.2 delves into an in-depth exploration of
RIS, offering a comprehensive overview of its functionality and capabilities.

3.1.1 Related Work

RIS introduces an innovative method to enhance signal quality within tunnels
and pipes, particularly in the presence of obstacles, making it a pivotal solution
in this domain [10]. The authors suggest using RIS in tunnels to counter the
ray-blocking issue caused by obstacles. The closed-form expression of blocking
probability with single and multiple RIS is derived. The number of elements and
placement points of RIS are iteratively changed, and the corresponding blocking
probability is plotted. The results are analyzed for multiple obstacle scenarios,
showcasing the unique superiority of the suggested model over the scheme
without the RIS.

Mei and Zhang [11] suggested a distributed model for beam training that carries
significant practical implications. This model enhances the end-to-end gain for
active RIS (ARIS) and passive RIS (PRIS)-based systems with a multi-hop routing
approach. By strategically placing ARIS and PRIS in multiple locations in a system
with obstacles, path diversity is provided. The suggested cooperative beamform-
ing model addresses the challenge of dealing with many channel coefficients, and
a routing control approach has been adapted to optimize the channel selection,
making it a highly relevant solution for real-world scenarios.

Zheng et al. [12] suggested a channel estimation scheme in a multiuser
multiple input-multiple output (MIMO) system embedded with two RIS arrays.
They employ a rigorous methodology where the mean squared error (MSE)
corresponding to the system’s transmit power and phase is analyzed for different
reflection models. The system’s performance is then evaluated, providing a robust
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and reliable assessment of the suggested model. Addressing the hurdle of attaining
the necessary data rates for users, especially given the constraints imposed by
the quantity of RIS elements and the power levels achieved via amplification
by ARIS, presents a formidable challenge. In Fu and Zhang [13], the authors
focused on improving user rates by strategically placing ARIS and PRIS between
a single transmitter and a receiver which is particularly noteworthy. The optimal
positioning of ARIS, determined to achieve a design with minimum complexity,
yielded compelling results. The study found that even with lower power levels
of amplification (less than ~12 dBm) placing ARIS between the transmitter and
PRIS led to superior performance.

The PRIS phenomenon causes a double path loss due to an additional reflection
point in the network. This leads to weaker signal strength, higher power consump-
tion, and lower energy efficiency (EE). Peng et al. [14] introduced an ARIS solution
to mitigate this problem in a mobile edge computing (MEC) network. The sug-
gested method optimizes the reflection parameter, complexity of computation, and
resource allocation scheme to improve latency. The performance improvement is
measured by comparing the usage of PRIS and ARIS.

The role of ARIS in signal amplification, while leading to a marginal increase
in energy utilization, is a crucial aspect to consider. In Ma et al. [15], the authors’
introduction of an innovative optimization approach to circumvent the adverse
effect on EE is particularly noteworthy. The derivation of a reflection matrix by
introducing ARIS in the system, where beamforming and EE are included for
forming the optimization problem, represents a novel approach. The complexity
of the suggested procedure is further reduced by introducing a quadratic trans-
form method in the defined fractional transform approach. The iterative approach
investigated the EE of the system corresponding to user location and power, and
the results surpassed those of conventional approaches, highlighting the potential
impact of this research.

Signal attenuation in a simultaneous wireless information and power transfer
(SWIPT) system is addressed by Gao et al. [16], and the deployment of ARIS is uti-
lized to mitigate the path loss. An optimization algorithm is introduced for sum
rate maximization through ARIS positioning and phase shift control. Chen [17]
discussed RIS-aided system, in which the elements can act either in a passive or
active mode according to user demand. The suggested work with a minimum
power budget achieves a marginal increase in EE. The phase shift, mode, and
beamforming introduced by RIS are considered together for optimization, which
uses a cross-entropy approach based on probability learning.

The introduction of RIS in millimeter wave (mmWave)-based wireless systems
for vehicular communication is discussed by Alsenwi et al. [18]. Obstacles in the
network marginally degrade the signals of this application, which can be mit-
igated by controlling the phase shifts of the reflected signals. An optimization
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framework for precoding and the dynamic tuning of phase shifts are performed
using a learning method. The suggested method improves the data rate and reli-
ability, which is analyzed using simulation results. Zeng et al. [19] introduced a
fairness-guaranteed ARIS-aided wireless power transfer (WPT) system by devel-
oping an optimization framework for sum-throughput enhancement. Different
beamforming methods are adapted to optimize the trade-off between fairness and
complexity. The suggested system gains marginal improvement in EE and cover-
age compared to PRIS-based systems.

In mmWave applications, user devices often face severe path loss in indoor envi-
ronments due to the limited available power budget. Feng and Zhao [20] suggested
a solution to this problem by using transparent ARIS (TARIS) made of glass mate-
rial in the mmWave system. TARIS can be placed as doors or windows, improving
both the aesthetics and achievable rate of the system. Results show that the TARIS
scheme provides a slight improvement in EE compared to PRIS.

The application of RIS in a cell-free network is studied by Wang and Peng [21].
The multiplicative fading effect (MFE) is a challenge faced in the network when
introducing RIS. It is resolved by replacing it with ARIS. The system enhances EE
by optimizing beamforming and power allocation. The result shows that the work
successfully enhances the EE of the user even with poor channel conditions. Mei
et al. [22] suggested a resource allocation optimization approach for multiple
RIS-based WPT systems. The dynamic method for beam routing reduces the
required power budget. In Li et al. [23], the ray tracing method is utilized to
study the propagation characteristics of RIS materials in the mmWave network.
The author suggests an optimization approach to minimize the RIS elements
corresponding to the user’s rate demands by jointly optimizing the location of
RIS, signal phase shift, and time slots in an indoor environment.

Mao et al. [24] suggested a sustainable ARIS-assisted wireless network for
low-power Internet of things (IoT) applications. ARIS enhances the simultaneous
transfer of power and information through the Dinkelbach-type optimization of
time slots, reflection parameters, and transmit power. Zou et al. [25] suggested
a machine learning (ML) approach to improve the quality of service (QoS) of
the RIS-aided nonorthogonal multiple access (NOMA)-based IoT system. Power
allocation and phase shift optimization are performed to enhance the QoS of
the system with minimum transmit power. A reinforcement learning method is
applied and compared with deep learning (DL) techniques in terms of throughput.

Singh et al. [26] discussed an unmanned aerial vehicle (UAV)-based relay
system in which RIS materials are mounted. Rate splitting multiple access
(RSMA) is adapted to attain the system’s spectral efficiency demand. The heuris-
tic optimization method considered UAV positioning, signal phase shifts, and
RSMA parameters. Rejection of jamming signals is considered as a use-case
of RIS. In Hu et al. [27], multiple RIS-embedded UAV-assisted IoT system is
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considered, where the trajectory and signal phase shifts are decided using the
DL approach. The hybrid domain multiple access (HDMA) for RIS-assisted
visible light communication (VLC) is discussed by Yu et al. [28]. The interference
introduced by the multiple LEDs in the system is mitigated by employing RIS,
which performs transmission and reflection. Here, phase shift optimization is
performed to improve the system’s capacity. Simultaneously transmitting and
reflecting (STAR)-RIS is the upgraded version of RIS, which provides maximum
coverage for radio signals in every direction. Maraqa et al. [29] discussed the
application of STAR-RIS in an RSMA-based VLC system to improve the sum rate.
Multiple obstacles are considered to optimize positioning and phase shift.

3.1.2 Key Contributions
The following are the significant contributions of this chapter:

o A comprehensive overview of RIS’s architecture, hardware design, operational
modes, and frequency bands suitable for different duplexing are presented.

o An EM analysis of RIS is carried out, which offers a mathematical model repre-
senting the gain of both transmit and receiving units. The channel and reflection
coefficient of each element within the RIS are also modeled.

o The effects of mutual coupling and spatial correlation on the performance of RIS
are also examined, while also exploring mitigation strategies. The expressions
for average error probability under spatially correlated conditions are derived,
considering various diversity factors.

3.1.3 Organization

To construct 6G wireless networks, RIS is seen to be an essential technology.
In recent years, RIS has garnered much attention as a key element that helps
next-generation wireless systems support high data rate needs at an inexpensive
installation cost. The suggested structure for this chapter is as follows: The chapter
is succinctly introduced in Section 3.1. A comprehensive synopsis of the RIS is
in Section 3.2. Section 3.3 of the chapter examines the EM analysis of RIS. The
impact of mutual coupling and spatial correlation are analyzed in Sections 3.4
and 3.5, respectively. The simulation results are discussed in Section 3.6, and the
chapter concludes in Section 3.7.

3.2 Overview of RIS

This section provides an extensive examination of RIS, covering its structure, hard-
ware design, operating modes, frequency of operation, and duplexing modes.
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3.2.1 Structure

RIS is an affordable and energy-efficient technology that can be implemented
mainly with passive components. RIS can be integrated into any surface and can
take any shape. The structure of RIS can vary depending on factors such as cost,
design, integration, and form factor.

3.2.1.1 Metamaterial

A novel class of synthetic materials known as metamaterials has been developed,
with a microstructure designed to display special EM characteristics not seen in
nature and previously thought to be physically impossible [30]. Atoms make up
the periodic structure of any material that may be found in nature. An artificial
periodic structure is made and grafted onto a host material to form metamaterials.
The constituent elements of this manufactured periodic structure are larger than
the atoms of the host material. This size difference results in overcoming the host
material’s inherent reaction to the entering EM pulse. As a result, the penetration,
reflection loss, and reflection angle that occur are unique to the artificial structure
rather than the host material’s atomic structure.

Metamaterials with artificially created periodic structures can be composed
of semiconductors, metals, or polymers. When an EM wave interacts with a
metamaterial, its wavelength must be significantly smaller than the size of the
“meta-atom,” which is a periodic structural pattern that repeats. This is required
because the incoming wave must see the periodic structure uniformly.

Each of the N pieces that make up an RIS is a tiny antenna that passively reradi-
ates after receiving information with a time delay that can be adjusted. In nar-
rowband transmissions, a phase shift is equivalent to this delay. The scattered
waves accumulate constructively at the receiver, provided that the phase shifts are
appropriately controlled. This idea is comparable to traditional beamforming, in
which a specific radiation pattern is assigned to each component. However, the
accumulation of phase shifts between the scattered waves determines the areas of
constructive interference.

3.2.1.2 Reflect Array

The most basic version of a RIS is a dynamic reflect array, which consists of
programmable omnidirectional antennas that can be modified dynamically to
backscatter/phase shift the incident signals. Using a 2D planar type of meta-
material with a dynamically tunable metasurface has demonstrated strong
abilities to manipulate EM waves, making it a more complex approach. By
utilizing the metasurface implementation, an RIS unit can scatter/phase shift
the signal, control polarization, and function as an anomalous mirror with a
programmable reflection angle. Previous designs of metasurfaces were predicated
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on fixed, predetermined designs of meta-atoms that could not be altered after
they were fabricated.

Subsequent designs, however, rely on semiconductor components that may be
modified in practice to alter the meta-atom structure beneath the surface and,
consequently, the metasurface’s EM behavior. Integrating mechanical, electrical,
or thermally tunable components allow for this reconfigurability. Electrically
tunable metasurfaces can be produced at low cost using well-understood semi-
conductor technologies, and by adding varactor diodes or liquid crystals within
the meta-atoms, they can be tuned quickly enough to adjust to the time-varying
channel.

3.2.2 Hardware Design

The most recent RIS hardware architectures and a few suggested fabrication tech-
niques are discussed in this section. The most notable feature of the RIS is its ability
to fully shape and control the EM response of environmental objects dispersed
throughout the network, thereby making the environment controllable compared
to the transceiver technologies currently in use in wireless networks.

3.2.2.1 Passive RIS

The PRIS is built using EM materials. RIS can be inexpensively deployed in vari-
ous locations, including buildings, movable walls, platforms, billboards, highway
poles, glasses, and pedestrian apparel [31]. By considering power losses over long
distances, the RIS can modify the conditions for wireless transmission. RIS can
create a virtual line of sight (LoS) between the base station (BS) and the user
equipment (UE) by passively reflecting the received signals. The input-output
relationship of i th element of a PRIS is given by (3.1):

Y = w s, (3.1)

where s; and y; are incoming and outgoing signals, #; € [0, 2x) is the controllable
phase and y; € [0,1] is the amplitude of ith RIS element. Figure 3.1 depicts PRIS
technology that enhances wireless communication by reflecting and manipulating
incident signals, improving signal quality, and coverage.

RIS does not require a power amplifier because, unlike traditional relays it may
modify the phase of input signal [32]. This indicates that using RIS is far more eco-
nomical and environmentally beneficial than using traditional relays. Full-duplex
(FD) and full-band transmission are also possible with RIS, as EM waves are only
reflected. PRIS offers a dependable reflection link alongside a direct link for signal
transfer. There is always a double fading effect on this reflection link in addi-
tion to having much large-scale fading. PRISs can only provide a limited capacity
in many cases when the direct link is strong. The corresponding path loss of a
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transmitter-RIS-receiver link is the product, as opposed to the total path losses, in
contrast to a direct link [33]. Signals from the relatively long reflection link affect
power loss more if the fading coefficient is higher than the shorter direct link.
This implies that there is little to no difference between a system with and one
without RIS.

3.2.2.2 Active RIS

One of the main performance bottlenecks of PRIS is its “multiplicative fading”
effect; as a potential remedy, ARIS was proposed by Zhang et al. [34], You and
Zhang [35], and Long et al. [36]. ARIS, like PRIS, allows for adjustable phase-shift
reflection of incident signals. Compared to PRIS, which just reflects incident sig-
nals, ARIS can further augment the reflected impulses. The ith element of an
ARIS’s input-output relationship is:

Vi = m s, + p e, (3.2)

where w; ~ CH (0, criz) is the input noise amplified by the ith RIS unit and y; > 1.
Figure 3.2 presents the structure of ARIS that optimizes wireless communication
through real-time control and adaptive signal modulation, enhancing perfor-
mance and efficiency. ARIS’s hardware architecture differs from PRIS’s [37]. In an
ARIS, phase shift circuits and reflection-type amplifiers are employed to increase
the received signal power. The power needs of ARIS cannot be disregarded, as
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they can be comparable to those of the amplifiers of BS, owing to the possibility
that ARIS-assisted systems may use a lot more power overall than PRIS-assisted
systems [38]. Because ARIS provides an amplification gain and converts the
multiplicative fading into an additive form, it is therefore more effective. The per-
formance may be enhanced via a hybrid architecture that combines active and
PRIS components. It may be difficult for an off-grid RIS to power its active
components. Research on an ARIS is desirable since we anticipate it to be more
economical and effective than an amplify-and-forward relay [39]. Although both
PRIS and ARIS offer 180° coverage, their usefulness is limited because users may
really be on both sides of the RIS.

3.2.2.3 Hybrid RIS

A hybrid RIS or STAR-RIS or intelligent omni surfaces (I0Ss) may sense and
reflect a portion of its impinging signal [40, 41]. The transmitted signal from the
ith element of a hybrid RIS is

yl{ - ’ulf ej”;si 3.3)
The reflected signal from the ith element of a hybrid RIS is
| = uj s, (3.4)

where 4!, u! €[0,1], ,ul?z + ui’z =1, and #;, 5] € [0,27). To offer 360° coverage,
STAR-RIS can be installed inside a wall or in the middle of the communication
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space. Without substantially compromising the benefits of PRIS’s increased
coverage and EE, hybrid RIS can improve coherent communications significantly.
A hybrid RIS can be implemented by loading a surface with a varactor, which
alters the capacitance of the surface based on an external DC signal. The reflected
wave’s phase can be altered by the fluctuating capacitance. By changing the
phase, the hybrid RIS can direct the reflected wave in the desired direction. The
hybrid RIS arrangement is shown in Figure 3.3.

3.2.2.4 Contiguous RIS

Contiguous RISs combine numerous small components into a compact space
to generate a transceiver aperture that is spatially continuous [42, 43]. Utilizing
holography methodology, it becomes feasible to capture an EM field generated
by a signal source when scattered from objects. As a result, a contiguous RIS
can create a spatially continuous transceiver aperture, which is useful for
many applications. Figure 3.4 presents the internal structure of contiguous RIS,
which ensures seamless adaptability in wireless environments through ongo-
ing adjustments, fostering sustained signal enhancement and communication
optimization.
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3.2.2.5 Discrete RIS

Several discrete unit cells constructed of low-power software-tunable metamateri-
als often make up a discrete RIS [43-47]. Liquid crystals, microelectromechanical
systems (MEMSs), electromechanical switches, etc., can be used to electrically
alter the EM properties of the unit cells in addition to commonly used electrical
components. Comparing this construction to a traditional multi-antenna antenna
array reveals significant differences. Liaskos et al. [48] designed a surface with
electronically adjustable reflection properties using discrete meta-atoms. As pre-
viously noted, the discrete surface is active, which is based on photonic antenna
arrays. From an implementation and hardware standpoint, discrete RISs differ sig-
nificantly from contiguous RISs [49, 50]. Figure 3.5 illustrates the layered structure
of discrete RIS.

Interface and
communication layer

/ Computing layer

~~ — Shielding layer

Sensing and Actuation

Metamaterial layer

Figure 3.5 Discrete RIS.
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3.2.3 Operating Modes

This section discusses about the various operating modes of RIS and its
significance.

3.2.3.1 Reflection Mode

The reflective PRIS consumes very little power [51]. Their main purpose is to lever-
age the surface’s ability to change the reflection properties of elements, allowing
for programmable alteration of incoming EM waves across various capabilities.
For accurate beamforming, precise control over the reflected EM field is required.
This can be accomplished with sub-wavelength meta-atoms, however, they will
unavoidably have well-defined grey-scale-tunable EM properties and significant
mutual coupling. The reflection mode with opaque RIS substrate is depicted in
Figure 3.6.

In settings with rich scattering, wave energy is evenly distributed throughout the
wireless medium. The results from ray pandemonium suggest that the RIS can be
affected by rays coming from any direction rather than just one clearly defined
orientation. Instead of using directional beams, the goal is to manipulate as many
ray trajectories as possible. This manipulation has two goals: efficiently directing
the field and modifying those rays to produce constructive interference at a spe-
cific location. These manipulations can be efficiently performed by RIS equipped
with half-wavelength-sized meta-atoms, which permit the control of more rays
with a fixed amount of electrical components (e.g., PIN diodes). When in reflec-
tion mode, RIS can be used to enhance capacity, reduce interference, and function
as a reflector in the surrounding area.
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Figure 3.6 Reflective mode of RIS.
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3.2.3.2 Refraction Mode

By changing their phase, EM waves that incident on the RIS can be refracted to
different target directions using the refraction mode. The working of RIS with
transparent substrate in refracted mode is given in Figure 3.7. A notable contrast
between the refraction and reflection modes lies in the lack of a shielding layer
within the RIS panel. This absence permits EM waves to traverse through the
panel. An example where refraction mode can be used is when transitioning from
an outdoor to an indoor environment. The RIS will be used as window glasses to
focus incident EM radiation onto various target areas, hence improving coverage
for particular locations within the building.

3.2.3.3 Absorption Mode

A radio wave with a specific center frequency and bandwidth can ideally be fully
absorbed when it is in the absorption mode, which is characterized by the absence
of reflection waves. Since the absorption mode of RIS generates little to no out-
put waves, industries involved in information security, privacy, and interference
reduction may find value in it. Using RIS to block EM radiation on a building’s
facade is one typical use-case. By doing this, EM radiation from various interior
or exterior locations would be isolated. To prevent the incident wave from pass-
ing through building walls, the RIS plane will absorb it. The capacity of the RIS to
switch between the absorption or refraction or reflection modes is determined by
the bias voltage.
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3.2.3.4 Backscattering Mode

In the event that an RIS is in backscattering mode, its reflected wave ought to
include a broad region rather than a specific area. The effective area and gain need
to be balanced in order to provide broad-angle blind spot coverage. Backscattering
mode operation is also possible for PRIS, which is designed to reflect an incoming
EM signal in a desired direction.

3.2.3.5 Transmitting Mode

Integrating an RIS with the transmitting mode of a radio transmitter aids in shap-
ing the emitted radio wave [51]. The transmitting mode of RIS with unmodulated
carrier input along with data source is presented in Figure 3.8. Recently, dynamic
metasurface antennas (DMAs) have been suggested as an effective way to realize
extremely large antenna arrays. DMAs process both broadcast and received signals
in the analog domain and have the ability to adjust beams. They use less compli-
cated transceiver technology and operate in a dynamically programmable manner.
Additionally, DMA-based systems require less power and cost than conventional
antenna arrays, eliminating the need for active phase shifters and/or complex cor-
porate feed.

3.2.3.6 Receiving Mode

When in receiving mode, an RIS can receive and process radio signals. To
achieve this, each RIS element or group of parts can have waveguides that steer
incoming radio signals toward reception gear. This reception gear can include

Controller

11§l
.

AT

RIS
EEEE
|4
A A4

-

Data source

Reflected signal
with over-the-air

modulation
Unmodulated
carrier D
RF source Front UE

Figure 3.8 Transmitting mode of RIS.
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an analog-to-digital converter, a mixer that down-converts the signal from radio
frequency (RF) to baseband, and a low-noise amplifier, among other things.

As depicted in Figure 3.9, a training EM signal interacts with the components of
the RIS, and the received signal in the RF domain is influenced by M phase config-
urations of the RIS, which are chosen randomly via a spatial sampling unit. With
substantially fewer RF chains-even just one-than the number of RIS elements, sig-
nal reception at the RIS is made possible by this collection of spatially random
analog mixed copies of the impinging radio signals. This facilitates the application
of channel estimate approaches based on compressive sensing.

3.2.4 Operating Frequency

RISs are devices that work on RF. Depending on the requirements and appli-
cation, RIS can be configured to operate over different frequency bands.
Generally, RIS operates within the part of the EM spectrum reserved for wireless
communication [52].

3.2.4.1 Frequency Range 1 (FR1)

The frequency range below 6 GHz, also referred to as FR1, is commonly used
for 5G and previous generations of wireless communication. This range includes
various frequency bands such as 1.8 GHz, 2.1 GHz, 2.3 GHz, 2.4 GHz, 2.5 GHz,
3.5 GHz, and more. The use of FR1 enables wide-area coverage, making it a pop-
ular choice for cellular communication.
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3.2.4.2 Frequency Range 2 (FR2)

To support mmWave installations for 5G-NR, RIS can be engineered for mmWave
frequency bands (FR2) over 24 GHz [53]. Due to their potential for directional
communication and large data rates, mmWave frequencies are highly intriguing
for RIS applications.

3.2.4.3 Terahertz (THz)

THz is a range of frequencies that spans from 100 GHz to 10 THz. Researchers are
exploring the potential of THz communication for high-speed data transfer and
applications such as high-capacity wireless networks and imaging [54]. Although
itis not commonly used for mainstream wireless communication, THz technology
shows promise for the future.

3.2.4.4 Unlicensed Bands

Unlicensed bands are frequency bands that can be used without a special license
from regulatory bodies [55, 56]. The 2.4 and 5 GHz bands are commonly used for
wireless-fidelity (Wi-Fi) transmission. The 60 GHz frequency, also known as the
V-band, is used for high-data-rate communication applications such as Wireless
Gigabit (WiGig) and other short-range transmissions.

3.2.4.5 Custom Frequency Bands

RIS can be configured to operate within custom frequency bands depending on the
specific requirements and use-cases. This is particularly useful when the applica-
tion necessitates a specific frequency range for optimization.

3.2.5 Duplexing Modes

RIS plays a crucial role in facilitating communication between transmitters and
receivers using different duplexing modes. The duplexing mode determines the
division of the communication channel into downlink (DL) and uplink (UL),
thereby enabling smooth and efficient communication.

3.2.5.1 Time-Division Duplexing (TDD)

The communication channel is split into alternating time slots when using TDD
for UL and DL broadcasts. RIS can dynamically modify its reflective characteris-
tics to optimize the channel for both directions. The reciprocity-constrained mode
and the reciprocity-non-constrained mode are the two conceivable TDD modes.
For most RIS hardware implementations, channel reciprocity can be preserved.
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Reciprocity, however, might not always be maintained depending on how the RIS
is designed.

In a reciprocity-constrained mode of operation, it is imperative to adjust
the phase shifts of the RIS units to reflect UL/DL toward BS/UE in order to
maintain channel reciprocity. Because of this, BS/UE can use the same cor-
responding beams to broadcast DL/UL and receive UL/DL. Conversely, the
reciprocity-non-constrained mode might not require channel reciprocity.
As a result, the RIS phase shifts can be configured separately from the
UE/BS UL/DL beams. The two scenarios of the reciprocity-constrained and
reciprocity-non-constrained modes are illustrated in Figures 3.10 and 3.11.

3.2.5.2 Frequency-Division Duplexing (FDD)

FDD divides UL and DL broadcasts using distinct frequency bands. RIS optimizes
reflections for efficient communication in both directions. Figure 3.12 illustrates
FDD transmission aided by RIS.

3.2.5.3 Hybrid Duplexing

Hybrid duplexing is a technique that combines elements of both TDD and FDD to
provide more flexibility in how frequency and time resources are utilized. With an
adaptive approach, the RIS in such a system can modify its characteristics accord-
ing to the particular combinations of time and frequency.
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Figure 3.12 RIS-aided FDD transmission.

3.2.5.4 Full-Duplex (FD)

Simultaneously, transmitting and receiving are possible with FD communication
on the same frequency. In FD systems, RIS can help reduce self-interference,
which enhances simultaneous bidirectional communication performance overall
[6, 9, 57, 58]. An illustration of FD mode RIS communicating with one BS and
two UEs is shown in Figure 3.13.
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3.2.5.5 Dynamic Duplexing with RIS

RIS technology enhances duplexing’s adaptability by continuously adjusting its
reflecting properties based on communication requirements. This means that RIS
can adapt to changing channel conditions by optimizing reflections to enhance
signal quality during UL or DL transmission.

3.3 EM Analysis of RIS

Let us consider a communication system aided by RIS in which there is an
obstructed LoS path between the UE and the BS, as depicted in Figure 3.14.
Compared to sub-6 GHz bands, mmWave technology has substantially fewer
multipaths because of its high transmission frequency. The RIS with N units
is positioned on the y-z plane of a Cartesian coordinate system. We assume
that the bottom left corner of the RIS aligns with the origin of the coordinate
system. A uniform planar array (UPA) with N columns and Ny rows is used to
model the RIS. Each element has an area of A, = S, X S, where the horizontal
and vertical spacing between elements are denoted by S, and S,, respectively.
For every reflecting element, H,, is the gain and G(v, ¢) is the radiation pattern
of normalized power. Here, v is the zenith angle and ¢ is the azimuth angle,
respectively.

G =G (vl?, d)f) is the radiation pattern of normalized power from the ith reflect-
ing unit of the RISto BSand G = G (vl’ @; ) is the radiation pattern of normalized
power from the ith reflecting unit of the RIS to the UE. Here, ug , q.')lf s ulT , and q’)i’ are
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the respective zenith and azimuth angles. The vectors n = [111,;12, v Ml e ,nN],
n; €[0,27), and p = [y, iy, ..., Hys ..., i), ; €[0,1] denotes phase shift and
amplitude of RIS’s reflection coefficient. The reflection coefficients of the RIS,
denoted by ® € C¥*! is expressed as,

T
O = [py,....dy] (3.5)
— [Mle.jr]l’ e uie”‘, e MNej’IN]T

where ¢; = p;e/ is the reflection co-efficient of the ith reflecting unit.

Cui et al. [59] focused predominantly on LoS connections, which are notably
more robust compared to other multipath elements within the mmWave spectrum,
linking the transceivers and the RIS. They posit a scenario where the UE and the
BS each possess a single antenna, maintaining broad applicability. However, the
suggested methodology readily lends itself to accommodating scenarios involving
multiple antennas for both the BS and UE. The channel between the ith reflecting
component and the BS is characterized as per (3.6) [59].

(3.6)

Here, A is the wavelength, Gf‘ =G~ (vlf’(, ¢fx) is the transmit antenna’s radiation
pattern from the BS to the ith RIS unit. 0¥ and ¢{* are the respective zenith and
azimuth angles, and [,; is the distance between the BS and the ith RIS component.
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The channel vector between BS and the RIS, g € CM*! is expressed as,

g=[g .|

T
_| |25 G Gith B | 2Oy GIDV; Oy 2t (3.7)
47L'lt’1 47rlt’N
The channel for ith RIS unit to UE is expressed as,
(3.8)

Here, A, is the receiving antenna aperture, Gi’x =G~ (u;", ¢l”‘) is the normalized
radiation pattern of the UE antenna to the RIS’s ith reflecting unit. v[* and ¢~ are
the zenith and azimuth angles of UE, and [, ; is the distance between the UE and
RIS’s ith reflecting unit.

Based on (3.8), the LoS component between the UE and the RIS is expressed as:

h=[h,...hy|"

T
- l e G;IG; e 4 OnOy Glrf O e ] (3.9)
47rlr’1 47rlr’N
From (3.7) and (3.9), the cascaded BS-RIS-UE channel is presented as:
T
o= ((Vih) o (Vitg)) (VA.o)
=VHHH(Hh o' ©
V HrHth‘ArAu i \/54)1 el i) (3 10)
= e A .
4r .1

i=1 lt,z ri

Here, H, and H, denote transmit and receive antenna gain and G = GXGIGIG]
is the effect of normalized radiation pattern on the received signal.
The signal received at the UE is

y=As+w (3.11)

where s is the BS’s transmitted signal and w ~ C# (0, N,) is the noise at the UE
with variance N,.
Substituting (3.10) in (3.11) gives

VEHHAA, ¥ \VEp, 2t
=S Z e A

4 All-l

titri

+w (3.12)

i=
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To maximize the strength of the UE’s received signal power P, the reflection
coefficient vector ® is generated using the estimated channel state information
(CSI). The problem can be formulated as:

&= “E | 0 9" 0P} (3.13)
For perfect CSI, the optimal reflection coefficient of the ith unit is

o e

(I>i=ng|,l=1,...,N (3.14)

The process of estimating CSI is challenging because of the numerous RIS units
and the absence of signal processing at RIS.

3.4 Impact of Mutual Coupling in RIS

This section highlights the impact of mutual coupling in the design consider-
ations for RIS. Mutual coupling refers to the unintended interactions among
individual RIS elements inherent to RIS technology. Although each component
is designed to manipulate radio waves independently, their proximity to one
another can impact their EM behavior [60]. Mutual coupling significantly affects
the performance of communication and localization systems and algorithmic
design considerations [61].

The EM emissions from one element can alter the reflection characteristics of
neighboring elements that are in close proximity. This interference disrupts the
intended reflection pattern and can also impact the directivity of the system. Fur-
thermore, signal quality deteriorates due to undesirable reflections and leakage
between elements. Designing a model becomes more complex based on factors
such as the number of radiating elements, the precision required, and the compu-
tational resources available. This coupling phenomenon results in notable energy
losses, ultimately diminishing system efficiency.

Mutual coupling links the impedance of one element with that of its neigh-
bors. To achieve more consistent and reliable RIS performance, it is crucial to
anticipate and address the effects of mutual coupling during the design phase,
employing advanced modeling and simulation tools [62]. While increasing the
spacing between elements can reduce mutual coupling, space limitations may
make this impractical. Various strategies can be implemented to mitigate mutual
coupling, such as incorporating isolation structures between elements or utilizing
metamaterial designs. Utilizing more precise models that accurately account
for mutual coupling can optimize RIS design and configuration, minimizing its
adverse impact on performance. By carefully designing the RIS layout to increase
spacing between elements and selecting appropriate metamaterials, the effects of
mutual coupling can be mitigated.
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3.5 Impact of Spatial Correlation in RIS

In the realm of wireless communication, spatial correlation refers to the similarity
in fading behaviors among different antenna elements due to their proximity to
each other in space. The correlation among the elements of the RIS can signifi-
cantly influence the overall performance of the system. Intense spatial correlation
can lead to coherent signal cancellation or merging at the receiver, potentially
affecting the signal’s amplitude and quality upon reception. Additionally, the oper-
ating frequency plays a crucial role in spatial correlation. Higher frequencies, char-
acterized by shorter wavelengths and less spatial variation, tend to exhibit higher
correlations. Spatial correlation influences various aspects of RIS performance,
including channel modeling, beamforming, diversity, and channel estimation.

Understanding spatial correlation is essential for developing -effective
signal-processing techniques and configuring RIS setups. This knowledge
serves as the foundation for channel modeling in THz and mmWave commu-
nication [63]. The channel model relies on factors such as the dimensions of
the RIS surface, operating frequency, spacing between RIS elements, as well
as correlation matrices, path loss, and fading effects. Geographical correlation
enables RIS elements to concentrate and steer incoming signals. However, the
closely coupled nature of RIS elements, akin to a single large reflective surface,
can limit beamforming accuracy [64]. When RIS elements exhibit high spatial
correlation due to similar properties, the overall diversity of the received signal
is diminished (Liu et al., 2023) [65]. This reduction in signal diversity adversely
affects the system’s ability to combat channel fading [66].

Introducing randomness into the placement of RIS elements can effectively
reduce spatial correlation within signal paths, as suggested by Sun and Yan
[67]. Moreover, incorporating metamaterials and engineered materials with
specific EM properties into RIS design offers control over spatial correlation, as
suggested by Shamsuri Agus et al. [68]. Adaptive algorithms capable of correcting
reflection phase shifts can also influence spatial coherence, as noted by Tu et al.
[69]. Additionally, techniques such as geographic filtering and precoding can be
employed to mitigate the effects of correlation and further enhance RIS system
performance.

3.5.1 Performance Analysis of RIS-Assisted Wireless Communication
Systems with Spatial Correlation

The RIS-assisted communication system with spatial correlation is shown in
Figure 3.15. The N RIS elements are tightly packed and arranged in the planar
rectangular structure with R rows and C columns. There is no direct path between
the source and destination. Both the source and destination is assumed to have
single antennas. The spacing between the elements in rows and columns are
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Destination
\\\J

Source (4

Figure 3.15 Spatial correlation in RIS-assisted communication.

represented by S, and S,, respectively. It implies that the area of the planar
rectangular structure is Ay = NS,.S,. Assume that, the RIS structure is in y-z
plane with azimuth angle ¢ and elevation angle 6. The RIS structure has N meta
surface elements in each row and N meta surface elements in each column and
N = NgN,. Then, the two dimensional position vector of ith RIS reflecting meta
surface element is given by,

w,[y;. %] = [mod(i — 1,Np)S,, [(i — 1)/Np)|S,] (3.15)
The array response vector of the RIS structure is given by,
a(p,0) = [1, exp (j%”[cos(a) cos(¢). sin(0)Ju! ) _—
exp (jZTE[cos(O) cos(h), sin(e)]ufv)] . (3.16)

The spatial correlation is introduced in the RIS planar structure when the reflect-
ing elements in the RIS are tightly packed. The spatial correlation between the
array response vectors of ith and jth elements is given by,

2l — u.
R; = E[a(¢;, 0,) a’(¢,0)] =sinc <M> s

i=1,2,...,N;j=1,2,...,N. (3.17)

The spatial correlation coefficient values are shown in Figures 3.16-3.18 for
inter-element spacing of 0.044,0.14,0.54, respectively, between the reflecting
elements in the RIS structure. Substituting equation (3.17), the correlation matrix
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Figure 3.16 Spatial correlation coefficient values of RIS with N = 64 and element
spacing of 0.044.

is given by,

1 RI,Z R1,3 Rl,NR

R = R.2,1 1 R%,3 RZ:NR (3.18)

Ry oo v o 1

The level of spatial correlation in the RIS structure is determined by the diversity
factor of R, which is given by,

_[r®P _ [r®)P

(3.19)
tr(R%) IRIIZ

DR)

If the RIS structure has no spatial correlation, then the diversity factor is maxi-
mum at N. The diversity factor is unity for full spatial correlation among the RIS
elements in the structure. The channel between the source and destination has
P resolvable independent paths and the channel coefficients h;,i = 1,2, ..., P are
independent and identically distributed. It implies that there is no spatial correla-
tion in the channel between the source and destination. Then, the channel impulse
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Figure 3.17 Spatial correlation coefficient values of RIS with N = 64 and element
spacing of 0.14.
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spacing of 0.5A.
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response is defined as,

Zh a(¢;, 0) (3.20)

The N x 1 channel impulse response vector between the N elements of RIS struc-
ture and destination is given by,

h=[ae, .. ayef®]" (3.21)
The magnitude components o;,i = 1,2, ..., N are modeled as Rayleigh distributed
Y557
2
unit average energy and drawn from scalar constellation at the source. The receive
signal at the destination is given by,

y = VEh s+ w (3.22)

where E; is the symbol energy at the source. ® is a N x 1 vector represents the
phase shift introduced at the RIS elements.

with mean and variance S,S, < 2 ) Assume that the transmit symbol s has

T
® = [<1>1T, o, .. ,<1>§,R] (3.23)

Let @; be the Nc X 1 vector represents the phase shift introduced by the RIS ele-
ments in the ith row of the RIS planar structure,

@, = [ef”“—DNR“, e ONeNe T g g N (3.24)
Let p = —. The instantaneous signal-to-noise ratio (SNR) is given by,
0
N ie—m|?
o Zimy @€l m)| N e |2
y = ~ - /’|Z“iej — | (3.25)
0 i=1

LetA = |YV, a;e/é)|. When the inter-element spacing is % in the RIS structure,
the diversity factor D(R) = N if the elements are arranged as uniform linear array
(ULA). According to central limit theorem (CLT), A is modeled as Gaussian dis-

tributed with mean y = N+—= F and variance 6% = NS, ( ) However, in the pla-

nar structure with 1nter-element spacing of 2 7 the diversity factor D(R) is less than
N.In planar structure, when N is large, A can be modeled as Gaussian distributed
random variable with mean y = N*—— \/ﬁ and variance 6 = (1yR1%) S.S, (4%” )
where 1 is N X 1 ones vector. This i 1s applicable only when the number of inde-
pendent summands or diversity factor D(R) > 8.

In the presence of spatial correlation in RIS structure, the diversity factor D(R)
decreases as the correlation level increases. In Thirumavalavan et al. [70], it is
experimentally analyzed and proved that A can be modeled as Rician distributed
when 6 < D(R) < 8, as log-normal distributed when 1.25 < D(R) < 6 and as
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Figure 3.19 Distribution density fit for N =16 and S, = S, = 0.075.

Rayleigh distributed when 1 < D(R) < 1.25. The distribution density fit for
Ny = N = 4 is shown in Figure 3.19.

If the RIS phase shifts are adjusted perfectly, the maximum instantaneous SNR
is given by (3.26), with reference to (3.25).

N
Ymax = p|2ai|2 =pB (3.26)
i=1

3.5.1.1 Probability of Error Analysis When Diversity Factor (D(R) > 8)
When D(R) > 8, Bis Gaussian distributed and hence B? is modeled as non-central
Chi-square distribution with one degree of freedom.

Assuming maximum likelihood (ML) symbol detection at the receiver, the sym-
bol error probability is given by:

Yinax @2
P,=N,Q w (3.27)
where N, is the number of nearest neighbors and d,,,;, is the minimum Euclidean
distance in the scalar constellation from which the symbol s is drawn. Using (3.26),
the average error probability is given by,

2

~ © pBd= .
P, = / NQ[ =52 |fatbyd (3.28)
0
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The moment generating function (MGF) of the random variable B with mean u
and variance o2 is given by,

1 % Sﬂz
Mi9 = |53 o (m) (329

Using alternate expression for Q function and the definition of the MGF, the aver-
age error probability of M-ary PSK system is written as,

M=)z 2
— N T —ds. p
P, = —e/ YoMy —2in” ) gg (3.30)
7 Jo 2sin’9
. 2 o\ ..
Using (3.29), the MGF My (#ﬂz;) is given by,
: 2 2
: _dminﬂ p
) 2
M, ml;‘ = 21 > exp —2s12n 4 > (3.31)
2sin“6 - d.. o%p - d:. o’p
sin®0 sin®0

Substituting for (3.31) and the values of 4 and o2, the average error probability for
M-PSK system is given by,

M-Dx
P N, [w 1
=
7 Jo " 2d%. (1yRI1Y) S.S,(4 = x)p
4sin’
242
=N*d: . S.S.7p
4sin®6
exp 7 do (3.32)
- 2d?. (15R1Y) S.S,(4 - m)p
4sin’0

For BPSK, M =2, N, =1, and d,;, = 2. The maximum error occurs at § = %
Hence, the upper bound average error probability of BPSK system is given by,

b
- 1 2 1
P, < —/
7 Jo |142(1yR1Y)S.S,(4—7)p

—N2S S
exp e2rP dé. (3.33)
1+2(1yR1%) S, S,(4—m)p
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The upper bound error probability is given by,

1 1 :
P,<=
2| 1+2(1yRI1Y) S S, (4 —m)p

—N?28.S
exp < : (3.34)
1+2(1yR1%) S, S,(4—m)p

3.5.1.2 Probability of Error Analysis When Diversity Factor (1 < D(R) < 1.25)

In this case, A is fit to Rayleigh distribution. Then, the instantaneous SNR
Ymax = PB is modeled as exponential distribution. The probability density
function (PDF) of B is defined as,

fz) == eXp ( Z) (3.35)

where b is average SNR. The MGF of B is determined as,

Mg(s) = / fz(b) exp(—bs)db = (3.36)

1-sb

If the probability of error of the system is N,Q <\/ et ) N,Q <\/ d—i‘> then,

the average probability of error is given by,
-1 2
_ N d=. p
p, = Ne / "oy (-2l ) g (3.37)
T Jo 4sin“6

Substituting (3.36), the average error probability of M-PSK system is given by,

M-z -1
_ N, [ bd?
P, = _6/ <1 + ﬂ) do (3.38)

7 Jo 4sin%0
For BPSK system, M =2,N, =1,d;, = 2,3 ﬁ then the average prob-
ability of error is given by,
—_ N2
P=1(1- i (3.39)
2 N2zp + (1yRI1Y) (4 - 7)
3.5.1.3 Probability of Error Analysis When Diversity Factor (1.25 < D(R) < 6)

N+/S.S,

In this case, A is log-normal distributed with mean y, = ——= and variance

o2 = (1yR1%) S.S, <(4 z) ) The corresponding PDF is given by,

A
2
10 < (10log;ya — 101og; o, ) )

exp | -

10 - (3.40)
In(10)y/2zac 20log, o0,

fA(a) =
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The instantaneous SNR is given by,

E
y = —S142 = pA2 = pB (341)
NO

By probability theory, A> = Bis also log-normal distributed with mean uy and vari-
ance 0123 are as follows,

Hp = €xp (2u, + 03)

o = exp (2uy + 03) [exp(c}) — 1] (3.42)
The PDF of B is given by,
2
10log,,b — 10log,,u
fu@ = 10 ex _( 810 zgw B) (3.43)
In(10)V/2zboy 20log, o0

2
If the probability of error of the system is N,Q (bﬂd—"“"), then the average error

2
probability is given by,
2

_ o bpd= .
P,=N, / Q (%) f3(b)db (3.44)
0

This integral can be expressed using Gauss-Hermite quadrature integration
[71, 72] and can be evaluated using MATLAB.

3.6 Results and Discussion

In this section, we delve into an EM analysis of RIS via simulations, probing the
influence of spatial correlation on the average probability of error performance.

Figure 3.20 represents the geometrical structure of a single RIS cell. The design
comprises a dipole antenna with a frequency of 7.125 GHz (an upper 6 GHz band,
which is a licensed band of 5G-NR FR1). A reflector behind the antenna can con-
trol the RIS’s periodicity by adjusting the width. The antenna tilt angle is adjusted
so the dipole becomes horizontal relative to the ground.

Figure 3.21 shows a rectangular array of RIS elements with dimensions 10 X 10.
Each cell in the meta-surface contains an antenna and reflector, with the horizon-
tal bowtie antenna functioning as an exciter and the reflector enhancing directivity
and gain. The spacing and dimensions of elements are designed based on the wave-
length of incident signals.

Figure 3.22 demonstrates the structure of infinite RIS. Instead of placing many
RIS elements, an approximation method for the infinite array concept is used for
simulation. The periodic Green’s function is used for the implementation, and the
accuracy of results depends on the number of terms. In the design, receiver direc-
tions are modified for specifying the scan angles.
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Figure 3.20 Geometrical structure of a single RIS cell.

- PeC
B o

Figure 3.21 Finite RIS.

Figure 3.23 demonstrates the relation between the magnitude of the RIS reflec-
tion coefficient and the incident angle of signals. The RIS antennas are excited for
the plane waves for the simulation, and the corresponding direction and polar-
ization adjustments are performed. The incidence angle is varied between —30°
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Figure 3.24 Reflection coefficient phase against incidence angle.

and +60° for the calculation. Results show that at 6,,, ~ 8°, the system has the
maximum reflection coefficient =~ 0.5948.

Figure 3.24 demonstrates the relation between the phase of the RIS reflection
coefficient and the incident angle of signals. The result follows a parabolic shape
in which the phase of the reflection coefficient varies from =~ —30° to ~ 60°.

The average probability of error with N =64,8x8 planar RIS with
inter-element spacing of S,=S, =0.54,0.34,0.24,0.14,0.044 is shown in
Figure 3.25. It is observed that as inter-element spacing in the RIS ele-
ment decreases, the SNR requirement for achieving desired probability of
error increases. For example, the minimum SNR requirement for I_Je =10"*
are —26dB, —21dB, —16dB, and —3dB with the inter-element spacing of
S, =S, =0.54,0.34,0.24,0.14, respectively. The average probability of error with
N =16,4%x4 and N = 64,8 x 8 planar RIS with different diversity factors is
shown in Figure 3.26. The attainment of a BER of 10™* necessitates an SNR of
approximately —26 dB for the planar 8 x 8 RIS setup with a diversity factor of 63.5.
Conversely, for the same planar configuration, reducing the spacing between RIS
elements leads to a reduced SNR requirement, with approximately —16 dB SNR
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needed for a diversity factor of 25.97, and a further decrease to about —3 dB SNR
for a diversity factor of 7.64. This trend is consistent across the planar 4 X 4 RIS
geometry as well.

3.7 Conclusions

This chapter offers a thorough exploration of the architecture, hardware design,
operational modes, and frequency bands pertinent to a variety of duplexing
techniques within RIS. Moreover, it delves into an EM analysis of RIS a pivotal
aspect involving the intricate study of EM wave interactions with the surface and
its constituent elements. This analysis encompasses understanding how the RIS
influences EM wave propagation, reflection, and scattering in its vicinity. It also
entails the detailed characterization of the EM properties of the surface materials
and structures, including their impedance, phase response, and radiation pattern.
Additionally, the chapter presents a mathematical model that characterizes
the gain of both transmit and receive units within the RIS setup. This model
serves to elucidate the performance capabilities of the RIS in manipulating EM
signals. Furthermore, the chapter extends its analysis to model the channel
characteristics and reflection coefficients of individual elements within the RIS,
providing insights into signal behavior and interaction dynamics.

Moreover, it investigates the effects of mutual coupling and spatial correlation
on the performance of RIS. The derived expressions for average error probability
under spatial correlation conditions demonstrate a clear trend: error rates escalate
with increasing spatial correlation. These factors are crucial in shaping signal
propagation and reception within the RIS environment. The chapter not only
identifies these potential challenges but also explores mitigation strategies to opti-
mize RIS performance under various operating conditions. By comprehensively
addressing these aspects, the chapter contributes to a deeper understanding of RIS
functionality and its implications for next-generation wireless communication
systems.

The analysis of EM waves in RISs holds great promise for advancing
our understanding and use of this transformative technology in various
domains. This includes advanced modeling, optimization algorithms, material
innovation, experimental validation, integration with artificial intelligence
and ML, identifying cross-disciplinary applications, standardization, and
regularization. Overall, the future scope of EM analysis of RISs is vast and
multifaceted, offering numerous opportunities for innovation, collaboration,
and societal impact across a wide range of applications.
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4.1 Introduction

Wireless communication has evolved rapidly over the past few decades, with new
technologies and standards aimed at improving spectral efficiency (SE), data rates,
and quality of service (QoS). With the advent of fifth-generation (5G) networks
and the beyond-5G (B5G) and sixth-generation (6G) networks, there is a need for
innovative solutions that can meet the growing demands for connectivity. One of
the promising technologies in this scenario is the reconfigurable intelligent surface
(RIS), which has the potential to transform the propagation environment into an
ally to improve the performance of the communication system.

RIS are flat surfaces composed of passive elements that can reflect radio waves
in a controlled manner, changing the phase and amplitude of the reflected
signal. This ability to shape radio waves enables the optimization of the wireless
communication scenario, improves SE, and providing significant gains in terms
of data rates and QoS. Moreover, RIS can be integrated into existing networks,
offering a low-cost solution to enhance the performance of 5G and 6G networks.
One of the main challenges in 5G and 6G networks is using millimeter-wave
(mm-Wave) frequencies and beyond, which can provide higher data rates and
capacity compared to lower frequencies. However, these higher frequencies are
more susceptible to blockage and absorption by obstacles such as buildings,
vehicles, trees, and others. This significantly degrades the signal quality and,
consequently deteriorates the communication link between users and the base
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station (BS). Additionally, electromagnetic theory establishes that an increase
in carrier frequency correlates with an enhanced attenuation of electromagnetic
waves. Consequently, this underscores that mmWave frequencies exhibit shorter
propagation ranges than those transmitted at sub-6 GHz frequencies. The RIS
technology application can play a crucial role in mitigating these challenges
by intelligently reflecting and shaping the radio waves, thereby improving the
propagation environment and ensuring a reliable communication link, even in
the presence of obstacles [1, 2].

4.1.1 Related Work

Wireless communications have marked a significant leap with RIS technologies,
promising enhanced data rates and signal quality by manipulating electromag-
netic waves across N RIS elements. Thus, we review several studies exploring
optimization problems to maximize QoS, showcasing RIS technology’s broad
applicability and potential. The work [3, 4] studies applications with the passive
beamforming (PBF) optimization on the N RIS elements. de Souza Junior and
Abrao [3] presents the performance RIS-assisted cooperative non-orthogonal
multiple access (NOMA) systems. It focuses on systems where two users are
paired, with RIS phases optimized to enhance the signal for a device at the cell
center, acting as a full-duplex relay to assist a device at the cell edge. The work
[4] proposes schemes closed form solution’s performance while offering much
lower computational complexity. This makes the schemes particularly suitable
for real scenarios where the scalability and optimality of RIS configurations are
crucial. The paper’s contributions offer a general framework for configuring
RIS elements efficiently, improving the deployment of RIS in future wireless
networks to meet the increasing demand for high data rates. In contrast, the work
[5] delves into the development and evaluation of a joint optimization strategy
for beamforming RIS phases and power allocation aimed at maximizing the
minimum signal-to-interference-plus-noise ratio (SINR) in an uplink (UL) com-
munication system augmented by RIS, i.e., a conventional max-min optimization
problem. Similarly, the [6] applies max -min strategies on a system’s downlink
(DL) scenario, specifically highlighting the performance of STAR-RIS-assisted
M-MIMO systems under hardware impairments. The work [7] presents a com-
prehensive study on enhancing the performance of multiuser multiple-input
single-output (MISO) wireless communication systems by applying RIS. The
study focuses on optimizing all users’ weighted sum rate (WSR) by jointly design-
ing the beamforming at the access point and the phase adjustments of the RIS
elements. The proposed problem enables the manipulation of electromagnetic
waves, offering a promising approach to achieving a programmable wireless
environment. Table 4.1 compares recent works with the topics discussed in this
chapter, highlighting differences in channel and carrier considerations and the
proposed optimization problems.



Table 4.1 Related work that addresses current open issues in channel conditions, with optimization problems for QoS in wireless
communication systems.

Optimization
References Channel Carrier problem Observations
de Souza Junior Nakagami-m Sub-6 GHz PBF This work offers an insightful overview of the Nakagami-m
and Abrao [3] channel with optimal PBF on the N RIS elements within
cooperative NOMA systems.
Sun et al. [4] Generic (not Generic (not PBF This work presents analytical solutions to optimization
specified) specified) problems. However, it lacks specific carrier details, and the
channel information is described broadly without detailing
potential statistical channel conditions.
Subhash et al. [5] Rice mmWave Max-min Provide an interesting overview of RIS with mmWave
problem carrier and a closed-form formulations, but limited to Rice
channel.
Papazafeiropoulos  Rayleigh Sub-6 GHz Max-min Offers an interesting overview of STAR-RIS, including
etal. [6] problem analytical formulations, yet its scope is limited to Rayleigh
channels and sub-6 GHz carrier frequencies.
Guo et al. [7] Rayleigh and Rice  Generic (not Sum rate This work aims to address the analytical formulation of the
specified) problem N RIS elements to maximize the weighted sum rate (WSR)
in a MISO multiuser DL scenario. However, details
regarding carrier frequencies, as well as near-field and
far-field conditions, are not provided.
This Chapter Rayleigh, Rice, Sub-6GHzand  PBF,Max-min  Our work offers a comprehensive overview of various
Nakagami-m, a-y, mmWave and sum rate channel conditions, employing both sub-6 GHz and
and k- problems mmWave carrier conditions, and conducting a thorough

comparison among the optimization techniques discussed
in the literature, alongside the naive local search (NLS)
method, to address the max-min and sum rate problems.
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4.1.2 Contributions

This book chapter delves into the analysis of Massive MIMO (M-MIMO) sys-
tems assisted by RIS, focusing on performance and computational complexity
through extensive simulations in multiuser UL scenarios. It highlights the
potential of RIS-aided M-MIMO systems for future generations of wireless
mobile communications systems, exploring various fading channels, multiuser
combiners/precoders, and optimization methods to enhance reliability and
coverage, impacting the SINR, SE, and outage probability (OP). It also details
strategies for positioning user equipment in static and dynamic configurations
for its subsequent analysis. In this manner, we integrate several well-established
concepts from the literature to offer a thorough and valuable analysis, paving
the way for novel results, studies, and insights for the RIS-aided M-MIMO
communication systems. Table 4.2 summarizes our key findings results discussed
in Section 4.4, incorporating insights and observations.

4.1.3 Organization

This chapter is organized into five key sections that comprehensively cover
various aspects of RIS-aided M-MIMO systems. Section 4.2 related reviews
M-MIMO concepts and technologies, emphasizing their important role in current
and future wireless networks. Besides, we revisit the concepts of active beam-
forming and outline the understanding of near-field and far-field regions, their
transition, and their applications in wireless communication systems. Next, we
explore various statistical channel models applied in analyzing and designing
wireless communication systems, such as Rayleigh, Rice, Nakagami-m x-u, and
a-p distributions. We summarize recent studies on applying RIS to enhance
massive multiuser MIMO systems, showcasing the state-of-the-art technology in
this rapidly evolving field.

Section 4.3 describes the system setup for RIS-aided M-MIMO communication
systems, encompassing the BS, the RIS, and multiple UEs with a single antenna
sharing the channel. We then discuss performance metrics related to QoS, such as
SINR, SE, and OP, used to evaluate the RIS-aided M-MIMO systems. This section
also covers the search mechanisms employed to identify optimal configurations of
RIS elements, aiming to maximize system performance. Furthermore, we address
the optimization problems formulated within this section, which are designed to
enhance the QoS performance.

In Section 4.4, both the dynamic and static scenarios are explored. Within such
scenarios, four analyses are conducted, offering deep insights into RIS-aided
M-MIMO channel modeling and with different carrier frequencies (including
sub-6 GHz and mmWave), and the strategies employed through optimization



Table 4.2 The key summarized results and observations of this chapter, comprising channel models, optimization problems, and carrier

frequencies for RIS-Aided M-MIMO systems.

Channel model Optimization Carrier
Scenario UEs-RIS problem frequency Description
Dynamic UEs Rayleigh PBF, NLS 1GHz An example demonstrating the efficient operation of
positions RIS-aided M-MIMO systems with dynamical UEs
positions, using sub-6 GHz carriers and considering the
lower bound channel conditions.
Dynamic, with Rayleigh, Rice, PBF 1GHz The first results introducing the statistical a—u and xk—u
different channels Nakagami-m, a—pu, channel models for RIS-aided M-MIMO systems.
and k—u
Static, with UEs Rayleigh PBF, NLS 60 GHz A specific example illustrating enhanced QoS through
uniformly sum rate optimization compared to the max-min
distributed optimization approach. Additionally, demonstrate how
the highest carrier damages the QoS with the distance.
Static, with UEs Rayleigh PBF, NLS 30 GHz An example demonstrating the efficient operation of

equally spaced
from RIS but with
different angles

RIS-aided M-MIMO systems with static and equally
spaced UEs positions relative to RIS, as well as using
mmWave carriers and considering the lower bound
channel conditions.
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problems to enhance the QoS performance. The analyses described include
dynamic scenarios, dynamic scenarios with different channel models, static
scenarios with UEs uniformly distributed, and static scenarios with UEs equally
spaced from RIS but with different angles. Each setup provides a unique
perspective on the system’s efficacy under varying conditions.

Finally, Section 4.5 concludes the chapter by synthesizing the findings, and
highlighting the enhancement in wireless communication systems’ performance
due to RIS deployment. This section discusses the challenges and opportunities
in optimizing RIS-aided M-MIMO systems, the adaptability of RIS technology
to various user configurations, and its potential to meet diverse communica-
tion needs efficiently. Moreover, it offers insights into the proposed model’s
limitations and outlines future research directions, including exploring new
steering vectors, addressing different multipath channels, and optimizing energy
efficiency.

4.2 Fundamental Concepts

This section delves into the core concepts, physical theories, statistical channels,
and technological properties well documented in the literature. Our presentation
of these topics will be thorough, methodically structured, and interrelated
to ensure they collectively enhance understanding. Our objective is to furnish
a holistic and valuable resource for researchers and professionals in the field,
thereby deepening theoretical and practical insights into RIS technology. The sub-
jects in this section include active beamforming techniques, the principles and
practical implementation of near-field communication channels, the examination
and utilization of statistical channel models, and an overview of RIS technology,
including its operational modes and system models.

4.2.1 MIMO

MIMO stands for multiple input multiple output, a wireless technology whose
central development was in the third generation with the promise to improve the
communication performance of wireless communications systems significantly.
Here’s a brief explanation of this technology.

The MIMO system involves multiple antennas at both the transmitter and
receiver of a wireless communication system. The core idea is to increase the
capacity of a radio link using multiple antennas in the transmitter and receiver.
Additionally, MIMO systems allow the transmission of multiple data streams
simultaneously over the same radio frequency channel. This can significantly
increase the network’s data throughput without additional bandwidth or
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increased transmit power. It enhances the reliability of wireless communications
by providing multiple paths for data to reach its destination, reducing the
likelihood of dropouts or signal degradation.

This technology allows the systems to utilize two main techniques: spatial
diversity and spatial multiplexing. The first improves signal robustness by sending
redundant data across different paths. On the other hand, spatial multiplexing
increases channel capacity by transmitting different data streams on different
antennas simultaneously.

Figure 4.1 illustrates two UEs and a BS with multiple antennas sharing the chan-
nel in a communication system. This configuration is technically known as MIMO
systems, which involves the use of multiple antennas at both the transmitter and
receiver ends [8].

To summarize, MIMO represents a significant advancement in wireless com-
munication technology. It allows more data to be transmitted at higher speeds and
with greater reliability, making it a foundational technology in modern wireless
infrastructure.

4.2.1.1 Massive MIMO
The evolution to M-MIMO was an extension of MIMO, addressing new technolo-
gies and techniques. The M-MIMO is mainly envisioned for advanced 5G networks
and beyond. Its ability to handle numerous simultaneous connections robustly
makes it ideal for densely populated urban areas and applications requiring high
data throughput and capacity.

Figure 4.2 illustrates an M-MIMO system with k UEs sharing the channel with
one BS with multiple antennas.

In essence, the M-MIMO is a wireless technology that involves equipping
BS with many antennas so that multiple users can share the channel simul-
taneously. This setup increases several wireless communications systems’
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spectral and energy efficiency, significantly improving data throughput and
connection reliability.

Technical aspects of M-MIMO systems use simple linear processing techniques
like matched filter (MF) precoding and combining, which become increasingly
effective as the number of antennas grows. The technology leverages the large
number of degrees of freedom provided by the massive antenna arrays for efficient
signal processing. At the heart of M-MIMO are the large antenna arrays. Unlike
conventional MIMO, which may use a handful of antennas, M-MIMO can employ
hundreds of antennas at a single BS. This allows for simultaneous communication
with many users, enhancing the network’s capacity. Another critical feature of
M-MIMO is that user devices, like smartphones, tablets, or other wireless devices,
are typically equipped with a single antenna. This practical and cost-effective
setup makes it well-suited for most mobile devices. The core of this chapter is to
explore scenarios with spectrum sharing with Beamforming techniques presented
in Section 4.2.1.3.

Therefore, using many antennas increases the throughput and capacity, but the
system’s complexity also grows significantly. This leads to higher costs, power
consumption, and more sophisticated signal processing requirements [9].

4.2.1.2 Particular Cases

In this chapter, the system under simulation exemplifies a distinct category
within M-MIMO systems, emphasizing the single input multiple output (SIMO)
multiuser UL system and MISO multiuser DL system. Their respective setup is
presented below.
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In an SIMO multiuser UL system, each user (or device) has a single
antenna (single input), while the BS has multiple antennas (multiple out-
puts). This configuration is typical in UL scenarios, where multiple users transmit
signals to a single BS. The BS uses multiple antennas to receive these signals,
potentially employing techniques like diversit