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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:

• 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.

• STAR-RISs offer improved Degree of Freedom (DoF) for manipulating signal

propagation, thereby greatly enhancing the design flexibility necessary to meet

rigorous communication requirements.

• 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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(c) 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, HIs,

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,
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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.
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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 hSD, the channel gain vector

from S to Rthn RIS element is hSR = [hSR1 , hSR2 · · ·hSRN
]T , and the channel gain vector

from Rthn RIS element to D is denoted as hRD = [hR1D, hR2D · · ·hRND]
T . The phase shift

matrix for the RIS elements can be denoted as Θ = diag{
√
β1e

jθ1 ,
√
β2e

jθ2 · · ·
√
βNe

jθN },

where θn is the phase shift of the nth element and βn is the amplitude of nth 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 ≤ βn ≤ 1. Therefore,

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

yD =
√
Ps
(
hTRDΘhSR + hSD

)
x+ η (2.1)
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Figure 2.3: Illustration of RIS-assisted SISO communication.

where Ps is the transmit power of S, x is the transmitted symbol from S with E{|x|2} = 1

and η is the Additive White Gaussian Noise (AWGN) denoted by η ∼ CN
(
0, σ2

)
. The

received SNR at D can be expressed as

γD =
Ps
∣∣hTRDΘhSR + hSD

∣∣2
σ2

=
Ps
∣∣∑N

n=1 hRnDβne
jθnhSRn + hSD

∣∣2
σ2

(2.2)

Here, γD can be improved by optimizing θ and the maximization problem can be

formulated as

max
θ, β

∣∣∣∣ N∑
n=1

hRnDβne
jθnhSRn + hSD

∣∣∣∣2
s.t. 0 ≤ θn ≤ 2π,

0 ≤ βn ≤ 1.

(2.3)

Therefore, the objective function

∣∣∣∣∑N
n=1 hRnDβne

jθnhSRn + hSD

∣∣∣∣2 =∣∣∣∣∑N
n=1 βRnDβne

j(θn+ϕSRn+ϕRnD)βSRn + βSDe
jϕSD

∣∣∣∣2 can be maximized if θn =

mod(ϕSD − ϕSRn − ϕRnD, 2π), 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 sn denote the

signal that arrives at the nth 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 tn =
(√

βtme
jθtn
)
sn

and rn =
(√

βrne
jθrn
)
sn, respectively, where,

√
βtn,
√
βrn ∈ [0, 1] and θtn, θ

r
n ∈ [0, 2π) denotes

the amplitude and phase shift response for transmission and reflection coefficient for the

nth element of the STAR-RIS. The amplitude adjustment parameters, i.e.,
√
βtn and

√
βrn

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 |tn|2 + |rn|2 = |sn|2, which

leads to the condition on the amplitude of transmission and reflection coefficient of each

element as βtn + βrn = 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 (βtn = 0, βrn = 1 referred as R

mode), full transmission (βtn = 1, βrn = 0, referred as T mode) and the general simultaneous

transmission and reflection (βtn, β
r
n ∈ [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 βtn : βrn, 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 ΘES
t = diag{

√
βt1e

jθt1 ,
√
βt2e

jθt2 · · ·
√
βt1e

jθtN } and ΘES
r =

diag{
√
βr1e

jθr1 ,
√
βr2e

jθr2 · · ·
√
βr1e

jθrN }, respectively, where βtn, βrn ∈ [0, 1], βtn + βrn = 1 and

θtn, θ
r
n ∈ [0, 2π)∀n ∈ 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 Nt elements that function in full transmission mode, while

the other group comprises Nr elements that operate in full reflection mode, where

Nt + Nr = N . The transmission and reflection coefficient matrices are given as ΘMS
t =

diag{
√
βt1e

jθt1 ,
√
βt2e

jθt2 · · ·
√
βt1e

jθtNt} and ΘMS
r = diag{

√
βr1e

jθr1 ,
√
βr2e

jθr2 · · ·
√
βr1e

jθrNr },

respectively, where βtn, β
r
n ∈ {0, 1}, and θtn, θ

r
n ∈ [0, 2π)∀n ∈ 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.



18 Chapter 2. Background and Literature Review

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 < λt < 1 and 0 <

λr < 1, λt + λ1 = 1 be the fractions of time allocated to T and R period respectively.

The corresponding transmission and reflection matrices can be represented as ΘTS
t =

diag{ejθt1 , ejθt2 · · · ejθtN } and ΘTS
r = diag{ejθr1 , ejθr2 · · · ejθrN }, respectively, where θtn, θrn ∈

[0, 2π)∀n ∈ 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 U1 (strong user) and U2 (weak user). The superimposed

transmitted signal can be represented as

x =
√
α1s1 +

√
α2s2 (2.4)

where α1 and α2 are the Power Allocation (PA) levels assigned for transmission to U1 and

U2 respectively. s1 and s2 are the symbols transmitted to U1 and U2, respectively. On the

receiver’s side, the received signals at U1 and U2 can be respectively expressed as

y1 = h1
√
α1s1 + h1

√
α2s2 + η1 (2.5)

y2 = h2
√
α1s1 + h2

√
α2s2 + η2 (2.6)

where hi is the channel coefficient and ηi is the AWGN for Ui, i ∈ {1, 2}. Since U1 has

a better channel condition, it first decodes the U2 signal before decoding its own signal.

Therefore Signal to Interference plus Noise Ratio (SINR) for decoding s2 at U1

SINR1→2 =
|h1|2α2

|h1|2α1 + σ2
(2.7)
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If U1 successfully decodes s2, it subtracts s2 from the received signal (SIC process). The

remaining signal at U1

ŷ1 = h1
√
α1s1 + η1 (2.8)

Therefore, the SNR at U1 to decode its own signal is

SNR1 =
|h1|2α1

σ2
(2.9)

Furthermore, U2 can not perform SIC and treats s1 as noise while decoding its own signal

s2. Thus SINR at U2 is

SINR1 =
|h2|2α2

|h2|2α1 + σ2
(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 RIS-NOMA 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 (U1) and a far user (U2) 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, U1,

and U2 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,Rk} to receiver Y ∈ {Rk, U1, U2}, where Rk with

k ∈ {1, 2, · · · ,K} is the kth 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 AdB(dXY ) = 35.1+36.7 log10(dXY )−GX−GY ,

where dXY is the distance1 between transmitter and receiver with X ∈ {S,R} and Y ∈

{R,U1, U2}, GX and GY represent the antenna gains at the transmitter and receiver,

respectively.

According to NOMA principle, S sends a superimposed signal x =
∑2

i=1

√
αiPsxi, where

xi is the message intended for Ui, complying with E{|xi|2} = 1. Here, Ps represent the

transmitted power of the source and αi is the PA coefficient for Ui, with i ∈ {1, 2} that

1We assume RIS to be operated in the far field regime; therefore, dSR = {dSRk}
K
k=1 and dRUi =

{dRkUi}Kk=1 and inter-elements spacing greater than half wavelength.
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satisfies α2 > α1 and α1 + α2 = 1. Therefore, the received signal at Ui is represented as

yUi =
1√

A (dSR)A (dRUi)

(
K∑
k=1

hSRk
ΦkhRkUi

)
x+ nUi (3.1)

where A(dXY ) is the absolute value corresponding to AdB(dXY ) and nUi is the AWGN

with zero mean and variance σ2i and Φk is the reflection coefficient introduced by the kth

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

U1 and U2, 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

yUi =
1√

A (dSR)A (dRUi)

(
ΦHhi

)
x+ nUi (3.2)

where hi = [hSR1hR1Ui , hSR2hR2Ui , · · · , hSRK
hRKUi ]

T represents the cascaded channel

coefficient of the links from S to Ui through k
th element of RIS andΦH = [Φ1,Φ2, · · · ,ΦK ].

From (3.2), it can be observed that SNR at user Ui is proportional to
∣∣AiΦHhi

∣∣2 with

Ai =
1√

A(dSR)A(dRUi)
. So, the sum SNR is proportional to

∣∣A1Φ
Hh1

∣∣2 + ∣∣A2Φ
Hh2

∣∣2. The
sum SNR proportionality can be further represented as

∣∣A1Φ
Hh1

∣∣2 + ∣∣A2Φ
Hh2

∣∣2 ≤ ∣∣ΦH (A1h1 +A2h2)
∣∣2 (3.3)

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

Using Cauchy-Schwarz2 inequality, the phase shift vector corresponding to a maximum of∣∣ΦH (A1h1 +A2h2)
∣∣2 can be obtained as

Φ ∝ (A1h1 +A2h2) (3.4)

Now, kth component of Φ is represented as Φk =
(
c1e

−jϕkU1 + c2e
−jϕkU2

)
with ϕkU1

being

the phase corresponding to kth component of h1, ϕ
k
U2

being the phase corresponding

to kth component of h2 and c1 and c2 are corresponding magnitudes. This way the

proportionality in (3.4) violates when |A1h1| ≠ |A2h2|. 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

yUi = (Ψ1,i +Ψ2,i)x+ nUi
(3.5)

where, Ψ1,i = Ai
∑K

k=1

(
hSRk

c1e
−jϕkU1hRkUi

)
and Ψ2,i = Ai

∑K
k=1

(
hSRk

c2e
−jϕkU2hRkUi

)
for

i ∈ {1, 2}. The kth component of the phase shift vector Φ i.e., Φk is combination of

phase information of kth component of h1 and that of h2. For U1, ϕ
k
U1

= −arg (hSRk
) −

arg (hRkU1) accounts for coherent phase shifts [76, 77] resulting in maximized SNR at

U1. Thus, |Ψ1,1| = A1|
∑K

k=1 hRkU1c1e
jϕkU1hSRk

| = c1A1
∑K

k=1 |hRkU1 ||hSRk
|. Similarly,

for U2, ϕ
k
U2

= −arg (hSRk
) − arg (hRkU2) accounts for coherent phase shifts to maximize

the SNR at U2. Thus, |Ψ2,2| = A2|
∑K

k=1 hRkU2c2e
−jϕkU2hSRk

| = c2A2
∑K

k=1 |hRkU2 ||hSRk
|.

Furthermore, for U1, ϕ
k
U2

accounts for random phase shift [76, 77] and thus |Ψ2,1| =

A1|
∑K

k=1 hRkU1c2e
−jϕkU2hSRk

|. Similarly, for U2, ϕ
k
U1

accounts for random phase shifts

and |Ψ1,2| = A2|
∑K

k=1 hRkU2c1e
−jϕkU1hSRk

|. Using the NOMA principle, the far user (U2)

can directly decode its signal by considering the near user (U1) signal as noise. Accordingly,

the SINR at U2 can be written as

Υ2 =
α2ρ

∣∣Ψ2,2 +Ψ1,2

∣∣2
α1ρ

∣∣Ψ2,2 +Ψ1,2

∣∣2 + 1
(3.6)

where, ρ = Ps
σ2 denotes the transmit SNR. Conversely, by using SIC, U1 decodes its signal,

x1 by first decoding x2 and treating x1 as interference. Therefore, the instantaneous SINR

of decoding x2 at U1 is

Υ12 =
α2ρ

∣∣Ψ1,1 +Ψ2,1

∣∣2
α1ρ

∣∣Ψ1,1 +Ψ2,1

∣∣2 + 1
(3.7)

Practically, SIC implementation may lead to decoding errors, also known as ipSIC. But,

in our work, we assume pSIC. Therefore, if x2 is successfully decoded and removed, then

the instantaneous SNR for decoding x1 at U1 is

Υ1 = α1ρ
∣∣Ψ1,1 +Ψ2,1

∣∣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 |Ψ2,2|2 can be written as

F|Ψ2,2|2 (x) =

γ

(
Λ|Ψ2,2|,

√
x

λ|Ψ2,2|

)
Γ
(
Λ|Ψ2,2|

) , (3.9)

f|Ψ2,2|2 (x) =
(
√
x)

(
Λ|Ψ2,2|−2

)
e

−
√
x

λ|Ψ2,2|

2Γ
(
Λ|Ψ2,2|

)
λ
Λ|Ψ2,2|

|Ψ2,2|

, (3.10)

where, Γ(·) and γ(·, ·) are the Gamma and lower incomplete gamma functions respectively.

Similar to (3.9) and (3.10), the CDF and PDF of |Ψ1,1|2 =
(
c1A1

∑K
k=1 |hSRk

||hRkU1 |
)2

can be obtained suitably by interchanging the subscripts of |Ψ2,2| to |Ψ1,1| in (3.9) and

(3.10) respectively. By using the steps as discussed in Appendix A.2, the CDF and PDF

of |Ψ1,2|2 can be written as

F|Ψ1,2|2 (y) = 1− exp

(
−y

Ω|Ψ1,2|

)
, (3.11)

f|Ψ1,2|2 (y) =
1

Ω|Ψ1,2|
exp

(
−y

Ω|Ψ1,2|

)
, (3.12)

where, Ω|Ψ1,2| = K
(
c1A2

)2
. Similar to (3.11) and (3.12), the CDF and PDF of |Ψ2,1|2 =(

A1|
∑K

k=1 hRkU1c2e
−jϕkU2hSRk

|
)2

can be obtained suitably by interchanging the subscripts

of |Ψ1,2| to |Ψ2,1| in (3.11) and (3.12) respectively.

3.3 Performance Evaluation

This section analyzes the performance of systems by computing the OP for U1 and U2 and

the system throughput.

3.3.1 Calculation of OP at U2

The OP is defined as the probability of instantaneous SINR falling below a specified

threshold SINR. The OP at U2 is defined as

Po2 = Pr (γ2 < γth2) ,

= Pr
(
|Ψ2,2 +Ψ1,2|2 < Ξ2

)
.

(3.13)
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Figure 3.2: Outage Probability vs. Transmit SNR for K = 24.

where, Ξ2 =
γth2

ρ(α2−γth2α1)
and γth2 = 2r2−1 is the threshold SINR, and r2 is the target rate

of U2 for detecting the signal x2. By using the approximation3 |Z1 +Z2|2 ≈ |Z1|2 + |Z2|2,

we can write (3.13) as

Po,2 ≈ Pr
(
|Ψ2,2|2 + |Ψ1,2|2 < Ξ2

)
, (3.14)

By using (3.9), (3.10), (3.11) and (3.12), we can write (3.14) as

Po,2 ≈
∫ Ξ2

0
F|Ψ1,2|2 (Ξ2 − y) f|Ψ2,2|2(y)dy,

≈ F|Ψ2,2|2 (Ξ2)−
∫ Ξ2

0
exp

(
−Ξ2 − y

Ω|Ψ1,2|

)
f|Ψ2,2|2(y)dy.

(3.15)

Since f|Ψ2,2|2(y) contains the terms
√
y, therefore it is quite challenging to solve (3.15)

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

Po,2 ≈F|Ψ2,2|2 (Ξ2)−
L∑
l=1

Ξ2π
√

1− ζ2

2L
exp

(
−Ξ2 − µ

Ω|Ψ1,2|

)
f|Ψ2,2|2(µ), (3.16)

where, ζ = cos
(
(2l−1)
2L π

)
, µ = Ξ2

2 (ζ + 1) and L is the complexity accuracy trade-off factor.

Note that (3.16) is valid under the condition α2 − γth2α1 > 0, otherwise Po,2 = 1. It is

noted that the term |Ψ1,2| negligibly contributes to γ2 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 |Ψ1,2| is less than 10% for

3The approximation is reasonably valid for Z1 >> Z2 or Z2 >> Z1. In the proposed system model
Ψ2,2 >> Ψ1,2 as observed from Figure 3.2, because Ψ2,2 accounts for the coherent phase shift part at U2,
and Ψ1,2 accounts for random phase shift part at U2.
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K ≥ 16 in the sums
∣∣Ψ1,2+Ψ2,2

∣∣. This contribution reduces to 2.5% for K = 64. Further,

the impact of terms |Ψ1,2| 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

P̃o,2 ≈ Pr
(
|Ψ2,2|2 < Ξ2

)
≈ F|Ψ2,2|2 (Ξ2) (3.17)

3.3.2 Calculation of OP at U1

The OP at U1 is defined as the event when U1 is not able to decode x2 of U2 and secondly, if

U1 decodes x2, while it is unable to decode its own signal x1 successfully. Mathematically,

it is defined as

Po,1 = Pr (γ12 < γth2) + Pr (γ12 > γth2 , γ1 < γth1) ,

= Pr
(
|Ψ1,1 +Ψ2,1|2 < Ξ1

)
.

(3.18)

where, Ξ1 =
γth1
ρα1

, γth1 = 2r1 − 1 is the threshold SNR, and r1 is the target rate of U1 for

detecting the signal x1. By using the approximation |Z1 + Z2|2 ≈ |Z1|2 + |Z2|2, we can

write (3.18) as

Po,1 ≈ Pr
(
|Ψ1,1|2 + |Ψ2,1|2 < Ξ1

)
(3.19)

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

Po,1 ≈F|Ψ1,1|2 (Ξ1)−
L∑
l=1

Ξ1π
√

1− ζ2

2L
exp

(
−Ξ1 − µ

Ω|Ψ2,1|

)
×

f|Ψ1,1|2(µ)

(3.20)

where, ζ = cos
(
(2l−1)
2L π

)
, µ = Ξ1

2 (ζ + 1) and L is the complexity accuracy trade-off factor.

Here, the impact of Ψ2,1 is negligible on U1 because of random phase shifting as shown in

Figure 3.2 and approximated OP can be represented as

P̃o,1 ≈ P
(
|Ψ1,1|2 < Ξ1

)
≈ F|Ψ1,1|2 (Ξ1) (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 = r1 (1− Po,1) + r2 (1− Po,2) (3.22)

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 σ2i = −174 + 10 log10(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, dSR1 , (2)
Distance from R − U1, dRU1 and (3) Distance from
R− U2, dRU2

(1) 10 m, (2)
14.14 m and (3)
22.36 m

Scenario-(b): (1) Distance from S − R1, dSR1, (2)
Distance from R1 − U1, dR1U1 , (3) Distance from
S − R2, dSR2 (4) Distance from R2 − U1, dR2U1 and
Distance from R1− U2, dR1U2

(1) 11.18m, (2)
11.18m (3) 14.14
m and (4) 14.14 m

Scenario-(c) (proposed): (1) Distance from S−R, dSR,
(2) Distance from R−U1, dRU1 and (3) Distance from
R− U2, dRU2

(1) 10 m, (2)
14.14 m and (3)
22.36 m

Operating frequency 3 GHz

Bandwidth (BW ) 10 MHz

GX and GY 10 dBi

Noise figure (NF ) 10

Number of RIS elements (K) 24

α1 and α2 0.3 and 0.7

r1 and r2 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: U1 and U2 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 3.3: Comparison of outage probability of scenario-(c) vs. transmit SNR with
scenario-(a) and scenario-(b).
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(R1) is used to serve U1 and RIS-2 (R2) is used to serve U2. Two-dimensional coordinates

used for each node position are set as U1 and U2 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 U1 and U2

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 U1 and U2 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, U1, and a far user, U2. Here, S communicates with U1 through

a direct link and U2 with the assistance of RIS1, 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, U1, and U2, 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,

1It is assumed that R is located far away from B. Therefore, there is a negligible amount of signal
coming from B and reflected toward U2. Additionally, R is tuned to provide coherent phase shifts, from
S to R and from R to U2; 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 signal2 of B. In the IT phase, S uses its harvested

energy to transmit the information signal to U1 and U2 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 Θ =

diag
(
ejθ1 , ejθ2 , . . . , ejθK

)
∈ CK×K , where θk ∈ [0, 2π) indicates the kth reflecting element

phase shift. We assume the channel vector from B to S, hbs = [h1bs, h
2
bs · · ·hNbs], the

channel from S to U1, hs1 and the channel vector from S to D, hsd = [h1sd, h
2
sd · · ·hLsd], to

be Rayleigh distributed, i.e., hXY ∈ CN (0,ΩXY ), where X ∈ {b, s} and Y ∈ {s, 1, 2, d}.

ΩXY =
(
AodXY /do

)−τ
, do, denotes the reference distance, τ is the path loss exponent,

and Ao is the average signal power attenuation at do. Additionally, we assume the channel

between S to kth element of R, hsk, and the channel between k-th element of R to U2, hk2,

to be Rician distributed, i.e., hXY =
√
ΩXY

(√
κ/(κ+ 1)+

√
1/(κ+ 1)h̃XY

)
, where, X =

{s, k}, Y = {k, 2}, κ is the Rician factor, h̃XY ∼ CN (0, 1). In vector form, the channel

vectors from S toR and fromR to U2 can be expressed as hsr = [hs1, hs2, . . . , hsK ] ∈ C1×K ,

hr2 = [h12, h22, . . . , hK2]
T ∈ CK×1.

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 αT

duration, as shown in Figure 4.2 (a). The cumulative energy harvested at S can be

represented as follows

EEHs = ηαTPB

N∑
n=1

∣∣hnbs∣∣2, (4.1)

where, η = (0, 1) is the energy conversion efficiency factor of S, α = (0, 1) is the TS factor,

T is the coherence time, and PB is the transmit power of B. Therefore, the transmit

power of S used for IT can be expressed as

PEHs =
EEHs

(1− α)T
= ∆siPB

N∑
n=1

∣∣hnbs∣∣2, (4.2)

where, ∆si =
ηα

(1−α) . To satisfy the QoS of PU, the transmit power of S should be lower

than the maximum interference constraint Ith [84, 85, 86]. Therefore, the transmit power

of S can be expressed as

Ps = min

(
PEHs , Ith/

L∑
l=1

∣∣hlsd∣∣2
)
. (4.3)
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4.1.3.2 For Finite Blocklength

We denote mT , and T as the number of channel uses and the duration (coherence time) of

each channel use. Thus, mTT 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 mEHT . The cumulative energy harvested at S can be represented as follows

EEHs = ηmEHTPB

N∑
n=1

∣∣hnbs∣∣2, (4.4)

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

power of S used for the IT phase can be expressed as

PEHs =
EEHs

(mT −mEH)T
= ∆sfPB

N∑
n=1

∣∣hnbs∣∣2, (4.5)

where, ∆sf = ηmEH

(mT−mEH) . By considering the maximum interference power constraint of

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 =
(√
a1x1 +

√
a2x2

)
to U1 and U2. x1 and x2 are respectively

the signals intended for U1 and U2 such that E{|x1|2} = 1 and E{|x2|2} = 1, whereas,

a1, a2 are the PA factors for x1 and x2, respectively, satisfying a2 > a1 for user fairness

with a1+a2 = 1. Therefore, the signal received at U1 and U2 can be expressed respectively

as

y1 =
√
Pshs1(x+ εs) + ε1 + n1, (4.6)

y2 =
√
Ps
(
hsrΘhr2

)
(x+ εs) + ε2 + n2, (4.7)

where Ps denotes the transmitted power of S, εs, ε1, and ε2 indicates the distortion

noise due to HIs at S, U1 and U2 with εs ∼ CN
(
0, k2sPs

)
, ε1 ∼ CN

(
0, k21|hs1|2Ps

)
, and

ε2 ∼ CN
(
0, k22

∣∣hsrΘhr2
∣∣2Ps) [82]. ks, k1 and k2 indicate the degree of HI. The parameters

ks, k1 and k2 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. n1 and n2 are the AWGN generated at U1 and U2 with n1 ∼ CN
(
0, σ21

)
and

n2 ∼ CN
(
0, σ22

)
. According to the NOMA principle, U1 must decode x2 first and then

subtract it from y1 before decoding x1. Such a decoding process for x1 is known as SIC.

Therefore, the Signal to Interference plus Distortion and Noise (SIDNR) at U1 for decoding

x2 and x1 can be respectively written as

Υ1→2 =
Psa2|hs1|2

Ps|hs1|2χ2 + σ21
, (4.8)

and

Υ1 =
Psa1|hs1|2

Ps|hs1|2χ1 + σ21
, (4.9)

where, χ = a1 + k2s + k21, χ1 = ψa2 + k2s + k21 and ψ is the ipSIC factor, ψ = 0 is the case

of pSIC and 0 < ψ < 1 refers to ipSIC. At U2, x2 is decoded directly by considering x1 as

noise. Thus, the received SIDNR for decoding x2 at U2 is given as

Υ2 =
Psa2|hsrΘhr2|2

Ps|hsrΘhr2|2χ2 + σ22
, (4.10)

where, χ2 = a1 + k2s + k22.

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 xi at

Ui, i ∈ {1, 2} is

ΥOMA
i =

POMA
s |Hi|2

POMA
s χoi + σ2i

, (4.11)

where, Hi = hs1 for i = 1 and Hi = hsrΘhr2 for i = 2. χoi = k2s + k21 for i = 1,

χoi = k2s + k22 for i = 2 and POMA
s = min

(
2PEHs , Ith/

L∑
l=1

∣∣hlsd∣∣2).

4.2 Channel Statistics

Let
∣∣h∑bs ∣∣2 =

∑N
n=1

∣∣hnbs∣∣2 be the the total channel coefficient from B to S. Note that∣∣h∑bs ∣∣2 is the sum of N independent exponential random variables and its distribution is

chi-square. Therefore the PDF of
∣∣h∑bs ∣∣2 can be expressed as

f∣∣h∑bs∣∣2(x) = xN−1

ΩNBSΓ(N)
exp

(
− x

ΩBS

)
, (4.12)
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Similar to (4.12), the PDF of
∣∣h∑sd ∣∣2 =

∑L
l=1

∣∣hlsd∣∣2 can be obtained. hs1 is

Rayleigh distributed, therefore |hs1|2 is exponentially distributed with PDF, f|hs1|2(x) =

exp(−x/Ωs1)/Ωs1. For notational simplicity, the cascaded Rician channel is represented

as X =
∣∣∑K

k=1 hske
jθkhk2

∣∣2. By using coherent phase shift design [17],[76],[19], to

facilitate constructive reception at U2, the phase shift of the kth element of R is set as

θk = −arg(hsk)−arg(hk2). Thus, we can write X =
(∑K

k=1

∣∣hskhk2∣∣)2. LetXk =
∣∣hskhk2∣∣.

The PDF of cascaded Rician fading channel Xk can be expressed as [116]

fXk
(x) =

1√
ΩskΩk2

∞∑
i=0

∞∑
j=0

4xi+j+1(κ+ 1)i+j+2κi+j

(i!)2(j!)2e2κ

× (ΩskΩk2)
− i+j+1

2 Ki−j

[
2x(κ+ 1)√
ΩskΩk2

]
,

(4.13)

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

(8.432)]. The mean and variance of Xk can be written as

E[Xk] =
π
√
ΩskΩk2

4(κ+ 1)

[
L 1

2
(−κ)

]2
, (4.14)

and

V ar(Xk) = ΩskΩk2

[
1− π2

16(1 + κ)2
[
L 1

2
(−κ)

]4]
, (4.15)

where, L 1
2
(κ) = e

1
2

[
(1 − κ)I0(−κ

2 ) − κI1(−κ
2 )
]
is the Laguerre polynomial. Here Iv(·) 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

fX (x) ≈
xφke

− x
ϕk

ϕφk+1
k Γ

(
φi + 1

) , FX (x) ≈
γ

(
φk + 1,

√
x

ϕk

)
Γ
(
φk + 1

) . (4.16)

where, φk = KE2[Xk]−V ar(Xk)
V ar(Xk)

and ϕk = V ar(Xk)
E[Xk]

. γ(·, ·) and Γ(·) 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 σ21 = σ22 = σ2. An outage

event is characterized by a situation in which the SIDNR/SNR at a receiver is less than a

predetermined threshold. Let γthi = 2[ri/(1−α)]− 1 be the given threshold at Ui, i ∈ {1, 2},
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where ri is the target rate for decoding xi at Ui. Therefore, the OP at U1 and U2 can be

expressed mathematically as

P out1 = Pr
(
Υ1→2 > γth2 ,Υ1 < γth1

)
+ Pr

(
Υ1→2 < γth2

)
, (4.17)

P out2 = Pr
(
Υ2 < γth2

)
. (4.18)

4.3.1 Calculation of OP at U1

The closed-form analytical expression for the OP of U1 can be obtained by using the steps

mentioned in Appendix A.3 and can be expressed as

P out1 =

[
1− exp

(
− ρth
ρΩsd

)][ U∑
u=1

Hu
(xu)

N−1

Γ(N)

(
1− exp

(
− δ1
Ωbsxuρ∆siΩs1

))]
+[

U∑
u=1

Hu
(xu)

L−1

Γ(L)
exp

(
− ρth
ρΩsd

)(
1− exp

(
− δ1
(Ωs1ρth)

(
xuΩsd +

ρth
ρ

))]
,

(4.19)

where, ρ = PB
σ2 is the transmit SNR, ρth = Ith

σ2 is the interference constraint SNR, δ1 =

max
(

γth2
a2−χ2γth2

,
γth1

a1−χ1γth1

)
, xu is the u-th zero point (abscissa) of Laguerre polynomial,

LU (x) =
ex

U !
d
dxP

(
xUe−x

)
, u-th weight can be expressed as Hu =

(
P !
)2
xp[

LU+1(xu)
]2 and U is the

Laguerre tradeoff factor. (4.19) is valid only when a2 − χ2γth2 > 0 or a1 − χ1γth1 > 0,

otherwise there exist an upper bound characterized by P out1 = 1. The OP of U1 is a

function of parameters like PA factor (a1), RIS elements (K), number of antennas at B,

(N), the number of antennas at the PU, (L) and the factor χ1. Additionally, as the ipSIC

factor, (ψ) increases, results in smaller a1 − χ1γth1 , and it will increase the P out1 .

4.3.2 Calculation of OP at U2

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

the OP of U2 can be expressed as

P out2 =

[
1− exp

(
− ρth
ρΩsd

)][ U∑
u=1

Hu
(xu)

N−1

Γ(N)

1

Γ
(
φk + 1

)γ(φk + 1,

√
δ2/∆siρxu
ϕk

)]
+

[
U∑
u=1

Hu
(xu)

L−1

Γ(L)
exp

(
− ρth
ρΩsd

)
1

Γ
(
φk + 1

)γ(φk + 1,

√
δ2
ρth

(
xuΩsd +

ρth
ρ

)
ϕk

)]
,

(4.20)

where, δ2 =
γth2

a2−χ2γth2
. (4.20) holds only for a2 − χ2γth2 > 0, otherwise, P out2 = 1.
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4.3.3 Asymptotic OP analysis

The asymptotic analysis of OP for U1 and U2 can be obtained by setting the transmit

power, Ps → ∞. Mathematically, the asymptotic OP can be represented as

P out∞ (Ps) = G

(
1

Ps

)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 U1

and U2 can be obtained for two scenarios; 1) when, ρ ≥ ρth

|h
∑
sd|2

and 2) ρ ≤ ρth

|h
∑
sd|2

.

4.3.3.1 Asymptotic OP at U1

The asymptotic OP for U1 can be obtained as

P out1,∞ =


U∑
u=1

Y

[
1− exp

(
− δ1/Ωbsxuρ∆si

Ωs1

)]
, ρ ≤ ρth

|h
∑
sd|2

U∑
u=1

Z

[
1− exp

(
− δ1(xuΩsd)

Ωs1ρth

)]
, ρ ≥ ρth

|h
∑
sd|2

(4.22)

where, Y = Hu
(xu)N−1

Γ(N) , Z = Hu
(xu)L−1

Γ(L) .

4.3.3.2 Asymptotic OP at U2

The asymptotic OP for U2 can obtained as

P out2,∞ =



U∑
u=1

Y

[ ( δ2/∆siρxu
ϕ2k

)φk+1

2

(φk + 1)Γ
(
φk + 1

)], ρ ≤ ρth

|h
∑
sd|2

U∑
u=1

Z

[( δ2
ρth

(
xuΩsd

)
ϕ2k

)φk+1

2

(φk + 1)Γ
(
φk + 1

)], ρ ≥ ρth

|h
∑
sd|2

(4.23)

Remark 4.1 It can be observed from (4.22) and (4.23) that for ρ ≤ ρth

|h
∑
sd|2

, the asymptotic

OP for U1 and U2 does not depend on the parameter of interference channels, such as Ωsd,

L and ρth. This is because the transmit SNR (ρ) limits the interference constraint SNR

(ρth). Conversely, when ρ > ρth

|h
∑
sd|2

, the asymptotic OP for U1 and U2 does not depend

upon the parameter ρ and N . This is because the interference constraint SNR (ρth) limits

the transmit SNR (ρ). Additionally, the diversity order for U1 for ρ ≤ ρth

|h
∑
sd|2

is 1 and for

ρ > ρth

|h
∑
sd|2

, the diversity reaches an outage floor with diversity order zero. Similarly for
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U2, in the case of ρ ≤ ρth

|h
∑
sd|2

the diversity order is φk+1
2 , while for the case of ρ > ρth

|h
∑
sd|2

the

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 = r1(1− P out1 ) + r2(1− P out2 ), (4.24)

Since OP is bounded by the outage floor when ρ ≥ ρth

|h
∑
sd|2

, therefore the upper bound of

the system throughput can be obtained as

T∞ ≤ r1(1− P out1,∞) + r2(1− P out2,∞). (4.25)

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 = ℓd + ℓt, where L = (mT −mEH) is the number of channel uses (for IT

phase), and ℓd, ℓt are the blocklengths for data and training, respectively. Therefore for

a given blocklength ℓd, the BLER, Ξ and SINR, Υ, the maximum achievable rate, R is

given by [46]

R
(
ℓd,Υ,Ξ

)
= C(Υ)−

√
V (Υ)

ℓd
Q−1(Ξ) +O

(
log2 ℓd
ℓd

)
, (4.26)

where, C(Υ) = log2(1 + Υ) is the Shanon capacity, V (Υ) =
(
1− (1 + Υ)−2

)
(log2 e)

2

denotes the channel dispersion, Q−1(.) denotes the inverse of Gaussian Q-function and

O
(
log2 ℓd
ℓd

)
are the remaining terms which can be neglected when ℓd ≥ 100 [119]. In FBL

transmission, BLER is computed to analyze the system performance. Let Ξi be the BLER,

Ni be the number of information bits, and ℓd be the block length for Ui, i ∈ {1, 2}. Thus,

the maximum achievable rate at Ui is expressed as Ri =
Ni
ℓd
. Therefore, the ABLER can



Chapter 4. Wireless Powered RIS-assisted Cognitive NOMA Network with Hardware
Impairments: IBL and FBL Analysis 47

be obtained by averaging Ξi over instantaneous SINR, Υi, as

Ξi =

∫ ∞

0
Q

(
C(Υi −Ri)√
V (Υi)/ℓd

)
fΥi(x)dx, (4.27)

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

we use the linear approximation method [119] as ϵ(Υi) ≈ Q

(
C(Υi−Ri)√
V (Υi)/ℓd

)
, where, ϵ(Υi) is

given by

ϵ(Υi) =


1, Υi ≤ νi

0.5− ϑi(Υi − oi), νi ≤ Υi ≤ µi

0, Υi ≥ µi,

(4.28)

where, ϑi = [2π(22Ri − 1)/ℓd]
−1/2, oi = 2Ri − 1, νi = oi − 1/(2ϑi) and µi = oi + 1/(2ϑi).

Accordingly (4.28) can be written as

Ξi ≈
∫ ∞

0
ϵ(Υi)fΥi(x)dx

(a)
≈ ϑi

∫ µi

νi

FΥi(x)dx, (4.29)

where FΥi(x) is the CDF of Υi and step (a) is obtained by evaluation of integral using

partial integration method.

4.4.2 Calculation of ABLER at U1

With the help of the results obtained in Appendix A.3 and using the GCQ method [120],

the ABLER at U1 for wireless-powered RIS-assisted-CR-NOMA system with pSIC and

ipSIC can be obtained as

Ξ1 =ϑ1

(
µ1 − ν1

2

) M∑
m=1

π

M

√
1− x2m

[(
1− exp

(
− ρth
ρΩsd

)) U∑
u=1

Hu
(xu)

N−1

Γ(N)

{
1−

exp

(
− Λ1

Ωbsxuρ∆sfΩs1

)}
+

U∑
u=1

Hu
(xu)

L−1

Γ(L)
× exp

(
− ρth
ρΩsd

){
1−

exp

(
− Λ1

(Ωs1ρth)

(
xuΩsd +

ρth
ρ

))}]
.

(4.30)

where, Λ1 = max
(

z1
a2−χ2z1

, z1
a1−ψχ1z1

)
, xm = cos

(
2m−1
2M π

)
, z1 =

(µ1−ν1
2

)
xm +

(µ1+ν1
2

)
, M

is the complexity trade-off factor. The ABLER, Ξ1, for pSIC, can be obtained by putting

ψ = 0 in (4.30), whereas the ABLER for the case of ipSIC can be obtained by varying

0 < ψ < 1. It should be noted that (4.30) is valid for a2 − χ2z1 > 0 and a1 − ψχ1z1 > 0,

otherwise Ξ1 = 1.
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4.4.3 Calculation of ABLER at U2

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

the ABLER at U2 for wireless-powered RIS-assisted-CR-NOMA system can be obtained

as

Ξ2 =ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[
1− exp

(
− ρth
ρΩsd

) U∑
u=1

Hu
(xu)

N−1

Γ(N)

1

Γ
(
φk + 1

)
γ

(
φk + 1,

√
Λ2/∆sfρxu

ϕk

)
+

U∑
u=1

Hu
(xu)

L−1

Γ(L)
exp

(
− ρth
ρΩsd

)
1

Γ
(
φk + 1

)
γ

(
φk + 1,

√
Λ2
ρth

(
xuΩsd +

ρth
ρ

)
ϕk

)]
.

(4.31)

where, Λ2 =
z2

a2−χ2z2
, xm = cos

(
2m−1
2M π

)
and z2 =

(µ2−ν2
2

)
xm +

(µ2+ν2
2

)
.

4.4.4 Asymptotic ABLER analysis

The asymptotic ABLER for U1 and U2 can be obtained for two scenarios; 1) when the

transmit power of the B tends to infinity, i.e., ρ ≥ ρth

|h
∑
sd|2

and 2) when the interference

constraint goes to infinity, i.e., ρ ≤ ρth

|h
∑
sd|2

.

4.4.4.1 Asymptotic ABLER for U1

The asymptotic ABLER for U1 can be obtained as

Ξ
out
1,∞ =



U∑
u=1

M∑
m=1

ϑ1

(
µ1 − ν1

2

)
WY×[

1− exp

(
− Λ1/Ωbsxuρ∆sf

Ωs1

)]
, ρ ≤ ρth

|h
∑
sd|2

U∑
u=1

M∑
m=1

ϑ1

(
µ1 − ν1

2

)
WZ×[

1− exp

(
− δ1(xuΩsd)

Ωs1ρth

)]
, ρ ≥ ρth

|h
∑
sd|2

(4.32)
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4.4.4.2 Asymptotic ABLER for U2

The asymptotic ABLER for U2 can be obtained as

Ξ
out
2,∞ =



U∑
u=1

M∑
m=1

ϑ2

(
µ2 − ν2

2

)
WY×

[(Λ2/∆sf ρxu

ϕ2
k

)φk+1
2

(φk+1)Γ
(
φk+1

) ]
, ρ ≤ ρth

|h
∑
sd|2

U∑
u=1

M∑
m=1

ϑ2

(
µ2 − ν2

2

)
WZ×

[( Λ2
ρth

(
xuΩsd

)
ϕ2
k

)φk+1
2

(φk+1)Γ
(
φk+1

) ]
, ρ ≥ ρth

|h
∑
sd|2

(4.33)

where, W = π
M

√
1− x2m, Y = Hu

(xu)N−1

Γ(N) , and Z = Hu
(xu)L−1

Γ(L) .

Remark 4.2: From (4.32) and (4.33), it can be observed that for ρ→ ∞, the asymptotic

ABLER for U1 and U2 does not depend upon the parameter of interference channels, such

as Ωsd, L and ρth. This is because the transmit SNR (ρ) of S is adjusted equally to ρth.

Thus, the diversity order is equivalent to zero. Conversely, when ρth → ∞, the asymptotic

ABLER for U1 and U2 does not depend upon the parameter ρ 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, ℓd, and training, ℓt, to estimate the goodput precisely.

Mathematically, the system goodput (denoted by Gi, i ∈ {1, 2}) can be evaluated from

[121], and expressed as

Gi =
(
1− ℓt

L

)
(1− Ξi)

(
Ni
ℓd

)
. (4.34)

4.4.6 Latency and Reliability Analysis

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 Ni 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, (dbs) 30m

Distance between S and PU, (dsd) 30m

Distance between S and U1, (ds1) 20m

Distance between S and R, (dsr) 50m

Distance between R and U2, (dr2) 50m

Number of antennas at B, (N) 7

Number of antennas at PU, (L) 4

Number of RIS elements, (K) 15

Interference power constraint (Ith) 20 dB

PA factor, (a1) and (a2) 0.7 and 0.3

Time splitting coefficient, (α) 0.5

Target rate for U1, (r1) 1 Bits/s/Hz

Target rate for U2, (r2) 0.5 Bits/s/Hz

Energy conversion efficiency factor, (η) 0.7

Bandwidth (BW ) 10 MHz

Noise power (σ2) -100dBm

Number of information bits at U1 (N1) 200

Number of information bits at U2 (N2) 150

Number of channel uses ( total blocklength), (mT ) 600

Blocklength for data (ℓd) and training (ℓt) 400 and 100

Number of channel uses for EH, (mEH) 100

Coherence time (T ) 0.003 ms

Complexity accuracy trade-off factor (M) and (U) 50 and 300

Pathloss at reference distance do, (Ao) 30dB

Pathloss exponent (α) 3

Rician factor (κ) -5 dB

Frequency-dependent coefficient(ϱ) 1

block for each channel use is T (in ms). Therefore, mathematically latency, L (in ms) and

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

Li =
ℓd(

1− Ξi
) × T, Ri =

(
1− Ξi

)
× 100. (4.35)

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 U1 and U2 is plotted versus PB for N = 7, L = 4, and ψ =

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 U1 (with pSIC and ipSIC) and U2

match well with the simulations. It can also be observed that the performance of OP for

wireless-powered RIS-assisted CR-NOMA of U1 with pSIC performs better than the ipSIC

case. Additionally, the OP of U1 and U2 matches with the asymptotic OP at ρ < ρth, but

when ρ is far greater than ρth, the OP tends to approach at a constant value and converges

to asymptotic OP at ρ > ρth. This is because for ρ < ρth, the transmit SNR limits the

interference constraint, and for ρ > ρth, 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 U2, while the performance of U1

remains unaltered. In Figure 4.5, the OP for U1 with pSIC and U2 is plotted against

PB for varying HIs. As the degree of HIs varies from, ks = k1 = k2 = 0.05, 0.2, 0.3, the
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Figure 4.4: Comparison of OP vs. transmit power for varying K.
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Figure 4.6: Comparison of OP vs. transmit power for varying N.

gap between OP curves for U1 and U2 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 HIs. Figure 4.6 illustrates the impact of varying

number of antennas at B, i.e., N = 4, 7, 9 and L = 3 versus PB. As can be observed from

the figure, as the number of antennas increases at B, the OP for U1 and U2 gradually

decrease up to PB = 30 dBm and PB = 35 dBm, respectively. After that, the OP for U1

and U2 increases with higher PB and is saturated to the error floor with the asymptotic

value of OP, for ρ > ρth. This is because as N increases, S has more opportunity to harvest

a sufficient amount of energy for the data transmission to U1 and U2. 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 U1 and

U2 until PB = 22 dBm and PB = 27 dBm, respectively. Furthermore, with higher values

of PB, the OP for U1 and U2 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 (α) on the OP of

the system. As can be observed from the Figure 4.8, for α > 0.7, the outage event start to

occur at U1 and U2 regardless of the value of PB. 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 α is more important than the effect of

increasing transmit power for higher values of α. In Figure 4.9, the system throughput is

plotted against PB 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 ψ = 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 U1 and U2 is plotted against PB for N = 7, L = 4, N1 = 200,

N2 = 150 and ψ = 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 U1 (with pSIC and ipSIC) and U2 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 U1 with

pSIC performs better than the ipSIC case with ψ = 0.25. Additionally, the ABLER of

U1 and U2 matches with the asymptotic ABLER at ρ < ρth, but when ρ is far greater

than ρth, the ABLER tends to approach at a constant value and converges to asymptotic

ABLER at ρ > ρth. This is because for ρ < ρth, the transmit SNR limits the interference

constraint, and for ρ > ρth, 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 U2, while the performance of U1 remains unaltered.

In Figure 4.12, we show the effect of varying blocklength L = (mT −mEH) formEH = 100,

ℓt = 100, N1 = 200, N2 = 150, ψ = 0.25 and PB = 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 PB for the proposed system in the NOMA/OMA

case. As can be observed from the figure, NOMA schemes outperform OMA for U1 and

U2. 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 PB 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 U1 and U2 for the proposed system are

plotted with PB for N = 7, L = 4 and ψ = 0.1 in the NOMA and OMA scenarios.

As can be observed, the users U1 and U2 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 PB = 0 dBm to PB = 20 dBm. As PB increases, the latency

reaches saturation. This is because an increase in PB leads to reduced ABLER. Conversely,

reliability also increases significantly for a variation of PB from PB = 0 dBm to PB =

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 PB = 30 dBm and Ith = 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 IoT 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, U1, through direct

link and the far user, U2, 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

(ρ > ρth), and 2) when the maximum interference constraint SNR leads the transmit SNR

of the secondary source (ρ < ρth). 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-IoT1users, (U1) and (U2), who want to exchange their information

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

1Considered 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, U1 and U2 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, U1 and U2 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 Θ =
√
βdiag

(
ejθ1 , ejθ2 , . . . , ejθN

)
∈ CN×N , where θn ∈ [0, 2π)

indicates the nth RIS element phase shift, while β indicates the amplification coefficient. In

PRIS, β is typically set to 1; however, ARIS may increase β by using a tunneling reflection

amplifier for each RIS element. We assume the channels to be reciprocal. The wireless

channel fading coefficient vector from U1 to R is h1r = [h11, h12 · · ·h1N ]H ∈ CN×1 and

from R to U2 is hr2 = [h12, h22 · · ·hN2]
H ∈ CN×1. The channel fading coefficients undergo

Rician fading, with hXY =
√
ηXY

(√
κ/(κ+ 1) +

√
1/(κ+ 1)h̃XY

)
, where, X = {1, n},

Y = {n, 2}, κ is the Rician factor, h̃XY ∼ CN (0, 1), and ηXY = ϱd−αXY , with dXY

being the distance between nodes X and Y and α, ϱ 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 U1 sends the information to

U2 with the assistance of R. In addition, we assume HIs in the hardware of U1 and U2
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as specified in [82]. Based on the above assumption, the received signal at U2 can be

expressed as

y2 =
√
P1βh

H
r2Φh1r

(
x1 + ε12

)︸ ︷︷ ︸
Desired signal at U2

+
√
P2g2

(
x2 + ε22

)︸ ︷︷ ︸
Loop interference (LI)

+
√
P2βh

H
2rΦhr2

(
x2 + ε22

)︸ ︷︷ ︸
Self interference at U2

+

√
β
(
hHr2Φwr

)︸ ︷︷ ︸
Thermal noise at ARIS (R)

+w2,
(5.1)

where, Φ = diag
(
ejθ1 , ejθ2 , . . . , ejθN

)
; P1, P2 are the transmitted power of U1 and

U2, respectively; x1 and x2 are the transmitted signals of U1 and U2 with unity

power, respectively; w2 ∼ CN (0, σ22) is the AWGN at U2. Furthermore, ε12 ∼

CN
(
0, P1β|hHr2Φh1r|2k212

)
denotes the distortion due to HI from the transmitter of U1

and receiver of U2 and ε22 ∼ CN
(
0, P2|g2|2k222

)
denote the distortion due to HI from

the transmitter and receiver of U2. Furthermore, k212 = k21t + k22r denotes the degree

of HI including k1t at the transmitter of U1 and k2r at the receiver of U2. Similarly,

k222 = k22t + k22r denotes the degree of HI including k2t at the transmitter of U2 and k2r at

the receiver of U2. Next, wr ∼ CN
(
0, σ2rIn

)
, is thermal noise [33] introduced by the ARIS

components and In ∈ CN×1. Using the knowledge of x2 at U2 and applying analog and

digital suppression techniques [62], U2 can remove self-interference from its received signal

[53, 68, 69, 70, 72]. Therefore, the SIDNR at U2 can be written as

Υ2 =
βP1

∣∣hHr2Φh1r

∣∣2
βP1

∣∣hHr2Φh1r

∣∣2k212 + P2|g2|2χg + β
∣∣hHr2Φωr∣∣2 + σ22

. (5.2)

where, χg = (1 + k222) and g2 ∼ CN
(
0,ΩLI

)
is the LI channel between the transmit and

receive antennas of U2. The term
∣∣hHr2Φωr∣∣2 can be approximated2 as ηn2σ

2
rζ, where,

ζ = N

(
Nκ+1
κ+1

)
.

5.1.2 Channel Statistics

Let X =
∣∣∑N

n=1 h1ne
jθnhn2

∣∣2 for notational simplicity. By using coherent phase shift

design as previously proposed in [53, 68, 70, 72] to facilitate constructive reception at U2,

the phase shift of the nth elements of R is set as θn = −arg(h1n) − arg(hn2); therefore,

X =
(∑N

n=1

∣∣h1nhn2∣∣)2. Let us assume that Xn =
∣∣h1nhn2∣∣, so the mean and variance of

2Φ is aligned with
∣∣hH

r2Φh1r

∣∣ therefore, the term
∣∣hH

r2Φωr

∣∣ is randomly distributed and thus can be
characterized with its mean power [123].
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Xn can be written as

µn = E[Xn] =
π
√
η1nηn2

4(κ+ 1)

[
L 1

2
(−κ)

]2
, (5.3)

Ωn = V ar(Xn) = η1nηn2

[
1− π2

16(1 + κ)2
[
L 1

2
(−κ)

]4]
. (5.4)

where, L 1
2
(κ) = e

1
2

[
(1−κ)I0(−κ

2 )−κI1(−
κ
2 )
]
is the Laguerre polynomial. Using Laguerre

series approximation [118, Eq. (2.76)], we can obtain the approximate PDF and CDF of

X as

fX (x) =
xφne

− x
ϕn

ϕφn+1
n Γ

(
φn + 1

) , FX (x) =

γ

(
φn + 1,

√
x

ϕn

)
Γ
(
φn + 1

) . (5.5)

where, φn = Nµ2n−Ωn

Ωn
and ϕn = Ωn

µn
.

5.2 Performance Analysis

5.2.1 Calculation of ABLER at U2

It is assumed that communication occurs in a time-slotted fashion, and each time slot has

a blocklength of L = ℓd + ℓt, where ℓd and ℓt are the blocklength for data and training,

respectively. Let Ξ2 be the BLER, K2 be the number of information bits, and ℓd be

the blocklength for U2. Accordingly, the maximum achievable rate at U2 is expressed

as r2 = K2
ℓd
. Therefore, ABLER can be obtained by averaging Ξ2 over SIDNR Υ2, 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

Ξ
ARIS
2 ≈ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φn + 1

)×
γ

(
φn + 1,

√
Λ(bnxu + cn)√

βϕn

)]
,

(5.6)

where, xm = cos

(
2m−1
2M π

)
, Λ = zm

P1(1−zmk212)
, zm =

(µ2−ν2
2

)
xm +

(µ2+ν2
2

)
, bn = P2χgΩLI ,

cn =
(
βηn2σ

2
rζ + σ22

)
and M is the complexity trade-off factor. xu is the u-th zero point

(abscissa) of Laguerre polynomial, LU (x) =
ex

U !
d
dxU

(
xUe−x

)
, u-th weight can be expressed

as HU =

(
U !
)2
xu[

LU+1(xu)
]2 , and U is the Laguerre tradeoff factor. The ABLER can be obtained

for PRIS by putting β = 1 and σ2r = 0 in (5.6).
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5.2.2 Asymptotic ABLER at U2

The asymptotic ABLER can be obtained by setting P1, P2 → ∞ in (5.6); therefore, the

asymptotic ABLER at U2 can be expressed as

Ξ
ARIS,∞
2 ≈ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φn + 1

)×
γ

(
φn + 1,

√
zmΩLIχgxu√

β(1− zmk212)ϕn

)]
.

(5.7)

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

diversity order of U2 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 U2

The EC in FBL transmission at U2 can be obtained as

R2 =E
[
log2(1 + Υ2)−

√
V (Υ2)

[√
ℓd ln 2Q(Ξ2)

]−1
]
,

= C(Υ2)− V (Υ2)
[√

ℓd ln 2Q(Ξ2)
]−1

,

(5.8)

where, C(Υ2) = E{log2(1 + Υ2)} and V (Υ2) = E{
√
V (Υ2)}.

√
V (Υ2) =√

1− (1 + Υ2)−2 ≈ 1− 1
2(1 + Υ2)

−2. Therefore, C(Υ2) and V (Υ2) can be written as

C(Υ2) =

∞∫
0

1−FΥ2(x)

ln 2(1 + x)
dx, V (Υ2) ≈ 1 +

∞∫
0

1−FΥ2(x)(
1 + x

)3 dx. (5.9)

Applying the GCQ [120] method and expression for FΥ2(x) as specified in Appendix A.5,

the closed-form expression of C(Υ2) and V (Υ2) in (5.9) can be written as

C(Υ2) ≈
π

2Mk212 ln 2

M∑
m=1

2k212
√
1− x2m

2k212 + (xm + 1)

[
1−

U∑
u=1

Hu
1

Γ
(
φn + 1

)×
γ

(
φn + 1,

√
(xm + 1)(bnxu + cn)

ϕn
√
k212βP1(1− xm)

)]
,

(5.10)

V (Υ2) ≈
π

2Mk212 ln 2

M∑
m=1

8k612
√

1− x2m
8k612 + (xm + 1)3

[
1−

U∑
u=1

Hu
1

Γ
(
φn + 1

)×
γ

(
φn + 1,

√
(xm + 1)(bnxu + cn)

ϕn
√
k212βP1(1− xm)

)]
.

(5.11)
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(5.8) shows that EC in FBL is a function of Υ2, ℓd and Ξ2. In FBL, EC also depends on

the values of C(Υ2) and V (Υ2), which makes the computation complex. However, C(Υ2)

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 β = 1 and σ2r = 0 in (5.10) and (5.11).

5.2.4 Aysmptotic EC at U2

The asymptotic EC can be obtained by setting P1, P2 → ∞ in (5.10) and (5.11);

therefore, the asymptotic EC at U2 can be expressed as R
∞
2 ≈

[
C

∞
(Υ2) −

V
∞
(Υ2)(

√
ℓd ln 2Q(Ξ2))

−1
]
, where C

∞
(Υ2) and V

∞
(Υ2) represented as

C
∞
(Υ2) ≈

π

2Mk212 ln 2

M∑
m=1

2k212
√
1− x2m

2k212 + (xm + 1)

[
1−

U∑
u=1

Hu
1

Γ
(
φn + 1

)×
γ

(
φn + 1,

√
(xm + 1)(χgΩLIxu)

ϕn
√
k212β(1− xm)

)]
,

(5.12)

V
∞
(Υ2) ≈

π

2Mk212 ln 2

M∑
m=1

8k612
√
1− x2m

8k612 + (xm + 1)3

[
1−

U∑
u=1

Hu
1

Γ
(
φn + 1

)
×γ
(
φn + 1,

√
(xm + 1)(χgΩLIxu)

ϕn
√
k212β(1− xm)

)]
.

(5.13)

Remark 5.2 The evaluation metric utilized to capture the diversity of EC using transmit

power is the multiplexing gains at higher transmit power. Based on (5.12) and (5.13), we

can observe that the EC of U2 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 (T2) and goodput (G2) (in bits/s/Hz) and latency (L2) (in ms) for U2 can be

defined as

T2 = r2
(
1− Ξ2

)
, G2 =

(
1− ℓt

L

)
T2, L2 =

ℓdT(
1− Ξ2

) . (5.14)
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Table 5.1: Simulation Parameters for ARIS-FDTW system.

Parameter Values

Distance between U1 and R (d1r) 15m

Distance between R and U2 (dr2) 20m

Thermal noise power at ARIS (σ2r ) -30 dBm

Number of ARIS elements (N) 15

Amplitude of ARIS reflection coefficient (β) 4

Bandwidth (BW ) 10 MHz

Noise figure (NF ) 10

Number of information bits at U2 (K2) 150

Blocklength for data (ℓd) and training (ℓt) 300 and 100

Coherence time (T ) 0.003 ms

Complexity accuracy trade-off factor (M) and (U) 50 and 300

Pathloss exponent (α) 2.2

Rician factor (κ) -5 dB

Frequency-dependent coefficient(ϱ) 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 σ22 = −174+ 10 log10(BW ) +NF . Unless otherwise stated, all parameters

are set accordingly to Table 5.1. Furthermore, we consider that P1 = P2 = 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 k22. 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., k12 = k22 = 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 HIs. Figure 5.4

compares the EC for the ARIS-FDTW system with the PRIS-FDTW system under varying

HIs when Ξ2 = 0.01. As shown in Fig. 5.4, our analytical results corroborate with the

simulation. The ARIS outperforms PRIS because of the amplification factor β. The EC

starts degrading with an increase in the level of HI, i.e., k12 = k22 = 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.
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Figure 5.5 simultaneously depicts the comparison of ABLER and EC versus the LI power

(ΩLI) at U2 for a fixed value of P = 25 dBm and k12 = k22 = 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 U2 versus

P with k12 = k22 = 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 ΩLI = −5 and −25 dBm. As

shown in Figure 5.7, LI severely impacts system performance under URLLC conditions.

Furthermore, for ΩLI = −25 dBm, the ARIS-FDTW and PRIS-FDTW systems meet the

criterion of latency (< 1ms); however, as the LI increases, i.e., for ΩLI = −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 (S)

sends SPs to two paired NOMA users, U1 (near user) and U2 (far user) through

a microcontroller-enabled STAR-RIS (R) with K passive elements (k = 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 ηrk and ηtk, with ηrk + ηtk = 1, assuming no loss in the

STAR-RIS elements. For simplicity, we consider the amplitude, i.e., {ηtk}Kk=1 = ηt and

{ηrk}Kk=1 = ηr, same value for all the elements. The reflection and refraction coefficient

matrices for R are given by Φr = diag{
√
ηre−jθ

r
1 ,
√
ηre−jθ

r
2 , . . . ,

√
ηre−jθ

r
K} ∈ CK×K and

Φt = diag{
√
ηte−jθ

t
1 ,
√
ηte−jθ

t
2 , . . . ,

√
ηte−jθ

t
K} ∈ CK×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 U1 and S to U2 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 = d
−τ/2
XY |hXY |ej∠hXY , (6.1)

where dXY represents the distance1 between the node X and Y , τ is the path loss exponent

and |hXY | and ∠hXY 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 − U1 and R − U2 can be expressed as |hsk| ∼

Nakagami (msk, 1), |hk1| ∼ Nakagami (mk1, 1) and |hk2| ∼ Nakagami (mk2, 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 − U1 and

R − U2. By taking into account the CSI imperfections as discussed in [57, 122, 124], the

estimated channel can be written as

ĥki = ζhki +
√
1− ζ2h̃ki, (6.2)

where, ĥki is the ideal channel, hki is the estimated channel, h̃ki is the erroneously

estimated channel, having same variance as hki. ζ ∈ (0, 1] is the correlation factor used to

measure the quality of the channel estimator, ζ = 1 for the best channel estimator, that

is, pCSI and 0 < ζ < 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 ≤ ηt, ηr ≤ 1.

According to the NOMA strategy, S sends a superimposed signal, x =
∑2

i=1

√
αiPsxi,

where xi is the message intended for Ui, complying with E{|xi|2} = 1. Here, Ps represents

the transmitted power of the source and αi is the PA coefficient of Ui, with i ∈ {1, 2} that

1According to [96], we consider STAR-RIS to be operated in the far field regime; therefore, dsk =
{dsk}Kk=1 and dki = {dki}Kk=1, e., all the elements of STAR-RIS are considered to be at the same distance
from S.
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satisfies α2 > α1 and α1 + α2 = 1. Therefore, the received signal at U1 and U2 can be

represented as

y1 =
√
Ps

(
ζ

K∑
k=1

hsk
√
ηre−jθ

r
khk1

)
x︸ ︷︷ ︸

desired signal with estimated channel

+
√
Ps(1− ζ2)

(
K∑
k=1

hsk
√
ηre−jθ

r
k h̃k1

)
x︸ ︷︷ ︸

signal with erroneous channel

+n1, (6.3)

and

y2 =
√
Ps

(
ζ

K∑
k=1

hsk
√
ηte−jθ

t
khk2

)
x︸ ︷︷ ︸

desired signal with estimated channel

+
√
Ps(1− ζ2)

(
K∑
k=1

hsk
√
ηte−jθ

t
k h̃k2

)
x︸ ︷︷ ︸

signal with erroneous channel

+n2,

(6.4)

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

ipCSI, and n1, n2 are the AWGN terms with zero mean and variance N0.

To maximize the received signal at U1 and U2, we use a coherent combination and the

optimal phase shift for the STAR-RIS2 is set as ∠θrk = −∠hsk−∠hk1 and ∠θtk = −∠hsk−

∠hk2, [102, 106, 122]. At U2, x2 is decoded directly by considering x1 as noise. Thus, the

received SINR for decoding x2 at U2 is given as

Υ2 =
ρζ2ηtα2X

2
2

ρζ2ηtα1X2
2 + ρ(1− ζ2)ηtY 2

t + 1
, (6.5)

where ρ = Ps/N0, is the transmit SNR, and X2 = (dskdk2)
−τ/2(

∑K
k=1 |hskhk2|) and Yt =

(dk2)
−τ/2(

∑K
k=1 |hskejθ

t
k |). Conversely, by using SIC, U1 decodes its own signal, x1 by

first decoding x2 and treating x1 as interference. Therefore, the instantaneous SINR of

decoding x2 at U1 can be written as

Υ1→2 =
ρζ2ηrα2X

2
1

ρζ2ηrα1X2
1 + ρ(1− ζ2)ηrY 2

r + 1
. (6.6)

Practically, SIC implementation may lead to decoding errors, also known as ipSIC.

Therefore, if x2 is successfully decoded and removed, then the instantaneous SINR for

decoding x1 at U1 is

Υ1 =
ρζ2ηrα1X

2
1

ρζ2ηrα2ψX2
1 + ρ(1− ζ2)ηrY 2

r + 1
, (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 X1 = (dskdk1)
−τ/2∑K

k=1 |hskhk1|, Yr = (dk1)
−τ/2(

∑K
k=1 |hskejθ

r
k |). and ψ is the

ipSIC factor, ψ = 0 is the case of pSIC and 0 < ψ < 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 Kt elements are used for

the transmitting (refracting) links and Kr elements are used for the reflecting links, i.e.,

Kt + Kr = K. Therefore, for the MS protocol ηr = 1 and ηt = 0 for the reflective link

and ηr = 0 and ηt = 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 (ηt = 1 and ηr = 0), whereas, during the R period, all

STAR-RIS elements operate as the full reflection mode (ηr = 1 and ηt = 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

U1 and U2 in two separate bandwidth resources. According to the preceding subsection,

SINR at Ui, i ∈ {1, 2} is provided by

ΥOMA
i =

ρζ2ηjX2
i

d−τki ρ(1− ζ2)ηjY 2
j + 1

, (6.8)

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

6.1.3 Statistical Distribution

Computation of CDF and PDF of Xi = (
∑K

k=1 |hskhki|), i ∈ {1, 2} is not straightforward.

Let Xi = |hskhki|, therefore the mean and variance of Xi can be expressed as

µXi = E{Xi} =
Γ(msk +

1
2)Γ(mki +

1
2)

Γ(msk)Γ(mki)
√
mskmki

, (6.9)

and

ΩXi = V ar(Xi) = 1− 1

mskmki

[
Γ(msk +

1
2)Γ(mki +

1
2)

Γ(msk)Γ(mki)

]2
, (6.10)

By using Laguerre polynomial series [118, Eq. (2.76)], we can get the PDF and CDF of



78
Chapter 6. Performance of STAR-RIS-assisted Short Packet NOMA Network under

Imperfect SIC and CSI

Xi as

fXi(x) =
xφie

− x
ϕi

ϕφi+1
i Γ

(
φi + 1

) , (6.11)

and

FXi(x) =

Υ

(
φi + 1, xϕi

)
Γ
(
φi + 1

) , (6.12)

where, φi =
Kµ2Xi

−ΩXi

ΩXi
and ϕi =

ΩXi
µXi

. The PDF and CDF of Yj = (
∑K

k=1 |hskejθ
j
k |), j ∈

{r, t} can be approximated with the help of causal CLT as Yj ∼ C(0,Ωj), where Ωj = Kd−τsk

[76, 77]. Therefore, the PDF and CDF of Y 2
j can be expressed as

fY 2
j
(y) =

1

Ωj
exp

(
− y

Ωj

)
, FY 2

j
(y) = 1− exp

(
− y

Ωj

)
. (6.13)

6.2 Performance Evaluation

This section discusses the initial stages of calculating the ABLER. We then determine the

ABLER expressions for U1 and U2. 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 = ℓd + ℓt, where L, ℓd and ℓt are the total blocklength, blocklength

for data and blocklength for training, respectively. Here, we define the Ni and ℓd as the

number of information bits and blocklength for Ui, respectively, i ∈ {1, 2}. Therefore, the

maximum achievable rate at Ui can be written as ri =
Ni
ℓd
. Therefore, the ABLER can be

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

Ξi ≈ ϑi

∫ µi

νi

FΥi(x)dx. (6.14)

where, FΥi(x) is the CDF of Υi, ϑi = [2π(22ri − 1)/ℓd]
−1/2, oi = 2ri − 1, νi = oi − 1/(2ϑi)

and µi = oi + 1/(2ϑi).
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6.2.2 Calculation of ABLER at U1

By using the similar steps mentioned in Appendix A.5, the ABLER at U1 for the

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

Ξ
ipCSI
1 = Ξ1→2 + (1− Ξ1→2)Ξ1 (6.15)

where, Ξ1→2 and Ξ1 are the ABLER for decoding x2 and x1 at U1 respectively and can

be written as

Ξ1 ≈ ϑ1

(
µ1 − ν1

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φ1 + 1

)Υ(φ1 + 1,

√
Λ1(brxu + 1)

ϕ1

)]
,

(6.16)

Ξ1→2 ≈ϑ1
(
µ1 − ν1

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φ1 + 1

)×
Υ

(
φ1 + 1,

√
Λ1→2(brxu + 1)

ϕ1

)]
,

(6.17)

where, xm = cos

(
2m−1
2M π

)
, Λ1 = (dskdk1)

τ z1
ρζ2ηr(α1−ψz1α2)

, Λ1→2 = (dskdk1)
τ z1

ρζ2ηr(α2−z1α1)
, z1 =(µ1−ν1

2

)
xm +

(µ1+ν1
2

)
, br = ρd−τk1 (1 − ζ2)ηrΩr and M is the complexity trade-off factor.

xu is the u-th zero point (abscissa) of Laguerre polynomial, LU (x) =
ex

U !
d
dxu

(
xUe−x

)
, u-th

weight can be expressed as HU =

(
U !
)2
xu[

LU+1(xu)
]2 and U is the Laguerre tradeoff factor. Note

that the (6.16) is valid only when α1−ψzmα2 > 0, otherwise Ξ1 = 1 and (6.17) is valid for

α2 − ψzmα1 > 0, otherwise Ξ1→2 = 1. The value of the Ξ
ipCSI
1 for different ipSIC can be

obtained by varying 0 < ψ < 1 in (6.16). The value of Ξ
ipCSI
1 with pSIC can be obtained

by putting ψ = 0 in (6.16).

The ABLER for the case of pCSI and ipSIC can be obtained by putting ζ = 1 in the

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

be expressed as Ξ
pCSI
1 = Ξ

′

1→2 + (1 − Ξ
′

1→2)Ξ
′

1. By using (6.12) and applying the GCQ

method, Ξ
′

1 can be written as

Ξ
′

1 ≈ ϑ1

(
µ1 − ν1

2

) M∑
m=1

π

M

√
1− x2m

[
1

Γ
(
φ1 + 1

)Υ(φ1 + 1,

√
Λ1

ϕ1

)]
, (6.18)

Similarly to (6.18), the expression for Ξ
′

1→2 can be obtained by changing Λ1 to Λ1→2 in

(6.18).
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6.2.3 Calculation of ABLER at U2

The ABLER at U2 for the STAR-RIS-SP-NOMA with ipCSI can be approximated as

Ξ
ipCSI
2 ≈ ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φ2 + 1

)Υ(φ2 + 1,

√
Λ2(btxu + 1)

ϕ2

)]
,

(6.19)

where, Λ2 =
(dskdk2)

τ z2
ρζ2ηt(α2−z2α1)

, z2 =
(µ2−ν2

2

)
xm+

(µ2+ν2
2

)
and bt = ρd−τk2 (1−ζ

2)ηtΩt. Note that

the above expression of ABLER is valid only when α2 − z2α1 > 0, otherwise Ξ
ipCSI
2 = 1.

The ABLER for the case of pCSI can be obtained by putting ζ = 1 in the (6.5). Therefore,

the ABLER for the case of STAR-RIS-SP-NOMA with pCSI can be expressed as

Ξ
pCSI
2 ≈ ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[
1

Γ
(
φ2 + 1

)Υ(φ2 + 1,

√
Λ2

ϕ2

)]
, (6.20)

6.2.4 Asymptotic ABLER Analysis

This section presents the asymptotic ABLER analysis for U1 and U2, 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 U1

Assuming ρ → ∞, the asymptotic ABLER of U1 with ipCSI and ipSIC can be

approximated as Ξ
ipCSI,∞
1 = Ξ

∞
1→2 + (1− Ξ1→2)Ξ

∞
1 , where Ξ

∞
1 can be written as

Ξ
∞
1 ≈ϑ1

(
µ1 − ν1

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φ1 + 1

)×
Υ

(
φ1 + 1,

√
Λ1(1− ζ2)ηrΩrxu√

dτk1ζ
2ηrϕ1

)]
,

(6.21)

Similar to (6.21), the expression for Ξ
∞
1→2 can be obtained by changing Λ1 to Λ1→2 in (6.21).

Furthermore, the asymptotic ABLER at U1 with pCSI can be obtained as Ξ
pCSI,∞
1 =

Ξ
′∞
1→2 + (1 − Ξ

′∞
1→2)Ξ

′∞
1 . By using [117, Eq. (8.354.1)] the expression for Ξ

′∞
1 can be

approximated as

Ξ
′∞
1 ≈ ϑ1

(
µ1 − ν1

2

) M∑
m=1

π

M

√
1− x2m

[
1

(φ1 + 1)Γ
(
φ1 + 1

)(Λ1

ϕ21

)φ1+1
2

]
, (6.22)

Similar to (6.22), the expression of Ξ
′∞
1→2 can obtained by changing Λ1 to Λ1→2 in (6.22).
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6.2.4.2 Asymptotic ABLER at U2

Assuming ρ→ ∞, the asymptotic ABLER of U2 with ipCSI can be approximated as

Ξ
ipCSI,∞
2 ≈ ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[ U∑
u=1

Hu
1

Γ
(
φ2 + 1

)×
Υ

(
φ2 + 1,

√
(dskdk2)τ (1− ζ2)ηtΩtz2xu√
dτk2ζ

2ηt(α2 − z2α1)ϕ2

)]
.

(6.23)

Similarly to (6.22), the asymptotic ABLER of U2 with pCSI can be expressed a

Ξ
pCSI,∞
2 ≈ ϑ2

(
µ2 − ν2

2

) M∑
m=1

π

M

√
1− x2m

[
1

(φ2 + 1)Γ
(
φ2 + 1

)(Λ2

ϕ22

)φ2+1
2

]
. (6.24)

Remark 6.1 We can observe that the asymptotic ABLER of U1 and U2 with ipCSI

converges to an error floor. Thus, the diversity order of U1 and U2 with ipCSI is equivalent

to zero because of the residual error that arises from ipCSI. The diversity order for

the ABLER of U1 and U2 with pCSI is proportional to (1/ρ)(φ1+1)/2 and (1/ρ)(φ2+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

T [pCSI,ipCSI] =

2∑
i=1

(
1− Ξ

[pCSI,ipCSI]
i

)
ri, G[pCSI,ipCSI] =

(
1− ℓt

L

)
T [pCSI,ipCSI].

(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 Ni bits of information across a certain channel quality in the allotted time

on the user plane. We assume the fixed coherence time block, T (in ms), for each channel

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

L[pCSI,ipCSI]
i =

ℓdT(
1− Ξ

[pCSI,ipCSI]
i

) , R[pCSI,ipCSI]
i =

(
1− Ξ

[pCSI,ipCSI]
i

)
× 100. (6.26)

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

Parameters Values

STAR-RIS elements, (K) 15

Bandwidth, (BW ) 10 MHz

Number of information bits for U2, (N2) 150

Number of information bits for U1, (N1) 200

Distance from S to R, (dsk), (in meters) 15

Distance from R to U1, (dk1) (in meters) 10

Distance from R to U2, (dk2) (in meters) 20

Blocklength for data, (ℓd) 500

Blocklength for training, (ℓt) 100

Coherence time for each channel use, (T ) (in ms) 0.001

Pathloss exponent, (τ) 2.5

Iterations 106

Power allocation coefficient, (α1) and (α2) 0.3 and 0.7

Reflection (ηr) and Refraction (ηt) 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 σ2 = −174+10 log10(BW )+NF , where, BW is 10 MHz and NF is 10 dB. The values

of ηr and ηt are taken according to [90]. The value of the path-loss exponent, τ , and the

range of distances, dsk, dk1 and dk2 are taken in accordance to [91, 105, 106]. We have

assumed the Nakagami-m fading parameter, msk = mk1 = mk2 = 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 ζ = 1,

ψ = 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 (ζ).
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In Figure 6.3, the ABLER versus transmit SNR is plotted for the MS, ES, and TS protocols

with ζ = 0.7, ψ = 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 ζ = 0, 0.7.0.8, 1 with

a constant ipSIC factor of ψ = 0.1. For ζ = 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 < ζ < 1, the ABLER starts to decrease, and for ζ = 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 ζ = 0.8, ψ = 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 ψ = 0, 0.2, 0.3, 0.4, 0.5,

the ABLER starts increasing, and performance degrades. For ψ = 0, (pSIC case), the

ABLER of U1 is lowest, and with the increasing ψ, 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, ℓd, for the STAR-RIS-SP-NOMA

and STAR-RIS-SP-OMA for ρ = 20dBm, ζ = 0.8, and ψ = 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 ζ = 0.7, 1, ψ = 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 ζ = 0.7, 1, ψ = 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.
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Figure 6.9: Latency vs. transmit SNR.
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Figure 6.10: Reliability 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 ζ = 0.7, 1, ψ = 0.3 and m

= 0.8 is plotted according to (6.26) for U1 and U2. The analytical results match well

with the simulated ones. As observed in Figure 6.9, the latency of U1 and U2 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 U1 and U2 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, U1 and U2, approaches less than 1 ms, around 20

dBm and 27 dBm of transmit SNR for the case of pCSI (ζ = 1), while for the case of

ipCSI (ζ = 0.5), it attains the same value at higher transmit SNR as ζ 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 ζ = 0.7, 1, ψ = 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, U1 and U2 necessitate transmit

SNR levels of about 27 dBm and 33 dBm, respectively. It can be observed that in the

case of ipCSI ζ = 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 ρ = 30 dBm

and ζ = 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 N1 and N2).

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.

(c) 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 HIs

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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(c) 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.

(d) 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 HIs 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 HIs.

(b) Diversity order and multiplexing gains have been examined based on the

asymptotic analysis in the higher transmit power conditions to provide useful

insights.

(c) 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.

(b) 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.

(c) 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.

(d) 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:

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

to multiple users by using all RIS elements simultaneously.

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

satellite-terrestrial networks and high-altitude platform systems.

• 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.

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

and FBL regimes with non-linear energy harvesting model.

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

multiuser scenario, and ipCSI.

• 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.



Chapter A

Appendix

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

Since, |Ψ2,2| = c2A2
∑K

k=1 |hSRk
||hRkU2 |, and |hXY | follows a Rayleigh distribution with

mean 1
2

√
π/A (dXY ) and variance (4− π) /4A (dXY ). We have considered the channels to

be independent. Thus, the mean and variance of |Ψ2,2| can be computed as

E [|Ψ2,2|] = Kπc2A2/4, (A.1)

V ar [|Ψ2,2|] = K

(
1− π2

16

)(
c2A2

)2
, (A.2)

where, A2 = 1/
√
A (dSR)A (dRU2). Using (A.1) and (A.2), the shape and scale parameter

of the Gamma distribution denoted by Λ|Ψ2,2| and λ|Ψ2,2|, respectively, can be obtained by

using moment-matching method [77] as:

Λ|Ψ2,2| =
(E [|Ψ2,2|])2

V ar [|Ψ2,2|]
=

Kπ2

16− π2
, (A.3)

λ|Ψ2,2| =
V ar [|Ψ2,2|]
(E [|Ψ2,2|])

=

(
4

π
− π

4

)
c2A2, (A.4)

Furthermore, let Z = |Ψ2,2|2, then the CDF of Z can be deduced from |Ψ2,2| as FZ (x) =

P (0 ≤ |Ψ2,2| ≤
√
x) = F|Ψ2,2|2 (

√
x) by transformation of random variables. Therefore,

the CDF of |Ψ2,2|2 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 |Ψ1,2|2, firstly we start with |Ψ1,2| =

A2|
∑K

k=1 hRkU2c1e
−jϕkU1hSRk

|. We can write Ψ1,2 = R(Ψ1,2) + jI(Ψ1,2), where, R(.) and

I(.) denote the real and imaginary parts of a complex number respectively. Since hSRk

and hRkU2 are independent with ϕkU1
∈ (−π, π). Therefore, E[R(Ψ1,2)] = E[I(Ψ1,2)] = 0

94



APPENDIX A. Appendix 95

and V ar[R(Ψ1,2)] = V ar[I(Ψ1,2)] = K
(
c1A2

)2
/2. Thus R(Ψ1,2) ∼ N (0, V ar[R(Ψ1,2)])

and I(Ψ1,2) ∼ N (0, V ar[I(Ψ1,2)]). 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

P out1 = Pr

(
|hs1|2 <

δ1

∆sρ
∣∣h∑bs ∣∣2 , ρ ≤ ρth

|h
∑
sd |2

)
︸ ︷︷ ︸

I1

+Pr

(
|hs1|2 <

δ1|h
∑
sd |

2

ρth
, ρ >

ρth

|h
∑
sd |2

)
︸ ︷︷ ︸

I2

(A.5)

Thus, I1 and I2 can be written as

I1 = F|h
∑
sd|2

(
ρth
ρ

)∫ ∞

0
F|hs1|2

(
δ1

∆sρy

)
yN−1

ΩNbsΓ(N)
e
− y

Ωbs dy, (A.6)

I2 =

∫ ∞

ρth
ρ

f|h
∑
sd|2

(x)F|hs1|2

(
δ1x

ρth

)
dx, (A.7)

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 =
∑K

k=1

(∣∣hskhk2∣∣)2, and by using (4.10), we can

write (4.18) as

P out2 = Pr

(
X <

δ2

∆sρ
∣∣h∑bs ∣∣2 , ρ ≤ ρth

|h
∑
sd |2

)
︸ ︷︷ ︸

I3

+Pr

(
X <

δ|h
∑
sd |

2

ρth
, ρ >

ρth

|h
∑
sd |2

)
︸ ︷︷ ︸

I4

(A.8)

Furthermore, I3 and I4 can be simplified as

I3 = F|h
∑
sd|2

(
ρth
ρ

)∫ ∞

0
FX

(
δ2

∆sρy

)
yN−1

ΩNbsΓ(N)
e
− y

Ωbs dy, (A.9)

I4 =

∫ ∞

ρth
ρ

f|h
∑
sd|2

(x)FX

(
δ2x

ρth

)
dx, (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 Fγ2(x) can be written as shown

Fγ2(x) = Pr

(∣∣∣∣ N∑
n=1

h1nhn2

∣∣∣∣2 < Ψ

β

(
P2χg|g2|2 + cn

))
, (A.11)

where, Ψ = x

P1

(
1−xk212

) and the CDF of X is given in (5.5), Y = |g2|2 and the PDF of Y is

an exponential random variable represented as fY (y) =
1

ΩLI
e

−y
ΩLI . Therefore, (A.11) can

be written as shown in (A.12).

Fγ2(x) =
∫ ∞

0
FX

[
Ψβ−1

(
yP2χg + cn

)]
fY
(
y
)
dy

=
1

Γ
(
φn + 1

) ∫ ∞

0
Υ

(
φn + 1,

√
Ψ(yχgP2 + cn)√

βϕn

)
1

ΩLI
e

−y
ΩLI dy.

(A.12)

By applying the GLQ [120] in (A.12), we obtain the CDF, Fγ2(x) as shown in (A.13).

Fγ2(x) ≈
U∑
u=1

Hu
1

Γ
(
φn + 1

)Υ(φn + 1,

√
Ψ(bnxu + cn)√

βϕn

)
. (A.13)

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