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Lay Summary

The work of this thesis is centered around wireless/mobile communications which is
currently expanding with exponential rate as most of the people are day to day user
of wireless communication in one or the other way. It presents a work on analysis of
wireless technologies for enhancement of user experience when connected to network
via a phone call, accessing internet or attending a video conference. Be it any
technology, the operation is affected by one or the other type of imperfection, error,
or misbehaved component/device. Wireless/Mobile communication is not an exception
to such imperfections and impairments. The analysis in this piece of work considers the
effect of some of the imperfections in processing the received signals and while extracting
the information from them. This thesis also considers the effect of some of the hardware
imperfections on the system performance. The analysis has been performed on the wireless
communication technologies that are possibly the part of future generations of the mobile
communication, including 5th generation (5G) and beyond. While performing the analysis
the focus is on energy efficient techniques and enhance the communication range without
demanding huge energy. In addition to the energy efficiency, another expensive resource in
wireless communications is the bandwidth. So, we also target the efficient use of bandwidth
through simultaneous multiple signal transmission over same frequency channel. Thus, this
thesis presents the analysis of amalgamation of energy efficient and bandwidth efficient

wireless technology for future generation with practical use cases.
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Abstract

Reconfigurable intelligent surfaces (RISs) emerged as a pivotal technology for the
upcoming sixth generation (6G) wireless communication because of its characteristics of
controlling propagation environment, increasing signal strength and extending coverage
with sufficient energy efficiency (EE). On the other hand, to support the massive
connectivity of devices with various quality-of-service (QoS) requirements and offer
significant spectral efficiency (SE) and EE improvements, non-orthogonal multiple access
(NOMA), cognitive radio (CR), and full-duplex (FD) systems have been considered as the
potential technologies in the communication systems, such as cellular network, relaying
networks, and wireless sensor networks. This thesis focuses on the performance analysis of
RIS-assisted communications with spectrally efficient signaling techniques like NOMA,
CR, and FD by using infinite blocklength (IBL) and finite blocklength (FBL) codes.
Firstly, we design a novel paradigm of RIS-assisted NOMA system by formulating a phase
shift matrix that provides coherent phase shift across both users of a NOMA pair. The
performance of the considered system is analyzed by deriving the closed-form expression
of outage probability (OP) and system throughput.

Furthermore, ultra-reliable and low-latency communication (URLLC) is one of the
pillars for 6G networks to satisfy the rigorous conditions of internet of things (IoT)
applications (e.g., industrial automation, remote surgery, virtual/augmented reality,
tactile internet, and vehicle-to-everything communications) subjecting to extremely high
reliability (99.999%) and ultralow latency (< 1 ms). For such conditions, the conventional
analysis approaches based on the Shannon capacity with the assumption of IBL wireless
transmission are no longer suitable. To this end, a new transmission method, short-packet
communication (SPC) with finite FBL codes, has been used to reduce the physical-layer
transmission latency for URLLCs. Therefore, secondly, we have considered the IBL
and FBL analysis of RIS-assisted CR-NOMA system with energy harvesting mechanism
to deploy IoT devices by considering practical constraints of hardware impairments
(HIs). For the IBL regime, we derived the analytical expression of OP and system
throughput. For the FBL regime, we derived the novel analytical expression of average
block error rate (ABLER), goodput, latency and reliability. Thirdly, we have investigated
the performance of active RIS (ARIS) with two FD users communicating with each
other using FBL codes by considering HIs at the FD transceiver nodes. We derived the
analytical and asymptotic expressions of ABLER and ergodic capacity. Additionally

system throughput, goodput and latency parameters are also analyzed. Finally, the
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FBL analysis of simultaneously transmitting and reflecting RIS (STAR-RIS) assisted
NOMA system by considering imperfect channel state information (CSI) is analyzed. We
derived the novel analytical expressions of ABLER, system throughput, goodput, latency
and reliability. All the analytical results presented in this thesis are validated through

extensive Monte-Carlo simulations.

Keywords: Cognitive radio; full-duplex; Non-orthogonal multiple access; reconfigurable

intelligent surface (RIS); simultaneously transmitting and reflecting-RIS (STAR-RIS).
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Chapter 1

Introduction

1.1 Development of Wireless Communications

The advent of wireless communications is seen as a significant breakthrough in the field
of technology, revolutionizing the way individuals communicate with one another across
the globe. Wireless communications enable the transmission of data from one point to
the other without the necessity of any cables or wires. Guglielmo Marconi’s invention of
radiotelegraphy in the late 19th century marks the beginning of wireless communications
development [1]. A significant milestone was achieved early in the 20th century when
Marconi sent a signal across the Atlantic Ocean, illustrating the practicality of wireless
signal transmission over vast distances [2]. The initiation of theoretical analysis in wireless
communication was characterized by Claude E. Shannon’s information theory in 1948.
Before Shannon’s work, the design and optimization of wireless communication systems
were primarily grounded in empirical findings. Shannon recognized the constraints of this
type of approach and concentrated on a strictly mathematical basis for comprehending
the information conveyed through communication networks [3]. Claude E. Shannon’s
paper, “A Mathematical Theory of Communication”, is now widely acknowledged as the

cornerstone of contemporary communication technology research [4].

The beginning of commercial and industrial wireless communication systems is traceable
back to the inception of First Generation (1G) wireless communication networks.
This technology used analog signals to enable wireless voice communication by
employing Frequncy Division Multiple Access (FDMA) [5]. To date, the evolution of
wireless communication networks has been characterized by five distinct generations,
driven by advancements in communication theory and hardware technology. Wireless
communication networks were first introduced in the 1980s. The wireless networks
moved to the Second Generation (2G) networks in the 1990s due to issues with
spectrum efficiency, quality of service, and security in 1G. Digital technology-enabled 2G

wireless networks offered improved communication quality and facilitated the provision
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of additional data services, including text messages [6]. Early in the 2000s, Third
Generation (3G) wireless networks were implemented primarily due to a significant
increase in mobile communication devices, marking considerable improvements over their
2G counterparts. 3G networks achieved faster data speeds and offered a wider array
of services, such as internet browsing, Global Positioning System (GPS) applications,
and mobile apps, using packet switching, Code Division Multiple Access (CDMA), and
wideband CDMA (WCDMA) technologies [7]. The introduction of smartphones coincided
with a substantial increase in mobile data usage. The adoption of advanced technologies
like Orthogonal Frequency Division Multiple Access (OFDM) and Multiple Input Multiple
Output (MIMO) systems facilitated Fourth Generation (4G) wireless networks to provide
faster data rates and reduced latency, thereby making it possible for high-quality video
streaming, online gaming, and live video conferencing to be delivered on mobile devices
[8]. Extensive roll-out of Fifth Generation (5G) wireless communication networks has
taken place across a large number of countries since 2020. The cutting-edge 5G wireless
technology is anticipated to provide improved connectivity, faster data transfer speeds,
and less delay than previous iterations. The 5G wireless technology has the capability
to support a range of innovative technologies, including the Internet of Things (IoT),
autonomous driving, Virtual Reality (VR), and Augmented Reality (AR). Thanks to
several pivotal technologies, such as massive MIMO, millimeter-wave communications,
network slicing, and so forth [9]. 5G networks offer uninterrupted connectivity, higher
data rates, extensive connectivity, and lower latency. New technologies like AR,
VR, the tactile internet, holographic teleportation, and self-driving cars necessitate
extremely low latency and exceptionally high dependability. Various applications of 5G
networks have distinct objectives including focusing on latency, reliability, availability,
and bandwidth requirements. The division of works on 5G networks into three primary
service categories is contingent on these prerequisites, which include Ultra Reliable and
Low Latency Communication (URLLC), massive Machine Type Communication (MTC),
and Enhanced Mobile Broadband (eMBB) use cases. The three use cases suggested
by the International Telecommunication Union (ITU) are designed to meet demanding
performance criteria, including minimal latency and dependability, high data throughput,

and massive connectivity.

Wireless communication networks are poised for significant transformation approximately
every decade to meet the growing demand for connectivity. Global internet protocol

data traffic is projected to increase by an impressive 55% annually, reaching a remarkable
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5016 exabytes annually by 2030. Additionally, the number of connected mobile devices is
expected to soar to 25.9 billion by 2025, underscoring the necessity for innovative solutions
[10]. In response, academia and industry are exploring way towards next-generation, i.e.,
Sixth Generation (6G) technologies. Recent research has highlighted groundbreaking
innovations such as Visible Light Communication (VLC) [11], Integerated Sensing
and Communication (ISAC) [12], Reconfigurable Intelligent Surface (RIS) [13], Next
Generation Multiple Access (NGMA) [14] and non-terrestrial networks [15], all of which
present exciting possibilities for the future of connectivity. In this thesis, our focus is
towards RIS-assisted communication systems. Therefore, we will discuss the capabilities

of RIS and Non-Orthogonal Multiple Access (NOMA) in this section.

1.1.1 Motivation for using Reconfigurable Intelligent Surfaces

The limitations of existing wireless networks in accommodating the increasing demands
for communication services necessitate the development and implementation of innovative
wireless communication systems that incorporate advanced technologies. Among the
various physical layer technologies being explored for next-generation wireless networks,
RIS has emerged as a focal point of research interest, recognized for its potential to
revolutionize future wireless communication frameworks [13]. A significant advantage
of RIS technology lies in its capacity to enhance spectrum efficiency, a critical
component in the realm of wireless communications. The inherently unpredictable and
uncontrollable nature of wireless propagation environments poses substantial challenges to
achieving reliable and efficient communication [16]. In contrast to traditional approaches
like conventional relays, RIS technology presents a viable solution for establishing a
controllable wireless propagation environment. An RIS comprises of a planar array of
numerous reflecting elements, each of which can be manipulated by an RIS controller to
execute real-time, independent phase shifts of incoming signals [17]. By leveraging Channel
State Information (CSI), RIS can intelligently reconfigure the wireless propagation
landscape by adjusting the phase shifts of its elements, thereby enabling constructive
signal combinations directed toward specific angles. This capability not only facilitates
spatial signal enhancement but also significantly improves spectrum efficiency, marking a
substantial advancement in wireless communication technology [18].

The potential of RIS to proactively alter the wireless communication environment has
made them a central topic of research aimed at addressing various issues prevalent in

different wireless networks, mainly at the physical layer. By employing a smart controller,
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such as a Field Programmable Gate Array (FPGA), the phase and amplitude of these

reconfigurable elements can be adeptly controlled, thus enabling the reconfiguration of

wireless signal propagation and the establishment of a “Smart Radio Environment (SRE)”

[19, 20]. Additionally, the absence of Radio frequency (RF) chains in RIS technology

renders it a more economical and environmentally friendly option than conventional

multi-antenna and relaying technologies. The advantages associated with RISs are outlined

as follows:

Improved signal quality: RISs can enhance the quality of wireless signals by
dynamically altering the propagation environment. They can control the phase,
amplitude, and polarization of signals, improving signal strength and reducing

interference.

Flexible deployment: RISs are almost passive devices. They are made from
Electromagnetic (EM) materials and can be utilized across a wide range of structures.
These include building facades, indoor walls, aerial platforms, roadside billboards,
highway poles, vehicle windows, and even clothing worn by pedestrians, largely

because of their low-cost nature.

Spectral efficiency enhancement: The capability of RISs to reshape the wireless
propagation environment allows for the compensation of power losses experienced
over long distances. They achieve this by passively reflecting incoming radio signals
and forming virtual Line of Sight (LOS) links between Base Station (BS) and
mobile users. The increase in throughput is especially significant when the direct
LoS connection is hindered by obstacles like tall buildings. With the thoughtful
deployment and design of RISs, a software-defined wireless environment can be

established, which enhances the received Signal-to-Noise Ratio (SNR).

Energy efficiency: Unlike traditional relaying systems such as Amplify and
Forward (AF) and Decode and Forward (DF), RISs have the ability to manipulate
the incoming signal by adjusting the phase shift of each reflective element, rather
than relying on a power amplifier. Consequently, implementing RISs is more
energy-efficient and environmentally sustainable than conventional AF and DF

systems.

Scalability and compatibility : RISs are capable of supporting Full Duplex

(FD) and full-band transmission, primarily because they reflect EM waves without
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alteration. Moreover, wireless networks enhanced by RIS technology are designed to

be compatible with the standards and equipment of existing wireless infrastructures.

1.1.2 Motivation for using Simultaneous Transmitting and Reflecting

Reconfigurable Intelligent Surfaces

Despite the aforementioned advantages being noteworthy, current research predominantly
addresses RISs that solely reflect incident signals. This limitation necessitates that
both the signal source and destination reside on the same side of the RIS, specifically
within the same half-space of the SRE. Such geographical constraints may not always
be feasible in real-world scenarios, thereby significantly curtailing the adaptability and
efficacy of RISs, as users are often situated on both sides of the surface. To address this
challenge, the innovative concept of Simultaneously Transmitting and Reflecting (STAR)
RISs (STAR-RISs) has been introduced [21]. In this framework, a wireless signal that
strikes a STAR-RIS element from either side is bifurcated into two components: one that
is reflected back into the same space (region) as the incident signal and another that is
transmitted into the opposite space. Research indicates that by adjusting both the electric
and magnetic currents of a STAR-RIS element, the characteristics of the transmitted and
reflected signals can be modified through two generally independent parameters known
as the transmission and reflection coefficients. This capability enables the realization of
a highly adaptable 360° SRE. Based on the distinctive characteristics outlined above, the

implementation of STAR-RISs offers several benefits to wireless communication systems:

e STAR-RISs possess the unique capability to simultaneously transmit and reflect the
incoming signals, increasing their coverage to include the entire spatial environment.
This characteristic permits a single RIS to cater to both half-spaces, a possibility

that conventional reflecting-only RISs cannot achieve.

e STAR-RISs offer improved Degree of Freedom (DoF) for manipulating signal
propagation, thereby greatly enhancing the design flexibility necessary to meet

rigorous communication requirements.

e The design of STAR-RISs often emphasizes optical transparency, rendering them
both visually attractive and compatible with established building designs, including
window structures. Thus, STAR-RISs are unlikely to create any adverse aesthetic

effects, a consideration that is critical for their practical use.
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1.1.3 Motivation for using Non Orthogonal Multiple Access

By the end of 2023, Cisco predicted that mobile users would reach 13.1 billion, and
internet-enabled devices would grow from 18.4 billion in 2018 to 29.3 billion in 2023
[22]. This surge in demand is expected to strain the connectivity capabilities of wireless
communication networks. With 70% of the global population driving this growth, the
trend is likely to persist. To address these challenges, providing massive connectivity
has become a key goal for 6G networks. Critical performance targets for 6G include
peak data rates of at least one terabit per second, air interface latency of the order of
0.01-0.1 milliseconds, 10 times the connectivity density of 5G, 5—10 times higher Spectral
Efficiency (SE), 10-100 times Energy Efficiency (EE), and reliability exceeding 99.99%
[23], [24]. Historically, Orthogonal Multiple Access (OMA) techniques like FDMA in 1G,
Time Division Multiple Access (TDMA) in 2G, CDMA in 3G, and OFDMA in 4G were
widely adopted due to their low complexity and interference avoidance. In particular,
OMA pertains to an orthogonal allocation of resources (frequency, time slot, signature

code, and other resource block) to distinct users.

The rapid proliferation of IoT, smart devices, heterogeneous services, applications
like AR/VR, autonomous vehicles, tele-surgery, tactile internet, and digital twins are
accelerating the advancement of 5G networks, necessitating reevaluation of multiple access
technologies [25]. NOMA, recently introduced for Third Generation Partnership Project
(3GPP) Long Term Evolution (LTE), is anticipated to offer enhanced spectral efficiency
[26]. Furthermore, NOMA has been identified as having the potential for integration with
existing multiple access frameworks, as it leverages the power domain as an additional
dimension. The fundamental principle of NOMA is to facilitate the simultaneous service
of multiple users within a single resource block (such as time, frequency, or code) through
the implementation of Successive Interference Cancellation (SIC), distinguishing it from
traditional OMA technologies like FDMA, TDMA, CDMA, and OFDMA. This approach
is motivated by NOMA'’s ability to utilize spectrum more effectively by taking advantage
of varying user channel conditions and its capacity to accommodate multiple users with
diverse Quality of Service (QoS) needs within the same resource allocation [27]. The
classification of NOMA techniques is fundamentally divided into two categories. The first,
termed Power Domain (PD) NOMA (PD-NOMA), pertains to the scenario in which the
signals from different users are superimposed and differentiated by specific power allocation
coefficients. Conversely, Code Domain (CD) NOMA (CD-NOMA) is utilized when users’

signals overlap, yet they are assigned different codes for distinction [28].
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1.2 Thesis Contributions

The contributions of this thesis are listed below.
1. Performance analysis of a novel phase shift matrix design for RIS-assisted NOMA.

(a) We have designed a phase shift matrix of RIS that combines the components

from RIS elements with coherent phases across both users.

(b) The closed-form expression for the user’s Outage Probability (OP) and system

throughput are derived.

(c) The Monte-Carlo simulations are also presented to verify the closed-form

expressions.

2. Performance analysis of wireless-powered RIS-assisted cognitive NOMA networks
with Hardware Impairments (HIs) using Infinite Blocklength (IBL) and Finite
Blocklength (FBL) codes.

(a) We analyzed a wireless-powered RIS-assisted downlink NOMA for a cognitive
IoT network in which a secondary source harvests energy from a multiantenna
power beacon to transmit information to the secondary user in an underlay

mode.

(b) For the IBL analysis, we derived the novel analytical expressions for OP and
system throughput. The asymptotic expression of OP is also derived at higher

transmit power.

(c¢) For the FBL analysis, we derived the novel analytical expressions of ABLER,
goodput, latency, and reliability. The asymptotic expression of Average Block
Error Rate (ABLER) is also derived at higher transmit power.

(d) The Monte-Carlo simulations are also presented to verify the analytical results.

3. Performance analysis of Active Reconfigurable Intelligent Surface (ARIS)-assisted
Full Duplex Two Way (FDTW) communication with HIs using FBL codes.

(a) We analyzed the performance of ARIS-FDTW communication in the presence

of HIs over cascaded Rician fading channels under the FBL regime.

(b) We derived the novel analytical expressions for ABLER, Ergodic Capacity
(EC), system throughput, goodput, and latency. The asymptotic expression
of ABLER and EC are derived at higher transit power regimes.
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(¢) The Monte-Carlo simulations are also presented to verify the analytical

expressions.

4. Performance analysis of STAR-RIS assisted Short Packet (SP) NOMA system under
imperfect SIC (ipSIC) and imperfect CSI (ipCSI).

(a) We analyze the downlink STAR-RIS assisted SP-NOMA network under ipSIC

and ipCSI conditions over the cascaded Nakagami-m fading environment.

(b) We derived novel analytical expressions for ABLER, system throughput,
goodput, and latency under perfect CSI (pCSI), ipCSI, perfect SIC (pSIC)
and ipSIC scenarios. The asymptotic expression of ABLER is also derived at

higher transmit power.

(c) The Monte-Carlo simulations are also presented to verify the analytical

expressions.

1.3 Thesis Organization

This thesis is divided into seven chapters. A brief content of each of the following chapters
is summarized below.

Chapter 2: In this chapter, some background information to this thesis is presented.
Firstly, the basics of different types of RISs, such as Passive Reconfigurable Intelligent
Surface (PRIS), ARIS, and STAR-RIS, and their characteristics are described. Then,
the basics of the power domain NOMA and the introduction of FBL analysis are
covered. Finally, we present the extensive literature review for the RIS, ARIS, and
STAR-RIS-assisted NOMA, Cognitive Radio (CR), and FDTW communication in the
IBL and FBL regimes.

Chapter 3: In this chapter, we have analyzed the performance of a new design of the
RIS-assisted NOMA system by considering all the elements of RIS to provide coherent
phase shifts to both users in a NOMA pair. In addition, we have designed a phase shift
matrix of RIS that combines the components from RIS elements with coherent phases
across both users. The closed-form expression for the user’s OP is derived using the
Gauss Chebyshev Quadrature (GCQ) and moment-matching method to assess the system
performance. Also, system throughput is evaluated in a delay-limited transmission
mode. Numerical results reveal that our proposed system model of RIS-NOMA achieves

better OP and higher system throughput than the other existing scenarios of RIS-NOMA
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networks. Finally, the Monte-Carlo simulations are also presented to verify the closed-form

expressions.

Chapter 4: This chapter investigates the performance of a wireless-powered RIS-assisted
CR-NOMA network with HIs. In the secondary network, the secondary source harvests
its energy wirelessly from the multiantenna power beacon for its operation. The secondary
source operates in underlay mode to communicate with the near user through a direct
link, and the far user is served with the help of RIS, under the multiantenna primary user
constraint. We have analyzed the performance in the IBL and FBL transmission under
the practical constraints of HI and imperfect SIC. We have derived the novel closed-form
expression for the OP and system throughput for the IBL transmission. In contrast,
for the FBL transmission, we have derived the closed-form expression for the ABLER,
goodput, latency, and reliability. The asymptotic analysis for the OP and ABLER is also
presented in two different power-setting scenarios: 1) when the transmit power of the
power beacon goes to infinity and 2) when the maximum interference constraint of the
primary network goes to infinity. Monte Carlo simulations are performed to verify the
analytical results. Numerical results indicate the superior performance of the combination
of RIS and NOMA in the considered system over RIS-assisted OMA schemes. The impact
of other parameters, such as the number of antennas at the power beacon, the number
of antennas at the primary user, the number of RIS elements, time-splitting factor, Hls,

blocklength, and ipSIC on the system performance, is also examined.

Chapter 5: This chapter investigates the performance of ARIS-FDTW communication
in the presence of HIs over cascaded Rician fading channels under the FBL regime.
We derived novel analytical expressions for ABLER, EC, system throughput, goodput,
and latency. The asymptotic expressions of ABLER and EC are also derived at higher
transmit power. Monte Carlo simulations were performed to verify the analytical
results. Numerical results revealed the superior performance of the ARIS-FDTW system
compared to its passive counterpart and conventional FDTW-AF and FDTW-DF relay

systems.

Chapter 6: This chapter analyzes the performance of the downlink STAR-RIS-aided
SP-NOMA (STAR-RIS-SP-NOMA) network under the constraint of ipSIC and ipCSI

under Nakagami-m fading environment. To characterize the system performance,



10 Chapter 1. Introduction

firstly, we derive the statistical distribution of cascaded Nakagami-m channels
using the Laguerre polynomial series approximation. Secondly, the approximate
closed-form expression in terms of ABLER, system throughput, goodput, latency,
and reliability are derived. Thirdly, we have compared the ABLER expression for
all three operating protocols of STAR-RIS. Additionally, we have also compared the
performance of STAR-RIS-assisted short packet NOMA with STAR-RIS-assisted SP-OMA
(STAR-RIS-SP-OMA) and the conventional cooperative communication scenarios such
as DF-relay assisted-Half Duplex (HD)-SP-OMA (DF-HD-SP-OMA) and fixed gain
AF-relay assisted-HD-SP-OMA (AF-HD-SP-OMA). The asymptotic analysis is also done
at a high SNR regime to gain further insights. Finally, the Monte-Carlo simulation is
performed to verify the correctness of the theoretical results. Numerical results validate
the superiority of STAR-RIS-SP-NOMA over STAR-RIS-SP-OMA, DF-HD-SP-OMA,
and AF-HD-SP-OMA scenarios. Also, the effect of various parameters, such as the ipCSI
correlation factor, ipSIC factor, blocklength, and number of STAR-RIS elements on the

system performance, is examined.

Chapter 7: This chapter presents the conclusions of the thesis and also provides new

insights on future research directions.



Chapter 2

Background and Literature Review

2.1 Smart Radio Environment

The role of RIS is projected to be fundamental in creating an SRE for next-generation
wireless communication networks [20]. It encompasses a variety of physical objects that
can significantly affect the transmission of EM waves between devices. These waves are
often subject to attenuation and multipath propagation. This impairs the communication
performance severely at times. Attenuation is primarily due to material absorption and
path loss, while multipath propagation results from reflection, diffraction, and refraction,
leading to small-scale fading and Inter Symbol Interference (ISI). The wireless environment
is shaped by the location, materials, and geometry of physical objects, which cannot
be dynamically altered or modeled to adapt to communication services. To counteract
the unpredictable nature of the wireless environment, several advanced communication
strategies have been employed on the device side, including the use of massive MIMO
systems and relays. However, these solutions may introduce challenges related to hardware
scalability and mobility. As illustrated in Figure 2.1, the conceptual vision of a SRE
encompasses the joint optimization of the transmitter, receiver, and wireless surroundings
to enhance communication performance. One innovative method for creating an SRE is the
implementation of software-controlled RISs that can interact with various physical objects
in the environment, including walls and furniture. This capability allows for the dynamic

reconfiguration of the radio environment to satisfy a range of performance demands.

2.2 RIS Fundamentals

A RIS is defined as a Two Dimensional (2D) material configuration that allows for the
programming of macroscopic physical attributes. Numerous adjustable surface designs are
being considered as potential candidates for realizing RISs. In [20], the authors elucidated
a key difference between natural and artificial materials, particularly RISs, indicating

that natural materials possess uniform EM properties in their tangential directions,
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Figure 2.1: Notion of smart radio environment.

while artificial materials tend to exhibit either periodic or quasi-periodic characteristics.
RISs can be generally classified into two categories based on their periodic structures:

Patch-array-based RIS and metasurface-based RIS. They are briefly discussed as follows:

2.2.1 Patch-array-based RIS:

Patch-array RISs are formed from periodic cells that are several centimeters in size,
allowing for tunability by incorporating elements such as Positive Intrinsic Diode (PIN)
diodes or delay lines. In patch-array-based RISs, the elements utilize PIN diodes or
varactor diodes to establish phase-shift states, as shown in Figure 2.2. The overall power
consumption is divided into two components: the static power consumption associated
with the control circuit and the dynamic power consumption of each individual element.
The power consumption of the control circuit varies with the size of the RIS, ranging
from 0.72 watts (W) to 10 W. When employing PIN diodes for phase-shift control, each
diode typically consumes 0.33 milliwatts (mW) when in the “ON” state [29]. In [30], the
authors detailed a prototype that is based on an implementation utilizing PIN diodes.
This approach is recognized as the most common design for both RISs and STAR-RISs,
owing to the affordability and voltage-controlled characteristics of PIN diodes. However,
a limitation of this approach is that PIN diodes operate in only two states, “ON” and
“OFF,” which restricts the implementation to a finite set of reflection and transmission

coefficients.

2.2.2 Metasurface-based RIS:

Metasurface RISs consist of periodic cells that can be as small as a few millimeters,
micrometers, or even at the molecular level, which requires more intricate control over

their EM properties, including conductivity and permittivity. A notable example of a
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Figure 2.2: Illustration of Varactor diode type RIS.

metasurface-based RIS is the transparent dynamic metasurface developed by researchers
at NTT DOCOMO in Japan. As indicated in [31], this metasurface facilitates the
manipulation of 28 GHz 5G radio signals, enabling dynamic control over both the reflection
and transmission of the signals while preserving the transparency of the window. However,
a significant limitation is its lack of dynamic reconfiguration capabilities, which are
typically found in implementations utilizing PIN diodes. Additionally, modifications to
the distance between substrates can influence the reflection coefficient of the entire surface

rather than allowing for the reconfiguration of individual elements.

2.2.3 Statistical Channel Modeling of RIS assisted Communication

Consider a RIS-assisted Single Input Single Output (SISO) system, as shown in Figure 2.3.
A BS, S, with a single antenna, communicates with the single antenna destination user (D)
through the direct link as well as with the RIS (R). RIS is considered to have N elements.
The direct link channel gain between S and D is denoted by hgp, the channel gain vector
from S to R RIS element is hgg = [hsgr,, hsr, - - hsry]!, and the channel gain vector
from R RIS element to D is denoted as hpp = [hr,p, hRoD - - - hryp]T. The phase shift
matrix for the RIS elements can be denoted as © = diag{\/F1e’%",/B2e?%? - - - /BrneIN},
where 6, is the phase shift of the n'"* element and £, is the amplitude of n*"* RIS element,
respectively. In the case of PRIS, it is possible to adjust the phase shift angles; however,
the amplitude coefficients remain fixed. Typically, the value of 0 < 3, < 1. Therefore,

the total channel gain from S to D can be represented as

yp = /Ps(hhp®hsr + hsp)z +1 (2.1)
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Figure 2.3: Illustration of RIS-assisted SISO communication.

where P is the transmit power of S, z is the transmitted symbol from S with E{|z|*} = 1
and 7 is the Additive White Gaussian Noise (AWGN) denoted by 1 ~ CN'(0,0?). The

received SNR at D can be expressed as

_ Py|hk,Ohsk + hSD|2

. (2.2
. ) .
_ PS‘ Zfl\[:l hRnDﬁnejgnhSRn + h’SD‘
- 2

YD

g

Here, yp can be improved by optimizing # and the maximization problem can be

formulated as
2

max

)

N
> hr,pBne* hsr, + hsp

n=1

s.t. 0<6, <2,
0<8, <1
2

Therefore, the  objective  function ' 25:1 hr,pBne’®hsr, + hsp =

2

SN Br,pBnelOntOshatORD) Bop 4 Bgpe?sP|  can be maximized if 6, =

mod(¢sp — ¢sr, — Pr,D,27), where mod is the modulus operator. This is called

coherent phase shift scheme or coherent addition of signals [17, 19, 32].

2.3 Active RIS

Despite having several advantages of PRIS, conventional PRIS yields only marginal
capacity improvements in various scenarios where the direct link is strong. This limitation

is attributed to the “multiplicative fading” effect associated with RISs, wherein the
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equivalent path loss of the transmitter-RIS-receiver link is calculated as the product of
the path losses of the transmitter-RIS and RIS-receiver links. This product is typically
several orders of magnitude smaller than the path loss of the direct link. As a result,
the “multiplicative fading” effect significantly hinders PRISs from realizing substantial
capacity gains in numerous wireless settings. Thus, to promote the feasibility of RISs
in future 6G wireless networks, a crucial issue that needs to be addressed is: How can
the inherent performance constraints imposed by the “multiplicative fading” effect be
mitigated?

In response to this fundamental physical limitation of wireless communication systems,
[33], [34] proposes a new architecture of RIS known as ARIS. In contrast to PRISs,
which reflect signals without amplification, ARISs are characterized by their capacity
to amplify and reflect signals actively. This functionality is made possible by integrating
reflection-type amplifiers [35] into the reflective elements of the RIS. While this method
does incur additional power consumption, ARISs have the potential to counteract the
substantial path loss of reflected links, thereby offering a viable strategy to address the
issue of “multiplicative fading.” Although ARIS entails a slightly higher expense due to the
integration of low-power amplifiers compared to PRIS, it remains more cost-effective than
traditional repeaters, such as AF and DF relays [33] A subconnected structure for ARIS
was proposed in [36] to allow for independent phase shift regulation of each element.
The application of ARIS in wireless communications was explored, revealing that the

performance of ARIS-assisted links improves with more active elements.

2.4 STAR-RIS

STAR-RIS is a concept in wireless communication technology to further enhance the
conventional RIS capabilities. Unlike conventional RIS, which only reflects signals,
STAR-RIS simultaneously enables signal reflection and refraction (transmission). This
offers greater flexibility and improved performance in wireless systems [21]. As depicted
in Figure 2.4, when a wireless signal is incident on an element of a STAR-RIS from either
side of the surface, it is split into two distinct parts [37], the reflected signal and the

transmitted signal.

2.4.1 Signal Model of STAR-RIS

In Figure 2.4, it is demonstrated that the wireless signal incident upon a designated

element of the STAR-RIS is divided into two distinct signals: one that is transmitted and
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Figure 2.4: Concept of STAR-RIS.

another that is reflected. To characterize this feature of the STAR-RIS, let s,, denote the
signal that arrives at the n'® element of the STAR-RIS, where n is an element of the set
N =1,2,--- N, with N signifying the total number of elements present. The transmitted
and reflected signals associated with the nth element can be modeled as t,, = (\/@ej Gz)sn
and r, = (\/@eﬁ;)sn, respectively, where, \/@, \/@ € [0,1] and 6%, 6" € [0, 27) denotes
the amplitude and phase shift response for transmission and reflection coefficient for the
n element of the STAR-RIS. The amplitude adjustment parameters, i.e., \/@ and \/BT’;
are coupled to each other by the law of conservation of energy. According to this law,
the total energy of the transmitted and reflected signals for any given element must never
be greater than the energy of the incident signal, accordingly |t,|? + |r|? = |sn|?, which
leads to the condition on the amplitude of transmission and reflection coefficient of each

element as (!, + - = 1.

2.4.2 Operating Protocols for STAR-RIS

By properly adjusting the amplitude coefficient for transmission and reflection, a given
element of STAR-RIS can be operated in full reflection (8, = 0, 87 = 1 referred as R
mode), full transmission (¢, = 1, 3" = 0, referred as T mode) and the general simultaneous
transmission and reflection (8%, 3" € [0,1]). Inspired by these, authors in [37] proposed
three operating protocols for STAR-RIS, namely Energy Splitting (ES), Mode Switching
(MS), and Time Switching (TS), as illustrated in Figure 2.5.
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Figure 2.5: Different operating protocols of STAR-RIS.

2.4.2.1 Energy splitting (ES):

In the ES mode, every element of the STAR-RIS system can function in both
transmission and reflection modes concurrently. In this operational framework, the
energy associated with the incoming signal that interacts with each individual element
is typically divided into two distinct forms: the energy that is transmitted and the
energy that is reflected. This division of energy is characterized by a specific ratio,
denoted as 3% : 87, which quantifies the proportion of energy allocated to each of the

transmitted and reflected signals. In this framework, the transmission and reflection
coefficient matrices are given as ©F° = diag{ﬁejei, /6’56319é e \/ﬂ?ejefv} and OF% =
diag{\/ﬁejaf, \/@ejag e \/ﬁi{ej%}, respectively, where 8, 3" € [0,1], 8% + B = 1 and
0.0 € [0,2m)Vn € N.

2.4.2.2 Mode switching (MS):

In MS mode, elements of the STAR-RIS are categorized into two distinct groups.
One group consists of N; elements that function in full transmission mode, while
the other group comprises N, elements that operate in full reflection mode, where
Ny + N, = N. The transmission and reflection coefficient matrices are given as @i‘/f S =
diag{ﬂejgi, \/@ej% e \//6’>{ej9§‘ft} and @,{VIS = czh'CLg{\//B*{ej@T7 \/@eﬁg .. \/571"6]'97\@}’
respectively, where S¢,3" € {0,1}, and 6.,07 € [0,2mr)Vn € N. It is important to

understand that MS mode in STAR-RISs can be seen as a special case of ES mode in
STAR-RISs.
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2.4.2.3 Time switching (TS):

The TS mode of STAR-RIS operates differently from ES and MS by utilizing the time
domain and periodically switching all its elements between two modes: the transmission
mode and the reflection mode. This switching occurs in distinct orthogonal time slots,
known as the T and R periods, as illustrated in Figure 2.5. Let 0 < Ay < 1 and 0 <
Ar < 1, At + A1 = 1 be the fractions of time allocated to T and R period respectively.
The corresponding transmission and reflection matrices can be represented as 0% =
diag{ei?,ei% ... ei%Y} and ©T° = diag{e’l,ei% ... eI}, respectively, where 0!, 07 €

[0,2m)Vn € N.

2.5 PD-NOMA

PD-NOMA represents a method in wireless communication that enables multiple users
to utilize the same time-frequency resources by assigning varying power levels to their
respective signals. In a typical downlink scenario, a BS transmits superimposed signals
to two users, designated as U; (strong user) and Us (weak user). The superimposed

transmitted signal can be represented as

T = /o181 + /989 (2.4)

where a; and ag are the Power Allocation (PA) levels assigned for transmission to U; and
U, respectively. s; and sg are the symbols transmitted to Uy and Us, respectively. On the

receiver’s side, the received signals at U; and Uy can be respectively expressed as

y1 = h1/a1s1 + hi/oagsa +m (2.5)
Y2 = hay/a181 + ha/aasa + m2 (2.6)

where h; is the channel coefficient and n; is the AWGN for U;,i € {1,2}. Since U; has
a better channel condition, it first decodes the Us signal before decoding its own signal.

Therefore Signal to Interference plus Noise Ratio (SINR) for decoding so at U

|h1 [Py

N2 = oy + o7

(2.7)
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If Uy successfully decodes sg, it subtracts sg from the received signal (SIC process). The

remaining signal at U

g1 = hi/aisi +m (2.8)

Therefore, the SNR at U; to decode its own signal is

(2.9)

Furthermore, Us can not perform SIC and treats s; as noise while decoding its own signal

s9. Thus SINR at U is
|ha*ay

SINR| = —————
! \h2]2a1—|—02

(2.10)

2.6 Finite Blocklength Transmission

Historically, each successive generation of cellular systems has primarily aimed to achieve
significant improvements in data transmission rates compared to its predecessor. However,
5G and beyond Fifth Generation (B5G) represent a shift in this paradigm: their
emphasis extends beyond merely enhancing broadband services and increasing data
rates. This shift is necessitated by the fact that a substantial proportion of wireless
connections in 5G are expected to be initiated by autonomous machines and devices
rather than by human-operated mobile terminals. The B5G is expected to cater to
the unique requirements of these autonomous entities by introducing two innovative
wireless communication modes: URLLC and massive machine-to-machine communications
[38], [39]. In recent years, the advancements in B5G and subsequent communication
technologies have significantly enhanced network transmission capabilities. This progress
has catalyzed the evolution of the IoT era, facilitating pervasive connectivity across
various sectors, including intelligent industries, smart transportation, and smart homes
[40], thereby enabling the interconnection of all devices [41]. Numerous essential IoT
applications demand exceptionally ultra-high reliability (99.99%) and ultra-low latency
(< 1ms) [42], [43]. However, traditional long packet communication (IBL), which is
prevalent, tends to exhibit considerable transmission delays due to the extended time
required for coding and decoding processes associated with larger packet sizes. In contrast,
Short Packet Communication (SPC) allows for the transmission of information in the range
of hundreds of bits, thereby notably decreasing transmission delays [44], [45]. Moreover, in
many IoT communication scenarios, the data transmitted typically consists of commands,

status updates, or sensor readings, which can be effectively conveyed through short data
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packets. Consequently, SPC emerges as a defining characteristic of IoT. It is important to
note that Shannon’s capacity formula becomes inapplicable in the context of SPC, as the
law of large numbers does not hold. Thus, it is essential to reassess the achievable data
rates in SPC. Therefore, Polyanskiy et al. [46] investigated SPC in the context of AWGN
channels from an information-theoretic viewpoint. Their research led to the formulation
of an approximation for the maximum achievable rate, represented as a complex function

dependent on the SNR, blocklength, and the decoding error probability.

2.7 Literature Review

The performance analysis of RIS/STAR-RIS-assisted communication has been extensively
reported in the literature in terms of IBL and FBL regimes over various fading channels.
The performance metrics considered are OP, EC, and Bit Error Rate (BER) for IBL
transmission and ABLER for FBL transmission. Firstly, we will provide a summary of
the literature on the IBL performance of RIS/STAR-RIS-assisted communication, and

then we will discuss the literature on the FBL analysis.

2.7.1 Literature on IBL analysis for RIS/STAR-RIS assisted

communication

The RIS, alternatively referred to as the Intelligent Reflecting Surface (IRS) or Large
Intelligent Surface (LIS), has attracted growing interest from researchers and industry
professionals. This surge in attention is due to its potential to alter the propagation
environment and improve the quality of signal reception [13, 17, 20, 47]. In [48, 49],
the authors demonstrated the enhanced performance of RIS compared to conventional
relay-assisted networks regarding hardware expenses and energy consumption. Owing to
the mathematical intricacies involved in addressing the cascaded fading channels of the
RIS, most of the works have resorted to deriving the outage probability via approximations
or inequalities. In [19],[50], the authors utilized the Central Limit Theorem (CLT) to
evaluate the OP of the RIS-assisted SISO system with Rayleigh fading. However, with the
CLT approach, there is a considerable difference between the analytical and the simulation
results when dealing with a few reflecting elements. To address this issue, the authors in
[51] analyzed the OP of the RIS-assisted SISO system with the Kg distribution. In
[52], the authors used the Rician fading environment to investigate the OP and BER of
RIS-assisted Unmanned Aerial Vehicle (UAV) using a mixture Gamma approximation

method. Furthermore, to obtain a simpler expression of OP, the authors of [53, 54]
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used Gamma approximation to model the cascaded channel of RIS by using the Laguerre
series. In [55], the authors analyzed the OP for the RIS-assisted Multiple Input Single
Output (MISO) system over Rician fading. In [56], the authors investigated the statistical
characterization and performance analysis of multi-RIS-assisted communication under a

Nakagami-m fading environment.

The above-mentioned studies [50, 51, 52, 53, 54, 55, 56] assume pCSI is available at
the RIS controller, which facilitates the optimal selection of phase shifts to enhance the
manipulation of incoming signals. However, the realization of pCSI at the RIS depends on
extensive channel estimation, which leads to substantial signaling overhead and increased
energy consumption. Additionally, it is crucial to acknowledge that channel estimation
errors are largely inevitable. Channel estimation errors result from quantization errors and
unpredictable noise disturbances. In [57], the authors investigated the OP performance of
RIS-assisted communication by considering the imperfect estimation of the channel from
RIS to the user. In [58], the performance of an uplink RIS-assisted Single Input Multiple
Output (SIMO) system was investigated under ipCSI. Furthermore, in [59], the authors
investigated the OP and EC of an ARIS and PRIS-assisted MISO communication with
discrete phase shifts and ipCSI.

CR, FDTW communication, and NOMA are identified as the essential technologies for
the next generation of wireless networks to further improve overall SE. The adoption of
CR facilitates the sharing of the same spectrum among different network types, thereby
optimizing spectrum usage through intelligent sensing and decision-making processes [60].
The systems that allow users to send and receive messages over the same channel
simultaneously, known as FDTW communication, may considerably enhance SE and
throughput [61]. However, while the FD system increases the overall SE, it also limits
the system performance due to imperfect self-interference cancellation. In this context,
owing to various analog and digital self-interference cancellation techniques [62], FDTW
communication emerges as a promising technique to double SE and reduce latency. At
the same time, NOMA permits multiple users to access the same frequency, time, or code
resources, which potentially improves SE, fairness, and overall connectivity [27]. Because
of the advantages mentioned above, researchers have begun to study the coexistence of
RIS with CR [63, 64, 65, 66, 67], RIS with FDTW [53, 68, 69, 70, 71, 72, 73], RIS with
NOMA [74, 75, 76, 77, 78, 79, 80, 81, 82] and RIS with CR and NOMA [83, 84, 85, 86, 87]
to get benefit from the complementary nature of these technologies. Implementing NOMA

enhances the SE, while RISs facilitate the effective and intelligent customization of users’
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propagation environment to improve overall communication performance.

Dongfang et al. [63] investigated the resource allocation in RIS-assisted FD-CR systems.
In [64], the authors aimed to maximize the weighted sum rate of RIS-assisted MIMO-CR
network. In [65], the authors investigated the multiple RIS-assisted downlink MIMO-CR
system to maximize the achievable sum rate of the Secondary User (SU). In [66], the
weighted sum rate of SUs for the RIS-assisted CR system is maximized by jointly
optimizing the transmit precoding matrix at the Secondary Network (SN) base station
and the reflection phase shift of the RIS. In [67], the authors maximize the secrecy EE
by simultaneously optimizing transmit beamforming at a multi-antenna cognitive base

station and passive beamforming at the RIS.

In view of RIS-assisted FDTW communication, the authors in [53] analyzed the
performance of RIS-assisted FDTW communication with reciprocal and non-reciprocal
channels under Rayleigh fading. Furthermore, in [68, 69], the authors investigated the
performance of the RIS-FDTW system under Rayleigh fading. In another pertinent
study [70], the authors investigated the performance of RIS-FD communication under
the Nakagami-m fading environment by considering a separate RIS to assist both user
transmissions. In [71], the authors investigated the performance of the RIS-FDTW system
with the practical constraint of external EM interference. In another relevant study [72],
the authors analyzed the performance of RIS-FDTW communication under the effect of
ipCSI over Rayleigh fading In [73], the authors analyzed the performance of a RIS-FD
system where an FD Access Point (AP) simultaneously communicates with the uplink

and downlink user with the help of RIS.

Considering RIS-NOMA, the authors in [74] compared RIS-NOMA to NOMA without
RIS and OMA with/without RIS, which have discrete unit-modulus reflection constraints
on each RIS element. In [75], the performance of RIS-NOMA was characterized by the
OP and the EC over Nakagami-m fading channels for uplink and downlink scenarios.
Further, the authors of [76] used coherent phase and random phase shifting to study
the outage probability of RISSNOMA networks. In [77], the authors investigated the
uplink performance of the RIS-NOMA network under Nakagami-m fading by using the
moment matching method. In [78], the authors investigated the OP, and EC of RIS-NOMA
networks, using a 1-bit coding scheme of programming metamaterials to consider both
ipSIC and pSIC. A similar kind of approach to design of RIS-NOMA that provides an
in-depth comprehension of the co-existence of RIS and NOMA was studied in [79]. In [80],

the authors proposed a NOMA network which is aided by multiple RISs with discrete phase
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shifts where an RIS serves each user to improve the quality of the received signal. In [81],
the authors analyzed the error performance for RIS-aided downlink NOMA system for two
user and multiuser scenarios with the help of two RISs. In [82], the authors investigated
the OP and EC for ARIS-assisted NOMA by considering hardware impairments under
Nakagami-m fading environment. In [83], an EE maximization problem is investigated in
an underlay RIS-CR-NOMA system. In [84], the authors investigated the performance of
the downlink underlay RIS-CR-NOMA network under the Rayleigh fading environment,
and a deep learning framework is used to predict the EC. In [85], the authors analyzed
the OP for the non-terrestrial RIS-CR-NOMA under the Rician fading environment. In
[86], the authors investigated the performance of the ARIS-assisted CR-NOMA network
under Nakagami-m fading. In [87], the authors aimed at maximizing the weighted sum
rate and EE for the ARIS-assisted CR-NOMA space-air-ground integrated network.

The latest innovation in metasurfaces, STAR-RIS, facilitates signal passage through
these substrates through refraction [21],[37]. In contrast to conventional RISs with
half-space SREs, STAR-RISs achieve a versatile full-space SRE. This capability allows
for separate beamforming of reflection and refraction, greatly enhancing the adaptability
of STAR-RIS coverage areas [88]. Hence, integrating STAR-RIS into NOMA systems
can achieve full-space coverage without any blind spots, which brings STAR-RIS-aided
NOMA a high research value. In [89], the authors investigated the weighted sum rate of
STAR-RIS-assisted NOMA. In [90], the authors investigated the OP for all three operating
protocols of the STAR-RIS-assisted NOMA network. In [91], the authors investigated
the closed-form expression of OP and EC for STAR-RIS-assisted NOMA network with
a Rician fading environment. Furthermore, by considering the random location of the
users, the authors in [92] investigated the EC of the STAR-RIS-assisted NOMA network
with Nakagami-m fading. In [93], the closed-form expression for the coverage probability
and EC is investigated for the STAR-RIS-assisted multicell NOMA network by using the
stochastic geometry-based location of the devices. In [94], the author investigated the
ergodic sum rate for the STAR-RIS assisted uplink NOMA under ipCSI and hardware

impairments.

2.7.2 Literature on FBL analysis RIS/STAR-RIS assisted

communication

The aforementioned research contributions have laid a solid groundwork for the

deployment of RIS-CR [63, 64, 65, 66, 67], RIS-NOMA [74, 75, 76, 77, 78, 80] and
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STAR-RIS-NOMA [89, 90, 91, 92, 93, 94] networks, showcasing their benefits extensively
in the existing literature. However, most current studies have focused on IBL transmission
or long packet transmission. Solely depending on NOMA technology does not adequately
meet the URLLC demands of future generations IoT networks. Furthermore, various IoT
application scenarios, including smart grids, autonomous driving, e-health, and industrial
automation, require only minimal data exchange between nodes. In contrast, employing
SPC to transmit only a few hundred bits of data significantly reduces transmission
latency. As a result, FBL transmission, or SPC, is increasingly acknowledged as
a defining characteristic of IoT communication. In this context, the foundations of
Shannon’s capacity theory become increasingly inapplicable, and the assurance of reliable
transmission at very high SNR is compromised. To fill the theoretical gap present in
the FBL system, Polyanskiy et al.[46] established a relationship between achievable rate,
decoding error probability, and transmission delay. They proposed the ABLER as a

performance indicator to evaluate the effectiveness of the FBL transmission system.

Therefore, exploring the potential of SPC in conjunction with RIS and NOMA is
worthwhile. Initially, authors in [95] investigated how phase error and other hardware
limitations affected the performance of RIS-aided URLLC systems, while the authors in
[96] investigated the performance of RIS-aided URLLC systems and derived the average
data rate and average decoding error probability under correlated and uncorrelated
Nakagami-m fading channels. In [97], the authors used the Nelder-Mead simplex approach
to tackle the challenge of ultra-high reliability in URLLC using a mobile UAV and RIS in an
SPC scenario. Furthermore, the authors in [98] explored the potential of RIS-assisted FD
communication with non-linear energy harvesting in an industrial automation scenario.
In [99], the authors aimed to maximize the EE for the STAR-RIS-assisted MIMO
URLLC system. In [100], the authors investigated the joint reliability and beamforming
design for the STAR-RIS-assisted multiuser MISO URLLC system. Furthermore, the
authors in [101] investigated the sum rate maximization problem for the multi-STAR-RIS
assisted FD-URLLC system using meta-learning and deep deterministic policy gradient
methodology. In [102], the performance of RIS-assisted SP-NOMA was investigated using
optimal and random phase shifts with pSIC and ipSIC under Rayleigh fading. To make
further development in this direction, the authors in [103] investigated the performance of
RIS-assisted SP-NOMA by using discrete phase shifts and continuous phase shifts under
Nakagami-m fading channels. In [104], the authors investigated a downlink RIS-NOMA

system with SPC under the effect of hardware impairments at the transceiver nodes. In
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[105], FBL analysis was reported for ABLER and goodput for the downlink STAR-RIS
assisted SP-NOMA system under Nakagami-m fading. Further, the authors in [106]
analyzed an MS protocol with partition strategies for the STAR-RIS-assisted SP-NOMA to
serve multiple actuators simultaneously for reducing STAR-RIS design cost. In [107], the
performance of STAR-RIS-assisted SP-NOMA with discrete phase shifts is analyzed under
a statistical CSI scenario. In [108], the authors maximize the SE in STAR-RIS-assisted
SP-NOMA with ipCSI. In [109], the authors considered uplink STAR-RIS-NOMA with
FBL for IoT networks to maximize the achievable rate in the IoT devices present on the
reflection space of STAR-RIS while guaranteeing the reliability for the IoT device present
on the transmission space of STAR-RIS.



Chapter 3

A Novel Paradigm for RIS-NOMA

Transmission

Existing works on RIS-assisted NOMA networks majorly target the single user in the
NOMA pair, i.e., assisted with RIS [80, 76, 77]. The works that target both users in
the NOMA pair follow the splitting of the elements of RIS (i.e., half of the elements of
RIS are optimized to serve one user, and the remaining elements are optimized to serve
the other user). To serve multiple users with a single RIS, an On-Off control scheme
(1-bit encoding) was proposed in [78]. Similarly, serving multiple users with multiple
RIS in RIS-NOMA networks with coherent phase shifts to each user was investigated in
[79, 80]. The combination of element splitting with two RISs to serve multiple users in
the RIS-NOMA network was recently done in [81]. However, to the best of the authors’
knowledge, none of the existing work has investigated the problem of serving both the
users in the NOMA pair with RIS by considering all the elements to provide coherent

phase shifts to both users, which is the novel aspect of the proposed approach.

In this chapter, we analyzed the performance of a new design of the RIS-NOMA system
by considering all the elements of RIS to provide coherent phase shifts to both users
in a NOMA pair. In addition, we have designed a phase shift matrix of RIS that
combines the components from RIS elements with coherent phases across both users. The
closed-form expression for the user’s OP is derived using the GCQ and moment-matching
method to assess the system performance. Also, system throughput is evaluated in a
delay-limited transmission mode. Numerical results reveal that our proposed system model
of RIS-NOMA achieves better OP and higher system throughput than the other existing
scenarios of RIS-NOMA networks. Finally, the Monte-Carlo simulations are also presented

to verify the closed-form expressions.
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Figure 3.1: RIS aided downlink NOMA network.

3.1 System Model

We consider a RIS-aided downlink NOMA system with a source (S) that provides service
to a near user (U;) and a far user (Uz) with the help of a RIS (R) that is equipped with K
number of passive reflecting elements as shown in Figure 3.1. It is also assumed that S, Uy,
and Uy have a single antenna. We consider the scenario in which S cannot communicate
directly with either of the users due to the presence of blockages. However, communication
with the users is possible through the RIS. We denote hxy to be the wireless channel link
coefficient from transmitter X € {S, Ry} to receiver Y € {Ry,U;,Us}, where Ry with
ke {1,2,--- K} is the k*" element of R. The wireless channel links are assumed to be
independent but not necessarily identically distributed Rayleigh fading as in [76, 78, 79].
The effective path loss (in dB) is denoted by Agp(dxy) = 35.1436.71log,(dxy)—Gx —Gy,
where dyy is the distance! between transmitter and receiver with X € {S,R} and Y €
{R,U;,Us}, Gx and Gy represent the antenna gains at the transmitter and receiver,
respectively.

According to NOMA principle, S sends a superimposed signal x = 21221 Vo Pyxi, where
x; is the message intended for U;, complying with E{|z;|?} = 1. Here, Ps represent the

transmitted power of the source and «; is the PA coefficient for U;, with i € {1,2} that

"We assume RIS to be operated in the far field regime; therefore, dsp = {dSRk}kK:I and dru, =
{dr, Ui},‘?:l and inter-elements spacing greater than half wavelength.
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satisfies o > 1 and oy + ag = 1. Therefore, the received signal at U; is represented as

K
1
Yyu, = hsr. Prhr U, | T+ ny, (31)
VA (dsr) Aldrr,) <,; T )

where A(dxy) is the absolute value corresponding to Agp(dxy) and ny, is the AWGN
with zero mean and variance 01-2 and ®y, is the reflection coefficient introduced by the k"

element of R.

3.1.1 Design of Phase Shifts for RIS elements

Now, we consider the sum SNR for the NOMA user pair, i.e., the sum of received SNR at
Uy and Us, to design the phase shifts for RIS elements such that a coherent combination
is received across the users in the NOMA pair. Let’s represent the first term of (3.1)

alternatively using the product of two vectors as

1

o VA(dsr) A(drv,) (@7hy) @+ o, (3.2)

where h; = [hsr,hr,v;s hsryPRy U s hsRihRU;]T Tepresents the cascaded channel
coefficient of the links from S to U; through k" element of RIS and @ = [®1, &y, --- , D]
From (3.2), it can be observed that SNR at user U; is proportional to ‘AZ*I'H hi}2 with

=—L1 ___ So, the sum SNR is proportional to ‘Al@th‘z + ‘Ag‘I’HhﬂQ. The
A(dsr)A(dru;)
sum SNR proportionality can be further represented as
’A1¢Hh1|2+ ‘AQ@thlz < “PH (Alhl +A2h2)’2 (33)

We further consider the maximization of the right-hand side of the above expression.

2

Using Cauchy-Schwarz“ inequality, the phase shift vector corresponding to a maximum of

‘@H (A1hy + A2h2>‘2 can be obtained as
P x (A1h1 + A2h2) (34)

Now, k" component of ® is represented as ®j, = (cle_j o, + cze_j %2) with qﬁlfh being
the phase corresponding to k' component of hy, (bfb being the phase corresponding
to k" component of hy and ¢; and ¢y are corresponding magnitudes. This way the
proportionality in (3.4) violates when |A1hy| # |Aghg|. Further, realizing proportionality

in (3.4) is not possible for PRIS because the magnitude of the reflection coefficient cannot

2The dot product (or the inner product) of two vectors a and b then: |a.b| < |a.|b].
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be > 1. However, the multiple components reaching the receiver from RIS elements
combine in coherent phases, equivalent to Equal Gain Combining (EGC) with unity gain
for all components. Next, we discuss the SINR formulation and related statistics that are

required for OP and throughput analysis of the system.

3.1.2 Signal Model

For the formulation of SINR, we represent the received signal as represented in (3.1) and
(3.2) as
yu, = (V1 + Wa,) z + ny, (3.5)

where, U ; = A; Zszl (hSchlefm?fl thUi) and WUy ,; = A; Zszl (hSRkCQefj(blf’fz thUi) for
i € {1,2}. The k' component of the phase shift vector ® i.e., ® is combination of
phase information of k" component of hy and that of hy. For Uy, gb’fh = —arg (hsr,) —
arg (hr,uv,) accounts for coherent phase shifts [76, 77] resulting in maximized SNR at
Uy, Thus, [W11] = A1l SK  hpovcie®ihsg, | = e1 Ay S5 b, |lhsr, | Similarly,
for Us, qb'fh = —arg (hsg,) — arg (hg,v,) accounts for coherent phase shifts to maximize
the SNR at Us. Thus, [Wao| = Ao| S5 | hp vacae " hgn, | = cads S5 | hioos|lhsr, |-
Furthermore, for Uy, ¢f, accounts for random phase shift [76, 77] and thus [Ug;| =
A ZkK:1 thUlcge_jd)?b hsg,|. Similarly, for Us, qb]f]l accounts for random phase shifts
and |U) o] = Ao| S5, thUQClefm?fl hsr,|. Using the NOMA principle, the far user (Uz)
can directly decode its signal by considering the near user (Uy) signal as noise. Accordingly,

the SINR at Us can be written as

o — 062,0|‘I’2,2 + ‘1’1,2‘2
2= 2
Oélp“l’zz + U] +1

(3.6)

where, p = % denotes the transmit SNR. Conversely, by using SIC, U; decodes its signal,
x1 by first decoding x5 and treating x; as interference. Therefore, the instantaneous SINR

of decoding xo at Uj is

Uy + Uyl
Ty = OZQP‘ 1,1 221\ (3.7)
Oﬂp“l’m + ‘1’2,1’ +1

Practically, SIC implementation may lead to decoding errors, also known as ipSIC. But,
in our work, we assume pSIC. Therefore, if xo is successfully decoded and removed, then

the instantaneous SNR for decoding 1 at Uj is

T1=op|V11+ Vo 2 (3.8)
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3.2 Statistical Distribution of SINR

Following the steps as discussed in Appendix A.1, the Cummulative Distribution Function

(CDF) and Probability Density Function (PDF) of |¥52|? can be written as

Nz
v <A‘112’2|7 >“1’2,2|)
s o
2,2
—vE

(\/E) (A\‘I’2,2\_2) em

A\‘I’2,2I
2T (A|‘112,2|) )\|\112’2|

(3.10)

f|\1/2,2|2 (z) =

where, I'(+) and (-, -) are the Gamma and lower incomplete gamma functions respectively.
Similar to (3.9) and (3.10), the CDF and PDF of [W|? = (clA1 K ’hSRthRkU1|>2
can be obtained suitably by interchanging the subscripts of |W¥g 2| to |¥y | in (3.9) and
(3.10) respectively. By using the steps as discussed in Appendix A.2, the CDF and PDF

of |¥;2|? can be written as

Flw, o2 (y) =1—exp (Q_y ), (3.11)
|¥1,2]
fin e (9) = ———exp | =2 (3.12)
U 2 = X 5 .
221 Ql‘I’m\ Q|‘1’1,2|

where, Qg ,| = K (¢142)°. Similar to (3.11) and (3.12), the CDF and PDF of |¥y;[? =
. 2

(Aﬂ > szl hr,u,c2e ’ o hsr, \) can be obtained suitably by interchanging the subscripts

of |y 2| to |¥g 1] in (3.11) and (3.12) respectively.

3.3 Performance Evaluation

This section analyzes the performance of systems by computing the OP for U; and Us and

the system throughput.

3.3.1 Calculation of OP at U,

The OP is defined as the probability of instantaneous SINR falling below a specified
threshold SINR. The OP at Us is defined as

P02:Pr(72<’yth2)> (3 13)

= Pr (|\IJ2,2 + ‘IJ1’2|2 < Eg) .
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Figure 3.2: Outage Probability vs. Transmit SNR for K = 24.

where, 2y = ——%2_ and Vehy = 2"? —11is the threshold SINR, and 79 is the target rate
p(aa—yiny 1)

of Uy for detecting the signal z2. By using the approximation® |Z; + Z5|? ~ | Z1|? + | Z2|?,

we can write (3.13) as

PO’Q ~ Pr (‘\1’272’2 + ‘\1’172|2 < EQ) , (314)
By using (3.9), (3.10), (3.11) and (3.12), we can write (3.14) as
Ho
Poo ~ / Flu, o2 (B2 =) flu, .2 (v)dy,
0

y ~ (3.15)
- B =2~ Y
~ ]:|\I/272‘2 (‘:‘2) - / €exXp <_ Q >f|‘112’2|2(y)dy
0 [¥1,2]

Since f‘q,wp(y) contains the terms ,/y, therefore it is quite challenging to solve (3.15)

directly. So, we use GCQ method to evaluate OP as

L
- Eomy/1 —(? Eo—p
Poy mF g, 2 (B2) = > ——4———exp (- Srwap2 (1), (3.16)

where, ( = cos <(2l221)7r), B= % (¢ + 1) and L is the complexity accuracy trade-off factor.

Note that (3.16) is valid under the condition ag — Y1 > 0, otherwise P,o = 1. It is
noted that the term |¥; 5| negligibly contributes to v2 due to the incomplete cancellation
of channel phases. Effectively, these terms account for random phase corrections at the

RIS. Because of the random phase shifting, the contributions of |¥; | is less than 10% for

3The approximation is reasonably valid for Z; >> Z» or Z» >> Z;. In the proposed system model
Wy o >> Wy 5 as observed from Figure 3.2, because ¥, > accounts for the coherent phase shift part at Us,
and ¥, > accounts for random phase shift part at Us.
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K > 16 in the sums |‘11172 + \1’2,2|. This contribution reduces to 2.5% for K = 64. Further,
the impact of terms |¥y | for K = 24 on OP performance is found to be negligible, as

shown in Figure 3.2. Thus, the expression (3.14) can be approximately written as
P,y Pr(|Wgs)? < Z5) = Flu, 2 (2) (3.17)

3.3.2 Calculation of OP at U;

The OP at Uy is defined as the event when U; is not able to decode x5 of Uy and secondly, if
U; decodes xo, while it is unable to decode its own signal x; successfully. Mathematically,
it is defined as

P,1 = Pr(vi2 < Viny) + Pr(v12 > Yeher M1 < Yehy) (3.18)

= Pr (’\I/Ll + \11271’2 < El) .

where, 2 = 7)211 . Yth, = 2 — 1 is the threshold SNR, and r; is the target rate of U; for
detecting the signal x1. By using the approximation |Z; + Z»|? ~ |Z1|? + | Z2|?, we can
write (3.18) as

Poy = Pr ([0 + |Wa.* < E5) (3.19)

Similarly, by using (3.15) and applying GCQ method, we can write (3.19) as

L
N — Elﬂ'\/m SE1—p
Por =F |y, 2 (1) = lz—; 2L ePT Qpw,,y| :

(3.20)

f\m1,1|2 ()

where, ( = cos <(2l221)7r)7 M= % (¢ + 1) and L is the complexity accuracy trade-off factor.

Here, the impact of ¥y 1 is negligible on U; because of random phase shifting as shown in
Figure 3.2 and approximated OP can be represented as

Poi~P (|01 <Z1) ~ Fu, 2 (E1) (3.21)

)

3.3.3 System Throughput

System throughput is generally defined as the actual amount of data successfully
transmitted over a communication link. In our proposed system, we have considered a
delay-limited transmission mode that uses OP at a constant transmission rate to evaluate

the system throughput [78]. Therefore, mathematically, the system throughput for the
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considered RIS-NOMA system is modeled as

T = 71 (1 — Po,l) + 19 (1 — PO,Q) (322)

3.4 Simulation Results and Discussion

In this section, we summarize the results of the OP and system throughput of the
considered system through Monte Carlo simulations and analytical expressions. The
thermal noise power (in dBm) is assumed as 07 = —174 + 10log,o(BW) + NF, where
BW is the bandwidth. All other parameter values considered for performing simulations

have been specified in Table 3.1.

Table 3.1: Simulation Parameters for RIS-NOMA..

Parameter Values

Scenario-(a): (1) Distance from S — R, dsg,, (2) || (1) 10 m, (2)
Distance from R — Uj, dry, and (3) Distance from || 14.14 m and (3)
R — Us, dpy, 92.36 m

Scenario-(b): (1) Distance from S — R1, dsgri, (2) || (1) 11.18m, (2)
Distance from R1 — Ui, dpriy,, (3) Distance from | 11.18m (3) 14.14
S — R2, dsre (4) Distance from R2 — Uy, droy, and || mand (4) 14.14 m
Distance from R1 — Us, dRriu,
Scenario-(c) (proposed): (1) Distance from S—R, dgg, || (1) 10 m, (2)
(2) Distance from R —Uj, dry, and (3) Distance from || 14.14 m and (3)

R—Us, dgu, 922.36 m
Operating frequency 3 GHz
Bandwidth (BW) 10 MHz

G X and GY 10 dBi
Noise figure (NF') 10

Number of RIS elements (K) 24

o1 and oo 0.3 and 0.7
r1 and 7o 0.5
Complexity accuracy trade-off factor (L) 50

In Figure 3.3, the effectiveness of the proposed RIS-NOMA network scenario, i.e.,
scenario-(c) is compared with scenario-(a) [110] and scenario-(b) [81] in terms of OP
against the transmit SNR. For scenario-(a): We have considered one RIS sheet with K
elements placed at the halfway distance between two users to serve both users. We have
taken half of the RIS elements to serve one user dedicatedly and used the remaining half to
serve the other. For this, we have considered two-dimensional coordinates to describe each
node position: U; and Us are located at (0,0) and (30, 0) respectively, RIS (R) is located
at (10, 10) and source (S) is located at (10, 0) For scenario-(b): We have considered an RIS

sheet with K/2 elements to serve each user and place it near the target user, where RIS-1
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Figure 3.5: Comparison of system throughput for scenario-(c) with scenario-(a) and
scenario-(b) vs. transmit SNR.

(R1) is used to serve U; and RIS-2 (R2) is used to serve Us. Two-dimensional coordinates
used for each node position are set as Uy and Uj located at (0,0) and (30, 0) respectively,
R1 and R2 are located at (5,10) and (30, 10), whereas the source (S) is located at (15,0).
The node positions for scenario-c are the same as that of scenario-a, and the rest of all
other parameters for scenarios-(a), (b), and (c) are specified in Table 3.1. It is clear from
Figure 3.3 that the proposed scenario-(c) performs better than scenarios-(a) and (b). This
is because in scenarios-(a) and (b), the number of reflecting elements to serve U; and Us

reduces to half as compared to the scenario-(c).

Figure 3.4 verifies the Monte-Carlo simulation’s correctness and theoretical expression of
our proposed scenario in terms of OP for different values of K = 24,32, and 64. The
system performance improves as the number of reflecting elements (K) increases. The
results show that the slope of OP versus transmit SNR curves for U; and Us are the same.
Thus, the proposed design can simultaneously serve both the NOMA users, with a single
RIS achieving the same diversity order for both users. Further, the OP performance of the
user nearer to the RIS is better as we consider that none of the users can receive a direct

signal from S, i.e., the base station. Figure 3.5 plots the system throughput versus the
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transmit SNR for K = 24. The system throughput curves for the proposed RIS-NOMA
network are plotted according to the (3.22). We can observe from the figure that the
system throughput for scenario-(c) is superior to scenario-(a) and scenario-(b). This is

because, in delay-limited transmission mode, system throughput is affected by the OP.

3.5 Summary

In this chapter, we investigated the performance of a new design of the RIS-NOMA system
which provides a coherent phase shift to both users in the NOMA pair by utilizing all the
elements of an RIS simultaneously. Firstly, we have designed the phase shifts for RIS
elements to simultaneously assist both users in the NOMA pair through coherent phases.
Secondly, the closed-form expression in terms of OP is derived by applying the GCQ
and moment-matching method. System throughput is also evaluated from the obtained
OP in a delay-limited transmission mode. Finally, Monte-Carlo simulations verify the
accuracy of the closed-form expressions of OP and system throughput. Numerical results
also confirm the superiority of the proposed design of the RIS-NOMA system with other
existing scenarios of RIS-NOMA systems.



Chapter 4

Wireless Powered RIS-assisted
Cognitive NOMA Network with

Hardware Impairments: IBL and

FBL Analysis

The literature reported on RIS-NOMA [74, 75, 76, 77, 78, 80|, RIS-CR [63, 64, 65, 66, 67]
and RIS-CR-NOMA [83, 84, 85, 86, 87| focused mainly on the IBL transmission. In
contrast, the FBL transmission aspect of RIS-assisted communication has been studied
in [95, 96, 97, 98]. There are four notable limitations identified in the current literature
on RIS-CR-NOMA networks for FBL transmission. Firstly, most of the existing works
on RIS-CR-NOMA [83, 84, 85, 86, 87] are limited to the performance analysis of IBL
transmission. This opens up the opportunity to analyze the FBL transmission for
RIS-CR-NOMA networks, which is required for the critical URLLC feature of the 6G use
case. Secondly, the promising aspect of deploying an IoT system, i.e., Energy Harvesting
(EH), is not yet explored in the RIS-CR-NOMA system. The two RF energy harvesting
models, namely wireless power communication network [111, 112] and simultaneously
wireless information and power transfer [113, 114, 115], have been less considered for
RIS-CR-NOMA networks, despite being studied in CR and NOMA scenarios separately.
Thirdly, existing works [83, 84, 85, 86, 87] have considered Primary User (PU) with
a single antenna, whereas, in this chapter, we considered multiple antennas at the PU.
Fourthly, in practical scenarios, HI is inevitable in IoT hardware due to its low cost, and

the literature also lacks an analysis of RIS-CR-NOMA with HI at the transceiver nodes.

In this chapter, we present a downlink wireless-powered RIS-assisted CR-NOMA IoT
network in which a secondary source harvests RF energy from a multiantenna power

beacon to transmit information to the SUs in an underlay CR mode. While exploring
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practical applications, we also assessed the impact of HIs on the transceiver nodes of the
users and the secondary source. The performance of the proposed system is analyzed
using IBL and FBL analysis. For the IBL analysis, we derived the analytical expressions
for the OP and system throughput for the SUs for the pSIC and ipSIC cases. We
have used the GCQ and the Gauss Laguerre Quadrature (GLQ) method to evaluate the
same. Asymptotic analysis is done at higher transmit power to gain useful insights and is
mentioned in Remark 4.1. For the FBL analysis, we derived the analytical expression
of ABLER and goodput with the help of the GCQ and the GLQ method. We have
also deduced the expressions for latency and reliability from the ABLER expressions.
Asymptotic analysis of ABLER is also done at a higher transmit power regime, and
the insights are mentioned in Remark 4.2. Finally, Monte Carlo simulations are done
to verify the analytical results. Numerical results verified the enhanced performance
of the wireless-powered RIS-assisted CR-NOMA network over OMA in IBL and FBL.
Furthermore, the system performance is also analyzed with other parameters such as HIs,
ipSIC, number of antennas at PU, number of antennas at power beacon, number of RIS

elements, time splitting factor, blocklength, and number of information bits.

4.1 System Model

4.1.1 System Description

We considered a wireless-powered RIS-assisted CR-NOMA system as shown in Figure
4.1. The Primary Network (PN) and SN utilize the same spectrum, and SN operates in
underlay mode. The PN consists of a PU (D), with L antennas to receive the signal from
its legacy transmitter. The SN consists of a secondary source (S), RIS (R), and two SUs
(IoT users), the near user, Uy, and a far user, Us. Here, S communicates with Uy through
a direct link and U, with the assistance of RIS', R. The RIS, R, consists of K passive
elements. It is assumed that S is an energy-limited device that harvests its energy from
the RF signal coming from a power beacon (B) with N antenna under CR constraint.
We have also assumed: (i) all the nodes of SN, i.e., S, Uy, and Us, are equipped with a
single antenna and operate in half duplex mode, (ii) the RIS components do not exhibit
joint processing or signal coupling, and the distance separating the elements is more than

half a wavelength, (iii) there is no direct link between the primary source and the SUs,

Tt is assumed that R is located far away from B. Therefore, there is a negligible amount of signal
coming from B and reflected toward Usz. Additionally, R is tuned to provide coherent phase shifts, from
S to R and from R to Us; thus, the signals coming from B to R undergo random phase shits and can be
ignored altogether.
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Figure 4.1: Wireless powered downlink RIS-assisted cognitive NOMA network.
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Figure 4.2: Timing diagram for a) IBL transmission, b) FBL transmission.

and (iv) the perfect knowledge of CSI available at each receiver node. The considered
system model operates in a TDMA with two consecutive phases encompassing EH and
Information Transmission (IT), as shown in Figure 4.2. In the first phase, i.e., EH, S
harvests the energy from the RF signal? of B. In the IT phase, S uses its harvested

energy to transmit the information signal to U; and U, through NOMA transmission.

2We have used the linear EH model for analytical tractability. It is assumed the S has a supercapacitor
and the whole harvested energy is greater than the activation threshold and used to employ data
transmission [112, 115].
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4.1.2 Channel Model

We denote the channel and distance between any two nodes X and Y in the considered
system as hxy and dxy, respectively. The reflection matrix of R is defined as ® =
diag (ejel,eﬁ?, R ejeK) € CKXK where ), € [0,2n) indicates the k' reflecting element
phase shift. We assume the channel vector from B to S, hy, = [hés,hgs-~-hé\;], the
channel from S to Uy, hs and the channel vector from S to D, hgg = [hl,, h2,---hL], to
be Rayleigh distributed, i.e., hxy € CN(0,Qxy), where X € {b,s} and Y € {s,1,2,d}.
Qxy = (.Aodxy / do)fT, d,, denotes the reference distance, 7 is the path loss exponent,
and A, is the average signal power attenuation at d,. Additionally, we assume the channel
between S to k" element of R, hgy, and the channel between k-th element of R to Us, hia,
to be Rician distributed, i.e., hxy = vQxy (v/k/(k + 1) ++/1/(k + 1)hxy), where, X =
{s,k}, Y = {k,2}, r is the Rician factor, hxy ~ CN(0,1). In vector form, the channel

vectors from S to R and from R to U can be expressed as hg,. = [hs1, hs2, . . ., hsi] € CXE

hr2 = [h127 h227 ‘e 7hK2]T [= (CKXI

4.1.3 Energy Harvesting and Information Transmission
4.1.3.1 For Infinite Blocklength

During the EH phase, B transmits energy signals to S through N antennas over o1
duration, as shown in Figure 4.2 (a). The cumulative energy harvested at S can be

represented as follows

N
EFH = naTPp Y ||, (4.1)
n=1

where, = (0, 1) is the energy conversion efficiency factor of S, a = (0,1) is the TS factor,
T is the coherence time, and Ppg is the transmit power of B. Therefore, the transmit
power of S used for IT can be expressed as

2

)

EEH N
PPH = = — = A3Pp > |hp, (4.2)
n=1

s 1—a)T
where, Ay = ﬁ To satisfy the QoS of PU, the transmit power of S should be lower
than the maximum interference constraint Iy, [84, 85, 86]. Therefore, the transmit power

of S can be expressed as

L
P, = min (PSEH T/ Y |hlsd|2>. (4.3)

=1
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4.1.3.2 For Finite Blocklength

We denote mp, and T as the number of channel uses and the duration (coherence time) of
each channel use. Thus, m7T is the total transmission duration, as shown in Figure 4.2
(b). During the EH phase, B transmits its energy signals to S through N antennas over a

duration of mgpyT. The cumulative energy harvested at S can be represented as follows
al 2
EFPY = nmppTPp Y |hi|, (4.4)
n=1

mpyg = (0,m7) is the number of channel uses for EH phase. Therefore, the transmit

power of S used for the I'T phase can be expressed as

EH EEH N 9
PPH = s APy |nf (4.5
s (mp —mpy)T sf — [k )
where, Ayp = —1MEH__ By considering the maximum interference power constraint of
f (mr—mEemH)

the CR network, the transmit power of S can be expressed similarly to that in expression

(4.3).

4.1.4 Signal Model

According to NOMA, during the IT phase (for IBL and FBL), S transmits the
superimposed signal x = (\/axl + \/@xg) to Uy and Us. 1 and zo are respectively
the signals intended for U; and U such that E{|z;]|?} = 1 and E{|z2|?} = 1, whereas,
a1, ao are the PA factors for x; and xo, respectively, satisfying as > a; for user fairness

with a1 +a9 = 1. Therefore, the signal received at U; and Us can be expressed respectively

as
y1 =V Pshs1(x + &5) 4+ €1 +na, (4.6)
Y2 = v Py (hsr@hr2) (1' + 53) + &2 + no, (47)

where Ps; denotes the transmitted power of S, &4, €1, and &9 indicates the distortion
noise due to Hls at S, Uy and U; with 5 ~ CN(0,k2Ps), &1 ~ CN (0, k}|hs1|?Ps), and
€9 ~ CN(O, k%{hw@hﬂ}zPs) [82]. ks, k1 and ko indicate the degree of HI. The parameters
ks, k1 and ko are interpreted as the Error Vector Magnitudes (EVMs). EVM is a prevalent
quality assessment for RF transceivers, calculated as the ratio of the average distortion

magnitude to the average signal magnitude. As EVM reflects the aggregated impact of
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various HIs and compensation algorithms, it is possible to measure it directly in practical
settings. ni and ns are the AWGN generated at U; and Us with ny ~ CN(0,0’%) and
ng ~ CN (0,0%). According to the NOMA principle, U; must decode xo first and then
subtract it from g7 before decoding x1. Such a decoding process for x; is known as SIC.
Therefore, the Signal to Interference plus Distortion and Noise (SIDNR) at U for decoding

xo and x; can be respectively written as

Psa2‘hsl|2
T = 4.8
and
P,aq|hg|?
1, = Dl (4.9)

B Ps’hsl‘QXI + 0'%7
where, x = a1 + k2 + k2, x1 = vag + k2 + k? and 1 is the ipSIC factor, ¢ = 0 is the case
of pSIC and 0 < ¥ < 1 refers to ipSIC. At Us, 2 is decoded directly by considering x; as

noise. Thus, the received SIDNR for decoding x5 at Us is given as

T2 . Psa2’h5'r@hr2‘2

_ : 4.10
Ps|hsr@hr2|2X2 +0'% ( )

where, x2 = a1 + k2 + k3.
For comparison with the benchmark scheme, we use TDMA as an OMA scheme, in which
the whole IT phase is carried out in two consecutive time slots, and each user is serviced
in two consecutive slots. Accordingly, the instantaneous SIDNR for decoding signal x; at
Ui,i € {1,2} is

TOMA POMAH,|?

== 4.11
PSOMAXoiTLUZ‘Q ( )

where, H; = hg for ¢ = 1 and H; = hyOh,o for i = 2. x, = k‘g + k:% for i = 1,

L
Xoi = k2 + k3 for i = 2 and POMA = min(QPSEH,Ith/Z ‘hlsdf).
1=1

4.2 Channel Statistics

Let ‘h%ﬁ = 27]1\[:1 |h2‘s}2 be the the total channel coefficient from B to S. Note that
‘h%f is the sum of N independent exponential random variables and its distribution is
chi-square. Therefore the PDF of ‘h%‘Q can be expressed as

V-t x
f\hg 2(z) = Qv &P < - QBs> (4.12)
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Similar to (4.12), the PDF of |h§‘2 = Zlel |hlsd}2 can be obtained.  hg is
Rayleigh distributed, therefore |hg|? is exponentially distributed with PDF, fipa 2 () =
exp(—x/Qs1)/Qs1. For notational simplicity, the cascaded Rician channel is represented
as X = ‘Zszl hskejekhkg}Z. By using coherent phase shift design [17],[76],[19], to
facilitate constructive reception at Us, the phase shift of the k* element of R is set as
0r = —arg(hsi)—arg(hy2). Thus, we can write X' = (Zle ‘hskhkg‘)Z. Let X;, = ’hskhkg‘.

The PDF of cascaded Rician fading channel X}, can be expressed as [116]
1 © 4$i+j+1(l-i—|— 1)i+j+2/€i+j
Ve ZZ; = (i1)2(5!)%e*r

i+l 2x(k+1)
Q0 Ki j|—F——=|,
X (aklliz) 2 ! [\/stﬁm}

ka (.T)
(4.13)

where K,(-) is the modified Bessel function of the second kind with order v [117, Eq.

(8.432)]. The mean and variance of X}, can be written as

E[X}] = Zm [La(=)]%, (4.14)
and L )
V(M’(Xk) = stng 1-— m [L%(—IQ)] y (4.15)

where, L%(Ii) = e3 (1 — k)Io(—%) — kI1(—%)] is the Laguerre polynomial. Here I,(-) is
the modified Bessel function of the first kind with order v. Also, by using the Laguerre
series polynomial approximation [118, Eq. (2.76)], which is a moment-matching approach,

we can obtain the approximate PDF and CDF of X as

> vz
xwkeiﬁ 7<¢k+17 ¢k)

fa(z) = , Fa(r) = (4.16)
oF T (i +1) C(er+1)
where, ¢ = KEZ)P;ZL?;:;(X’“) and ¢ = %ﬁk). v(+,+) and T'(-) represent the lower

incomplete Gamma and Gamma function, respectively.

4.3 Infinite Blocklength Analysis

In this section, we derive the analytical and asymptotic expression for the OP and system
throughput for the IBL transmission regime. We assume o; = o5 = o2. An outage
event is characterized by a situation in which the SIDNR/SNR at a receiver is less than a

predetermined threshold. Let v, = olri/(1=a)] _ 1 be the given threshold at Uj,i € {1,2},
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where r; is the target rate for decoding x; at U;. Therefore, the OP at U; and Us can be

expressed mathematically as
PP =Pr (Y152 > Yny, T1 < iny) + Pr(Tise < Yins), (4.17)

Py =Pr (Yo < vin,). (4.18)

4.3.1 Calculation of OP at U,

The closed-form analytical expression for the OP of U; can be obtained by using the steps

mentioned in Appendix A.3 and can be expressed as

‘ pn \1[ o= ,, (@) 5
Pl N [1 B <_std>:| Z Hu F(N) <1 - <_QbsxupAsiQsl>>

u=1
U
(z,)F 1 ( Pth )< ( 01 Pth >
H, e — 1—e 2y Qg + —
[; I'(L) P PQsa P (Qs1p11) ( Ty )

where, p = ];—5” is the transmit SNR, py, = {;—3 is the interference constraint SNR, §; =

_|_

(4.19)

9

Ythg Ythy . _ . . .
max(ag—m%@’ a1—x1%h1>’ Zy is the u-th zero point (abscissa) of Laguerre polynomial,
2
© . P! .
Ly(z) = %dxip(a:[]e_f"’)7 u-th weight can be expressed as H, = L%Q and U is the

(Lt (aa)]
Laguerre tradeoff factor. (4.19) is valid only when as — x2vh, > 0 or a; — x1vn, > 0,

otherwise there exist an upper bound characterized by Pf“ = 1. The OP of U; is a
function of parameters like PA factor (a;), RIS elements (K), number of antennas at B,
(N), the number of antennas at the PU, (L) and the factor x;. Additionally, as the ipSIC

factor, (1) increases, results in smaller a; — X17y¢n,, and it will increase the PPut.

4.3.2 Calculation of OP at U,

By using the steps mentioned in Appendix A.4, the closed-form analytical expression for

the OP of Us can be expressed as

Pyt = {1 —exp (— Poh ﬂ [ZU:H“ (?()Ji_l («pk1+ 1) 7(W o \/m)] '

PQsd ) T Ok

u=1

U 2 Pth
()1 Pih 1 \/pm (#ufsa + P )
[ZH“ r(L) eXp(‘ )r(gokﬂ)”(‘”k“’ o |

u—1 std
(4.20)

Vtho

Where, 62 = m

. (4.20) holds only for as — x2Vin, > 0, otherwise, Pyl = 1.
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4.3.3 Asymptotic OP analysis

The asymptotic analysis of OP for U; and Uy can be obtained by setting the transmit

power, P, — oo. Mathematically, the asymptotic OP can be represented as

P2(Py) = G(é)DO, (4.21)

where G is the coding gain and Do is the diversity order. The diversity order can be
described as the rate at which OP decreases as Ps increases. The asymptotic OP for Uy

and Uz can be obtained for two scenarios; 1) when, p > ﬁ and 2) p < \h/%?'
sd sd

4.3.3.1 Asymptotic OP at U;

The asymptotic OP for U; can be obtained as

U
SV |1 ep (- W RtupRa) |
out _ ) u=1 ot * 4.22
l,00 — U 5 ( 0 ) ( . )
1Ly isd
Z|l—exp| — —— > Lth
; P ( Qs1pth, ) P = np
N—-1 L—-1
where, Y = H, "o, 2 = H, 5.
4.3.3.2 Asymptotic OP at U
The asymptotic OP for U, can obtained as
( P+l
_ [ 92/Asipzy 2
Sl o< i
+ D0 (pe +1) |7 7 7 IhGl
Py == (25 + DE (s Wl)- ‘ (4.23)
7 (62("[7195(1)> 2
- Pth
7 ) PZ Pth
uz::l | (pr+ DT (o + 1) | |h2)2

Remark 4.1 It can be observed from (4.22) and (4.23) that for p < |}f§h\2’ the asymptotic
sd

OP for Uy and Us does not depend on the parameter of interference channels, such as Qgq,

L and p,. This is because the transmit SNR (p) limits the interference constraint SNR

ﬂih
2 )
L]

(ptn). Conversely, when p > the asymptotic OP for Uy and Us does not depend
upon the parameter p and N. This is because the interference constraint SNR (py,) limits

the transmit SNR (p). Additionally, the diversity order for Uy for p < ‘;%]2 is 1 and for
sd

p > l;ih‘z, the diversity reaches an outage floor with diversity order zero. Similarly for
sd
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Us, in the case of p < |:§‘|2 the diversity order is “D’“;l, while for the case of p > |}f§h‘2 the
sd sd

diversity order is zero.

4.3.4 System throughput

System throughput is generally defined as the actual amount of data successfully
transmitted over a communication link. In our proposed system, we have considered a
delay-limited transmission mode that uses OP at a constant transmission rate to evaluate

the system throughput. Thus, the system throughput can be obtained as

T =ri(1 = PP 4 ry(1 — PEU), (4.24)

Since OP is bounded by the outage floor when p > | :ihp, therefore the upper bound of
sd

the system throughput can be obtained as

Too < r1(1 — PPULY 4 ro(1 — POUL). (4.25)

1,00 2,00

4.4 Finite blocklength Analysis

4.4.1 Block-Error Rate Preliminaries

Shannon’s theorem, built on the assumption of IBL, is no longer valid in FBL analysis
[46]. In FBL transmission, ABLER is computed to analyze the system performance [102,
103, 73]. Let L = ¢4 + ¢;, where L = (mp — mgg) is the number of channel uses (for IT
phase), and ¢4, ¢; are the blocklengths for data and training, respectively. Therefore for
a given blocklength /5, the BLER, = and SINR, Y, the maximum achievable rate, R is

given by [46]

R(€4,Y,Z) =C(T) - Vé?cz—l(a) +0 (102@,) : (4.26)

where, C(T) = logy(1 + T) is the Shanon capacity, V(Y) = (1— (1+ T)~?) (logye)?
denotes the channel dispersion, Q~'(.) denotes the inverse of Gaussian Q-function and
(@) (%) are the remaining terms which can be neglected when ¢; > 100 [119]. In FBL
transmission, BLER is computed to analyze the system performance. Let =; be the BLER,
N; be the number of information bits, and ¢4 be the block length for U;,i € {1,2}. Thus,

the maximum achievable rate at U, is expressed as R; = %’. Therefore, the ABLER can
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be obtained by averaging =; over instantaneous SINR, T;, as

(o),
Z_/o Q( V(L-)/@) fri(@)de, (4.27)

[1]]

The inclusion of the Q-function makes the evaluation of BLER quite complex. Therefore,

we use the linear approximation method [119] as €(Y;) = @ <C(T"_m)>, where, €(Y;) is

V(Yi)/la
given by
1, T; <y
e(Ti) =405 — Di(Ti—05), v <Y<y (4.28)
0, Ti > g,

where, ¥; = [2m(22Fi — 1)/&1]*1/2, 0; =28 — 1, v; = 0; — 1/(20;) and p; = o; + 1/(29;).

Accordingly (4.28) can be written as

o0 a i
=, ~ / e(X3) fr, (2)dz 2 9, / Fr,()da, (4.29)
0 v

where Fr,(z) is the CDF of Y; and step (a) is obtained by evaluation of integral using

partial integration method.

4.4.2 Calculation of ABLER at U;

With the help of the results obtained in Appendix A.3 and using the GCQ method [120],
the ABLER at U; for wireless-powered RIS-assisted-CR-NOMA system with pSIC and

ipSIC can be obtained as

LI]\
|

(5) £ oo () Bty

std u—1
Ay g ()" Pth (4.30)
exp| ————— + H, u x exp | — 1— 4.30
P < QbstupAszﬂ)} ; F(L) P < std)
Ay ( Pth >
ex — 2y Qeqg + 7) .
P < (Qs1ptn) )
Wher67 Al = mam(ag—z)l(gzl’ al_fpleZI)’ T = COS<2§YLM1 >’ 21 = (%)xm + (MTM)’ M

is the complexity trade-off factor. The ABLER, Z1, for pSIC, can be obtained by putting
® = 0 in (4.30), whereas the ABLER for the case of ipSIC can be obtained by varying
0 < 9 < 1. It should be noted that (4.30) is valid for ag — x221 > 0 and a; — ¥x121 > 0,

otherwise Z; = 1.
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as

With the help of the results obtained in Appendix A.4 and using the GCQ method [120],

the ABLER at Us for wireless-powered RIS-assisted-CR-NOMA system can be obtained

U
(xu)N—l 1
std) ; Hu I'(N) T(px+1)
) + zU:Hu (xu exp ( . Pth
u=1 F(L)
&)
P

1
std) I(pp+1)
Ok )] '
where, Ag = —22 >

_ 2m—1
i3z Tm = cos( e

7| and 29 = (“TVQ

(4.31)
B ) + (H5572).

4.4.4 Asymptotic ABLER analysis

constraint goes to infinity, i.e., p <

ﬂih
|hsgl?
Pth
|h23 12

The asymptotic ABLER for U; and U, can be obtained for two scenarios; 1) when the
transmit power of the B tends to infinity, i.e., p >

and 2) when the interference

4.4.4.1 Asymptotic ABLER for U;

The asymptotic ABLER for U; can be obtained as

SRl H1—
"

> WY x
[1 — exp < — Al/QbéZ“pAsf>] , p< L
—out u M
= = 1— NN
e > (M 2
u=

51 (20
1 —exp < - ﬁ’lpt,f))] ;

(4.32)
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4.4.4.2 Asymptotic ABLER for U;

The asymptotic ABLER for Us can be obtained as

EU: i/[:ﬁg <’“‘2 _”2> WY x

u=1m=1

[ (Az/Asfm

(‘Pk+1 <Pk+1 ]

Epny = Z Z 9 ( ) — (4.33)

u=1m=1

Wk+1

Pth
BAE

p<

¢k+1
A 2
ﬁ (xunsd)
o7 o
p 2 th
(¢k+1)r(¢k+1) ’ |h25)2

where, W = %\/1— 22, Y = H, “u ) L and Z = Hu%

Remark 4.2: From (4.32) and (4.33), it can be observed that for p — oo, the asymptotic
ABLER for Uy and Us does not depend upon the parameter of interference channels, such
as Qsq, L and pyy,. This is because the transmit SNR (p) of S is adjusted equally to py,.

Thus, the diversity order is equivalent to zero. Conversely, when py, — 00, the asymptotic

ABLER for Uy and Uy does not depend upon the parameter p and N.

4.4.5 Goodput Analysis

The effective goodput is a significant indicator for quantifying the actual useful data
transferred through networks per unit of time. This metric also considers the total channel
usage (i.e., training and data). For this reason, it is necessary to ascertain the number
of channel uses allocated to data, ¢4, and training, ¢;, to estimate the goodput precisely.

Mathematically, the system goodput (denoted by G;,i € {1,2}) can be evaluated from

Gi = <1 — ﬁf) (1-5%) @L) (4.34)

4.4.6 Latency and Reliability Analysis

[121], and expressed as

Latency in the physical layer is measured as the typical time for a packet to be sent and
decoded by the radio interface. Meanwhile, reliability is the likelihood of successfully
transmitting IV; bits of information across a certain channel quality in the allotted time

on the user plane. Relying on the above definition, we assume the fixed, coherent time
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Table 4.1: Simulation Parameters for RIS-CR-NOMA.

Parameter Values
Distance between B and S, (dps) 30m
Distance between S and PU, (dsq) 30m
Distance between S and Uy, (ds1) 20m
Distance between S and R, (ds) 50m
Distance between R and Us, (d2) 50m
Number of antennas at B, (N) 7
Number of antennas at PU, (L) 4
Number of RIS elements, (K) 15
Interference power constraint () 20 dB
PA factor, (a1) and (as2) 0.7 and 0.3
Time splitting coefficient, (o) 0.5

Target rate for Uy, (r1)

1 Bits/s/Hz

Target rate for Us, (r2)

0.5 Bits/s/Hz

Energy conversion efficiency factor, (1)

0.7

Bandwidth (BW) 10 MHz
Noise power (o?) -100dBm
Number of information bits at Uy (Ny) 200
Number of information bits at Us (Na) 150
Number of channel uses ( total blocklength), (mr) 600
Blocklength for data (¢4) and training (¢;) 400 and 100
Number of channel uses for EH, (mgm) 100
Coherence time (7") 0.003 ms
Complexity accuracy trade-off factor (M) and (U) 50 and 300
Pathloss at reference distance d,, (A,) 30dB
Pathloss exponent («) 3

Rician factor (k) -5 dB
Frequency-dependent coefficient(p) 1

block for each channel use is T' (in ms). Therefore, mathematically latency, £ (in ms) and

reliability, R (in%) for user U;,i € {1,2} can be evaluated from [121], respectively as

L=t R= (1-E;) x 100. (4.35)

(1-%)

4.5 Simulation Results and Discussion

This section presents the Monte-Carlo simulation (Sim.) results to validate the analytical
results. All the simulation parameters are set according to [84, 85, 86, 122, 73]. Unless

otherwise stated, all the parameter values are taken as mentioned in Table. 4.1.
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Figure 4.3: Comparison of OP vs. transmit power.

4.5.1 Infinite Blocklength Transmission

In Figure 4.3, the OP of U; and Us is plotted versus Pg for N = 7, L = 4, and ¢ =
0.25. It can be observed that the OP of the wireless-powered RIS-assisted CR-NOMA
system outperforms the wireless-powered RIS-assisted CR-OMA. This is because NOMA
enhances user fairness. The analytical results of OP for U; (with pSIC and ipSIC) and Us
match well with the simulations. It can also be observed that the performance of OP for
wireless-powered RIS-assisted CR-NOMA of Uy with pSIC performs better than the ipSIC
case. Additionally, the OP of U; and Us matches with the asymptotic OP at p < p,, but
when p is far greater than py,, the OP tends to approach at a constant value and converges
to asymptotic OP at p > p,. This is because for p < pyp, the transmit SNR limits the
interference constraint, and for p > ps,, the interference constraint limits the transmit
SNR, which is consistent with Remark 4.1. In Figure 4.4, the impact of the number of
RIS elements, K = 5,10, 15, 20, is observed on the OP of the system. As can be observed
from Figure 4.4, as K increases, the OP decreases for Us, while the performance of U
remains unaltered. In Figure 4.5, the OP for U; with pSIC and U, is plotted against
Pp for varying HIs. As the degree of Hls varies from, ks = k1 = ko = 0.05,0.2,0.3, the
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Figure 4.6: Comparison of OP vs. transmit power for varying N.

gap between OP curves for U; and U, increases and OP degrades. The analytical results
corroborate with the simulation. It should be noted that the slope of the curves remains
unaffected by the increase in the degree of Hls. Figure 4.6 illustrates the impact of varying
number of antennas at B, i.e., N =4,7,9 and L = 3 versus Pg. As can be observed from
the figure, as the number of antennas increases at B, the OP for U; and U, gradually
decrease up to Pg = 30 dBm and Pp = 35 dBm, respectively. After that, the OP for U;
and Uj increases with higher Pp and is saturated to the error floor with the asymptotic
value of OP, for p > p;,. This is because as N increases, S has more opportunity to harvest
a sufficient amount of energy for the data transmission to Uy and Us. Figure 4.7 illustrates
the impact of increasing the number of antennas, L, at the PU. It can be observed from
the figure that as the L increases, the OP gradually decreases for all values of L for U; and
Us; until Pg = 22 dBm and Pp = 27 dBm, respectively. Furthermore, with higher values
of Pp, the OP for U; and U, is drastically increased with an increase in the value of L and
then saturates to the error floor. This is because more antennas at the PU lead to stricter
interference constraints. Figure 4.8 illustrates the effect of the TS factor («) on the OP of
the system. As can be observed from the Figure 4.8, for a > 0.7, the outage event start to

occur at Uy and U, regardless of the value of Pp. This is because S does not have enough
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Figure 4.7: Comparison of OP vs. transmit power for varying L.

time for data transmission. Thus, the impact of « is more important than the effect of
increasing transmit power for higher values of a. In Figure 4.9, the system throughput is
plotted against Pp for both pSIC and ipSIC cases. It can be observed from the figure that
the system throughput of our proposed wireless-powered RIS-assisted CR-NOMA system
outperforms its OMA counterpart. The explanation for this situation lies in the fact that
the power allocated for the transmission of user information in OMA is lower than that
in NOMA, and a significantly longer time is required for slot transmission, which in turn
leads to a reduction in both the decoding probability for users and the overall throughput
of the system. The system throughput of the proposed system with pSIC performs better
than the ipSIC case. The system throughput with ipSIC is plotted for v = 0.2, and it
can be observed that the system throughput of our proposed system with ipSIC is still
guaranteed to obtain higher throughput than that of OMA.

4.5.2 Finite Blocklength Transmission

In Figure 4.10, the ABLER of Uy and Us is plotted against Pg for N = 7, L = 4, N; = 200,
Ny = 150 and ¢ = 0.25. It can be observed that the ABLER of the wireless-powered
RIS-assisted CR-NOMA system outperforms the wireless-powered RIS-assisted CR-OMA.
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The analytical results of ABLER for U; (with pSIC and ipSIC) and Us are plotted in
reference to (4.30) and (4.31) and match well with the simulations. It can also be observed
that the performance of ABLER for wireless-powered RIS-assisted CR-NOMA of Uy with
pSIC performs better than the ipSIC case with ¢ = 0.25. Additionally, the ABLER of
Uy and Uy matches with the asymptotic ABLER at p < pg, but when p is far greater
than ps,, the ABLER tends to approach at a constant value and converges to asymptotic
ABLER at p > py,. This is because for p < ps,, the transmit SNR limits the interference
constraint, and for p > py,, the interference constraint limits the transmit SNR, which is
consistent with Remark 2. Figure 4.11 shows the impact of the number of RIS elements,
K =5,10, 15,20, on the ABLER of the system. As can be observed from Figure 4.11, as K
increases, the ABLER decreases for Us, while the performance of U; remains unaltered.

In Figure 4.12, we show the effect of varying blocklength L. = (mr—mgg) for mgg = 100,
£y = 100, Ny = 200, Ny = 150, ¢ = 0.25 and Pg = 20 dBm. As can be observed from the
figure, if the block length of the data in the IT phase is increased, the ABLER decreases,
and the system becomes more reliable because the packets are decoded with low decoding
errors. Conversely, when the amount of information bits are fixed, the transmission rate

will decrease due to an increase in block length. Again, the analytical and simulation
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Figure 4.11: Comparison of ABLER vs. transmit power for varying K.

results are in agreement, and our theoretical analysis is validated. Figure 4.13 presents
the variation of goodput as a function of Pp for the proposed system in the NOMA/OMA
case. As can be observed from the figure, NOMA schemes outperform OMA for U; and
Usy. This is because the number of channel realizations to serve each user in the case of
NOMA is twice that of OMA. As can be observed, as Pp increases, the goodput increases
and converges at the floor. We have also shown the impact of varying number of antennas
at B,i.e., N =4, 7, 9 with a fixed L = 4. As can be observed from the figure, the goodput
of the users increases as N increases because S has more opportunities for harvesting a
sufficient amount of energy for packet transmission.

In Figure 4.14, the latency and reliability of U; and Us for the proposed system are
plotted with Pg for N = 7, L = 4 and ¥ = 0.1 in the NOMA and OMA scenarios.
As can be observed, the users Uy and Us in the NOMA case outperform OMA in the
latency and reliability analysis. It can be observed from the figure that latency curves
decrease significantly from Pg = 0 dBm to Pg = 20 dBm. As Ppg increases, the latency
reaches saturation. This is because an increase in Pg leads to reduced ABLER. Conversely,
reliability also increases significantly for a variation of Pp from Pp = 0 dBm to Pp =

20 dBm before reaching saturation. The proposed system performance of latency and
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reliability is also compared with the URLLC requirement of latency (< 1ms) and reliability
(> 99.99%). It can be observed from the figure that the proposed system meets the
stringent requirement of 6G’s URLLC use case. Figure 4.15 shows the impact of block
length and the number of information bits on the latency and reliability of the proposed
system for Pg = 30 dBm and I;;, = 10 dB. It can be observed from (4.35) that latency
and reliability are the function of blocklength and packet size. It can be observed from
the figure that as the packet size increases from 64 to 400 bytes, the latency increases and
reliability decreases. A tradeoff exists between packet size (information bits) and block
length. As blocklength increases, the ABLER decreases, which results in lower latency
and higher reliability, but as the packet size increases, the latency increases and reliability
decreases. Therefore, as can be observed from the figure, when the packet size is 64 bytes,
the system nearly achieves latency of 5 ms and reliability of 80% with blocklength of 2000.
However, in the case of a longer packet size of 400 bytes, the latency and reliability change

drastically with block length more than 4000.

4.6 Summary

This chapter presents a wireless-powered RIS-assisted CR-NOMA 10T system in which the
secondary source harvests RF energy from a multiantenna power beacon and transmits
information with the help of NOMA principle to two SUs: a near user, Uj, through direct
link and the far user, Us, with the help of RIS, under the multiantenna PU constraint
with practical imperfection like HI and ipSIC. The performance of the considered system
is analyzed using IBL and FBL transmission. For the IBL, the system performance is
analyzed by deriving the analytical expression of OP and system throughput. For the
FBL, the system performance is analyzed by deriving the analytical expression for the
ABLER, goodput, latency, and reliability. Asymptotic analysis is also done at a higher
transmit regime for both IBL and FBL with two different power settings scenarios: 1) when
the transmit SNR of the secondary source leads the maximum interference constraint SNR,
(p > pin), and 2) when the maximum interference constraint SNR leads the transmit SNR
of the secondary source (p < py,). Finally, Monte Carlo simulations are done to verify the
analytical results. Numerical results show that: 1) analytical results corroborate with the
simulation results; 2) the wireless-powered RIS-assisted CR-NOMA system outperforms its
OMA counterpart in IBL and FBL analysis; 3) practical imperfections like HIs and ipSIC
degrade the system performance; 4) when the transmit power of the secondary source is

less than the maximum interference constraint, the OP and ABLER performance decreases
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with increase in transmit power, but when maximum interference constraint is more than
the transmit power of the secondary source, the OP and ABLER performance saturates
to the error floor. Finally, the impact of other system parameters, such as the number of
antennas at the B, the number of antennas at PU, the number of RIS elements, and the

TS factor on the system performance is also examined.



Chapter 5

Finite Blocklength Analysis of
ARIS-FDTW Communication with

Hardware Impairments

The existing literature on RIS-FDTW communication [53, 68, 69, 72] considered the
Rayleigh fading for the analysis and LI as Gaussian noise, except [70, 73], that focused
on Nakagami-m fading and [71] where Weibull fading was used. Additionally, previous
studies considered PRIS, that suffers from multiplicative fading attenuation. Therefore,
analyzing the performance with ARIS [33] is worth investigating. Furthermore, to the
best of our knowledge, none of the previous studies investigated the performance of the
ARIS-FDTW system under the FBL regime, which is required for URLLC communication

[119, 46] scenarios, where Shannon capacity theorem no longer holds.

This chapter investigates the performance of ARIS-FDTW communication in the presence
of hardware impairments over cascaded Rician fading channels under the FBL regime.
We derived novel analytical and asymptotic expressions for ABLER, ergodic capacity,
system throughput, goodput, and latency. Monte Carlo simulations are performed to
verify the analytical results. Numerical results revealed the superior performance of the
ARIS-FDTW system compared to its passive counterpart and conventional FDTW-AF
and FDTW-DF relay systems.

5.1 System Model

We consider an ARIS-assisted FDTW network composed of an ARIS (R) having N
elements and two FD-IoT!users, (U;) and (Us), who want to exchange their information

(SPs) with the assistance of ARIS (see Figure 5.1). Each user has two antennas (one each

! Considered system model can be applied to multiple critical IoT scenarios, such as factory automation,
autonomous vehicle, telesurgery, etc., where a small amount of information to be exchanged among nodes.
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Figure 5.1: ARIS-assisted FDTW network.

for transmission and reception) to enable FD mode. Therefore, U; and U, can transmit and
receive simultaneously. We also assume that the direct link between two users is blocked
due to deep shadowing. Due to the FD mode, U; and Us experience signal interference
from their output to input. Specifically, current ARIS systems share phase shift circuitry
with PRIS and use power amplifiers to boost the radiated signal. Incident signals at ARIS
are amplified and reflected to the target user [33]. The reflection amplification matrix
at the ARIS is defined as © = \/Bdiag(ejel,ej(’?, ... ,ej(’N) € CV*N where 6,, € [0, 27)
indicates the n" RIS element phase shift, while § indicates the amplification coefficient. In
PRIS, g is typically set to 1; however, ARIS may increase 8 by using a tunneling reflection
amplifier for each RIS element. We assume the channels to be reciprocal. The wireless
channel fading coefficient vector from Uy to R is hi, = [hi1, h12---hin]T € CVX1 and
from R to Us is hyo = [h12, hao - - - hyo]fT € CV*1. The channel fading coefficients undergo
Rician fading, with hxy = /ixy (VE/(k+1) + /1/(k + 1);7,)()/), where, X = {1,n},
Y = {n,2}, k is the Rician factor, hxy ~ CN(0,1), and nxy = pod5, with dxy

being the distance between nodes X and Y and «, ¢ are the path loss exponent and

frequency-dependent coefficient, respectively.

5.1.1 Signal Model

Without the loss of generality, we consider the case when U;j sends the information to

Uy with the assistance of R. In addition, we assume HIs in the hardware of U; and U;
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as specified in [82]. Based on the above assumption, the received signal at Us can be

expressed as

y2 = /P1 SR ®hy, (z1+¢€12) + V Paga (w2 + £22) + v PBhi ®h,, (z2 4+ €22) +

Desired signal at Us Loop interference (LI) Self interference at Us

(5.1)
VB(hE®w,) 4w,
—_———
Thermal noise at ARIS (R)
where, ® = diag(ejel,eﬁ?,...,ejeN); Py, P, are the transmitted power of U; and

U,, respectively; x1 and xo are the transmitted signals of U; and Us with unity
power, respectively; we ~ CN(0,03) is the AWGN at U,. Furthermore, e12 ~
CN(O, P15|hgtl>hlr|2k:%2) denotes the distortion due to HI from the transmitter of Uy
and receiver of Uy and €99 ~ CN (O, P2|g2|2k§2) denote the distortion due to HI from
the transmitter and receiver of Us. Furthermore, k3, = k3, + k3. denotes the degree
of HI including kq; at the transmitter of U; and ko, at the receiver of Us. Similarly,
k3, = k3, + k3, denotes the degree of HI including ko at the transmitter of Uz and ko, at
the receiver of Us. Next, w, ~ CN (0, U%In), is thermal noise [33] introduced by the ARIS
components and I, € CV*!. Using the knowledge of x5 at U, and applying analog and
digital suppression techniques [62], Us can remove self-interference from its received signal

[53, 68, 69, 70, 72]. Therefore, the SIDNR at Us can be written as

BP|hf®hy,

2
Ty = I 2.5 | H 2, 52
BP|hE®h | kD, + Pa|ga|?xg + BlhE®w,|” + 03

(5.2)

where, x, = (1 + k2,) and go ~ CN(O, QL[) is the LI channel between the transmit and
receive antennas of Us. The term ‘hgq)wrf can be approximated? as n,202(, where,

@N(%l)-

5.1.2 Channel Statistics

Let X = ‘Zﬁ;l hmeﬁ”hng‘2 for notational simplicity. By using coherent phase shift
design as previously proposed in [53, 68, 70, 72| to facilitate constructive reception at Us,
the phase shift of the n'" elements of R is set as 6, = —arg(h1,) — arg(hnz); therefore,

X = (Zgzl ‘hlnhng‘)2. Let us assume that X,, = ‘hlnhnz‘, so the mean and variance of

2@ is aligned with }hfgi’hh«’ therefore, the term }hg@w,«’ is randomly distributed and thus can be
characterized with its mean power [123].
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X,, can be written as

T/ MnTn2
n = B[X,] = DY/ M2 1

2
VTP (=m)]", (5:3)

s

16(1 + k)2 (L

1
2

Qp = Var(Xn) = Ninfine [1 - (-@ﬂ . (5.4)

where, L% (k) = ez [(1—r)Io(—%) — kI1(—4%)] is the Laguerre polynomial. Using Laguerre
series approximation [118, Eq. (2.76)], we can obtain the approximate PDF and CDF of

X as
x ‘\/E
rPrne on ’Y<80n 17 ¢n>

S Tt YT Tt

fx () (5.5)

Np2—Q
where, ¢, = ~Fg—" and ¢, = %

5.2 Performance Analysis

5.2.1 Calculation of ABLER at U,

It is assumed that communication occurs in a time-slotted fashion, and each time slot has
a blocklength of L. = ¢4 + ¢;, where £; and ¢; are the blocklength for data and training,
respectively. Let =9 be the BLER, K5 be the number of information bits, and ¢4 be
the blocklength for Us. Accordingly, the maximum achievable rate at U, is expressed
as ro = %. Therefore, ABLER can be obtained by averaging =9 over SIDNR T, as

mentioned in section 4.4.1.

By using the steps mentioned in Appendix A.5, the ABLER of the ARIS-FDTW system

with HIs can be expressed as

M U
_ — 1
=" o (M) S SIS St
=1 =1 F(QD"_’_l)
m u (5.6)
A(byzy +C
(e 2R
n
where, x,, = cos 2’2”]\}177 , A= m, Zm = (%)azm + (’”Tm), bn = Pox S,

Cp = (Bnngafc + O'%) and M is the complexity trade-off factor. x, is the u-th zero point

(abscissa) of Laguerre polynomial, Ly (z) = %I, ng (a:Ue*””), u-th weight can be expressed

2
as Hy = [(U!)mu]g, and U is the Laguerre tradeoff factor. The ABLER can be obtained
LU+1(xu)

for PRIS by putting 8 =1 and 02 = 0 in (5.6).
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5.2.2 Asymptotic ABLER at U,

The asymptotic ABLER can be obtained by setting P;, P, — oo in (5.6); therefore, the

asymptotic ABLER at Us can be expressed as

zg‘m“wg(?‘”?) m[z SRR

T(pn+1)
V ZmQLIngu ):|
VB = zmkTy)bn /|

Remark 5.1 At higher transmit power, ABLER converges to an error floor. Thus, the

(5.7)

’7<90n +1,

diversity order of Us is equivalent to zero because of the residual LI power. We also found

that the diversity order is independent of the thermal noise of the ARIS.

5.2.3 Calculation of EC at U,

The EC in FBL transmission at Us can be obtained as

Ry =E | logy(1 + T2) — v/V(T2) [/l In2Q(Z2)]

(5.8)
= C(T2) = V(T2) [\/l4In 2Q(Z5)]
where, C(T3) = E{logy(l + YT2)} and V(T2) = E{/V(YT2)}. V(T2) =
1—(1+72)2~1—21(1+7y) 2 Therefore, C(Y2) and V(Y2) can be written as
Sty — [ LT @ G a1y [P,
C(Tg)—o/ln2(1+x)d , V(T2)~1+0/ T (5.9)

Applying the GCQ [120] method and expression for Fy,(x) as specified in Appendix A.5,

the closed-form expression of C(Y3) and V(Ys2) in (5.9) can be written as

M U
— 7r 2k25\/1 — 22, 1
C(Tq) ~ ) [1 - Hurix

2MkiyIn2 £~ 2k3, + (z + 1 = Tlent1) (5.10)
V(@m + 1) (bpwu + cn)
’)/ SOTL —l— 1, 3 9
gbn\/k‘uﬁpl(l — SUm)
M U
_ kSyy/1 — a2 1
o e
MK 2 2= 8K, + (o + 1P | 2T (0 1 1) (5.11)

V (@m + 1) (bpy + cn)ﬂ ‘

.y
7<9” nn/KopBPL(L — )
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(5.8) shows that EC in FBL is a function of Y5, ¢4 and Z. In FBL, EC also depends on
the values of C(Y2) and V(T3), which makes the computation complex. However, C(Y2)
acts as an upper bound for the EC in the FBL regime. The EC can be obtained for PRIS
by using (5.8) and putting 8 =1 and o2 = 0 in (5.10) and (5.11).

5.2.4 Aysmptotic EC at U,

The asymptotic EC can be obtained by setting P, P» — oo in (5.10) and (5.11);
therefore, the asymptotic EC at Us can be expressed as Ry =~ WOO(TQ) -
V(Y2)(vlaIn2Q(E2)) 7], where C7°(Y2) and V' (T2) represented as

—00 -~ T M 2k%2\/ 1 — :C%n
C(T2) ~ .y

U
1
1-Y Hy———x
2MkfyIn2 £~ 2k%, + (2, u; “T(pp +1)

(5.12)
m 1 Q u
(oo 42, L T DT
ko B(1 — T4)
M U
V> (Ta) ~ e N T e —
2MkiyIn2 £~ 8k, + (2 +1)3 [ = "D(pn +1) (5.13)

><7<90n +1, \/(5Um + 1)(XQQLI$U)>:|.

O/ Ko B(1 — 2)
Remark 5.2 The evaluation metric utilized to capture the diversity of EC using transmit
power is the multiplezing gains at higher transmit power. Based on (5.12) and (5.13), we
can observe that the EC of Uy reaches the throughput ceiling, yielding zero multiplexing

gain as the transmit power reaches infinity.

5.2.5 Throughput, Goodput and Latency analysis

Throughput is a performance parameter used to evaluate communication system efficacy
at a constant channel coding rate, whereas goodput is defined as the the number of
information bits reliably delivered in a specific time. Latency in the physical layer refers
to the time that the radio interface takes to send and decode a packet. Mathematically,
throughput (73) and goodput (Gz2) (in bits/s/Hz) and latency (L3) (in ms) for U, can be

defined as
LT

— . 5.14
(1-%,) (5:14)

= ¢
To=r(1-E2), 92—(1—£)7-27 Lo =
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Table 5.1: Simulation Parameters for ARIS-FDTW system.

Parameter Values
Distance between U; and R (di,) 15m
Distance between R and Uy (dy2) 20m
Thermal noise power at ARIS (02) -30 dBm
Number of ARIS elements (V) 15
Amplitude of ARIS reflection coefficient (/) 4
Bandwidth (BW) 10 MHz
Noise figure (NF) 10
Number of information bits at Uy (K3) 150
Blocklength for data (¢4) and training (¢;) 300 and 100
Coherence time (7') 0.003 ms
Complexity accuracy trade-off factor (M) and (U) 50 and 300
Pathloss exponent («) 2.2

Rician factor (k) -5 dB
Frequency-dependent coefficient(p) 1

5.3 Simulation Results and Discussion

This section presents the results of the Monte-Carlo simulation (Sim.) to validate the
analytical results. All simulation parameters are set following [70, 68, 82]. The noise
power is set as 05 = —174 + 10log,o(BW) + N F. Unless otherwise stated, all parameters

are set accordingly to Table 5.1. Furthermore, we consider that P, = P, = P.

In Figure 5.2, we represent the ABLER for ARIS-FDTW and PRIS-FDTW scenarios to
compare with that of FDTW-AF and FDTW-DF relay systems. As shown in Figure 5.2,
ARIS-FDTW systems perform better than the PRIS-FDTW and conventional FDTW-AF
and FDTW-DF relay systems.  In Figure 5.3, ABLER is plotted against the P for
different values of k12 and kos. The results reveal that our analytical results match the
simulated ones, and the ARIS-FDTW system outperforms the PRIS-FDTW system. With
an increase in the degree of HI, i.e., k1o = koo = 0.01,0.3,0.6, the gap between ABLER
curves increases at higher P, while the performance degrades. At higher P, the curves
converge to an error floor because of the LI according to Remark 5.1. Furthermore,
the slopes of the curves remain unchanged regardless of the degree of Hls. Figure 5.4
compares the EC for the ARIS-FDTW system with the PRIS-FDTW system under varying
HIs when Z5 = 0.01. As shown in Fig. 5.4, our analytical results corroborate with the
simulation. The ARIS outperforms PRIS because of the amplification factor 8. The EC
starts degrading with an increase in the level of HI, i.e., k1o = koo = 0.1,0.15,0.3. At
higher P, EC converges to a throughput ceiling. This is so because of the LI power, which

also increases with the increase in transmit power, P.
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Figure 5.2: Comparison of ABLER vs. transmit power with conventional FDTW-AF and
FDTW-DF relay systems.
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Figure 5.3: Comparison of ABLER vs. transmit power with varying HI parameters.
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Figure 5.4: Comparison of EC vs. transmit power with varying HI parameters.

100 - 0-6-¢€ 3

O Sim.-PRIS
O Sim.-ARIS
Analytical

[\

>
o ©
L 158
m S
< o
1 ©
(@]
o
L
0.5
0
104
3 30 25 20 -15  -10 5 0
€, (dBm)

Figure 5.5: Comparison of ABLER and EC vs. LI power.
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Figure 5.5 simultaneously depicts the comparison of ABLER and EC versus the LI power
(Qrr) at U for a fixed value of P = 25 dBm and k12 = ko2 = 0.1. As seen from Figure 5.5,
with an increase of LI, the ABLER increases and converges to unity. Similarly, the EC also
starts to decrease as LI increases. This is why ABLER, and EC converge to error floor and
throughput ceiling at higher P, implying zero slopes for diversity order and multiplexing
gains. Furthermore, Figure 5.6 depicts the throughput and goodput curves for Us versus
P with ki = koo = 0.3. The analytical results are plotted using (5.14) and are observed to
match the simulation results closely. Goodput is usually lower than throughput because it
examines the successfully transferred and received information bits, whereas throughput
considers the entire bits, including the training bits. Finally, Figure 5.7 plots the latency
versus P for ARIS-FDTW and PRIS-FDTW system for 277 = —5 and —25 dBm. As
shown in Figure 5.7, LI severely impacts system performance under URLLC conditions.
Furthermore, for Q7 = —25 dBm, the ARIS-FDTW and PRIS-FDTW systems meet the
criterion of latency (< 1ms); however, as the LI increases, i.e., for Qp; = —5 dBm, the

latency of the system increases and the system does not comply with URLLC requirements.

5.4 Summary

This chapter investigated the performance of ARIS-FDTW communication in the face
of HIs over cascaded Rician fading channels. System performance was analyzed under
FBL regimes. Under the FBL regime, the new analytical expressions for ABLER, EC,
system throughput, goodput, and latency were derived for ARIS-FDTW systems under
the influence of LI and HIs. We also studied the diversity order and multiplexing gains in
the higher transmit power conditions to provide more useful insights. Numerical results
revealed the following: 1) our theoretical results corroborate with the simulation ones; 2)
LI leads to performance floor at higher P; 3) the performance of ARIS-FDTW system is
superior as compared to that of PRIS-FDTW system and conventional FDTW-AF and
FDTW-DF relay scenarios under FBL regime; 4) increasing the degree of HI degrades the
performance of ARIS-FDTW system.



Chapter 6

Performance of STAR-RIS-assisted
Short Packet NOMA Network
under Imperfect SIC and CSI

The analysis reported in the literature for STAR-RIS-SP-NOMA is analyzed in terms
of ABLER [105, 106, 107], sum-rate maximization [109] with pCSI only. Recently, [108]
investigated the SE maximization of STAR-RIS-SP-NOMA with ipCSI. Therefore, it can
be observed that most previous works have considered the assumption of pCSI, which
is not feasible to acquire in real-world scenarios. Thus, the investigation of performance
analysis of STAR-RIS-SP-NOMA with ipCSI is worth investigating. Additionally, the
crucial parameters required for analyzing the 6G URLLC use cases, like latency and

reliability, are not yet discussed in the existing literature on STAR-RIS-SP-NOMA.

In this chapter, we propose an analytical framework to model the downlink
STAR-RIS-SP-NOMA network under ipSIC and ipCSI conditions over the cascaded
Nakagami-m fading environment. We have derived the statistical distribution of cascaded
Nakagami-m channels by using the Laguerre polynomial series approximation. We
derive the closed-form expressions for the ABLER for both users under ipSIC and
ipCSI scenarios. The asymptotic analysis of ABLER was also evaluated at a high
SNR to gain useful insights. With the help of ABLER, we formulate the overall
system throughput and goodput performance under the delay-limited transmission regime.
Further, to meet the rigorous requirement of the 6G’s IoT network, i.e., ultra-reliability
(99.99%) and low latency (< 1ms), we also formulate the closed-form expression for
the latency and reliability in terms of ABLER, which shows the effectiveness of our
considered system subjected to ipSIC and ipCSI. Finally, the validity of the closed-form
expressions is validated by employing Monte Carlo simulations. Numerical results reveal

the superior performance of STAR-RIS-SP-NOMA as compared to STAR-RIS-SP-OMA
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Figure 6.1: STAR-RIS assisted downlink SP-NOMA system.

and the conventional cooperative communication scenarios, such as DF-HD-SP-OMA and
fixed-gain AF-HD-SP-OMA schemes. The performance of the STAR-RIS-SP-NOMA is
also compared with all three operating protocols of STAR-RIS, and the numerical results
reveal that the TS protocol can perform better than the MS and ES protocols. Parameters
such as the ipCSI correlation factor, the ipSIC factor, blocklength, and STAR-RIS elements

are also examined for their effects on system performance.

6.1 System Model

In the downlink STAR-RIS-SP-NOMA system, as shown in Figure 6.1, a source (5)
sends SPs to two paired NOMA wusers, U; (near user) and U (far user) through
a microcontroller-enabled STAR-RIS (R) with K passive elements (kK = 1,2,...,K)
operating in ES mode. We have assumed that the distance between any two elements
in STAR-RIS is set to half wavelength to avoid the concept of spatial correlation.
In the ES mode, every STAR-RIS element can send some of the incident signals in
the desired direction through reflection and some through refraction (transmit), with
respective coefficients of 7} and nf, with 5} + i = 1, assuming no loss in the
STAR-RIS elements. For simplicity, we consider the amplitude, i.e., {n,i}szl = n! and
{nZ}szl = 1", same value for all the elements. The reflection and refraction coefficient
matrices for R are given by ®, = diag{\/n"e % /nTe % ... /nTe 1%} € CEXK and
P, = diag{\/?e*jei, \/7?6*3'95, el \/ﬁe*j%} € CKE*K_ Assuming all devices operate in
half-duplex mode, with a single antenna on each node. Furthermore, we assume the direct

link between S to U; and S to Us is blocked.
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6.1.1 Channel Model

We denote hxy to be the channel coefficient of the link from the transmitter X to the

receiver Y. hxy is complex-valued and is represented in polar form as
hXY = deg// ‘th|€]4hXY, (6.1)

where dxy represents the distance! between the node X and Y, 7 is the path loss exponent
and |hxy| and Zhxy are the magnitude and phase of hxy. We assume the channel links
undergo independent and identically distributed Nakagami-m small-scale fading.

Therefore, the channel between S — R, R — U; and R — U can be expressed as |hg| ~
Nakagami (mgg, 1), |hr1| ~ Nakagami (mg1, 1) and |hgo| ~ Nakagami (mye, 1), respectively.
Although we consider the ipCSI to be the overall effect of imperfect estimation of the
cascaded channel, similar to the assumption made in [57], we proceed under the assumption
that the location of S and R is stationary, one can estimate the relative accurate CSI of
S — R link by calculating arrival and departure angles. Thus, CSI errors result from errors
in channel estimation and limited feedback for the coefficients of the links R — U; and
R — Us. By taking into account the CSI imperfections as discussed in [57, 122, 124], the

estimated channel can be written as

s = Chii + /1 = Chyy, (6.2)

where, ﬁkz is the ideal channel, hj; is the estimated channel, ium is the erroneously
estimated channel, having same variance as hy;. ¢ € (0,1] is the correlation factor used to
measure the quality of the channel estimator, ( = 1 for the best channel estimator, that

is, pCSI and 0 < ¢ < 1 for ipCSI.

6.1.1.1 ES Protocol

Each STAR-RIS element can simultaneously reflect and refract signals for the ES protocol,
dividing the total energy into two streams. The value of the reflection and refraction
coefficient for the ES protocol lies between 0 < nf, n" < 1.

According to the NOMA strategy, S sends a superimposed signal, = = 7 | v/a; Psxi,
where 7; is the message intended for U;, complying with E{|z;|?} = 1. Here, Ps represents

the transmitted power of the source and «; is the PA coefficient of U;, with i € {1, 2} that

! According to [96], we consider STAR-RIS to be operated in the far field regime; therefore, ds. =
{ds1}5, and dp; = {dri}1 1, e., all the elements of STAR-RIS are considered to be at the same distance
from S.
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satisfies g > 1 and a1 + ag = 1. Therefore, the received signal at U; and U, can be

represented as

k=1 k=1

K
y1 = \/Ps (Czhsk\/"?e_jezhm) z4+/Py(1 - ?) (Zh e je’“hm) x+ni, (6.3)

TV TV
desired signal with estimated channel signal with erroneous channel

and

K
y2 = /Ps (CZhskﬁe—j%hm) v+ /P(1-¢2) (Zh snte” jekhm) z+ny,
k=1

desired signal with estimated channel signal with erroneous channel

(6.4)
where the first term is the desired signal, the second term is the error signal due to the

ipCSI, and n1, no are the AWGN terms with zero mean and variance Nj.

To maximize the received signal at U; and Us, we use a coherent combination and the
optimal phase shift for the STAR-RIS? is set as 40, = —ZLhg, — Lhy and 208 = —Zhg, —
ZLhya, [102, 106, 122]. At Us, x2 is decoded directly by considering x; as noise. Thus, the
received SINR for decoding z2 at Us is given as

pCPnton X3
pCtoan X3 4+ p(1— C)ntY2 + 17

T, = (6.5)

where p = Py/Ny, is the transmit SNR, and Xy = (derdpa) ™/2(30 | |hskhre|) and Y; =
(dpa)~™2(p | |hsre?®]).  Conversely, by using SIC, U; decodes its own signal, 1 by
first decoding x2 and treating x; as interference. Therefore, the instantaneous SINR of
decoding xo at U; can be written as

PG X7
pCroan X+ p(1 =) Y2 +1

Practically, SIC implementation may lead to decoding errors, also known as ipSIC.
Therefore, if xo is successfully decoded and removed, then the instantaneous SINR, for
decoding x; at Uj is

pC2n"oq X3
PG agp XE + p(1 = ) Y2 + 17

T, = (6.7)

2We apply an independent phase-shift model for reflection and transmission coefficients to establish the
maximum performance enhancement of the STAR-RIS. In passive STAR-RIS, linked phase-shift coefficients
may reduce performance.
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where X, = (dsdi1) ™2 S50, [hakhra |, Yo = (dp) " 72(00, |here®k|). and ¢ is the
ipSIC factor, ¢ = 0 is the case of pSIC and 0 < ¥ < 1 refers to ipSIC.

6.1.1.2 MS and TS Protocol

In the case of the MS protocol, the STAR-RIS elements are divided into two groups: one
group utilizes the STAR-RIS elements as perfect reflectors, while the other group uses
them to transmit the signals entirely. Therefore, we assume that K; elements are used for
the transmitting (refracting) links and K, elements are used for the reflecting links, i.e.,
K; + K, = K. Therefore, for the MS protocol n” = 1 and n* = 0 for the reflective link
and 7" = 0 and n* = 1 for the transmitting link.

In the TS protocol, STAR-RIS functions in distinct coherence times in full reflection and
full refraction mode during the T and R periods. During the T period, all STAR-RIS
elements only refract signals (n* = 1 and 7" = 0), whereas, during the R period, all

STAR-RIS elements operate as the full reflection mode (" = 1 and n' = 0).

6.1.2 STAR-RIS assisted SP-OMA

We compare STAR-RIS-SP-NOMA to STAR-RIS-SP-OMA to illustrate the performance
benefits of STAR-RIS-SP-NOMA. We consider the FDMA scheme to transmit signals of
Uy and Us in two separate bandwidth resources. According to the preceding subsection,

SINR at U;, ¢ € {1,2} is provided by

) - —T 2 ‘N2 ) .
dii p(1 = )Y + 1

Note that, for i =1,j =r and for i = 2,j = t.

6.1.3 Statistical Distribution

Computation of CDF and PDF of X; = (Zé(:l |hskhiil), @ € {1,2} is not straightforward.

Let X; = |hsphii|, therefore the mean and variance of X can be expressed as

F(msk + %)T(mm’ + %)

—E{X) = , 6.9
= Eid) L ()T (Mg ) /Mgl Mk (6.9)
and ) Ly
1 T'(mg, EA i+ 5
O, = Var(X) =1 - (e, & 5)T(mai + 3) (6.10)

Mgk Mk L(msr)T () ’

By using Laguerre polynomial series [118, Eq. (2.76)], we can get the PDF and CDF of
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X, as )
Pie” b
fxi(x) = (bfile?(pi ) (6.11)
and
T <90i +1, ;)
Fx,(z) = T (6.12)
where, ¢; = K”g{)i;m and ¢; = S,fjjj. The PDF and CDF of V; = (K, |hareif)),j €

{r,t} can be approximated with the help of causal CLT as Y; ~ C(0,€;), where Q; = Kd_’
[76, 77]. Therefore, the PDF and CDF of Yj2 can be expressed as

fy2(y) = éﬂ exp (—gj) Fy2(y) =1 —exp (—é) (6.13)

’ J

6.2 Performance Evaluation

This section discusses the initial stages of calculating the ABLER. We then determine the
ABLER expressions for U; and Us. Asymptotic expressions of ABLER are obtained to
acquire further insights. Then, based on the ABLER expression, we deduce the expressions

for the system’s throughput, goodput, latency, and reliability.

6.2.1 ABLER Preliminaries

Shannon’s theorem, built on the assumption of IBL, is no longer valid in FBL analysis
[46]. In FBL transmission, ABLER is computed to analyze the system performance [102,
106, 103, 104]. Let L = €4 + ¢;, where L, ¢4 and ¢; are the total blocklength, blocklength
for data and blocklength for training, respectively. Here, we define the N; and ¢; as the
number of information bits and blocklength for U;, respectively, i € {1,2}. Therefore, the
maximum achievable rate at U; can be written as r; = %’. Therefore, the ABLER can be

obtained by averaging =; over SINR, as mentioned in section 4.4.1.

Ei ~ 191‘ fT(CC)d:L’ (6.14)

i
Vi

where, Fr,(z) is the CDF of Yy, ¢; = [21(22" — 1)/44]7V/2, 0; = 27 — 1, v; = 0; — 1/(20;)
and p; = 0; + 1/(29;).
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=ipCSI

By using the similar steps mentioned in Appendix A.5, the ABLER at U; for the
=1

STAR-RIS-SP-NOMA network with ipCSI and ipSIC can be expressed as

=Z152+ (1 —E152)=1
be written as

(11|

(6.15)
El ~ 291 <,U1 —n

where, Z;_,» and Z; are the ABLER for decoding z» and 1 at U; respectively and can

—X
(er+1)
1 )] ’
where, x,, =

— cos 2m—1

_ (dskdr1)” 2
ar ) M= e eman Ao
(M) 2 4+ (521, by = pd [ (1 — ()1 Q, and M is the complexity trade-off factor

_ (dskdr1)" 21
x,, is the u-th zero point (abscissa) of Laguerre polynomial, Ly (z) = %Z,
weight can be expressed as Hy =

zZ1 =

¢ (a2 —z1a1)’
2
(U!) T

d

e (.%'U@
(Lo 1)

*3‘“), u-th
> and U is the Laguerre tradeoff factor. Note
ag — Yzmar > 0, otherwise =19 = 1. The value of the

=ipCST
by putting ¥ = 0 in (6.16).

that the (6.16) is valid only when oy —1z,,as > 0, otherwise =; = 1 and (6.17) is valid for
=1
obtained by varying 0 < ¢ < 1 in (6.16). The value of =} 5T with pSIC can be obtained

for different ipSIC can be

—1

The ABLER for the case of pCSI and ipSIC can be obtained by putting ¢ = 1 in the
be expressed as
method, Ell can be written as

(6.6) and (6.7). Therefore the overall ABLER for STAR-RIS-SP-NOMA with pCSI can

=E,,9+ (1 —F1_,5)E;. By using (6.12) and applying the GCQ

NV 1 — 22

m

1 VA
|: T <801 + 1> 1>:| p
I'(p1+1) o1
Similarly to (6.18), the expression for =
(6.18).

—1-2

(6.18)

can be obtained by changing A; to Aj_5 in
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6.2.3 Calculation of ABLER at U,

The ABLER at U; for the STAR-RIS-SP-NOMA with ipCSI can be approximated as

M U
=i 1 Ao (bizy + 1
pCSIN192 “2 V2 ﬂ-‘/l—mﬁl E H,—— 7T ¢2+1’M 7
M u=1 )

I(p2+ 1 b2
(6.19)
where, Ay = %, 2o = (B2522) 2y, + (E222) and by = pdyy (1-¢%)n'€Y. Note that
the above expression of ABLER is valid only when as — 201 > 0, otherwise HQPCSI 1.

The ABLER for the case of pCSI can be obtained by putting ¢ = 1 in the (6.5). Therefore,
the ABLER for the case of STAR-RIS-SP-NOMA with pCSI can be expressed as

=~ <“2_”2) % T \/172[ ! T< +1 VA?)} (6.20)
= ~ T - -/ . 4\ s T ) *
2 '\ 2 )& u Tl r1) \727 7 6

6.2.4 Asymptotic ABLER Analysis

This section presents the asymptotic ABLER analysis for U; and Us, which provides
further insights for the STAR-RIS-SP-NOMA with ipCSI and ipSIC at a high transmit
SNR regime.

6.2.4.1 Asymptotic ABLER at U;

Assuming p — oo, the asymptotic ABLER of U; with ipCSI and ipSIC can be

zpCSI o0

= = =00 =00 .
approximated as = =Z,,9+ (1 —E152)E , where =, can be written as

U
= (1523 2 R[S

\/Al 1-— <2)T]TQTZEU>:|
T +1, :
<¢1 VAL

Similar to (6.21), the expression for 2,5 can be obtained by changing Aj to A1, in (6.21).

CEDN (6.21)

Furthermore, the asymptotic ABLER at U; with pCSI can be obtained as wCSIw =

Z 5+ (1 — 51592, . By using [117, Eq. (8.354.1)] the expression for El can be

approximated as

p1t+1

1 A
(p1+ 1) (1 +1) <¢%>

(1]

(6.22)

M
oo H1— M E T A2
N191< 9 >m:1M 1 Ty,

Similar to (6.22), the expression of ElloiQ can obtained by changing A to Aj_2 in (6.22).
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6.2.4.2 Asymptotic ABLER at U,

Assuming p — oo, the asymptotic ABLER of Us with ipCSI can be approximated as

zpC’SIoo H2 — 12 — 2
<o (#52) 3 SV [ gy

u=1

V (dsped2) ™ (1 — <2>nt9mu>]
T 1, .
<¢2 i VA, Cnt(ag — z200) g2

(6.23)

Similarly to (6.22), the asymptotic ABLER of U with pCSI can be expressed a

M Potl
=pCSI,0c0 Mo — V2 T 1 Ao 2
= w2< )Z*ﬁ— > () (6.20)
? 2 =M (p2 + 12 + 1) \ ¢3

Remark 6.1 We can observe that the asymptotic ABLER of Uy and Us with ipCSI

converges to an error floor. Thus, the diversity order of Uy and Us with tpCSI is equivalent
to zero because of the residual error that arises from ipCSI. The diversity order for

the ABLER of Uy and Uy with pCSI is proportional to (1/p)1+1/2 and (1/p)p2+1)/2

respectively.

6.2.5 System Throughput and Goodput

Throughput is a performance parameter used to evaluate communication system efficacy
at a constant channel coding rate, whereas goodput is defined as the the number
of information bits reliably delivered in a specific time. Therefore, the total system

throughput and goodput (in bits/s/Hz) can be expressed similarly to section 4.4.5 as

2
TpCSLipCSI] _ Z (1 _ E?CSI JPCSI]) ry,  GPCSLpCSI) _ (1 _ % ) TIPCSLipCSI]

=1
(6.25)

6.2.6 Latency and Reliability

Latency in the physical layer is measured as the typical time for a packet to be sent and
decoded by the radio interface. Meanwhile, reliability is the likelihood of successfully
transmitting N; bits of information across a certain channel quality in the allotted time
on the user plane. We assume the fixed coherence time block, 7" (in ms), for each channel

use. Therefore, mathematically the latency, £ (in ms) and the reliability, R (in%) for
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U;,i € {1,2} can be evaluated similar to section 4.4.6, respectively as

[pCS1,ipCSI] LqT [pCSI,ipCSI) =[pCS1,ipCSI)
L - (1 _ELPCSMPCSI]>, Rl - (1 —E ) x 100. (6.26)

)

Table 6.1: Simulation Parameters for STAR-RIS-SP-NOMA.

Parameters Values
STAR-RIS elements, (K) 15
Bandwidth, (BW) 10 Mz
Number of information bits for Us, (N2) 150
Number of information bits for Uy, (Ny) 200
Distance from S to R, (ds), (in meters) 15
Distance from R to Uy, (dg1) (in meters) 10
Distance from R to Uz, (dg2) (in meters) 20
Blocklength for data, (¢4) 500
Blocklength for training, (¢;) 100
Coherence time for each channel use, (') (in ms) || 0.001
Pathloss exponent, (7) 2.5
Iterations 10°

Power allocation coefficient, (aq) and (ag) 0.3 and 0.7
Reflection (n") and Refraction (n') coefficient 0.7 and 0.3
Complexity trade-off factor, (M) and (U) 50 and 300

6.3 Simulation Results and Discussion

This section presents and validates the findings of theoretical analyses and Monte
Carlo simulations (Sim.) that assess the STAR-RIS-SP-NOMA communication system’s
performance in terms of ABLER, system throughput, goodput, latency, and reliability.
Additionally, the asymptotic ABLER and the impact of critical factors on the system
performance are examined to offer useful design insights. The noise power (in dBm) is set
as 02 = —174+10log,,(BW) + N F, where, BW is 10 MHz and NF is 10 dB. The values
of n" and n' are taken according to [90]. The value of the path-loss exponent, 7, and the
range of distances, dg, dx1 and dio are taken in accordance to [91, 105, 106]. We have
assumed the Nakagami-m fading parameter, mg, = mp; = mrz = m. Unless otherwise
stated, all the parameters are set accordingly to Table 6.1. In Figure 6.2, the comparison of
ABLER for STAR-RIS-SP-NOMA with STAR-RIS-SP-OMA system is plotted for { =1,
¥ = 0.2 and m = 0.8. As can be observed, the STAR-RIS-SP-NOMA system performs
better than the STAR-RIS-SP-OMA, DF-HD-SP-OMA, and AF-HD-SP-OMA scenarios.

The analytical results match the simulated ones.
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Figure 6.2: ABLER vs. transmit SNR.
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Figure 6.3: Comparison of ABLER vs. transmit SNR for all STAR-RIS protocols.
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Figure 6.4: Comparison of ABLER vs. transmit SNR for varying ipCSI factor (¢).
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Figure 6.5: Comparison of ABLER vs. transmit SNR for varying ipSIC factor (1)).
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Figure 6.6: ABLER vs. blocklength.

In Figure 6.3, the ABLER versus transmit SNR is plotted for the MS, ES, and TS protocols
with ¢ = 0.7, ¥ = 0.2, and m = 0.8. It can be observed that the TS protocol performs
better than the MS and ES protocols. This is because, in the TS protocol, all STAR-RIS
elements transmit or reflect fully in the T or R- period. The ES protocol performs better
than the MS protocol because, while serving two users in the same resource block, the ES
protocol utilizes all the STAR-RIS elements to serve both users. In Figure 6.4, to show
the effect of ipCSI, the value of the CSI correlation factor is varied as ¢ = 0,0.7.0.8, 1 with
a constant ipSIC factor of v = 0.1. For ¢ = 0, the channel is totally erroneous. So, the
system exhibits a maximum ABLER of 1, i.e., no packet is recovered successfully at the
receiver. For 0 < ¢ < 1, the ABLER starts to decrease, and for ¢ = 1 (the case of pCSI),
the system achieves the best ABLER performance. The analytical results corroborate with
the simulations. Additionally, at high SNR, the asymptotic results for ipCSI approach the
error floor, consistent with Remark 6.1. In Figure 6.5, the effect of ipSIC is shown on
the STAR-RIS-SP-NOMA system with ¢ = 0.8, ¢ = 0,0.2,0.3,0.4,0.5 and m = 0.8. One
can observe from the figure that, increasing the ipSIC factor from ¢ = 0,0.2,0.3,0.4,0.5,
the ABLER starts increasing, and performance degrades. For ¢ = 0, (pSIC case), the
ABLER of U is lowest, and with the increasing v, the value of ABLER starts increasing.
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Figure 6.7: System throughput vs. transmit SNR.

At high transmit SNR, the ABLER curves reach an error floor, verified by asymptotic
results. The analytical curves match the simulation, which reveals the tightness of the

analytical results.

In Figure 6.6, the ABLER is plotted against blocklength, ¢4, for the STAR-RIS-SP-NOMA
and STAR-RIS-SP-OMA for p = 20dBm, ¢ = 0.8, and ¢ = 0. It can be observed that the
STAR-RIS-SP-NOMA system provides better reliability than the STAR-RIS-SP-OMA.
From the figure, it can be observed that the reliability can be increased by increasing the
blocklength. Conversely, when the amount of information bits are fixed, the transmission
rate will decrease due to an increase in block length. In Figure 6.7, system throughput is
plotted versus transmit SNR for ( = 0.7,1, ¢ = 0.3 and m = 0.8. The system throughput
is plotted using (6.25). As can be observed, the STAR-RIS-SP-NOMA system with pCSI
and ipSIC reaches a higher throughput ceiling than the STAR-RIS-SP-NOMA with ipCSI
and ipSIC. The reason for the lower throughput ceiling of the STAR-RIS-SP-NOMA with
ipCSI is due to the residual error that arises because of the ipCSI. Additionally, the
STAR-RIS-SP-NOMA outperforms STAR-RIS-SP-OMA with ipCSI and ipSIC. In Figure
6.8, the system goodput is plotted against the transmit SNR for ( = 0.7,1, ¢» = 0.3

and m = 0.8. The system’s goodput is plotted using (6.25). Analytical results match
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Figure 6.8: System goodput vs. transmit SNR.

102 r T T T
10" F
»
E
>
[&]
c
2
©
-
0L
107 [ (=1 VAV varvaRy:
% Sim.-STAR-RIS-SP-NOMA-U, SO 000006600
¢ Sim.-STAR-RIS-SP-NOMA-U_ -pSIC
O  Sim.-STAR-RIS-SP-NOMA-U, -ipSIC
Analytical
10_1 I I I I

o 5 10 15 20 25 30 35 40 45 50
p (dBm)

Figure 6.9: Latency vs. transmit SNR.
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well with the simulated ones. As can be observed, the STAR-RIS-SP-NOMA system
with pCSI and ipSIC can reach a higher goodput ceiling than the STAR-RIS-SP-NOMA
with ipCSI and ipSIC. Also, the STAR-RIS-SP-NOMA outperforms STAR-RIS-SP-OMA
with ipCSI and ipSIC. It should be noted that goodput is usually lower than throughput
because it simply examines information bits successfully transferred and received, whereas

throughput considers all the bits, including the training bits.

In Figure 6.9, we show the latency versus transmit SNR for ¢ = 0.7,1, ¢ = 0.3 and m
= 0.8 is plotted according to (6.26) for U; and U,. The analytical results match well
with the simulated ones. As observed in Figure 6.9, the latency of U; and Us decreases
with increased transmit SNR for pCSI, ipCSI, and ipSIC. This is because of reduced
re-transmissions and a reduction in the ABLER at higher transmit SNR. Furthermore,
increasing transmit SNR leads to the saturation of latency for U; and Us because of the
low value of ABLER, after which a condition of almost no re-transmission is reached. For
instance, latency for both the users, U; and Us, approaches less than 1 ms, around 20
dBm and 27 dBm of transmit SNR for the case of pCSI ({ = 1), while for the case of
ipCSI (¢ = 0.5), it attains the same value at higher transmit SNR as ¢ decreases. This
demonstrates that our suggested system can fulfill the demanding requirements of URLLC
applications. Conversely, Figure 6.10 shows the variation of reliability against transmit
SNR for ¢ = 0.7,1, ¢» = 0.3 and m = 0.8. The analytical results are plotted using
(6.26) and match well with the simulated ones. As in the case of latency, a significant
improvement in reliability is observed for both the cases of pCSI and ipCSI with an increase
in transmit SNR. To attain reliability of 99.99% in pCSI, U; and U necessitate transmit
SNR levels of about 27 dBm and 33 dBm, respectively. It can be observed that in the
case of ipCSI ¢ = 0.5, the STAR-RIS-SP-NOMA system is not able to meet the URLLC
reliability requirement of 99.99%. In Fig. 6.11, the impact of blocklength and the number
of information bits on the latency and reliability of the proposed system for p = 30 dBm
and ¢ = 0.8 is analyzed. It can be observed from (6.26) that the latency and reliability
are functions of blocklength and packet size (information bits contained in N; and Na).
It can be observed from the figure that as the packet size increases from 32 to 128 bytes,
the latency increases and reliability decreases. There is a trade-off between packet size
and blocklength. As blocklength increases, the ABLER decreases, which results in lower
latency and higher reliability, but as the packet size increases, the latency increases and
reliability decreases. Therefore, as can be observed from the figure, when the packet size

is 32 bytes, the system nearly achieves a latency of 8 ms and a reliability of 90% with a
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blocklength of 2000. However, in the case of a longer packet size of 128 bytes, the latency
and reliability change drastically with blocklength more than 4000.

6.4 Summary

In this chapter, we investigated the performance of the downlink STAR-RIS-SP-NOMA
network under the effect of ipSIC and ipCSI. To analyze the system’s performance,
firstly, we derive the statistical characterization of the cascaded Nakagami-m channels
through the Laguerre polynomial series approximation. Secondly, the approximate
closed-form expressions for ABLER, system throughput, goodput, latency, and reliability
are derived with pCSI, ipCSI, pSIC, and ipSIC. We have also derived asymptotic
ABLER expression at high transmit SNR regimes for pCSI, ipCSI, pSIC, and ipSIC
to gain useful insights. Finally, through the numerical results, it is shown that:
1) the analytical results corroborate with the simulation results; 2) the superior
performance of STAR-RIS-SP-NOMA over STAR-RIS-SP-OMA, DF-HD-SP-OMA, and
AF-HD-SP-OMA scenarios; 3) the TS protocol could achieve the best performance, and
the MS protocol has the worst performance; 4) a degradation in the performance is
observed with increasing ipCSI and ipSIC as compared to the case with pCSI and pSIC;
5) ipCSI causes error floor for ABLER at high transmit SNR regimes; 6) ABLER reduces
with increase in the number of STAR-RIS elements; 7) increase in blocklength leads to
decrease in ABLER, which results in lower latency and increased reliability, but as the

packet size increases, the latency increases and reliability decreases.



Chapter 7

Conclusion and Future Work

In this thesis, we presented our work on the performance analysis of RIS-assisted
communication with spectrally efficient signaling techniques like NOMA, CR, and FDTW
using IBL and FBL codes. In this chapter, we conclude the thesis by summarizing its key

points and proposing future research directions that can be built upon the work presented.

7.1 Conclusion
The brief summary of the conclusions of this thesis is presented below.

1. Performance analysis and a novel phase shift matrix design for RIS-assisted NOMA.

(a) A new design of the RIS-NOMA system is proposed to provide a coherent phase
shift to both users in the NOMA pair by utilizing all the elements of an RIS
simultaneously. The performance of the same design on RIS-assisted NOMA

network is investigated.
(b) The closed-form expression of OP and system throughput is derived.

(¢) The Monte-Carlo simulations are also presented to verify the closed-form
expressions. Numerical results confirm the superiority of the proposed design

of the RIS-NOMA system over other existing scenarios of RIS-NOMA systems.

2. Performance analysis of wireless-powered RIS-assisted CR-NOMA networks with Hls
using IBL and FBL codes.

(a) The performance of the considered system is analyzed using IBL and FBL
transmission. For the IBL, the system performance is analyzed by deriving the
analytical expression of OP and system throughput. For the FBL, the system
performance is analyzed by deriving the analytical expression for the ABLER,

goodput, latency, and reliability.

(b) Asymptotic analysis is also done at a higher transmit regime for both IBL and

FBL regimes.
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(d)

The wireless-powered RIS-assisted CR-NOMA system outperforms its OMA
counterpart in IBL and FBL analysis. Practical imperfections like HIs and

ipSIC degrade the system’s performance.

Finally, the impact of other system parameters, such as the number of antennas
at the B, the number of antennas at PU, the number of RIS elements, and the

TS factor on the system performance, is also examined.

3. Performance analysis of ARIS-assisted FDTW communication with Hls under FBL

regime.

(a)

Under the FBL regime, the novel analytical expressions for ABLER, EC, system
throughput, goodput, and latency are derived for ARIS-FDTW systems under
the influence of LI and HlIs.

Diversity order and multiplexing gains have been examined based on the
asymptotic analysis in the higher transmit power conditions to provide useful

insights.

The ARIS-FDTW system’s performance is observed to be superior than that
of the PRIS-FDTW system and conventional FDTW-AF and FDTW-DF relay

scenarios under the FBL regime.

4. Performance analysis of STAR-RIS assisted short packet NOMA system under ipSIC
and ipCSI.

(a)

The novel analytical expressions of ABLER, system throughput, goodput,
latency, and reliability are derived with pCSI, ipCSI, pSIC, and ipSIC.
Asymptotic ABLER expressions at high transmit SNR regimes for pCSI, ipCSI,
pSIC, and ipSIC are also derived to gain useful insights.

The superior performance of STAR-RIS-SP-NOMA is observed over
STAR-RIS-SP-OMA, DF-HD-SP-OMA, and AF-HD-SP-OMA scenarios.

A degradation is observed in the performance with increasing ipCSI and ipSIC
compared to the case with pCSI and pSIC. ipCSI causes an error floor for
ABLER at high transmit SNR regimes.

Increase in blocklength leads to a decrease in ABLER, which results in lower
latency and increased reliability, but as the packet size increases, the latency

increases, and reliability decreases.
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7.2 Future Work

Some of the possible directions that can be taken up as extensions of this work are

suggested as:

e Designing a phase shift matrix for ARIS-NOMA that provides coherent phase shifts

to multiple users by using all RIS elements simultaneously.

e Implementing RIS-NOMA network with non-terrestrial networks like integrated

satellite-terrestrial networks and high-altitude platform systems.

e Performance analysis of wireless-powered RIS-assisted CR-MIMO NOMA in IBL
and FBL regimes. Optimizing PA and TS factors to minimize OP and maximize

system throughput for the same system model.

e Performance analysis of wireless-powered RIS-assisted CR-MIMO NOMA in IBL

and FBL regimes with non-linear energy harvesting model.

e Implementing ARIS-FDTW system by considering discrete phase shifts of ARIS,

multiuser scenario, and ipCSI.

e Investigating the performance of STAR-RIS assisted short packet NOMA under
ipCSI by considering a multiantenna at the source and multiple antennas at the

user side.
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Appendix

A.1 Derivation of (3.9) and (3.10)

Since, Vg 2| = 242 Z,{;l |hsgr,||hR.Us|, and |hxy| follows a Rayleigh distribution with
mean 1+/7/A (dxy) and variance (4 — 7) /4A (dxy). We have considered the channels to

be independent. Thus, the mean and variance of |¥s | can be computed as

E[[Vsp]] = KmeaAa /4, (A.1)
Var[|¥ys|] = K (1 - 71r6> (02A2)2, (A.2)

where, Ay = 1/1/A(dsg) A (dry,). Using (A.1) and (A.2), the shape and scale parameter
of the Gamma distribution denoted by Ay, ,| and Ay, ,|, respectively, can be obtained by

using moment-matching method [77] as:

_ (E[[¥)*  Kn®

A = = A3
W22l = Vo [[Woof] 16 — 72 (A43)

Var H\IIQ QH 4 ™
)‘|\Ilz,2\ (E [|\I/272|]) T 4 €242, (A.4)

Furthermore, let Z = W5 5%, then the CDF of Z can be deduced from |¥y 9| as Fyz (z) =
P(0 < |Wao| < Vz) = Fly,,2 (V) by transformation of random variables. Therefore,
the CDF of |Wy5]? can be expressed as in (3.9). The PDF can be obtained in (3.10) by
differentiating (3.9).

A.2 Derivation of (3.11) and (3.12)

To determine the PDF of [U;5f% firstly we start with |¥go] =
ik

As| Zszl hr,v,c1€ 90, hsr,|- We can write Wy 9 = R(¥; 2) + jI(¥; 2), where, 2(.) and

J(.) denote the real and imaginary parts of a complex number respectively. Since hgp,

and hp,y, are independent with qﬁ’fh € (—m,m). Therefore, E[R(V¥12)] = E[J(¥12)] =0
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and Var[R(U12)] = Var[J(¥1,)] = K(c14)°/2. Thus R(¥12) ~ N(0, Var[R(¥;)])
and J(¥q2) ~ N (0, Var[J(¥;2)]). We obtained the results in (3.11) and (3.12) by fitting

them with the Gamma distribution.

A.3 Derivation of (4.19)

By using (4.8) and (4.9) in (4.16) and applying a similar analysis as in [125], we can write
(4.17) as

o1 Pth 51|h2 2 Pth
POt = Pr | |ho]? < +Pr | |he? < sdlp >
<| 1’ sp| ‘2 P = hz 9 | 1| Dih P |h§|2 (A5)

11 12

Thus, I1 and I can be written as

L=Fry,(2 /OO]-“ IR R AR (A.6)
1 ‘h§i|2 ) 0 |hst] Aspy QbNSF(N) Y, .
o1z
/ f|hz\2 \hsl\Q (plth > dIE (A7)

Further, by using the GLQ [120] in (A.6) and (A.7), we can obtain the results as in (4.19).

A.4 Derivation of (4.20)

On applying coherent phase shifts, X = sz:1 (|h5khk2|)2, and by using (4.10), we can
write (4.18) as

02 Pth 5|hzd|2 Pth
P2"“t:Pr<X< 5.0 < +Pr| X < 58— p>
Agp|h| |h|? Pih h|? (A.8)

13 14

Furthermore, I3 and I can be simplified as

I=F s, (2" /OO]-“ RN AR (A.9)
=05\ ) Jy T\ Ay ) VT (V) v '

5
/ fygpe @) <p2tf)dm (A.10)

The integrals in (A.9) and (A.10) are evaluated using the GLQ [120] and the results are
obtained as in (4.20).
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A.5 Derivation of (5.6)

The CDF of F,,(x) can be written as shown

N 2
v
Fon () :PT( > hinhna| < 5<P2xg\gg\2+cn>), (A.11)
n=1
where, ¥ = ﬁ and the CDF of X is given in (5.5), Y = |g2|* and the PDF of Y is
L\t 2R12

—Y
an exponential random variable represented as fy(y) = QLUeQLI . Therefore, (A.11) can

be written as shown in (A.12).

Fry(x) = /000 Fx [‘1’5_1 (yPaxg + Cn)] fy (y)dy

1 /OO ( U(yxgPo + cn)> 1 v
=~ [ YT{on+1, efrrdy.
T(en+1) Jo VBén o

(A.12)

By applying the GLQ [120] in (A.12), we obtain the CDF, F,,(x) as shown in (A.13).

U
1
Fry(x) =~ E HuT<<,Dn—|- 1,

U (bpy + cn)> (A13)

VBon

Further, by applying the GCQ [120] method in (A.13), we obtain the result as in (5.6).
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