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ABSTRACT

The rapid growth of wireless connectivity, expected to intensify with the advent
of next-generation wireless technologies, brings a substantial increase in the number
of connected users. Given the physical limitations of bandwidth expansion, there
is a critical need for communication strategies that efficiently accommodate this
expanding user base within finite spectral resources.

Traditionally, Orthogonal Multiple Access (OMA) techniques have addressed
bandwidth limitations by assigning distinct resources to each user. However, as user
density increases, the rigid orthogonality of OMA becomes a constraint, particu-
larly for emerging wireless systems. In contrast, Non-Orthogonal Multiple Access
(NOMA) offers a more flexible solution by enabling multiple users to share the same
time-frequency resources. Through the use of superposition coding and power do-
main separation, NOMA improves spectral efficiency and supports massive connec-
tivity. User signals are differentiated via power levels and decoded using successive
interference cancellation (SIC), making it a promising candidate for 5G and beyond.

As wireless communication evolves toward sixth-generation (6G) networks, the
demand for enhanced spectral efficiency, energy efficiency, and massive connectivity
intensifies. NOMA stands out as a strong contender to meet these requirements.
However, several practical challenges hinder its real-world implementation, including
multi-user interference, error propagation in SIC, imperfect channel state informa-
tion (CSI), and transceiver hardware impairments (HIs).

This thesis investigates the integration of NOMA under realistic system con-
straints, focusing on the impact of imperfect CSI and hardware impairments. Fur-
thermore, the performance of NOMA is analyzed in two distinct noise environments:
Additive White Gaussian Noise (AWGN) and impulsive noise. By addressing these
challenges and conditions, the study aims to evaluate the practical viability and

performance trade-offs of NOMA in future wireless networks.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Evolution of Wireless Communications: From

1G to 6G.

The evolution of wireless communication systems represents one of the most signif-
icant technological advancements in modern history, underpinning the development
of mobile connectivity, data transmission, and digital transformation across various
sectors. Since the inception of the first-generation (1G) analog cellular networks in
the late 20th century, each subsequent generation has introduced substantial im-
provements in terms of spectral efficiency, latency, data rates, mobility, reliability,
and network capacity.

1G networks, based on analog frequency modulation, operated in the 800-900
MHz bands and were primarily designed for voice communication, with limited
channel capacity, poor voice quality, and no encryption. The transition to 2G,
built on digital technologies such as GSM, CDMA, and TDMA, introduced circuit-
switched data, enhanced voice quality, SMS services, and significantly improved
spectrum utilization.

With the arrival of 3G (e.g., UMTS, CDMA2000), the focus shifted to higher
data throughput and multimedia support, leveraging technologies like WCDMA and
HSPA. These networks introduced packet-switched data and enabled early mobile
internet access with peak downlink speeds of up to several Mbps. 4G LTE networks
marked a paradigm shift with an all-IP architecture, employing OFDMA and MIMO
technologies to achieve significantly higher data rates, lower latency, and improved

quality of service (QoS) for real-time applications such as HD video streaming and

1



1.2. NON-ORTHOGANAL MULTIPLE ACCESS TECHNIQUE

VoIP.

5@, standardized under 3GPP Release 15 and beyond, brings transformative ca-
pabilities including enhanced mobile broadband (eMBB), ultra-reliable low-latency
communication (URLLC), and massive machine-type communication (mMTC). It
utilizes sub-6 GHz and mmWave frequencies, beamforming, network slicing, and
edge computing to meet the demands of Industry 4.0, autonomous systems, and
IoT ecosystems.

Looking forward, 6G is envisioned as a fully intelligent and integrated commu-
nication fabric that extends beyond mobile connectivity. Anticipated to operate in
the sub-THz and THz spectrum, 6G aims to offer data rates exceeding 1 Tbps, sub-
millisecond latency, extreme energy efficiency, and support for real-time holographic
communications, Al-native networking, and brain-computer interfaces. Emerging
enablers include reconfigurable intelligent surfaces (RIS), quantum communication
elements, and integrated sensing and communication (ISAC) capabilities.

This thesis provides an in-depth technical analysis of the progression from 1G to
6@, discussing the enabling technologies, performance metrics, frequency utilization,
standardization efforts, and the architectural evolution that has shaped the wireless
landscape. Special emphasis is placed on the trade-offs, challenges, and research

frontiers associated with each generational shift.

1.2 Non-orthoganal Multiple Access Technique

The core idea behind NOMA is the utilization of the power domain to enable mul-
tiple user access, as shown in Figure 1.1. In contrast to traditional multiple access
methods, NOMA incorporates power-level differentiation to allow signal multiplex-
ing within the existing domains of time, frequency, or code. Essentially, NOMA
functions as a complementary enhancement to current multiple access techniques,
with the capability to boost both spectral efficiency and user connectivity. The core
technologies that enable NOMA are SC and SIC. These techniques have advanced
greatly, making NOMA practical for next-generation networks. In NOMA, the base
station transmits a composite signal by superimposing the coded messages of multi-
ple users using SC. A more detailed survey of uplink and downlink NOMA schemes
and their integration into 5G frameworks is discussed in [1].

User selection is also vital and typically depends on channel gains and quality-

2



CHAPTER 1. INTRODUCTION AND BACKGROUND
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Figure 1.1: Illustration of downlink power domain NOMA transmission [2]

of-service (QoS) requirements. Users are often paired based on differing channel
conditions—for example, a near user with a strong signal is paired with a far user
with a weaker one. The far user is allocated more power to decode its message while
treating others as interference. Meanwhile, the near user uses SIC to remove the far

user’s signal before decoding its own.

When users have similar channel conditions, QoS demands guide pairing and
power allocation—users with stricter latency, reliability, or throughput needs may be
prioritized. Unlike traditional orthogonal multiple access (OMA) that uses schemes
like water-filling, NOMA reverses this by giving more power to users with weaker

channels, ensuring reliable decoding and improved system performance.

1.2.1 SIC

SIC is a decoding technique used in NOMA to separate overlapping signals from
multiple users. In this process, the receiver first decodes the signal with higher power
typically assigned to the user with a weaker channel. After successfully decoding
it, the receiver subtracts that signal from the combined transmission, making it
easier to decode the remaining lower-power signals. This step-by-step removal of
interference enables efficient decoding of multiple user messages sharing the same

time and frequency resources.



1.3. WIRELESS CHANNEL: MODELING AND PERFORMANCE
METRICES

1.2.2 SC

SC is a technique used in communication systems, particularly in the context of
multi-user environments, to improve efficiency. It involves encoding multiple mes-
sages simultaneously over the same frequency spectrum, by layering or ”superim-
posing” these signals on top of each other. Each user’s message is transmitted in
such a way that it occupies the same time and frequency resources, but each signal
is structured differently. The receiver, aware of the structure of the different signals,
can decode and separate the superimposed messages. This allows for more efficient
use of available resources, enabling the transmission of more data in the same band-
width. In essence, superposition coding leverages the ability to overlap signals in a

way that maximizes the use of the channel while minimizing interference.

1.3 Wireless Channel: Modeling and Performance

Metrices

The wireless communication channel serves as the pathway for transmitting infor-
mation signals from the source to the destination. These signals experience various
impairments as they propagate. This section covers the basics of wireless propa-
gation, multipath fading, and different channel models. Additionally, it provides
an explanation of key performance metrics for wireless systems, along with their

mathematical formulations, to help evaluate system performance.

1.3.1 Modeling of Wireless Channel

Fading in wireless communication refers to the variations in signal strength that
occur as a result of the signal’s propagation through the environment. These varia-
tions are typically caused by obstacles, interference, and reflections that the signal
encounters as it travels from the transmitter to the receiver. Fading plays a critical
role in modeling the wireless channel because it affects the quality of the received
signal and, consequently, the performance of the communication system.

When modeling a wireless channel, fading is usually represented as a random
process, meaning that the received signal strength can fluctuate unpredictably. The

primary types of fading models used to describe these variations include:

4



CHAPTER 1. INTRODUCTION AND BACKGROUND
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Figure 1.2: Wireless Communication fading channels.[3]

Small-scale fading results from rapid changes in the signal due to multipath
propagation, where reflected signals combine constructively or destructively. Large-
scale fading, on the other hand, occurs over longer distances due to factors like
path loss from obstacles and terrain. Multipath fading, a subset of small-scale
fading, is caused by signals arriving at slightly different times, leading to interference
patterns. The Doppler shift, caused by movement of the transmitter, receiver, or
surrounding objects, further impacts the signal by altering its frequency. To model
these effects, statistical approaches like Rayleigh fading (used when there’s no line-
of-sight) and Ricean fading (used when a strong line-of-sight path is present) are

commonly applied.

Rayleigh Fading is widely used to characterize the statistical behavior of ra-
dio channels, particularly in scenarios where multipath propagation occurs without
a dominant line-of-sight (LoS) path between the base station and end users. In
such environments, the received signal results from the constructive and destructive
interference of multiple reflected paths. As a result, its in-phase and quadrature
components are modeled as zero-mean complex Gaussian random processes. Con-

sequently, the amplitude of the received signal follows a Rayleigh distribution.

Ricean Fading is typically used when a prominent stationary non-line-of-sight
(non-LoS) component exists between the end users. In such scenarios, the multi-

path signal gains a direct current (DC) component due to the superposition of the

5



1.3. WIRELESS CHANNEL: MODELING AND PERFORMANCE
METRICES

reflected paths, leading to a dominant, stationary, non-fading signal component.
When this strong LoS component is absent, the Rician distribution simplifies to the

Rayleigh distribution as a special case.

Nakagami-m is commonly employed to model small-scale fading in environments
with dense signal scattering. Its flexibility makes it suitable for various real-world
applications, including wireless communication and radio wave propagation. Thanks
to its generalized fading characteristics, it can represent different fading conditions
based on the value of the shape parameter m. Notably, for m = %, it reduces to
a one-sided Gaussian distribution, and for m = 1, it becomes equivalent to the

Rayleigh distribution.

1.3.2 Performance Metrices

To evaluate the performance of wireless communication systems over fading chan-
nels, various performance metrics are employed across different modulation schemes.
These metrics help address key design challenges in wireless system development.
Commonly used measures include instantaneous SNR, outage probability, system

throughput, energy efficiency, ergodic capacity, and average symbol error rate.

Instantaneous SNR is a fundamental metric used to assess the degradation of a
signal caused by noise. It plays a critical role in data detection, as it is measured at
the receiver’s output and serves as a reliable indicator of the overall fidelity of the
communication system. Mathematically, the instantaneous SNR is defined as:

_ Received signal power  P|h[?

- = 1.1
Received noise power o? (1.1)

v

where P denotes the transmit power, h is the channel coefficient, and o2 repre-
sents the noise variance.

In wireless communication systems, due to the presence of multipath fading, the
average SNR is often a more representative performance metric than the instan-
taneous SNR. The average SNR accounts for the statistical variations in the fading

channel and is defined as:
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where E[-] denotes the statistical expectation operator.

Outage Probability is a key performance metric that represents the likelihood
of a link failure, particularly in slow-fading scenarios. It is defined as the proba-
bility that the received end-to-end instantaneous SNR, denoted by ~, falls below a
predefined threshold ~y.

System Throughput System throughput is a crucial performance metric used
to characterize spectrum utilization, and it is often referred to as the mean spectral
efficiency. Based on the derived expression for outage probability (P,,), the system

throughput can be expressed as:

T = []- - Pout(Wth)] T'th

Energy Efficiency is a key performance metric in wireless communication sys-
tems, playing a crucial role in realizing the vision of green communication. It is
defined as the ratio of the total data transferred to the total energy consumed. The
total data transferred is represented by the system throughput. Energy efficiency

can be expressed as:

-
nEE:E

where 7 is the system throughput, and P is the consumed power.

1.4 Imperfections

In real-world systems, several imperfections affect the performance of wireless com-
munication systems. These imperfections include hardware impairments (HIs), such
as non-linearities in amplifiers and phase noise in oscillators, as well as errors in
channel estimation due to dynamic environments. This section discusses various
imperfections, including imperfect channel state information and transceiver hard-

ware impairments.



1.4. IMPERFECTIONS

1.4.1 Imperfect channel state information

In practical wireless communication systems, obtaining perfect channel state infor-
mation (CSI) is challenging, often leading to imperfect knowledge of the channel
conditions between the transmitter and receiver. This imperfection, primarily due
to channel estimation errors (CEE) and quantization errors, degrades system perfor-
mance and efficiency.Recent studies also explore pilot contamination and training-
based estimation strategies for massive MIMO and NOMA systems under imperfect
CSI [4].

Channel estimation accuracy is affected by factors such as channel variability,
estimation methods, and signal detection. An efficient estimation technique, like
the minimum mean square error (MMSE) estimator, uses pilot symbols to reduce
CEE. However, performance gains depend on optimal pilot patterns and estimation
strategies, which require additional resources and are application-specific.

Under MMSE estimation [? ? |, the channel can be modeled as:

hk = ;Lk + €k (15)

where h;, is the actual channel, hy, is its estimate, and €, ~ CN(0, 0?) represents
the estimation error, assumed to be a complex Gaussian random variable. Poor pilot
design relative to coherence time and frequency can lead to an irreducible estimation
error floor.

To mitigate the effects of imperfect CSI, robust resource allocation, improved
channel estimation algorithms, feedback mechanisms, and resilient encoding/decoding

techniques can be employed to enhance system performance.

1.4.2 HIs

In practical wireless systems, HIs such as phase noise and in-phase/quadrature (1/Q)
imbalance degrade system performance. Although compensation algorithms can
mitigate these effects, residual impairments persist. HIs cause discrepancies between
the intended signal  and the transmitted or received signal, introducing distortion.

Taking HIs into account, the received signal can be modeled as:

y=VPh(z+mn)+n +n (1.6)

8



CHAPTER 1. INTRODUCTION AND BACKGROUND

where P is the transmit power, 7, ~ CN(0, x7) and 1, ~ CN(0, k2 P|h|?) repre-
sent distortion noise due to transmitter and receiver impairments, and n ~ CN(0, o%)
is the additive white Gaussian noise. Parameters k; and &, (error vector magnitudes)

quantify hardware imperfections.
The aggregate effect of transceiver HIs can be characterized by:

K = K} + K (1.7)

Substituting this into the signal model, the received signal becomes:

y=VPh(z+n)+n (1.8)

where 1 ~ CN(0, 5%) captures the total distortion.

1.5 Impulsive Noise

In practical wireless environments, the assumption of AWGN is often violated due
to the presence of impulsive noise (Im-N). Impulsive noise is characterized by sud-
den, high-amplitude bursts of interference that occur unpredictably in time. Unlike
AWGN, which has a continuous and low-power nature, Im-N can cause brief but sig-
nificant disruptions in signal reception. These disturbances are typically generated
by switching operations, electromagnetic discharges, or high-voltage equipment, and
are prevalent in industrial areas, smart grids, urban networks, and indoor wireless
settings.

Im-N severely degrades the performance of wireless communication systems, es-
pecially in dense and heterogeneous networks where multiple access technologies like
NOMA are employed. NOMA relies on power-domain multiplexing and SIC, both
of which are sensitive to noise-induced errors. When Im-N disrupts a low-power sig-
nal, it can cause SIC failures, leading to increased outage probability and reduced
system reliability.

Given the critical impact of Im-N on network performance, its inclusion in the
design and analysis of next-generation communication systems is essential. In the
context of heterogeneous cellular NOMA networks, it becomes even more important

to model and simulate real-world noise conditions accurately.

9



1.6. MOTIVATION
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Figure 1.3: Characteristics of Impulsive Noise [5]

1.6 Motivation

The evolution toward 6G wireless networks demands communication systems that
not only support ultra-dense deployments but also maintain high spectral efficiency,
low latency, and robust energy performance. Among the prominent solutions ad-
dressing these demands is NOMA, particularly when integrated into Heterogeneous
Cellular Networks (HCNs) that include both macro and low-power pico base sta-
tions. While extensive theoretical research has highlighted the benefits of NOMA,
practical deployment in real-world environments necessitates performance evaluation
under non-ideal operating conditions, which are often overlooked in conventional

analysis.

One such practical challenge arises from Im-N, a highly disruptive form of in-
terference that deviates from the classical Gaussian noise assumption. Found in
industrial zones, power-line communications, and densely populated urban areas,
Im-N can cause sporadic but intense interference that significantly degrades signal
quality. Since NOMA is inherently sensitive to signal interference due to its reliance
on SIC, the impact of Im-N on outage probability and energy efficiency becomes a
critical area of investigation. The first study comprehensively analyzes this scenario,
revealing how NOMA outperforms orthogonal multiple access (OMA) even in the
presence of impulsive disturbances, and identifies system parameters that mitigate

performance degradation.

10



CHAPTER 1. INTRODUCTION AND BACKGROUND

In addition to environmental impairments, hardware imperfections and channel
estimation errors are other inevitable practical limitations that affect real-world
NOMA deployment. Transceiver distortions, quantified via HI, and i-CSI due to
limited feedback and estimation inaccuracies, can lead to residual interference in
SIC and degraded QoS. The second study focuses on quantifying the effect of HI
and i-CSI within the HCN-NOMA framework. Using stochastic geometry for system
modeling, it presents a realistic performance analysis, showing that while NOMA
remains more efficient than OMA, its relative advantage depends heavily on system
design choices, including power allocation and user pairing strategies under imperfect
SIC.

Together, these two investigations reflect a holistic perspective on the practical
challenges of NOMA deployment in future networks. By examining the performance
of NOMA under both environmental (Im-N) and system-level (HI and i-CSI) im-
pairments, they motivate the need for robust design strategies that can adapt to
and compensate for these non-idealities. The combination of these studies forms a
strong foundation for this thesis, which aims to contribute toward the development

of realistic and resilient 6G wireless communication frameworks.

1.7 Thesis outline,Contributions
The report is divided into the following chapters:

e Chapter 1 provides the Introduction and Background for the thesis. It out-
lines the motivation, objectives, contributions, and the necessary background
related to NOMA in Heterogeneous Cellular Networks, setting the stage for
the chapters that follow.

e Chapter 2 discusses the Performance Analysis of NOMA in HCN with Hls
and i-CSI. This chapter includes an introduction, system model, outage prob-
ability analysis, system throughput analysis, discussions on numerical and

simulation results, and a summary.

e Chapter 3 focuses on the Performance of Heterogeneous Cellular NOMA
Networks in Im-N. It covers the introduction, system model, mathematical

modeling of Im-N, outage probability analysis, system throughput analysis,

11



1.7. THESIS OUTLINE,CONTRIBUTIONS

energy efficiency analysis, bar plot analysis, numerical and simulation results,

and concludes with a summary.

e Chapter 4 presents the Conclusions and Future Works. All the contributions
of the thesis are summarized in this chapter, along with key insights and

conclusions. Additionally, the scope for future research directions is discussed.

While this chapter establishes the foundational concepts of NOMA, wireless chan-
nel modeling, and the significance of imperfections in real-world communication
systems, it does not quantify their effects in a practical setting. The next chapter
addresses this gap by performing a detailed performance analysis of NOMA in HCNs
under HIs and i-CSI conditions, thus translating theoretical insights into measurable

system behavior.
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CHAPTER 2

PERFORMANCE ANALYSIS OF NOMA IN HCN WITH
HARDWARE IMPAIREMENTS AND IMPERFECT CSI

In this chapter, a detailed analysis of NOMA performance in HCN is carried out,
taking into account practical limitations such as HIs and i-CSI. The goal is to eval-
uate the reliability and throughput of the system under these non-ideal conditions.
Various analytical expressions are derived and supported with numerical and sim-
ulation results. In a multi-tier HCN with MBS and PBS, NOMA is used to boost
spectral efficiency and achieve higher data rates in the sixth-generation wireless
networks. This study investigates HCN-NOMA performance under the practical
consideration of i-CSI using stochastic geometry. The study compares OMA and
NOMA, evaluating outage probability, and system throughput for both perfect and
i-SIC scenarios in multi-tier HCN. Despite HIs and i-CSI in NOMA, noticeable per-

formance improvements of up to 57% are observed.

2.1 Introduction

[7] Ultra-dense networks (UDNs) with small cells are emerging as a solution in 6G
technology research to address challenges in user coverage, data rates requirement,
lower latency, and energy consumption [8]. Allocating dedicated time slots and
frequency bands in UDNs is impractical, especially with low data rate requirements
or poor channel conditions. Therefore, NOMA enables multiple users to share the
same frequency band simultaneously with distinct power levels, offering a viable
solution for future UDNs [9]. SIC enhances QoS by prioritizing decoding signals
from weaker users, improving data rates, and reducing error rates for users facing

poor channel conditions [10]. To address the requirements of high user density

13
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Figure 2.1: Illustration of multiuser NOMA networks [6].

and increased data rates, NOMA is integrated into low-power PBS to configure a
HCN-NOMA. A unmanned aerial vehicle (UAV)-assisted HCN combines NOMA-
based aerial and mmWave terrestrial base stations, showcasing NOMA'’s superior
outage performance and ergodic sum rate with optimized power coefficients and
data rates for randomly deployed users [11]. The performance of power beacon-
assisted cooperative-NOMA (Co-NOMA) in wireless powered communication HCN
was assessed incorporating a realistic non-linear energy harvesting model [12], while
study in [13], and [14] examines the application of simultaneous wireless information
and power transfer (SWIPT) in NOMA and Co-NOMA in HCN networks with
randomly distributed users, but relied on ideal assumptions of HIs and CSI, which
is not possible in practice. The study analyzes NOMA with i-SIC in a multi-relay
energy harvesting system [15], and impact of non-linear distortions by high power
amplifier in HCN-NOMA with i-SIC but with perfect CSI [16]. A hybrid NOMA-
OMA framework is proposed, optimizing power allocation and channel overlap for
users to enhance spectral efficiency under i-SIC and i-CSI constraints, aiming to
maximize sum-rate throughput [17]

This study investigates the integration of NOMA into HCN using the PPP under
the scenarios of i-SIC and i-CSI, an aspect that, to the authors’ knowledge, has not
been thoroughly explored in the existing literature. The manuscript presents several

noteworthy contributions, detailed as follows:

e Considering the mathematical tractability and spatial consistency offered by

14
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the PPP for wireless networks, we utilized PPP within the HCN to spatial
distributions of both MBS and PBS.

e This study compares HCN-NOMA and OMA systems, focusing on user per-
formance under HI. The analysis includes deriving closed-form expressions for

outage probabilities in scenarios with both perfect and i-CSI.

e Exploring the interplay between HI and i-CSI unveils valuable insights into
their collective impact on system performance and dynamics. Graphical rep-

resentations clarify OP and SE, enriching the quantitative analysis.

2.2 System Model

C NOMAUser ~ —— NOMA Downlink

T h OMAUser  ----- » OMA Downlink

Sl

- ceu[]
e
| l

Imperfect SIC of CEU Considers CCU
signal as noise

D CEU

Figure 2.2: Downlink NOMA model with one MBS and multiple PBS along with NOMA paired
users

A two-tier HCN, integrating NOMA with MBS and NOMA-enabled PBS en-
hances system flexibility, accommodating users with distinct channel conditions and
diverse QoS requirements in the shared downlink spectrum. PPP is utilized in
HCN for the mathematical modeling of MBS and PBS distributions, offering a spa-
tially realistic framework for wireless network performance evaluation and system

design. Nodes and BSs are independently distributed using PPP (£, A;) for tiers
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2.3. MATHEMATICAL ANALYSIS

(t € {m,p}), and users are distributed via PPP Q, with density A,. Each node
has a single antenna and operates in half-duplex mode. In NOMA, a,, signifies the
power coefficients for the n-th user, ), and P, denotes coverage range and transmit

power for the t-th tier, respectively.

The connectivity between a MBS and a macro-based user (MU) adheres to the
nearest neighbor connection policy. A bounded path loss model denoted by P(r) =
ﬁ [18] is considered. The path loss exponent for the t-th tier is denoted by
vy, with r; representing the distance between the serving BS and the typical user.
Consequently, |h;|> = |h¢?P(r) defines the total channel gain experienced by the

selected user in the t-th tier, where hy ~ CN (0,1). The system-wide transmission

bandwidth is set at 1 Hz, and R denotes the desired data rate for the specific user.

This study considers i-CSI, arising from real-world factors like channel estimation
errors. Due to the PBS tier’s limited backhaul capacity compared to the MBS tier,
minimizing CSI estimation and feedback overhead is crucial. Hence, our analysis
focuses specifically on the impact of channel estimation errors at the PBS tier in the
system model. The CSI at all nodes is determined using MMSE-based estimator,
with the estimated CSI’s relationship to actual channel coefficients discussed in
[15], denoted as h;; = iLt,i + e;, where e; is the channel estimation error for i-th user,
modeled as e; ~ CN(0,0?) and Btﬂ- is the estimate of the h; ;. Thus, the estimate ﬁm
follows complex Gaussian distribution with zero mean and variance (1 + Ty 4 g o2,
Note: The h, represents the actual complex Gaussian distributed channel, where

A2 and ||? denotes estimated ordered and estimated unordered channel gains,

respectively.

2.3 Mathematical analysis

2.3.1 PBS User’s SINR (i-CSI, excluding NOMA)

Mathematical expression of the signal transmitted from the PBS is denoted as
Xp.tz = Tpy/ Py, while the signal received at the specific user linked to PBS (PU) is

represented as
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Xp,m: = (l’p + 775@') \/Fp (.;lpo + ep) + th\/?)t Zhr +14j + np, (21)

te(m,p)  r€Q\{po}

Intra-tier and Inter-tier interference by BSs

where 7y ~ CN (0,x2%) and ng ~ CN (O, mﬁjﬂ|ﬁpo|2> denote distortion noises
arising due to impairments of the transmitter and receiver, respectively. The pa-
rameters k2 > 0 and k:gj > 0 signify the level of impairment and can be termed as
error vector magnitudes (EVMs). Here, EVM measures standard of RF transceiver

and can be defined as the ratio of average distortion magnitude to the average signal

magnitude. Aggregate distortion noise power at PU can be obtained from (2.1), as
E{|Pphponsi + ndj‘Q} = Pp|hpo|2 (ng + KZj) . (2-2)
By using (2.2), we can express (2.1) as

KXprx = (I'p + nij) \/Fp (2190 + 619) + Z xt\/ﬁtz hr +nyp (2.3)

where 1;; ~ CN(0, k*) denotes distortion noise due to transceiver hardware im-
pairments (HIs) and & = /kZ; + k7. We consider that all the nodes have the same

HIs for IP. Here, for k = 0 (ideal hardware case).

where z,, represents the desired signal for the PU, ﬁj is the estimated unordered
channel coefficient to the specific PU from the j-th BS (j € {p,,r}), while n, denotes
the channel noise. The SINR at a selected PU can be expressed as [? ]
Prb) pmpo ?

Vp = - , (2.4)
Zt pily + ppo? (1+r2%)+ :Op|h o|2E% 41

where p,, is the transmit SNR at the PBS tier and is determined as p, = E [22] /o2
where az is the noise variance. p} = P,/ a; denotes the transmit SNR from the ¢-th
tier, which interferes with the selected PU. Without loss of generality, if the selected
PU is situated at the point of origin and the designated PBS is positioned at p,,
according to Slivnyak’s theorem [19], pjIL, denotes the intra-tier interference caused
by the PBS tier on the PU. In this case, I, = 3 ) |h; ]2, where |h;|? is the

jer\{po

overall channel gain from the j-th PBS to the selected PU. Likewise, p! I, denotes
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inter-tier interference originating from the MBS tier towards the selected PU. In
such case, I,, = > . |hi|?, where |h;|? represents the total channel gain for the

selected PU from the i-th transmitter of the MBS tier.

2.3.2 PBS User’s SINR (i-CSI, NOMA with i-SIC)

The power domain NOMA is applied by the PBS to cater M, users, where the power
allocation factors a; > --- > apg, are determined according to the sorted channel
gains [A°[* < .- < [Wf |* of the NOMA users. In this context, a ‘mear user’ or
‘cell center user (CCU)’ is defined by having a strong channel gain, whereas a ‘far
user’ or ‘cell edge user (CEU)’ has a weaker channel gain. Assuming uniform signal
power for all NOMA users, the i-th NOMA user’s intended signal is expressed as z;,
while the transmitted signal by the PBS is represented by X, ., = Zf\i”l xim.

The signal received by the k-th user is expressed as

Xppo = (et o) et m) VBt SHVRY b, (25)

te(m,p)  re€Q\{po}

/

~
Intra-tier and Inter-tier interference by BSs

where s; comprises of

k—1 Mp
Sk =varze + Y\ Bu/@tu+ Y Nz, (2.6)
u=1

u=k+1

" J/ V)

. e v
i-SIC Inter-User Interference

In the downlink scenario of i-SIC, the high SNR signal is not entirely decoded by
users of superior channel conditions, resulting in incorrect subtraction from the
NOMA signal transmitted by the BS. Consequently, users with favorable channel
conditions experience interference in the decoding process due to the remaining high
SNR message residual signal component. The k-th user performs SIC by decoding
the message of the j-th user; thus, the SINR at the k-th user, where j < k, is

denoted as

p _
ijﬁk -

2
3P0
ppbpa; ’hk

My

a2 )
ppFp ‘hio (En:j+1 an + H2) + 22 Pl + ppod (14 k%) +1

18



CHAPTER 2. PERFORMANCE ANALYSIS OF NOMA IN HCN WITH
HARDWARE IMPAIREMENTS AND IMPERFECT CSI

and a,, is the power allocation factor for users indexed by n € {k, j}. Residual inter-
ference from i-SIC at different users, denoted by 5, = g;V{n € (1,2,..., M, — 1)},
retains f fraction of high SNR symbols in the superposed NOMA signal such that
0 < B < 1. Thus, g = 0 signifies perfect SIC with no residues, while g = 1 im-
plies no SIC. The user at the maximum distance from the BS remains uninfluenced
by i-SIC, as it does not engage in SIC, treating signals from other users as noise.
Expressing the SINR for the k-th user decoding its own message as

ppPpay ‘BZ" ‘2

p_ . (2.8)
Tk 12—
PpFp ’hi" (Zn:pk-i—l an + ’Q2> + 22 ol + ppo2 (L+ k%) + 11

2.4 QOutage analysis

In this section, the rate OP is assessed across various tiers. Generally, Outage Prob-
ability quantifies the likelihood of significant performance degradation in a wireless
communication link, including signal strength reduction, data rate decline, or in-

creased error rate.

2.4.1 Outage Analysis for PBS Tier with i-CSI & HI (w/o
NOMA)

The rate OP at a typical PU is determined by considering a uniform distance from

the PBS, is given by

PY, = Pr (W, x log,(1+7,) < R],

a 10} ,
= Pr [|hpo|2 < —; 1+ pyo? (1+ k%) + ;ptﬂt : (2.9)

Pptp

where, W, represents the bandwidth assigned to OMA-based PU, and , denotes
the SINR at PU, as defined in (2.4), and R indicates the user’s desired data rate.
Consequently, the SINR threshold is defined as ¢ = 22% — 1. Assuming a homoge-
neous PPP and utilizing polar coordinates, the CDF of the unordered channel gain

in the PBS tier is formulated as [20]:

-1

2 [ —( o to?

F,. Q(y):ﬁ/o (1—e (i+e?) Yrpdry. (2.10)
p
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By applying the G-C quadrature [20] to (2.10), we get

Q
2(y) = D e EE (2.11)

Thus, the OP, as expressed in (2.9), can be reformulated as,

)

P
Q 3

Z o 1+ ppp(l—i-ppa (l"r:‘f )—&-th”;]lt)}

q=0

Q q‘f’p K
s Z " ppPp(1+choZ )(1+ppa§(1+ ?)) Hﬁﬂt (Pisp)- (2.12)
q=0 t
where Q strikes a balance between accuracy and complexity, bl = —wgq/1 — 02 (% (0, + 1)),
wQ:%ae _COS<2Q > :—quq,cg:1+<%9q+%)p,cozo,and
05@)

Laplace transform (LT) of interference from the ¢-th tier is Ly, (s) expressed [18]

as

L1, (s) = e T Umpes) =T (=) (2.13)

where i, = 2/vy, D(z) = [T a* te de and D(z,2) = [ t= e~ dL.

2.4.2 Outage Analysis for PBS Tier (NOMA with HI & i-
CSI)

We examine a scenario where the user’s QoS requirements specify a predefined target

data rate R, leading to the formulation of the OP as follows:

PY? = Pr 2775 < gy, 25T < g5 (2.14)

Di— SIC p,i—SIC

where ", and 7, are given in (2.7), and (2.8) respectively. As the suc-
cessful self—message decoding in SIC directly impacts the OP, it can be expressed

for the k-th user as:

(2.15)

POP — pr Uibpo’2 wmawz S<1 + Ppoe (1 Tk ) + Zt pil)
k k PNz
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This results in the OP as

PY7 = F|;LZU|2(IU)7 (2.16)
h _ ,¢7Z’nacz7, S(1+pPU (1+H )+tht]1t d i
where y = opPp Q/Jmawz g = max lp( Li- 5)71/121 s)» ._7wk1 s
%5 (1+ppo? (1462) +3, i)

For a user with £ = 1, OP is simply calculated with y = P )

as it decodes its own message without performing SIC. wj s = % ,
a;j—o; (Zl 1 ajt+rK )

l
where, ¢; is defined as 2% — 1, with R; representing the target data rate for the
j-th user.

The connection between the ordered and unordered channel gains of the PBS tier,

taking into account i-CSI denoted as F| i 2(y), is expressed as follows [20]:

Po

erin - 5 ()52 (.

Upon substituting (3.13) in (3.18) and employing the multinomial theorem, the CDF

k+d

for the ordered channel gains is obtained as

M, -k k+d
F., ~
Iﬁﬂ@)ekgg( )k+d th“+m)

Q o
_ZqQ: lq+y
" (II(bé’)lq) e (2.18)

q=0

Given the uniform distance from the PBS and considering the ordered channel gains,

the rate OP at the k-th selected PU is given by

Q
Lk k+d
sz (b))
EkE:( >k+d Qw% +m>IIq

q=0
1[)
Zq 0 q%(l‘wzﬂ
X e opPp(1+cfo?) IIqtﬁw (2.19)
t
| "/)z < szQ oqugf
o Mp. o max,r— q= 1+Cq"e d o N .
whereek—m,sp— oDy ’Tk: = {(l(]y;lN)‘ZZ:oll_k_'_d};
k+d _ (k4ad)!
and (l0+...+11\1) T pllIn!”

Observably, the user with £k = 1 does not engage in SIC, hence the term
i—C i—C

max,i—S ~ 713-S"
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Figure 2.5: Impact of HI and i-CSI for both OMA and NOMA

2.5 System Throughput analysis

In this section, we analyze the system throughput performance of the considered
NOMA-enabled HCN under practical impairments such as hardware non-linearities
and i-CSI. The system throughput is an essential metric that measures the effective
data rate achieved by successfully served users per unit bandwidth. It captures the

impact of various imperfections and outage events on the overall system efficiency.

The system throughput, denoted by 74 (in bps/Hz), can be expressed as:

Tas = (1= PSLY) Ri+ (1= PSSY) R, (2.20)

where PSPV and PSSY represent the outage probabilities of the cell-edge user
(CEU) and the cell-center user (CCU), respectively. R; and R, denote the target
data rates for the CEU and CCU. This formulation highlights that the system
throughput depends not only on the achievable data rates but also on the reliability

of the communication links under the impact of practical impairments.
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Figure 2.6: SE in HCN for OMA and NOMA under HI and i-CSI

2.6 Discussions on numerical and simulation re-

sults

In this section, inference are drawn based on the simulation results on the OP, from
which system throughput is derived. The analytical results are validated using sim-
ulations, with parameters including MBS transmitting power (P,,) set at 40 W and
PBS transmitting power (P,) at 1 W, with MBS node density (A,,) at 5x 10™°m™2,
PBS node density (),) at 107*m™2, and user node density (\,) at 5 x 107*m™2
Power allocation coefficients for NOMA users (ay) are 0.8 and 0.2. Coverage ranges
are set to 1000 m for MBS (),,) and 5 m for PBS ()),), with path loss exponents of
3 for MBS (v,,) and 4 for PBS (v,). Target data rates for CEU (R;) and CCU (Ry)
are specified as 0.1 bps and 0.05 bps, respectively. The channel estimation error

variance (02) is set to 0.005, similar to the ones used by [16], [21], and [20].
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2.6.1 Simulation Parameters

Table 2.1: Simulation Parameters

Parameters Symbols Value

Transmitting power from MBS, | P, P, 40 W, 1 W

and PBS

MBS, PBS, and user’s density Ay Aps A 5 x  107°m72,
10~*m=2,
5x 1074m =2

Power allocation coefficients for | ay 0.8,0.2

NOMA

Coverage range of MBS, PBS Vi, Yo 1000 m, 5 m

Path loss exponent for MBS, PBS | vy,,, 1, 3,4

Target data rate (CEU, CCU) Ri, Ry 0.1,0.05

Hardware Impairement coeffi- | & 0.1

cient

Channel estimation error vari- | o2 0.005

ance

2.6.2 Numerical Results

The outage performance of the HCN-NOMA system for the PBS tier, considering
two users, is depicted in Fig. 2.3. In this figure, the OP is plotted across various
HI parameter values in NOMA. The analysis reveals a significant degradation in
the outage performance for both CEU and CCU due to HIs. Specifically, the CCU
experiences performance improvements of approximately 1.38 dB and 2.21 dB when

the HI parameters are reduced from 0.2 to 0.1 and then to 0, respectively, achieving

an outage probability of 1072

In Fig. 2.4, the OP is plotted against various i-CSI parameter values in NOMA.
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The figure illustrates that outage performance enhances as the SNR increases, reach-
ing its peak at high SNRs (around 30 dB), beyond which an error floor is encoun-
tered. The NOMA system supports both CEU and CCU, with their respective power
coefficients clearly indicated in the plot. Interestingly, the outage performance shows
distinct variations based on i-CSI coefficients for CCU and CEU, with significant
improvements observed at low SNRs (< 25 dB). However, as the SNR continues to

rise, the performance degrades at higher SNR levels when i-CSI is increased.

Fig. 2.5 illustrates a comparative analysis between NOMA and OMA under the
influence of HI and i-CSI within an HCN. The performance of users served by the
PBS, categorized as CCU and CEU, is significantly better than those served by the
MU. Specifically, within the PBS tier, the CCU consistently outperforms the CEU
across various access schemes. NOMA demonstrates a clear performance advantage
for CEUs, while OMAs are more beneficial for CCUs when specific power allocation
coefficients are applied, highlighting the importance of signal power distribution.
Despite OMA allocating equal power to both CEU and CCU, NOMA achieves su-
perior overall performance primarily due to the increased power allocation to the

CEU.

System throughput (bps/Hz) is calculated as 7, = (1 — ngU) R+ (1 — P2£U> R,
where the OP at the PBS tier for the CEU, and CCU, denoted as ngU and ]P’gé’U
respectively, are determined by operating (2.19) at £k = 1 and k = 2, with R; and
Ry denoting the target data rate for the CEU and CCU, as per [21], and [18]. Fig.
2.6 presents a comparative SE analysis for systems employing OMA and NOMA.
The performance comparison includes both ideal systems and those with i-CSI and
HI for NOMA. The study shows that increasing signal power significantly improves
the outage performance of CCUs more than it adversely impacts the performance
of CEUs. This results in superior system performance and higher throughput for
NOMA compared to OMA. Additionally, i-CSI enhances system throughput, par-
ticularly in the low SNR region below 25 dB; however, NOMA and OMA experience
performance degradation at high SNR levels. Despite overall system throughput de-
cline with i-CSI in NOMA, NOMA'’s spectral efficiency under i-SIC surpasses OMA

across the entire SNR range.
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2.7 Summary

This study examines the impact of HI and i-CSI on the downlink performance of
NOMA and OMA. It highlights notable effects on outage performance and system
throughput within the HCN-NOMA system across different SNRs. Numerical re-
sults indicate that NOMA consistently outperforms OMA, especially under i-CSI
conditions. By comparing ideal NOMA versus ideal OMA and NOMA with i-CSI
versus OMA with i-CSI under the influence of HI, it is evident that NOMA offers
superior spectral efficiency gains across a wide SNR range. Consequently, NOMA is
identified as the preferred choice for realistic environments.

This chapter comprehensively analyzes the effects of HIs and i-CSI on NOMA
performance within HCNs. However, it assumes an AWGN environment, which
does not account for more disruptive real-world interference such as Im-N. The
next chapter extends this work by evaluating the robustness of NOMA under Im-N

scenarios, further pushing the boundary of practical feasibility analysis.
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CHAPTER 3

ON PERFORMANCE OF HETEROGENEOUS
CELLULAR NOMA NETWORKS IN IMPULSIVE NOISE

In this chapter, investigates the performance of multi-tier HCNs with MBS, PBS
employing NOMA to improve SE and achieve higher data rates for the 6G wire-
less networks. Deployment in smart homes, grids, and industrial IoT is challenged
by impulsive electromagnetic interference, rendering Gaussian noise-based analyses
inadequate. Thus, this study uses stochastic geometry to compare HCN-NOMA
performance under AWGN and Im-N, highlighting variations in system behavior. A
comparative analysis of OMA and NOMA under these noise conditions is provided
using metrics such as OP, throughput, and energy efficiency. Finally, results reveal
NOMA'’s superior performance over OMA even in the presence of Im-N, identifying
specific SNR ranges where NOMA’s gains are maximized in both AWGN and Im-N

scenarios.

3.1 Introduction

In 6G, UDNs are emerging as a key solution to enhance coverage, data rates, lower
latency, and energy consumption [22]. Allocating dedicated resources (e.g. time-
slots, and frequency-bands) in UDNs becomes challenging with low data rates re-
quirements or poor channels conditions. NOMA enables efficient resource sharing
for future UDNs [23], and its integration into HCNs with low-power PBS provides
a scalable solution to meet the demands of high user density and data rates [24].

Additionally, the performance of cooperative NOMA in wireless-powered HCNs has
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Figure 3.1: Illustration of impulsive noise superimposed on background Gaussian
noise.

been evaluated, incorporating SWIPT for randomly distributed users [25]. An UAV-
assisted HCN combines NOMA-based aerial and mmWave terrestrial base stations,
showcasing NOMA’s superior outage performance and ergodic sum rate with opti-
mized power coefficients and data rates for randomly deployed users [26]. The au-
thors in [27] investigates NOMA with i-SIC, focusing on the impact of non-linear dis-
tortions caused by high-power amplifiers in HCN-NOMA. Most research on NOMA
systems assumes receivers are impaired by additive Gaussian noise, supported by the
central limit theorem for mathematical simplicity and signal distribution. However,
in practical scenarios, Im-N is common, particularly in environments like urban ar-
eas, manufacturing plants [28], power line communications [29], and indoor wireless
networks [30], where factors like switching operations and partial discharge in high-
voltage equipment create significant interference. Despite their usefulness, studies in
[25]-[27] primarily focus on systems operating under AWGN. However, research indi-
cates that systems designed for AWGN often suffer significant performance degrada-
tion in Im-N environments, and since power domain NOMA is particularly sensitive
to such disturbances and variations in the amplitude, studying NOMA under fading
and Im-N is essential for defining practical system limits and design. To address
this challenge, recent studies have shifted focus toward analyzing NOMA perfor-
mance under fading and Im-N environments [31]. Hence, this motivates investigat-

ing NOMA integration into HCN using the PPP under Im-N, offering a comparative
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% OMA User
—> NOMA Downlink

ceu] — = = OMA Downlink

Figure 3.2: System Model of HCN NOMA

study of system performance across different noise environments, an aspect that, to
the authors’ knowledge, has not been thoroughly explored in the existing literature.
This letter presents several noteworthy contributions, detailed as follows: (1) To
ensure mathematical tractability and spatial consistency, we utilized PPP within
the HCN to model the spatial distributions of both MBS and PBS; (2) This study
compares HCN-NOMA and OMA systems under Im-N, deriving closed-form OP ex-
pressions for both AWGN and Im-N scenarios; (3) Exploring the interplay between
impulse noise occurrence probability and impulsive-to-Gaussian noise power ratio
reveals their combined impact on system performance; and (4) Simulation results
illustrate the superior spectral and energy efficiencies of the HCN-NOMA system
compared to the OMA system both in the AWGN and Im-N scenarios.

3.2 System Model

A two-tier HCN, integrated NOMA with MBS and NOMA-enabled PBS enhances
system flexibility, accommodating users with distinct channel conditions and diverse
QoS requirements in the shared downlink spectrum is shown in Fig. 3.2. PPP is
utilized in HCN for the mathematical modeling of MBS and PBS distributions,
offering a spatially realistic framework for wireless network performance evaluation

and system design. Nodes and BSs are independently distributed using PPP (£2;, A;)
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for tiers (t € {m,p}), and users are distributed via PPP Q, with density A, [27].
Without loss of generality, each UE, or BS, is equipped with a single antenna and
operates in half-duplex mode.

The connectivity between a MBS and a MU adheres to the nearest neighbor
connection policy. A bounded path loss model denoted by P(r) = ﬁ 27] is
considered. The path loss exponent for the t¢-th tier is denoted by 14, with r; rep-
resenting the distance between the serving BS and the typical user. Consequently,
|hi|?> = |hy|?P(r) defines the total channel gain experienced by the selected user in
the t-th tier, where h; ~ CN (0,1). The system-wide transmission bandwidth is set
at 1 Hz, and R denotes the desired data rate for the specific user. The hy repre-
sents the actual complex Gaussian distributed channel, where |h|* and ||? denotes

ordered and unordered channel gains, respectively.

3.3 Mathematical analysis

3.3.1 PBS User’s SINR (without NOMA)

Mathematical expression of the signal transmitted from the PBS is denoted as

X

pitz = Tpy\/ Pp, where x,, represents the intended signal to the specific user linked

to PBS (PU), and P, denotes the transmit power of the PBS tier. While the signal

received at the PU is represented as

Xpra = \/thpoxp + Z B, Zhr +1p, (3.1)

te(m,p) reQi\{po}

J/

~
Intra-tier and Inter-tier interference by BSs

where the total noise n,, modeled by the Bernoulli-Gaussian process, frequently
employed in the performance analysis and design of communication systems for
its simplicity and effectiveness in characterizing random occurrence of high-power

impulses [29], is expressed as

Np =Ny +0 X Ny (3.2)

where n,, represents the background noise, and n; represents the Im-N such that
ne ~ CN(0,062), and n; ~ CN(0,0%). The parameter “§” follows a Bernoulli

process, characterized by an independent and identically distributed (i.i.d.) Os and
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1s sequence. It takes the value “1” with probability “p” and “0” with probability
“1 —p”. The PDF for the overall noise n, is detailed in [29], [31], is expressed as,

np|? Inp|?

(1—p) -1zl D —oh
— o 4 ——= e wto] 3.3
f(np) 770'3} € 7_‘_(0_%0 _|_ O'?) € ( )

The average noise power ( is given by [32]

¢ = E[n] = E[n,] + E[6%] x E[n]]

=02 +pxor=o0x( (3.4)
. . 0'2 . . . .
where ¢, is given as 1 + pA such that A = —L quantifies the impulsive-to-Gaussian

noise power ratio. The SINR at a selected PU can be expressed as [27]

_ PpmpoP _ ppPp‘-pro‘z
Zt Pl + o + pa? Zt pilly + G

Tp (3.5)
where p,, is the transmit SNR at the PBS tier and is determined as p, = E [a:z] Jo?.
The transmit SNR from the t-th tier, which interferes with the selected PU is given
as p! = P,/o?. Without loss of generality, if the selected PU is situated at the point
of origin and the designated PBS is positioned at p,, according to Slivnyak’s theorem
[33], p,I, denotes the intra-tier interference caused by the PBS tier on the PU. In
this case, I, = 7.0\ |h;[2, where |h;|? is the overall channel gain from the j-th
PBS to the selected PU. Likewise, p! I,, denotes inter-tier interference originating

from the MBS tier towards the selected PU. In such case, I, = > hi|?, where

1€Qm

|le|2 represents the total channel gain for the selected PU from the i-th transmitter

of the MBS tier.

3.3.2 PBS User’s SINR (with NOMA)

The power domain NOMA is applied by the PBS to support M, users, where the
power allocation factors a; > --- > ay, are determined according to the sorted
channel gains [h}°[* < --- < [Wfg |* of the NOMA users. In NOMA, a, signifies
the power coefficients for the n-th user. In this context, a ‘near user’ or ‘CCU’ is
defined by having a strong channel gain, whereas a ‘far user’ or ‘CEU’ has a weaker
channel gain. Assuming uniform signal power for all NOMA users, the i-th NOMA

user’s intended signal is expressed as x;, while the transmitted signal by the PBS is
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Table 3.1: Comparative Analysis with Related Studies

[24] | [26] | [27] | [31] | [34] | [35] | This

HCN+NOMA | NOMA+Im-N | work
HCN multi-tier analy- s olv s v
sis
NOMA v v oY v v oY v
PPP distributions v vV v
OP/BER v vV v |V Y v
System Throughput v v
Energy Efficiency v v
Im-N environment v v oY v
Compare:
OMA/NOMA Y v v
1(\?ompalre: AWGN /Im- v v v

represented by X, = Zf\i”l xi\/a;P,. Without loss of generality, we assume that

E [|z;]* = 1]. The signal received by the k-th user is expressed as

le,rx = hZO Sk \/Fp + th\/Ft Z hr +ng, (36)

te(m,p)  r€Q\{po}

J/

~
Intra-tier and Inter-tier interference by BSs

where s, comprises of s, = \/apT) + ijyjkﬂ V/@yTy. The k-th user performs SIC
by decoding the message of the j-th user; thus, the SINR at the k-th user, where
7 < k, is denoted as

polpas Ry
P bl h7 2 ( r]ﬁjﬂ an) + 22 ol + G

D _
7j—>kz -

(3.7)

and a,, is the power allocation factor for users indexed by n € {k,j}. The user at
the maximum distance from the BS remains uninfluenced by i-SIC, since no SIC is
performed, treating signals from other users as noise. Expressing the SINR for the

k-th user decoding its own message as

PpPpar| 1y 2
o M, ) '
pppp’hi 2 (Zn:pk_H an) + Zt Pl + Gp
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3.4. OUTAGE ANALYSIS

3.4 QOutage analysis

In this section, the rate OP is assessed across various tiers for the designated systems.
Outage Probability quantifies the likelihood of performance degradation in a wireless

link, such as signal loss, lower data rates, or increased errors.

3.4.1 OMA
The rate OP at a typical PU is determined by considering a uniform distance from
the PBS, is given by

P?, = Pr[W, x logy(1 +7,) < R],

=Pr [’hpoF < gb; (; pilly + Cp)

Pptp

, (3.9)

where, W, represents the bandwidth assigned to OMA-based PU, and ~, denotes
the SINR at PU, as defined in (3.5), and R indicates the user’s desired data rate.
Consequently, the SINR threshold is defined as ¢, = 22 — 1. Thus, the OP can be
expressed as,

@ _<gorlp

P~y bhe oo [ Lulpisy)- (3.10)
t

q=0

where Q strikes a balance between accuracy and complexity, b = —wq /1 — 67 (% 6, + 1)),

o = g bs = COS<23_5917T>’ bo = _ZqQ=lblq)’ =1+ (%9(14—%) , ¢ = 0, and

» p
5, = CqPp
p ppPp’

such that ), denotes coverage range of PBS tier.

Laplace transform of interference from the ¢-th tier is £y, (s) expressed [27] as

L1,(s) = e T Umpe) =T 1=pe)) (3.11)

where i, = 2/, D(z) = [T 2" te dw and D(z,2) = [ t* e~ dt.
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Proof

Assuming a homogeneous PPP and utilizing polar coordinates, the CDF of the

unordered channel gain in the PBS tier is formulated as [24]:

2 yp —(1+T‘Vp)y
Fip) =35 [ 1= 0, (312
p

Using the GC quadrature method [? ] on equation (3.12), we obtain

Q
Fji,,2(y) = > tye ", (3.13)

Thus, the OP, as expressed in (3.9), can be reformulated as,

Q
P e TG) ) (3.14)

q=0

By solving (3.14), the result leads directly to the expression given in (3.10).

3.4.2 Outage Analysis for PBS Tier (NOMA)

We examine a scenario where the user’s QoS requirements specify a predefined target

data rate R, leading to the formulation of the OP as follows:

PY? = Pr 3 < ¢k 10 < 5] - (3.15)

where 77, and 7} are given in (3.7), and (3.8) respectively.
Given the uniform distance from the PBS and considering the ordered channel gains,

the rate OP at the k-th selected PU is given by

Q
M, —k k+d
Ne’“Z < >k+d <ZO+ +lN>qug

0

wﬂ]ax(
Zq ola qppPp ’ H‘Cﬂt(pisp), (3.16)
t
M' wmaxz lgch N
where € = m, Sp = #m Tk = {(l(], ,ZN)| Zi:() lz =k + d}7 and

( k+d )_ (k+d)!
l0+...+lN - lo!...lN!'
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Proof

As the successful self-message decoding in SIC directly impacts the OP, it can be

expressed for the k-th user as:

Ymaz (Zt pilly + Cp)

O,p Do |2
PP =Pr ||| <
F k ppPp

(3.17)

max Z]I +
: <§t]ft t CP) and wmax =
pLp

max (11, 1y, ...,¢,). For a CEU when k = 1, OP is simply calculated with y =
;i (3¢ pili+G) o,

This results in the OP as Pko’p = Fjprop2(y), where y =

s , as it decodes its own message without performing SIC. ¢; = p—y (Z fvipj » az) ,
where, ¢; is defined as 2% — 1, with R; representing the target data rate for the
j-th user.

The connection between the CDF of ordered and unordered channel gains of the

PBS tier is expressed as follows [? |:

Figer (0 —ekZ( N (Fe) (3.18)

Upon substituting (3.13) in (3.18) and employing the multinomial theorem, the CDF

for the ordered channel gains is obtained as

—k k+d
F Po ~
e (9 E’“Z ( >k+d (lo+...+lN)
Q Q P
" (wa;)”) b (3.19)

q=0

W,

Upon substituting “y” into (3.19) and solving it yields the expression presented in
(3.16).

3.5 System Throughput analysis

In this section, we investigate the throughput performance of a NOMA-based HCN
operating under an impulsive noise environment, specifically considering two-user
scenarios. Throughput serves as a fundamental indicator of system efficiency, re-
flecting the average data rate successfully delivered to users per unit bandwidth

while accounting for the effects of channel imperfections, noise disturbances, and
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Figure 3.3: OP across multiple occurrence probability of Im-N utilizing NOMA.
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Figure 3.4: OP across different impulsive to Gaussian noise power ratio utilizing
NOMA.
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Figure 3.5: OP for both OMA and NOMA subject to impulsive noise.

outage events.

The system throughput, denoted as 7y (in bps/Hz), is mathematically defined
as

Tos = (1= PSEY) Ry + (1= PSSY) R, (3.20)

where P&EU and ngU represent the OP experienced by the CEU and the CCU,
respectively. Ry and R, denote the target data rates assigned to the CEU and CCU.

This expression clearly illustrates that the system throughput is influenced not
only by the intended data rates but also by the reliability of the links, which are
significantly affected by the harsh Im-N characteristics prevalent in the environment.
The analysis particularly emphasizes how Im-N degrades the robustness of user
transmissions in NOMA systems, making reliable link adaptation and outage control

critical for optimal network performance.

38



CHAPTER 3. ON PERFORMANCE OF HETEROGENEOUS
CELLULAR NOMA NETWORKS IN IMPULSIVE NOISE

0.3 T T T T T
NOMA: AWGN N
- = =NOMA: p=0.1; A =10 i
- = =0OMA:p=0.1;A2=10 3
*  Simulation i

(=
N
T

R, =02,R,=0.1

R, =0.1,R, =0.05

System Throughput
o
o

o
"

0.05

0 5 10 15 20 25 30
SNR (dB)

Figure 3.6: SE in HCN using OMA and NOMA subject to Im-N.

3.6 Energy Efficiency analysis

In this section, we evaluate the EE performance of the considered NOMA-based
HCN operating in an Im-N environment, particularly focusing on a two-user sce-
nario. Energy efficiency is a critical performance metric that measures the amount
of successfully transmitted data per unit of consumed power, thus balancing through-

put and power consumption in the system.

The system energy efficiency, denoted by 7y, (in bps/Hz/Watt), is defined as
TS S
Nys = —on (3.21)

where 7 represents the system throughput as defined earlier, and P, denotes the

total transmission power.
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Figure 3.7: Energy Efficiency in HCN using OMA and NOMA subject to Im-N.

3.7 Bar Plot analysis

In this section, we further analyze the performance gains achieved by NOMA over
traditional OMA schemes in an Im-N environment by examining the SE improve-
ment across various SNR levels. The SE gain highlights the percentage improvement
in data transmission efficiency when NOMA is employed compared to OMA, making

it a valuable metric for performance comparison.

The SE gain, denoted by Gsg (in %), can be calculated as

G = NOMA T TOMA ), (3.22)
TOMA

where Tnvonva and Touma denote the system throughput values for the NOMA and

OMA schemes, respectively.
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Figure 3.8: Quantitative analysis: Comparing NOMA vs. OMA gain (%) subject
to Im-N.

3.8 Discussions on numerical and simulation re-

sults

In this section, inferences are drawn based on the simulation results on the OP, from
which system throughput and EE are derived. The analytical results are validated
using simulations, with parameters including MBS transmitting power (F,,) set at
40 W and PBS transmitting power (P,) at 1 W, with MBS node density (\,,) at
5 x 107°m~2, PBS node density (}\,) at 107" m™2, and user node density (\,) at
5 x 107" m2. Power allocation coefficients for NOMA users (a;,) are 0.8 and 0.2.
Coverage ranges are set to 1000 m for MBS (),,,) and 5 m for PBS ()),), with path
loss exponents of 3 for MBS (v,,,) and 4 for PBS (1,). Target data rates for CEU
(Ry) and CCU (Ry) are specified as in the respective figures, similar to the ones
used by [25], [27], and [31].
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3.8.1 Simulation Parameters

Table 3.2: Simulation Parameters

Parameters Symbols Value
Transmitting power from MBS, | P, P, 40 W, 1 W
and PBS
MBS, PBS, and user’s density Ay Aps A 5 x  107°m72,
10~*m=2,
5 x 107*m =2
Coverage range of MBS, PBS Vi, Vp 1000 m, 5 m
Path loss exponent for MBS, PBS | vy, 1, 3,4
Target data rate Ry, Ry 0.1,0.05
Occurrence Probability of Im-|p 0.1
pulse noise [31]
Power allocation factor ai, s 0.8,0.2
Impulsive-to-Gaussian noise | A 10
power ratio [31]

3.8.2 Numerical Results

The impact of Im-N on the outage performance of the HCN-NOMA system within
the PBS tier, considering two users, is illustrated in Fig. 3.3. This figure presents
the OP as a function of varying Im-N occurrence probabilities for NOMA-enabled
PBS users and compared with AWGN noise. The analysis indicates a substantial
degradation in outage performance for both CEU and CCU under impulsive noise,
compared to AWGN noise. Notably, for CCUs, the performance improves by ap-
proximately 2.617 dB and 0.393 dB as the impulse noise probability is reduced from
0.1 to 0.01 and further to 0, achieving an OP of 1072. A similar trend is observed for
CEUs, where outage performance improves as the occurrence probability of Im-N
decreases. This highlights the importance of accounting for and mitigating Im-N in
NOMA implementations.

The OP as a function of varying impulsive-to-Gaussian noise power ratios, with a
fixed occurrence probability of Im-N, is depicted in Fig. 3.4 for NOMA-enabled PBS
users and compared with AWGN noise. The analysis shows that while outage per-

formance improves with increasing SNR, both CEU and CCU experience significant

42



CHAPTER 3. ON PERFORMANCE OF HETEROGENEOUS
CELLULAR NOMA NETWORKS IN IMPULSIVE NOISE

performance degradation as the impulsive-to-Gaussian noise power ratio increases,
underscoring the negative impact of Im-N. Additionally, at A\ = 30, a loss of more
than 6 dB for CCU and approximately 5 dB for CEU is observed, achieving an OP
of 1071, This is attributed to the fact that CCUs, benefiting from better channel
conditions, are allocated lower transmit power, making them more susceptible to
interference and additional Im-N. In contrast, CEUs with higher power allocation
are better equipped to withstand such noise, resulting in relatively less degradation

in their outage performance.

Fig. 3.5 provides an in-depth comparative analysis of NOMA and OMA perfor-
mance within an HCN under Im-N. The figure demonstrates that users served by the
PBS tier, classified as CEU and CCU, show better performance than those served
by the MU. CCUs consistently outperform CEUs across different access schemes
within the PBS tier. NOMA provides a performance edge for CEUs, while OMA
performs better for CCUs, particularly when specific power allocation coefficients are
applied. This is especially evident under varying impulsive noise power ratios and
occurrence parameters, underscoring the importance of signal power distribution in

these scenarios.

System throughput (bps/Hz) is calculated as 74,5 = (1 — ]P’g’gU) Ri+ (1 — ngU) Ry,
where the OP at the PBS tier for the CEU, and CCU, denoted as P9%,, and P92,
respectively, are determined by operating (3.16) at £ = 1 and k = 2, with R; and Ry
denoting the target data rate for the CEU and CCU, as per [25], and [27]. Fig. 3.6
compares the SE of NOMA and OMA systems under Im-N and AWGN scenarios
across different target data rates. NOMA shows better overall system performance
and higher throughput than OMA in both cases. Increasing signal power improves
outage performance for CCUs with minimal negative impact on CEUs. However,
both NOMA and OMA experience performance degradation under Im-N conditions
compared to AWGN. Despite the overall performance degradation in Im-N, NOMA
still achieves higher spectral efficiency than OMA under AWGN conditions, partic-

ularly for SNR values above 15 dB, for the given simulation parameters.

Energy efficiency, defined as the ratio of system throughput to total energy con-
sumed (7)sys = Toys + Fp), is analyzed for both NOMA and OMA systems in Fig. 3.7
under Im-N and AWGN scenarios across different target data rates, where 7, is

system throughput, and P, is transmit power at the PBS [? ]. In the HCN-NOMA
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system, energy efficiency initially increases with rising SNR, reaching a peak at spe-
cific SNR values before declining as SNR continues to increase. This decline occurs
because, in the high SNR regime, the network consumes more power relative to the
achieved system throughput. The analysis shows that energy efficiency peaks at ~
9.1 x107% at —1.0 dB for NOMA and =~ 10.1 x 1073 at —2.0 dB for OMA under the
AWGN scenario. Similar trends are observed under the Im-N scenario, though the
efficiency values are significantly lower (=~ 4.63 x 1073 at 2.0 dB for NOMA and ~
5.06 x 1073 at 1.0 dB for OMA) compared to AWGN. These peaks are noted when
the system targets fixed data rates of 0.2 and 0.1 for CEUs and CCUs, respectively.
NOMA consistently outperforms OMA across the positive SNR spectrum, especially
at higher SNRs, with a slight shift towards higher peak energy efficiency at lower
SNRs for lower target data rates. NOMA outperforms OMA at higher SNRs in the
Im-N scenario (= 5.5 dB) compared to AWGN (=~ 2.35 dB) due to the dominant
noise in Im-N environment requiring higher SNR for better NOMA performance.
In Fig. 3.8, the analysis shows that NOMA significantly outperforms OMA
in terms of SE, with gains of 51%, 45%, 20%, and 7% at transmit SNR levels of
15, 20, 25, and 30 dB under AWGN. However, these gain margins fluctuate with
varying SNRs, reflecting the non-linear impact of OP on system throughput. Under
AWGN, NOMA shows better performance compared to OMA at lower transmit
SNRs due to reduced noise impact, while in the Im-N environment as noise becomes
the dominant factor, NOMA outperforms at higher transmit SNRs, underscoring

the need for operating in higher SNRs under such scenarios.

3.9 Summary

This Chapter compares the impact of Im-N in an HCN downlink NOMA sys-
tem. The findings highlight substantial impact on the outage performance, sys-
tem throughput, and energy efficiency within the HCN-NOMA system, particularly
under different data rate scenarios. Numerical findings show NOMA’s superiority
over OMA, particularly under AWGN as well as Im-N scenario, across a broad SNR
range. The results highlight NOMA’s superior performance in AWGN scenarios,
especially at lower SNRs; however, its effectiveness decreases in Im-N conditions,
underscoring the need for operating in higher SNRs. This analysis emphasizes the

need for careful decision-making in deploying NOMA techniques in HCN under dif-
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ferent noise conditions. CSI precision is critical for NOMA’s SIC, and future work
should examine the impact of imperfect CSI on PPP-distributed users in NOMA
systems, considering both perfect and i-SIC within an HCN, using this study as a
benchmark.

While the preceding analysis confirms NOMA’s robustness even under Im-N,
it raises further questions about the broader implications and comparative trade-
offs with respect to SE, outage behavior, and energy performance. The concluding
chapter distills these findings, offers key insights, and outlines potential directions
for future research in enhancing the resilience and applicability of NOMA-based

systems.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORKS

This chapter presents the findings drawn from the work done in this thesis, as well

as potential avenues for future work.
4.1 Conclusions

Building upon the layered exploration of system impairments and noise environ-
ments in previous chapters, this concluding section synthesizes the major outcomes
and discusses their relevance for future 6G network design and deployment strate-
gies. In this thesis, we presented a comprehensive performance analysis of HCNs
employing NOMA under realistic communication impairments. Two major aspects
were studied in depth: the impact of Im-N and the effects of HI and i-CSI on
NOMA-enabled HCNs.

First, the study addressed the realistic constraints of hardware imperfections
and channel estimation errors. Analytical models were developed to capture the
combined effect of HI and i-CSI on the system performance. Despite the degra-
dation introduced by practical impairments, results confirmed that NOMA retains
substantial performance gains over OMA, especially in terms of outage probability
and system throughput. The findings validate that NOMA remains a viable access
scheme for next-generation wireless networks even under non-ideal hardware and
imperfect CSI conditions.

Secondly, the performance of HCN-NOMA systems operating under impulsive
noise environments was investigated. Using stochastic geometry-based modeling, an-
alytical expressions for key performance metrics such as outage probability, system
throughput, and EE were derived. Comparative results demonstrated that NOMA

consistently outperforms traditional OMA, achieving superior SE and EE across a
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broad range of SNRs. Although Im-N degrades overall system performance com-
pared to AWGN conditions, NOMA maintains a distinct advantage, particularly at
higher SNRs, making it a strong candidate for deployment in industrial and urban
scenarios characterized by impulsive electromagnetic interference.

Overall, the thesis demonstrates that while practical impairments such as Im-N,
hardware distortions, and channel estimation errors can significantly impact sys-
tem performance, NOMA consistently outperforms OMA under various adverse
conditions. These results reinforce the potential of NOMA to meet the stringent
requirements of future 6G networks in terms of high spectral efficiency, massive con-
nectivity, and EE. Future work may extend this study by exploring robust power
control, advanced SIC techniques, and machine learning-based solutions for adaptive

resource allocation in realistic HCN-NOMA deployments.

4.2 Future Works

Building on the findings of this study, several promising directions for future research

are outlined:

e Integration of HIs and Im-N: A natural extension would be to jointly
analyze the combined effect of HI, i-CSI, and Im-N on the performance of
HCN-NOMA systems. This would provide a more realistic evaluation under

practical deployment conditions.

e Advanced SIC Techniques under Im-N: Future work can focus on devel-
oping advanced or adaptive SIC algorithms that are robust to the presence of

Im-N and i-CSI, thereby enhancing the reliability of NOMA communications.

e Energy Harvesting and SWIPT-enabled HCNs: Integrating energy har-
vesting and SWIPT mechanisms into HCN-NOMA systems under HI, i-CSI,
and Im-N scenarios could enable sustainable network operation, especially in

[oT applications.

e IRS-assisted HCN-NOMA under Practical Impairments: Intelligent
reflecting surfaces (IRS) can be investigated as a tool to enhance the perfor-
mance of HCN-NOMA systems under hardware impairments, imperfect CSI,

and impulsive noise environments.
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¢ Dynamic Power Allocation Strategies: The development of dynamic and
adaptive power control strategies that consider real-time noise characteristics

and HI metrics can further optimize system throughput and reliability.

e Impact of i-CSI and SIC in Im-N Environments: Investigating the
impact of i-CSI and SIC on NOMA-enabled HCNs operating under Im-N en-
vironments would provide deeper insights into practical system performance

limits.

e Modeling with Repulsive Point Processes: Instead of using the tradi-
tional PPP, future research can explore repulsive models such as the RPP
to better capture spatial user and base station distributions and to reduce

interference in dense deployments.
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