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ABSTRACT

The rapid increase in mobile device usage has triggered a surge in bandwidth-
intensive applications like video streaming, gaming, and more. This growth has
heightened the demand for enhanced spectrum utilization and performance in up-
coming wireless networks. Technologies such as virtual full-duplex (VFD) commu-
nication, underlay device-to-device (D2D) communication, reconfigurable intelligent
surfaces (RIS) or intelligent reflecting surfaces, and non-orthogonal multiple access
(NOMA) have emerged as promising solutions for the next generation of wireless net-
works. Traditional half-duplex systems, where devices can only transmit or receive at
any given time, often underutilize available spectrum. Full-duplex (FD) communica-
tion overcomes this limitation by enabling simultaneous transmission and reception
on the same frequency channel, effectively doubling spectral efficiency with reduced
latency. However, due to the high self-interference problem in FD systems, VFD
communication has emerged as an alternative with improved network performance.

Furthermore, underlay D2D communication allows devices in close vicinity to
communicate directly using the same frequency bands allocated to cellular net-
works with interference reduction techniques via proper resource allocation, thus
improving spectrum utilization. Additionally, NOMA enables efficient sharing of
time-frequency resources among multiple users. Unlike traditional orthogonal mul-
tiple access (OMA) schemes, NOMA allows multiple users to transmit concurrently
on the same frequency band by employing power domain multiplexing. Moreover,
RIS can improve signal propagation, coverage, and reliability by intelligently manip-
ulating the electromagnetic waves. This enhancement leads to improved rates and
efficiency in wireless communication systems. Additionally, a variant of RIS known
as simultaneously transmitting and reflecting RISs (STAR-RIS) not only reflects
signals but also transmits them, thereby enhancing the flexibility and effectiveness
of RISs to serve users on both sides of the RIS.

In this thesis, initially, a cooperative VFD-based NOMA (VFD-NOMA) sys-
tem using decode-and-forward (DF) relay with successive relaying (SR) is investi-
gated under practical constraints such as imperfect successive interference cancella-
tion (SIC) and residual inter-relay interference (IRI). SIC is crucial in NOMA for
leveraging power differences between users, although achieving perfect SIC poses
challenges. Similarly, residual IRI may persist even after interference cancellation.
Previous works have neglecting these practical aspects and primarily focused on
analyzing performance over Rayleigh faded channels, overlooking other generalized
fading models like Nakagami-m. Thus, a framework for outage probability (OP),
asymptotic OP, and ergodic rate (ER) expressions is developed for the considered
system model over the generalized Nakagami-m fading channels. Additionally, the
performance of the considered system is compared against FD-OMA and FD-NOMA
schemes, highlighting the impact of the fading parameter and inter-relay distance.

Secondly, comparing to FD systems, the SR based VFD (SR-VFD) system mod-
els studied in the literature necessitate an additional time phase and a doubled num-
ber of relays for each destination user. Therefore, this thesis introduces a novel fre-
quency division duplex (FDD) based VFD (FDD-VFD) system model. This model
not only matches FD in terms of resource utilization but also surpasses the perfor-
mance of both SR-VFD and FD systems. Two practical scenarios are considered:
absence of inter-relay interference (A-IRI) and presence of inter-relay interference
(P-IRI). The thesis analyzes the OP and ER performance metrics of the proposed



system. Also, to mitigate the impact of inter-relay interference in the P-IRI scenario,
optimization problems are investigated to minimize the system OP (SOP) and max-
imize the ergodic sum rate (ESR) through joint allocation of transmit power for
the relays. The particle swarm optimization (PSO) algorithm and a deep neural
network (DNN) architecture are employed to solve these formulated problems. Ex-
tensive evaluations are conducted across various system parameters to demonstrate
the effectiveness of the proposed FDD scheme and draw significant conclusions.

Third, the thesis delves into exploring a novel system model based on NOMA-
enabled underlay D2D communication to further enhance the utilization of the wire-
less spectrum and available resources. This model incorporates NOMA in both un-
derlay D2D and cellular networks, offering increased spectral efficiency compared
to previous underlay D2D and NOMA models and exhibiting potential for superior
performance. The study presents analytical expressions for the SOP and sum er-
godic rate (SER) metrics for performance evaluation. Additionally, a power control
mechanism based on a DNN is proposed for minimizing SOP, complementing the
analytical analysis with practical insights from simulations, showcasing the model’s
effectiveness over comparative schemes and highlighting the importance of optimiz-
ing power values in response to various system parameters.

Fourthly, the investigation focuses on enhancing both system performance and
spectrum utilization through an novel RIS-FD system model, specifically catering
to different downlink and uplink (DDU) users, unlike existing studies that predom-
inantly consider two-way communication with the same user for both downlink and
uplink (SDU). This model has applications in FD cooperative systems as well as un-
derlay D2D communication, featuring multiple users with best downlink and uplink
user selections. The study incorporates factors such as residual SI (RSI), co-channel
interference (CCI), and hardware imperfections (HI), considering direct links across
generalized Nakagami-m fading channels. Analytical expressions for OP, SOP, and
ER are derived, alongside investigations into joint element splitting, user power allo-
cations, and reflection amplitude with objectives of minimizing SOP and maximizing

ESR.

Fifth and in the last, the thesis proposes a novel VFD communication-based
scheme for STAR-RIS, referred to as VFD-STAR-RIS, aimed at mimicking and
surpassing the performance of conventional FD-based STAR-RIS (FD-STAR-RIS)
communication, particularly in scenarios with high RSI. The VFD-STAR-RIS model
substitutes the FD access point (AP) with two half-duplex (HD) APs or remote radio
units, each serving a specific downlink or uplink user. This design achieves perfor-
mance improvements without the complexity of SI cancellation, while maintaining
spectrum utilization akin to FD-STAR-RIS. The proposed model also finds applica-
tion in FD cooperative systems and underlay D2D communication, with analytical
expressions provided for OP and ER, considering multiple uplink and downlink
users with user selections. Furthermore, to mitigate inter-user interferences (IUI)
aided by STAR-RIS, the study investigates optimization problems involving power
allocations, reflection amplitude, transmission amplitude, and STAR-RIS element
partitioning for SOP minimization and ESR maximization. A solution using the
PSO algorithm is employed for SOP minimization. However, due to the complexity
involved in the ER expressions, applying PSO directly to the JPRTE problem of
ESR maximization (JPRTE-ESR) will require significant convergence time. Thus, a
machine learning (ML) approach is used to approximate ER expressions via a DNN

1



architecture, and thereafter PSO is applied to obtain a solution having a very low
computational time.

Lastly, numerical results are compared with Monte-Carlo simulations to verify
the correctness of the presented expressions.
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Chapter 1

Introduction

1.1 Overview

In the realm of wireless communication, achieving better spectrum utilization with
high data rates, ensuring ultra-reliable and low-latency communication (URLLC),
providing enhanced mobile broadband (eMBB), enabling global coverage and con-
nectivity, and supporting massive machine-type communication (mMTC) are critical
objectives for next generation networks [9]. Over the years, there has been a phe-
nomenal increase in the number of communicating mobile devices and a subsequent
growth in varied wideband applications like video streaming and sharing, gaming,
mobile cloud computing etc. Consequently, it has fueled the demand for better
spectrum usage in the next generation wireless networks. Further, the speed of cel-
lular links has seen significant increments: from 50 kbps in 2G systems, 144 kbps
in 2.5G systems, around 2 Mbps in 3G systems, to approximately 100 Mbps in 4G
systems (3GPP-LTE and WiMAX). The advent of 5G saw speeds of around 1 Gbps,
and projections for 6G systems reach approximately 1 Tbps [10]. Similarly, indoor
wireless local area networks (LANs) have evolved from 11 Mbps in IEEE 802.11b to
300 Mbps in IEEE 802.11n within the last two decades [11].

Despite the high data rates provided by 4G systems, there remains a disparity
between customer demands and the services available. Addressing this gap neces-
sitates ongoing and future research focusing on next-generation wireless communi-
cation technologies such as cooperative relaying, virtual full-duplex (VFD) commu-

nication, underlay device-to-device (D2D) communication, non-orthogonal multiple
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1.2. WIRELESS COMMUNICATION CHANNEL

access (NOMA), and reconfigurable intelligent surfaces (RIS). Efficient utilization of
the globally allocated frequency spectrum for wireless communication, coupled with
high data rate transmission over multipath fading channels, presents a formidable
challenge in practical wireless communication systems. Consequently, the design
and operation of wireless communication systems confront various challenges that
require thorough study and analysis to achieve high data rate transmission with
better spectrum utilization, high reliability and low latency over multipath fading

channels.

1.2 Wireless Communication Channel

The wireless communication channel serves as the conduit for information signals
to travel from their source to their destination, encountering several impairments
along the way. This section delves into the basics of wireless propagation, multipath
fading, and channel models. Additionally, it elaborates on fundamental performance
metrics and provides mathematical descriptions to characterize the performance of

wireless systems.

1.2.1 Multipath Fading

Fading in wireless communication refers to the fluctuation in signal attenuation
over time or frequency. As the transmitted signal navigates through the wireless
medium, encountering reflection, diffraction, refraction, or scattering, it follows mul-
tiple paths to reach its destination, resulting in different replicas of the signal with
varying amplitudes, phases, and frequencies. These replicas converge at the receiver,
where constructive or destructive interference occurs, leading to amplification or at-
tenuation in signal power. This phenomenon directly impacts the resilience and
dependability of the wireless communication system. Figure 1.1 illustrates a typical
scenario of signal propagation between transmitting and receiving antennas through
a multipath fading channel.

Fading can be categorized into two main types: large-scale fading and small-
scale fading. Large-scale fading primarily stems from shadowing caused by large

objects like hills or buildings, as well as path loss proportional to distance. On the
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Figure 1.1: Wireless communication channel.

other hand, small-scale fading arises from the constructive or destructive interfer-
ence of multiple copies of the transmitted signal as it traverses through multipath

environments.

1.2.2 Channel Characterization

Mathematically describing fading poses significant challenges due to its variability
across time, frequency, and geographic locations. Consequently, considerable atten-
tion has been devoted to statistically characterizing fading. Various precise and rel-
atively straightforward statistical models have been proposed to capture the nature
of fading channels, depending on the propagation environment [12, 13]. For small-
scale fading, commonly utilized distributions include Rayleigh, Rician, Nakagami-m,

among others, which are detailed below:

e Rayleigh distribution:

The Rayleigh distribution stands out as a widely adopted approach for char-
acterizing the statistical characteristics of radio channels. It is employed when
multipath propagation occurs without a prominent line-of-sight (LoS) path be-
tween end users. This distribution models the in-phase and quadrature-phase
components of the received signal as a zero-mean complex Gaussian random
process, owing to the constructive or destructive interference of multipath com-
ponents. Consequently, the amplitude of the received signal follows a Rayleigh
distribution. The PDF of a Rayleigh-distributed signal can be formulated as

follows



1.2. WIRELESS COMMUNICATION CHANNEL

1 T

fy(z) = q &xp <—§> , x>0 (1.1)

where () represents the average signal-to-noise ratio (SNR).

Rician distribution:

The Rician distribution is chosen when there exists a prominent stationary
non-fading (LoS) component between end users. In such scenarios, the ran-
dom multipath acquires a DC component due to the summation of multipath
signals, leading to the dominance of a stable non-fading component. When the
strong LoS component is absent, the Rayleigh distribution becomes a specific
instance of the Rician distribution. The PDF of the Rician distribution can

be expressed as

o= 9Dy (- (s B0 (o) ez

(1.2)
where K represents the Rician K-factor which is defined as the ratio of power
of the LoS component to the multipath components, and I,(-) represents the

v" order modified Bessel function of first kind.

Nakagami-m distribution:

Nakagami-m is used to characterize small-scale fading for dense signal scat-
ters. It is also used in a variety of real-world applications such as modeling
wireless signals and radio wave propagation due to its generalized fading char-
acteristic for different values of the severity parameter m. One sided Gaussian
distribution for m = % and Rayleigh distribution for m = 1 are special cases
of Nakagami-m distribution [14]. Further, the Nakagami-m model closely ap-
proximates the Hoyt and Rice distributions, and an infinite value of the fading
severity represents a deterministic envelope, signifying the absence of fading.
Additionally, the model offers the best representation of land-mobile propaga-
tion, indoor-mobile multipath, and ionospheric radio links. Thus, this thesis
utilizes Nakagami-m distribution for the small scale fading. It is to note that

as the model includes Rayleigh fading as a special case, the analytical and

optimization results presented in the thesis are also applicable to the same
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CHAPTER 1. INTRODUCTION

by setting the fading severity values of each link to unity. The PDF of the

Nakagami-m distribution can be expressed

1.2.3 Performance Metrics

To examine the performance of VFD and underlay D2D based wireless communi-
cation systems over fading channels, several performance metrics are used. To fix
various design issues of wireless communication systems, these performance mea-
sures are used. Commonly used performance metrics in the wireless communication
literature are instantaneous signal-to-noise ratio (SNR), outage probability (OP),

ergodic rate (ER), and average symbol error rate (ASER) [13].

1. Instantaneous SNR: The instantaneous SNR is a basic performance metric
that is used to quantify the signal corruption due to noise. Instantaneous SNR
is related to data detection as it is measured at the output of the receiver and
is an excellent indicator of the overall fidelity of the communication system.

Instantaneous SNR can be expressed as

Received signal power at the receiver  P|h|? (1.4)

Y= : - :
Received noise power at the receiver o2

where P, h, and o2 represent the transmit power, channel parameter, and noise
variance, respectively. Due to the multipath fading in wireless communication,
average SNR is a more appropriate performance metric than instantaneous
SNR. Average SNR is the statistical averaging over the probability distribution
of the fading and is given as Q0 = E[y], where E[-] represents the statistical

expectation operator.

2. Outage Probability: OP is one of the important performance metric that
depicts link failure probability and is mainly used in the case of a slow-fading
scenario. It is defined as the probability that the received end-to-end instan-

taneous SNR () of the considered system lies below a predefined threshold
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1.3. COOPERATIVE RELAYING

(7tn), which can be given as

Pout (1tn) = Pr [7 < %h]
Yth

= i fy(z)dz, (1.5)

where f,(-) represents the probability density function (PDF) of v, v, =

2"h — 1, and ry, represents the threshold data rate.

. Ergodic rate: Ergodic capacity quantifies the ultimate reliable communica-
tion limit over fading channels. Instantaneous capacity (measured in bps/Hz)
is defined as the maximum rate achieved by the communication channel and
can be determined as C' = log,(1 4 ). Hence, ergodic capacity is obtained by
averaging the instantaneous capacity over the PDF of the instantaneous SNR

(), which is defined as

Ce =E [logy(1 + 7)]

— /000 logy (1 + ) f,(z)dx. (1.6)

. Average symbol error rate: ASER is an important performance metric
for wireless communication systems that can be determined by averaging the
symbols with error at the receiver. For any digital modulation technique, the
generalized ASER expression by using the CDF-based approach can be given

as

Pe=— /OOO ,P;(€|$)Pout(x)dxv (1’7>

where P.(e|z) represents the first order derivative of the conditional SEP

(Ps(e|x)) for the received SNR.

1.3 Cooperative Relaying

In wireless communication, multipath fading is one of the major impairments that

cause reduced reliability, robustness, and coverage of a network. Cooperative relay-

ing has been reckoned as an effective approach to counteract the effect of multipath

fading in wireless communications. Cooperative relaying can mitigate the path-loss
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CHAPTER 1. INTRODUCTION

and shadowing effects by introducing an intermediate node i.e., a relay node in be-
tween the source and destination. In this way, three distinct gains can be achieved:
(1) diversity is increased because of the additional and independent path available
for signal propagation between source and destination; (ii) communication between
source and destination is performed in hops i.e., the transmitter is closer to the
receiver and path-loss is reduced; (iii) the smart relay position mitigates the shad-
owing effect [15]. The basic idea of cooperative relaying is to process the information
between source and destination through alternative indirect multipath via interme-
diate relay nodes. The cooperative relaying has been incorporated in the standards
such as LTE-Advanced and IEEE 802.16j [16]. The transmitted signal is processed

through different relaying schemes. Commonly used relaying schemes are

e Amplify-and-forward (AF)

e Decode-and-forward (DF)

Amplify-and-forward: In AF relaying, the relay receives the signal coming
from the source node, amplifies it, and forwards it to the destination. The signal
received at the relay is affected by channel fading and noise. Hence, noise is also
amplified at the relay along with the information signal. AF is the simplest relaying
technique because no further processing is required at the relay. However, since a
power amplifier (PA) is used to amplify the signal, AF relaying is sensitive to PA
nonlinearity i.e., non-linear PA (NLPA), and the impact of NLD becomes a major

issue in a multi-hop network.

Decode-and-forward: In DF relaying, the relay first decodes the received
information signal from the source, and then re-encodes and transmits it to the
destination. Both decoding and re-encoding are performed at the relay. Ideally,
the same information is re-transmitted through the relay, so noise is not amplified
and fading impairments of the source to relay channel are mitigated. However, the
processing load at the relay is greater than AF relaying, and an accumulation in
error occurs if there is an error in the recovery of the information signal at the relay

which is also forwarded to the destination.

7



1.4. VIRTUAL FULL-DUPLEX COMMUNICATION

self-interference

Figure 1.2: Two-hop relay network with FD relay [1].

Virtual Full-Duplex Relay

Figure 1.3: A two-hop relay network utilizing a VFD relay. The solid black lines
represent active connections during even time slots, while the dashed red lines rep-
resent active connections during odd time slots [1].

1.4 Virtual Full-Duplex Communication

In recent years, VFD communication has emerged as an alternative to traditional
FD communication. FD communication facilitates simultaneous transmission and
reception of data within the same frequency band. In contrast to conventional half-
duplex (HD) systems, which restrict devices to either transmitting or receiving data
at a given moment, FD systems support two-way communication without requiring
distinct time slots or antennas for transmission and reception. This advancement
notably enhances data throughput and operational efficiency in wireless networks.
Specifically, cooperative FD communication involves the collaboration of relay nodes
in a network to facilitate simultaneous transmission and reception on the same

frequency band.



CHAPTER 1. INTRODUCTION

Table 1.1: SI Suppression Techniques [§]

Techniques Capability Pros Cons
Antenna 30 dB 1. Easy to implement 1. Suffers bandwidth
direction- 2. Provides directional constraints due to
ality diversity large range of wave-
3. Suitable in narrow-  lengths
band scenarios 2. Not suitable for
wideband
Antenna 47 dB Robust in narrowband 1. Requires 3 anten-
placement scenarios nas; extra cost
2. Suffers severe am-
plitude mismatch
3. Requires manual
tuning and so do not
adapt to the environ-
ment
Antenna 30 dB 1. Uplink and down- 1. Not applicable to
separation link are spatially sepa- point—to—point sce-
rated narios where both
2. Uses the idea of nodes are FD enabled
increasing path loss 2. Not feasible with
between transmitter small form—factor
and receiver antennas  devices
3. Suffers degradation
on individual antennas
radiation pattern
4. Can suppress de-
sired signal
Cross po- 50 dB 1. Can be applied to 1. Unaware of system
larisation both separate and characteristics
shared antennas 2. Affected by envi-
2. Can be applied ronmental factors
to small form-factor
devices with duplexes
Analogue 45 dB 1. Generates inverted 1. Incurs additional
cancel- version of the Re- non-linearity from the
lation in ceived signal for can- noise cancelling circuit
Balun cir- cellation 2. Cancellation is not
cuit 2. Non-bandwidth adequate
limited; non—power
limited
3. Adaptive to the
environment
Digital 60 dB Suppresses both SI Suffers transmitter
Cancella- and noise distortion due to
tion with non—ideality of trans-
analogue mitter and receiver
cancella- components
tion




1.4. VIRTUAL FULL-DUPLEX COMMUNICATION

Table 1.2: Comparison between VFD and FD communication

Full Duplex

Virtual Full Duplex

Definition

Nature of inter-
ference

Residual inter-
ference after
cancellation

Computational
Complexity

Simultaneous transmission and
reception of signals at the same
time and over the same fre-
quency band.

Strong SI due to large power
difference between device’s own
transmission and received signal
of interest arriving from a re-
mote transmit antenna.

Current SI cancellation tech-
niques involve mixed analog and
digital mitigation schemes. How-
ever, the SI cancellation is lim-
ited by hardware imperfections
such as nonlinear distortions,
non-ideal frequency response of
circuits, phase noise etc. Fur-
ther, the large power imbalance
saturates the receiver RF chain
due to limited dynamic range of
ADC such that digital cancel-
lation in the receiver baseband
processing is not possible, and
therefore leading to high RSI.

High computational complexity
with advanced signal processing
is involved in order to cancel the
strong SI, and thus there also
exists a fundamental trade-off
between hardware cost and SI
cancellation capability.

Simultaneous transmission and
reception of signals by replacing
the FD node by two HD nodes.

Inter-node-interference from
transmitting node to receiving
node, which is significantly lower
than SI due to large physical
separation between the nodes.

Inter-node-interference at the
receiving node is comparatively
lower than RSI due to physical
separation between the nodes.

Computational complexity is
very minimal in comparison to
FD systems.

10
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Relay usage was initially standardized in IEEE802.16j [17]. Subsequently, LTE-
advanced also explored various relay strategies to achieve desired throughput and
coverage targets [18, 19]. In these real-world systems, relays typically function in a
HD mode due to the complex challenges associated with transmitting and receiving
within the same frequency band and time slot [17-19]. This HD operation leads
to inefficient utilization of the radio channel resource since a HD relay requires two
time slots to forward a message from source to destination. An alternative approach
involves relays operating in FD mode, where they can transmit data while simultane-
ously receiving new data to be forwarded in the subsequent time slot. However, im-
plementing F'D relays presents practical difficulties due to significant self-interference
(SI) between transmitting and receiving radio frequency (RF) chains, as depicted
in Fig. 1.2. For instance, WiFi signals are transmitted with an average power of
20 dBm, while the noise floor stands at around -90 dBm. Consequently, SI must be
reduced by 110 dB to match the noise level; otherwise, any residual SI treated as

noise would compromise performance.

Although the theoretically ideal scenario involves perfect removal of SI from the
received signal since the relay has complete knowledge of it, practical constraints
arise. The large power disparity between transmitted and received signals saturates
the receiver RF chain, especially the analog-to-digital converter (ADC) dynamic
range, making digital interference cancellation challenging in receiver baseband pro-
cessing. Recent studies [19-23] have demonstrated the practical viability of FD
relays by mitigating the impact of self-interference through a combination of ana-
log and digital methods. These architectures typically employ analog partial self-
interference cancellation to prevent the receiver’s ADC from being overwhelmed
by the transmitter’s power. Subsequently, digital SI cancellation is carried out in
the baseband domain. Some of these approaches utilize multiple antennas during
transmission, causing the transmit signals to cancel out in phase opposition at the
receiving antennas, thus reducing SI in the analog domain. Table 1.1 summarizes

various SI mitigation techniques involved in FD.

A more recent alternative [22] employs a single antenna along with a signal split-
ter known as a circulator, which connects the transmitter chain to the antenna and

the antenna to the receiver chain while maintaining sufficient isolation between the
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transmitter and receiver ports. Expanding on the concept of using multiple anten-
nas for receiver isolation, a distributed version of this approach involves physically
separated nodes, each equipped with antennas. This setup allows each node to op-
erate in a conventional HD mode. Moreover, by increasing the physical separation

between nodes, the issue of receiver saturation is resolved.

Work in [1] investigates a VFD relay scheme formed by two half-duplex relays (as
depicted in Fig. 1.3), building on the idea of using multiple antennas for isolation.
This setup enables each relay to function in either receive or transmit mode during
alternating time slots, a concept known as successive relaying (SR) [24-26]. With
this approach, the source can transmit new messages to the destination in every
time slot, simulating the functionality of a FD relay system. It’s worth noting that
the network topology resembles the well-known diamond relay network, albeit with
an additional interfering link between the two relays. The primary performance
bottleneck in SR is inter-relay interference, akin to SI in FD relays. The distinction
between FD and VFD communication is summarized in Table 1.2. Notably, achiev-
ing effective SI cancellation requires sophisticated hardware and complex signal pro-
cessing algorithms, which can increase both the complexity and cost of the system.
This creates a fundamental trade-off between hardware cost and SI cancellation ca-
pability. VFD communication, on the other hand, can provide the benefits of FD
communication without the need for such advanced SI cancellation techniques, mak-
ing it a more cost-effective solution. Additionally, VFD can be more energy-efficient
than FD systems because it avoids the additional power consumption associated
with the cancellation process. This is particularly important in battery-powered de-
vices or energy-constrained environments, where minimizing power consumption is
a priority. Specifically, for the cooperative communication system models discussed
in Chapters 2 and 3, VFD relaying users can replace FD relaying users due to these
reasons. Interestingly, in a more practical approach, VFD can be effectively used
in hybrid communication systems where both FD and VFD modes are employed
depending on the specific requirements of the scenario. This hybrid approach al-
lows the network to leverage the benefits of FD where possible, while using VFD in

situations where SI cancellation is more challenging or costly.
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Figure 1.4: A typical communication link as compared with a D2D enabled link.

1.5 Underlay D2D Communication

In a standard cellular setup, devices link up with a base station (BS) that handles
the resource distribution. However, when two nearby devices want to communicate,
their data goes back and forth through the BS, causing congestion and latency, as
seen in Fig. 1.4. This drawback notably decreases network effectiveness and energy
usage. Allowing these devices to communicate directly, as shown in Fig. 1.4, brings
several benefits. It enhances spectral and energy efficiency, substantially reduces
delays, and establishes a D2D network of close-range direct connections. Research
indicates that a D2D network can double network capacity, quadruple device speeds,

and cut latency by three times [27].

1.5.1 Overview of D2D Communication

A D2D network allows nearby devices to communicate directly with minimal involve-
ment from the BS. The European Union’s FP7 project, METIS (Mobile and wireless
communications Enablers for the Twenty-twenty Information Society), viewed D2D
communication as crucial for 5G networks [28]. The METIS project conducted ex-
tensive research on D2D concepts and standards, identifying various applications for
D2D networks, such as D2D-C (Critical) for low-latency applications like vehicle-to-
vehicle (V2V) communication, D2D-M (machine-to-machine) for IoT applications,
D2D-N (non-critical) for traffic offloading, and D2D-B (Backhaul) for enhancing
cellular network performance [29].

Compared to conventional direct communication protocols like Bluetooth or Wi-
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Fi Direct, D2D communication depends on the cellular network for specific control
tasks such as synchronization and device discovery. It operates within cellular bands
rather than ISM bands and is part of the cellular wireless protocol [30]. Unlike
Mobile Ad-Hoc Networks (MANETS), a D2D network has centralized control and
mainly consists of single-hop direct links instead of multi-hop links [31]. Moreover, a
D2D network collaborates with the cellular network, potentially boosting data rates
for cellular users at cell boundaries by using an intermediary device as a relay node
[32], or distributing information to multiple recipients through traffic offloading [33].
Its opportunistic use of network resources, akin to cognitive radio networks, makes
it adaptable and scalable for various envisioned B5G/6G network scenarios [34].
D2D networks are broadly categorized based on resource utilization: In-band,
operating within the cellular band, and Out-band, operating outside it. In-band
networks may further categorize into Underlay, Overlay, and Cellular modes based
on spectrum access techniques. Underlay involves D2D pairs sharing channels with
cellular users in an opportunistic shared access model, Overlay reserves a part of the
cellular band for D2D operations similar to licensed shared access, and cellular mode
uses D2D nodes to enhance services for cellular devices, such as employing a D2D
node as a relay for users at cell edges [35]. Out-band D2D networks operate beyond
the cellular band, potentially relying on the BS for network tasks in controlled mode
or functioning autonomously without a BS, useful in post-disaster scenarios when

the cellular network infrastructure is compromised [36].

1.5.2 Prominent D2D Applications

Besides facilitating direct communication, a D2D network can be highly beneficial
for content dissemination and alleviating network traffic—such as in live-streaming
sports events where multiple devices access the same video stream through different
channels, causing inefficient network resource usage. Instead, employing a D2D
multicast network could transmit the video stream from one device to many, offering
a faster, seamless viewing experience to a larger audience. Likewise, streaming
services could utilize D2D nodes as local cache storage to distribute videos to nearby
devices. Exploring the delivery of emerging multimedia formats like virtual reality

videos via D2D networks is also underway [37].
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In the emerging field of federated learning, where machine learning (ML) tasks
are distributed across numerous devices for collective learning [38], D2D networks
play a vital role in sharing neural networks among collaborating devices [39]. This
distributed learning process also aids network controllers in creating a ”Digital
Twin” of the network for optimized command and control [40]. D2D links can
also serve proximity advertising purposes. For instance, a shop wanting to advertise
its services to nearby individuals could use D2D links to reach their phones, offering
targeted advertisements that increase footfall and provide relevant content to users.

Another critical application area for D2D is V2V and vehicle-to-infrastructure
(V2I) communication, especially concerning latency-sensitive scenarios like poten-
tial collisions between vehicles on the road, where reduced latency through direct
links can be life-saving. Enabling low-latency machine-to-machine (M2M) links via
D2D networks also supports communications in realms like the Internet of Things,
Internet of Medical Things, and by extension, Industry 4.0 [41]. Finally, D2D net-
works play a crucial role in public safety and disaster recovery applications [42].
From efficient early warning broadcasts during natural disasters to post-disaster
rescue operations when the core cellular network may be compromised, setting up
a D2D network swiftly can aid emergency services in locating and rescuing affected

individuals, potentially reducing casualties [36].

1.5.3 Major Challenges with D2D Communication

Several technical hurdles need to be overcome to achieve the envisioned objectives

of D2D communication. Some of the key challenges include:

e Decentralized or Centralized Control: D2D networks can operate with
either centralized or decentralized control modes. In the decentralized mode,
the BS isn’t involved in resource allocation tasks. Devices must discover each
other and synchronize their transmissions to minimize interference and col-
lisions. Conversely, the centralized mode, with the BS in control, addresses
these technical issues. The BS allocates resources among D2D pairs, provides
a common synchronization source, and maintains a device list for faster dis-

covery and pairing.
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Figure 1.5: Inter- and Intra-tier interferences in a D2D network.

e Overlay or Underlay: In overlay D2D networks, the cellular network re-
serves a portion of its spectrum for D2D operations, posing optimization chal-
lenges. For instance, determining the optimal spectrum reservation to max-
imize overall network performance (both D2D and cellular) is crucial. Over-
reserving spectrum can hinder cellular network performance, while under-
reserving stifles the D2D network. The dynamic size of D2D networks adds
complexity; the underlay mode often offers better spectrum efficiency due
to its adaptability. Here, D2D pairs opportunistically access cellular up-
link /downlink channels, ensuring the entire uplink /downlink spectrum is avail-
able when D2D users are inactive. The BS manages interference, benefiting

from more resources than individual cellular users.

e Resource Management: Efficient resource management in D2D networks
involves power and channel allocation among D2D pairs while minimizing in-
terference on the cellular network. Managing interference is critical due to
shared spectrum usage. Different types of interference in underlay D2D net-
works are illustrated in Fig. 1.5, highlighting the need to control interference

levels for optimal performance.
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1.6 Non-orthogonal Multiple Access

The multiple access scheme is defined as a technique of serving multiple users over
the same channel by applying rules to cancel or limit the interference between the
users, e.g., by providing orthogonality in frequency, or time, or space, etc. The use
of a suitable multiple access technology is fundamental to the physical layer and
has evolved with different generations of wireless communication. The type of mul-
tiple access schemes have shown significant improvements with the advancement of
wireless networks. For instance, the first generation operated on frequency division
multiple access, which is an analog frequency modulation scheme. The multiple ac-
cess schemes were transformed into digital modulation from the second generation.
The second generation utilized digital modulation and performed multiplexing in
time, also known as time division multiple access (TDMA). After TDMA, Qual-
comm [43] proposed another useful MA scheme, known as code division multiple
access (CDMA). The use of CDMA was prominent in the third generation networks.
However, CDMA was not capable of supporting data rates with high speeds, hence
the 4G network adopted yet another advanced technique, the orthogonal frequency
division multiple access (OFDMA) [44]. The orthogonal multiple access (OMA)
techniques are widely accepted in the 4G networks [45].

NOMA has been contemplated as a potential candidate in providing superior
spectral efficiency and massive connectivity. Recently, NOMA has been proposed
for the 3GPP long term evolution (LTE) [46], [47]. It is worth pointing out that in
long term evolution-Advanced (LTE-A), NOMA is implemented as a two-user case
[48]. Broadly, NOMA is categorized as power domain (PD)-NOMA and code do-
main (CD)-NOMA (generally referred as sparse code multiple access). CD-NOMA
includes multiple access solutions relying on low-density spreading [49], sparse code
multiple access [50], multi-user shared access [51], successive interference cancella-
tion amenable multiple access [52], etc. PD-NOMA and CD-NOMA differ in their
basic principle of application. As the names suggest, while PD-NOMA exploits
the power domain, CD-NOMA exploits the code domain for non-orthogonal re-
source allocation. However, due to simpler implementation, PD-NOMA has gained

more popularity [53], since no big changes are required at the transmitter as com-
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pared to the current technology. This work utilizes PD-NOMA for multiple access.
PD-NOMA exploits dimension of power domain and thus, it is capable of serving
multiple users simultaneously on a given resource block (RB) by applying successive
interference cancellation (SIC). The messages/signals of multiple users with different
channel conditions are superimposed and transmitted. Based on the order of users’
channel gain conditions, SIC is applied to decode their signal [54]. Fundamentally,
the implementation of PD-NOMA (referred as NOMA hereafter) is different from the
conventional approach used in OMA technologies, e.g., in frequency division multi-
ple access, TDMA, CDMA, and OFDMA. By exploiting the power domain, NOMA
is able to serve multiple users by assigning different power based on the user’s chan-
nel condition, thereby is capable of utilizing the spectrum more efficiently, which is
essential for the future generation networks. A theoretical comparison between the
conventional OMA technique namely OFDMA and NOMA is depicted in [54]. The
comparison shows that theoretically, users served using NOMA achieves improve-
ment in their rate as compared to OFDMA. The improvement is credited to the
increased bandwidth (BW) allocated to the users served using NOMA, which oth-
erwise is distributed between the users due to the orthogonal allocation of resources
under OMA. Moreover, by exploring the users’ channel condition opportunistically,

NOMA can serve multiple users with different requirements [55].

The major advantages of NOMA, which make it popular are, improved spectral
efficiency, massive connectivity, and compatibility. The improved spectral efficiency
is attributed to the fact that NOMA serves multiple users on the same resource block,
i.e., the same frequency and time, which indicates efficient utilization of the spectrum
and also leads to enhanced sum throughput of the system [54]. Furthermore, users
are served simultaneously, which implies a larger number of active devices leading
to massive connectivity. NOMA can support a larger number of users on a given
resource block as compared to OMA, which dedicate an entire resource block for
one user only. Moreover, the application of NOMA requires only minimal changes
in the current 4G network [53]. The development of the superposition coding and
SIC technologies both in theory and practice guarantees compatibility and easier

implementation of NOMA.
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Figure 1.6: Basic principle of NOMA [2].

1.6.1 Key Technologies of NOMA

The key enabling technologies for NOMA is based on two principles, namely, super-
position coding and SIC. In fact, these two technologies are not new and the roots
of them can be found in many existing literature. As the two main technologies
superposition coding and SIC continue to mature both in theoretical and practical
aspects, NOMA is able to be applied in the next generation networks without con-
sidering the implementation issues. By invoking superposition coding technique, the
BS transmits the combination of superposition coded signals of all users’ messages.
Without loss of generality, the channel gains of users are with respect to a partic-
ular ordering (e.g., increasing order or decreasing order). In the traditional OMA
schemes, one of the popular power allocation policy is water filling policy. However,
in NOMA, users with poor channel conditions are supposed to allocate more power.
By doing so, it can ensure that the users with poor channel condition can decode the
message of themselves by treating other users’ messages as noise. For those users
which are in good channel conditions, SIC technologies can be applied to enable

subtract the interference from other users with poorer channel conditions.

Superposition Coding

As first proposed by Cover as early as in 1972 [56], the elegant idea of superposition
coding is regarded as one of the fundamental building blocks of coding schemes to
achieve the capacity on a scalar Gaussian broadcast channel [57]. More particularly,
it was theoretically demonstrated that superposition coding is capable of achiev-
ing the capacities of Gaussian broadcasting channel capacity [58] and of achieving

the capacities of the general degraded broadcast channel capacity . The fundamen-
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tal concept of superposition coding is that it is able to encode a user with poor
channel condition at a lower rate and then superimpose the signal of a user with
better channel condition on it. Due to the solid foundation laid on the information
perspective, researchers begin to apply superposition coding technologies to enor-
mous channels, such as interference channels [59], relay channels [60], multiple access
channels [61], and wiretap channels [62]. While the aforementioned contributions
sufficiently motivate the use of superposition coding from theoretic perspective, an-
other breakthrough which have been made on superposition coding is to bring this
technique from theory to practice [63, 64]. Specifically, [63] designed an experimental
platform using a software-radio system to investigate the performance of superpo-
sition coding. The set of achievable rate pairs under a packet-error constraint was

determined.

Successive Interference Cancellation

Aiming to improve the network capacity with efficient managing interference, SIC is
regarded as a promising technology for performing interference cancellation in wire-
less networks. SIC technique achieves interference cancellation with the following
procedure: it enables the user with stronger link to decode the user with weaker
link first. Then, it regenerates the signal of weaker user at the stronger user side
and subtract the interference. At last the stronger user decodes its information
without suffering the interference from the weaker user. It is demonstrated that
SIC is capable of reaching the region boundaries of Shannon capacity, both in terms
of the broadcast channel and multiple access networks. Additionally, one main ad-
vantage of SIC is that it requires low hardware complexity design at the receiver
side [65]. As such, SIC has been widely studied and various version was been em-
ployed in practical systems such as CDMA [66] and vertical-bell laboratories layered
space-time (V-BLAST) [67]. Furthermore, SIC has been exploited in several practi-
cal scenarios, such as multi-user multiple input multiple output (MIMO) networks
[68], multi-hop networks [69], random access systems [70], and stochastic geometry
modeled large-scale networks [71]. Another important development on SIC is that
it has been implemented in some commercial systems, e.g., IEEE 802.15.4. In an

imperfect SIC scenario, the interference from the stronger user’s signal may not be
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completely removed when decoding the weaker user’s signal. This residual interfer-
ence can degrade the performance of users, particularly those with weaker signals,
as they experience higher levels of interference. Inaccuracies in estimating the CSI
and non-linearities in the transmitter or receiver hardware can contribute to errors

in the SIC process.

1.7 Intelligent Reflecting Surface

The vision of a smart radio environment can be achieved by leveraging the intelli-
gent reflecting surface (RIS)/reconfigurable intelligent surface (RIS). The RIS is one
of the most promising and revolutionizing paradigm to achieve smart and reconfig-
urable wireless channel/radio propagation environments for beyond 5G/6G wireless
communication systems [9]. It can enhance the spectrum and/or energy efficiency of
wireless communication systems. RIS is a planar surface composed of various pas-
sive reflecting elements (REs), where each of the REs can independently influence
the incident signal to vary in amplitude and/or phase. The reflected signals can be
reconfigured to propagate in the desired directions by carefully adjusting the ampli-
tude/phase shifts of all the REs. The wireless channels between transmitters and
receivers can be easily modified by smartly placing RISs in a network and carefully
coordinating their reflection coefficients. Due to rapid developments in metamate-
rials, the reflection coefficient of each element can be reconfigured in real-time to
adapt the dynamically fluctuating wireless propagation environment.

The metasurface is a type of two-dimensional (i.e., with nearly zero thickness)
artificial material that shows special electromagnetic properties depending on its
structural parameters. As shown in Figure 1.7, the metasurface is made up of a
large number of passive scattering elements or REs, such as metallic or dielectric
particles, which can alter the impinging electromagnetic waves in various ways [72].
The direction and strength of the reflected waves are governed by the sub-wavelength
structural arrangement of the REs, which affects how the incident waves are trans-
formed. The RIS is made of a programmable metasurface that allows for complete
control over the phase shifts experienced by various REs. This can be accomplished

by applying external stimuli to the REs, which will modify their physical parame-
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Figure 1.7: Reconfigurable metasurface with substantial number of passive scatter-
ing/reflecting elements [3].

ters and change the metasurface’s electromagnetic properties without refabrication.
A joint phase control of the REs allows the RIS to reconfigure its electromagnetic
characteristics. This suggests integrating tunable chips into the metasurface’s struc-
ture, with each tunable chip interacting locally with a RE and communicating with
a central controller i.e., RIS controller [73]. In particular, the RIS controller can be
implemented in a field-programmable gate array and the tunable chips are typical
PIN or varactor diodes. As shown in Figure 1.7, the embedded RIS controller can
communicate and receive reconfiguration requests from external devices, and then
optimize and distribute its phase control decisions to all tunable chips. Each tunable
chip modifies its state after receiving the control input, allowing the corresponding
scattering element to alter its behavior. The RIS controller can use this sensing data
to automatically alter its configuration and maintain consistent EM behavior with
dynamic environmental conditions. By adjusting the phase of specific REs, the RIS
can be reconfigured. The inter-cell communication among the tunable chips works
together to control the REs of the metasurface that exhibits the desired tunable
functions for the RIS’s reconfigurability. A wide variety of tunable functions such
as perfect absorption, anomalous reflection, beam shaping, and steering can be sup-
ported by the RIS [74]. The advantages of RIS-aided systems can be summarized

as:
1) Flexible reconfiguration: The phase shift of all the REs i.e., passive beam-
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forming can be achieved by coherent focused signal reflection in the desired receiver
and null in the other directions. It can play an important role in performance
improvement in wireless communication. The transmit beamforming, resource allo-
cation, and power allocation can be jointly optimized to achieve performance gains
[72].

2) Easy to deploy: The RIS is made of low-cost passive REs embedded in
the metasurface. It is highly flexible in terms of both deployment and replacement
because it can take on any shape. The RIS can be deployed on several structures
such as building facades, indoor walls, aerial platforms, roadside billboards, highway
polls, vehicle windows, etc.

3) Spectral/Energy efficiency enhancement: The RIS can modify the wire-
less propagation environment by compensating for the power loss over long distances.
The sum-rate performance and better QoS can be achieved by the RIS-assisted wire-
less network. In contrast to AF and DF relaying protocols, RIS is capable of shaping
the incoming signal by controlling the phase shift of each RE instead of employing a
power amplifier. Thus, deploying RIS is more energy-efficient and environmentally
friendly than AF and DF systems.

4) Compatibility: The RIS supports a FD mode of operation for transmission
because it can only reflect electromagnetic waves. Additionally, RIS-aided wireless
communication systems are compatible with the standards and hardware of existing

wireless networks [75].

1.8 Simultaneous Transmitting and Reflecting RIS

The conventional reflecting-only RISs are limited to reflecting the incident wireless
signal, requiring the transmitter and receiver to be positioned on the same side of
the RIS, resulting in a half-space coverage. However, this constraint may not always
be practical, restricting the flexibility and effectiveness of RISs, as users may be
situated on both sides of the RIS. To address this limitation, a new concept called
simultaneously transmitting and reflecting RISs (STAR-RISs) has received research
attention. In STAR-RISs, the wireless signal incident on an element is divided into

two parts when arriving from either side of the surface. One part, the reflected signal,
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Figure 1.8: An illustration of STAR-RIS communication system [4].

is directed back into the same space as the incident signal (reflection space), while
the other part, the transmitted signal, is sent to the opposite space (transmission
space). By manipulating both the electric and magnetic currents of a STAR-RIS
element, the transmitted and reflected signals can be reconfigured independently
through two coefficients: the transmission and reflection coefficients. This enables

the realization of a highly flexible full-space coverage.

Reflection space Reflection space Reflection space
Surface Surface Surface
Transmission space Transmission space Transmission space

(a) (b) (c)

Figure 1.9: An illustration of signal propagation types of STAR-RISs: a) full reflec-
tion (conventional RIS); b) full transmission; ¢) STAR propagation [5].

There are three signal propagation types in STAR-RIS: full reflection, full trans-
mission, and STAR, as demonstrated by a prototype developed by researchers at
NTT DOCOMO, Japan [76]. The prototype features a metasurface covered by a
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transparent glass substrate. By adjusting the distance between the metasurface and
the substrate, the three signal propagation types can be achieved, as illustrated in
Figure 1.9. In the scenario of full reflection, incoming signals are entirely reflected
and cannot penetrate the surface, a manipulation commonly explored in traditional
reflecting-only RISs. Conversely, in the full transmission scenario, all incoming sig-
nals pass through the surface into the transmission space without any reflection.
Lastly, in the STAR scenario, incoming signals are divided by the surface, with a
portion being reflected into the reflection space and the remainder radiated into
the transmission space, enabling comprehensive manipulation of signal propagation
across space. Since STAR-RISs are typically designed to be optically transparent,
they blend seamlessly with existing building structures like windows, ensuring no
undesirable aesthetic impact, crucial for practical implementations. While the joint
manipulation of transmission and reflection is not a new concept, particularly in
physical and metasurface technology, several concepts similar to STAR have been
proposed beyond the NTT DOCOMO prototype. For instance, in [8], frequency-
selective reflection and transmission were achieved using a dual-band bi-functional
metasurface structure, while [9] introduced the concept of an intelligent omni-surface
(I0S), adjusting signals via a common phase shift.

Adjusting the phase shifts for transmission and reflection can typically be done
separately, but the amplitudes of these coefficients must follow the law of energy
conservation, ensuring that the total energy of the transmitted and reflected signals
matches that of the incident signal. This means that the sum of transmission and
reflection coefficients should equal one. Consequently, by adjusting these coefficients,
each element in the STAR-RIS can operate in full transmission mode (T mode),
full reflection mode (R mode), or both simultaneously (T&R mode). Based on this
signal model, there are three practical protocols for operating STAR-RISs in wireless

networks: energy splitting (ES), mode switching (MS), and time switching (TS).

e Energy Splitting: In this protocol, every element of the STAR-RIS is ex-
pected to function in T&R mode. Under this setup, incoming signals are di-
vided into transmitted and reflected signals with varying energy levels, based
on predetermined transmission and reflection amplitude coefficients. In prac-

tice, optimizing the amplitude and phase shift coefficients of each element for
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both transmission and reflection can be done together to achieve various design

goals in wireless networks.

Mode Switching: In the MS protocol, all elements of the STAR-RIS are
divided into two groups. One group operates in T mode, while the other op-
erates in R mode. This setup resembles a conventional RIS that reflects only
and a transmitting-only RIS. In this protocol, the selection of mode for each
element and the corresponding phase shift coefficients for transmission and
reflection are optimized together. This approach results in an ”on-off” type of
protocol, meaning that each element is either transmitting or reflecting, mak-
ing MS relatively easy to implement. However, MS typically cannot achieve
the same level of transmission and reflection gain as ES because only a subset

of elements is chosen for transmission and reflection, respectively.

Time switching TS protocol involves periodically switching all elements be-
tween T mode and R mode in separate time slots, known as T period and R
period. The allocation of time for full transmission and full reflection signals
can be optimized to find a balance between the communication qualities of
the front and back sides. TS offers the advantage that, with a given time allo-
cation, the transmission and reflection coefficients are not linked, allowing for
independent optimization. However, implementing TS requires precise time

synchronization, making it more complex than ES and MS protocols.

1.9 Motivation

While SIC is crucial in NOMA for leveraging the power differences between users,

achieving perfect-SIC is challenging. Similarly, residual IRI may persist even after

interference cancellation. However, previous works on cooperative VFD and NOMA

(VFD-NOMA) haven’t explored the combined effects of residual inter-relay inter-

ference (IRI) and imperfect successive interference cancellation (SIC). Additionally,

prior research in VFD-NOMA has only analyzed performance over Rayleigh faded

channels, neglecting other generalized fading models like Nakagami-m. Furthermore,

the VFD schemes in the literature are successive relaying based (SR-VFD), necessi-

tating double the number of relays for each destination user and an extra time phase
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compared to FD, resulting in inefficient resource utilization despite improved system
performance. Hence, it’s imperative to propose a novel system model to improve the
resource utilization with a single relay per destination user and no additional time
phase. Likewise, previous works on underlay D2D and NOMA (D2D-NOMA) have
focused on OMA either in the underlay D2D communication or in the cellular com-
munication, leading to less spectrally efficient system models. Therefore, exploring
a more spectrally efficient NOMA-enabled D2D (ND) communication underlaying
NOMA-enabled cellular (NC) communication, i.e., a ND-NC transmission system,

is crucial.

Moreover, existing RIS-based FD (RIS-FD) studies mainly concentrate on two-
way communication, assuming the same user for downlink and uplink (SDU) com-
munication, i.e., an RIS-FD-SDU system. However, in practical wireless networks,
uplink and downlink transmissions may involve the same or different users. Hence,
analyzing a novel RIS-FD system with different downlink and uplink (DDU) users,
i.e., an RIS-FD-DDU system, is necessary. It is to note that in the RIS-FD-SDU, all
RIS elements can be dedicated to the same user for coherent combining, boosting
the received signal. However, in the RIS-FD-DDU system, the RIS needs spatial
division into two zones: Zone-D boosts downlink transmission from the access point
(AP), while Zone-U serves uplink transmissions to the AP, ensuring fairness to dif-
ferent users. Additionally, alternative VFD schemes should be designed for high
RSI scenarios, replacing and surpassing available FD-based STAR-RIS (FD-STAR-
RIS) systems in the literature. In VED-STAR-RIS, the FD AP is substituted by
two HD APs or remote radio units, with one AP serving the downlink user and
the other the uplink user, leading to performance gains without SI cancellation
complexity, maintaining spectrum utilization as in FD-STAR-RIS. Further enhanc-
ing system performance by managing STAR-RIS aided inter-user-interference (IUT)
necessitates investigating SOP minimization and ESR maximization while adher-
ing to user QoS requirements, optimizing power allocations, reflection amplitude,

transmission amplitude, and STAR-RIS element partitioning (JPRTE).

Thus, analyzing VFD and underlay D2D based systems integrated with next-
generation wireless technologies like NOMA, RIS, and STAR-RIS is crucial for de-

signing practical communication systems for next-generation communication. This
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thesis aims to study these aspects under practical scenarios and optimize overall

performance accordingly.

1.10 Thesis Flowchart, Outline, and Contributions

\ Resource underutilization, coverage area, and self-interference problems \

u

SR-VFD and FDD-VFD based Cooperative Communication
(SR-VFD solves the self-interference and coverage area problem, and FDD-VFD solves
the resource underutilization problem)

U

| Spectrum underutilization and interference management issues |

u

NOMA enabled Underlay D2D-Cellular Communication
(Integration of NOMA with underlay D2D communication further improves spectrum
utilization and learning assisted power allocation manages the interference)

u

Enhance both system performance and spectrum utilization in multiple user scenario

¢

IRS and STAR-RIS assisted Communication Systems
i) Performance analysis and optimization with best user selection
ii) Serves as application to both FD cooperative and underlay D2D communication

Figure 1.10: Flowchart of the thesis.

The flowchart of the thesis is shown in Figure 1.10. The thesis is organized into
7 chapters, which are briefly described with their contributions as follows:

Chapter 1. Introduction : Chapter 1 of the thesis includes a concise overview
of topics such as wireless communication channels, multipath fading, channel char-
acterization, different performance metrics, and fundamental concepts of VFD, un-
derlay D2D, NOMA, RIS, and STAR-RIS. Additionally, it outlines the motivation
behind the work and highlights the main contributions presented in the thesis.

Chapter 2. Cooperative VFD-NOMA under Imperfect SIC and Resid-
ual Inter-Relay Interference: This chapter investigates a decode-and-forward
relaying based cooperative VED-NOMA system under the impact of practical con-

straints like imperfect SIC and residual inter-relay interference (IRI). Framework
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for OP, asymptotic OP, and ER expressions is developed for the considered sys-
tem model over generalized Nakagami-m fading channels. Accuracy of the derived
closed-form expressions is verified through rigorous Monte-Carlo simulations. Also,
the performance of the considered system is also compared against two different FD
schemes, with the impact of the fading parameter and inter-relay distance also being
highlighted.

Chapter 3. Frequency Division Duplexing based Cooperative VFD
Communication: In comparison to FD, the VFD system models studied in the
literature are based on successive relaying (SR) that require an extra time phase and
a double number of relays for each destination user. Thus, in this chapter, a novel
frequency division duplex (FDD) based VED (FDD-VFD) system model is proposed
that can not only match FD in terms of resource utilization but also outperform both
SR-VFD and FD. Two practical scenarios of absence of IRI (A-IRI) and presence of
IRI (P-IRI) are considered. We analyze the OP and ER performance metrics and
present their analytical expressions in closed-form over Nakagami-m fading channels.
Next, to minimize the effect of inter-relay interference in P-IRI scenario, we investi-
gate optimization problems of minimizing the system OP (SOP) and maximizing the
ergodic sum rate (ESR) for jointly allocating transmit power of the relays. We uti-
lize particle swarm optimization (PSO) algorithm and deep neural network (DNN)
architecture to solve the formulated problems. Extensive evaluations are carried out
over different system parameters to prove the efficacy of proposed FDD scheme and
obtain key inferences.

Chapter 4. NOMA Enabled Underlay D2D-Cellular Network: This
chapter investigates a D2D underlayed cellular system where both D2D and cellu-
lar networks are NOMA enabled, which is not only more spectrally efficient than
the previous D2D and NOMA models but also can outperform them. Specifically,
closed-form expressions for SOP and sum ER (SER) metrics are presented for per-
formance analysis and thereafter a DNN based power control mechanism is proposed
for SOP minimization. Analytical results are validated with extensive simulations
that reveal the effectiveness of the proposed model over comparative schemes and
the requirement of optimizing the power values in accordance with change in differ-

ent system parameters.
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Chapter 5. RIS Assisted FD Systems with Different Downlink and
Uplink Users: This chapter studies a FD network assisted by an RIS involving
both downlink and uplink users in the same frequency band with best user selection.
The RIS is partitioned into two zones to cater to each of downlink and uplink users.
The analysis incorporates factors such as RSI, co-channel interference, and hardware
imperfections, considering a direct link over generalized Nakagami-m fading chan-
nels. Analytical expressions for OP, SOP, and ER are derived. We also investigate
the joint allocation of element splitting between the zones, user power allocations,
and reflection amplitude with SOP minimization and ESR maximization as objec-
tives. Extensive Monte-Carlo simulations are conducted to validate the analytical
expressions.

Chapter 6. VFD Communication Enabled STAR-RIS Network: This
chapter proposes a novel VFD communication based STAR-RIS scheme to mimic
as well as outperform conventional FD based STAR-RIS communication in prac-
tical high residual self-interference scenarios. For the proposed VFD-STAR-RIS
system involving multiple uplink and downlink users with user selection, analytical
expressions of OP and ER are presented for downlink and uplink users. There-
after, to minimize STAR-RIS aided inter-user interferences, we study optimization
problem of JPRTE for SOP minimization and ESR maximization. A PSO algo-
rithm based solution is used to solve the JPRTE problem of minimizing the SOP
(JPRTE-SOP). However, due to the complexity involved in the ER expressions, ap-
plying PSO directly to the JPRTE problem of ESR maximization (JPRTE-ESR)
will require significant convergence time. Thus, a machine learning (ML) solution
is proposed where the ER expressions are first closely approximated via a ML ar-
chitecture, and thereafter PSO is applied to obtain a solution having a very low
computational time. Monte-Carlo simulations are carried out to demonstrate effi-
cacy of proposed VFED-STAR-RIS scheme, JPRTE-SOP, and JPRTE-ESR solutions
to draw out useful inferences.

Chapter 7. Conclusions and Future Works: All the contributions of the
thesis have been summarized in this chapter, and important insights and conclusions

have been presented. Further, the scope for future works is also discussed.

30



Chapter 2

Cooperative VFD-NOMA under
Imperfect SIC and Residual

Inter-Relay Interference

In recent times, NOMA and FD based transmissions have gained an increasing
research attention due to their ability to bring a significant enhancement in the
spectrum efficiency in comparison to traditional HD and OMA technologies. The
NOMA technology utilizes superposition coding to multiplex same radio-frequency
users with different fractions of the total transmission power. On other hand, in FD
communications, users transmit and receive signals simultaneously over the same
frequency/time resources. Additionally, FD systems can be integrated with cooper-
ative NOMA for achieving a lower latency and ultra-reliable wireless communications
[77]. In [78], the authors consider FD relaying in an AF cooperative networks and
investigate the problem of optimal relay selection. Authors in [79, 80] consider FD
relaying with multiple-antenna source and destination terminals. In [81], outage
performance of a DF based cooperative FD system is studied. Further, in [82], the
authors investigate a DF cooperative NOMA system with dedicated FD relaying to
communicate with a far destination user.

However, in the FD setup, the simultaneous transmission and reception results
in a very strong SI at the user equipment [83]. Further, as high computational
complexity with advanced signal processing is involved in the SI cancellation process,

there also exists a fundamental trade-off between hardware cost and SI cancellation
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capability, and thus resulting in a high RSI, as highlighted in [84, 85]. Therefore, a
more recent alternative, successive relaying based VFD system has become a popular
candidate over the traditional FD with reduced complexity [1, 86-89], wherein two
different HD relays are used for F'D such that at a time instant, one receives the signal
and the other transmits alternatively. VFD provides a prominent and promising
solution in combating SI by managing the IRI. In [1], the authors investigated VFD
based 2-hop and the multi-hop cooperative system and considered different coding
schemes such as quantize-map-and-forward and lattice-based compute-and-forward
for IRI cancellation. In [86, 87], the authors considered a cooperative multi-relay
VFD model and performed a Markov chain based analysis to derive closed form
expressions for OP. In [88], the authors proposed a relay selection algorithm with
adaptive interference management for multi-phase DF downlink VFD NOMA relay
framework. Authors in [89] proposed a 3-phase transmission system in order to
cancel out the IRI completely, wherein they analyzed the performance of VFD based
cooperative NOMA system over Rayleigh faded channels.

2.0.1 DMotivation and Contribution

The works in [88, 89] assume a perfect SIC. However, though SIC is essential in
NOMA to exploit the power-difference between users, ensuring a perfect-SIC is dif-
ficult [82, 90]. Similarly, residual-IRI may exist even after interference cancellation
[82]. Thus, VFD-NOMA is prone to a joint effect of residual-IRI and imperfect-SIC,
the effects of which have not been studied in the existing literature. Further, the
effect of large-scale path-loss is not considered in [89], thereby limiting its appli-
cability. Furthermore, various cooperative FD and NOMA based works in [82, 91]
and [92] have considered generalized Nakagami-m fading channels (for small scale
fading), which can represent a variety of wireless fading environments, including
distributions like Rayleigh, Rician and one-sided Gaussian as special cases. How-
ever, the previous works in VFD-NOMA in [88] and [89] have done the performance
analysis over Rayleigh faded channels, and not generalized to other channel models.

Considering the aforementioned research gaps, in this chapter, detailed investi-
gations are presented considering the joint impact of imperfect-SIC and residual-IRI

on VFD-NOMA system. In particular, the significant contributions are summarized
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as follows:

e Nakagami-m faded links are considered along with large scale path-loss in the

VFD system model.

e Closed-form expressions are derived of OP and ER for each user, with Monte-

Carlo simulations being presented to verify their accuracy.
e Asymptotic OP expressions are presented along with diversity order.

e Performance of the VFD-NOMA is compared with conventional FD-NOMA

and FD-OMA schemes and useful inferences are drawn out.

2.1 System Model

LS 4H

Figure 2.1: System model of VFD-NOMA.

A cooperative NOMA system is considered with a BS acting as a source (), two
single antenna users R and R, for VFD relaying, and a single antenna user D as
the destination, as shown in Figure 2.1, where Dy, is distance from S to D, Dy, is
distance between S and Ry, and Dy, is distance between S and Ry. Ry and R, are
closer to BS, in comparison to D, and hence are near users in the system model, while
D being considered as far user. Each ij link, where i € {s,r1,r2}, j € {ry,r2,d}

and i # j, is assumed to be independently flat faded Nakagami-m channel with
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Figure 2.2: System model of FD-NOMA /FD-OMA.

distribution Nak(m;;,g;;), where g;; = Elg;;] and g;; = |hij|*. It is assumed that a
direct link between S and D does not exist due to heavy shadowing. Further, it is
considered that R, and R, are distant apart to avoid receiver saturation. It is to note
that receiver saturation refers to the saturation of the analog-to-digital converter at
the receiver. In practical wireless communication systems, each receive RF chain
is characterized by a maximum input signal power level, above which saturation
occurs. Thus, the SI suppression techniques in FD communication involve both the
analog and digital domains, where SI is partially suppressed by analog cancellation
schemes before the application of digital SI cancellation methods. On the other
hand, in VFD communication, the problem of receiver saturation is eliminated by

allowing a large physical separation between the half-duplex relays [93].

To improve the spectral efficiency, two users are served over same time/frequency
resources using NOMA. S transmits the signal through half-duplex relays R, and Ry
in a successive relaying fashion where, one relay receives the signal from S and the
other forwards the received signal to D alternatively and thus, effectively forming
a VFD [93]. The entire transmission process is carried out in three different time

phases, the details of which are explained in the next sub-section.
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2.1.1 Transmission Protocol

In Phase 1, S superimposes signals z,, (t1) and x4(t1) (i.e. signals of Ry and D) with
«a and [ fractions of total transmit power P; respectively, and broadcasts it to R
and Ry. Asin NOMA, near user is served with lower power in comparison to the far
user, o < (3, where a + = 1 is the total power budget. Ry and Ry decode z4(t)
and hence, the SINR at R; and R, are given as

ST PS ST S
Dt)y=—9 E =7 Bos (2.1)
! sry 0 Ps + 05 o, vps + 1
ST /6 S
D () = 222l (2.2)

B gsma/)s—’_l’

where 0% is AWGN power, p, is transmit SNR and p, = f >. Then, R, detects its

2
N

own signal x,,(¢;) after removing the signal x4(¢;) through SIC. Thus, the corre-

sponding SINR at R; after SIC is given as

Gsry O Psg
PR (t) = , 2.3
( 1) Csry Gory B ps + 1 ( )

where (., denotes the level of residual interference, with (., = 0 implying perfect-
SIC. In Phase 2, R; relays x4(t1) to D with power P, = % and thus SNR at D can

be given as

Q/}r'id(tQ) = Grid Pr- (24)

where p, = fTﬁ‘ Concurrently, S superimposes signals x,, (t2) and z4(t2) (i.e. signals
of Ry and D) and transmits it to Ry. During this phase, Ry receives a interfering
signal from R;. However, Ry removes the IRI from R; through previous phase
decoded signal z4(t1). R determines its own signal x,,(ts) after detecting and

removing z4(tz) through SIC. The corresponding SINR’s at Ry are given as

D ( ) — gST2 6p8 (2 5)
sro\Y2 R .
? Gsra O Ps + Cryry Gryry Pr + 1

gsrg  Ps
Pl (1) = : 2.6
2( ) gs’l‘2 <$T2 Bps + C’rlrg gr1r2 pr + 1 ( )
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Table 2.1: Transmission phases in VFD-NOMA, FD-NOMA and FD-OMA.

Transmission Phase VFD-NOMA FD-NOMA FD-OMA
BS R, Rs BS Ry BS R

1 st(tl) - - $;(t1> Id(tl) Ly (tl) -
2 zs(t) wa(tt) - x(te) waltz) @, (t2) -
3 - - $d(t2> - - xd(tl) .T}d(tl)
4 - - - - - l’d(tg) ZL’d(tQ)

where (.., denotes the level of cancellation of the IRI from R;. The transmission
process completes in Phase 3 by Ry relaying the information z4(t2) with power P,

to D. The received SNR at D is given as

¢£d(t3) = Grod Pr- (27)

The entire VFD-NOMA transmission protocol is summarized in Table 2.1, and
compared with FD-NOMA and FD-OMA systems that require 2 and 4 transmission
phases, respectively. A single relay (R;) is employed in FD-NOMA and FD-OMA

schemes as shown in Figure 2.2.

2.2 Performance Analysis

2.2.1 Outage Probability at R;

Let ug and u,. be target SINR’s of the destination user and relays, respectively. The
probability that R; can successfully decode the signals z4(¢;) and z,,(t;) can be

given by Pr(gs, > and Pr(gs, > respectively. Outage at

Ud ) Ur )
Ps (B—uda) Ps(a—ur Csrl /8)

Ry is said to happen if it either fails to decode x4(t1) or z,, (t1) and is obtained by
applying [94, eq. 3.381.9] as

I'(msp,, psr, T3)
Poyr =1 — P ti) 2.8
t,Ry ' H F(msrl) ( )
i={1,2}
where T1 = (Bfquda)' Hsr;, = pz;:;, where 7 € {172} and T2 = m As T1 and

Ty are thresholds corresponding to channel gain, they cannot be negative. Thus,
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Ur Cs'rl
1+uy Csrl

1
14+ug”

<a<

using (2.8), the range of « is determined as

2.2.2 Outage Probability at R,

The probability that Ry can successfully decode the signal z4(t;) is W
ST‘2

Also, the probability that R, can successfully decode the signals z4(t2) and @, )

: o C1 Ggsrg _ C2 gsry _
are determined as 1 Pr(—gm2 o1 < 1) and 1 Pr(—gm2 o < 1) respec

tively, where ¢; = 228-%4% anq ¢, = £ (0 tin Gorgh). Utilizing the Nakagami-m PDF

Uq Up

expression [95] and using [94, 8.352.6, 3.381.4, 1.111], the exact closed-form OP

expression of Ry can be derived as

Pir 1— F(mST27T51> H T4—mrlr2 67T51T5.n % Kl(k?”) (2 9)
out,Ro % P .
L'(msr,) i={1,2} L'(my,r,) (Tsi + Ty)ktmrars
where T = %7 Ts1 = psry 11, Tsa = % and fp ., = %. Ki(p,q) =

Msre —1 F( —+1 g )
Yot Ka(pq) and Ko(p, @) = 20—~y

2.2.3 Outage Probability at D

An outage event at D is defined as D fails to decode the signal transmitted by either

Ry or Ry. Therefore, exact closed-form OP expression of D can be derived as

)z -1 H F(msn-a Msn-Tl) ,-Z—‘4mrl?«2 T51nK1 (k; TL) H P(mrjdy Hor;d ud)
e L(mr,) Ty, ) €751 (Tiy 4 Ty) R4 L(my,a)

(2.10)

={1,2} 7={1,2}

h . Myd
where [y.q = v Ord
7

2.2.4 Asymptotic Analysis

In this subsection, high SNR analysis of the considered system model is performed
by taking ps — oo to derive asymptotic OP expressions in the form (qups)_Gd’i

(where G4; and G4; are diversity order and coding gain of the user ¢) corresponding
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to Ry, Ry, and D as

Poiigy = (Yar, Tps) 7, (2.11)
Pc;)st,Rg = ((ZST2T1>_1PS)_mST2 + MZZZTQZ(n,msm), (2'12>

Poutp = Z (Zan 1) "'ps) " Z (Zrya " ps) "+ T5y ™72 Z (0, Mgy ),
i={1,2} j={1,2}

(2.13)

1 —1

where Zg, = ps flor, (M) ™7 . Further, Z, g = 2 py piy;a ug(my,q!) "5, Z(n, mg,) =
=1

K ( i ST ) ST My . .
T;l:znq?rlé) and }/;rl = Zsrl (Zi:{1,2} (E)m 1) i¢. From the above equations, Gd,R17

Gar, and Gy p can be easily obtained as myg,,, 0 and 0, respectively. Additionally,
with G, = 0, Gar, and Gy p are equal to mg., and min(Msy,, Mery, Mpyds Miryd),
respectively. Also, G gr,, G.r, can be obtained as st_l and (ZSTQTl)_l, respec-
tively. Further, G.p can be obtained as (ZSTlTl)_l, (ZmTl)_l, Zpa tand Z,,q 7,

corresponding to when Gy p equals mg,,, Mmgy,, My, q and m,, 4, respectively.

2.2.5 Ergodic Rate

The ERs of R; (where i € {1,2}) and Rp can thus be expressed as

a1 —F g, (I)
1 Csri B 1/;57?_ (tz)
Cp = : d 2.14
%= 32 /0 1+a “ (2.14)
B8
1 al— Fx<l’z)
_ i 1, 2.15
Cp 31112‘Z / 5o (2.15)
i={1,2} Y0

where Fr; (2) = Pr( fi(t;) < «) and X; = min (¢ (t;), 9 4(tir1)). Utilizing
(94, 8.352.6, 3.381.4, 1.111] and the basic Gaussian-Chebyshev quadrature (GCQ)
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relation [96] given by f L \/L)d:p =7 SELf [cos((Ql;Ll)W)], approximate ER ex-

pressions are obtained corresponding to Ry, Ry, and D, as

msry —1

(psr,)"
CRl - Z n! A(l’csrlﬂ’()?QRUl?O)a (216)

n=0

CRQ = (,usrg)n K1 (ka n) A(za Csrgﬁa Oa QRQ? 17 1)7 (217)

(IuST’l)n N (MTld)kA<1aa717QDak+ 1a0> Kl(kvn)
Cp = Z ol Z +

n=0 : k=0 k! (Nsm)_n

: (MT2d)pA<2aa71>QD7P+ ]-71)
0 p'

, (2.18)

where ®; = % Qp, = aQ(erfﬁl) and Qp = ’B(Q;H Further

. T T, Mrire “Sn . ' o, "
A(Z,Ahel,AQ,eg,eg) Y IHQ(F(‘;” ) 9326 A +61,U4'rdeD) (A_ll>
172 =

A% V1 g (2.19)

(14 Ag) (14 ¢0) (57 + T)Pstbtmnans)

X

(21-1)m
2L

where ¢, = cos ( ) and the parameter L denotes the accuracy-complexity trade-

off.

2.3 Results and Discussions

This section assesses performance of the considered system using Monte-Carlo sim-

ulations, and draw out useful inferences. Considering g,; = (g:;i)", where D;; is
distance between node i and j, and 7 is path-loss exponent [97]. Unless other-
wise specified, P; = 1, n = 3, a = 0.3, and (;; = 0.3, where i € {s,r;,r2} and
j € {r1,r2}. The values of { Dy, Dsyy, Dy, } are taken as {3 Dsq/7, Dsq/7,3 Dsa/ T},
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Figure 2.3: OP vs SNR for cases of imperfect-SIC/residual-IRI and perfect-
SIC/perfect-IRI.
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Figure 2.4: OP vs SNR for cases of perfect-SIC/residual-IRI and imperfect-
SIC/perfect-IRI.
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Figure 2.5: OP vs SNR comparison of Ry and D for distinct values of inter-relay
distance D,q,9.

with D,y = 1— Dy, and D,,q = 1— Dy,,. The results are compared with FD-NOMA
and FD-OMA, that require 2 and 4 transmission phases, respectively. R; is employed
in these schemes for FD relaying considering imperfect-SIC and a RST of —3 dB [82].
Further, for FD-OMA, power budget is maintained.

In Figure 2.3, exact, asymptotic and simulation OP results of imperfect-SIC /residual-
IRI and perfect-SIC /perfect-IRI are depicted over SNR. It is observed that there is
a significant impact of both imperfect-SIC and residual-IRI on R, and D, with
constant outage performance in the high SNR regime. On other hand, R; is least
affected due to the presence of imperfect-SIC alone and thus is also seen to have a
much higher performance than the compared FD schemes. Further, for SNR of 34
dB, Rs is also observed to have 77% and 92% times lower OP than FD-NOMA and
FD-OMA respectively. Similarly, it is observed that the outage performance of D
is higher approximately by a 10 fold, in comparison to both the FD schemes. This
happens due to a high RSI effect on these FD systems, in comparison to residual-
IRI which depends on D,,,,. Further, the derived analytical results are observed to

match well with the simulation results.

Figure 2.4 shows OP performance of Ry and D for fading parameters values
m =1 and m =2 (m;; = m, where i € {s,r1,r2} and j € {r1,r2,d}) over scenarios

of perfect-SIC/residual-IRI and imperfect-SIC/perfect-IRI. It is observed that the
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Figure 2.6: ER vs SNR for D, = 3Dgp/7.

system performs better as the value of m increases. Also, in a perfect-SIC /residual-
IRI scenario, Ry is observed to obtain higher OP than D as it gets affected by IRI
while decoding the signal corresponding to D, prior to its own signal. Further, the
presence of residual-IRI causes the VED-NOMA system to operate in an interference
limited environment, and thus the OP is seen to saturate with increase in SNR.
Additionally, the non-zero outage floor explains the reason behind the zero diversity
order obtained for Ry and D. Therefore, it is reasonable to observe the impact of
residual-IRI being more on the system in comparison to imperfect-SIC, especially

in the high SNR region.

Figure 2.5 illustrates the outage performance comparison of Ry, and D for three
distinct inter-relay distance cases D10 = Dsq/7, 2Dsq/7 and 4Dg;/7. For an SNR
of 34 dB, it is observed that case 2 with D, = 2Dy;/7 has an approximate OP
improvement for Ry and D of 86% and 87% respectively, over case 1 with D,1,0 =
Dg;/7. For the same SNR value, case 3 with D1, = 4Ds4/7 shows an approximate
increase in the outage performance of the two users by 87% and 85%, respectively
over case 2. This is because, with the increase in D,,9, the inter-relay link path-loss
gain decreases, which in turn reduces residual-IRI at Rs, as can be deduced from
expressions of ¥2 (t2) and 2 (t5). Therefore, the performance of the system can

be enhanced by developing suitable strategies that aim proper selection of the near

users such that the residual-IRI is minimized.
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Figure 2.7: ER vs SNR for Dy, = 5Dgp/7.

In Figure 2.6 and Figure 2.7, results of ERs are presented over SNR for two
distinct values of Dy,,, compared with the case of perfect-SIC/perfect-IRI. It is
reasonable to observe ERs of users to be lower for the imperfect case in comparison
to the perfect case. Further, as seen in Figure 2.6, owing to a higher pre-log factor
in FD-NOMA in comparison to VFD-NOMA (i.e., 1/2 versus 1/3) and a higher
transission power of FD-OMA for Ry (i.e., P;/2 versus aFs), the FD schemes can
be seen to achieve a higher ER. It is to note (and as also mentioned earlier) that
this higher rate comes at the cost of a lower outage performance. However, as
shown in Figure 2.7, for a SNR of 34 dB, the ER of D is seen to be 43% higher
than FD schemes. Although, the rates of R; and R, are seen to be less due to
HD operation, their combined rate is seen to be 25% and 5% higher than in FD-
NOMA and FD-OMA, respectively. Thus, as R; is located away from BS, the
increased path-loss causes the RSI effect to become dominant, and thus leading
to a drop in performance in the FD schemes. However, unaffected by RSI, VFD-
NOMA outperforms the FD schemes even with the joint impact of imperfect-SIC
and residual-IRI, and thus optimization of relay location is needed. Furthermore,
the derived analytical expressions are seen to match closely with the simulation

results.
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2.4 Summary

This chapter investigates cooperative VFD-NOMA under the impact of imperfect
SIC and residual IRI. Analytical OP and ER expressions are derived for the VFD-
NOMA system under the impact of imperfect-SIC and residual-IRI over generalized
Nakagami-m fading environment. The performance of the considered system is
also compared against FD-NOMA and FD-OMA schemes, with the impact of the
fading parameter and inter-relay distance also being highlighted. The analytical
results are seen to be in close agreement with the Monte-Carlo simulation results.
Furthermore, the users are observed to have better performance in comparison to
the FD schemes even with the effect of imperfect-SIC and residual-IRI. The results
also reveal the necessity of optimizing the relay locations. Notably, the VFD model
under consideration requires twice the number of relays and an additional time phase
as compared to the two counterpart FD schemes. Consequently, new VFD models

to be developed that can efficiently utilize both relay and time resources.
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Chapter 3

Frequency Division Duplexing
based Cooperative VFD

Communication

In the previous chapter and the existing works in [1, 89, 98-105], the VFD system
model studied is based on SR that require a double number of relays for each des-
tination user and an extra time phase compared to FD. Thus, the improved system
performance in these SR-VFD schemes come at the price of a poor resource uti-
lization. Thus, in this chapter, a novel FDD-VFD system model is proposed that
can not only match FD in terms of resource utilization but also outperform both
SR-VFD and FD.

Moreover, various VFD system models have been studied in the literature with
some considering the A-IRI [98-101] assuming that the relays are located far from
each other or relays with directional antennas and fixed infrastructure are used
while others have analyzed the performance in the P-IRI [1, 89, 102-105]. However,
majority of the previous P-IRI works study only the performance analysis part and
do not focus on relay power optimization, that infact forms an important role in the
design of VFD systems in order to control the IRI. Thus, in this chapter, to minimize
the IRI, the problem of relay power allocation is investigated for SOP minimization
and ESR maximization. The main contributions of this chapter in particular are as

follows:
e A unique FDD-VFD model is proposed and compared with conventional SR-
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VFED and FD models.

For the FDD-VFD model, both the practical scenarios of A-IRI and P-IRI
are investigated. Closed-form expressions of OP and ER are presented over

Nakagami-m fading distribution.

Optimization problems of power allocation of relays for P-IRI case are studied

corresponding to SOP minimization and ESR maximization.

Given the sophisticated form of the SOP expression, PSO method is utilized

to obtain joint transmit power allocation for the two relays.

Due to GCQ approach in obtaining ER, applying PSO directly to maximize
the same will require a significant amount of computational time and would
increase the latency. Thus, to address the issue for ultra-low latency based
machine critical applications, a practically realizable DNN based solution is
proposed wherein the ESR expression in the objective is first approximated
utilizing a DNN architecture. Thereafter, the PSO algorithm is applied to

obtain a solution with significantly reduced computational time.

System performance is extensively analyzed for various system parameter val-
ues to evaluate the proposed FDD-VFD system and DNN-based PSO (DNN-

PSO) solution, and attain useful insights.

3.1 System Model

A cooperative communication network is studied where a BS acting as a source

(S) serves two far destination users Dy and Dy through two DF relays R; and Rs,

respectively, as shown in Figure 6.1. It is assumed that a direct link between S and

the destination users is absent due to heavy shadowing and path loss. Also, the

HD relays Ry and R, are able to communicate with FDD technique [106-108] and

are at sufficient distance from each other such that there is no receiver saturation.

Each communication link ij , where i € {s,r,72}) and j € {r,rq,dy,ds}, such

that ¢ # j is assumed to be non-identically distributed, independent, and modeled
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Figure 3.1: System model comparisons of FDD-VFD, FD and SR-VFD.

Table 3.1: Transmission phases in SR-VFD

Phase S Riy Ris
t1 wg(th) - -
ty 4;(t2)  wq,(t1) -
i3 - - Ld, (t2>

by Nak(m;;,g; ;), where g, ; = E{[|hi |*]}, gij = |hij|*, and h;; is channel coefficient
of the link between transmitting antenna of node ¢ and receiving antenna of node j.

Two orthogonal frequency bands or sub-channels (f; and fs) are considered in
the network. It is to note that there are various works in the literature which simi-
larly consider the availability of orthogonal sub-channels in downlink communication
networks and perform channel allocation to users [109-111]. Also, the FDD-VFD
analysis remains relevant even when considering a single-source-single-destination
network. In such a scenario, S is replaced by two distinct sources, namely S; and
Sy. Without any loss of generality, at time t (k € {1,2}), it is assumed that BS

transmits symbol x4, (t;) to Ry using sub-channel f;. R; then decodes and forwards
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zg4, (tr) to Dy using the sub-channel f5. On the contrary, Ry receives symbol x4, (t)
from BS using channel f; and transmits it to Dy using f;. Comparatively, in FD, S
— Ry and Ry — D; communications happen through f; at the time ;. Similarly,
S — Ry and Ry — Dy communications happen through f,. Thus, in FDD-VFD,
though the two relays individually operate in HD mode, the overall communication
system is virtually FD as only two frequency bands are utilized for the two des-
tination users, thereby making the spectral efficiency same as in the case of FD.
Moreover, due to the proposed channel assignment (CA), FDD-VFD is affected by
distance dependent IRI in comparison to high SI and RSI in FD.

Further, the CA in SR-VFD is the same as that of FD, with the difference
that each destination has to be assisted by two relays, thus requiring four relays in
total (Ry1, Ri2, Ro1, Ro2) [89, 104]. Specifically, at time t;, BS transmits x4, (t;)
(1 € {1,2}) to R;; and R;y using f;. During the next time phase ty, R;; forwards
x4, (t1) to D; using f;. At the same time and using the same channel f;, BS transmits
a new symbol x4, (t2) to R;o. Thus, R also receives an IRI from R;;. Though, R;»
can remove the IRI through previous phase decoded signal z4,(¢;), residual-IRI may
still exist even after the interference cancellation process with (. € [0,1] level of
cancellation where ¢, = 0 implying perfect cancellation [104]. In the final phase
ts, Rio decodes x4 (t2) and forwards to D;. It is to note here that the SR-VFD
model requires three time phases to transmit a total of two symbols. Thus, both
FD and FDD will require two time slots each to transmit the two symbols as shown
in Table 1. The received signal at Ry (y,,(tx)) and D; (ya,(tx)) at k™ time slot
(where k € {1,2}) is given by

Yry (tk) =V Ps Ld, (tk) hSTl + C PTQ L, (tk) hTQT‘l + Ny (tk)’ (31)
Ya, (tk) = / Pry Ty (th) Poryay + 1y (1), (3.2)

where P;, P,, and P,, are transmit powers of S, Ry, and Ry, respectively. n;(t;) is the
additive white Gaussian noise (AWGN) noise at node i (where i € {ry,79,d1,d2}))
and is modeled as n; ~ CN(0,02). ¢ is a binary variable such that ¢ =0 and ¢ = 1

denote A-IRI and P-IRI scenarios, respectively. Correspondingly, the SINR’s at Ry
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and D; is given by

pS 987"1
Uy () = — 22 3.3
1( ) CPT’Q gT’QTl _|_ 1 ( )

1/]d1 (tk) = Pri Gridy s (34)

where p; = C%, Pry = % and p,, = %. Similarly, the received signal at Ry and D,

and their SINR’s are given by

Yry (tk’) =V PS Ld, (tk) hSTQ + C PTl Ldy (tk> hh?“z + Tpy (tk)v (35)
Yds, (tk) = PT‘2 Ld, (tk) hT’de + N, (t/ﬁ)w (36)

S gs"‘
by () = — L2 (37)

CPry Grirs + 17

¢d2 (tk) = Pra Grads- (38)

3.2 Performance Analysis

In this section, OP, SOP, ER, and ESR of the proposed FDD-VFD system model
is analyzed. Outage probability is a very crucial metric to evaluate the reliability
of slowly varying fading channels. It is defined as the probability of the end-to-
end SINR of the system falling below a pre-defined threshold [112-114], where the
end-to-end SINR refers to the minimum of SINR at the relay and the SINR at
destination [89]. On the other hand, ER is determined by the expected value of the
instantaneous mutual information between the transmitter and the receiver [115].
ER is useful for delay-insensitive services, as due to probabilistic averaging, the
transmission time is required to be very long so as to reveal the long-term ergodic
properties of the fading process. Let T7 and T5 be the target rates of the destination
users Dy and Dy, respectively. Accordingly, the OP, SOP, ER and ESR expressions
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are derived subsequently in the sub-sections.

3.2.1 Outage Probability for A-IRI scenario

Assuming that hs,, and h, 4, are quasi-static over the two time slots and considering
¢ = 0 in the SINR expressions, OP of D; (where i € {1,2}) for A-IRI scenario is
given by

1
Og4, =1—Pr (5 logy (1 + ps gsri) > Tz) (3.9)

1
X Pr (5 10g2 (1 + pn‘gmdi) > E) .

Now, utilizing [94, eq. 3.381.9], the exact closed-form outage probability, the

expression in (3.10) can be obtained as

6 P <m d. Drid; % 6i>
Oy =1—T (my,, e o Sndibrig (3.10)
Gsr;Ps I (msn) r (mn‘lh')

where §; = 2270 — 1.

3.2.2 Outage Probability for P-IRI scenario

OP of D; in P-IRI scenario considering ( = 1 and quasi-static fading is given by

Ay = / Pr(ps gsr, > (11 + 1) 8) fva (v1) dys, (3.11)
0

where Y1 = p,; gr;r, and fy, (y1) is the PDF of ) [116]. Now, using the identities
(94, eq. (3.381.9)] and [94, eq. (8.352.7)], (5.38) is resolved as

[e's) msr; (y1+1) sy ni
An :/ e PsTsr (5T Mg, (y1 + 1)
§ : [ —
0 n1=0 Ps gsriéi

mr.r; Yl

— gt My,
1 P'rj §r~rz‘ m’l’"’!" Jo
S ( i ) dy,. (3.12)

N 1—my —
n! Yy e Z]‘—‘(mT’sz’) Prj Grir;
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Finally, using [94, eq. (1.111)] and [94, eq. (3.381.4)] in the above expression
and utilizing [94, eq. 3.381.9] for A;s, the final closed-form expression is obtained as

A s Ysr; — 1 My, 151
Odi =1- % (8, Ti T, &7/)7’]'97"]'”) ﬁr (mTz’di’ = d ) s (313)

52' My,d; Gr.d;Pr;
e_(%) ma3a2 \32
where %(91,02,93,04,05) = W(W) X
Zmnfl (m>n1 Zm I'(notma2) (% + mgg)*(n2+m32)’ My L mezey Vw,y c {1’2’3}'

n1=0 04 n2=0 nyl(n;—ng2)! 05

3.2.3 System Outage Probability

The SOP of the FDD-VFD for P-IRI scenario can be defined as the probability that
either of the two relays or the two destination users in the network fails to decode

the corresponding symbol successfully [117]. In other words, the SOP is given by
OSOP =1- Psuccess; (314)

where Pgyccess 1S the probability that Ry, Rs, Dy, and Dy decode the symbols suc-

cessfully. Accordingly, Pgyccess is determined as

success = H Pr ( 1Og2 1 + Qﬁn (tk)) > TL)
1={1,2}

x Pr (% log, (1 + g, (tk)) > Tz) , (315)

Now, the closed-form expression of Pyuecess can be derived similar as done in
previous sub-sections and thereafter substituted in (3.14). Then, the exact SOP

expression is given by

x T (md _—) : (3.16)

gn’dipTi
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3.2.4 Ergodic Rate for A-IRI scenario

The ER of D; is given by

1 .
Cd1 =K Z ilogQ(l + min (ps Gsris Pry ngdl))
k={1,2}

R FX $1
———dx 1
mk{zl}/ S gy, (317)

where X; £ min (ps gy, Pry Gra, )- Utilizing [94, eq. 3.381.9], (3.17) is further given
by

C 1 /‘OO F (ms’r'l ) n;::lpxsl ) F (m’r'ldl Y lelddlpfl ) d ( )
L= : L2 dy, 3.18
"2 n? S I' (Mg ) T (myyay) (14 27) !

As the assessment of (3.18) is mathematically intractable, we utilize the basic the
GCQ equation [104, 118] to solve the integral by substituting a = 0 and b = 4y,
where x, = cos (%), Yo = % + @, L is a finite value denoting accuracy
complexity trade-off, and d; is set to a very high value close to infinity for numerical
evaluation. Next, the ergodic rate of Dy can be derived in the similar way and hence

its proof is omitted for the sake of brevity. Thus, the ergodic rate expression of D;,

where ¢ € {1,2} for A-IRI scenario, is given by

- =12
Cq, =
d; A4VT (msri) I (mﬁ'di) In2 k:{zl Zl 1+ yv

x T (m Dors y”) T (mndz, Ly) . (3.19)
GsriPs Grid; Pr;
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3.2.5 Ergodic Rate for P-IRI scenario

The ER of D is given by

~ 1 . pS gST
Co, =E| > 5 108 (1 + mln(m,ﬂn ridy))

k={1,2}
1 1 —Fg (i)
- . Ao 3.20
Ths 2 /O T4, b (3:20)
k={1,2}

where X; £ min (M;Zfﬁ, Pry Grdy ). Utilizing [94, eq. (8.352.7)], [94, eq. (3.381.4)]
and [94, eq. (1.111)], (3.20) is further given by,

X1,

Ps 95T1 My dy 1
R 1 / \70(8 r1, T2, Z 7p7“2.gr2r1)r (mmdl; I Ly P
0

F(mTldl)(l + xl)

(3.21)

Similar to previous sub-section, the integration in (3.21) is solved using the basic
GCQ equation with ¢ = 0 and b = ;. Similarly, the ergodic rate of Dy can be derived
and hence the proof is omitted for the sake of brevity. Thus, the ER expression of
D; for i,j € {1,2}, i # jis given by

é (5171' i vV 1— l’vz
dy = -
4VT(my,q,) In2 e = (14 y,)
s Jsr; — mTz‘ i IV
% o (s,ri,rj,&mrjgrm)r Mgy, ridid ) . (3.22)
yU gridipri

3.2.6 Ergodic Sum Rate for P-IRI scenario

The ESR of the network is defined as follows [119-121]

N S gS’r‘i
Cepsr =E Z Z 10g2 (1 4+ min (p—H7 Pri Grid;))
i={1,2} k={1, 2} Prj Grri

> Cu, (3.23)

i={1,2}
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where i,7 € {1,2} and i # j. Substituting the CA’di expression from previous sub-

section, the ESR expression is obtained as

v
. 5171' \/1_71'112
Cesr = Z Z Z 4VT(myq,)In2 (1+y,)

i={1,2} k={1,2} v=1

X \.70 (57 Tiy Tj, P G ) prj?’l‘j?‘i) r (mTz‘di’ Tﬁdiyv> ' (324>
yU ngdlpTz

3.3 Optimization Framework and Solution

3.3.1 Problem formulations

Clearly from the SINR expressions, the symbols corresponding to the destination
users are interference limited due to IRI effect at the relays. The same can be
minimized by proper allocation of the transmit power of the relays. In this context,
a joint relay power allocation (JRPA) problem is mathematically formulated to

minimize the SOP (JRPA-SOP) [122-124] respectively as under:

(P0): min Ogop, (3.25)

T1y9t Ty

subject to,
Cl: Pmm<Pr1 <Pmama

C2: Phin < P, < Pz,

where constraints C1 and C2 correspond to ensuring that the power values lie in
between a minimum and a maximum allowable level. Further, an another interesting
JRPA problem is explored for ESR maximization [125] which is mathematically

formulated as

(P1): max Cpgr, subject to C1—C2. (3.26)

PT‘lv 9
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3.3.2 JRPA-SOP Solution

The SOP expression in (3.16) is a combination of various complex non-linear func-
tions. Hence, a derivative-based mathematical closed-form solution to (P0) is dif-
ficult to obtain. Thus, P} = P, and pr £ P, are found utilizing an effective and
derivative-free algorithm like PSO which has been used to solve such problems in
various works in the literature [116, 126]. Further, PSO has a reasonable stability,

fast convergence, and a better capability as compared to various other optimization

algorithms.

The PSO derives its main inspiration from natural interactions like bird flocking,
where ¢; number of particles try to find the best position by cooperating with each
other. After evaluating using the fitting function (F!), the velocity (V!) and the
location (L.) of particle number a at the iteration number [ are modified in the

. . . l l l .
dimensional space. The expressions of F,, V., and L, are given by

Vi=coo Vi e di (u— L) +es et (0 — LY, (3.27)

L=y vl (3.28)

Ogop, if constraints C1 and C2 get fulfilled
F! = (3.29)

1, otherwise.

where L, = ((P,,)! (PTQ)Z) and F! £ 1 corresponds to SOP being unity when either

a’
of the two constraints does not get satisfied. ¢, and 0/2 represent inertial weight and

damping factor, respectively, ¢ and c5 represent acceleration coefficients, and ¢ *

and c5™' are random numbers with uniform distribution in the interval (0,1) at
(I — 1)™ iteration. Further, y, is the personal best location of the a'* particle with
the personal best fitness Q,, and p* = (P}, P}) is the globally best position for

the best fitness value 2*. The entire PSO algorithm for ¢; number of iterations is

summarized in Algorithm 1.
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Algorithm 1 The PSO Algorithm for JRPA

Input: Lower bound (P,,, P.,) = P, and upper bound (P,,, P.,) = Pz
Output: Best fitness value 2* and corresponding p*
Initialization

1: Initialize V0 to zero and LS randomly between P, and Ppu., Va € {1,2,...c1}
2: = Ly
3. Evaluate F?
4: Q, = FC?
5. Q= min FY
a€{l,2,...c1}
. cg=arg min F?

6 a€{1,2,...c1}
. * 0
Tt =X,
8 for [+ 1to c; do
9 for a < 1 to ¢; do

10: Update V! and U! in accordance with (6.51) and (6.52), respectively
11: Evaluate F!

12: if F! <, then
13: Q,=F!

14: fo = X!

15: end if

16: if F! < Q* then
17: O =F!

18: Cg = a

19: =X

20: end if

21: end for

22: end for
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Input Layer Hidden Layers Output Layer

Cesr

Figure 3.2: Framework for proposed neural network model for JRPA.

3.3.3 JRPA-ESR Solution

The ESR expression derived in (3.24) involves summations due to the GCQ method
and non-linear functions. Thus, the PSO algorithm cannot be applied directly to
solve (P1) as it will require large number of iterations with significant computa-
tional cost which can increase the latency and thus not be usable for real-time
operations. Hence, the ESR expression is first approximated using a predictive deep
learning architecture which is more practical as the computational complexity is
mostly shifted to offline training stage and the online implementation complexity is
minimal [127].

As shown in Fig. 3.2 a fully connected feed-forward DNN model is considered
with an input layer, H hidden layers, an output layer, and N}, is number of neu-
rons in the A" hidden layer. The input layer consists of 12 inputs namely my,,,
Moras Mrydys Mirdss Mrirss Mars Py Asris Norzs Arirgs Pryy and Py, where p = L is
the transmit SNR, A, and Ay, are normalized distances from S to R; and Ry,
respectively, A, is the inter-relay normalized distance. Adam optimizer is used as
the learning algorithm as it has a fast training time and can work efficiently with
networks involving a lot of parameters. The learning rate, exponential decay rate
and numerical stability constant are set as 0.001, 0.9 and 107, respectively. For

performance evaluation of this regression problem, we choose mean squared error
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(MSE) as the loss function defined as

2

Qurse = E[(Cesr — Crsr) |- (3.30)

Algorithm 2 DNN Assisted ESR Prediction

IHPUt: mszla Misryy Merydys Mrgdyy Merirgy Mergryy Py >\sr17 )\57”27 )\7“17‘2a Pr1; and P’/‘Q
Output: Cgsr
Data Set Generation
Evaluate (3.24) for each input matrix A and obtaining corresponding ESR value
Divide the data set to 90% and 10% for training and testing respectively
while satisfactory training and test performance is not achieved do
Train the DNN model using eLLU activation function and Adam optimizer
Test the trained model using the test data
end while
Save the trained weights and biases
Utilize (6.56), (6.57) and (6.58) for ESR prediction

where Cpgg is the predicted ESR value. Now, a dataset is created by evaluating
(3.24) for different values of inputs and obtaining corresponding ESR values such
that 90% of the data is used for train the DNN model and the remaining 10% for
testing. For threshold operation, exponential linear unit (eLLU) is used as activation
function at the hidden layers (as defined in (6.55)) and linear activation function is
used at the output layer [128]. The parameter values are empirically found to achieve
lowest possible MSE. For the same, the best training and testing MSEs obtained
are 7 x 107 and 8 x 1074, respectively, for H = 2 and N, = 500. Now, with the
optimized weights and biases, the predicted ESR value can be obtained by using
(6.56), (6.57) and (6.58), where A is input matrix of order (of order 1 x 12) such
that A 2 {Ma, Msry My dy Migdy Miryry Migry P Nsry Nsry Ariro Py Pry 3. Wi (of order
12 x 500), W (of order 500 x 500), and W, (of order 500 x 1) are optimized weights
matrices corresponding to first hidden layer, second hidden layer and output layer,
respectively. Similarly, By (of order 1 x 500), By (of order 1 x 500) and B, (of order
1 x 1) are optimized bias matrices of first hidden layer, second hidden layer, and
output layer, respectively. O; and Oy are outputs corresponding to first and second

hidden layer, respectively.
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e? —1, ifzx<0

eLU(z) = (3.31)
x, if © >0,

O, = eLU(AW, + By), (3.32)

O, = eLU(Oy Wy + B,), (3.33)

Cpsrp = O, W, + B,. (3.34)

The entire DNN assisted ESR prediction methodology is summarized in Algo-
rithm 2. Finally, the PSO Algorithm 1 can now be used to maximize OESR and

hence solve (P1) using the fitness function defined in (6.62).

Cpsr, if constraints C1 and C2 get fulfilled
F! = (3.35)

0, otherwise.

3.3.4 Complexity Analysis

The computational complexity of the PSO algorithm depends on the number of
particles used and number of iterations involved, and is computed as O(c¢; X ¢7).
Further, the computational complexity of the DNN model is measured in terms
of floating-point operations (FLOPs) per second, which depends on the number of
trainable weights and bias in the model. With H = 2 and N, = 500, the number of
parameters (Npuram) and FLOPs (Nprops) are given by

/\/;mram:NIXNl—i'Nl_l'NlXN2+N2+N2XNO+NOa (336)

NFLOPSZN[XNl><2+N1+N1XN2X2+N2+N2XN0X2+N0, (337)
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where N; = 12 and Ny = 1 refer to number of neurons in the input layer and output
layer, respectively. Accordingly, the DNN model has 257501 number of parameters
and 514001 FLOPs.

3.4 Results and Discussions

In this section, the performance of the FDD-VFD system is assessed using Monte-
Carlo simulations and useful inferences are drawn out. Considering g;; = 10*3(’;—2?)’7,
where A4 is distance from S to D; and Dy, A;; is distance between node ¢ and j, and
n is path-loss exponent. Due to half the number of relays required in FDD-VFD, to
bring fairness in comparisons, inter-relay distance in FDD-VFD is considered to be
greater than in SR-VFD. It is worth noting that the greater the distance between the
relays, the higher the path loss and, consequently, the lower the impact of IRI. As a
result, with only two relays used in FDD-VFD compared to four relays in SR-VFD,
these two relays can be selected from the four in such a way that the inter-relay
distance is maximized. Unless otherwise specified, P, =1 W, P, = P., = 0.5 W,
Ty =Ty =01, Ppin =0W, Ppor =1 W, 1 =3, my =m £ 2. The values of
{Asris Ay b (where @ € {1,2}) are taken as {A\si/2,3 A\sa/T} with A\q, = 1 — Ay,
Moreover, {Ag.,, Asrins Arprsn b 15 S€t 10 {Asa/2, Asa/2, Asa/ T} With Aa, = 1 — Ay,
Moreover, ¢; = 50, co = 1, c’2 = 0.99, ¢c3 = ¢5 = 2 and ¢; = 1000. Further,
RSI of —10 dB [82, 129-131] and a residual-IRI level of 0.3 is considered in FD
and SR-VFD, respectively. Additionally, to analyze the effectiveness of the JRPA
scheme, its performance is compared with fixed relay power allocation (FRPA) as in

[116]. Monte-Carlo simulations are executed using ‘Matlab’ and analytical results

are obtained using ‘Mathematica’.

3.4.1 Outage Probability

In Figure 4.3, the performance of the proposed FDD-VFD is compared with SR-
VFD and FD in terms of OP over the transmit SNR for A-IRI scenario. For a SNR
of 25 dB, in FDD-VFD, the users are observed to have 90% and 99.9% times lower
OP in comparison FD for m = 1 and m = 3, respectively. This is due to the severe

impact of RSI in FD than in SR-VFD and FDD-VFD that leads to an outage floor at
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high SNR. On other hand, due to absence of IRI, both SR-VFD and FDD-VFD are
seen to outperform FD. Further, for the same SNR value, FDD-VFD has 84% and
67% times better OP performance in comparison SR-VFD for m = 1 and m = 3,
respectively. These performance gains are due to to the extra time phase in SR-VFD
and hence a lower pre-log factor of 1/3 compared to 1/2 in FDD-VFD. Moreover,
it can be observed that the FDD-VFD system performance improves with better

fading conditions.

Figure 4.4 shows the OP vs SNR plots for P-IRI scenario. For a SNR of 25
dB, in FDD-VFD, the users are seen to have 55% and 50% times lower outage
in comparison to SR-VFD for m = 1 and m = 3, respectively. This is due to a
higher inter-relay distance in FDD-VFD in consequence to a lesser number of relays
required, and the above mentioned higher pre-log factor. Similarly, for the same
SNR value, due to high RSI, FDD-VFED has 60% and 75% times lower OP value in
comparison to FD for m = 1 and m = 3, respectively. Further, it can be observed
from the figure that SR-VFD outperforms FD only in the high SNR-regime as also
reported in [104, 132] which further proves the efficacy of the proposed FDD-VFD
model. Moreover, the presented analytical OP expression matches well with the

simulation results.

In Figure 4.6, the SOP performance is shown over SNR values of the JRPA and
FRPA schemes for two different m values. The relay power values in FRPA are fixed
to P, = P,, = 0.5 W [89, 104, 133]. It can be observed that the JRPA optimized
curves plot using PSO matches closely with the simulation values. Further, for a
SNR value of 30 dB, SOP in JRPA is observed to be 60% and 90% times lower than
FRPA for m = 1 and m = 3, respectively. The same is a reasonable observation as
the power allocations in FRPA are uniform and are not updated in accordance with
the changing parameter values which further shows the requirement of the JRPA
scheme in order to minimize the IRI. Further in Figure 3.6, we also compare the
SOP performance of the JRPA scheme with the FRPA scheme having P,, = P, =1
W. Interestingly, as an increase in the transmit power of the relays from 0.5 to 1
W in FRPA not only enhances the received power at the destination users but also

leads to an increase in IRI, we observe an overall decrease in SOP performance.

Figure 4.7, depicts variation of SOP with relay power P., = P,, = P, for 6 differ-
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Figure 3.8: ER vs transmit SNR for FDD, SR-VFD and FD in A-IRI scenario.

ent system parameter cases that correspond to the values of {mg., Ps, dy sy, Mra, p},
where mg,, = Mg, 2 my,, Myidy = Morydy 2 m,q and ps = p, £ p. Also, the min-
imum SOP point and the corresponding P = P, £ P* value is shown for each
case. It can be observed that for cases 2 and 3, in comparison to case 1, P’ de-
creases by 65% and 30%, respectively. This is because for lower m,, and P, values,
Yy, (tx) and ., (tx) decrease as can be deduced from (3.3) and (3.7), respectively.
Thus, to increase these SINRs and hence reduce the SOP, the IRI needs to be re-
duced by lowering the relay power. Further, comparing cases 4 and 1, an increase
in d,,,, value decreases the IRI which allows a higher relay transmit power as the
same increases ¥y, (tx) and 14, (t;) in (3.4) and (3.8), respectively. Similar results
are observed for a lower m,, value in case 5 where P’ increases approximately 3
times in order to increase g, (tx) and 14, (tx) and hence decrease the SOP. Further,

as p value increases from 20 dB in case 6 to 30 dB in case 4, minimum SOP and P’

decrease by 92% and 43%, respectively.

3.4.2 FErgodic Rate

Figure 3.8 analyzes the ER performance of the FDD-VFD with SR-VFD and FD
over the transmit SNR for A-IRI scenario. Clearly, both FDD-VEFD and SR-VFD
outperform FD as ER in FD converges to a constant value at high SNR due to the
severe impact of RSI. However, ER in FDD-VFD and SR-VFD do not converge to
a constant value due to absence of IRI. Further, the proposed FDD-VFD achives
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Table 3.2: Average computation time for ESR optimization

Optimization Scheme Computational time (in seconds)
Proposed DNN-PSO (H = 1, N}, = 500) 0.49
Proposed DNN-PSO (H = 2, N,, = 500) 1.01
Proposed DNN-PSO (H = 3, N, = 500) 2.36
Analytical-PSO (¢; = 50, ¢7 = 10) 90.87
Analytical-PSO (¢; = 50, ¢7 = 20) 183.57
Analytical-PSO (¢; = 100, ¢; = 10) 195.23

better rates than SR-VFD due to a higher pre-log factor of 1/3 as no extra time
phase is required. Further, with improved fading conditions, system performance is
seen to improve. Moreover, theoretical results using the presented ER expression
matches well with the simulation results.

In Figure 3.9 the ER is plot vs transmit SNR graphs for P-IRI scenario. The
proposed FDD-VFD is clearly seen to have a higher ER than both SR-VFD and
FD. The performance improvement observation over SR-VFD is reasonable as lesser
number of relays is required in FDD-VFD which results in a higher inter-relay dis-
tance and thereby a lower IRI. For a SNR of 25 dB, in FDD-VFD, the users are seen
to have 3.2 and 3.5 times higher ER in comparison to FD for m = 1 and m = 3,
respectively. Further, the presented ER expression results are seen to match exactly
with the simulation results.

In Table 3.2, the average computational times taken is compared for DNN-PSO
and analytical-PSO based solutions for (P1). In the analytical-PSO method, the
PSO algortihm is applied directly using the analytical ESR expression. The com-
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Figure 3.10: Effect of epochs on MSE for different number hidden layers and nodes.

putational times are obtained by using a computer with a 2.10 GHz Intel XEON
E52620V4 X central processing unit and 64 GB RAM. It can be clearly seen that the
proposed DNN-PSO solution (with H = 2 and N, = 500) takes a very low running
time in comparison to the analytical-PSO solution. Moreover, the analytical-PSO
solution’s runtime increases with the number of particles and the maximum number
of iterations.

Further, in Figure 3.10, the effect of number of training epochs is analyzed over
the achievable MSE for distinct number of hidden layers and nodes. It can be
clearly seen that the training performance converges such that a choice of H = 2
and N, = 500 is sufficient for an accurate prediction. After 300 epochs of training,
the DNN model with H = 2 and N, = 500 has 80% and 98% lower MSE as compared
to models (N, = 100) with H = 2 and H = 1, respectively. Moreover, an MSE of
7 x 10™* is achieved which shows that the predicted C’ESR matches well with the
actual C Esr. Also, it can be observed that further increasing the number of hidden
layers to 3 or 4 fails to bring about significant improvements in performance due to
overfitting issues. Moreover, in Table 3.2, the computational time for the proposed
DNN-PSO is seen to increase with increase in the number of hidden layers, thus
indicating that the choice of H = 2 and N;, = 500 is sufficient and further increasing
the values of H is not required.

In Figure 3.11, the ESR performance is shown over transmit SNR of the JRPA
and FRPA (P,, = P,, = 0.5 W) schemes for fading severity values of m = 1 and
m = 2. For a SNR value of 30 dB, ESR in JRPA is observed to be approximately
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86% more than FRPA for m = 1. Similarly, for the same SNR value, ESR in JRPA
is observed to be 95% times more than FRPA for m = 2. The observations made are
reasonable as the P, and F,, values in FRPA are kept to a fixed value. However, the
power allocations in JRPA get updated in accordance with the change in the system
parameter values. Similar observations can also be made in Figure 3.12, where the
ESR performance of the JRPA scheme is compared with the FRPA scheme having
P, = P., =1 W. Furthermore, in Fig. 3.13, we plot the convergence behaviour of
the PSO algorithm for (P0) and (P1). It can be observed that as the number of
iterations increases, the PSO algorithm converges for both (7P0) and (P1) problems.

3.5 Summary

This chapter presented performance analysis and optimization of a novel FDD-VFD
system for both A-IRI and P-IRI scenarios. Specifically, OP and ER analysis were
carried out over Nakagami-m channel distributions with SOP and ESR optimization
for transmit power allocation of relays. The simulation results demonstrate that the
proposed FDD-VFD system exhibits significantly improved OP and ER performance
as compared to the conventional FD and SR-VFD schemes. Additionally, as the
proposed scheme performs better utilization of resources, the same is more practical
for VFD implementations. Finally, the JRPA based solution to SOP minimization
and ESR maximization problems is seen to improve the system performance by
minimizing the effect of IRI and thereby outperform the performance with fixed
values of relay power allocations.To further enhance the utilization of the wireless
spectrum and available resources, the next chapter explores a novel system model

based on NOMA-enabled underlay D2D communication.
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Chapter 4

NOMA Enabled Underlay
D2D-Cellular Network

In the previous chapters, to enhance the spectrum utilization, VFD communication
was explored as an alternative to FD. This chapter investigates underlay D2D com-
munication and its interplay with NOMA technology which has gained significant
research attention in recent years to improve the spectrum utilization and connec-
tivity in the next-generation ultra-dense networks [122, 134-137].

Authors in [134] consider a NOMA-enabled D2D (ND) underlayed with OMA-
enabled cellular (OC), i.e. ND-OC transmission for power allocation among users.
Authors in [135] and [122] propose outage probability (OP) based power control
(PC) for Internet-of-Things (IoT) applications. In [136], an uplink NOMA based
ND-OC communication is studied. Similarly, in [137], an OMA-enabled D2D (OD)
underlayed with OMA-enabled cellular (OC), i.e. OD-OC transmission system is
considered. Authors in [138] investigate NOMA-enabled full-duplex D2D commu-
nication underlaid in the cellular uplink and thereby maximize the throughput by
proper power control strategy. Work in [139] study a NOMA-based D2D commu-
nication network in the unlicensed band, and optimize the channel assignment and
power allocation in the system.

However, due to OMA based transmission, ND-OC and OD-OC system models
used in [122, 134-137] are less spectrally efficient. Hence, this chapter investigates
a more spectrally efficient ND underlayed with NOMA-enabled cellular (NC), i.e.

ND-NC tranmission system. Further, for performance gain over the ND-OC and
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the OD-OC models, a transmission protocol is proposed for the ND-NC network.
SOP and sum ergodic rate (SER) analysis is performed considering the generalized
Nakagami-m fading channels. Further, to control the intra-cell interferences as well
as to maintain power-domain NOMA compatibility, a joint PC (JPC) problem is
formulated for SOP minimization. It is worth noting that such an ND-NC system
specific analysis and JPC problem is not explored in the literature.

The scope of this work is in various interference-limited peer-to-peer services,
low-mobility D2D and IoT scenarios with slowly varying fading channels where only
statistical channel state information (CSI) is required instead of instantaneous CSI.

The key contributions of this chapter are:

A novel ND-NC transmission protocol is proposed and investigated which is

more spectrally efficient than ND-OC and OD-OC systems.

Closed-form expressions for SOP and SER are obtained considering Nakagami-

m fading.

A JPC problem is mathematically formulated with an objective to minimize

the SOP.

A DNN based predictive JPC (P-JPC) is proposed for real-time implemen-
tations [140, 141] as JPC solution in closed-form cannot be obtained due to

mathematical complexity of the SOP expression.

4.1 System Model

Consider a cellular network with base station (b) simultaneously serving two cellular
users (CUs) ¢; and ¢o using NOMA, as shown in Fig. 4.1. Further, there exists a D2D
group consisting of a single transmitter d; which also utilizes NOMA to transmit to
two receivers, d; and ds, by reusing the CU channel. In the first time phase t1; b
and d; transmit superimposed signals to the CUs and D2D receivers, respectively.
In the next time phase tq; d; transmits another superimposed signal to d; and dy. To
transmit the same symbols, b will require two time phases in ND-OC and OD-OC
systems, and d; will require four time phases in OD-OC, as shown in Table 4.1.

Each ij link, where i € {b,d;} and j € {c1, ca,dy,ds}, is assumed to be affected with
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Figure 4.1: System model for ND-NC communication.

Table 4.1: Proposed ND-NC transmission protocol

System Model t to ts t4
NONC g bty
ND-0C dy b—>—>dlc ,1 dy dy b—>—>df ,2 dsy : :
op0c D0l o dd

path-loss and follows independent and non-identical Nakagami distribution with
Nak(mg;,3;;), where g;; = E[gi;], 9ij = |hij|*, and hy; is the channel coefficient.
Note that in the ND-NC, as mentioned above, the symbols transmitted by d; in
the second time phase are different from the symbols sent in the first time phase.
Further, though it may appear to be unfair that the cellular transmission (b —
1, ¢2) is not allowed in ¢y, the same is essential for a better performance over the
considered ND-OC and OD-OC models. To demonstrate the same, a comparative
ND-NC transmission protocol is also considered, where in the time phase 9, b also
transmits a new superimposed signal to the cellular users as shown in Table 4.2.
Thus, a total of four time phases will be required by b in both ND-OC and OD-OC to
complete the transmission process. Also, it is to be noted that in both the proposed
ND-NC protocol and the comparative ND-NC protocol, the D2D communication

does not allocate the time slots but instead uses the existing cellular time slots.

The NOMA users are categorized on the basis of target rates [142]. Without
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Table 4.2: Comparative ND-NC transmission protocol

System Model t1 to ts ta

b—>01,02 b-)Cl,CQ - -

NG s dd dodnd - :
b-)Cl b—>02 b—)Cl b—>62

NDOC G sdnd dodnd - :
OD-OC b—)Cl b—>02 b—)Cl b—>CQ

dt—>d1 dt—)dg dt—>d1 dt—)dg

loss of generality, we assume that ¢; and d; are delay-sensitive users (i.e. with
higher priority in successive interference cancellation (SIC) ordering) and require
lower target data rate as compared to c and ds, respectively. Thus, T., < T,
and Ty, < Ty,, where T, , T.,, Ty,, and T}, are target rates for c;, ¢y, dy and dy,
respectively. CU ¢; detects its own symbol x., (t1) considering the symbol ., (1)
corresponding to ¢y as interference. However, ¢, detects ., (t1) only after detecting
and removing z., (¢;) via SIC. Hence, when b superimposes z., (¢;) and ., (t;) with

power allocation coefficients «a, and ., respectively, and broadcasts the same to ¢;

and cg, then V1 € {1,2} the SINRs are given as,

ach Gbe
51 t) = ! , 4.1
! ( 1) Bch Guey + Pdt 9dic; + O'El ( )
c 5cpb Gbey
() = (4.2)

TP g 420
Pdt Gdper T Oc,

2

where o

is the additive white Gaussian noise (AWGN) power at node ¢;, and B,
and P, are transmit powers of b and d;, respectively, and o, + 5. = 1.

Similarly, at time ¢, d; can decode its symbol x4, (tx) directly, while dy has to
detect and remove w4, (f) via SIC before decoding its own symbol x4, (tx). Thus,

the corresponding SINRs VI € {1,2} are given as

dl adetgdtdl
. ’ 4.3
wdl (te) BaPa,gara, + (2 — k) Pygoa, + 031 -
P
V(1) = b -

(2 = k) PyGoa, + 03,
where a4 and [y are power coefficients for d; and ds, respectively, with az+ G5=1

and Ufll is AWGN power at d;. Further, k€ {1,2} and the factor (2 — k) ensure the
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presence and absence of interference from b in ¢; and 9, respectively. Py, = o, Prog
with a, € (0,1) being D2D power coefficient and P,,,, being total D2D power
budget.

4.2 Performance Analysis

In this section, the SOP and SER expressions are derived in closed-form for ND-NC

system.

4.2.1 System Outage Probability

The successful decoding of z4, (tx) (Vk € {1,2}) at d; requires the condition wzg (tr) >
d4, to be met and successful decoding of x4, (tx) at do requires that 1[)?2 (tx) > 0a,
and 1 (ty) > 04,, where 65 = 2274 — 1 and 6y, = 22T — 1. Similarly, ¢ (¢;) >
dc, to decode ., (t1), and ¢¢l(t1) > 0., and Y22 (t;) > d., conditions for successful
decoding of ., (t;), where 6., = 2T — 1, §,, = 272 — 1. The SOP then can be
defined as the probability that either of the users in the network fail to decode its
signal successfully [119]. In other words, P,,; = 1 — P, where P; is the probability

that all signals are successfully decoded. Accordingly, P is determined as

Py = Prl4g! (ts) > bay, Uk (t) > bay, VG2 (t) > Oy
2(751) > 561? ggl (tl) > 5017 g;(tl) > (502]
= Ay, Ag, Ae, Aoy, (4.5)

where Vi € {1,2}, Ay, 2 Pr (L > @y, Py, G, > %), A, 2 Pr (L > cpci).

Py gbd,; +U§i Pay 9dye;+02,

d é
Further, Vie {C, d}, (1)11 = gbll = m, (I)lg = qbl = max (¢11,¢52), ¢12 = ﬁ Adl

can also be written as
Ag, =Pr (Pdtgdtdl >max {®q, (Y1 + 03,), Pa, 05, }), (4.6)

where Y, = P, gpq,. Now, given that &4, Py, gpe,, and 031 are all strictly positive,
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max {®q, (Y1 + 03,), Pa,05,} = Pg, (Y1 4+ 0, ). Thus, Ay, can now be expressed as

Adl :/ Pr(Pdtgdtdl > (yl + U?ll)@dl)fyl (yl)dyh (47)
0

Now, using the identities [94, eq. (3.381.9)] and [94, eq. (8.352.7)], (5.38) can be

resolved as

m +1) Mg Y1
) P dydq qu) 1mdtd1 1 e Py b,
— dy 9dydq (“dl dy) E —
| ot =Mbd,
0 Lm'y I'(mea, )
ny
2\ Mbd
ma,a (1 +1) (mbd10d1> ' dy (4.8)
s = 1 .
Pdtgdtd1 Udl (I)dl) ByGa,

Finally, utilizing [94, eq. (1.111)] and [94, eq. (3.381.4)]

P, Pg
Ay =T (dt, dy, b, e da "g;’dl) . (4.9)
g, Pa, oq,
Next, Aqg,, Ae, and A., can be expressed as
Ay = [ Pr(Pagaa > (v + 03,) ) s (1) (1.10)
0
ACl = / Pr(Pb Gbe, > (y3 + 0'31) (I)Cl) fYS(y3> dy37 (411>
0
ACQ == / PI'(Pb gb02 > <y4 + 0-32) ¢02) fY4 (y4) dy4 (412)
0

where Yy = By, gbdy, Y3 = Py, 9a,e, and Yy = Py, ga,c,- Now, solving above integrals
by the procedure followed in A, , and substituting it in (4.5), Py for the ND-NC

network can be obtained as

PLg,, PG,
Poutzl_ H %(dtudbba dtgdtdl? bgbdz)

2 2
04, Pa, o
i={1,2} ;i d;

bgbcj Pdtgdtc
< 1 jo(b ¢;, dy, 75, . ) (4.13)

o2
i={1,2} €
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where Jo(01, 65,03, 04,05) is defined as

~(72)
e 04 mgo 32

k70(917 927 937 947 05) =

['(msz) * 05
miz—1 n1
Mg\ F(n2 +7TL32) mi2 M3y, —(n2+ma32)
% . + 4.14
r;:()( 04 ) nZZ:()nQ!(nl —nQ)!( 0, 05 ) ( )

where mg, £ mg,o, Yo,y € {1,2,3}.

Remarks:

1. Range of coefficients:The conditions o, < 0., 0. and ay < d4,B4, Will result
in A., and Ay, respectively, becoming equal to zero, thereby causing Py to
become zero in (4.5). Thus, it is to note that P,,; expressed in (4.13) holds if

01,81 < ay < 1, otherwise it is unity.

2. Fading severity: It can be observed from the SOP expression that due to the
summation operations in [y, with increase in the fading severity of signal link
(m12), Jo increases, which decreases P,y On the other hand, an increase in
the fading severity of interference link (mss), decreases Jp, thereby causing an

increase in the SOP.

3. Target rates: An increase in the value of target rates Ty, Ty,, T, and T,,,
increases the value of d4,, d4,, 0., and J.,, respectively. The same decreases

the value of Pg, thereby causing the SOP to increase.

4.2.2 SER Analysis

The ER is determined by expected value of the instantaneous mutual information
between the transmitter and the receiver. Then, the SER or the ergodic sum rate

of the users can be mathematically expressed as [119]

Rays=E| > > Y &logy(l+vi(t)

I={c,d} i={1,2} k={1,2}

=2 ( > Rdi(tkHRa(tl)), (4.15)

i={12}  k={1,2}
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where Ry, (ty) = E [¢logy(1+ wi? (tr)], Re,(t1) = E[€logy(1 4+ 9% (t1)], and € is the

pre-log factor. Now, Ry, (t1) can be further expressed as

Ra, (1) = 21n2 1+z

dx, (4.16)

where % is pre-log factor due to two time phases required for D2D transmission.

Now, utilizing [94, eq. (8.352.7)], [94, eq. (3.381.4)], [94, eq. (1.111)] and GCQ
equation [ f(z)dz=J71(a)f(z,), we obtain

P, 94,0, PoGpa
_ dudy a 41
Rdl (tl) 21n 2\72 (adp dta d17 b7 0_31 ¢dl 9 0_31 ( 7)
where J5(0y, 05, 05,04,05,05) and J,(6s) are defined as
To(01,05,05, 04,05, 06) = To(01, 02,05, 04,05) Ty (66) (1 +2,) ", (4.18)

)& ZeT 96” Z V1—y2, (4.19)

where x, = 96% + %6 and R denotes approximation order. Further, VI € {c,d}
Mdydy ‘722
Pdt §dtd2 ’

_ o _ 1 x _
ap, = 3, A, = 00, TS = xrm ¢12 =5 and pig,q, = Further, the

expressions for Ry, (t1), Re, (t1), Re,(t1) and Ry, (t2) can be derived in similar manner.

Next, using [94, eq. (3.381.9)], [94, eq. (8.352.6)], [94, eq. (3.383.10)]

Ra,(t2) = miﬂ Z ,u;!)” et T (n + 1)(—n, pq). (4.20)
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Pi, Ga,a, o Gpa,
Z %(adiadtadivl% d2 Addzv ’ del>

where myy = Mg,d,- Lhus, SER for ND-NC system is finally derived as
i={1,2} Oq, i Od;

1
Rss:
v 21n2<
Pbgc- Pdtgtc-
+ Z 2j2<acj,b70j’dt’ Abj Qd ])

J={1,2} Ugj ¢Cj ¢,
Mdydy—1 n
1

+ Wa v (41 P, )

mMd.ds 0 n:

t71(ad1) Mdydy 03
—|——F<mt f) , 421

I'(mg,a,) duds Pa, Ga,a, 42

Remarks:

1. Choice of approzimation order: Due to the summations involved in the GCQ
method to attain the analytical value of Ry, though higher values of R pro-
vide a better accuracy in the ergodic rates, the same also increases the com-
plexity. It is to note that for low values of R, there will exist a difference
between SER value obtained analytically and the simulations. Thus, with an
existence of a trade-off between accuracy and complexity, even though R — oo
ideally can reduce the approximation error to zero, it can be inferred that a
choice of the value of R need to be made such that the R, approximation

attained is sufficient.

2. Fading severity: Similar to the insights obtained from the SOP, increase in
the value of m,s increases Rys due to improved fading conditions. Similarly,

an increase in the value of ms, decreases the SER.

4.3 Optimization Framework

4.3.1 Problem formulation

To enhance the performance of the ND-NC system, the D2D interferences to CU
must be kept within an acceptable level. Further, the power splits between ¢, s,
dy and dy must be taken care of in order to maintain NOMA compatibility. In this

context, we formulate a JPC problem (P0) to jointly obtain aj, a7, aj that mini-
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4.3. OPTIMIZATION FRAMEWORK

N5 =30

Figure 4.2: Proposed DNN framework for P-JPC.
mizes the SOP as

(P0): minimize Py, subjectto Cl:0<a, <1,

Qp,Qc,0d

C2:a.+B.=1, C3:4, Bc.<a.<1,
C4204d—|—ﬁd:1, C5:5d16d<ad<1,

C6: P, <P, C7: P, <Pu,
where C1, C3 and C5 limit the range of coefficients. C2 and C4 govern the power

split among the NOMA users. P.,, =1— A, and P,, =1 — A., are OP experienced
by ¢; and cq, respectively. C6 and C7 guarantee the cellular OP’s to remain below a

required threshold P;y,.

4.3.2 Proposed P-JPC solution

As SOP expression in (4.13) is a combination of various complex non-linear func-
tions, the derivative-based exact closed-form solution to (P0) is challenging to ob-
tain. Further, although algorithm-based solutions like full-search or brute-force can
be used to solve the same by computing SOP for each value of «,, o, and a4, however
they require large number of iterations with significant computational complexity
[140]. This can significantly increase the latency and thus are less appropriate for
real-time operations. Hence, it is more practical to utilize predictive solutions based
on machine learning where the computational complexity is mostly shifted to offline
training with a minimal online complexity.

Now, to solve (P0), we build a fully connected feed-forward DNN with an input
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layer, 5 hidden layers and an output layer as shown in Fig. 6.2. The input layer
consists of 15 inputs namely Tz, Tt,, Ty, Ta,, Mij, Pin, Ndidi = Ndedo = 5\1, Apj =
Myey = Mdpey = )y where i € {b,d}, j € {c1,¢2,dq,do}, and \;; is the normalized
distance between the transmitter node ¢ and the receiver node j. Further, N; = 50,
Ny = 100, N3 = 250, Ny = 100, and N5 = 30, where N} is the number of neurons
in the A" hidden layer. Nadam, a variation of Adam optimizer [143], is used as the
learning algorithm with learning rate, exponential decay rate and numerical stability
constant set as 0.001, 0.9 and 1077, respectively [141]. For performance evaluation

of this regression problem, MSE is choosen as the loss function defined as
MSE:IE[||a—dH2], (4.22)

where o = [ay, o, o] and & = [45, &}, & are actual and predicted outputs,
respectively. Now, we create a dataset by solving (P0) using full-search [140] for
different values of inputs and obtaining corresponding output values such that 90%
of the data is utilized to train the P-JPC model and the remaining 10% for testing.
Note that all the above parameter values are empirically obtained to achieve the
lowest possible MSE. The entire P-JPC methodology is summarized in Algorithm
3.

4.3.3 Statistical CSI

For the proposed optimization solution, only the statistical CSI (i.e. only the fad-
ing characteristics instead of instantaneous CSI) of the links is required at the base
station (BS) which acts as the central controller to perform the optimization. The
channel statistics of the cellular NOMA users can be obtained from the channel esti-
mates using pilot training sequences. Similarly, the D2D-NOMA users can estimate
CSI of D2D links and provide the statistics to the BS through control channels.
Notably, statistical CSI based power allocation is more practical for implemen-
tation in the scenarios in which the BS can only obtain global channel statistics
especially for those links that are not directly connected to the BS. Also, acquiring
instantaneous CSI would consume high feedback overhead as CSI updates will then

be required frequently. On the other hand, as the statistical CSI consists of long-
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term channel information, frequent channel updates are not required, and is more

accurate in comparison to the instantaneous CSI.

Algorithm 3 Learning Assisted P-JPC

Input: Tcl, TCQ, le, sz, ml-]-, )\1, )\2
. AK O AK Ak
Output: a;, a7, aj

1: Data Set Generation

2: Multiple Nested For Loops

3: Solve (P0) by full-search to obtain actual oj, o and o} for each input data
4: End For Loops

5: Divide the data set to 90% and 10% for training and testing respectively

6: while satisfactory test performance is not achieved do

7: Train the model with Nadam optimizer

8: Test the trained model using the test data

9: end while

4.4 Results and Discussions

In this section, the performance of the proposed scheme is numerically assessed.
Unless explicitly specified, m;; Em=2 P=1W, P.=02W, 5\1 = 0.2 and
Xy =1. T, =Ty, 2Ty = 0.1 bits/sec/Hz, and T,, = Ty, 2 Ty = 0.5 bits/sec/Hz,
P = 0.001, oy, = 0.5, e = 0.3 and g = 0.3. Further, we consider g,; = 107°\;;"
and £ = p = 25 dB [137], where n = 3.5 is the path-loss exponent.

2
9;

In Figure 4.3, the performance of the ND-NC is compared with ND-OC and
OD-OC systems in terms of SOP over transmit SNR. Clearly, the proposed ND-NC
system is observed to experience a lower outage than both ND-OC and OD-OC.
It is due to a higher pre-log factor of 1/4 in OD-OC because a total of 4 time
phases are required. Further, as shown in Table 4.1, due to OMA-based cellular
transmission in both ND-OC and OD-OC, the D2D transmission is interference
limited in ¢5 which is not the case in ND-NC. Moreover, it can be observed that
the ND-NC system performance improves with better fading conditions and the
analytical results presented are seen to match well with the simulation results.

Figure 4.4 and and Figure 4.5 shows SER results over SNR for the proposed
and the comparative transmission protocol, respectively, where m, = 1,2, with
Ma,d, = Me, = My Vi €{1,2}. The SERs of the ND-OC and the OD-OC systems,

and for the comparative protocol can also be expressed similar to the ND-NC of the
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Figure 4.3: SOP vs SNR for ND-NC, ND-OC and OD-OC.

proposed protocol. It can be observed that by utilizing the proposed protocol, the
ND-NC system outperforms both the ND-OC and OD-OC systems because in ND-
NC, d; — dy, ds transmission in ¢, is not affected by interference from b. However,
by using the comparative protocol, the ND-OC system is observed to have a higher
SER than ND-NC because cellular transmissions in t3 and t, are not affected by
interference from D2D transmitter. Further, SER is 6.25%, 7.14%, and 5.88% more
in case of m, = 2 than m, = 1 for ND-NC, ND-OC and OD-OC, respectively as
fading conditions of signal links b — ¢; and d; — d; is improved. Moreover in both
Figs. 4.3 and 4.4, despite NOMA-based D2D transmission in ND-OC, the OD-OC
outperforms it as D2D transmissions in t3 and ¢, are interference-free, which further
proves the efficacy of the proposed protocol. This shows the importance of designing
NOMA system models that not only more spectral efficient than OMA but also can
outperform them and thus reveals the efficacy of the proposed ND-NC.

In Figure 4.6, the effect of number of epochs (£) over achievable MSE is analyzed
for different hidden layers (H). After 400 epochs of training, DNN model with H =5
has 95% and 67% lower MSE as compared to H = 2 and H = 3, respectively. The
training performance is observed to converge at 500 epochs for H = 5 to attain
sufficiently accurate prediction. Further, increasing the number of hidden layers to
H =7 or H =9 does not provide remarkable performance improvement. Moreover,
for H =5 and E = 400, an MSE of 10~ is achieved which shows that the predicted
& matches reasonably well with the actual a.

In Figure 4.7, the proposed P-JPC is compared with F-JPC scheme in which
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Figure 4.4: SER vs SNR for ND-NC, ND-OC and OD-OC for proposed transmission
protocol.
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Figure 4.5: SER vs SNR for ND-NC, ND-OC and OD-OC for comparative transmission
protocol.
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Figure 4.6: Effect of epochs on MSE for different hidden layers.
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Figure 4.7: Comparison of P-JPC with F-JPC for different parameters.

Qp, Qc, g are fixed [140], with myg,q, 2 Mads Mye, = Adge and Ape, = Npe, Vi € {1,2}.
Note that an increase in either the distance or fading severity of D2D link increases
the signal path-loss and thus «j; has to be increased. Similarly, decrease in Ag,.
increases d; — c interference and increase in ). increases path-loss of d; — ¢ link.
Thus in both scenarios, the D2D interfering power is required to be lowered. Further,
the NOMA power splits o) and o) need to be adjusted with different target rate
values. Thus, clearly, the P-JPC optimized NDNC system is found to outperform F-
JPC with an average improvement of 73% over all the system parameters as power
allocations in the latter does not get updated adaptively to change in parameter

values.

4.5 Summary

In this chapter, a novel ND-NC transmission protocol is proposed for a D2D under-
layed cellular system where both D2D and cellular networks are NOMA enabled.
Also, a DNN architecture is proposed to solve the JPC problem. Simulation re-
sults reveal that the proposed spectrally efficient ND-NC outperforms ND-OC and
OD-OC models in terms of SOP and SER due to lower interference and lower time
phases, respectively. Additionally, by using the P-JPC solution, an appreciable pre-
diction of power allocations is achieved. Further, the closed-form expressions with
Nakagami-m fading are obtained and numerically validated, along with providing

various insights on SOP behaviour for different system parameters. In the following
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chapter, to enhance both system performance and spectrum utilization, an interest-
ing IRS-assisted system model is investigated. This model serves as an application

for both FD cooperative systems and underlay D2D communication.
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Chapter 5

RIS Assisted Full-Duplex Systems
with Different Downlink and
Uplink Users

In this chapter, a FD network assisted by an RIS is investigated involving both
downlink and uplink users in the same frequency band with best user selections. In
the recent years, there has been a growing interest in the research community in
integrating RIS with FD systems (RIS-FD) [144-149]. In [144, 145], the authors
investigated two-way RIS-FD communication and derived analytical expressions for
the OP, ER, and average symbol error rate. Work in [146] investigated the two-way
RIS-FD system under the impact of imperfect channel state information and dis-
crete phase-shift design and provide analytical insights into OP and ER, and their
behavior at high transmit power regimes. Authors in [147] performed OP analy-
sis of two-way RIS-FD system considering continuous amplitude and phase-shift,
and highlighted superiority of the considered system over the one-way counterpart.
In [148] a multi-RIS system was investigated and SOP was minimized to jointly
optimize RIS location and number of reflecting elements. Authors in [149] consid-
ered RIS-FD with multi-user scenario and jointly optimized the precoding matrix of
the base station and the reflection coefficient of the RIS to maximize the weighted
minimum rate.

Since the RIS-FD works in [144-149] focus primarily on a two-way communica-

tion, they consider the SDU communication, i.e. an RIS-FD-SDU system. However,
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in the practical wireless communication networks, the uplink and downlink trans-
missions may involve the same or different users. Hence, in this work, the OP and
ER analysis of a novel RIS-FD system is studied that has DDU users, i.e. an RIS-
FD-DDU system. In the RIS-FD-SDU, all the elements of the RIS can be dedicated
to the same user for coherent combining in order to boost the received signal. In
contrast, in the RIS-FD-DDU system, to ensure fairness to the different downlink
and uplink users, the RIS needs to be spatially divided into two separate zones:
Zone-D and Zone-U. The elements in Zone-D are configured to boost the downlink
transmission from AP, while the elements in Zone-U are configured to serve uplink
transmissions to the AP. As a result, besides the direct links, both the AP and down-
link users receive signals that are coherently combined from one zone and randomly
combined from the other. Further, apart from RSI effect at the AP, unlike in the
RIS-FD-SDU system, the downlink users also encounter CCI from uplink transmis-
sions through a direct link and also via the RIS. These system complexities cause
the performance analysis of the RIS-FD-DDU to be distinctively different from that

of the RIS-FD-SDU system and considerably more challenging.

Apart from the RSI and the CCI, this work also take into account the practi-
cal constraint of HI in the system. These impairments arise from various factors,
including in-phase/quadrature-phase imbalances and phase noise. Also, this work
optimize the performance of the RIS-FD-DDU system by appropriately allocating
transmit power coefficients, splitting RIS elements between the zones, and adjusting
reflection amplitude. Also, the optimization objectives focus on minimizing SOP
and maximizing ESR. Due to the intricate combination of complex non-linear func-
tions within the mathematical expressions for SOP, OP, ER, and ESR, and the
strong interdependence among the optimization variables, obtaining a closed-form
solution for the problems is mathematically challenging. Therefore, to address this
and determine the solution, an effective and derivative-free algorithm is employed

such as particle swarm optimization (PSO).

To the best of our knowledge, this is the first study that examines the OP and
the ER performance of the RIS-FD-DDU system and optimizes the same, taking
into account the joint effects of CCI, RSI, and HI. The main contributions of this

work are summarized as follows:
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e The unique RIS-FD-DDU system model studied in this chapter is described

in detail.

e Analytical OP, SOP, and ER expressions are derived over generalized Nakagami-
m fading distribution using moment matching technique (MMT). The selec-
tion of the Nakagami-m distribution is driven by its flexibility and capacity
to more accurately model a broader spectrum of fading scenarios, encompass-
ing Rayleigh, Hoyt, and Rice distributions as specific instances. Additionally,
among the various methods for approximating distributions, the MMT using
the Gamma distribution is commonly preferred in the literature due to its

effectiveness in fitting positive random variables.

e SOP minimization and ESR maximization problems are mathematically for-
mulated constrained to QoS requirements of the users and solved via the PSO
algorithm. Notably, the solution rely solely on the statistical CSI of commu-
nication links and instantaneous CSI is needed only for the desired links for

configuring the optimal phase adjustments of the RIS elements.

e Validation of theoretical analysis, key system design insights, and comparison
with non-RIS scenario are presented. Notably, the results show the effect on
the performance of the users with different number of elements assigned to the

two zones, and also with increase in the number of users and RIS elements.

This analysis is applicable to various real-world scenarios where the uplink and
downlink users differ, such as intelligent transportation systems, smart manufac-
turing, telemedicine, smart homes, and smart grids. For instance, in a connected
vehicle environment, an uplink user like a vehicle sensor system can provide traf-
fic data and vehicle status updates to the AP for effective traffic management.
Meanwhile, a downlink user, such as an autonomous vehicle, can receive navigation
instructions and route updates from the AP. Similarly, in telemedicine applications,
the uplink user might be a patient’s wearable health monitoring device transmitting
medical data to the AP through the uplink channel. Simultaneously, a healthcare
professional’s device can receive instructions and patient information via the down-
link facilitated by the RIS. Additionally, in a smart home setup, a security camera

system can transmit video footage and alerts to the AP for surveillance purposes
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Table 5.1: Comparison of the presented work with other related works.
[147] [145] [146] [144] [148] [149] This work
Multi-RIS as- Multiple antenna based
RIS-FD system SDU SDU SDU SDU sisted SDU SDU DDU
Multi-user scenario X X X X X v v
Consl-deratlon of di- X X v X X X v
rect link
Fading model Rayleigh| Rayleigh| Rayleigh Rayleigh Rayleigh, Rician Rician Generalized Nakagami-m
Hardware impair- X X X X X X v
ment
Co-channel interfer- X X X X X v v
ence
OP analysis v v v v v X v
ER analysis X X v X X X v
Pgrformance opti- X X X v v v v
mization
CSI required - - - g)sltantaneous Instantaneous CSI Instantaneous CSI Statistical CSI
Optimization objec- SINR maxi- I . Weighted minimum rate SOP minimization and ESR
. - - - Lo SOP minimization F Lo
tive mization maximization maximization

- Zone-D Element
- Zone-U Element

............. .’ .
> CCl via IRS

— = = = P Received signals
- — — = p (randomly combined)

7 Received signals
— (coherently combined)

Figure 5.1: RIS-FD-DDU system model.

via the RIS. At the same time, devices like thermostats or lighting systems can re-

ceive control commands and automation settings from the AP through the downlink

channel. Likewise, in a smart factory setting, a sensor node can gather real-time

data from production machinery and transmit it to the AP for analysis and mon-

itoring. Meanwhile, another user such as a robotic arm can receive control signals

and commands from the AP.

5.1 System Model

A wireless network is considered where an AP (A) operating in FD serves a set of

K downlink users (K = {Dy, D, ..., Dk }) and L uplink users (£ = {U;, Uy, ...,UL})

via a N-element sized RIS. It is assumed that D and U represent the best downlink

and uplink users, respectively, selected by the AP, with the user selection strategy
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is based on the maximum channel gain between the AP and the users. Further,
the AP has two antennas, one for transmission to D and other for signal reception
from U. Unlike [144-149] where the entire elements of the RIS can be configured to
coherently combine the desired signal of a single user, it is considered that the RIS is
divided into two zones, namely Zone-D (having Ny number of elements) and Zone-U
(having N, number of elements) to boost the downlink and uplink transmissions,
respectively.For the sake of convenience and simplicity in denoting the nodes, we
use the notations in both upper case (A, D, U, Dy,...Dg, Uy,...Ur) and lower case
(a, d, u, dy,...dg, uy,...ur) interchangeably in the rest of the chapter. The downlink
received signal (4, ) at Dy € {Dy, Do, .., Dk} from A is given as

Yd,, = V P, (xdk + (I)adk) Hadk + v P, (xu + (I)udk) Hudk +ng, , (51)
Desired signal and associated HIs CCI and associated HIs

where x4, and x, represent symbols corresponding to Dy, and U, respectively. P, =
Qg Prae and P, = «y Py, are transmission powers of A and U, respectively. a4,
and «,, bounded in the range (0,1], are coefficients of power allocation. P,
indicates the power allocation limit. ®,, ~ CN(0, gq), where p and ¢ belong to
the set {a,dy,u}, represents distortion noise due to the HIs with ¢, = /2 + ¢2.
¢§ and qﬁg denote the level of HIs at the transmitter node p and the receiver node
q, respectively, and ¢, characterizes the aggregate level of HIs. n, ~ CN (0,03)

represents the additive white Gaussian noise at node ¢. Further, H,4, and H,q4, are

given as
Nd Nu
j0; j0;
Hadk = hadk + Z hailhildkCGJ 14 Z hm'thQdkCGJ 2, (5.2)
direct link =1 ig=1
RIS reflected links
Nd Nu
” 0.
Hyg, = hugy, + D huishiya, CE%0+ Y huiyhiga, Ce'2, (5.3)
~—~— — —
direct link 2171 i2=1

RIS reflected links

where, for each link pg (p and ¢ belong to the set {a,d, u,dy,u;, 11,12} and p # q),
the phase and envelope of channel co-efficient h,, are characterized by distributions
Opg ~ Unil0,2n] and |hyg| ~ Nak(myg,G,,), respectively. 4, represents the i,
Zone-D element and i, signifies the 45" Zone-U element. The parameters 6;, and
0;, represent the induced phase shifts by the RIS elements and follow the uniform
distribution Uni[0,27]. (, defined in the interval [0, 1], represents the reflection
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amplitude by the RIS elements. The uplink received signal at A (y,) from U, (U, €
{U1,Us,...,UL}) is given as

Yo = Pu (Zlful + (I)ula) Hula + V Pa hfaa(xd + (I)aa) +nu

TV TV
Desired signal and associated HIs SI and associated HIs
=V Pu (xul + q)ula) Hula + hrsi + Ny s (54)

where hg, denotes the self-interference (SI) between the transmitting antenna at AP
and its receiving antenna. Even though the transmitted symbol x4, is known at AP,
the SI cannot be perfectly suppressed due to associated HIs and significant power
difference between the transmitted signal and the desired signal received from the
distant user U;. The resultant RSI can be modeled as a Rayleigh fading channel with
channel co-efficient h,5 and variance wP,” , where w > 0 and v € [0,1]. Further,

H,,, is given as

Ny Ny
Hula = + Z hulil hilagejeil"i‘ Z huzi2hi2acej9i27 (55)

hula
M i1=1 io=1

direct link

RIS reflected link

Now, as the Zone-D and the Zone-U elements are configured to boost A —
RIS — Dy and U; — RIS — A transmissions for coherent combining, respectively,
the same is achieved by setting 0; = 0.4, — Oui, — 0,4, and 07, = 0,,q — Oyyi, — biya-

Accordingly, H,4,, Hy,a, and H,4, are re-expressed as

Nd Nu
Huq,= e 0ads Qhadk| + Z |hai | |hi1dk |C> + Z |hai2”hi2dk (O, (5.6)
i1=1 12=1
coherently combined randomly combined
) Nd Nu
Hyq,= |hudk ’ejewjk +Z Py | ’hildk |C®11+Z s | |hi2dk (O, (5.7)
i1=1 ia=1

randomly combined

Ny Ng
Huam & (Wal + 3 Vel ) + 3 i lilcOn, 69

19=1 i1=1

coherently combined randomly combined
where O,,, ©;,, ©;,, and ©,, are expressed as,

A j em‘ 92‘ 9u u.*eu 2 *91’ a
O, L o) (Baiy+Oiyatbu iz Vg )7 (5.9)
0, A ej(euli1+9i1a+9adk_9ai1_eildk)7 (5.10)
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A~

6i, A 03 (Ouiy +0iyat0aay —baiy —9i1dk)’ (5.11)

Or, 2 ¢IOuia it +Ousa—Ouiy=010), (5.12)
It is to note, from the above equations, that the reflected signals from the RIS to
the users come from all the elements instead of just N, or Ny elements alone. The

SINR at nodes Dj, and A are now expressed as

wdk — Pa‘HadkP (5 13)
W Po|Haa, @2y, + PulHua P (1 + 0%g,) + 03,
Pu|Hula|2
u L — (5.14)
Pu’Hula‘ ¢ula+ ’hrsi| + o

For channel estimation, both "separate channel estimation” and ”cascaded chan-
nel estimation” methods can be employed. In systems using semi-passive IRSs
equipped with dedicated sensing devices, the channels from the BS/users to the
IRS can be estimated separately at these sensing devices based on pilot signals sent
by the BS/users. On the other hand, in systems with fully-passive IRSs without
sensing devices, the BS-IRS and user-IRS channels cannot generally be estimated
separately. Instead, only the cascaded user-IRS-BS channel can be estimated at one

endpoint of the communication system, such as the BS.

Cascaded channel estimation is particularly advantageous over separate channel
estimation due to its lower hardware cost and reduced energy consumption at the
IRS, as it does not require active sensing devices. Specifically, for our system model,
for both downlink and uplink users, the BS can send pilot signals that are reflected
by the IRS to the downlink and uplink users. The users then receive these signals,
estimate the combined channel and feedback the estimated cascaded channel to the
BS for further processing. Based on these estimations, the BS can select the best
downlink user and uplink user. Subsequently, the uplink user sends pilot signals
that are reflected by the IRS to the downlink user, and the corresponding estimates
are sent to the BS. The BS then communicates the required phase information to
the microcontroller connected to the IRS. This information can be provided via a

low-latency high-frequency (e.g., millimeter-wave) wireless link or a separate wired

backhaul link.
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5.2 Performance Analysis

In this section, OP and ER of the RIS-FD-DDU system are analyzed which are very

crucial metrics for performance evaluation of wireless communication systems.

5.2.1 Outage Probability of Downlink User

The OP is defined as the probability of the SINR falling below a certain pre-defined
threshold. Accordingly, the OP of D is given as,

O, ="Pr <log2 (1 + max ( 311, ...@Dgg)) < Rthd)

— H Fa, (a), (5.15)

d
dreX k
where 1/~Jd’“ = oy | 0g & % . Ry is D’s target rate, and
di = PulHuq, P(+62, )40 0 %4 = Pul-d402,) "'t ’

64 = 2fma —1. Note that in (5.15), d = argflrklg%ﬂHadk |*} will also maximize the SINR,
w;’g in (5.13) as the H,q4, contains N, coherent reflections while the interference H,q,
is completely randomly reflected. Now, the H,4, is a sum of channel co-efficients
of a direct link, coherently combined cascaded N, links and randomly combined
cascaded N, links. Similarly, H,q, is a sum of channel co-efficients of a direct link
and randomly combined cascaded N links. Thus, it is difficult to characterize the
distributions of H,4, and H,4, and obtain the exact OP expression. Hence, we resort
to Gamma approximations via MMT to obtain the analytical OP expression. The

first order (E[H,q, s]) and second order (E[H?

24,.s)) moments of Hug, £ |Hyq,|? are

given as,

ElHady.s] = Ell oy o*] + Ell Hady ], (5.16)

E[H,, .| = El|Haayc|'] + El|Hoay o [*]
+ 4 E[|Hady o) El| Haay %), (5.17)
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where Hog, o 2 %% (|hoay |+ 300 Paisl[hira|), and Hagyr 2 S0 i [iza [ (O,
Due to random combining, H,g, , can be modelled as Hyg, , ~ CN(0, Hyg, ), where
Hagr = NuC®Gui,Tizar oy = Gain a0 G = Gina (Vi € {1,2,- Nu}). Ac-
cordingly, |H,g, »| follows Rayleigh distribution, a specific case of the Nakagami-m
fading model with unity severity, i.e. |Hag, .| ~ Nak(1, Hug, ,). Thus, the n'* order

moment of |Hyg, | is given as [150],

- n/2

Bl oy ") = (1 +1/2) (o, ) (5.15)
Now, the n'" order moment of |H,g, | = |had,| + hady.c,
where hgg, o = Zf\f‘il |haiy || Piya,, |C, can be obtained as,
EHHadk,CH - EHhadkH + E[hadkycL (5.19)
El| Hady e 1= Ellhaa, "1+ Elhgs, o+ 2 Ellhaa, || Elhad, c]), (5.20)
where E[|hqq,|"] = Loy +1/2) [150]. Further, considering the RIS-based links
ady T (Mady ) (Mad/Gad)" 2 ' ’

to be independent and identically distributed (i.i.d) and using the property I'(z41) =
2I'(2), the first and second order moment of h,q, . can be obtained as E[hqq, ] =

Na(baq and E[h2,, ] = Na¢*(1+62,(Ng—1)), respectively. Further, duq, = 6, 6; 4.,
A 1 L(mg;, +1/2) A ) B L(m; ,+1/2)
5(”1 N E[hml] - F(mai1)\/ma21/§ail7 6i1dk o E[hzldk] - F(mhdk)\/mhd/ghdk’

A A A A — A —
{]"27' o ’Nd}’ h’afil = hail’ h’?ildk = h'ildk’7 mail - mdil’ mildk = mildk7 gagl = gail

where Vi €

and g; o = Gia,- Now, |Hug, | can be approximated as a Gamma RV (GRV)

via MMT with parameters namely shape sz, | and scale O, | (i-e. [Hagyel ~

E(S|Hadk,c|7 Q‘Hadk,c‘)) given as,

(E[| Hay ]])*
_ (Bl Huao)? 5.21
S\Hadk,c‘ VaT(‘Hadkch’ ( )
VCLT(‘Hadk Cl)
_ Var(|Hul) .22
0|Hadk,c‘ E[’Hadk,CH ’ (5 )

where Var(|Hua, o|) = E[|Hag,.c|?]) — (E[|Hag, cl])?. Now, the 4" moment of the
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GRV |H,q, | is given as [150],

L(S1H,, . +4)

Bl el ] = )
ady,,c

(9|Hadk,c|)4, (5.23)

Substituting (5.18), (5.20) and (5.23) into (5.16) and (5.17), the expressions of
E[Hag,,s] and E[H, ,] can be obtained. Now similar to (5.21) and (5.22), Hag,,s

can be approximated as a GRV via MMT with shape sp and scale 0y

ady,,s adp,s "

Next, we approximate H,q, s = ]HudkP as a GRV. The first order and second

order moments of H,, s are given as

ElHudy.s] = El| Huy al*] + Ell Hud,.r ], (5.24)

E[H.,, ) = El|Hudpal'] + El| Huagy o)

+ 4 E[|Hudgya*) E[|Huay al*]) (5.25)

where HUdkvd £ |hudk|6j9wkv and Hudk,T = sz |hui1||hi1dk|géi1+ZNu |hui2||hi2dk ’Cém

i1=1 i9=1

Thus, |H, = |hyq, | and its n'* order moment is given as
s udy,d k

I'(mya, +n/2)

Hyagya"] = ’
Bl ) = T sy P2

(5.26)

Further, due to random combining, H,q, , can be modelled as H,4, , ~ CN (0, ﬁudw),
where H,q, , = ng‘?ga;lggld + Nug2ga;2gg2dk. Thus, |Hyg, »| ~ Nak(1, Hyg, ) and its

n* order moment is given as

El|Hugyr "] = DL+ 0/2) (Hougy )" (5.27)

Equations (5.26) and (5.27) can be now be utilized to obtain (5.24) and (5.25).
The first order moment and variance of Hyg, s 2 PulHug,|2(1 + ¢2, ) + 03 can be

then expressed as
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A

]E[H'Udk:s] = Pu<1 + ¢12Ldk) E[HUdlmS] + 05211@ (528)

~

Var(Hua,s) = (Pu(1+ ¢25,))" Var(Hoa, ). (5.29)

where Var(H,q, s) = E[H?

udy,,S

) — (E[Hug, s))2. Now, H,q, . can be approximated to
a GRV via MMT with shape s Fluay and scale 0

koS

Finally, as Hgq, s and ]:Iudw are two distinct GRVs, the ratio of the same (i.e.
w;k = Haa, s/ ﬁudk’s) follows a prime distribution. Its CDF is determined by the

regularized incomplete beta function, as specified in (6.29).

X GHudk,s

; : : 5.30
+z eﬁudk s 7 SHadk’N SHUdk,S) ( )

ady,,s

Remark: By considering the approximation 1/x ~ 0 as  — oo , the asymptotic OP

in the high transmit power regime can be derived as

0a Ot .
Ogo ~ H [ <9H o 7 SHadk,s7 SHudk,s) (531)
udy, s

dkEIC ady,,s + 5d QH

As the expression is independent of power P,,,., the diversity order for D can

be inferred to be zero.

5.2.2 Outage Probability of Uplink User

The OP of U is given as

O, = Pr(log, (1 + max (21, .. 40"")) < Ryp,)
= [ Fpu(00), (5.32)

where u = argmazcﬂ]—[ula\?} which also maximizes the corresponding SINR 2.
(S

Tup A |H“l‘l‘2
Further, ¢

= T2l Su £ 5—) , Ry, is U’s target rate, and §, = 2% —1,

Pu(1-8ud?,q

Similar to H,q4, s in Lemma-1, we resort to Gamma approximations to obtain the
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shape sy, ,, and the scale Oy, ,  of Hyqs 2 |Hyal? via MMT. A detailed proof
of the same is avoided for the sake of brevity. Further, as |h,g| is Rayleigh faded,
E[H,s] = E[’hrsim = wh" E[stz] = E[’hrsi|4] = 2(("’]:)tv)2 and Var(H,s) =

(wP,)?, where H,y; = |hysi|. Accordingly, E[H,s] = E[H,s] + 02 E[H2,] = E[HZ,],
where ﬁm = H,s + o>. Thus ﬁm can now be converted to a GRV via MMT with
shape and scale as S, and QHm_, respectively. Now, the CDF of Hula’s/ﬁrsi is

expressed using the regularized incomplete beta function as given as

x 0y
F”Zl (x> ~ [ ( HTsi ’ SHula,s7 SHrsi) . (533)

GH“ZQ’S + xr egrsi

Thus, the expression for OP of U is expressed as,

0u 0
O, ~ H ]( Hrsi S SHuyass ST ) : (5.34)
u €L HHula7S + 5“’ QHrsi l

Remark: Utilizing [94, 8.392, 8.384.1, 8.391], the asymptotic OP for U can be

obtained as

or~1]] i (C1 Praz) (5.35)

u €L n=0

where C5 and (' correspond to diversity order and gain, respectively, and are given

as,

Cy = ( — (1 =) (sHy0, + n)>, (5.36)

T(sm,..) T G ™ /. 1 S
G = - 5,) 6 . 5.37
1 <7’L!(8Hu“l’5 + n)F(usa’s)> << ) Hula,s) ( )

As a special case, setting v = 1 will result in a zero diversity order.
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5.2.3 System Outage Probability

The SOP is defined as the probability that either of the users in network fail to de-
code its signal successfully. In other words, the SOP is expressed as Og = 1—"Pguccess,

where Pgecess 18 the probability that symbols of both D and U are successfully de-

coded. Accordingly, Psyccess i determined as given in (5.38).

success = H PI' : < 6(1) H Pr(lb:}” < 5u)

drekl w €L

=(1-04) (1= 0.). (5.38)
Thus, the SOP expression for the RIS-FD-DDU system, is expressed as,
O, ~0,+0,—0,0, (539)

5.2.4 FErgodic Rate

The ER of D is defined as follows

Ry=TF [logz(l + max (1/13;7 wgf}i))}
y dk (5) _
/ T ln 5 % g3 (5.40)

. Substituting (6.29) in (6.45), we obtain

where Z =

Pa(li adk
840y
1— I( Tt gy S5 )
GHad S+6d GI:I ) ady,s? Hudk,s
Ry ady b ket dz. 5.41
/ 11 (1+2) In2 : (5.41)

direX

As the assessment of (5.41) is mathematically intractable, we utilize the basic

the GCQ equation f; f(2)dz = (b a)w ZU V1 —22f(y,) to solve the integral by

substituting a = 0 and b= l/qbadk, where z, = cos (%» Yo = % + %

and V is a finite value. Furthermore, the ER of U can be derived in a similar way.
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Thus, the expression for ER (R;) of T' (Vt € {d,u} and VT € {D,U}) is given as

2
7. (5.42)

rA A 3 A T 3 A T A A
where ¢d = qbadka ¢u - gbulaa Hd - Hudk,sa Hu = Hrsi' Hd - Hadk,sa Hu - Hula,sa Td

denotes dj, € K, 7, denotes u; € £, and 7, £ 1 — [(efltziﬁ; SHmSﬁt)

Remark: Although higher values of V' can provide better accuracy for ER, the
same also increases the complexity. Therefore, due to a trade-off between accuracy
and complexity, a correct choice of V' must be made accordingly to ensure the ER

achieved is sufficiently accurate.

5.3 Optimization of SOP and ESR

To enhance the performance of the RIS-FD-DDU system, optimization problems
are formulated to allocate transmit power coefficients, split RIS elements between
the zones, and adjust reflection amplitude. The mathematical formulations for SOP

minimization and ESR (R,,s) maximization are as follows:

(P1): min COS, subject to C1: Oy < Oy,

Qg Oy, O,y

C2: 0, <O, C3: 0<ay, ay,aq,( <1,
(P2): max Ry, subjectto C3,

Qa,0,00d,C

C63Rd>Rthd, C7:Ru>Rthua

where Rsys = Rqg + Ry, and aq £ Ny /N. Ou,, and Oy, denote the threshold OPs
for users D and U, respectively. Constraints C'1 and C2 ensure QoS by limiting the
maximum acceptable OP for each user. Similarly, constraints C'6 and C'7 impose ER
constraints for QoS. Ry, and Ry, signify the minimum essential rates required for
users D and U, respectively. Now, due to the intricate combination of complex non-
linear functions within the mathematical expressions for SOP, OP, ER, and ESR,

and the strong interdependence among the four optimization variables, obtaining a
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Figure 5.2: O4 performance w.r.t. Ppqz.

closed-form solution for the problems is mathematically challenging. Therefore, to
address this and determine the solution, we employ an effective and derivative-free
algorithm such as PSO. The PSO is a population-based algorithm inspired by the
social behavior of bird flocking, where a group consisting of s particles simulates
movement to find a common objective and locate the best position representing the
solution to the optimization problem. Each particle adjusts its position based on its
own best-known solution and the global best-known solution found by any particle
in the swarm, aiming to converge towards minimum SOP and maximum ESR in

problems Pl and P2 , respectively.

5.4 Results and Discussions

In this section, the key numerical insights into the RIS-FD-DDU system are pre-
sented. Unless explicitly stated, N = 50, K = 2, L = 2, V = 100, s = 50,
ag = 0.7, ag = oy = 1, Ppy, = 10 dBm, ¢ = 1, Ry, = Rin, = 3 bits/sec/Hz,
Ry, = 1 bits/sec/Hz, w = 107°, and ¢pq = dya = dua = ¢ = 0.2. Further, m,, = 2.5
(where p, g €{a,i1,12,d,u} and p # q), G,y = Tpg " [145],v =3, 7., =20m, r,, = 10
m, where z; € {ady, udy, wa}, z € {aiy, i;d, uiz,i,a}, and t € {1,2}. o2 and o3 are
set to —50 dBm to model a more noisy environment [144].

In Fig. 5.2 and Fig. 5.3, the OP performance is plot with respect to the maximum

transmit power P, for users D and U, respectively, considering ten different cases
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Table 5.2: Comparison of cases for Fig. 5.2 and Fig. 5.3.

Cases «y N By w
1 0.45 50 - -
2 0.45 100 - -
3 0.7 100 - -
4 0 100 - -
5 1 100 - -
6 - - 0.7 1075
7 - - 045 107°
8 - - 045 5x%107°
9 - - 0 1075
10 - - 1 107°
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for analysis. Cases 1 —5 and 6 — 10 correspond to the values of {4, N} and {8, w},
respectively, where 3, = 1 — ag. The figures demonstrate that the curves obtained
from the analytical expressions closely agree with the simulation results. The figures
demonstrate that as oy increases, the OP performance of user D improves, which is
reasonable as it leads to a higher number of Zone-D elements for coherently combined
links and fewer randomly combined links. Similarly, an increase in (3, increases N,
resulting in more coherently combined links at user U and fewer randomly combined
links, thereby leading to a lower value of O,. Additionally, the OP performance for
U can be seen to be worst and best for cases 9 and 10, respectively. This is because
By = 0 makes all the N RIS elements to randomly reflect the uplink transmission by
U, whereas on the other hand, 3, = 1 ensures coherent combining of the transmitted
signal by all the NV RIS elements. A similar observation can also be made for user D
in cases 4 and 5. Moreover, as the number of RIS elements increases, the performance
of D improves, and a decrease in the value of w reduces the RSI at the AP, thereby
enhancing the outage performance of the uplink user. Also, due to the CCI effect,

the OP saturates at higher values of P,,q;.

In Figure 5.4, the ER performance of the users is shown, along with a comparison
with the non-RIS scenario. Cases 1 and 2 correspond to ¢ values of 0.3 and 0.5. A
decrease in ¢ value from 0.5 to 0.3 reduces the impact of HI and, as a result, increases
the ER of both D and U. Moreover, the users are observed to experience significantly
higher rates compared to a non-RIS scenario, which justifies the integration of RIS in
FD systems having different uplink and downlink users. Specifically, the ER for user
D at P,.x = 5 dB is observed to be 3 and 4.7 times that of the non-RIS scenario for
cases 1 and 2, respectively. Similarly, for the same P, value, the ER experienced
by user U is observed to be 2.1 and 1.5 times that of the non-RIS scenario for cases
1 and 2, respectively. Additionally, the derived analytical results obtained from R,

and R, expressions closely match the simulation values.

In Fig. 5.5, OP and ER results are depicted for three different cases correspond-
ing to number of downlink and uplink users. Cases 1, 2, and 3 correspond to K and
L values of 1, 2, and 3, respectively. It can be observed that the outage performance
is seen to improve with increase in the values of K and L as more number of users

are available for selection. A similar enhancement can be observed in the ER of the
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Table 5.3: Accuracy of ER validated by different values of V.

Vv Ra R
Simulation Analytical Simulation Analytical

10 5.214 5.581 5.658 6.033

25 5.214 5.265 5.658 5.718

50 5.214 5.225 5.658 5.678

100 5.214 5.216 5.658 5.669

selected users with increase in number of downlink and uplink users. Furthermore,
in Table 5.3, we validate accuracy of ER expressions against simulation values for
different values of V. It is evident that the difference between the analytical ER and
the simulated ER decreases as V' increases. Therefore, while it is true that, in an
ideal scenario, increasing V' to infinity could reduce the approximation error to zero,
it can be inferred that selecting a value of V' close to 100 is sufficient for accurate

results, considering the trade-off between accuracy and complexity.

In Fig. 5.6, SOP and ESR curves are depicted for our proposed optimized
allocation of coefficients (OAC) solution, and compare it with random allocation of
coefficients (RAC) where the values of ay, v, ag, and ( are either randomly selected
or fixed to a certain value. We consider four distinct cases (with Oy, = Oy, = 0.1),
which represent different combinations of {R4, R, N}. Specifically, Case 1, 2, 3,
and 4 correspond to {1.5,0.5,50}, {2.5,0.5,50}, {0.5,3.5,50}, and {0.5,3.5,100},
respectively. It can be observed that the proposed OAC solutions outperform the
comparative RAC scheme, as the values of oy, a,, ag, and ¢ in RAC are not updated
according to the changing system parameter values. At a P,,,, value of —5 dBm,
Rq=15, R, =0.5, and N = 50, the SOP is minimized with the parameter values
set at a, = 0.89, o, = 0.29, ag = 0.61, and ¢ = 0.99. Similarly, at a P,,,, value of 13
dBm, R; = 0.5, R, = 3.5, and N = 50, the ESR is maximized with the optimized
parameter values of a, = 0.90, a,, = 0.72, ag = 0.53, and ¢ = 0.99. Furthermore,
the performance improves with a decrease in the values of R4 and R,, and with an

increase in the number of RIS elements.
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5.5 Summary

In conclusion, this chapter focused on performance analysis and optimization of
RIS-FD-DDU system considering multiple uplink and downlink users and the ef-
fects of RSI, CCI, and HI. The analytical expressions derived for both OP and ER
closely align with the simulation results. Further, the proposed OAC solution to
the optimization problems outperform the comparative RAC scheme which indicate
the requirement of optimizing the values of oy, ., a4, and (. The influence of key
parameters, such as the number of RIS elements, RSI levels, and HI, were examined
on performance of the users. The simulation results show significantly improved
user rates due to the integration of the RIS compared to the non-RIS scenario.
Additionally, the performance of users is seen to improve with an increasing num-
ber of RIS elements. Further, though RIS-FD-DDU system serves models both FD
cooperative systems and underlay communication, RIS can provide coverage only
to users that are located on the same side of the RIS incident plane and cannot
serve users behind the incident plane. Therefore, in the next chapter, a STAR-RIS

assisted system model is investigated.
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Chapter 6

VFD Communication Enabled
STAR-RIS Network

RIS stands as one of the transformative and key enabling technologies for the re-
alization of the futuristic 6G communication networks [72, 151]. However, as the
conventional RIS configuration focuses only on passive reflection, it can provide
coverage only to users that are located on the same side of the RIS incident plane
and cannot serve users behind the incident plane. Therefore, a novel concept of
STAR-RIS having transmitting capabilities along with reflecting functionalities, has
attracted significant research interest [5].

In the recent years, there has been a growing research interest in integrating
FD with both RIS and STAR-RIS [6, 7, 144, 145, 152-156]. In [144, 145], the
authors investigated two-way FD-based RIS communication and derived analytical
expressions for the OP, ER, and average symbol error rate. The authors in [152]
explored a FD enabled RIS setup, where an AP communicates concurrently with a
downlink user and an uplink user, and thus perform transmit power minimization
while ensuring that the rate requirements of the users are met. Work in [153]
considered a cognitive radio setup with FD communication and RIS assistance,
consisting of a secondary AP and multiple users. The optimization problem of
maximizing the secondary network sum rate was studied, all the while ensuring
minimal interference to the primary users.

Authors in [6, 7, 154-156] investigated FD-based STAR-RIS (FD-STAR-RIS)
communication system. In [154], the authors investigated the OP and ER perfor-
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mance of a FD enabled two-way device-to-device communication system utilizing
the STAR-RIS technology. Works in [6] and [7] studied sum rate maximization
problem of a FD-STAR-RIS system where an FD AP establishes communication
with a downlink user and an uplink user located at opposite ends of the STAR-RIS.
Authors in [155, 156] studied the performance analysis of the FD-STAR-RIS set-up
considered in [6, 7]. Work in [156] also investigated the problem of maximizing the

ER performance of the uplink and the downlink users.

In recent years, various virtual FD (VFD) schemes have emerged to replicate FD
functionality by replacing a single FD device with two HD devices [1, 98, 100, 102—
104, 157-160]. The underlying principle in VFD is to exploit significant physical
separation between devices to emulate FD, thereby minimizing interference between
HD devices, which is significantly lower than SI. In cooperative communication
scenarios, VFD schemes have been proposed where a FD relay node is replaced
by two distinct HD relay nodes to forward messages from source to destination
[1, 98, 100, 102-104]. Symbol transmission from the source node to the destination
node occurs in a successive relaying manner, with one relay receiving the signal from
the source and the other relay transmitting to the destination in an alternating fash-
ion. In [157, 158], VFD systems are proposed to virtually realize FD operations in
cell-free massive MIMO systems by substituting FD APs with HD APs. Addition-
ally, in [159], a VFD scheme is proposed by replacing the conventional FD-enabled
base station with two geographically distributed HD remote radio units, with one

dedicated to uplink transmission and the other to downlink transmission.

Similarly, for high RSI scenarios, the design and analysis of alternative VFD
schemes to replace the FD-STAR-RIS systems needs to investigated, which is miss-
ing in the current literature. Hence, to bridge this gap, this chapter proposes a
novel VED-based STAR-RIS (VFD-STAR-RIS) scheme to mimic and outperform
the FD-STAR-RIS operation in [6, 7] by replacing the FD AP by two HD APs or
remote radio units as in [157-159] wherein one AP serves the downlink user and the
other AP serves the uplink user. Notably, as no SI cancellation process is involved,
the performance gains in the VFD-STAR-RIS are obtained with minimal computa-
tion complexity, with the spectrum utilization same as in the FD-STAR-RIS. For

the proposed system, OP and ER analysis is done for performance evaluation. To
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further enhance the system performance by managing the STAR-RIS aided inter-
user-interference (IUI), this work also investigates problems of SOP minimization
and ESR maximization constrained to user OP and ER requirements, respectively,
to jointly optimize power allocations, reflection amplitude, transmission amplitude
and STAR-RIS element partitioning (JPRTE).

Given that the formulated JPRTE optimization problems involve OP and ER
as objectives and constraints, the solution relies solely on statistical CSI of com-
munication links. Instantaneous CSI is only required for desired links to configure
optimal phase adjustments of STAR-RIS elements. This approach is particularly
useful in scenarios where acquiring instantaneous CSI of TUI links is challenging due
to limited coordination between users, and given that associated channel training
and feedback overhead scales proportionally with size of RIS [161, 162].

The proposed work can guide the design of practical systems for extension of
coverage in which the wireless communication links are severely blocked by obstacles,
including vehicular scenarios where the STAR-RIS is mounted on the windows of
cars, aircraft and others [5]. Further, our investigations are also applicable for
cognitive radio scenarios with either of the uplink or downlink users being considered
as primary and the other as secondary [163]. Also, it will be useful for various low-
latency applications such as mission critical services, advanced driver assistance,
remote patient monitoring and others [164]. Major contributions of this work are

summarized as follows:

e A VFD-STAR-RIS alternative system model is proposed to mimic the FD-
STAR-RIS operations in practical high RSI scenarios. Multiple uplink and

downlink users are considered with the best user selections.

e Analytical expressions of OP are presented for downlink and uplink users using
the MMT considering generalized Nakagami-m distribution. Further, employ-
ing GCQ approach, the analytical expressions for ER are also derived.

e Two different JPRTE optimization problems are formulated to minimize the
effects of STAR-RIS aided IUI considering SOP minimization (i.e. JPRTE-
SOP) and ESR maximization (i.e. JPRTE-ESR) as the objectives. The same

are subjected to a threshold OP and a target rate for each user. Due to

107



6.1. SYSTEM MODEL

complexity of the mathematical expressions for SOP and OP, and the strong
interdependence among optimization variables, obtaining a closed-form solu-
tion for the minimization of SOP is mathematically challenging. Therefore, an
effective and derivative-free algorithm like PSO is used to solve the JPRTE-
SOP problem.

e However, due to the complexity involved in the ER expressions, applying PSO
directly to solve the JPRTE-ESR will require a significant amount of conver-
gence time and would increase the latency. Thus, to address the issue for
ultra-low latency based machine critical applications, a practically realizable
ML based PSO (ML-PSO) solution is proposed wherein the ER expressions
in the objective and constraints are first approximated utilizing a ML model.
Thereafter, the PSO algorithm is applied to obtain solution with a significantly

low computational time.

e Performance of the proposed VFD-STAR-RIS system and solutions to the
optimization problems are extensively analyzed for various system parameter
values to obtain various useful design insights and compared with benchmark

schemes.

6.1 System Model

»
/‘ -
N

Ap

/.

' RM Element

7’
Transmlsswr}/

' TM Element Space y 4 :
Desired Signal ,:
T Uty
Reflection \. N\ /// \ -~ |=-=-=--- >
Space — —> RSI

(a)

Figure 6.1: System models: (a) FD-STAR-RIS in [6, 7]. (b) Proposed VED-STAR-
RIS.

A wireless network is considered with N-element sized STAR-RIS implemented
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by a uniform planar array with N = N, x N, where N, and N, are the number
of elements in the vertical and horizontal directions, respectively. K downlink users
and K uplink users are considered on the reflection side and the transmission side
of the STAR-RIS, respectively. User selection strategy is adopted based on the
maximum channel gain between the AP and the users such that U,« and U;+ denote
the best downlink and uplink users, respectively, selected by the AP. The STAR-
RIS is divided into N; number of TM elements and N, number of RM elements with
N; + N, = N. It is to note that as from implementation complexity point of view,
MS protocol is practically more convenient to apply in comparison to both ES and
TS protocols due to its simple on-off kind of switching [5, 165], and as the primary
objective of this work is to study a VFD alternative solution to the FD-STAR-
RIS in high RSI scenario and thereby investigate the performance, inline with the
performance analysis works in [165-168], this work only considers the MS protocol.
As the OP and ER analysis with ES or T'S protocol will be entirely different from the
current work, they are defered as a subject of future studies. As shown in Fig. 1, in
the FD-STAR-RIS system, U,» and U+ are served by a single FD AP (A4,) [6, 7, 156].
On the other hand, in the proposed VFD-STAR-RIS system, A, is replaced by two
HD AP’s (A; and Ay) or remote radio units as in [157-159] for uplink and downlink
transmission, respectively. It is to note that for mathematical tractability, the FD-
STAR-RIS works in [6, 7] consider the FD AP (A,) to possess only two antennas,
one for signal transmission and the other for reception. On similar lines, to analyze
the VED-STAR-RIS system, a single transmission antenna is considered at A; and a
single antenna at A, for reception. The analysis can be later be extended to scenario
with multi-antenna based APs with transmit and receive antenna selection schemes.
Notably, A receives IUI from A; reflected by the RM elements while A, is affected
with RSI due to concurrent transmission and reception. Similarly, U, is affected

with IUI from U+ via the TM elements in both the FD and VFD systems.

For each link pq, where p and ¢ belong to the set {a, a1, as, t*,r*,i,k} and p # g,
the phase and envelope of channel co-efficient h,, are characterized by distributions
Ppq ~ Unil0,27] and |hyg| ~ Nak(myg, g,,), respectively, where A,, Ay, As, Up and
U,~ are also denoted by a, a1, as, t*, r*, respectively. Additionally, 7 represents the

i'" RM element and k signifies the & TM element.
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6.1.1 SINR expressions in VFD-STAR-RIS

The received signal y,« at U« (from A;) and y,, at A (from Uy+) are given as

N
Yprx = Pa1$r*(ha11“* + Z halivih”‘*) + Ny

i=1

Ny
+ Pt*xt<ht*r* + Z ht*kvkhk’l‘*)7 (61>

k=1

~

I

N

Yay = Pt*xt* (ht*ag + Z ht*k‘vk‘hklm) + Nay
k=1

Ny
+ Palxr* (ha1a2 + Z halivihiaz)a (62)

i=1

(. J

g
Io,

where x4« and x,- represent symbols of Uy« and U,», respectively. Further, P =
& P and P, = ay, P, are transmission powers of Uy and Aj, respectively.
Also, «y, and a4, bounded in the range (0, 1], are coefficients of power allocation,
and P,,q, indicates the power allocation limit. The parameters v, = (; e/% and v; =
¢, e?% denote the k' TM element’s transmission coefficient and i** RM element’s
reflection coefficient, respectively, where 6; and 6, represent the induced phase shifts
and follow the uniform distribution Uni[0, 27|, and ¢, and (;, defined in the interval
[0, 1], represent the amplitude. Further, I,. and I,, are IUIs via the STAR-RIS,
and for ¢ € {as,t*}, ny ~ CN(O,UZ) represents the noise at node ¢. The SINR
Y1 (corresponding to U,+) and ¢ (corresponding to Up) in the VFD-STAR-RIS
system are expressed as [169, 170]

N, i0; 2
* Py, |ha17"* + 21;1 ha1i Gr €% Dy

T o__
wr* - N, . bl
Py |hpeps + 3001 haer, G €99 Dy |2 + 02

(6.3)

gt = P iy + 5550 R G Py (6.4)
“ Pal |h'a1a2 + ZZ]V:T]_ ha1i<r eei hia2 |2 + 0_22

From (6.3) and (6.4), it is evident that the optimal phase shifts 6} and 6 should
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be such that there is coherent combining at the destinations and the IUIs combine
randomly to reduce the interference effect. Accordingly, the SINR’s are re-expressed

as [165, 171, 172]

N 2
¢r* Pa1 <’ha11”* + Zz:ﬁ |ha1i Cr’hir* > (6 5)
= P |Iypere + Zi\fil Py, C‘t eJo;, Rjer |2 + 03* ) .
N 2
" B (|ht*a2| + zk;1 |ht*k Ct|hka2|)
i = (6.6)

= N - .
2 Pzz1 |hzz1a2 + Zz:rl hayi(r 630; hiag |2 + 0-22

6.1.2 SINR expressions in FD-STAR-RIS

For the FD-STAR-RIS system, the SINR (¢7-) of U+ and SINR (¢!") corresponding

to U can be expressed as

2

N, T
Pa ‘har* + Zizl hai Cr 6]01 hir*
hyepe gy huek G €% hyge |2 4 02

b= 6.7
Uy 7 (6.7)

Ppeq + ZkNll ek, G €% g |?
|hrst|* + o2

- P

Vo = : (6.8)

where P, = a, P, is transmit power of A, a, € (0, 1]. Further, hpg; corresponds
to the RSI having Rayleigh distribution with variance wP,:" [173], w > 0 and v €
[0, 1]. Further, setting éj‘ and é;; coherent combining at the destinations, the SINRs

are re—expressed as

Ny 2
o Pt 4 S il i)
¢r* = N, o 5 (6'9)
Poe [hpere + 3 202y Per G €% D |2 + 0

~

Nt 2
o P (Il + 0 oGl )

. \hrs|* + o2

(6.10)

6.2 Performance Analysis

In this section, OP and ER of the VFD-STAR-RIS system is analyzed. OP is a very

suitable measure to assess the reliability and performance of wireless systems with
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slowly varying fading channels. On the other hand, ER is a very crucial metric for
performance evaluation that indicates the averaged achievable rate. Accordingly, in
the subsequent lemmas, we derive the analytical expressions of OP, SOP and ER

for Ur* and Ut*.

6.2.1 Performance Analysis

6.2.2 Outage Probability of U,

The OP is defined as the probability of the SINR falling below a certain pre-defined
threshold [104]. Further, with r* = argqe{rlr}%?fK}{ <|ha1rq] + ]halilglhirqDQ}, as
in (6.5), Ay — STAR-RIS — U,~ and U~ — STAR-RIS — U, transmissions are
coherently and randomly combined, respectively, the corresponding SINR (%) of

U, is also maximum among the K downlink users. Accordingly, the OP of U, is

given as

O, = Pr (logy (1 +9..) < Rup,) = Pr(¢]. <6,)

= Pr(max (¢!, .00%) < 6,)

717

= H PT(WZ < ;)

¢={1,..K}

= 11 Fya (6,), (6.11)
}

={1,..K

N. 2
Pay (1hayrg + N7, 1hayilCrlhing )
N. 0% N
Pys |he g 37021 hixy, Ge €77k hyery |2 402

The term A, 2 /P, S, |hayi| G| hir, | can be approximated via MMT as a Gamma

where Ry, is the target rate, 6, = 2% —1, and ¢! =

random variable (GRV) characterized with parameters namely shape s,, and scale

Op, (i.e. Ay ~ Z(sp,,04,)) given as

(@AY
= BA7)) — (B (612)
Oa, = EiAl], (6.13)
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where E[A1] = /P, (,N,01 and E[A?] = \/P,,(,N.(1 + 62(N, — 1)) are the first

and second order moments of Ay, respectively. Also, &; =, ; (5w , 0,5 = Elhy ;] =
F(maler ) n Ay . _ (mzrq+ ) .
LMy )/ Mayi/9ayi 5"!1 o E[h”’q] o L5, )/ Mg [Tir, [ where Vi € {1’2’ 7NT}’

A A A A
halg — ha1i7 h%rq — hirqy malg = Mayi, m%rq mZ’I‘q? galz

0],

g 11 and ggrq = girq'

Further, with Ay, = (A1 +A ) where A, £ /P, i |hayr, |, the terms E[A; 4] and

E[A3,] can be given as

ElAsg) = E[(Ay + Ay)’]
— E[A?] + E[A?] + 2 E[A] E[A,], (6.14)

E[A],] = E[(A + Ay
= BJAY] + E[AY] + 4(B[AY] E[A] + E[A E[AT])
+ 6 E[A]] E[A3), (6.15)

where E[A?], E[AY], and the n'® order moment of A; are given as [150],

['(sp, +3)
F(Sl\1>(1/‘9/\1)3

= J] (sa, +2)(0n,)°, (6.16)

A={1,2}

E[AT] =

F(SAl + 4)
F(SA1)<1/0A1)4

= H (3/\1 + ﬁ)(0A1)4’ (617)

A={1,23}

E[A}] =

F(maﬂ"q + %)

m 6.18
P(maﬂq)(maﬂq/ngawq)E ( )

E[A]] =

Now substituting the above expressions in, Ay, can be similarly approximated

as a GRV, i.e. Ay, ~ E(sp,,,04,,) using MMT as
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8A2’q = y (619)

Ony, = =, (6.20)

Next, in (6.5), as the IUIs at U,~ combine randomly, the term A3 can be expressed

and modelled as [174],

N

A3 & \/Px Z hekGre? % by, (6.21)
k=1

A3 ~ CN(0,A3), (6.22)

where A3 = Pt*Nthgt*,;gqu, Gy, £ Gtk i, £ Grr,Vk € {1,2,---,N;}. Accord-
ingly, |As| follows Rayleigh distribution, which is a specific case of the Nakagami-
m fading model with unity severity |As| ~ Nak(1,A3). Further, for the term
Ay = (A + A3)2, where Az 2 \/P-hy-,,, E[As] and E[A?] can be given as [175],

E[A4] = E[|As]?] + E[|As]?], (6.23)

E[A]) = E[|As"] + E[JAs|"] + 4[| A’ E[|As])), (6.24)

where the n'" order moments of A5 and Az are given as,

~ P m *rq —’- n
E[|As]"] = . 2) = (6.25)

L(myer, ) (meer, | PeeGier,) 2

El|As]"] = T(1+ =) (As)?.

> (6.26)

114



CHAPTER 6. VFD COMMUNICATION ENABLED STAR-RIS
NETWORK

Now, Aj can be similarly approximated as a GRV with parameters sy, and 6,,.
Thereafter, the term As , £ A4+0? can be expressed as a new GRV with parameters

Sps, and Oy, derived as

(E[A4] + 07 )?

e = BAT) - (BIADP (020
oy, — B For (6.28)
3A57q

Finally, as Ay, and Aj;, are two distinct GRVs, the ratio of the same (i.e.
As /A5 ) follows a prime distribution. Its CDF is determined by the regularized

incomplete beta function, as specified in (6.29).

J?QA

Fdjrq (x) = [( 24 ;SAZ,q7 5A57q) . (629)

‘9/\2,(1 + .139/\5,(1

Substituting (6.29) in (6.11), the final expression for OP (O, ) of U,.~ is expressed

as

67‘0A
O~ ] 1<—“; Shay» sAsq) . (6.30)
iy \Ons, 0,00,

6.2.3 Outage Probability of U

From (6.6), it can be seen that as Uy — STAR-RIS — A, transmission is coher-

ently combined and the interference A; — STAR-RIS — A, is independent of the
2
selected downlink user U,-, t* = arg max {<|ht*a2| + Zg;l | §t|hka2|> } also
qe{1,2,..,K}
maximizes the corresponding SINR (%)) of Up. Accordingly, the OP of Uy« is given

as
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where Ry, is target rate, d; = 2%n — 1, and,

2
P (Ihtgoal + 00, |htqk|ct|h,m|)

Ve, = ,
" al| aiaz + Z halzgr 6 v; ia2|2 + 022

(6.31)

As in Lemma-1, we first approximate the coherently combined term

As 2 VPr S0 hekl Gilhkas| s Ag ~ E(sag,04,) with E[A¢] = /PG N;d3 and
21 2 . - F(mtqfc"'%)r‘(mfmg"_%)

E[AG] = \/Pt*CtNt(l + 53<Nt 1)), Where 53 = F(mzq,;)F(mlgaQ)\/(mtq,;/ﬁtq,;)(m,;%/g,;%)’

my = My, k, and mfm 2 Mgy, G i = gk, and g, 2 Gray, Vi € 1,2,...N,). Further,

A7y = (A6 + A6) where Ag £ | /Py, |t a,|, is approximated via the MMT to A7, ~

E(sAs,,04,,) using E[A7,] and E[AZ ] expressed as

E[A7,] = E[AZ] + E[AZ] + 2 E[Ag]) E[Ag], (6.32)

E[A7,] = EIAG] + E[Ag] + 4(E[A]] E[Ae] + E[A] E[A]])
+ 6 E[AZ E[AZ], (6.33)

where the terms E[A], E[A{], and E[AZ] are given as

EA = JI (sae+2)(0a0)°, (6.34)
A={1,2}

E[Aé] = (3/\6 + ﬁ)(9A6)47 (635)
A={1,23}

F(mtqa2 + %)

An) =
E[ 6] F<mtqa2>(mtqa2/Pa1gtqa2>

(6.36)

.
2

Since Ag = |\/P,, ZN’“ hayiCre?% hia,| is Rayleigh faded due to random combin-
ing? |A8| ~ Nak( 7A8)7 Where A8 = PalN’I’CT‘anliggaQJ galﬁ é gaﬂagiag é giaz(vz' S
{1,2,---,N,}). Thus, similar to Lemma-1, Ay = (Ag + Ag) (where Ag 2 /P, ha,a,)
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can be approximated as a GRV utilizing E[Ag| and E[A3] expressed as

E[Ao] = E[|As|’] + E[|As|], (6.37)

E[A2] = E[|As|"] + E[|As|*] + 4 E[|As[*| E[|As|*]), (6.38)

where E[|As|"] and E[|As|"] are given as

_ U(Maya, + )
Bl 7] wty) 6.39
H 8| ] F(malaz)(ma1a2/Ptqgala2)§ ( )

EllAs]") = T(1+ =) (Ag)?.

: (6.40)

Thus, A1, 2 Ao+ 022 can be similarly approximated to a GRV with parameters
S0, and 6y, . Now, the CDF of the ratio A7,/A1g4 is the regularized incomplete
beta function. Hence, substituting the same, the final OP expression can be obtained

as

6,0
Op =~ H [(ﬁ;sm,q,s/\m’q) : (6.41)

ity e 00k

6.2.4 System Outage Probability

The SOP of VFD-STAR-RIS network can be defined as the probability that either
of the users in the network fail to decode its signal successfully [119]. In other words,

the SOP can be expressed as

OS =1- Psuccess; (642)
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where Pguecess 18 the probability that signals of both U,.« and U are successfully

decoded. Accordingly, Pgyccess 18 determined as

success =Pr (logQ (1 + w::) > TT’ 10g2 (1 + ¢(tl;) > irt)
Pr (log, (1+4)-) > T;)
x Pr (log2 (1 + 1/}22) > Tt)

0,0
H I( As,q §5A27q7 SAs,q)
K Ors, + 0r0ns,

={1,...

5t01\1o
I{————: 6.43
. H (9A7,q + 60n,0, PAnar Shioa ) (643)

g={1,..K}

Substituting (6.43) in (6.42), the final expression in (6.44) can be obtained as

.
Do ~ I|————L—:sp,.,8
s~ ]I (eAg,qwreAm A2 A)

q={1,..K}
0B >
+ —’q; SAr . SA
q= {]II <0A7,q + 5t9A10,q 7,9 10,q

H H 5TQ—A574 0 S s
Oy, + 0p0n,, 20 7hoa

q={1,..K} ¢={1,..

57591\10
X [ —————; 6.44
(9A7,q F O, (o4

6.2.5 Ergodic Rate of of U,-

The ER of U, is defined as follows [176]

R, = E [logy(1 + w’“*)]

/ H (1+2) ln2d (6.45)
)

WK

Substituting (6.29) in (6.45), we obtain

dz. (6.46)
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As the assessment of above equation is mathematically intractable, to solve the

integral, we utilize the basic the GCQ equation [104, 118] given as

b —a)m
[ sy = 00T Z\/l—zv Flon). (6.47

where z, = cos <%>, Yo = % + (b2a V is a finite value representing the

trade-off between accuracy and complexity. Substituting a = 0 and b= Ay, where
A1 is assigned a large value approaching infinity for numerical assessment, the final

expression can be obtained as

Ay i\/l—zﬁ

R, ~
2VIn2 &~ (1+y.)
x | 1-— H [(%;SAM,SAMJ . (6.48)
q:{LK} A2,q + y'U A5,q

6.2.6 Ergodic Rate of of U

The ER of U is defined as follows

Ry = [10g2(1 + wt* )]
d
/ H ln2
LN ’q .
B /OO 1- Hq:{l,...K} I <m7 SA7,) 8A10,q>
0 (

1+ 2) In2 dz. (6.49)

Similar to Lemma-3, the integration in (6.49) is solved using the basic GCQ

equation given in (6.47) as
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A17T Z\/l—zv

2V 1In2 (14 y,)

Ry =

yv9A9
x 11— | | I PSAL 5 S . 6.50
N (9[\71(} + ynglqu A7’q AlOyQ) ( )
q={1,..K}

6.3 JPRTE Optimization

In this section, two different optimization problems are investigated namely, JPRTE-

SOP and JPRTE-ESR, and thereby their proposed solutions are presented.

6.3.1 Problem Formulations

From the above SINR expressions in (6.5) and (6.6), it is evident that the effects of
the STAR-RIS aided IUI need to be minimized so that both U, and U can expe-
rience a lower OP and a higher rate. The same can be achieved by optimizing the
user power allocation coefficients (a,,, ay), transmission amplitude ((;), reflection
amplitude ({.), and RIS element partitioning between N, and N;. In this context, we
explore two different JPRTE problems namely JPRTE-SOP (P1) and JPRTE-ESR
(P2) of minimizing SOP and maximizing the ESR (R,,s), respectively, by jointly
allocating aq,, o, G, ¢, N, and Ny, where Ry 2 R, + Ry [120]. The JPRTE

problems are mathematically formulated as under:

P1): min Og, subject to,
( ) aa17ata<T7CtaN’l‘7Nt s J
Cl : 07.* < Othﬂ 02 Ot* < Otht,

C3: 0<ag, o, (<1, C4: N,+N,=N,

C5: N,,N,€{1,2,...,N},

(P2): max Ry, subject to C3 — C'5,

Qaq ,0t,Cr Gty Ny Nt

06 : RT* > Rthr, 07 . Rt* > Rthm
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where Oy, and Oy, are threshold OPs for U« and Uy, respectively. Constraints
C'1 and C2 are to ensure quality of service (QoS) for each user in terms of a maxi-
mum permissible OP [161, 177]. Likewise, C'6 and C7 represent ER constraints for
QoS. Further, Ry, and Ry, denote the minimum essential rates for Uy and U,
correspondingly.

Now, (P1) and (P2) are optimization problems that contain ay,, oy, (., and (; as
continuous optimization variables along with N, and NNV, as discrete variables. Thus,
it is challenging to tackle the JPRTE problems in their current form. To address the
same, we first introduce a new continuous optimization variable §, = % There-
fore, after optimizing the variable 3,, the optimized value of N, and N, can then
be given as N = % N and N; = N — N, respectively, and thereafter rounded to
nearest integer values. Correspondingly, the original JPRTE-SOP and JPRTE-ESR

problems are re-formulated as (P3) and (P4), respectively, and are expressed below:

(P3):  min Og, subject to C1—C3,

Qaq ,0,Gr 5t 5 Bre

C8:0< 3, <1.

(P4):  max Ry, subjectto C3,C6— C8.

Qay 7at7C’F’Ci>IB7‘

6.3.2 PSO based JPRTE-SOP Solution

Due to the intricate combination of complex non-linear functions within the OP and
SOP expressions presented in equations (6.30), (6.41) and (6.44), and also consider-
ing the strong interdependence of the optimization variables ag,, o4, (., (;, and (,,
deriving a closed-form mathematical solution for (P3) becomes challenging. There-
fore, to address the same and determine the solution, we undertake an effective and
derivative-free algorithm like PSO which has been used to solve various such com-
plicated problems in the wireless communication literature [116, 178]. Further, its
simplicity, fast convergence, and efficiency in comparison to various other algorithms
makes it a popular choice for many optimization tasks.

The PSO is a population-based algorithm inspired by the social behavior of bird

flocking, where the movement of a group consisting of s particles is simulated to
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find a common objective and locate the best position (representing solution to the
optimization problem). At the ¢ iteration of the algorithm, particle p adjusts
its position and velocity in accordance with (6.51) and (6.52), respectively, after
evaluating the quality of the solution using the fitting function (F¢) in (6.53), where
Pl = ((aa),, ()y s (G5, (G)s o (Br)y) and Ff £ 1 indicates that Og is set to a
value of one when at least one of the constraints remains unsatisfied. Parameter
2, represents inertial weight, sz5 and 2z are acceleration coefficients, and 5,9~ ! and
697" represent random numbers ~ Uni(0,1) at (¢ — 1) iteration. Moreover, u,
denotes the personal best position of the of the p* particle, characterized by its

personal best fitness €2, while p* = (a , o, ¢, ¢, B7) represents the globally best

T
location associated with the best fitness value 2*. The complete PSO algorithm, is

executed for s¢; stall iterations and a maximum iteration limit of .

‘/pq = Iy V;,qil + 3 %4(]71 (,ut — Lgil) + 5 %ﬁqil (,u* — Lgil), (651)

L, =L+ Ve, (6.52)

Og, if C1 —C3 and C8 get fulfilled
Pl = (6.53)

1, otherwise.

6.3.3 ML-PSO based JPRTE-ESR Solution

The ER expressions derived are cumbersome. Thus, unlike (P3), the PSO algorithm
cannot be applied directly to solve (P4) as it will require significant computational
cost which can increase latency and thus not be usable for real-time operations.
Hence, the ER expressions are first approximated using a predictive ML architecture
which is more practical as the computational complexity is mostly shifted to offline
training stage and the online implementation complexity is minimal [127].

As shown in Fig. 6.2, a fully connected feed-forward DNN model is considered
with an input layer, H hidden layers, an output layer, and N} is number of neurons
in the A" hidden layer. The input layer consists of 22 inputs namely m_:, m;

at? )

9 _ L B _ N
mMyi, M.y Mayry, My, O, Pmaa:a Ya1is 9irr ek Yirs Garrs Gtrs N, K, K, Qg , O, 67’ )
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Input Layer Hidden Layers Output Layer

=

Figure 6.2: Proposed deep neural network framework for ML-PSO.

¢, and (,. Further, N, is number of neurons in the A** hidden layer. The output
layer consists of a single neuron to predict the ER of U,«. Adam optimizer is used
as the learning algorithm as it has a fast training time and can work efficiently
with networks involving a lot of parameters. The learning rate, exponential decay
rate and numerical stability constant are set as 0.001, 0.9 and 10~7, respectively.
For performance evaluation of this regression problem, MSE is chosen as the loss
function defined as

2

QMS’E = ]E[(Rr* - Rr*) ]7 (654)

Algorithm 4 ML Assisted ER Prediction

IHPUtS: mgﬁ? My, Mygy My Mayr, M, 037 Pma:r:7 gali’ g{rv gtl}a yl}w gan“; gtra Na
K, K, gy 4y gy G and B,
Output: R,
Data Set Generation
Evaluate (5.42) for each input matrix A, and obtaining corresponding ER value
Divide the data set to 90% and 10% for training and testing respectively
while satisfactory training and test performance is not achieved do

Train the neural network model using eLLU activation function and Adam
optimizer

Test the trained model using the test data
end while
Save the trained weights and biases
Utilize (6.56), (6.57) and (6.58) for ER prediction

where R, is the predicted R, value. Now, a dataset of 50,000 samples is created
by evaluating (5.42) for different values of inputs and obtaining corresponding ER
values such that 90% of the data is used for training the DNN model and the
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remaining 10% for testing. For threshold operation, linear activation function is
used at the output layer and eLU is used as activation function at the hidden layers

defined as

e?—1, ifz<0
eLU(x) = (6.55)

x, if x>0,

The parameter values are found empirically to achieve lowest possible MSE. For
the same, the best training and testing MSEs obtained are 5 x 10™* and 7 x 107%,
respectively, for H = 2 and N, = 500. Now, with the optimized weights and biases,
the predicted ER value for U, can be obtained by using (6.56), (6.57) and (6.58) as

Ol,r = €LU<A,- Wl,r + Bl,r)7 (656)
02’7« = GLU(OLT WQ’T -+ Bgm), (657)
Ry =0y, W,, + B,,. (6.58)

where A, is input matrix of order (of order 1 x 22) such that
A, 2 {my;mg, my my, Maye M 02, Pras Gayi G Ggi Gin Jarr Ger N K K 0y i GG B}
The term W, (of order 22 x 500), W5, (of order 500 x 500), and W,,,. (of order
500 x 1) are optimized weights matrices corresponding to first hidden layer, second
hidden layer and output layer, respectively. Similarly, By, (of order 1 x 500), By,
(of order 1 x 500) and B, (of order 1 x 1) are optimized bias matrices of first hidden
layer, second hidden layer, and output layer, respectively. Term O;, and O,, are
outputs corresponding to first and second hidden layer, respectively.

The predicted ER (R;.) for Uy can be similarly obtained by using (6.59), (6.60)
and (6.61) as

Ol,t = GLU(At Wl,t + Bl,t)a (659)
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Oy, =eLU(Oy; Wy, + Bsyy), (6.60)

Rt* = 02715 Woﬂg + Bo7t- (661)

where Ay = {mtfc Mo Mayi Mgy Mtaz Mayas Ut2 Prax 9 5_]];&2 gali f_]%az Gtas Yaras NKK
Qr Qg Cr Ct /Bt} and Bt =1- ﬁr-
The entire ML assisted ER prediction method is summarized in Algorithm 4.

(P4) is now re-formulated as,

(P5): max R, subject to C3,C8,

Qaq 0t Gr Gt 5 Br

C9: Ry« > Ry, C10: Ry > Ry,

where Rsys = Rn* + f{t*. Finally, the PSO Algorithm 1 is now used to maximize

R,,s and hence solve (P5) using the fitness function defined as

Rsys, if constraints C3, C8 - C10, are satisfied
F = (6.62)

0, if constraints are not satisfied.

6.4 Results and Discussions

In this section, the performance of the VFD-STAR-RIS system is assessed using
Monte-Carlo simulations, and various valuable insights are drawn. Unless mentioned
otherwise, N = 40, o, = 0.5, o, = 0.5, o4 = 0.5, P =1 W, ¢ = 0.5, ¢, =
0.5, 8, = 0.6, Ry, = 3 bits/sec/Hz, Ry, = 1 bits/sec/Hz, and w = 107° [118,
145, 175, 179]. Also, K = 3, K = 3, Ay = 10*, L = 10°, 54 = 40, s = 1,
sy = s5 = 149, 37 = 20 and s = 800. Further, m,, = m = 2.5 (where p,q €
{a,a1,a9,t,7}), g,, = —60 dB, g,, = —30 dB, where 2, € {ar, ta,tr, a\r, tas, a1as}
and zy € {ai,ir,tk, ka, kr,ayi, kas,ias}. The values of o2 and o7 are set to —50
dBm to simulate a more noise-prone scenario [144]. OP and ER performance are
compared with the FD-STAR-RIS. The OP for U,~ and U can be expressed as in
(6.63) and (6.64), respectively. Similarly, the ER for U,~ and U« can be expressed
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Figure 6.3: OP vs P4 for VFD-STAR-RIS and FD-STAR-RIS for different levels of
RSI.

as in (6.65) and (6.66), respectively.

O =P g (1407 < 7). 6
O = Pr (10g2 (1 + z/ﬁ) < Rtht) , (6.64)
Ry = E logy(1+977)| (6.65)
Ry —E [1og2(1 + z;f;‘)] . (6.66)

6.4.1 Outage Probability

In Figure 6.3, we compare the OP results of the proposed VFD-STAR-RIS for both
U, and U;. Clearly, U+ has lower OP in the VED-STAR-RIS than the FD-STAR-
RIS. Also, with increase in the value of w, the OP gap between the two schemes is
seen to further increase. The observations are reasonable as the effect of the IUI
is significantly lower in comparison to the SI and RSI due to physical separation
between A; and As in the VFD and thus resulting in propagation loss, which lowers
the interference. Notably, a lower OP for U is observed in FD-STAR-RIS only

at a low RSI value of w = 107° and a very high P,,., value, which further proves

126



CHAPTER 6. VFD COMMUNICATION ENABLED STAR-RIS
NETWORK

100

10721

Outage Probability
=

5 10741
4”"4m"+"m+".n
1070} [-%- K =1] 1076 | -.. ]
@ K =23 il 00000
PRI P g " oY SE *
e K =4 %2
108 w 108 Y ‘
-20 0 20

Trandmit powef?oPmaz [d]gm]

Figure 6.4: OP vs P,,4, for different number of (a) downlink users and (b) uplink users.
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Figure 6.5: OP plot for users U,» and U for different values of fading severity and f,.
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Figure 6.6: OP of the users for different values of g, , oy, ¢, and (.

the efficacy of the proposed VFD-STAR-RIS. Moreover, the performance of U, in
FD and VFD matches as both are affected by IUI. Further, U,« has better outage
performance than U« as 3, = 0.6 and thus a higher number of TR elements. Also, it
can be observed that the analytical results for the presented OP closely agree with
the results obtained from Monte-Carlo simulations. Further, in Figure 6.4, where
OP results are plot for different number of downlink and uplink users, it can be
observed that the outage performance is seen to improve with increase in the values

of K and K as more number of users are available for selection.

Figure 6.5 plots the OP performance with P,,,, for the users for various values of
B, and m. For a m value of 1, as [3, increases from 0.4 to 0.8, the OP of U, is seen
to decrease by 99.37% and OP of U« is seen to become 100 times. This is because
with the increase in f,, N, increases and IN; decreases. The same causes increase
and decrease in the values of 1, and 1/15;, respectively. Further, the performance of
U~ and U, is seen to improve with better fading conditions. For a OP of 102 and
B, = 0.8, as m increases from 1 to 2.5, U, is seen to have SNR gain of approximately
4 dBm. Similarly, for P, of 10 dBm and §, = 0.4, the OP of the U, is seen to

approximately decrease by 20%.

Fig. 6.6 depicts the OP of U,~ and Uy« for various values of ag,, ay, (-, and (;. It
is evident that the OP of U,~ and U+ are seen to decrease and increase, respectively,

as oy, increases. A similar trend is observed for (.. This is reasonable as increase
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Figure 6.7: SOP of the VFD-STAR-RIS network for different values of desired signal link

variance and interference link variance.

in the values of a,, (which increases the transmit power of A;) and ¢, improves the
the SINR at U,-. However, the same also increases the SI and RSI at A;, thereby
reducing the SINR. On the contrary, OP of U, and U are seen to increase and
decrease, respectively, as a; and (; increase. This occurs because higher values of «y
and (; enhance the SINR of U+ while simultaneously increasing the TUI at U,.» from
U

Fig. 6.7 illustrates the SOP of the VFD-STAR-RIS network for different values
of Gsig and Gint, where Gsig € {Gayr+, Grrazs Girss Jras } (cOrresponding to desired signal
Iinks), Gint € {Ger*, Jayass Gkrs Gian } (cOrresponding to interference links). Cases 1 and
2 correspond to the value of 02 = —110 dBm and 0? = —50 dBm, respectively, where

2

A
O':O'2

az

o2.. Tt is evident that the SOP of the network is superior in a low-noise
scenario in Case 1 compared to the higher noise scenario in Case 2. Furthermore, the
SOP decreases with an increase in gs,, since increasing gs;,, enhances the received
signal strength, thereby improving the SINR at U« and U;~. Similarly, an increase
in g; increases the impact of interference, leading to an increasing trend in SOP.
Figure 6.8 presents results of the JPRTE-SOP solution for two cases of Ry, =
Ruy & Ry,. We compare its performance with a baseline scheme where fixed val-
ues of power allocations, reflection amplitude, transmission amplitude and element
partitioning (FPRTE) are used. We also compare with the conventional RIS based
VFED-STAR-RIS where A; and A, serve U,- and Uy, respectively, via two different
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Figure 6.9: SOP vs PSO iteration index compared with exhaustive search.
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reflecting only RIS. The same can also be seen as a special case of the STAR-RIS
in which the number of RM and TM elements are fixed, and thus only the power
allocations, reflection amplitude and transmission amplitude are jointly optimized
[6, 7. Additionally, the performance is also compared with another state-of-the-
art method namely alternating optimization (AO) algorithm [180, 181]. In the AO
method, the original problems are decoupled into sub-problems. Each of the sub-
problem is solved via exhaustive search iteratively for the respective optimization
variable while fixing the rest of the variables until convergence is obtained. For a
Pa value of 10 dB, SOP in JPRTE is observed to be 92% and 96% times lower
than FPRTE for Ry, = 1.5 and Ry, = 2.5, respectively. The observation is reason-
able as the values of the optimization variables in FPRTE are uniform and are not
updated in accordance with the changing system parameter values which further
shows the requirement of the JPRTE scheme in order to minimize the IUI. Simi-
larly, the JPRTE also has a superior SOP performance over the conventional RIS
due to the number of elements being fixed in both the reflecting-only RIS. Also, the
JPRTE exhibits better performance compared to the AO, showcasing the effective-
ness of the PSO-based solution, which optimizes variables jointly, unlike AO, which
divides the original problem into sub-problems. Further, it can be observed from
the FPRTE curves that the SOP values obtained from the analytical expression in

(6.44) matches closely with the simulation values.

In Fig. 6.9, we depict the SOP against the PSO iteration index. We consider
two scenarios: Case 1, where N = 60 and Ry, = 3, and Case 2, where N = 40 and
Ry, = 2, with Ry, = Ry, £ Ry,. Tt can be observed that the proposed solution
for SOP converge to the global solution obtained through exhaustive search. Case
2 yields a lower SOP due to its lower target rate. Additionally, it is important to
note that the computational burden of exhaustive search depends on the number of
optimization variables and the size of the search space. Thus, with five optimization
variables in (P3), and considering a step size of 0.001 in the search space, the
exhaustive search method necessitates 1000° computations, rendering it impractical

for implementation.
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Figure 6.10: ER vs P4 for VED-STAR-RIS and FD-STAR-RIS for different levels of
RSI.

6.4.2 FErgodic Rate

In Figure 6.10, we compare the ER performance with P,,,. for both the downlink
and uplink users. The derived analytical ER results are seen to match well with the
Monte-Carlo simulations. Moreover, the proposed VFD-STAR-RIS can be observed
to have a better ER performance than the FD-STAR-RIS for the uplink user. For
a P of 10 dBm, U« is observed to have 1.8 times higher ER for VFD-STAR-
RIS in comparison to the FD-STAR-RIS with w = 5 % 107°. Similarly, for the
same maximum transmit power value, U is observed to approximately have 90%
higher ER for VFD-STAR-RIS in comparison to the FD-STAR-RIS with w = 10~
Further, similar to OP performance in Figure 6.3, U« has better ER in FD-STAR-
RIS only at a low RSI value of w = 10~ and a very high P,,,, value. Moreover,
in Figure 6.11, where we plot ER results for different values of K and K, it can be
observed that the ER of users are seen to improve with increase in the number of

downlink and uplink users.

Figure 6.12 plots the ER performance with P,,,, for the users for different values
of B, and m. The performance of both the users is seen to improve with increasing
value of fading severity. For a P,,,, of 10 dBm and (. = 0.8, as m increases from
1 to 2.5, the ER of the Uy and U,« is seen to approximately increase by 6% and
10%, respectively. Further, as 3, decreases from 0.8 to 0.4, the ER of U« and Uy« is
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Table 6.1: Average computation time for various schemes for ESR optimization

Optimization Scheme Computational time (in seconds)
Proposed ML-PSO (H =1, N, = 500) 2.06
Proposed ML-PSO (H =2, N}, = 500) 2.95
Alternating Optimization 3.31
Proposed ML-PSO (H = 3, N}, = 500) 5.53
Analytical-PSO (371 = 50, 35 = 10) 179.45
Analytical-PSO (54 = 50, s = 20) 344.92
Analytical-PSO (31 = 100, 25 = 10) 357.15

seen to decrease and increase, respectively. Similar to Figure 6.5, the observations
are reasonable as decrease in (3, causes decrease in the number of RM elements and
increase in the number of TM elements.

In Figure 6.13, we depict the ESR performance over number of STAR-RIS ele-
ments of the JPRTE-ESR optimization in VFD-STAR-RIS. We compare its perfor-
mance with the AO, the conventional-RIS and the FPRTE scheme. The proposed
JPRTE-ESR solution is seen to outperform both the baseline schemes. Moreover,
in Table 6.1, we compare the average computational times taken for different op-
timization schemes including analytical-PSO based solution for JPRTE-ESR where
the PSO is applied directly to solve the problem (P4) using the analytical ER expres-
sions. The computational times are obtained by using a computer with a 2.10 GHz
Intel XEON E52620V4 X central processing unit and 64 GB RAM. It can be clearly
seen that the proposed ML-PSO solution (with H = 2 and N, = 500) takes a very
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low running time in comparison to the analytical-PSO solution. This is because of
the complexity involved in the analytical expressions. Further, the analytical-PSO
solution consumes more time with increase in the number of particles and maximum
number of iterations. Further, in Fig. 6.14, we illustrate the ESR against the PSO
iteration index for both Case 1 and Case 2. It can be observed that both proposed
JPRTE-ESR converge to the global solution obtained through the exhaustive search.
Case 2 yields a higher ESR due to greater number of STAR-RIS elements. Also, it
is worth noting that although the ESR performance of AO becomes comparable to
JPRTE for K = K = 2, as shown in the table, this comes at a greater computational
cost (3.31 seconds) compared to JPRTE (which takes 2.95 seconds), attributed to
AQ’s higher number of iterations.

In Figure 6.15, we examine the impact of the number of training epochs on the
attainable MSE for prediction the ERs by varying numbers of hidden layers and
nodes within each layer. The analysis reveals a convergence in training performance
to a very low value of MSE. After a training period of 400 epochs, the ML model
with H = 2 and N, = 500 showcases an MSE substantially lower by 90% and 95% in
comparison to models with H = 2 (N, = 100) and H =1 (N, = 500), respectively.
The model also achieves an training MSE of 5 x 10~* and test MSE of 7 x 10~*
which demonstrates a strong alignment between the predicted ER and the actual
ER. Further, it can be observed that further increasing the number of hidden layers
to 3 fails to bring about significant improvements in performance due to overfitting
issues. Moreover, in Table 6.1, the computational time for the proposed ML-PSO is
seen to increase with increase in the number of hidden layers and the neurons, thus
indicating that the choice of H = 2 and N;, = 500 is sufficient and further increasing

the values of H and N}, is not required.

6.5 Summary

In this chapter, a novel VEFD-STAR-RIS system is proposed as an alternative to high
RSI-affected FD-STAR-RIS by replacing the FD AP with two HD APs. We consider
multi-user scenario with best downlink and uplink user selection, present OP and

ER analysis for both U, and U, and thereafter perform JPRTE optimization.
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The proposed VFD model is seen to have superior performance over FD-STAR-RIS
for the uplink user as IUI has a lower impact than the RSI due to propagation
loss in the former. Further, apart from spectral utilization being same as the FD-
STAR-RIS, these performance gains come with a minimal computational load as
no SI mitigation process is involved, thus making it a practically viable solution.
Further, the proposed solutions to JPRTE problems are observed to outperform the
conventional-RIS and the FPRTE schemes where the optimization variables have
fixed values. Also, the proposed solutions exhibit superior performance compared
to AO, showcasing the effectiveness of the PSO-based solution, which optimizes
variables jointly, unlike AO, which divides the original problem into sub-problems.
Moreover, the solutions converge to the global solution obtained through exhaustive
search. Also, interestingly, the ML-PSO based JPRTE-ESR solution is seen to have
a very low computational time in comparison the analytical-PSO solution, and thus
can be utilized in real-time scenarios. Moreover, we have analyzed the impact of
system parameters like number of STAR-RIS elements, element partitioning, noise
variances, variances of signal and interference links, fading severity and number of

hidden layers on the performance of the system.

137






Chapter 7

Conclusions and Future Works

7.1 Conclusions

This thesis focuses on the study of novel VFD and underlay D2D-based systems.
To enhance spectrum utilization and improve performance, these systems have been
integrated with technologies like NOMA, RIS, and STAR-RIS. The analyzed system
models are evaluated using performance measures such as OP, SOP, and ER, and
SOP minimization and ESR maximization problems are studied to enhance overall
performance. The main contributions and insights are summarized as follows:
Initially, the thesis explores cooperative VFD-NOMA in the presence of imper-
fect SIC and residual IRI. Analytical expressions are presented for OP and ER to
analyze the performance of the VFD-NOMA system under imperfect SIC and resid-
ual IRI, considering generalized Nakagami-m fading. Comparative analysis against
benchmark FD-NOMA and FD-OMA schemes emphasizes the impact of fading pa-
rameters and inter-relay distances. The analytical findings closely align with Monte
Carlo simulation results. Despite imperfect SIC and residual IRI, both relay and
destination users experience superior performance compared to FD-NOMA and FD-
OMA schemes. Additionally, the findings underscore the importance of optimizing
relay placements to further improve the outage performance of the VFD system.
Furthermore, a new FDD-VFD model has been developed to address the limi-
tations of the SR-VFD model found in existing literature, which demands double
the number of relays and an additional time phase compared to two counterpart FD

schemes. This novel model efficiently utilizes both relay and time resources. Perfor-
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mance analysis and optimization have been conducted for A-IRI and P-IRI scenar-
ios. Specifically, OP and ER analyses have been carried out considering Nakagami-m
channel distributions, while optimizing the SOP and ESR through relay transmit
power allocation. Simulation results demonstrate that the proposed FDD-VFD sys-
tem exhibits significantly improved OP and ER performance compared to conven-
tional FD and SR-VFED schemes. Additionally, due to its enhanced resource utiliza-
tion, the proposed scheme is more practical for VFD implementations. Moreover,
the solution based on JRPA for the optimization problems mitigates the impact of

IRI, thereby outperforming fixed relay power allocations.

In Chapter 4, a new transmission protocol called ND-NC is introduced for a D2D
underlayed cellular system, where both D2D and cellular networks utilize NOMA.
Additionally, a DNN architecture is proposed to tackle the JPC problem. Simulation
results indicate that the proposed spectrally efficient ND-NC protocol outperforms
ND-OC and OD-OC models in terms of performance parameters like SOP and SER
due to reduced interference and fewer time phases, respectively. Moreover, using the
learning-based P-JPC solution achieves appreciable prediction of power allocations.
Closed-form expressions considering Nakagami-m fading are derived and numerically

validated, shedding light on SOP behavior under various system parameters.

Finally, chapters 5 and 6 delve into the investigation of RIS-FD-DDU and VFD-
STAR-RIS systems, respectively, aimed at enhancing both system performance and
spectrum utilization. These system models serve as applications for both FD coop-
erative systems and underlay D2D communication scenarios. In particular, for the
RIS-FD-DDU system, performance analysis and optimization are conducted con-
sidering multiple uplink and downlink users, along with the effects of RSI, CCI,
and HI. The derived analytical expressions for both OP and ER closely match the
simulation results. Furthermore, the proposed OAC solution for optimization prob-
lems outperforms the comparative RAC scheme. The impact of crucial parameters,
including the number of RIS elements, RSI levels, and HI, on user performance is
examined. Simulation results demonstrate significantly enhanced user rates with the
integration of RIS compared to the non-RIS scenario. Additionally, the performance

of users is observed to improve with an increasing number of RIS elements.

Further, the new VFD-STAR-RIS system is introduced as an alternative to the
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high RSI-affected FD-STAR-RIS, where the FD AP is replaced with two HD APs.
The multi-user scenario is considered with optimal selection of both downlink and
uplink users. OP and ER analyses are presented for users, followed by JPRTE
optimization. The proposed VFD model demonstrates superior performance over
FD-STAR-RIS for the uplink user, as IUI has a lower impact compared to RSI
due to propagation loss in the former. Moreover, in addition to maintaining the
same spectral utilization as FD-STAR-RIS, these performance improvements come
with minimal computational overhead since no SI mitigation process is required,
rendering it practically feasible. Furthermore, the proposed solutions to JPRTE
problems outperform conventional-RIS and FPRTE schemes, where optimization
variables are fixed. Additionally, the proposed solutions exhibit superior perfor-
mance compared to AO, highlighting the effectiveness of the PSO-based solution,
which optimizes variables jointly, unlike AO, which divides the original problem into
sub-problems. Moreover, these solutions converge to the global solution obtained
through exhaustive search. Interestingly, the ML-PSO approach for JPRTE-ER
solution demonstrates significantly lower computational time compared to the ana-

lytical PSO solution, making it suitable for real-time scenarios.

7.2 Future Works

e Investigating the performance of the FDD-VFD system incorporating NOMA
in scenarios involving multiple destination users. Additionally, multiple re-
lays scenarios can be considered, incorporating relay and user selections, and

channel allocation.

e Analyzing the performance of the RIS-FD-DDU and VFD-STAR-RIS systems
with discrete phase shifts and multiple antennas. Additionally, a VFD al-
ternative solution can be proposed for the RIS-FD-DDU system in high RSI

scenarios.

e Investigating underlay D2D and NOMA based system with multiple users with

user selection and channel allocation strategies.

e Investigating the performance analysis and optimization of the VFD-STAR-
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RIS system with energy splitting and time splitting protocols of the STAR-RIS.

e Optimizing the performance of the investigated systems in scenarios where full
CSI knowledge is available. For this purpose, problems with objectives such

as sum-rate maximization and power minimization can be explored.
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