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Abstract

The rapid expansion of wireless communication systems has ushered in
a new era marked by soaring demands for faster data rates, reduced la-
tency, and improved spectral efficiency. To meet these demands, the Non-
Orthogonal Multiple Access (NOMA) system has emerged as a game-changing
technology. NOMA enables multiple users to share the same time-frequency
resources, significantly enhancing system capacity and efficiency. Within
NOMA, the power domain (PD-NOMA), where users share resources with
different power allocation coefficients, has attracted particular interest. This
approach employs successive interference canceler (SIC) to mitigate interfer-
ence and has great potential for applications in 5G and beyond, leading to
extensive research on its achievable rates and outage probabilities.

In real communication systems, transceivers play a pivotal role by facil-
itating both the transmission and reception of signals. However, due to the
intricate nature of their internal components and the inherent complexity
of the manufacturing process, it is quite common for transceivers to exhibit
hardware imperfections and non-ideal behavior. Several contributing factors
give rise to this non-ideal operation, particularly in radio frequency (RF)
transceivers. These hardware impairments (HWI) manifest across various
stages of the transceiver’s operation, non-linear behavior in high-power am-
plifiers, the presence of phase noise, and imbalances in the in-phase and
quadrature (I/Q) components within the RF front-end.

The motivation for our research stems from two primary concerns: NOMA
and HWI. Our work is driven by the objective of exploring and understanding
the performance such as capacity, outage probability (OP), ergodic capacity
(EC), and bit error rate (EC) of NOMA systems operating in the presence
of HWI. This research seeks to provide realistic conditions, where hardware
imperfections can significantly impact the system’s overall efficiency and re-
liability. By addressing these critical issues, our study aims to contribute to
the enhancement of NOMA-based communication systems and their practi-
cal implementation in a range of applications.

In the initial segment of this thesis, we delve into the impact of HWI
and IQI on conventional NOMA systems. Our analysis assumes that users
communicate directly with the source, and we focus on deriving mathemat-
ical expressions to quantify these effects over a Rayleigh fading channel. To
validate the accuracy of our findings, we conduct comprehensive computer
simulations.
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Subsequently, we explore the synergistic potential of combining NOMA
with cooperative communication techniques to enhance spectral efficiency.
This novel approach, known as Cooperative NOMA (CNOMA), represents a
promising avenue for improving the performance of wireless communication
systems.

In CNOMA, we consider two distinct concepts: CNOMA without the
presence of direct links and CNOMA with direct links between users. In
both scenarios, we investigate the influence of various hardware impairments,
including HWI and IQI, on critical performance metrics such as BER, OP,
and EC. By systematically examining these metrics in the presence of hard-
ware imperfections, we aim to gain a comprehensive understanding of how
CNOMA can thrive in real-world conditions, ultimately contributing valu-
able insights to the field of wireless communications.

Finally, the thesis concludes by delving into a comprehensive discussion
of the results obtained. It not only highlights the opportunities and chal-
lenges revealed but also offers valuable insights that can shape the direction
of future research endeavors in this field.

Keywords: Bit error rate (BER), Ergodic capacity (EC), Hardware im-
pairment (HWI), Imperfect channel state information (ipCSI), Imperfect suc-
cessive interference canceler (ipSIC), In-phase and quadrature-phase imbal-
ance (IQI), Non-orthogonal multiple access (NOMA), and Outage probability
(OP).
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Résumé

L’expansion rapide des systèmes de communication sans fil a ouvert une
nouvelle ère marquée par une demande croissante de débits de données plus
rapides, de latence réduite et d’efficacité spectrale améliorée. Pour répondre
à ces exigences, le système d’accès multiple non orthogonal (NOMA) est
apparu comme une technologie révolutionnaire. NOMA permet à plusieurs
utilisateurs de partager les mêmes ressources temps-fréquence, améliorant
ainsi considérablement la capacité et l’efficacité du système. Dans le cadre de
NOMA, le domaine de puissance (PD)-NOMA, où les utilisateurs partagent
des ressources avec des coefficients d’allocation de puissance différents, suscite
un intérêt particulier. Cette approche utilise un annulateur d’interférences
successives (SIC) pour atténuer les interférences et présente un potentiel
considérable pour les applications en 5G et au-delà, ce qui a conduit à des
recherches approfondies sur ses taux réalisables et ses probabilités de panne.

Dans les systèmes de communication réels, les émetteurs-récepteurs jouent
un rôle central en facilitant à la fois la transmission et la réception des si-
gnaux. Cependant, en raison de la nature complexe de leurs composants
internes et de la complexité inhérente au processus de fabrication, il est assez
courant que les émetteurs-récepteurs présentent des imperfections matérielles
et un comportement non idéal. Plusieurs facteurs contributifs donnent lieu
à cette opération non idéale, notamment dans les émetteurs-récepteurs ra-
diofréquence (RF). Ces altérations matérielles (HWI) se manifestent à des
étapes différentes de l’opération de l’émetteur-récepteur, telles que le com-
portement non linéaire dans les amplificateurs haute puissance, la présence
de bruit de phase, et les déséquilibres entre les composantes en phase et en
quadrature (I/Q) dans la partie RF.

La motivation de notre recherche découle de deux aspects principales :
NOMA et HWI. Notre travail est guidé par l’objectif d’explorer et de com-
prendre les performances telles que la capacité, la probabilité d’indisponibi-
lité (OP), la capacité ergodique (EC) et le taux d’erreur binaire (EC) des
systèmes NOMA fonctionnant en présence de HWI. Cette recherche vise à
fournir des conditions réalistes, où les imperfections matérielles peuvent avoir
un impact significatif sur l’efficacité et la fiabilité globales du système. En
abordant ces questions cruciales, notre étude vise à contribuer à l’amélioration
des systèmes de communication basés sur NOMA et à leur mise en œuvre
pratique dans diverses applications.

Dans la première partie de cette thèse, nous explorons l’impact des imper-
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fections matérielles (HWI) et de l’imbalance en phase et en quadrature (IQI)
sur les systèmes NOMA conventionnels. Notre analyse suppose que les utilisa-
teurs communiquent directement avec la source, et nous nous concentrons sur
l’élaboration d’expressions mathématiques pour quantifier ces effets sur un
canal de propagation de Rayleigh. Pour valider la précision de nos résultats,
nous menons des simulations informatiques approfondies.

Par la suite, nous explorons le potentiel synergique de la combinaison de
NOMA avec des techniques de communication coopérative pour améliorer
l’efficacité spectrale. Cette approche novatrice, connue sous le nom de Co-
operative NOMA (CNOMA), représente une voie prometteuse pour améliorer
les performances des systèmes de communication sans fil.

Dans le cadre du CNOMA, nous considérons deux concepts distincts : le
CNOMA sans la présence de liaisons directes et le CNOMA avec des liaisons
directes entre les utilisateurs. Dans les deux scénarios, nous étudions l’in-
fluence de diverses imperfections matérielles, notamment les HWI et les IQI,
sur des métriques de performance critiques telles que le BER, l’OP et l’EC.
En examinant systématiquement ces métriques en présence d’imperfections
matérielles, notre objectif est de comprendre de manière globale comment
le CNOMA peut prospérer dans des conditions du monde réel, contribuant
ainsi à des informations précieuses dans le domaine des communications sans
fil.

Enfin, la thèse se conclut en approfondissant une discussion complète des
résultats obtenus. Elle met en lumière non seulement les opportunités et les
défis révélés, mais offre également des connaissances précieuses qui peuvent
orienter la direction des futures recherches dans ce domaine.

Mots-clés : Taux d’erreur binaire (BER), Capacité ergodique (EC),
Altération matérielle (HWI), Information d’état de canal imparfaite (ipCSI),
Annulateur d’interférences successives imparfait (ipSIC), Déséquilibre en phase
et en quadrature (IQI), Accès multiple non orthogonal (NOMA) et Probabi-
lité de panne (OP).
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General introduction

The progression of communication technology, beginning with conventional analog phone
calls to the current 5G era, has been driven by the necessity to address the unique technolog-
ical requirements of each successive generation. In the present context, with the emergence
of 5G technology, the primary aim is to establish an extensively interconnected society that
highly values rapid data transmission speeds and minimal network latency. The main factor
in this evolution is the growth in the utilization of the mobile Internet and the Internet of
Things (IoT), which require a higher level of data transfer rates. Additionally, 5G provides
the basis for the seamless integration of IoT devices, augmented security measures, and pro-
tocols to safeguard privacy. As the deployment of 5G progresses, researchers are concurrently
exploring the possibilities presented by 6G technology, highlighting a persistent dedication
to meeting the demands of an interconnected world powered by data [1, 2].

Within a cellular network’s framework, the fundamental connection is established using
radio access technology, operationalized through a network module recognized as the radio
access network (RAN). The RAN employs a specific channel access method to establish con-
nections between mobile devices and the core network. A crucial factor in enhancing system
capacity is the effective design of a multiple access (MA) technique. These techniques can be
classified into orthogonal and non-orthogonal approaches. Orthogonal multiple access (OMA)
techniques revolve around the allocation of resources in an orthogonal manner to serve mul-
tiple users. These techniques encompass a range of strategies, including frequency-division
multiple access (FDMA), time-division multiple access (TDMA), code-division multiple ac-
cess (CDMA), and orthogonal frequency-division multiple access (OFDMA). In an OMA
framework, the allocation of resources orthogonalizes communication, minimizing intra-cell
interference. As a result, the retrieval of information from multiple users becomes streamlined
with reduced complexity. However, it’s crucial to serve several users in the OMA system due
to a limited number of orthogonal resources [3, 4].
On the other hand, Non-orthogonal multiple access (NOMA) introduces the concept of inter-
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General introduction

user interference within resource allocation, enabling multiple users to be accommodated
using a shared resource block. To counteract the impact of this interference, techniques
like successive interference canceler (SIC) are employed, aiming to mitigate and manage
the overlapping transmissions effectively [5]. In this regard, the NOMA has the capacity
to substantially enhance spectral efficiency, achieve high throughput at the cell edges, re-
duce reliance on detailed channel feedback, and minimize transmission latency. As a result,
NOMA emerges as a technology that can greatly enhance the capacity of wireless networks
by accommodating a substantially higher quantity of connected devices.

However, In communication systems, transceivers play a crucial role in both transmitting
and receiving signals. However, due to the intricate nature of their internal components
and the complexity of the manufacturing process, it’s common for transceivers to exhibit
hardware imperfections and non-ideal behavior. Several factors contribute to the non-ideal
operation of radio frequency (RF) transceivers. These hardware impairments manifest across
various stages, including the analog-to-digital converters’ imperfections, non-linear behavior
in high-power amplifiers, the presence of phase noise, and imbalances in the in-phase and
quadrature (I/Q) components within the RF front-end. Collectively, these impairments sig-
nificantly impact the overall system performance and can result in signal distortion, posing
challenges for signal processing [6].

This thesis focuses on the impact of HWIs on NOMA systems stems from the increas-
ing demand for high-efficiency communication solutions. NOMA has emerged as a powerful
contender due to its exceptional spectral efficiency and capacity to support a multitude of con-
nections simultaneously. However, the real-world deployment of NOMA systems introduces
the complexity of hardware imperfections that can disrupt their envisioned advantages. Un-
derstanding these impacts is essential to ensuring that the promises of NOMA are effectively
realized in practical applications. By comprehensively evaluating how noise, nonlinearities,
imbalances, and other hardware-related issues influence NOMA’s performance, we can de-
velop strategies to mitigate these challenges and enhance the robustness and reliability of
NOMA systems. Ultimately, this exploration is integral to harnessing the full potential of
NOMA and advancing its contribution to next-generation communication networks.

The structure of the manuscript is organized into six chapters, each addressing distinct
aspects of the topic:
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Chapter 1 serves as a foundational introduction to the conventional Non-Orthogonal Mul-
tiple Access (NOMA) system, encompassing both its downlink and uplink configurations.
However, the desire for extensive mobility and broader coverage prompts the introduction of
cooperative communication. This integration leads to a comprehensive study of cooperative
NOMA (CNOMA) in both downlink and uplink contexts, aiming to enhance the system’s
capabilities. Yet, a prevalent oversight in many analyses involves assuming ideal transmitter-
receiver hardware structures, a representation that doesn’t align with the practical realities
of transceiver operations. In practical applications, these devices commonly suffer from hard-
ware impairments, notably including issues like In-phase Quadrature-phase Imbalance (IQI),
Phase Noise (PHN), and High Power Amplifier (HPA) imperfections. These imperfections
play a significant role in affecting the overall performance of the system but are often disre-
garded in theoretical models, despite their ubiquitous presence in real-world transceivers.

Chapter 2 marks our initial investigation into the impact of Hardware Impairments (HWI)
on downlink and uplink NOMA systems, specifically over the Rayleigh fading channel. The
first section of this chapter focuses on evaluating the downlink NOMA system’s performance
in the presence of both HWI and imperfect channel state information (ipCSI). Our exami-
nation encompasses crucial metrics like outage probability (OP), ergodic capacity (EC), and
bit error rate (BER) within this context. Additionally, the second section delves into the
uplink NOMA system’s behavior under the influence of HWI and ipCSI, concentrating on
the implications for both OP and EC. To start, we initially derive the received signal of the
NOMA network, considering both near and far users, accounting for the presence of HWI and
ipCSI. Following this, we derive the expression for the signal-to-interference-plus-noise ratio
(SINR) of the system. Furthermore, we develop precise closed-form expressions for both the
OP, EC, and BER of users in the downlink NOMA network. Thereafter, the expressions of
the OP and EC for the uplink NOMA for both users. This analysis extends to thoroughly
investigating the effects of HWI and ipCSI, incorporating different power allocation schemes.
To validate the accuracy of these derived expressions, we present simulation results that
demonstrate the performance of the NOMA system under the influence of HWI and ipCSI,
confirming the reliability and effectiveness of our analytical findings.

Chapter 3 marks our second significant contribution, delving into the impact of In-phase
Quadrature-phase Imbalance (IQI) on both the uplink and downlink aspects of direct Non-
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Orthogonal Multiple Access (NOMA). Here, we meticulously examine practical scenarios
involving transmitter IQI (TX IQI), receiver IQI (RX IQI), and the combined TX/RX IQI
scenario. Our analysis delves into the evaluation of IQI implications in the context of NOMA,
particularly focusing on OP and EC. The primary contribution of this investigation unfolds
in three sequential steps. Firstly, we introduce the presence of IQI impairments affecting
the transmitter, receiver, and both components. Secondly, we provide the SNIR for each
individual case, delineating the impact of IQI on the performance of the downlink and up-
link NOMA system. Lastly, we derive the OP of the considered system and complement
our analysis by evaluating its performance through simulations, ensuring a comprehensive
understanding of the effects of IQI on the NOMA framework.

Chapter 4 marks our third significant contribution, delving deeply into the impact of
Hardware Impairments (HWI) in cooperative downlink NOMA systems. This investigation
covers a range of scenarios, including downlink NOMA, cooperative NOMA without a di-
rect link, and with a direct NOMA link. We meticulously analyze the effects of imperfect
successive interference canceller (ipSIC) and ipCSI at transceivers. Our main focus is on
detailing OP and BER expressions in downlink NOMA across varied scenarios, considering
the practical constraints posed by HWI, ipCSI, and ipSIC and their combined effect on sys-
tem performance. Additionally, this chapter contributes to a comprehensive understanding
of system behavior in diverse conditions, offering insights into how HWIs influence the re-
liability and efficiency of cooperative downlink NOMA systems. Our emphasis on OP and
BER highlights both the challenges and opportunities for implementation, aligning theoret-
ical concepts with practical implications.

Chapter 5 introduces an extensive analysis of the impact of IQI on cooperative NOMA
systems with a direct link. Employing the Maximum Ratio Combining (MRC) method to
merge signals from both the direct and cooperative links, we aim to understand how IQI
influences system performance, specifically in terms of OP and throughput metrics. This
study also incorporates considerations of ipCSI to add a layer of realism. Our comprehen-
sive exploration involves deriving end-to-end (e2e) OP and throughput metrics under the
influence of IQI and ipCSI. Moreover, we delve into a comparison between our model and
conventional NOMA, particularly examining the impact of factors like Image Rejection Ra-
tio (IRR) and power allocation on the system’s performance. Recognizing the significance
of relay distance in affecting user performance, we further evaluate how this distance in-
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fluences CNOMA performance in the presence of IQI and ipCSI. To validate our findings,
comprehensive Monte-Carlo simulations are presented, confirming the accuracy of the derived
expressions.

Chapter 6 represents a crucial exploration into the performance of the Up-link Single-
Input Multiple-Output Cooperative NOMA (SIMO-CNOMA) system over the Rayleigh fad-
ing channel. This segment introduces five key contributions, emphasizing the evaluation
of the system’s OP and throughput metrics. Notably, this analysis stands out for its con-
sideration of often overlooked practical constraints like ipCSI and ipSIC in previous uplink
studies. This chapter meticulously investigates a practical multi-user uplink NOMA scheme
affected by HWI, ipCSI, and ipSIC. Utilizing the Selection Relay (SR) technique and employ-
ing Single-Input Multiple-Output (SIMO) setups, we aim to optimize system performance.
Through the derivation of OP and system throughput metrics, validated by comprehensive
computer simulations, we reveal insights into the impact of HWI and ipCSI parameters on
system performance, particularly in high SNR conditions. Furthermore, our comprehensive
analysis delves into the influence of crucial system parameters—HWI, ipCSI, relay numbers,
and antenna number on the OP and system throughput performance within the considered
schemes. Despite efforts to increase antennas and relays, our findings uncover a limitation
imposed by HWI and ipCSI, resulting in a significant degradation of the system’s perfor-
mance.

In the conclusion section, we summarize the key findings and insights gained throughout
the research. Furthermore, we provide an overview of the potential avenues for future research
in the domain of NOMA. As well as HWIs that warrant attention and exploration in upcoming
studies.
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Chapter 1

An overview of the non orthogonal
multiple access and hardware
impairment

1.1 Introduction

Non-orthogonal multiple access (NOMA) is a promising technology for future wireless net-
works due to its ability to efficiently support massive connectivity. NOMA allows multiple
users to share the same frequency resources simultaneously, departing from traditional or-
thogonal access schemes. This non-orthogonal approach enhances spectral efficiency, a critical
factor in accommodating numerous users within limited frequency bands. NOMA’s potential
to maximize spectrum utilization positions it as a key player in addressing the connectiv-
ity needs of dense network deployments and the growing demand for wireless communication.

The interplay between cooperative communication focused on extensive mobility and wide
coverage, and NOMA, designed to boost spectral efficiency in upcoming wireless networks,
has become a subject of considerable attention. The combination and mutual influence of
these two fundamental physical layer techniques hold significant promise and have therefore
attracted substantial interest in the realm of wireless network advancements.

On the other hand, H hardware impairment (HWI) is a critical consideration in the field of
communication systems and technology. It encompasses a wide range of factors and challenges
that can significantly impact the quality and reliability of these systems. These impairments
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can arise from various sources, including components like transmitters, receivers, amplifiers,
and the characteristics of communication channels. Understanding HWI is essential because
it plays a fundamental role in determining the overall performance and resilience of commu-
nication technologies in today’s complex and demanding communication environments.

In this chapter, we will provide a thorough exploration of NOMA, CNOMA and si-
multaneously investigate the diverse aspects of HWI that have a significant impact on the
performance of communication systems.

1.2 Direct NOMA system

1.2.1 Code-domain NOMA

Code-domain NOMA (CD-NOMA) is a multiple-access technique that allows multiple users
to share the same frequency band simultaneously. It uses user-specific spreading sequences
(either sparse sequences or non-orthogonal cross-correlation sequences of the low correlation
coefficient) to separate signals in the frequency domain. The receiver performs successive
interference cancellations to separate and decode the different signals. This allows for an
increased number of users and higher spectral efficiency compared to traditional multiple-
access techniques [1, 7].

1.2.2 Power-domain NOMA

Power-domain NOMA (PD-NOMA) superposes multiple users in the power domain and
exploits the channel gain difference between the multiplexed users. At the transmitter, the
signals from various users are superposed and transmitted over the same channels (time-
frequency resources). At the receiver, multiuser detection algorithms, such as successive
interference cancellation (SIC), are used to detect the desired signals. The receiver first
decodes the signal with the highest power level and then cancels the interference from that
signal to decode the next signal with the lower power level [8, 1, 9].

1.2.3 Downlink PD-NOMA

To clarify the concept of NOMA, we can use an example of a downlink transmission involving
users, as illustrated in Fig. 1.1. The base station (BS) can simultaneously serve the users
using the same time, code, or frequency resources, but with varying power levels. The BS
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Figure 1.1: System model of downlink NOMA.

will transmit a composite signal that contains two distinct messages for each user, respec-
tively. In conventional schemes, NOMA allocates more transmission power to users with poor
channel conditions, specifically to the user with the weaker channel condition. This enables
the weaker user to detect its message directly by treating the other user’s information as
noise. Meanwhile, the user with the stronger channel condition in NOMA needs to detect
their partner’s message first, subtract it from their received signal, and then decode their
information using successive interference cancellation (SIC) [8, 10]. The received signal at
the users can be represented as:

yi = hi
√
PsSC + n, (1.1)

where Ps is the transmit power of the Base station (BS), SC =
J∑
i=1

√
αixi is the superim-

posed coding signal transmitted by the BS with different αi power allocation (PA) coefficient
according to the channel gain E|h2| > E|h1| with PJ < PJ−1, xi is the message for users and
n is the additive white Gaussian noise (AWGN) with zero mean and variance N0 [9].

1.2.4 Uplink PD-NOMA

In uplink NOMA transmission, multiple users transmit their own uplink signals to the base
station (BS) in the same resource block (RB). Unlike in downlink NOMA, where different
transmit power levels are assigned to different users, in uplink NOMA, the transmit power
levels of users are determined by their channel conditions. This means that users with better
channel conditions may transmit at higher power levels, while users with weaker channel

University of El-Oued: 2023 8



Chapter 1: An overview of the non-orthogonal multiple access and hardware impairment

Figure 1.2: System model of uplink NOMA.

conditions transmit at lower power levels [11]. As shown in Fig. 1.2, the SIC is carried out at
the base station (BS) to detect the signals from multiple users. it starts with the detection
of the signal from the strongest user U1, treating the signal from the other user as interference.

Once the signal from the User is detected and decoded, the BS re-modulates the recovered
signal and subtracts the interference imposed by the strong User from the received signal to
detect the signal from the weaker user. This process continues iteratively, with the BS de-
tecting and canceling the signals of stronger users to improve the detection performance of
weaker users [9]. In the uplink NOMA scenario, the received signal at the BS can be given as:

yi =
J∑
i=1

hi
√
αixi + n. (1.2)

1.3 Cooperative NOMA

Cooperative communication aims to provide extensive mobility and wide coverage, while
NOMA is designed to enhance spectral efficiency in future wireless networks. Consequently,
the interplay between these two fundamental physical layer techniques has garnered signifi-
cant attention. Within Cooperative NOMA (CNOMA) schemes, two distinct configurations
exist: In the first one, the relay nodes play a crucial role in enhancing critical performance
indicators. In the second, the relay nodes are primarily utilized to extend network coverage.
However, the majority of literature focuses on the latter configuration, where direct links are
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obstructed by various obstacles or impediments.
Cooperative communication, distinct from typical point-to-point communication, employs
relays that actively participate in transmitting and receiving signals for multiple devices,
whether they are dedicated or utilize inactive network users. This approach is categorized
into two key concepts: amplify-and-forward (AF) and decode-and-forward (DF) [12].

1.3.1 Downlink CNOMA

Figure 1.3: System model of downlink CNOMA.

we consider a downlink CNOMA which consists of BS, DF relay, and users as demon-
strated in Fig. 1.3. In the first phase The BS employs SC and sends the combined symbols
of multiple users over the same resource block, as the downlink NOMA approach. The signal
received by users during the initial phase is represented as follows:

yr = hr
√
PsSC + n, (1.3)

where hr is the channel coefficient between the BS and relay.

During the second phase, the relay node re-encodes and combines the signals of all users
into a new SC signal, mirroring the base station’s approach, and subsequently transmits it
to the users at its power level. Then, the relay forwards it by its power to the users. The
received signal at the users can be presented as:

yi =
√
PrXSC hi + n, i = 1, 2, 3, ..., j, (1.4)
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where hi is the channel coefficient between the relay and ith users, Pr is the transmit power
of the relay node.

1.3.2 Uplink CNOMA

Fig 1.4 represents an uplink CNOMA which consists of a BS, DF relay, and users. In the
first phase, the users transmit their signals simultaneously to the relay. Then, the received
signal at the relay can be given as:

yr =
√
Pt

j∑
i=1

(hi
√
αixi) + n, k = 1, 2, 3, ..., i. (1.5)

where xi and hi are the transmit signal and the channel coefficient from the users to relay,
respectively.

Figure 1.4: System model of Uplink CNOMA.

1.4 RF Analog Impairments

Radio-frequency (RF) equipment is a critical component in the vast network of intercon-
nected devices that allow communication between individual devices and their base stations
(BS). Direct conversion transceivers are becoming a solution for RF front-end design due to
their ability to meet stringent design goals such as low cost, low power dissipation, improved
efficiency, and performance. Direct conversion transceivers provide these benefits by reducing
the overall complexity of the system, reducing noise, and enabling digital signal processing
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of the baseband signals. The use of direct conversion transceivers enhances the performance
and efficiency of RF equipment by improving communication in the massive network of in-
terconnected devices [13].

Figure 1.5: Block diagram of communication transceiver.

A generic wireless transceiver is depicted in Fig. 1.5 and is composed of three key blocks: the
analog block, the digital block, and their interface [14, 15]. The analog block represents the
RF front-end of the transmitter (TX) and receiver (RX) and typically includes components
such as the antenna array, the TX power amplifier, the RX low noise amplifier, and possible
mixers and filters. The digital block includes all baseband signal processing, including tasks
such as coding, interleaving, and modulation at the transmitter, as well as diversity manage-
ment, synchronization, and decoding at the receiver. The interface between these two blocks
is accomplished through the use of a digital-to-analog converter (DAC) and an analog-to-
digital converter (ADC), which perform the necessary mapping between signals and symbols
in each domain [16].
Non-idealities in electronic devices can cause deviations from expected behavior such as tem-
perature fluctuations, pressure, and component mismatches which impact the performance
of the system. In communication systems, these deviations can manifest as hardware im-
pairments such as high-power amplifier (HPA) [17], in-phase and quadrature imbalance (IQI)
[18], and phase noise (PN) [19]. These impairments can reduce the quality and reliability of
the communication signal, leading to decreased system performance [20].
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1.4.1 Hardware Impairment

In the studies of wireless communication, the assumption of ideal transmitter-receiver hard-
ware structures is frequently made, despite the fact that this is often unrealistic in practical
applications. In reality, hardware impairments are commonly present as in Fig. 1.6 in
transceivers, such as IQI, PHN, and HPA imperfections. These non-ideal characteristics are
a significant contributing factor to the performance degradation observed in wireless com-
munications [21]. Such impairment can cause [22].

Figure 1.6: (a) Transmission bloc with ideal hardware (b) Transmission bloc with non-ideal
hardware.

• a difference between the originally transmitted signal and the signal received.

• Distort the received signal during the processing of detection.

In an ideal scenario, the received signal can be modeled as:

y = hx+ n, (1.6)

where h, x, n are statistically independent referring to channel coefficient, transmit signal,
and AWGN. However, the transceiver hardware impairment is defined using a generalized
channel model that creates distortion noises added at both the transmitter and receiver sides.
The received signal considering the nonideal hardware can be presented as [23]:

y = h(x+ ηt) + ηr + n, (1.7)
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where ηt and ηr are the independent distortion noise parameters at the transmitter and re-
ceiver, respectively. The distortion noises are given as [24, 25]:

ηt ∼ CN (0, k2
tP ), ηr ∼ CN (0, k2

rP ), (1.8)

where P is the total transmitted power, kt and kr represent the level of impairment at the
transmitter and receiver, respectively. Then, (1.7) can be characterized as:

y = h(x+ η) + n, (1.9)

where η is the independent distortion noise at the transceiver with

η ∼ CN (0, k2P ), (1.10)

k2 is the HWI level at the transceiver. The overall impact of the HWI transceiver can be
characterized as in [22] by

k =
√
k2
t + k2

r . (1.11)

1.4.2 In-phase and quadrature-phase imbalance

A major source of impairments in wireless communication systems is a mismatch between
the in-phase (I) and quadrature-phase (Q) branches, or equivalently between the real and
imaginary parts of the complex signal at both transmitter (up-conversion) and receiver (down-
conversion) [26, 27, 28].

Model (IQI)
In the up and down-conversion process of the transceiver, the incoming signal in the I-path is
mixed with a local oscillator at the carrier frequency, while the Q-path signal is mixed with a
local oscillator that has a 90-degree phase shift. Ideally, the I and Q paths should be perfectly
matched, but in reality, this is not the case. Imperfections in the hardware components or
manufacturing processes can result in differences between the two paths, causing I and Q
imbalance [29]. Fig. 1.7 presents the transmitter and receiver IQI. Thus the phase and/or
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Figure 1.7: IQI models for transceiver.

amplitude imbalance between the phase and phase branches is modeled as:

xIQI = µt/rS + νt/rS
∗. (1.12)

where S is the baseband transmit signal, ∗ is the conjugation, µt/r and νt/r are the IQI coef-
ficients at the TX/RX respectively, We can see that in the absence of IQI, µt=µr= 1 and
νt=νr= 0. The parameter IQI is expressed as: [30]

µt = 1
2(1 + ξt exp(jΥt)),

νt = 1
2(1 − ξt exp(−jΥt)),

µr = 1
2(1 + ξr exp(−jΥr)),

νr = 1
2(1 − ξr exp(jΥr)),

(1.13)

with ξt/r and Υt/r are the gain and the phase imbalances levels and j is the unit of the imag-
inary j =

√
−1. The received signal in the presence of IQI in both transmitter and receiver

can be presented as:

yIQI = µr(h̃(µtS + νtS
∗) + n) + νr(h̃(µtS + νtS

∗) + n)∗. (1.14)
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1.4.3 Phase noise effects

Phase noise should be carefully considered in the design of communication and other systems
that rely on stable, accurate oscillators. The phase noise of the local oscillators at both
the transmitter and receiver can have a significant impact on the performance of the system.
Phase noise is a random process caused by fluctuations in the frequency of the local oscillator
(LO). These fluctuations result in undesired variations in the amplitude and frequency of the
signal, causing phase noise distortion [31].

The phase noise is popularly modeled as Wiener–Levy (random walk) process (from one
symbol to another), and the process can be given as:

ϕm = ϕm−1 + ωm (1.15)

where ωm is denoted as the walk’s step size and is represented by a zero-mean Gaussian
random variable with a variance of 2ΠβT [32].

The power spectrum of an ideal oscillator would exhibit a precise, impulse-like shape
at the intended frequency. Nevertheless, in the presence of phase noise in the system, the
spectrum becomes broader and takes on a Lorentzian shape. The characterization of phase
noise is determined by the ratio of the peak carrier signal to the noise at a specific offset from
the carrier, as depicted in Figure 1.18

Figure 1.8: Spectra of ideal and practical oscillators, demonstrating the impact of phase
noise.
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1.4.4 Nonlinear power amplifier

The power amplifier (PA) is a critical component of a transmitter in a wireless communica-
tion system. Its main function is to boost the signal level from the low-power stage of the
transmitter to the level required for successful transmission to the receiver. Ideally, the PA
should have a linear input-output relationship, meaning that the output signal is a precise
representation of the input signal. However, in practice, all power amplifiers have some level
of non-linearity, which causes non-linear distortion in the output signal. This distortion can
have a significant impact on the system’s performance and overall quality of communication
[33, 29].

The system-level depiction outlines the attributes of the amplifier, with a focus on a mem-
oryless nonlinearity assumption. This implies that the Power Amplifier’s (PA) output signal
only relies on the current input signal. The inherent nature of the PA involves a dependence
on amplitude, signifying that the distortion is directly influenced by the amplitude of the
input signal. The characterization of a memoryless PA model involves assessing amplitude-to-
amplitude distortions (AM-AM) (amplitude to amplitude)and amplitude-to-phase distortions
(AM-PM) (amplitude to phase).

Typically, AM/AM and AM/PM curves are used to model the distortion of the PA, the
output of the PA can be given as:

yPA = AM(A(t)) exp(j[φ(t) + PM(A(t))], (1.16)

where AM(A(t)) is the amplitude-to-amplitude (AM-AM) representing the PA output am-
plitude as a function of the input signal amplitude and PM(A(t)) is the amplitude-to-phase
(AM-PM) representing the PA output phase as a function of the input signal amplitude.
The AM/AM results in amplitude distortion, while the AM/PM causes a phase shift in the
output signal [34].

Initially, Figure 1.9 illustrates the characteristic and definition of the PA operation point.
It is evident that at lower input power levels, the output power of PA demonstrates near
linearity in relation to the input power. However, as the input power rises, the AM/AM of
the PA curve progressively exhibits more nonlinearity. Eventually, when the input power no
longer influences a change in output power, the amplifier reaches its saturation point [29].
Several parameters are used to describe the efficiency of a power amplifier [16], including:
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Figure 1.9: Input/output characteristic of PA.

Input Back-Off (IBO): It is a measure of the difference between the input saturation
power and the input average power and provides information about the operating point of
the power amplifier and its utilization efficiency

Output Back-Off (OBO): refers to the difference between the output saturation power
and the output average power of the power amplifier. It provides information about the
output power of the power amplifier and how efficiently it is being utilized.

1.4.4.1 PA Performance Parameters

The PA is defined by certain parameters that describe its performance.

1. Output power: It is an important metric that determines the overall performance of
the amplifier and its ability to drive the load effectively. The output power is usually
specified at a particular load impedance (RL) and is a key factor in determining the
maximum signal strength that can be delivered to the antenna in a wireless commu-
nication system. The output power also affects the amplifier’s efficiency, linearity, and
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stability [35, 36].

2. Peak-to-Average Power Ratio (PAPR): The average power (Po, avg) of an am-
plifier is defined as the average of its instantaneous output power over one modulation
period. Meanwhile, peak output power (Po, peak) refers to the maximum power deliv-
ered to a load within the desired frequency band. The Peak-to-Average Power Ratio
(PAPR) is a metric that quantifies the variability of the amplifier’s output power, and
it is determined by dividing the peak output power by the average output power and
expressing the result in decibels (dB) as follows:

PAPR = 10 log 10(Po, peak)
(Po, avg) . (1.17)

A high PAPR can cause various issues in wireless communication and broadcasting
systems, such as increased power handling requirements, reduced system efficiency,
and signal distortion [37, 38].

3. P1dB point: The P1dB is a measure of the linearity of an amplifier. It refers to the
input power level at which the output power starts to deviate from a linear relationship
by 1 dB, indicating the start of compression of the input signal. The P1dB point is an
important specification for amplifiers, as it provides information on the maximum input
power the amplifier can handle without significant distortion. The higher the P1dB
point, the more input power the amplifier can handle before output power deviates
from linearity [39].

4. The Adjacent Channel Power Ratio: The Adjacent Channel Power Ratio (ACPR)
is a performance metric used to quantify the amount of energy that leaks into adjacent
frequency channels as a result of nonlinearity in a Power Amplifier (PA). It is expressed
as the ratio of power in the desired signal to the power in the adjacent channel con-
taminated by intermodulation products. The Adjacent Channel Power Ratio (ACPR)
is calculated as the ratio of the power that leaks into adjacent channels from the main
channel to the root-mean-squared (rms) power of the main channel signal [35].

1.4.5 ADC/DAC impairment

The Analog-to-Digital Converter (ADC) and Digital-to-Analog Converter (DAC) serve as
the boundary between the analog and digital domains. A standard ADC is composed of a
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sampler and a quantizer, with the sampling rate standing out as a key attribute. A limitation
arises in meeting the sampling rate criteria, necessitating that the signal bandwidth before
ADC remains below half of the sampling rate, as dictated by the Nyquist theorem

fs ≥ 2fmax (1.18)

where fmax and fs are maximum frequency and the sampling rate.
To prevent aliasing, the signal undergoes low-pass filtering, also known as anti-aliasing fil-
tering. This process involves removing high-frequency components, effectively limiting the
signal bandwidth before sampling.

After the proper sampling of the analog signal, the quantizer transforms these discrete
samples into bits, with the word length determining the resolution of (ADC) and influencing
quantization error. Each additional bit contributes a 6 dB increase in dynamic range to the
receiver. Besides quantization noise, the performance of ADCs is impacted by distortions
arising from static and dynamic nonlinearity features [32].
The structure of a generalized DAC includes a DAC register, a resistor string, and subsequent
output buffer amplifier blocks [40]. In a standard DAC, bits are transformed into a sequence of
impulses, which are subsequently handled by a reconstruction filter using some interpolation
method to interpolate data between these impulses. Much like ADCs, the key attributes
of DACs encompass resolution, maximum sampling rate, monotonicity, dynamic range, and
phase distortion. examining a system that transforms an N-bit digital number into an analog
signal with a range spanning from Vmin to Vmax, we can express the resolution v as follows:

V = Vmax − Vmin
2N − 1 (1.19)

where 2N is the number of levels in the system

1.4.6 Thermal noise

Thermal noise arises from the stochastic movement of free electrons within a conductor,
induced by thermal agitation and directly correlated with the conductor’s temperature. This
random electron motion gives rise to fluctuating currents, resulting in the manifestation of a
random noise voltage across the terminals of the conductor. This phenomenon is prevalent in
various electrical components, including resistors, capacitors, inductors, and transistors, as
it stems from the thermal excitement of electrons in conductive materials. The intensity of
the noise power is contingent upon both the temperature and the bandwidth of the system.
The thermal noise is quantified through its average power, denoted as Pave,

Pavg = 4KTB (1.20)
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where (T ) is temperature of the conductor and (B) is the frequency bandwidth considered
in the measurement, K is Boltzmann’s constant with K = 1.3 × 1023J/K [41, 32].
The thermal noise distribution exhibits a Gaussian nature, and its spectrum is independent
of frequency.

1.5 Conclusion

In this chapter, we delved into the foundational aspects of NOMA and explored its inte-
gration with cooperative communication. Additionally, we investigated the various types
of Hardware Impairment (HWI). Our exploration began with the definition of NOMA and
CNOMA, followed by a comprehensive examination of different facets of the NOMA system,
including its diverse links. Moreover, we conducted a detailed analysis of various HWI types,
highlighting their potential challenges to communication system quality and reliability.

In the next chapter, we will investigate the critical influence of HWI on the performance
of NOMA.
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Chapter 2

Effect of the Hardware Impairment on
the NOMA system

2.1 Introduction

The increasing demands of mobile internet and the emergence of the Internet of Things
(IoT) require massive connectivity and high spectral efficiency in future wireless networks
5G and beyond. In response to these challenges, non-orthogonal multiple access (NOMA)
has recently been introduced as an effective solution [42]. The principal idea behind NOMA
is that multiple users can share the same source block (frequency/time/code) with different
power allocations based on their channel conditions. At the receiver, successive interfer-
ence cancellation (SIC) is applied to decode the superimposed transmitted signal [1, 43].
Significant attention has been devoted to studying the performance analysis of NOMA in
literature. However, the outage probability of downlink and uplink NOMA communication
with fading channels has been investigated in [44]. Additionally, [45] discussed the funda-
mentals of NOMA and its capacity limits in terms of energy efficiency, spectral efficiency,
and sum capacity. Furthermore, the authors of [46, 47] derived the exact closed-form expres-
sion for the bit error rate in downlink NOMA under SIC errors over Rayleigh fading channels.

On the other hand, the performance of the proposed system can be affected by non-ideal
processes in the radiofrequency (RF) transceiver, such as in-phase and quadrature imbalance
(IQI), phase noise (PHN), and high-power amplifier (HPA), which can cause several degra-
dations in system performance [48]. In [23], the authors presented the impact of hardware
impairment (HWI) on dual-hop relaying in terms of outage probability (OP) and ergodic
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capacity (EC). Similarly, [22] provided an analysis of the performance of a cognitive Special
Modulation Multiple-Input Multiple-Output (MIMO) system in the presence of HWI and
imperfect channel state information (ipCSI). However, within the context of the NOMA net-
work, the impact of HWI in NOMA-based relaying over the Nakagami-m fading channel is
considered in [49]. Subsequently, the OP and EC of full-duplex (FD) NOMA networks under
HWI are determined in [50]. Furthermore, in real communication systems, it isn’t easy to
achieve perfect channel state information (CSI), necessitating the study of the impact of
ipCSI on NOMA system performance. In [51], the authors derived a closed-form approx-
imation for the average sum rate and OP for a NOMA system with ipCSI. Additionally,
[52] investigates the impact of imperfect CSI on the uplink NOMA system in terms of OP,
while [53, 54] presents the performance of energy harvesting (EH) cooperative NOMA in the
presence of ipCSI. Moreover, the closed-form expression of the bit error rate (BER) for the
NOMA system under ipCSI is provided in [55, 56].

2.2 Motivations and contributions

Based on the previous investigation above, it is evident that HWI and ipCSI are the primary
factors contributing to the performance degradation of the NOMA network. However, it is
worth noting that the exact closed-form expression of the BER for the NOMA system in the
presence of HWI and ipCSI over a Rayleigh fading channel has not been addressed in the
aforementioned studies. In addition, this chapter examines the performance of the downlink
and uplink NOMA systems in terms of OP, EC, and BER. Specifically, the analysis focuses
on the scenario where direct transmission is assumed between the base station (BS) and
the users. Then, the principal contributions of this chapter are summarized as Firstly, the
obtention of the received signal of the downlink and uplink NOMA network considering both
the near and far users, taking into account the presence of HWI and ipCSI. Subsequently,
we derive the expression for the signal-to-interference-plus-noise ratio (SINR) of the two
considered systems. Next, the derivation of the exact closed-form expressions for both the
OP and BER of the users in the NOMA network. These expressions accurately characterize
the impact of imperfections for any signal-to-noise ratio (SNR) value. Furthermore, the
effects of HWI and ipCSI by considering different power allocation schemes are investigated
in this chapter.
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Figure 2.1: System model downlink NOMA under HWI.

2.3 System model of the downlink NOMA

We consider the downlink NOMA system, which consists of a (BS) and two users i.e. the
far user U1, and the near user U2. We assume that the nodes are equipped with a single
antenna. The transmission is linked directly between the BS and users over the Rayleigh
fading channel. The BS transmits the superimposed signal to the users with different levels
of power. According to NOMA protocol, the received signal at the ith users can be defined as:

yi = hi(
√
α1Px1 +

√
α2Px2) + n, i = S1, S2 (2.1)

where hi is the channel coefficient, n ∼ CN (0, No) is the additive white Gaussian noise
(AWGN), P is the total transmitted power, xi is the transmit signal for user i and α1, α2 are
the power allocation coefficients of the U1 and U2, respectively.

2.3.1 NOMA with HWI and ipCSI

We consider a downlink NOMA network with HWI, as depicted in Fig. 2.1. We assume that
all nodes are equipped with a single antenna. Also, direct communication can be established
between the BS and users. Assuming non-ideal hardware in the NOMA system, the receiver
signal at the ith user is presented as in [57]:

yi = hi(
√
α1Px1 +

√
α2Px2 + ηi) + n, i = S1, S2 (2.2)
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where ηi is the independent distortion noise ηi ∼ CN (0, k2
iP ) and k is the HWI level at the

transceiver. The ipCSI is modeled using channel estimation.
However, the channel coefficient is defined as [58]:

hi = h̃i + e, (2.3)

where h̃i represent the estimation channel coefficient and e is the channel estimation error,
modeled as e ∼ CN (0, σ2

e). Noted that h̃i and e are independent distributed [59] conse-
quently, we can write σe = E[|hi|2] − E[|h̃i|2]. Thus, considering a perfect SIC, the receiver
signal affected by HWI and ipCSI is obtained as follows

yi = h̃i(
√
α1Px1 +

√
α2Px2 + ηi) + e(

√
α1Px1 +

√
α2Px2 + ηi) + n, (2.4)

The instantaneous signal-to-interference-plus-noise ratio (SINR) for the far user is obtained
as:

γS1 = |h̃1|2α1P

|h̃S1|2α2P + |h̃S1|2k2
S1P + σ2

ek
2
S1P + σ2

eP +No

. (2.5)

The received SINR for U2 to decode U1‘s signal is given as:

γS2→S1 = |h̃S2|2α1P

|h̃S2|2α2P + |h̃S2|2k2
S2P + σ2

ek
2
S2P + σ2

eP +No

. (2.6)

Then, assuming the perfect SIC, the SINR of the U2 is:

γS2 = |h̃S2|2α2P

|h̃S2|2k2
S2P + σ2

ek
2
S2P + σ2

eP +No

. (2.7)

2.4 Performance analysis of the downlink NOMA

2.4.1 Outage probability analysis

In this part, we derive the analytical expression of the OP of the downlink NOMA system
under HWI and ipCSI over the Rayleigh fading channel. The probability density function
(PDF) and cumulative distribution function (CDF) of the channel power gain φi = E|h̃i|2
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are given respectively as [60, eq. (7,8)]:

fxi
(xi) = 1

φi
exp

(
−xi
φi

)
, (2.8)

Fxi
(xi) = 1 − exp

(
−xi
φi

)
. (2.9)

Outage probability of U1

Assuming an ipCSI, the OP of the U1 can be given as [61]:

Pout,1 = Pr(γS1 ≤ γth,1), (2.10)

where γth,1 is the threshold at the U1.

Pout,1 = Pr

(
|h̃S1|2 ≤ γth,1(σ2

ek
2
S1P + σ2

eP +No)
(α1 − γth,1α2 − γth,1k2

S1)P

)

=
∫ γth,1(σ2

e k2
S1P +σ2

e P +No)

(α1−γth,1α2−γth,1k2
S1)P

0

1
ϕS1

exp
(

− y

ϕS1

)
dy.

(2.11)

Following the evaluation of the integral, we get

Pout,1 = 1 − exp
(

− 1
ϕS1

γth,1(σ2
ek

2
S1P + σ2

eP +No)
(α1 − γth,1α2 − γth,1k2

S1)P

)
. (2.12)

Outage probability of U2

The OP of the near user can be determined as:

Pout,2 = 1 − Pr(min(γS2→S1, γS2 > γth,2)), (2.13)

where γth,2 is the threshold at the U2. Based on the [61], due to the fact that γS2→S1, γS2 are
independent (2.13) can be written as

Pout,2 = 1 − Pr(γS2→S1 > γth,2) × Pr(γS2 > γth,2), (2.14)

where
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Pr(γS2→S1 > γth,2) = Pr

(
|h̃S2|2 ≤ γth,2(σ2

ek
2
S2P + σ2

eP +No)
(α1 − γth,2α2 − γth,2k2

S2)P

)

=
∫ γth,2(σ2

e k2
S2P +σ2

e P +No)

(α1−γth,2α2−γth,2k2
S2)P

0

1
ϕS2

exp
(

− y

ϕS2

)
dy

= exp
(

− 1
ϕS2

γth,2(σ2
ek

2
S2P + σ2

eP +No)
(α1 − γth,2α2 − γth,2k2

S2)P

)
,

(2.15)

and

Pr(γS2 > γth,2) = Pr

(
|h̃S2|2 ≤ γth,2(σ2

ek
2
S2P + σ2

eP +No)
(α2 − γth,2k2

S2)P

)

=
∫ γth,2(σ2

e k2
S2P +σ2

e P +No)

(α2−γth,2k2
S2)P

0

1
ϕS2

exp
(

− y

ϕS2

)
dy

= exp
(

− 1
ϕS2

γth,2(σ2
ek

2
S2P + σ2

eP +No)
(α2 − γth,2k2

S2)P

)
,

(2.16)

Substituting (2.15) and (2.16) into (2.14) we obtain

Pout,2 = 1 − exp
(

− 1
ϕS2

γth,2(σ2
ek

2
S2P + σ2

eP +No)
(α1 − γth,2α2 − γth,2k2

S2)P

)
exp

(
− 1
ϕS2

γth,2(σ2
ek

2
S2P + σ2

eP +No)
(α2 − γth,2k2

S2)P

)
.

(2.17)

2.4.2 Ergodic capacity of the downlink NOMA

In this subsection, we derive the EC of the users of the downlink NOMA system under the
HWI and ipCSI. The achievable rates of the U1 and U2 according to SINR are presented,
respectively as:

R1 = (1 + γS1), (2.18)

R2 = (1 + γS2). (2.19)

The ergodic capacity of individual users is calculated by averaging the achievable rates across
instantaneous channel coefficients as

C1 =
∫ ∞

0
log2(1 + γS1)pδ1(δ1)dδ1 , (2.20)

C2 =
∫ ∞

0
log2(1 + γS2)pδ2(δ2)dδ2 , (2.21)
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where δi|h̃i|2 and pδi
(δi) is the PDF of δi.

Reminding as in [62] that
∫∞

0 = log2(1 + x)fx(x)dx = 1
ln2
∫∞

0
1−FX(x)

1+x dx, where FX(.) is are
the CDFs of X.

Hence the EC of the U1 and U2 under ipCSI and HWI can be expressed, respectively as:

C1 = 1
ln2

∫ α1
α2+k2

S1

0

exp(x(σ2
eP+σ2

ePk
2
S1+No))

ϕS1(α1−xα2−xk2
S1)P

1 + x
dx, (2.22)

C2 = 1
ln2

∫ α2
k2

S2

0

exp(x(σ2
eP+σ2

ePk
2
S2+No))

ϕS2(α2−xk2
S2)P

1 + x
dx. (2.23)

To the best of the author’s knowledge, there is no known analytical solution for equations
(2.22) and (2.23). However, it can be easily computed using software tools such as MATLAB,
MAPLE, and MATHEMATICA.

2.4.3 Bit error rate of the downlink NOMA

In this part, we derive the expression of the BER to evaluate the performance of the NOMA
system under HWI and ipCSI. We analyze the expression of BER for the downlink NOMA
system at the users, assuming the BPSK-BPSK modulation for both users. The BER for
ideal Downlink NOMA with BPSK-BPSK modulation is derived in [46]. However, we can
present the BER for NOMA with HWI and ipCSI.

2.4.3.1 Bit error rate of U1

The error probability at the U1 by considering the ML decision rule can be given as:
[46]:

P1(e) =1
2

[
Pr

(
n+ (

√
α1P −

√
α2P + ηS1)e+ h̃S1ηS1 ≥ (

√
α1P −

√
α2P )h̃S1

)
+

Pr
(
n+ (

√
α1P +

√
α2P + ηS1)e+ h̃S1ηS1 ≥ (

√
α1P +

√
α2P )h̃S1

)
.

(2.24)

However, the expression of the error probability can be represented using the Gaussian Q
function as:

P1(e) = 1
2

[
Q(
√

Γ1) +Q(
√

Γ2)
]
, (2.25)
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where

Γ1 = (
√
α1P−

√
α2P )̃|hS1|2

No
2 +((

√
α1P−

√
α2P )2+k2

S1P )σ2
e+k2

S1P |̃hS1|2 , Γ2 = (
√
α1P+

√
α2P )̃|hS1|2

No
2 +((

√
α1P+

√
α2P )2+k2

S1P )σ2
e+k2

S1P |̃hS1|2 .

Then, the final expression of the BER at the far user is obtained as:

P avg
1 (e) = 1

4


1 −

√√√√ Γ̄1

2 + Γ̄1

+

1 −

√√√√ Γ̄2

2 + Γ̄2


 , (2.26)

where

Γ̄1 = (
√
α1P−

√
α2P )E [̃|hS1|2]

No
2 +((

√
α1P−

√
α2P )2+k2

S1P )σ2
e+k2

S1PE [̃|hS1|2] , Γ̄2 = (
√
α1P+

√
α2P )E [̃|hS1|2]

No
2 +((

√
α1P+

√
α2P )2+k2

S1P )σ2
e+k2

S1PE [̃|hS1|2] .

Proof Please see Appendix A.

2.4.3.2 Bit error rate of U2

The error probability of the near user is given as the sum of two cases due to the SIC process
involved. Thus, assuming an imperfect channel state information, the BER at near user is
given as:

P2(e) = P2(e|correct) + P2(e|error), (2.27)

where P2(e|correct) and P2(e|error) are the probability of error of the near user when the
far user is decoding correctly and erroneously at the near user, respectively.

University of El-Oued: 2023 29



Chapter 2: Effect of the hardware impairment on the NOMA system

P2(e|correct) = 1
2

P
n+

(√
α1P −

√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(√
α1P −

√
α2P

)
h̃S2


× P

n+
(√

α1P +
√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

−
√
α2Ph̃S2|n+

(√
α1P −

√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(√
α1P −

√
α2P

)
h̃S2


+ P

n+
(√

α1P +
√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(√
α1P +

√
α2P

)
h̃S2


× P

n+
(√

α1P +
√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

√
α2Ph̃S2|n+

(√
α1P +

√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(√
α1P +

√
α2P

)
h̃S2

.
(2.28)

Then, the error probability at near user depends on the probability of erroneous detection of
far user defined as:

P2(e|error) = 1
2

P
n+

(√
α1P −

√
α2P + ηS2

)
e+ h̃S2ηS2 ≥

(√
α1P −

√
α2P

)
h̃S2

×

P

n+
(√

α1P −
√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(2
√
α1P −

√
α2P )h̃S2|n+

(√
α1P −

√
α2P + ηS2

)
eh̃S2ηS2 ≥

(√
α1P −

√
α2P

)
h̃S2

+

P

n+
(√

α1P +
√
α2P + ηS2

)
e+ h̃S2ηS2 ≥

(√
α1P +

√
α2P

)
h̃S2


× P

n+
(√

α1P +
√
α2P + ηS2

)
e+ h̃S2ηS2 ≥ (2

√
α1P −

√
α2P )h̃S2|n+

(√
α1P +

√
α2P + ηS2

)
e+ h̃S2ηS2 ≥

(√
α1P

√
α2P

)
h̃S2

.
(2.29)

Utilizing the probability of A event conditioned over B event given as:

P (A|B) = P (A ∩B)
P (B) . (2.30)
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The expression (2.26) and (2.27) can be expressed as

P2(e|correct) = 1
2

P (n+
(√

α1P −
√
α2P + ηS2

)
e+ h̃2ηS2 ≤ −

√
α2Ph̃S2

)
+

P
(√

α2Ph̃S2

)
≤ n+

(√
α1P −

√
α2P + n

)
e+ h̃S2η2 ≤

(√
α1P +

√
α2P

)
h̃S2

,
(2.31)

P2(e|error) =1
2

P
(√α1P −

√
α2P

)
h̃S2 ≤ n+

(√
α1P −

√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(
2
√
α1P −

√
α2P

)
h̃S2

+ P

n+
(√

α1P +
√
α2P + ηS2

)
e+ h̃S2ηS2 ≤

(
2
√
α1P +

√
α2P

)
h̃S2

.
(2.32)

The expression (2.29) and (2.30) writing in terms of Q-function is obtained as:

P2(e|correct) = 1
2

[
Q(
√

Γ3) +Q(
√

Γ4) −Q(
√

Γ5)
]
, (2.33)

P2(e|error) = 1
2

[
Q(
√

Γ6) −Q(
√

Γ7) +Q(
√

Γ8)
]
, (2.34)

where

Γ3 = α2P | ˜hS2|2
No
2 +((

√
α1P−

√
α2P )2+k2

S2P )σ2
e+k2

S2P |̃hS2|2 , Γ4 = α2P | ˜hS2|2
No
2 +((

√
α1P+

√
α2P )2+k2

S2P )σ2
e+k2

S2P |̃hS2|2 ,

Γ5 = (
√
α1P+

√
α1P )2| ˜hS2|2

No
2 +((

√
α1P+

√
α2P )2+k2

S2P )σ2
e+k2

S2P |̃hS2|2 , Γ6 = (
√
α1P−

√
α1P )2| ˜hS2|2

No
2 +((

√
α1P−

√
α2P )2+k2

S2P )σ2
e+k2

S2P |̃hS2|2 ,

Γ7 = (2
√
α1P−

√
α1P )2| ˜hS2|2

No
2 +((

√
α1P−

√
α2P )2+k2

S2P )σ2
e+k2

S2P |̃hS2|2 , Γ8 = (2
√
α1P+

√
α1P )2| ˜hS2|2

No
2 +((

√
α1P+

√
α2P )2+k2

S2P )σ2
e+k2

S2P |̃hS2|2 .

The final expression of the average BER at the near user can be described as:

P avg
2 = 1

4

2+

√√√√ Γ̄3

2 + Γ̄3
+

√√√√ Γ̄4

2 + Γ̄4

− 1
4


√√√√ Γ̄5

2 + Γ̄5
−

√√√√ Γ̄6

2 + Γ̄6
+

√√√√ Γ̄7

2 + Γ̄7
−

√√√√ Γ̄8

2 + Γ̄8

. (2.35)

Proof Please see Appendix B.
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Figure 2.2: System model uplink NOMA with HWI.

2.5 System model of the uplink NOMA

In this section, we consider an uplink NOMA network that consists of a BS and two users
i.e. the far user U1, and the near user U2. In the presence of HWI and ipCSI as depicted in
Fig. 2.2 All nodes are equipped with a single antenna. According to uplink NOMA protocol,
the received signal at the BS under HWI and ipCSI is expressed as:

yBS =
2∑
i=1

(h̃i + e)(
√
αiPxi + ηi) + n, (2.36)

where α1 and α2 is the PA coefficient in which α2 < α1 The SINR for the U2 is defined as:

γ2 = |h̃S2|2α2P

|h̃S1|2α1P + |h̃S1|2k2
S1P + |h̃S2|2k2

S2P + σ2
ek

2
S2P + σ2

ek
2
S1P + σ2

eP +No

. (2.37)

Assuming a perfect SIC, the SINR of the U1 can be given as:

γ1 = |h̃S1|2α1P

|h̃S1|2k2
S1P + |h̃S2|2k2

S2P + σ2
ek

2
S2P + σ2

ek
2
S1P + σ2

eP +No

. (2.38)

2.6 Performance analysis of the uplink NOMA

2.6.1 Outage probability

In this subsection, we derive the expression of the OP of the uplink NOMA system in the
presence of HWI and ipCSI over the Rayleigh fading channel.
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The OP of the U2 under HWI and ipCSI can be expressed as in [63]:

Pout,2 = Fγ2(γth,2)

= Pr(γ2 ≤ γth,2),
(2.39)

where γth,2 of the U2 and Fγi
is the CDF of γi

Pout,2 = Pr

(
|h̃S2|2 ≤ γth,2[P |h̃S1|2(α1 + k2

S1) + σ2
e(k2

S1 + k2
S2 + 1)P +No]

P (α2 − k2
S2)

)

= 1 − exp
(

−γth,2(σ2
e(k2

S1 + k2
S2 + 1)P +No)

P (α2 − γth,2k2
S2)ϕhS2

)
P (α2 − γth,2k

2
S2)ϕhS2

γth,2P (α1 + k2
S2)ϕhS1 + P (α2 − γth,2k2

S2)ϕhS2

,

(2.40)

where ϕhi
is the mean of hi.

Thus the OP of the x1 at U1 can be expressed as:

Pout,1 = Pr

(
|h̃S1|2 ≤ γth,1[P |h̃S2|2k2

S2 + σ2
e(k2

S1 + k2
S2 + 1)P +No]

P (α1 − γth,1k2
S1)

)

= 1 − exp
(

−γth,1(σ2
e(k2

S1 + k2
S2 + 1)P +No)

P (α1 − γth,1k2
S1)ϕS1

)
P (α1 − γth,1k

2
S1)ϕS1

γth,1Pk2
S2ϕS2 + P (α1 − γth,1k2

S1)ϕS1
.

(2.41)

It is worth mentioning that in the event of an outage for U2, where the SIC cannot be
successfully executed, U1 will also be in the outage. As a result, the outcome reveals that
the OP of U1 is determined as [60, eq. (11)]:

Pout,1 = 1 − exp
(

−γth,2(σ2
e(k2

S1 + k2
S2 + 1)P +No)

P (α2 − γth,2k2
S2)ϕhS2

)
P (α2 − γth,2k

2
S2)ϕhS2

γth,2P (α1 + k2
S2)ϕhS1 + P (α2 − γth,2k2

S2)ϕhS2

× exp
(

−γth,1(σ2
e(k2

S1 + k2
S2 + 1)P +No)

P (α1 − γth,1k2
S1)ϕS1

)
P (α1 − γth,1k

2
S1)ϕS1

γth,1Pk2
S2ϕS2 + P (α1 − γth,1k2

S1)ϕS1
.

(2.42)

2.6.2 Ergodic capacity of the uplink NOMA

In this subsection, we analyze the achievable rates of users in the uplink Non-Orthogonal
Multiple Access (NOMA) system. Similar to the downlink NOMA, we consider the Shannon
limit and provide an analysis of the ergodic capacity. The SINR of each U2 and U1 are defined
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in (2.37) and (2.38), respectively. The EC of the U2 can be expressed as:

C2 =
∫ ∞

0
log2(1 + γ2)pδ2(δ2)dδ2 , (2.43)

where pδ2 is the PDF of δ2. By applying the technique of integration by parts, it can be
represented by (CDF) of δ2 as:

Ci = 1
ln2

∫ ∞

0

1 − Fδi

1 − x
, i = 1, 2 (2.44)

where Fδi
is the CDF of γi determined in (2.40) and (2.41) for the U2 and U1, respectively.

C2 = 1
ln2

∫ α2
k2

2

0

exp(x(σeP+σePk2
S2+σePk2

S1+No))
ϕS2(α2−xk2

S2)P
(α2−xk2

S2)PϕS2
x(α1+k2

S1)PϕS2+(α2−xkS22)PϕS2

1 + x
dx, (2.45)

C1 = 1
ln2

∫ α1
k2

S1

0

exp(x(σeP+σePk2
S2+σePk2

S1+No))
ϕS1(α1−xk2

S1)P
(α1−xk2

S1)PϕS1
xk2

S2PϕS2+(α1−xk2
S1)PϕS1

1 + x
dx, (2.46)

where ϕi is the mean of hi. The equation (2.45) and (2.46) currently lack a known analytical
solution. Nevertheless, their computations can be effortlessly performed utilizing software
tools such as MATLAB, MAPLE, and MATHEMATICA.

2.7 Numerical results

This section presents the OP, EC, and BER performance of a downlink and OP and EC
for the uplink NOMA over the Rayleigh fading channel by the numerical results validated
through the simulation results. Unless, theoretical curves are represented by markers, while
simulation results are depicted using lines in the figures. We set the parameters to d1 = 4,
d1 = 2. the ipCSI coefficient is set σ2

e = 0.001 and the HWI distortion level at the transceiver
is defined as k2

S1 = k2
S2 = k. The average SNR is defined as defined as SNR = P

No
.

The impact of imperfections, ipCSI and HWI, on the downlink NOMA performance is eval-
uated as a function of SNR. The HWI factor is set as k = 0.175 [64], while σ2

e is 0.001. By
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Figure 2.3: OP of the downlink NOMA w.r.t SNR with k = 0.175 and σ2
e = 0.001.

examining Figs. 2.3, 2.4, and 2.5, it becomes evident that the ideal scenario (with k = 0
and σ2

e = 0) outperforms the impaired scenario. Remarkably, at high SNR values, both
users experience an error floor. However, in Figs .2.3 and 2.5 due to the presence of HWI
and ipCSI, the near user is relatively less affected compared to the far user due to the SIC
process implemented at U2. This process selectively subtracts only the signal of U1 and does
not consider the presence of imperfections. Hence, the near user experiences a slight impact
from imperfections, whereas the far user is more significantly affected.

In Figs. 2.6, 2.7, and 2.8, we examine the impact of the HWI on the direct NOMA sys-
tem. It can be seen that the OP, EC, and BER performance of both users decreases with
the increase of the HWI factor for all SNR values.

Figs. 2.9, 2.10, and 2.11 provide insights into the effect of channel estimation errors on the
OP for different SNR values. The results indicate that increasing ipCSI leads to a decrease
in the performance of both users, emphasizing the significant impact of channel estima-
tion errors on the NOMA system’s performance. Additionally, we observe that the influence
of HWI on system performance is comparatively less significant than that of the ipCSI factor.
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Figure 2.4: EC of the downlink NOMA w.r.t SNR with k = 0.175 and σ2
e = 0.001.
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Figure 2.5: BER of the downlink NOMA w.r.t SNR with k = 0.175 and σ2
e = 0.001.
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Figure 2.6: OP of downlink NOMA the w.r.t HWI with σ2
e = 0.001.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

k

0

0.5

1

1.5

2

2.5

3

E
C

Far user

Near user

SNR= 40 dB

SNR= 20 dB

Figure 2.7: EC of the downlink NOMA w.r.t HWIwith σ2
e = 0.001.
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Figure 2.8: BER of the downlink NOMA versus HWI with σ2
e = 0.001.
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Figure 2.9: OP of the downlink NOMA versus ipCSI with k = 0.175.
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Figure 2.10: EC of the downlink NOMA versus ipCSI with k = 0.175.
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Figure 2.11: BER of the downlink NOMA w.r.t ipCSI with k = 0.175.

University of El-Oued: 2023 39



Chapter 2: Effect of the hardware impairment on the NOMA system

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

2

10-2

10-1

100

o
u

ta
g

e
 p

ro
b

a
b

ili
ty

Far user

Near user

 SNR= 20 dB

SNR=40 dB

Figure 2.12: OP of the downlink NOMA w.r.t PA with k = 0.175 and σ2
e = 0.001.
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Figure 2.13: EC of the downlink NOMA versus PA with k = 0.175 and σ2
e = 0.001.
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Figure 2.14: BER of the downlink NOMA w.r.t PA with k = 0.175 and σ2
e = 0.001.
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Figure 2.15: OP of the uplink NOMA versus SNR with k = 0.175 and σ2
e = 0.001.
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Figure 2.16: EC of the uplink NOMA versus SNR with k = 0.175 and σ2
e = 0.001.
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Figure 2.17: OP of the uplink NOMA w.r.t HWI with σ2
e = 0.001.
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Figure 2.18: EC of the uplink NOMA w.r.t HWI with σ2
e = 0.001.
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Figure 2.19: OP of the uplink NOMA w.r.t ipCSI with k = 0.175.
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Figure 2.20: EC of the uplink NOMA versus ipCSI with k = 0.175.
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Figure 2.21: OP of the uplink NOMA w.r.t Power allocation with k = 0.175 and σ2
e = 0.001.
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Figure 2.22: EC of the uplink NOMA versus Power allocation with k = 0.175 and σ2
e = 0.001.

The effect of the power allocation (α2) on the NOMA system is presented in Figs. 2.12,
2.13, and 2.14 with different SNRs. By increasing PA α2, we can observe that U1’s perfor-
mance deteriorates while U2’s performance improves.

To evaluate the performance of the uplink NOMA system considering HWI and ipCSI, we
consider σ2

e = 0.001 and k = 0.175, as defined in the downlink scenario. The power allocation
is set as α1 = 0.2 and α2 = 0.8.

Figs. 2.15 and 2.16 illustrate the results, demonstrating a perfect match between the
simulation results and theoretical curves. The ideal case outperforms the impaired case in
terms of performance. Furthermore, in the uplink NOMA system, the near user exhibits
superior performance compared to the far user. This can be attributed to PA attributed
to the near user. Notably, the presence of HWI and ipCSI at high SNR levels leads to the
emergence of an error floor.

Figs. 2.17 and 2.18 depict the impact of HWI on the performance of the uplink NOMA
with different levels of SNR. It can be shown that as the HWI factor increases the OP and
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decreases the EC. However, increasing the SNR improves the performance of the users.
Figs. 2.19 and 2.20 illustrate the influence of the ipCSI on the uplink NOMA system, con-
sidering different levels of SNR. The results indicate a decrease in both the OP and EC
performance for both users as the ipCSI increases. This observation highlights the signifi-
cance of accurate channel estimation for the NOMA system. However, it is worth noting that
the system performance can still improve with higher SNR levels, even when imperfections
are present.

Figs 2.21 and 2.22 evaluate the effect of the PA on the uplink NOMA. We can notice
that the PA has a different effect on the users’ performance, augmenting the PA enhances
the performance of U1, but degrades the performance of U2.

2.8 Conclusion

This chapter investigates the performance of a downlink and uplink NOMA network while
considering practical system constraints, including HWI and ipCSI. We derived an exact
closed-form expression for the OP, EC, and BER for the downlink NOMA and OP, EC
performance for the uplink NOMA. Our results indicate that the impact of HWI on user
performance varies due to its influence on the SIC process. Additionally, the performance
of the system is significantly influenced by the channel estimation errors. Furthermore, the
joint effect of these imperfections leads to significant deterioration in the NOMA networks.
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Chapter 3

Effect of the IQI on the downlink and
uplink NOMA system

3.1 Introduction

The emergence of Non-Orthogonal Multiple Access (NOMA) has heralded a highly promising
breakthrough in the domain of wireless communication systems. This innovative technique
holds the potential to not only meet but excel in addressing the rigorous demands posed
by 5G networks. It brings to the table extensive connectivity, low latency, and exceptional
spectral efficiency, all of which are paramount in the contemporary landscape of wireless
communication.

In practical communication scenarios, monolithic architectures face challenges stemming
from RF frontend imperfections, driven by component mismatches and manufacturing non-
idealities. These imperfections, particularly in-phase (I) and quadrature-phase (Q) imbal-
ance (IQI), result in amplitude and phase discrepancies between the I and Q branches of
the transceiver. IQI, responsible for imperfect image rejection, severely hampers the overall
system’s performance. While, in an ideal scenario, mixers exhibit perfectly balanced I and
Q branches with a 90 phase shift, achieving flawless image band attenuation. In a realistic
scenario, the direct-conversion transceivers are susceptible to analog front-end impairments.
These impairments introduce errors in phase shifts and amplitude mismatches between I and
Q branches, leading to corruption of the down-converted signal constellation and a subsequent
increase in the error rate
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3.2 Related works

Driven by this practical consideration, recent studies have sought to either create models for,
reduce the impact of, or even take advantage of IQI. The authors referenced in [65] formu-
late the Signal-to-Interference-plus-Noise Ratio (SINR), considering the correlation between
subcarriers within the framework of Orthogonal Frequency Division Multiplexing (OFDM)
systems. The authors in [66] have developed a precise analytical estimate for the average
subcarrier SINR in beamforming OFDM systems, taking into account the presence of joint
transmit-receive IQI This derived equation sheds new light on how various system parameters
impact overall system performance. The authors of [67] conduct an extensive investigation
into the impacts of IQI, to accentuate their significant manifestations. These effects, contin-
gent upon the specific scenario, can lead to both detrimental and, on occasion, advantageous
outcomes. The impact of joint IQI and PHN on beamforming OFDM direct-conversion
transceivers is examined in [68], where an exact normalized mean squared error expression
and several special and asymptotic cases to gain insights are also analyzed. The presence of
IQI imbalance in the performance of amplify and forward relaying (AF) in the OFDM system
is investigated in [69], where the analytical approximation of Outage Probability (OP) and
Error Vector Magnitude is derived. In the context of the NOMA, the effect of the RF impair-
ment in the NOMA system was investigated [70]. To evaluate the system performance, the
closed form of conditional Pairwise Error Probability is derived for two users in the downlink
NOMA system [71]. The outage probability of IQI impairment NOMA at the radio frequency
front end in the Nakagami-m fading channel is evaluated in [6, 72, 73]. However, the security
performance of multi-antenna is presented in [74]. Furthermore, [75] investigated the im-
pact of IQI imperfection on the security of the ambient backscatter (AmBC) NOMA system,
where outage probability in the presence of an eavesdropper is derived for two NOMA users.
Nevertheless, the authors of [76, 77, 78] devoted their works to the NOMA performance in
terms of OP for each cooperative, cognitive radio, and vehicle-to-vehicle system.

3.3 Motivations and Contributions

Inspired by this motivation, the current study is focused on quantifying and examining the
impacts of IQI on downlink and uplink direct NOMA systems. The primary objective of this
article is to establish a comprehensive framework for analyzing both downlink and uplink
NOMA systems in various IQI scenarios. This framework addresses cases involving: Trans-
mit (TX) IQI, Receive (RX) IQI, and the combined TX/RX IQI. Specifically, we derive the
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SINR for uplink and downlink NOMA systems operating in the presence of TX and/or RX
IQI.

This chapter is dedicated to a thorough analysis of the OP and Ergodic Capacity (EC)
performance of both the downlink and uplink NOMA systems when confronted with the
presence of IQI. The investigation takes place over the Rayleigh fading channel and assumes
a scenario of direct transmission between the source and the users. Through this exploration,
we aim to gain a comprehensive understanding of how IQI impacts the performance of NOMA
in practical communication scenarios, shedding light on potential strategies for mitigating its
effects and maximizing the benefits of this transformative technology.

3.4 System Model of downlink NOMA with IQI

We consider a downlink NOMA system, specifically a direct transmission scenario. The
system comprises three elements: a Source (S), a far user (U1), and a near user (U2). To
simplify the analysis, we assume that all nodes operate in half duplex (HD) mode and that
the communication links are over the Rayleigh fading. All nodes are equipped with a single
antenna, as illustrated in Fig. 3.1. In the downlink NOMA scenario, the power allocation

Figure 3.1: System model of the downlink NOMA under IQI.

(PA) assigned to each user is determined based on the channel gain between S and the re-
spective users. As a result, a higher PA is specifically designated for the U1 in comparison
to the U2. The complex flat fading channel coefficient of the S-U1 and S-U2 are defined
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respectively as: hi where i = 1, 2. Assuming an ideal RF front end, the receiver signal at the
user i can be given as:

y = hi(
√
α1Px1 +

√
α2Px2) + n, (3.1)

where P is the total transmission power, αi is the power factor allocated to the user i
and xi is the information signal from AP to the user i, n ∼ CN (0, No) is the additive white
Gaussian noise (AWGN). Additionally, we assume that the RF carriers are converted to the
baseband using direct conversion architectures. Consequently, the resulting baseband repre-
sentation of the signal is impacted by IQI and can be expressed as [48]:

yIQI = µt/rS + νt/rS
∗, (3.2)

where S is the transmitted signal and µt/r, νt/r are the IQI coefficient presented as in [30]:

µt = 1
2(1 + ξt exp(jΥt)),

νt = 1
2(1 − ξt exp(−jΥt)),

µr = 1
2(1 + ξr exp(−jΥr)),

νr = 1
2(1 − ξr exp(jΥr)),

(3.3)

where j =
√

−1 and ξt/r and Υt/r are the amplitude and phase of TX and RX respectively.
Furthermore, the image rejection ratio (IRR) at the transmitter (TX) and receiver (RX) can
be described as:

IRRt/r = |µt/r|2

|νt/r|2
. (3.4)

In the following sections, we present the signal model for NOMA systems, considering the
presence of IQI at the transmitter (TX) and/or receiver (RX).

1)NOMA TX impaired IQI
In this scenario, we consider the RF front end of the RX to be ideal, while TX is affected by
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IQI. Under this assumption, we can formulate the received signal as:

yTXIQI,i = µthi

(√
α1Px1 +

√
α2Px2

)
+ νth

∗
i

(√
α1Px1 +

√
α2Px2

)∗
+ n. (3.5)

Assuming a perfect CSI, the received signal-to-interference-plus-noise ratio (SINR) of the U1

is presented as:

γTX1 = µ2
t |h1|2Pα1

µ2
t |h1|2Pα2 + ν2

t |h1|2P +N0
. (3.6)

The SINR of U2 for decoding a U1 signal is defined as:

γTX2→1 = µ2
t |h2|2Pα1

µ2
t |h2|2Pα2 + ν2

t |h2|2P +N0
. (3.7)

The SINR for U2 can be obtained as:

γTX2 = µ2
t |h2|2Pα2

ν2
t |h2|2P +N0

. (3.8)

2)NOMA RX impaired IQI
In this case, we consider the RF front-end of the TX to be ideal, while the receiver RX is
impacted by IQI. Consequently, we can express the receiver signal as:

yRXIQI,i = µrhi

(√
α1Px1 +

√
α2Px2

)
+ νrh

∗
i

(√
α1Px1 +

√
α2Px2

)∗
+ (µr + νr)n. (3.9)

Similar to the TX-impaired IQI, the received SINR of the U1 is obtained as:

γRX1 = µ2
r|h1|2Pα1

µ2
r|h1|2Pα2 + ν2

r |h1|2P + (µ2
r + µ2

r)N0
. (3.10)

The SINR of U2 for coding a U1 can be expressed as:

γRX2→1 = µ2
r|h2|2Pα1

µ2
r|h2|2Pα2 + ν2

r |h2|2P + (µ2
r + ν2

r )N0
. (3.11)
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The SINR for U2 can be obtained as:

γRX2 = µ2
r|h2|2Pα1

ν2
r |h2|2P + (µ2

r + ν2
r )N0

. (3.12)

3) NOMA joint TX and RX impaired by IQI
In this case, both the TX and RX components are affected by the impact of IQI. Conse-
quently, the received signal can be given as:

y
TX/RX
IQI,i =µr(µthi(

√
α1Px1 +

√
α2Px2) + νth

∗
i (
√
α1Px1 +

√
α2Px2)∗ + n)+

νr(µthi(
√
α1Px1 +

√
α2Px2) + νth

∗
i (
√
α1Px1 +

√
α2Px2)∗ + n)∗.

(3.13)

The SINR of the U1, considering the impairment of both the TX and RX, can be represented
as:

γ
TX/RX
1 = (µ2

rµ
2
t + ν2

rν
2
t )|h1|2Pα1

(µ2
rµ

2
t + ν2

rν
2
t )|h1|2Pα2 + (µ2

rν
2
t + µ2

tν2
r )|h1|2P + (µ2

r + ν2
r )N0

. (3.14)

The SINR of the U1 at U2 in the presence of IQI can be expressed as:

γ
TX/RX
2→1 = (µ2

rµ
2
t + ν2

rν
2
t )|h2|2Pα1

(µ2
rµ

2
t + ν2

rν
2
t )|h2|2Pα2 + (µ2

rν
2
t + µ2

tν2
r )|h2|2P + (µ2

r + ν2
r )N0

. (3.15)

Assuming a perfect SIC, the SINR of the U2 is obtained as:

γ
TX/RX
2 = (µ2

rµ
2
t + ν2

rν
2
t )|h2|2Pα1

(µ2
rν

2
t + µ2

tν2
r )|h2|2P + (µ2

r + ν2
r )N0

. (3.16)
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3.5 Perfromance Analysis of the downlink NOMA with
IQI

3.5.1 Outage probability

The OP is the probability that the symbol error rate exceeds a predefined threshold [71]. In
this section, we derive the analytical expression of OP for the downlink NOMA system in
the presence of IQI for two users.

1) NOMA TX impaired IQI
In the context of a downlink NOMA system, we take into account the impact of IQI on TX,
the OP of U1 can be represented as:

P TX
out,1 = Pr(γTX1 ≤ γth,1)

= Pr

(
|h̃1|2 ≤ γth,1No

(µ2
tα1 − γth,1µ2

tα2 − γth,1ν2
t )P

)
,

(3.17)

where γth,1 is the threshold at the U1.
We can alternatively express the OP using the cumulative distribution function as in [60]:.

Pout = Fγi
(γ). (3.18)

Based on the PDF and CDF of channel power gain given in (2.8) and (2.9), respectively. The
OP of the U1 can be expressed as:

P TX
out,1 = 1 − exp

(
− 1
ϕ1

γth,1No

(µ2
tα1 − γth,1µ2

tα2 − γth,1ν2
t )P

)
, (3.19)

where ϕi = E(hi) is the channel mean power. In the case of the U2, the outage occurs when
the transmitted signal from the S to U2 cannot be successfully decoded. Thus, the OP for
the U2 can be expressed as [60]:

P TX
out,2 = FγT X

2→1
(γ) + [1 − FγT X

2→1
]FγT X

2
(γ), (3.20)

where the FγT X
2→1

and FγT X
2

can be given respectively as:

FγT X
2→1

(γ) = 1 − exp
(

− 1
ϕ2

γth,2No

(µ2
tα1 − γth,2µ2

tα2 − γth,2ν2
t )P

)
, (3.21)
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FγT X
2

(γ) = 1 − exp
(

− 1
ϕ2

γth,2No

(µ2
tα2 − γth,2ν2

t )P

)
. (3.22)

By substituting (3.21) and (3.22) in (3.20), we get the OP of the U2 as:

P TX
out,2 =

1 − exp
(

− 1
ϕ2

γth,2No

(µ2
tα1 − γth,1µ2

tα2 − γth,1ν2
t )P

)
exp

(
− 1
ϕ2

γth,1No

(µ2
tα1 − γth,1µ2

tα2 − γth,1ν2
t )P

)
.

(3.23)

2) NOMA RX impaired by IQI
Similar to the OP of the NOMA TX impaired by IQI, the OP of the U1 when the TX is ideal
and the RX is impaired can be defined respectively as:

PRX
out,1 = 1 − exp

(
− 1
ϕ1

(µ2
r + ν2

r )γth,1No

(µ2
rα1 − γth,1µ2

rα2 − γth,1ν2
r )P

)
. (3.24)

Furthermore, we can represent the OP of U2 as:

PRX
out,2 = 1−exp

(
− 1
ϕ2

(µ2
r + ν2

r )γth,2No

(µ2
rα1 − γth,2µ2

rα2 − γth,2ν2
r )P

)
exp

(
− 1
ϕ2

(µ2
r + ν2

r )γth,2No

(µ2
rα2 − γth,2ν2

r )P

)
. (3.25)

3) NOMA joint TX and RX impaired by IQI
The OP of the U1 and U2 for the case that both the TX and RX are impaired care given
respectively as:

P
TX/RX
out,1 = 1 − exp

(
− 1
ϕ1

(µ2
r + ν2

r )γth,1No

(ϵ1α1 − γth,1ϵ1α2 − γth,1ϵ2)P

)
, (3.26)

P
TX/RX
out,2 =1 − exp

(
− 1
ϕ2

(µ2
r + ν2

r )γth,2No

(ϵ1α1 − γth,2ϵ1α2 − γth,2ϵ1)P

)
exp

(
− 1
ϕ2

(µ2
r + ν2

r )γth,2No

(ϵ1α2 − γth,2ϵ1)P

)
,

(3.27)

where ϵ1 = (µ2
tµ

2
r + ν2

t ν
2
r ) and ϵ2 = (µ2

rν
2
t + ν2

t ν
2
r ).
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3.5.2 Ergodic Capacity of the downlink NOMA with IQI

In this subsection, we derive the EC performance of the downlink NOMA in the presence of
the IQI for different scenarios: TX, RX, and both the TX and RX impaired.

1) NOMA TX impaired IQI
The Shannon capacity of signals x1 and x2 should be considered based on both the S − U1

and S − U2 links, respectively. As a result, the Shannon capacity of U1 and U2 is given by
the following expressions, respectively

CTX
1 = 1

2 log2
(
1 + γTX1

)
, (3.28)

CTX
2 = 1

2 log2
(
1 + γTX2

)
. (3.29)

By averaging The achievable rates over instantaneous channel coefficients in (3.28) and (3.29),
we obtain

CTX
1 =

∫ ∞

0
log2(1 + γTX1 )pδ1(δ1)dδ1 , (3.30)

CTX
2 =

∫ ∞

0
log2(1 + γTX2 )pδ2(δ2)dδ2 , (3.31)

where δi|h̃i|2 and pδi
(δi) is the PDF of δi.

Remembering that
∫∞

0 = log2(1+x)fx(x)dx = 1
ln2
∫∞

0
1−FX(x)

1+x dx, where FX(.) is are the CDFs
of X.
Therefore, the EC of the U1 and U2 when the TX is impaired is given, respectively as:

CTX
1 = 1

ln2

∫ µ2
t α1

µ2
t

α2+ν2
t

0

exp
(
− 1
ϕ1

xNo

(µ2
tα1−xµ2

tα2−xν2
t )P

)
1 + x

dx, (3.32)

CTX
2 = 1

ln2

∫ µ2
t α2
ν2

t

0

exp
(
− 1
ϕ2

xNo

(µ2
tα2−xν2

t )P

)
1 + x

dx, (3.33)

As far as the author’s knowledge extends, there is currently no known analytical solution
available for equations (3.32) and (3.33). Nevertheless, these equations can be efficiently
computed using various software tools such as MATLAB, MATHEMATICA.
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2) NOMA RX impaired IQI
Similar to TX impaired, the EC of the U1 and U2 in the presence of IQI using some algebraic
manipulation can be obtained, respectively as:

CRX
1 = 1

ln2

∫ µ2
rα1

µ2
rα2+ν2

r

0

exp
(
− 1
ϕ1

(µ2
r+ν2

r )xNo

(µ2
rα1−xµ2

rα2−xν2
r )P

)
1 + x

dx, (3.34)

CRX
2 = 1

ln2

∫ µ2
rα2
ν2

r

0

exp
(
− 1
ϕ2

(µ2
r+ν2

r )xNo

(µ2
rα2−xν2

r )P

)
1 + x

dx. (3.35)

3) NOMA joint TX and RX impaired IQI
By employing algebraic manipulation, the EC of U1 and U2 when both the TX and RX are
impaired can be presented as

C
TX/RX
1 = 1

ln2

∫ ϵ1α1
ϵ1α2+ϵ2)

0

exp
(
− 1
ϕ1

(µ2
r+ν2

r )γth,1No

(ϵ1α1−γth,1ϵ1α2−γth,1ϵ2)P

)
1 + x

dx, (3.36)

C
TX/RX
2 = 1

ln2

∫ (ϵ1α2
ϵ1)

0

exp
(
− 1
ϕ1

(µ2
r+ν2

r )γth,2No

(ϵ1α2−γth,2ϵ2)P

)
1 + x

dx. (3.37)

3.6 System model of the uplink NOMA with IQI

Figure 3.2: System model of the uplink NOMA under IQI.
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Instead of the downlink direct NOMA, the uplink NOMA allows multiple transmitters to
transmit their signals to an access point using the same time and frequency resources. The
key feature of uplink NOMA is the power allocation strategy, where the signal from the near
user transmitter is assigned a higher power level compared to the signal from the far user
transmitter. We consider that the system model consists of an access point (AP ), far user
(U1), and near user (U2) as depicted in Fig. 3.2. We assume that all nodes are equipped with
a single antenna and are impaired by IQI.

1) NOMA TX impaired IQI
The received signal of the uplink NOMA when the TX is impaired can be presented as:

yTXIQI = ut

(
h1

√
α1Px1 + h2

√
α2Px2

)
+ vt

(
h1

√
α1Px1 + h2

√
α2Px2

)∗
+ n. (3.38)

The SINR of the U2 assuming a perfect CSI can be expressed as

γTX2 = µ2
t |h2|2Pα2

µ2
t |h1|2Pα1 + ν2

t |h1|2Pα1 + ν2
t |h2|2Pα2 +N0

. (3.39)

According to the uplink NOMA protocol, U1 will perform the SIC process to cancel the in-
terference from the U2. Hence, assuming a perfect SIC and CSI, the SINR of the U1 is given as:

γTX1 = µ2
t |h1|2Pα1

ν2
t |h1|2Pα1 +N0

. (3.40)

2) NOMA RX impaired IQI
The received signal of the uplink NOMA when the TX is ideal and RX is impaired can be
obtained as:

yRXIQI = ur

(
h1

√
α1Px1 + h2

√
α2Px2

)
+ vr

(
h1

√
α1Px1 + h2

√
α2Px2

)∗
+ urn+ vrn

∗. (3.41)

The SINR of the U2 and U1 can be presented, respectively as:

γRX2 = µ2
r|h2|2Pα2

µ2
r|h1|2Pα1 + ν2

r |h1|2Pα1 + ν2
r |h2|2Pα2 + (µ2

r + ν2
r )N0

, (3.42)
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γRX1 = µ2
r|h1|2Pα1

ν2
r |h1|2Pα1 + (µ2

r + ν2
r )N0

. (3.43)

3) NOMA joint TX and RX impaired IQI
The received signal for the uplink NOMA when both TX and RX are impaired can be defined
as:

y
TX/RX
IQI = ur

(
ut

(
h1

√
α1Px1 + h2

√
α2Px2

)
+ vt

(
h1

√
α1Px1 + h2

√
α2Px2

)∗
+ n

)
+ vr

(
ut

(
h1

√
α1Px1 + h2

√
α2Px2

)
+ vt

(
h1

√
α1Px1 + h2

√
α2Px2

)∗
+ n

)∗
.

(3.44)

The SINR of the U2 and U2 while both the TX and RX are impaired can be given as:

γ
TX/RX
2 = ϵ1|h2|2Pα2

ϵ1|h1|2Pα1 + ϵ2|h1|2Pα1 + ϵ2|h2|2Pα2 + (µ2
r + ν2

r )N0
, (3.45)

γ
TX/RX
1 = ϵ1|h1|2Pα1

ϵ2|h1|2Pα1 + (µ2
r + ν2

r )N0
. (3.46)

3.7 Performance Analysis of the uplink NOMA with
IQI

3.7.1 Outage probability

In this subsection, the OP of the uplink NOMA in the presence of different scenarios IQI
over the Rayleigh fading channel for the two users.

1) NOMA TX impaired IQI
The OP of the U2 and U1 when the TX is impaired can be given, respectively as:
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P TX
out,2 =

|h2|2 ≤
γth,2

(
(µ2

t + ν2
t )α1|h1|2P +No

)
(µ2

t + ν2
t )α2|h1|2P


= 1 − exp

(
− γth,2No

P (µ2
tα2 − γth,2ν2

t α2)ϕ2

)
P (µ2

tα2 − γth,2ν
2
t α2)ϕ2

γth,2(µ2
t + ν2

t )α1Pϕ1 + P (µ2
tα2 − γth,2ν2

t α2)ϕ2
,

(3.47)

P TX
out,1 =

(
|h1|2 ≤ γth,1No

(µ2
t + ν2

t )α1|h1|2P

)

= 1 − exp
(

− γth,1No

P (µ2
tα1 − γth,1ν2

t α1)ϕ1

)
,

(3.48)

the outage of x2 occurs if one of the two events occurs: If U1 fails to detect x2 and if x2 is
successfully detected and fails to detect x1. By using PDF and CDF. the OP of x1 at U1 can
be determined as:

P TX
out,1 =1 − exp

(
− γth,2No

P (µ2
tα2 − γth,2ν2

t α2)ϕ2

)
P (µ2

tα2 − γth,2ν
2
t α2)ϕ2

γth,2(µ2
t + ν2

t )α1Pϕ1 + P (µ2
tα2 − γth,2ν2

t α2)ϕ2

× exp
(

− γth,1No

P (µ2
tα1 − γth,1ν2

t α1)ϕ1

)
.

(3.49)

2) NOMA RX impaired IQI
Assuming an ideal TX, the OP of the U2 and U1 while the RX is impaired can be expressed,
respectively as:

PRX
out,2 =

1 − exp
(

− γth,2(µ2
r + ν2

r )No

P (µ2
rα2 − γth,2ν2

rα2)ϕ2

)
P (µ2

rα2 − γth,2ν
2
rα2)ϕ2

γth,2(µ2
r + ν2

r )α1Pϕ1 + P (µ2
rα2 − γth,2ν2

rα2)ϕ2
,

(3.50)

PRX
out,1 = 1 − exp

(
− γth,1(µ2

r + ν2
r )No

P (µ2
rα1 − γth,1ν2

rα1)ϕ1

)
. (3.51)

The OP of x1 at the U1 can be defined as:

PRX
out,1 =1 − exp

(
− γth,2(µ2

r + ν2
r )No

P (µ2
rα2 − γth,2ν2

rα2)ϕ2

)
P (µ2

rα2 − γth,2ν
2
rα2)ϕ2

γth,2(µ2
r + ν2

r )α1Pϕ1 + P (µ2
rα2 − γth,2ν2

rα2)ϕ2

× exp
(

− γth,1(µ2
r + ν2

r )No

P (µ2
rα1 − γth,1ν2

rα1)ϕ1

)
.

(3.52)
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3) NOMA joint TX and RX impaired IQI
In the case of the joint TX and RX impaired, similar to the previous derivation. The OP of
U2 and U1 is obtained, respectively as:

P
TX/RX
out,2 =

1 − exp

− γth,2(µ2
r + ν2

r )No

P
(
ϵ1α2 − γth,2ϵ2α2

)
ϕ2

 P
(
ϵ1α2 − γth,2ϵ2α2

)
ϕ2

γth,2

(
ϵ1 + ϵ2

)
α1Pϕ1 + P

(
ϵ1α2 − γth,2ϵ2α2

)
ϕ2

,
(3.53)

P
TX/RX
out,1 = 1 − exp

− γth,1(µ2
r + ν2

r )No

P
(
ϵ1α1 − γth,1ϵ2α1

)
ϕ1

 . (3.54)

The OP of the x1 at the U1 can be given as:

P
TX/RX
out,1 = 1 − exp

− γth,2(µ2
r + ν2

r )No

P
(
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ϵ1α2 − γth,2ϵ2α2
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ϕ2
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(
ϵ1 + ϵ2
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(
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× exp
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P
(
ϵ1α1 − γth,1ϵ2α1
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ϕ1

 .
(3.55)

3.7.2 Ergodic Capacity of the uplink NOMA with IQI

In this subsection, we analyze the uplink NOMA in terms of EC performance considering
various scenarios of the IQI.

1) NOMA TX impaired IQI
the Shannon capacity of U2 and U1 is presented, respectively as:

CTX
2 = 1

2 log2
(
1 + γTX2

)
, (3.56)

CTX
1 = 1

2 log2
(
1 + γTX1

)
. (3.57)

By averaging the achievable rates over instantaneous channel coefficients, we get

CTX
2 =

∫ ∞

0
log2(1 + γTX2 )pδ2(δ2)dδ2 , (3.58)
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CTX
1 =

∫ ∞

0
log2(1 + γTX1 )pδ1(δ1)dδ1 , (3.59)

where pδi
(δi) is the PDF of δi. Similar to the previous derivation. The EC of the U2 and U1

when the TX is impaired can be expressed as:
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ln2
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(
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(3.60)
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t α1)ϕ1

)
1 + x

dx.
(3.61)

2) NOMA RX impaired IQI
The EC of U2 and U1 when the TX is ideal and RX is impaired can be obtained, respectively
as:

CRX
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ln2
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3) NOMA joint TX and RX impaired IQI
The EC of U2 and U1 when both the TX and RX are impaired can be obtained, respectively
as:
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(3.65)
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3.8 Numerical Results

In this section, we present the OP and EC performance for a downlink and uplink NOMA
under IQI over the Rayleigh fading channel. The figures present theoretical curves as markers
and simulation results as lines. The distance between the users and S is set as d1 = 5m,
d2 = 1.5m, In the case of the downlink, the PA is set at α1 = 0.8 and α2 = 0.2.
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Figure 3.3: Comparison between downlink NOMA and OMA in terms of OP.

In Fig. 3.3, we analyze the OP versus SNR for different scenarios: TX, RX, and joint
TX/RX. Comparing the results with the ideal case, it is evident that the system without IQI
outperforms the system with IQI in terms of outage performance. Moreover, an OMA system
performs better than a NOMA system. However, the impact of IQI on system performance
is more pronounced when it manifests in the receiver. This difference arises because the
receiver is influenced by IQI, signal, channel conditions, and noise, while the transmitter is
only impacted by the IQI.

In Figs. 3.4 and 3.5, we illustrate the OP and EC of users in the downlink NOMA systems
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Figure 3.4: OP of the downlink NOMA under IQI w.r.t SNR with IRRt = IRRr = 20dB.
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Figure 3.6: OP of the downlink NOMA under IQI w.r.t PA with IRRt = IRRr = 20dB.
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Figure 3.8: OP of the downlink NOMA under IQI w.r.t of IRR.

where joint TX and RX are affected by IQI with IRRt = IRRr = 20dB. The performance of
users with ideal IQI demonstrates better performance compared to those in a non-ideal IQI
condition. Therefore, the U1 exhibits superior performance, due to the high PA allocated to
U1. Furthermore, as the SNR increases, the system performance improves for both users.
The impact of PA is evaluated in Figs. 3.6 and 3.7, where both TX and RX are affected by

IQI with different SNR values. As the α2 increases, we can observe that the performance of
U1 degrades, while the performance of U2 improves. Furthermore, as the SNR increases, the
performance of the two users improves.

In Figs. 3.8 and 3.9, we present the OP and EC performance of the downlink NOMA
versus IRR with different levels of SNR. As IRR increases, there is a noticeable improvement
in both the OP and EC performance for the users.

To assess the performance of the uplink NOMA system, we consider the impairment of
both the transmitter (TX) and receiver (RX) by IQI with α1 = 0.2 and α2 = 0.8.
Figs. 3.10 and 3.11 depict the effect of the IQI on the uplink NOMA in the function of
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Figure 3.9: EC of the downlink NOMA under IQI w.r.t of IRR.
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Figure 3.13: EC of the uplink NOMA under IQI versus PA with IRRt = IRRr = 20dB.
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Figure 3.14: OP of the uplink NOMA under IQI w.r.t IRR.
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Figure 3.15: OP of the uplink NOMA under IQI w.r.t of IRR.

SNR with IRRt = IRRr = 20dB in terms of OP and EC. The results demonstrate that the
joint TX/RX impaired IQI significantly influences the system’s performance. Moreover, U2

outperforms user U1 due to the uplink NOMA system allocating more Power Allocation (PA)
resources to the near user than the far one.

The impact of PA on the uplink NOMA is presented in Figs. 3.12 and 3.13 in terms of OP
and EC performance with different values of SNR. The influence of PA on user performance
is distinct for each user. Increasing the α1 improves the performance of user U1, while it
simultaneously degrades the performance of user U2.

Fig. 3.14 and 3.15 illustrate the effect of IRR on the uplink of direct NOMA with different
levels of SNR. It can be seen that as the IRR increases the performance of both users increase.
Besides, despite the presence of imperfections, the system’s performance can still improve
with higher SNR levels.
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3.9 Conclusion

This chapter investigated the impact of IQI on a downlink and uplink NOMA system in terms
of OP and EC over a Rayleigh fading channel. The analysis considered three scenarios: IQI
impairment in the transmitter, IQI impairment in the receiver, and IQI impairment in both
the transmitter and receiver simultaneously. However, the findings reveal that IQI impair-
ment significantly diminishes the OP and EC performance of both the downlink and uplink
NOMA systems. This highlights the importance of devising compensation and optimization
methods to enhance the overall performance and efficiency of NOMA systems.
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Chapter 4

Impact of Hardware Impairment on
the Cooperative NOMA system

4.1 Introduction

Non-orthogonal multiple access (NOMA) is a promising solution to satisfy the demands for
spectrum efficiency and network density in the next generations of wireless access. Therefore,
the integration of the NOMA with cooperative relaying (CNOMA) networks has attracted
recent attention to improve transmission reliability and extend network coverage and increase
spectral efficiency [79]. In CNOMA schemes, there are two possible configurations depending
on whether direct links are available between the source and users or not. In the first, the relay
node(s) improves the key performance indicators (KPIs), e.g., capacity, outage probability
(OP) and bit error rate (BER), while in the second, the relay node(s) extends the coverage.

4.1.1 Related work

Nevertheless, almost all literature is devoted to the second scenario where the direct links
(DLs) are blocked by some obstacles. To enhance the outage performance of the users, the
authors in [80] presented the CNOMA with the aid of a decode-and-forward (DF) relay with
different relaying schemes by using both direct and relaying links. In [81], the impact of
the DF selection relay on the performance of CNOMA is analyzed with two types of relay
selection in terms of OP over the Rayleigh fading channel. The authors in [82] examined
the outage performance of the amplify-and-forward (AF) relay CNOMA network over the
Rayleigh fading channel. The ergodic sum rate and OP of CNOMA with DF and AF proto-
cols over the Nakagami-m fading channels have been analyzed in [83]. Therefore, to improve
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the performance of the DF CNOMA system, the hybrid relaying scheme that switches be-
tween full and half duplex (FD/HD) has been investigated in [84, 85]. For a more realistic
system, the authors in [86] analyzed the residual self-interference and residual multiple access
interferences due to imperfect co-channel interference cancellation on the FD-CNOMA over
Nakagami-channel in terms of OP and ergodic capacity. The FD/HD coordinated direct and
DF relay transmission in the NOMA system is analyzed in terms of OP and ergodic sum
rate under imperfect channel state information (ipCSI) and imperfect successive interference
cancellation (ipSIC) in [87]. Additionally, the authors in [88] presented a dual-hop multi-relay
NOMA using the DF system over the Nakagami-m fading channel in terms of OP. A novel
two-stage power allocation (PA) scheme with NOMA was proposed to improve the sum rate
and the OP of the dual-hop relay system in [89]. The authors in [90] presented the sum rate
analysis of the CNOMA scheme with dual-hop hybrid wireless-power line communication. In
[91], the performance of the dual-hop DF relay system using NOMA under the assumption
of statistical CSI is evaluated. The authors in [92] studied and compared the performance
of dual-hop relaying systems adopting DF and AF forwarding strategies. Moreover, a uni-
fied framework of NOMA networks that applied the code-domain NOMA (CD-NOMA) and
power-domain NOMA (PD-NOMA) NOMA with ipSIC and perfect SIC in terms of OP and
throughput is investigated in [93]. The authors in [94] examined the impact of physical layer
secrecy on the performance of a unified NOMA framework, where both external and inter-
nal eavesdropping scenarios are evaluated in terms of secrecy OP for both CD-NOMA and
PD-NOMA under ipSIC and perfect SIC. To model the locations of NOMA users within the
networks, a unified downlink NOMA transmission scenario has been investigated in [95].

On the other hand, radio-frequency (RF) equipment is one of the most significant com-
ponents of the massive network of interconnected devices that facilitates communication
between individual devices and/or their base station (BS). Therefore, the direct conversion
transceivers seem to be the RF front-end solution to stringent design goals such as low cost,
low power dissipation, improved efficiency and performance [13]. However, in a realistic com-
munication scenario, the RF component suffers from various types of hardware impairment
(HWI) that limit the performance of the overall system, such as oscillator phase noise (PN),
high power amplifier (HPA) and in-phase and quadrature-phase imbalance (IQI)[34, 48]. The
effect of individual HWI on the system’s performance has been examined in [96, 97, 98], where
the authors in [96, 98] analyzed throughput and OP performance with the impacts of IQI
on the transceiver front-end of the AF two-hop relay node with different IQI levels. The
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impact of non-linear HPA has been studied in [97], where the OP, ergodic capacity (EC)
and BER performance deteriorated compared to linear HPA. In [99], the achievable rate has
been examined for the massive multiple-input-multiple-output (MIMO) FD relaying in the
presence of HWI. In [100], the effect of HWI on one and two ways AF systems in terms of
OP expressions has been performed.

As well as other communication techniques [97, 99, 100] given above, the effects of such
imperfections on the performance of CNOMA schemes have been examined in several studies
[43, 49, 50, 58, 101, 102, 103]. The performance of NOMA dual-hop AF relaying networks is
examined over the Nakagami-m fading channel in terms of OP and ergodic sum rate in [49].
An AF CNOMA system with HWI is analyzed in terms of OP and intercept probability over
the multipath fading channel in [102]. The impact of HWI is investigated on the NOMA-based
AF relaying network in terms of OP, EC and ergodic sum rate. The authors in [50] investigate
the OP and ergodic rate performance of the FD-CNOMA with the presence of HWI over the
Rician fading channels. Furthermore, the effect of the simultaneous wireless information
and power transfer NOMA system has been analyzed in terms of OP [101]. However, the
CNOMA network suffers also from imperfect successive interference cancellation (ipSIC) and
imperfect channel state information (ipCSI). The authors in [58] study the impacts of HWI
on the NOMA with ipCSI, where both cooperative and non-cooperative NOMA are analyzed
in terms of OP, EC and energy efficiency. In [103], the OP of the cognitive radio NOMA
network is analyzed under HWI, ipCSI and ipSIC. On the other hand, BER performances of
FD-CNOMA have been investigated in [104] with ipSIC where perfect CSI and no HWI are
considered. Then, the BER and OP performances of a two-hop and multi-hop DF CNOMA
with ipCSI have been investigated in [55, 56, 105]. The pairwise error probability is derived
for the AF-CNOMA by considering HWI with no ipCSI [43]. Besides, the BER of the NOMA
arbitrary number of users and modulation orders has been analyzed in [106, 107, 108], which
proved that the increase in number of users or modulations order causes infeasible PA. In
those cases, some of the users need to get very low power coefficients.

4.1.2 Motivations and contributions

All the aforementioned CNOMA studies investigate the performances of CNOMA without
direct link (DL) and CNOMA with DL has not been investigated with imperfections in terms
of any performance metrics. Besides, most of the above papers [79, 80, 87, 93, 94, 50, 58,
102, 103] analyze the effects of one or multiple imperfections only in terms of achievable rate
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and/or OP whilst the BER performance is considered in very limited studies [43, 56, 104, 105].

Furthermore, the effects of HWI on the BER performances of NOMA with/without co-
operative relaying have not been studied well although its effects on capacity and OP per-
formances have been evaluated in [50, 58, 102, 103]. Also, the OP with the effect of HWI
on CNOMA, when maximum ratio combining (MRC) is implemented at the receiver in the
presence of ipSIC and ipCSI, has not been performed. As discussed above, to the best of
our knowledge, the BER and OP performance of NOMA schemes (with/without cooperative
relaying) has not been investigated with practical constraints (i.e., ipSIC, ipCSI and HWI).
Besides, the BER performance of NOMA with/without cooperation has not been revealed
with all imperfections in the open literature.

Motivated by this, this chapter provides a comprehensive analytical framework for the
BER and OP performances of NOMA schemes under practical constraints where the consid-
eration of ipSIC, ipCSI and HWI. Therefore, the main contributions of the chapter can be
summarized as follows:

• Three different schemes of the NOMA system (downlink NOMA, CNOMA without
direct link, CNOMA with direct link) are presented with practical constraints (i.e.,
ipSIC, ipCSI and HWI).

• The exact BER expressions of the three considered systems are derived under HWI in
the presence of ipSIC and ipCSI and the analytical results are validated via computer
simulations.

• The outage performance for the different NOMA schemes is also investigated and exact
OP expressions are derived under HWI, ipCSI and ipSIC. The asymptotic analysis of
OP at high SNR regions is performed to reveal the insights of the parameters for HWI,
ipCSI, and ipSIC on system performance and the results show that the OP is affected
by HWI, ipCSI and ipSIC in the high SNR. In addition, the computer simulations show
a perfect match with theoretical results.

• For comparisons, extensive computer simulations are presented to reveal the effects of
HWI, ipCSI and ipSIC on the BER and OP performance of the considered systems
with different scenarios (e.g., PA, and distance between nodes).

• The conventional OMA schemes are considered as a benchmark for comparison with
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Figure 4.1: System model CNOMA schemes with HWI.

proposed NOMA schemes. Therefore, the BER and OP system analysis is obtained for
our three NOMA schemes in the presence of HWI, ipCSI and ipSIC.

4.2 System model

A downlink CNOMA system is presented in Fig. 4.1. The system comprises a source (S),
a DF relay (R), and two users: user 1 (U1) and user 2 (U2). All nodes are equipped with a
single antenna and the R operates in HD mode. Three different scenarios of the considered
system which are:

1. Downlink NOMA (NOMA) S transmits directly the signal to the users.

2. Cooperative NOMA without direct link (CNOMA) S communicates with the users
through R, as there is no direct link between S and the users.

3. Cooperative NOMA with a direct link (CNOMA-WDL) S employs R and utilizes the
direct links to transmit the signal to the users. In a two-phase process, the users
combine the signals received from both sources using the maximum ratio combining
(MRC).

The complex flat fading channel coefficients between S-users are represented as The received
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signals at U1, U2 and R ath the first phase are presented as [42, 109]:

yi = (h̃i + e)(
√
Psssc + ηi) + n, (4.1)

where ssc = √
α1x1+√

α2x2, α1 and α2 are the PA coefficient and s1, s2 are the message of the
U1 and U2, respectively. ηi is the independent distortion noise defined as ηi ∼ CN (0, k2

iPs),
k2
i is the HWI level at the transceivers. n is the Additive White Gaussian Noise (AWGN)

n ∼ CN (0, No).

The received signal-to-interference plus noise ratio (SINR) for the x1 in the first phase at
the U1, U2 and R

γS1
1 = α1Ps|h̃S1|2

α2Ps|h̃S1|2 + σ2
ϵPs + σ2

ϵPsk
2
S1 + |h̃S1|2Psk2

S1 +N0
, (4.2)

γS2
1 = α1Ps|h̃S2|2

α2Ps|h̃S2|2 + σ2
ϵPs + σ2

ϵPsk
2
S2 + |h̃S2|2Psk2

S2 +N0
, (4.3)

γSr1 = α1Ps|h̃Sr|2

α2Ps|h̃Sr|2 + σ2
ϵPs + σ2

ϵPsk
2
Sr + |h̃Sr|2Psk2

Sr +N0
. (4.4)

Although both U2 and R implement SIC to detect x2, the SINR of x2 at U2 and R is provided
respectively as:

γS2
2 = α2Ps|h̃S2|2

ςα1Ps|h̃S2|2 + σ2
ϵPs + σ2

ϵPsk
2
S2 + |h̃S2|2Psk2

S2 +N0
, (4.5)

γSr2 = α2Ps|h̃Sr|2

ςα1Ps|h̃Sr|2 + σ2
ϵPs + σ2

ϵPsk
2
Sr + |h̃Sr|2Psk2

Sr +N0
, (4.6)

where ς denotes the residual SIC factor. During the second phase of the cooperative schemes,
R utilizes SIC for both users. Subsequently, it generates a new superimposed signal SC signal
and retransmits it to the users using its own power, similar to R-S. The received signal at U1

and U2 in the second phase is presented as:
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yj = (h̃j + e)(
√
Prssc + ηj) + n, (4.7)

where Pr is the relay transmit power, ηri ∼ CN (0, k2
riPr). The SINR for x1 and x2 in the

CNOMA, where the users receive the signal from R only, can be defined as:

γr11 = α1Pr|h̃r1|2

α2Pr|h̃r1|2 + σ2
ϵPr + σ2

ϵPrk
2
r1 + |h̃r1|2Prk2

r1 +N0
, (4.8)

γr21 = α1Pr|h̃r2|2

α2Pr|h̃r2|2 + σ2
ϵPr + σ2

ϵPrk
2
r2 + |h̃r2|2Prk2

r2 +N0
, (4.9)

γr22 = α2Pr|h̃r2|2

ςα1Pr|h̃r2|2 + σ2
ϵPr + σ2

ϵPrk
2
r2 + |h̃r2|2Prk2

r2 +N0
. (4.10)

The SINR for x1 and x2 in the context of CNOMA-WDL, where users employ MRC to receive
signals, can be expressed as:

γCNOMA−DL−WDL
1 = γ1

S1 + γ1
r1, (4.11)

γCNOMA−DL−WDL
2→1 = γ1

S2 + γ1
r2, (4.12)

γCNOMA−DL−WDL
2 = γ2

S2 + γ2
r2. (4.13)

4.2.1 Performance Analysis

4.2.1.1 Outage probability anlysis

In this subsection, the expression of OP for the different NOMA schemes: NOMA, CNOMA,
and CNOMA-WDL over the Rayleigh fading channel.
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1) OP of the NOMA syetem
The OP of the x1 at the U1 and R under HWI, ipCSI is given as:

Px1,m(out) = P (γm1 ≤ γth,1)

= 1 − exp (−γth,1Θm
1 ), m = Sr;S1; r1,

(4.14)

where

ΘSr
1 = (N0+σ2

ϵPs+σ2
ϵPskSr

2)
ΦSr(α1Ps−γth,1Psα2−γth,1PskSr

2) , ΘS1
1 = (N0+σ2

ϵPs+σ2
ϵPskS1

2)
ΦS1(α1Ps−γth,1Psα2−γth,1PskS1

2) ,

Θr1
1 = (N0+σ2

ϵPr+σ2
ϵPrkr1

2)
Φr1(α1Pr−γth,1Prα2−γth,1Prkr1

2) . γth,1 = 2τR1 − 1 is the threshold of x1, τ the time slot

duration 1 for NOMA 2 for CNOMA and Φm = E[|̃hm|2] are defined.

Proof Please see Appendix C.

The OP of x2 at U2 and R with HWI, ipCSI, and ipSIC is determined as:

Pm2,n(out) = P (γn1 ≤ γth,1) + P (γn1 > γth,1)P (γn2 ≤ γth,2)

= 1 − exp (−Θn
1γth,1) exp (−Θn

2γth,2), n = Sr;S2; r2,
(4.15)

where

ΘSr
2 = (N0+σ2

ϵPs+σ2
ϵPskSr

2)
ΦSr(α2Ps−ςγth,2Psα1−γth,2PskSr

2) , ΘS2
1 = (N0+σ2

ϵPs+σ2
ϵPskS2

2)
ΦS2(α1Ps−γth,1Psα2−γth,1PskS2

2) ,

ΘS2
2 = (N0+σ2

ϵPs+σ2
ϵPskS2

2)
ΦS2(Psα2−γth,2ςα1Ps−γth,2PskS2

2) , Θr2
1 = (N0+σ2

ϵPr+σ2
ϵPrkr2

2)
Φr2(α1Pr−γth,1Prα2−γth,1Prkr2

2) ,

Θr2
2 = (N0+σ2

ϵPr+σ2
ϵPrkr2

2)
Φr2(Prα2−γth,2ςα1Pr−γth,2Prkr2

2) . γth,2 = 2τR2 − 1 is the threshold of m2, and

Φn = E[|̃hn|2].

2) OP of CNOMA system
The OP of the CNOMA can be obtained as:

P
(CNOMA)
l (out) = 1 − (1 − Pxl,Sr(out)) (1 − Pxl,rl(out)) , l = 1, 2, (4.16)
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where, the Pxl,Sr(out) and Pxl,rl(out) are defined for the first and second phases, respec-
tively in (4.14) and (4.15).

3) OP of CNOMA-WDL system
The Outage Probability (OP) of CNOMA-WDL for user U1, who utilizes the MRC to com-
bine the received signals from S and R, can be expressed as [110]:

P CNOMA−WDL
1 (out) =

(1 − P (γ1
Sr < γth,1))P ((γS1

1 + γr11 ) < γth,1) + P (γ1
Sr < γth,1)P (γS1

1 < γth,1),
(4.17)

where P (γ1
Sr < γth,1), P (γ1

S1 < γth,1) and P (γ1
S1 < γth,1) are obtained in (4.14). em-

ploying the CDF of two independent exponential random variables γ1
S1 ̸= γr11 .

Then, the term (4.17) can define be as in [110, eq. (6)]
:

P ((γS1
1 + γr11 ) < γth,1) = 1 −

[
τ1 exp

(
−ΘS1

1 γth,1
)

+ τ2 exp
(
−Θr1

1 γth,1
)]
,where Θs1

1 ̸= Θr1
1 ,

(4.18)

where τ1 = ΘS1
1

ΘS1
1 −Θr1

1
and τ2 = Θr1

1
Θr1

1 −ΘS1
1

.
Replacing (4.14) and (4.18) into (4.17), the OP of the U1 for the CNOMA-WDL is given as:

P CNOMA−WDL
1 (out) = exp

(
−γth,1ΘSr

1

)1 −

τ1 exp
(
−ΘS1

1 γth,1
)

+ τ2 exp
(
−Θr1

1 γth,1
)

+
(
1 − exp

(
−γth,1ΘSr

1

)) (
1 − exp

(
−γth,1ΘS1

1

))
.

(4.19)

The OP at the output MRC of x2 at the U2 which can be presented as:

PCNOMA−WDL
2 (out) = P CNOMA−WDL

2→1 (out) +
[
1 − P CNOMA−WDL

2→1 (out)
]
P2(out), (4.20)

where P CNOMA−WDL
2→1 (out) and P2(out) are the OP to detect x1 and x2 at U2 at output MRC

that can be defined
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P CNOMA−WDL
2→1 (out) = (1 − P

(
γ1
Sr < γth,1

)
)P
(
(γ1

S2 + γ1
Sr) < γth,1

)
+ P

(
γ1
Sr < γth,1

)
P
(
γS2

1 < γth,1
)
,

(4.21)

where P
(
γ1
Sr < γth,1

)
) is given in (4.14). The other term can be expressed by using the

CDF of γ1
S2 ̸= γr11

P
(
γS2

1 < γth,1
)

= 1 − exp
(
−ΘS2

1 γth,1
)
, (4.22)

P ((γ1
S2 + γ1

Sr) < γth,1) = 1 −
[
τ3 exp

(
−ΘS2

1 γth,1
)

+ τ4 exp
(
−Θr2

1 γth,1
)]
, where ΘS2

1 ̸= Θr2
1 ,

(4.23)

where τ3 = ΘS2
1

ΘS2
1 −Θr2

1
and τ4 = Θr2

1
Θr2

1 −ΘS2
1

.

Replacing (4.14), (4.22), and (4.23) in (4.21), we get:

P CNOMA
2→1 (out) = exp (−Θsr

1 γth,1)
(
1 −

[
τ3 exp

(
−Θs2

1 γth,1
)

+ τ4 exp
(
−Θr2

1 γth,1
)])

+

(1 − exp (−Θsr
1 γth,1))

(
1 − exp

(
−Θs2

1 γth,1
))
.

(4.24)

The OP of x2 at U2 at output MRC is expressed as:

P2(out) = (1 − P
(
γ2
Sr < γth,2

)
)P
(
γ2(γ2

S2 + γ2
Sr) < γth,2

)
+ P (γ2

sr < γth,2)P
(
γS2

2 < γth,2
)
,

(4.25)

where P
(
γ2
Sr < γth,2

)
) and P

(
γ2
S2 < γth,2

)
) is defined in (4.15) and

P ((γ2
S2 + γ2

Sr) < γth,2) = 1 −
[
τ5 exp

(
−Θs2

2 γth,2
)

+ τ6 exp
(
−Θr2

2 γth,2
)]
, where Θs2

2 ̸= Θr2
2 ,

(4.26)

where τ5 = ΘS2
2

ΘS2
2 −Θr2

2
and τ6 = Θr2

2
Θr2

2 −ΘS2
2

.

Substituting (4.15) and (4.26) in (4.25), we get the OP of the x2 at the U2 at the output as:

P2(out) = exp
(
−ΘSr

2 γth,2
) (

1 −
[
τ5 exp

(
−ΘS2

2 γth,2
)

+ τ6 exp
(
−Θr2

2 γth,2
)])

+
(
1 − exp

(
−ΘSr

2 γth,2
)) (

1 − exp
(
−ΘS2

2 γth,2
))
.

(4.27)
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By Substituting (4.24) and (4.27) in (4.20), we obtain the OP of x2 at the U2 at the
output MRC.

4.2.1.2 Asymptotic OP anlysis

The asymptotic OP is defined in high SNR regimes where we use exp(−x) ≈ (1 − x) in high
SNR as in [111]:

1) Asymptotic OP of NOMA system
The asymptotic OP of the first phase the x1 at R and U1 can be presented as:

P asym
x1,m (out) ≈ γth,1Θm

1 . (4.28)

The asymptotic OP of the second phase the x2 at R and U2 can be given as:

P asym
x2,n (out) ≈ 1 − (1 − Θn

1γth,1) (1 − Θn
2γth,2) . (4.29)

2) Asymptotic OP of CNOMA system
The asymptotic OP of the CNOMA without DL can be presented as:

P asym,CNOMA
e2e,i (out) ≈ 1 −

(
1 − P asym

xi,Sr
(out)

) (
1 − P asym

xi,r,i (out)
)
, i = 1, 2, (4.30)

where P asym
xi,Sr

(out) and P asym
xi,r,i (out) are defined in (4.29) and (4.30)

3)Asymptotic OP of CNOMA-WDL system
The asymptotic OP of U1 for the CNOMA-WDL is given as:

P asym,CNOMA−WDL
1 (out) ≈

(
1 − γth,1ΘSr

1

) (
1 −

[
τ1
(
1 − τS1

1 γth,1
)

+ τ2
(
1 − Θr1

1 γth,1
)])

+
(
γth,1τ

Sr
1

)(
γth,1τ

S1
1

)
.

(4.31)

The asymptotic OP of U2 for the CNOMA-WDL:

P asym,CNOMA−WDL
2 (out) = P asym,CNOMA−WDL

2→1 (out) + P asym
2 (out)×[

1 − P asym,CNOMA−WDL
2→1 (out)

]
,

(4.32)
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Each term can be defined as:

P asym,CNOMA
2→1 (out) = (1 − Θsr

1 γth,1)
(
1 −

[
τ3
(
1 − Θs2

1 γth,1
)

+ τ4
(
1 − Θr2

1 γth,1
)])

+

(1 − (1 − Θsr
1 γth,1))

(
1 −

(
1 − Θs2

1 γth,1
))
,

(4.33)

P asym
2 (out) =

(
1 − ΘSr

2 γth,2
) (

1 −
[
τ5
(
1 − ΘS2

2 γth,2
)

+ τ6 exp
(
−Θr2

2 γth,2
)])

+
(
1 −

(
1 − ΘSr

2 γth,2
)) (

1 −
(
1 − ΘS2

2 γth,2
))
.

(4.34)

4.2.1.3 Bit error rate analysis

In this section, we derive the BER expressions for three different schemes, namely NOMA,
CNOMA, and CNOMA-WDL. The analysis is performed for both users over the Rayleigh
fading channels. To modulate the messages of users U1 and U2 at S and R, we employ the
Binary Phase-Shift Keying (BPSK) modulation technique.

1) BER of NOMA system
The BER for x1 symbols in the presence of the effects of HWI and ipCSI is given as:

Px1,m = 1
2

2∑
i=1

Q
(√

2∆x1,m,i

)
, m = Sr; S1; r1, (4.35)

where

∆x1,Sr,i = Psψi|h̃Sr|2
N0+2Psk2

Sr|h̃Sr|2+2(k2
Sr+ψi)Psσ2

ϵ
, ∆x1,S1,i = PsΨz |h̃S1|2

N0+2Psk2
S1|h̃S1|2+2(k2

s1+Ψi)Psσ2
ϵ
,

∆x1,r1,i = PrΨi|h̃r1|2
N0+2Prk2

r1|h̃r1|2+2(k2
r1+Ψi)Prσ2

ϵ
, with Ψi = [(√α1 + √

α2)2, (√α1 − √
α2)2] is given

according to modulation order.

Proof : Please see Appendix D.

The average BER (ABER) is given as:

Pe2e,x1,m = 1
4

2∑
i

1 −

√√√√ ∆̄x1,m,i

1 + ∆̄x1,m,i

 , (4.36)

where ∆̄x1,m,i = E[∆x1,m,i], E[.] is an expectation operator. To detect x2 symbols, each node
utilizes a SIC process. The BER for x2 symbols at each node is determined by combining
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both the correct and erroneous detections of the x1 symbols during the SIC process. There-
fore, the BER for x2 at R and user U2 can be expressed as:

Px2,n = 1
4

6∑
j=1

gjQ
(√

2∆x2,n,j

)
, where n = Sr, S2, r2, (4.37)

where

∆x2,Sr,j = Psυj |h̃Sr|2

N0+2Psk2
Sr|h̃Sr|2+2(k2

Sr+ωj)Psσ2
ϵ
, ∆x2,S2,j = Psυj |h̃S2|2

N0+2Psk2
S2|h̃S2|2+2(k2

S2+ωj)Psσ2
ϵ
,

∆x2,r2,j = Prυj |h̃r2|2

N0+2Prk2
r2|h̃r2|2+2(k2

r2+ωj)Prσ2
ϵ
, gj = [1, 1,−1, 1, 1,−1],

υj = [α2, α2, (
√
α1 + √

α2)2, (2√
α1 + √

α2)2, (√α1 − √
α2)2, (2√

α1 − √
α2)2], and

ωj = [(√α1+√
α2)2, (√α1−√

α2)2, (√α1+√
α2)2, (√α1+√

α2)2, (√α1−√
α2)2, (√α1−√

α2)2].

Proof: Please see Appendix E

By utilizing the alternate form of Q(.) function and the moment generating function
(MGF). the ABER of x2 at the R and U2 is expressed as:

Pe2e,x2,n = 1
4

6∑
j=1

gj

1 −

√√√√ δ̄x2,n,j

1 + δ̄x2,n,j

 , (4.38)

where δ̄x2,n,j = E[δx2,n,j].

2) BER of CNOMA system
The e2e BER expressions in the CNOMA for both users are given as [105]:

P
(CNOMA)
e2e,i = Pe2e,xi,Sr (1 − Pe2e,xi,r,i) + (1 − Pe2e,xi,Sr)Pe2e,xi,r,i, i = 1, 2 (4.39)

where Pe2e,xi,Sr and Pe2e,xi,r,i are the BER of the U1 and U2 symbols in R defined in (4.36)
and (4.38).

3) BER of CNOMA-WDL system
The e2e BER expressions in CNOMA-WDL for the users under the HWI and ipCSI are given
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as [59]:

P
(CNOMA−WDL)
e2e,i = 1

2
∑
f

gf [P err−prop
xi

× Pxi,Sr + (1 − Pxi,Sr)P coop−MRC
xi

, f = i, j, (4.40)

where Pxi,Sr is given in (4.36) and (4.38). Each term can be presented as:

BER of cooperative diversity with MRC
The BER of the U1 with diversity combines the two signals from different sources, one from
S and one from R is expressed by [59], [112, pp. 320-321]:

P coop−MRC
x1 = Q

(√
2(∆x1,S1,i + ∆x1,r1,i)

)
. (4.41)

The Average Bit Error Rate (ABER) for the cooperative-MRC of two branches at U1 is
considered when the mean Signal-to-Noise Ratios (SNRs) of the two branches are different
∆̄x1,S1,i ̸= ∆̄x1,r1,i) is presented as:

P coop−MRC
x1 = 1

2

1 − 1
∆̄x1,S1,i − ∆̄x1,r1,i

∆̄x1,S1,i

√√√√ ∆̄x1,S1,i

1 + ∆̄x1,s1,i
− ∆̄x1,r1,i

√√√√ δx1,r1,i

1 + ∆̄x1,r1,i

 .
(4.42)

The BER for cooperative-MRC after the SIC process to detect U2 symbols can be presented
[59, 112]:

P coop−MRC
x2 = Q

(√
2(∆x2,S2,j + δx2,r2,j)

)
. (4.43)

The ABER for cooperative-MRC of two signals at U2 when the mean of the SNRs of
branches are different (i.e., ∆̄x2,S2,j ̸= ∆̄x2,r2,j) is given by [59, 113] as:

P coop−MRC
x2 {ssc ∈ j} =

1
2

1 − 1
∆̄x2,S2,j − ∆̄x2,r2,j

∆̄x2,S2,j

√√√√ ∆̄x2,S2,j

1 + ∆̄x2,S2,j
− ∆̄x2,r2,j

√√√√ ∆̄x2,r2,j

1 + ∆̄x2,r2,j

 . (4.44)

After implementing MRC, we characterize the total received signal to assess the BER con-
sidering error propagation from U1 and U2. In this scenario, we assume that S sent a symbol
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(+1) for U1 and another symbol (+1) for U2. During the SIC process at the R, the symbol
of U1 is erroneously detected as (-1). Consequently, after the SIC process, symbol U2 is also
erroneously detected as (-1) as [46, 114].

BER of cooperative MRC in the error propagation
The sum of the received signals at U1 through MRC in the error propagation is given as:

λerr−prop
x1 = h̃∗

S1yS1 + h̃∗
r1yr1

= (λx1,S1,i − λx1,r1,i) + ñ1,
(4.45)

where λx1,S1,i = PsΨi|h̃S1|2 and λx1,r1,i = PrΨi|h̃r1|2. However, ñ1 is defined as E[ñ1] ∼
CN (0, N0

2 [σ2
h̃S1

+ σ2
h̃r1

] + k2
S1Psσh̃2

S1
σ2
ϵ + k2

S1Psσ
2
h̃S1

+ k2
r1Prσ

2
h̃r1
σϵ

2 + k2
r1Prσ

2
h̃r1

+ PsΨiσ
2
h̃S1
σ2
ϵ +

PrΨiσ
2
h̃r1
σ2
ϵ ).

Therefore, the BER representing the error propagation for the U1 symbols can be defined
as:

P err−prop
x1 = P (λx1,S1,i − λx1,r1,i < ñ1)

= Q
(
λx1,S1,i − λx1,r1,i√

Ω1

)
,

(4.46)

where Ω1 = N0
2 [σ2

h̃S1
+σ2

h̃r1
]+k2

S1Psσ
2
h̃S1
σ2
ϵ +k2

S1Psσ
2
h̃S1

+k2
r1Prσ

2
h̃r1
σϵ

2+k2
r1Prσ

2
h̃r1

+PsΨiσ
2
h̃S1
σ2
ϵ +

PrΨiσ
2
h̃r1
σ2
ϵ .

It is observed that when R forwards an incorrect symbol, the effect of this is more pronounced
in causing erroneous detection than the impact of additive noise. Thus, we can approximate
the BER as λx1,S1,i − λx1,r1,i < 0 [59].

The BER considering the error propagation is presented as:

P err−prop
x1 = P (λx1,S1,i − λx1,r1,i < 0). (4.47)

The ABER of x1 in the error propagation is expressed as:

P err−prop
x1 = λ̄x1,r1,i

λ̄x1,r1,i + λ̄x1,S1,i
, (4.48)
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where λ̄x1,S1,i = E[λx1,S1,i] = PsΨzσ
2
h̃S1

and λ̄x1,r1,i = E[λx1,r1,i] = Prψzσ
2
h̃r1

.

Furthermore, after combining the signals from S and R at U2, the total received signal at
U2 is defined as:

λerr−prop
x2 = h̃∗

S2yS2 + h̃∗
r2yr2. (4.49)

Hence, the summation of the received signal at U2 after the detection of symbols through the
SIC process is given as:

λerr−prop
x2 = (λx2,S2,j − λx2,r2,j) + ñ2, (4.50)

where λx2,S2,j = Psυj|h̃S2|2 and λx2,r2,j = Prυj|h̃r2|2. ñ2 is the effective noise with E[ñ2] ∼
CN (0, N0

2 [σ2
h̃S2

+ σ2
h̃r2

] + k2
S2Psσ

2
h̃S2
σ2
ϵ + k2

S2Psσ
2
h̃S2

+ k2
r2Pr, σ2

h̃r2
σϵ

2 + k2
r2Prσ

2
h̃r2

+ Psυjσ
2
h̃S2
σ2
ϵ +

Prυjσ
2
h̃r2
σ2
ϵ ).

Therefore, the BER for the U2 of the error propagation is expressed as:

P err−prop
x2 = P (λx2,S2,j − λx2,r2,j < ñ2)

= Q
(
λx2,S2,j − λx2,r2,j√

Ω2

)
,

(4.51)

where Ω2 = N0
2 [σ2

h̃S2
+σh̃2

r2
+k2

S2Psσ
2
h̃S2
σ2
ϵ +k2

S2Psσ
2
h̃S2

+ k2
r2Prσ

2
h̃r2
σϵ

2 +k2
r2Prσ

2
h̃r2

+Psυjσ2
h̃s2
σ2
ϵ +

Prυjσ
2
h̃r2
σ2
ϵ . We can estimate the BER for the SIC to detect x2 (λx2,S2,j − λx2,r2,j < 0).

Therefore, the BER of x2 in the error propagation is presented as:

P err−prop
x2 = P (λx2,S2,j − λx2,r2,j < 0). (4.52)

The ABER of x2 in the error propagation is expressed as:

P err−prop
x2 = λ̄x2,r2,j

λ̄x2,r2,j + λ̄x2,S2,j
, (4.53)

where λ̄x2,S2,j = E[λx2,S2,j] = Psυjσ
2
h̃S2

and λ̄x2,S2,j = E[λx2,r2,j] = Prυjσ
2
h̃r2

.

University of El-Oued: 2023 86



Chapter 4:Impact of Hardware Impairment on the Cooperative NOMA system

Finally, to obtain the e2e BER of the CNOMA-WDL for U1, we substituted (4.36), (4.42),
and (4.48) into (4.39).
Likewise, substituting (4.38), (4.44), and (4.53) into (4.39), we obtain the e2e BER of the
CNOMA-WDL for U2.

4.3 Numerical results

In this section, the performance of the three different scenarios of the NOMA system (i.e.
NOMA, CNOMA, and CNOMA-WDL) with practical Constraints: HWI, ipCSI, and ipSIC
are evaluated in terms of BER and OP over the Rayleigh fading channel. The parameters
are set as the HWI level is defined as [49]:ks,1 = kS2 = kr1 = kr2 = k, ds,1 = 4m, dS2 = 2m,
dSr = 1m, dr1 = 3m, dr2 = 1m, Pr = Ps, α1 = 0.8, and α2 = 0.2.
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Figure 4.2: OP performances of different NOMA schemes versus SNR with σ2
ϵ = 0.005.

The OP and BER performance of the different scenarios of the NOMA in the function
of the SNR is evaluated in Figs. 4.2 and 4.3, where the HWI is considered as k = 0.175
and ipCSI factor σϵ = 0.005. It becomes evident that the inclusion of ipCSI and ipSIC leads
to a degradation in the OP performance. Additionally, the presence of HWI decreases the
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Figure 4.3: BER performances of different NOMA schemes versus SNR, when σ2
ϵ = 0.005.
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Figure 4.5: BER performances of different NOMA schemes w.r.t HWI level, when σ2
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Figure 4.6: OP performances of different NOMA schemes w.r.t ipCSI with SNR= 20 dB.
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Figure 4.7: BER performances of different NOMA schemes w.r.t σ2
ϵ , when SNR= 20 dB.
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OP performance for both users, although its effect is less pronounced when compared to
the impact of ipCSI. The performance of CNOMA-WDL surpasses the performance of both
CNOMA and NOMA. Also, we notice in Fig. 4.2 that at a high SNR, the asymptotic OP
curve is limited compared to the theoretical curves.

The effect of the HWI is examined in Figs. 4.4 and 4.5 in terms of OP and BER per-
formance of the three schemes of the NOMA system. it can be observed that as the level of
HWI increases the OP and BER performance of all schemes degrades. Also, the performance
of CNOMA surpasses the direct NOMA.
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Figure 4.9: BER performances of different NOMA schemes versus σ2
ϵ , when SNR= 20 dB.

Figs. 4.6 and 4.7 depict the impact of ipCSI on the OP and BER on the different NOMA
schemes with different k values and SNR= 20 dB. It can be observed that the performance
degrades as the ipCSI factor increases. Additionally, when comparing the impact of ipCSI
with that of HWI, the latter has a lesser influence on the outage performance.

The OP and BER performance in the function of the PA with SNR= 20 dB and σ2
ϵ = 0.005

is presented in Figs. 4.8 and 4.9. With an increase of α2, the performance of U2 degrades,
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Figure 4.10: OP performances of different NOMA schemes w.r.t dr when σ2
ϵ = 0.005.
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while in contrast, the performance of U1 improves. Hence, with the increase in HWI, the
performance of all NOMA schemes deteriorates, particularly impacting U2 more significantly
than U1 due to the SIC process.

Fig. 4.10 and 4.11 evaluate the OP and BER performance of the different NOMA schemes
in the function of the distance of R. It can be observed that when the distance of R is nearer
to the middle, both users achieve improved performance. The OP and BER performance in
both the first and second phases is influenced by the distance between the S and both users.

4.4 Conclusion

In this chapter, we examined the OP and BER performance of three NOMA schemes: down-
link NOMA, and cooperative NOMA with and without direct links under practical assump-
tions. We considered all imperfections such as HWI, ipCSI and ipSIC. The expressions for
the end-to-end OP and BER were derived for all schemes, and their theoretical validity was
verified through computer simulations.

Additionally, we delved into the influence of HWI, ipCSI, PA, and distance R on the
OP and BER performances. Our findings indicated that each of these parameters played a
crucial role in determining the performance of the various NOMA schemes.
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Chapter 5

Impact of IQI on the Cooperative
NOMA system

5.1 Introduction

With the rapid development of the Internet of things (IoT), the beyond 5G network must
support massive user and device connectivity to meet the demand for low latency, spectral
efficiency and diverse service types. As a promising solution, non-orthogonal multiple access
(NOMA) gets more attention due to its ability to meet these requirements. To improve
spectral efficiency, NOMA is integrated with a variety of techniques, including cooperative
communication and multiple input multiple outputs (MIMO) [115, 116, 60]. In cooperative
NOMA (CNOMA), there are two schemes, CNOMA without the direct links and CNOMA
with the direct links. In the CNOMA scheme without the direct links, it is assumed that the
users cannot receive the base station (BS) signal, so it is used to extend the coverage area
and help the very far users or users who suffer from channel disorders. In the CNOMA with
the direct links, it is considered that the users can receive the signal from the BS and relay so
the users can improve their performance by employing one of the diversity techniques (e.g.,
maximum ratio combining (MRC)).

5.1.1 Related works

To evaluate the performance of the CNOMA without the direct links, a reversed decode-
forward (DF) CNOMA under the imperfect successive interference canceler (ipSIC) and im-
perfect channel state information (ipCSI) have been analyzed in terms of the outage proba-
bility (OP) and ergodic capacity (EC) [56]. To overcome the problems associated with poor
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channel quality and disconnection communication between the BS and users, the multi-hop
for CNOMA to deliver the signal to the users everywhere has been performed and examined
in [105]. In [117], the OP and throughput of the CNOMA over Nakagami-m fading channels
were examined.

Also, to evaluate the performance of CNOMA with direct links, the authors in [118, 119]
analyzed the system capacity and OP of DF relaying for CNOMA. The OP performance of
the three CNOMA schemes have been analyzed in [80]. The incremental relay for CNOMA
to improve OP performance has been examined in [120]. The authors of [121, 122] evaluate
the OP and achievable rate performance of the CNOMA with and without the direct links
under ipCSI over the Nakagami-m fading channels. In [123], the ergodic sum rate has been
derived for CNOMA with direct links. A full-duplex (FD) and half-duplex (HD) for CNOMA
with the direct links have been analyzed in terms of the OP, EC and energy efficiency [85].
The EC and OP for threshold-based selective CNOMA have been analyzed to provide a reli-
able alternative for traditional CNOMA networks [124]. The authors of [125] investigate the
ergodic sum capacity and OP of the uplink CNOMA over the Rayleigh fading channel. An
FD CNOMA-based coordinated direct and relay transmission has been analyzed in terms of
the OP and ergodic rate under the effect of the residual interference generated due to the
ipSIC [126].

On the other hand, direct-conversion transceivers are an interesting radio frequency (RF)
front-end option since they do not require external intermediate frequency filters or image
rejection filters [127]. Due to their high-speed data transfer, low costs low power dissipation,
and their architectures are assumed to be ideal candidates for wireless technologies [128].
However, in practice, the direct-conversion transceiver suffers from RF front-end due to
component mismatch and imperfect manufacturing, such as in-phase and quadrature-phase
imbalance (IQI). These refer to the amplitude and phase mismatch between a transceiver’s I
and Q branches and cause imperfect image rejection with significant performance limits [6].

The I and Q branches of the mixer in an ideal transceiver should have identical amplitude
and exactly 90 phase shift, which is not realistic [65]. In practical implementations, IQI exists
in the direct-conversion transceiver due to the inadequate analog components employed in
the transceiver. In [13], the authors analyze the impact of IQI on the performance of different
modulations under multipath fading channels. The effects of IQI on the OP of both single-
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carrier and multi-carrier systems cascaded Nakagami-m fading channels were evaluated [129].
The exact closed-form expression of the OP and EC of the amplify-and-forward (AF) relay
under IQI over the Nakagami-m fading channel has been derived in [130]. An FD CNOMA
system under IQI and ipSIC in terms of OP and ergodic sum-rate have been examined
[131]. The authors in [30] examine the reliability and security of a cooperative dual-hop
NOMA system in the presence of IQI. The effect of IQI and ipSIC in terms of OP has been
evaluated on the CNOMA system over the Nakagami-m fading channel in [132]. The OP
and intercept probability (IP) have been examined for NOMA with multi-antenna under
IQI over the Nakagami-m fading [74]. In [133, 134], the outage performance and ergodic
rate for the ambient backscatter communication (AmBC) NOMA system with both IQI and
residual hardware impairments (RHIs) has been investigated. To investigate the reliability
and security of AmBC NOMA, the OP and the IP have been analyzed in [75, 135]. The
authors in [76, 136] evaluate the error performance of downlink NOMA with the effects of
IQI and ipSIC.

5.1.2 Motivations and Contributions

As mentioned above, the CNOMA has been analyzed in terms of the OP, EC in the two
NOMA schemes with and without the direct links [56, 105, 117, 118, 119, 80, 120, 121, 122,
123, 85, 124, 125, 126]. All these works are considered the ideal case, so this is not practical.
The RF front-end impairments are usually ignored in the literature due to their negative in-
fluence on the CNOMA system’s performance. Hence, it is important to consider this topic,
considering the critical significance of this issue to the actual implementation of NOMA/C-
NOMA systems. The OP, EC, and throughput for CNOMA in the presence of IQI have
been evaluated in [13, 129, 130, 30]. Most of these works consider CNOMA in the presence of
IQI without a direct link between the source and users due to long distances or obstacles, etc.

Correspondingly, CNOMA in the presence of IQI when the direct and relay links are
available has not been considered to the best of the author’s knowledge. Furthermore, all
works of NOMA/CNOMA with IQI assumed the perfect CSI [13, 129, 130, 30, 74]. The
assumption of the perfect CSI is not a practical and realistic scenario. Motivated by this,
this chapter analyzes the effect of the IQI on the CNOMA system when the direct and
relay links are available, where the ipCSI is taken into consideration. In this context, the
contributions of this chapter are as follows:

• Since users receive signals from different sources, the MRC is used by users to combine
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the received signals. In this regard, we introduce a CNOMA with direct links under
IQI. Also, for more realistic assumptions with the IQI effect, the ipCSI is taken into
account in our considered system.

• To illustrate the system’s performance, the end-to-end (e2e) OP and throughput are
derived for our considered system under the IQI and ipCSI.

• The comparison of this model with conventional NOMA (i.e., NOMA direct link) and
the impact of the image rejection ratio (IRR) and power allocation (PA) are examined
on the CNOMA/NOMA system performance. Since the distance between the relay and
users affects the users’ performance, also the evaluation of the impact of the relay’s dis-
tance on the performance of CNOMA in the presence of IQI and ipCSI. Comprehensive
Monte-Carlo simulation results are presented to confirm the derived expressions.

5.2 System model

In our analysis, we examine a downlink CNOMA system where both direct and relay links
are available to users, as illustrated in Fig. 5.1. The model system comprises a Source (S),
a DF relay (R), and two users identified as the far user (U1) and the near user (U2). All
nodes work in HD mode and are equipped with a single antenna. The channel coefficient
of the links S-users, S-R, and R-users are defined by hi ∼ CN (0, σ2

i ) and hj ∼ CN (0, σ2
j ),

where i = S1, S2, SR and j = R1, R2. We also consider that the ipCSI exists for all nodes,
where the estimation channel coefficients are defined as h̃i = hi − e and h̃j = hj − e, with
e ∼ CN (0, σ2

e).

The transmission is divided into two separate time slots. In the first time slot, S trans-
mits the superimposed coding (Ssc) signal to both R and the users. In the second time
slot, R combines the previously encoded signals to create a new Ssc signal, following the
same method as the source, and forwards it to the users. U1 directly decodes its signal
using MLD, while U2 employs SIC to decode its signal. as defined in eq.(3.2). According
to the NOMA protocol, The received signal at the first phase under IQI and ipCSI is given as:

yi
IQI = µr,i((h̃i + e)

√
Ps(µt,iSsc + νt,iSsc

∗) + n)

+ νr,i((h̃i + e)
√
Ps(µt,iSsc + νt,iSsc

∗) + n)∗, i = S1, S2, SR,
(5.1)

where Xsc = √
α1x1 + √

α2x2 with α1, α2 are the PA coefficient for U1 and U2 messages, re-
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Figure 5.1: System model of the uplink NOMA under IQI.

spectively and Ps is the transmit power of S. n is the additive white Gaussian noise (AWGN)
with CN(0, N0), µt,i/r,i and νt,i/r,i are the IQI coefficients at the TX/RX which are presented
in (3.3).
The received SINR of the x1 at the first time slot (i.e., at R, U1 and U2) under ipCSI is given
by:

γS1
x1 = δ1,S1α1λs|h̃S1|

δ1,S1α2λs|h̃S1| + δ1,S1λsσ2
e + δ2,S1λs|h̃S1| + δ2,S1λsσ2

e + δ3,S1
, (5.2)

γS2→S1
x1 = δ1,S2α1λs|h̃S2|

δ1,S2α2λs|h̃S2| + δ1,S2λsσ2
e + δ2,S2λs|h̃S2| + δ2,S2λsσ2

e + δ3,S2
, (5.3)

γSRx1 = δ1,SRα1λs|h̃SR|
δ1,SRα2λs|h̃SR| + δ1,SRλsσ2

e + δ2,SRλs|h̃SR| + δ2,sRλsσ2
e + δ3,SR

, (5.4)

where δ1,i = µ2
t,iµ

2
r,i + ν2

t,iν
2
r,i, δ2,i = µ2

r,iν
2
t,i + ν2

r,iµ
2
t,i, δ3,i = µ2

r,i + ν2
r,i and λs is the transmit

signal to noise ratio (SNR) by S with λs = Ps

N0
.

On the other hand, Un and R employ the SIC process to eliminate the x1 signal and
detect the x2 signal. Therefore, assuming perfect SIC and ipCSI, the SINR of the x2 signal
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at U2 and R can be defined as follows:

γS2
x2 = δ1,S2α2λs|h̃S2|

δ1,S2λsσ2
e + δ2,s2α2λs|h̃S2| + δ2,S2λsσ2

e + δ3,S2
, (5.5)

γSRx2 = δ1,SRα2λs|h̃SR|
δ1,SRλsσ2

e + δ2,SRα2λs|h̃SR| + δ2,SRλsσ2
e + δ3,SR

. (5.6)

Similarly, in the second time slot, we consider that both users, U1 and U2, are affected by
the presence of both IQI and ipCSI. However, we can express the received signal at U1 and
U2 as follows

yj
IQI =µr,j((h̃j + e)

√
PR(µt,jSsc + νt,jSsc

∗) + nj) + νr,j((h̃j + e)

×
√
PR(µt,jSsc + νt,jSsc

∗) + n)∗, j = R1, R2,
(5.7)

where Pr transmit power of R, n is the AWGN with CN(0, N0).

The received SINR at U1 and U2 to decode the signal x1 symbol is defined, respectively as:

γR1
x1 = δ1,R1α1λR|h̃R1|

δ1,R1α2λR|h̃R1| + δ1,R1λRσ2
e + δ2,R1λR|h̃R1| + δ2,R1λRσ2

e + δ3,R1
, (5.8)

γR2→R1
x1 = δ1,R2α1λR|h̃R2|

δ1,R2α2λR|h̃R2| + δ1,R2λRσ2
e + δ2,R2λR|h̃R2| + δ2,R2λRσ2

e + δ3,R2
. (5.9)

U2 uses the SIC process to eliminate the interference caused by the x1 signal. Assuming
perfect cancellation, we can obtain the received SINR at U2 as:

γR2
x2 = δ1,R2α2λR|h̃R2|

δ1,R2λRσ2
e + δ2,R2α2λR|h̃R2| + δ2,R2λRσ2

e + δ3,R2
, (5.10)

where δ1,j = µ2
t,jµ

2
r,i + ν2

t,jν
2
r,j, δ2,j = µ2

r,jν
2
t,j + ν2

r,jµ
2
t,j, δ3,j = µ2

r,j + ν2
r,j and λR is the transmit

SNR by R λR = Pr

N0
.

5.3 Performance analysis

In this section, we derive the e2e expression of the Op and throughput of the considered
system where the IQI and ipCSI are taken into account over the Rayleigh fading channel.
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5.3.1 Outage probability

The outage can be defined as the event when the user or node cannot decode the received
signal. The expression of OP of U1 under IQI and ipCSI using the MRC to combine the two
received signals can be given as [110]:

Pout,U1 =(1 − P (γSRx1 < θ1))P (γS1
x1 + γR1

x1 < θ1) + P (γSRx1 < θ1)P (γS1
x1 < θ1), (5.11)

where P (γSRx1 < θ1) is the OP of x1 at R, P (γS1
x1 < θ1) is the OP of x1 at U1, P (γS1

x1 +γR1
x1 < θ1)

is the OP of x1 at U1 when MRC is used and θ1 = 22r1 − 1 is the threshold to detect x1, r1
is the target rate of x1. Each term of the eq. (5.11) can be expressed as:

P (γS1
x1 < θ1) = 1 − exp (−Θ1θ1) , (5.12)

P (γSRx1 < θ1) = 1 − exp (−Θ2θ1) , (5.13)

where

Θ1 = (δ3,S1+δ2,S1λsσ2
e+δ1,S1λsσ2

e)
φS1(δ1,S1α1−δ1,S1α2θ1−δ2,S1θ1)λs

, Θ2 = (δ3,SR+δ2,SRλsσ2
e+δ1,SRλsσ2

e)
φSR(δ1,SRα1−δ1,SRα2θ1−δ2,SRθ1)λs

, and

φS1 = E[|h̃S1|2], φSR = E[|h̃SR|2].

To evaluate the OP of the U1, it is crucial to determine the distribution of two inde-
pendent exponential random variables X and Y, with X ̸= Y, the CDF of two independent
exponential random variables Z=X+Y can be expressed as [110, eq. (6)]:

P (X + Y < k) = 1 −
[

X

X − Y
exp

(
−X

Y

)
+ X

Y −X
exp

(
−K

Y

)]
X ̸= Y. (5.14)

Given that γS1
x1 and γR1

x1 are independent exponential random variables, with γS1
x1 ̸= γR1

x1 , we
can calculate the probability P (γS1

x1 + γR1
x1 < θ1) as:

P (γS1
x1 + γR1

x1 < θ1) =1 −
[

Θ1

Θ1 − Θ3
exp (−Θ1θ1) + Θ3

Θ3 − Θ1
exp (−Θ3θ1)

]
Θ1 ̸= Θ3, (5.15)

where Θ3 = (δ3,R1+δ2,R1λsσ2
e+δ1,R1λsσ2

e)
φR1(δ1,R1α1−δ1,R1α2θ1−δ2,R1θ1)λs

.

University of El-Oued: 2023 100



Chapter 5:Impact of IQI on the Cooperative NOMA system

Replacing (5.12), (5.13), and (5.15) into (5.11), the Pout,U1 can be given as:

Pout,U1 = exp (−Θ2θ1)
(

1 −
[

Θ1

Θ1 − Θ3
exp (−Θ1θ1) + Θ3

Θ3 − Θ1
exp (−Θ3θ1)

])
+

(1 − exp (−Θ2θ1)) (1 − exp (−Θ1θ1)).
(5.16)

At U2, two signals are received from distinct sources: one from the source and the other
from R. To combine the two received signals, U2 employs MRC. The detection of x2 is based
on whether U2 can successfully detect x1. Consequently, the OP at U2, representing the MRC
output to detect x2, can be expressed as:

Pout,U2 = PMRC
out,U2→U1 +

(
1 − PMRC

out,U2→U1

)
PMRC
out,U2 , (5.17)

where PMRC
out,U2→U1 is the OP to detect x1 at U2 at output MRC and PMRC

out,U2 is the OP at output
MRC when the SIC is used at U2 to detect x2, it can be presented as:

PMRC
out,U2→U1 = (1 − P

(
γSRx1 < θ1

)
)P
(
γS2
x1 + γSRx1 < θ1

)
+ P

(
γSRx1 < θ1

)
P
(
γS2
x1 < θ1

)
, (5.18)

where P
(
γS2
x1 + γSRx1 < θ1

)
is the OP after implentation of MRC of x1 at U2, P (γSR < θ1) is

defined in (5.13). Each term can be given as:

P
(
γS2
x1 < θ1

)
= 1 − exp (−Θ4θ1), (5.19)

P (γS2
x1 + γSRx1 < θ1) = 1 −

[
Θ4

Θ4 − Θ5
exp (−Θ4θ1) + Θ5

Θ5 − Θ4
exp (−Θ5θ1)

]
Θ4 ̸= Θ5, (5.20)

where

Θ4 = (δ3,S2+δ2,S2λsσ2
e+δ1,S2λsσ2

e)
φS2(δ1,S2α1−δ1,S2α2θ1−δ2,S2θ1)λs

, Θ5 = (δ3,R2+δ2,R2λsσ2
e+δ1,R2λsσ2

e)
φR2(δ1,R2α1−δ1,S2α2θ1−δ2,R2θ1)λs

.

Replaying (5.13), (5.19) and (5.20), we find the OP of x1 at U2 at output MRC as pre-
sented as:
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PMRC
out,U2→U1 = exp (−Θ2θ1)

(
1 −

[
Θ4

Θ4 − Θ5
exp (−Θ4θ1) + Θ5

Θ5 − Θ4
exp (−Θ5θ1)

])
+

(1 − exp (−Θ2θ1)) (1 − exp (−Θ4θ1)).
(5.21)

The OP at the output of MRC, when SIC is implemented at U2 to detect x2, is presented as:

PMRC
out,U2 = (1 − P (γSRx2 < θ2))P (γS2

x2 + γR2
x2 < θ2) + P (γSRx2 < θ2)P (γs2 < θ2), (5.22)

where P (γS2
x2 + γR2

x2 < θ2) is the OP of x2 at U2 when MRC is implemented, P (γSRx2 < θ2)
is the OP to detect x2 at R and P (γS2

x2 < θ2) is the OP of x2 at U2. θ2 = 22r2 − 1 is the
threshold to detect x2, r2 is the target rate to detect x2. Each term can be determined as:

P (γS2
x2 < θ2) = 1 − exp (−Θ6θ2) , (5.23)

P (γSRx2 < θ2) = 1 − exp (−Θ7θ2) , (5.24)

P (γS2
x2 + γR2

x2 < θ2) = 1 −
[

Θ8

Θ8 − Θ6
exp (−Θ8θ2) + Θ6

Θ6 − Θ8
exp (−Θ6θ2)

]
Θ8 ̸= Θ6, (5.25)

where

Θ6 = (δ3,S2+δ2,S2λsσ2
e+δ1,S2λsσ2

e)θ2
φS2(δ1,S2α2θ2−δ2,s2θ2)λs

, Θ7 = (δ3,SR+δ2,SRλsσ2
e+δ1,SRλsσ2

e)θ2
φSR(∆1,SRα2θ2−δ2,SRθ2)λs

,

Θ8 = (δ3,R2+δ2,R2λsσ2
e+δ1,R2λsσ2

e)
φR2(∆1,R2α2θ2−δ2,R2θ2)λs

, and φS2 = E[|h̃S2|2],

Hence, by substituting (5.23), (5.24), and (5.25), we get the OP of x2 at Un at output
MRC as:

PMRC
out,U2 = exp (−Θ7θ2)

(
1 −

[
Θ8

Θ8 − Θ6
exp (−Θ8θ2) + Θ6

Θ6 − Θ8
exp (−Θ6θ2)

])
+

(1 − exp (−Θ7θ2))(1 − exp (−Θ6θ2)).
(5.26)

Therefore, we get the OP of U2 at output MRC by replacing (5.21) and (5.26) into (5.17).
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5.3.2 Throughput performance

This subsection analyses the throughput of the considered system. Hence, the expression of
the throughput can be given:

τ = (1 − Pout,U2)r2 + (1 − Pout,U1)r1, (5.27)

where Pout,U1 and Pout,U2 are the OP of U2 and U1 at output MRC expressed in (5.16) and
(5.17), respectively.

5.4 Numerical results

In this section, the performance of CNOMA with direct links considering IQI and ipCSI is
examined in terms of OP and throughput performance and compared with the performance of
the conventional NOMA. The simulation results are validated through the numerical results.
The parameters used in the simulations are set to dS1=5m, dS2=2m, dSR=1m, dR1=4m,
dR2=1m, α1 = 0.9, α2=0.1, σ2

e=0, 0.01 and path loss factor is equal to 3. We also consider
that the Ps=Pr and IRR=IRRt=IRRr.

Fig. 5.2 illustrates the OP behavior of CNOMA with respect to SNR under IQI and
ipCSI conditions. The target rate is set to R1 = R2 = 0.1 and IRR = 20dB. Despite the
presence or absence of the IQI and ipCSI, the OP of CNOMA consistently outperforms that
of NOMA for both users.

Furthermore, the users under ideal IQI conditions exhibit better OP compared to those
in non-ideal conditions. Notably, the introduction of ipCSI detrimentally impacts the OP
performance for both users, especially at high SNR levels.

The OP of the CNOMA versus IRR is presented in Fig. 5.3 when the parameters are
set as R1 = 0.1 and R2 = 0.4 and SNR = 20 dB. As the IRR increases, the performance of
OP for users improves, gradually approaching a level of the ideal scenario without IQI. The
differences observed in the gaps between the ideal IQ-matching and IQI curves highlight the
diverse effects of IQI on the OP performance among different users in the system. Moreover,
the presence of ipCSI negatively affects the performance of the OP in both scenarios (ideal
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Figure 5.2: OP of CNOMA w.r.t SNR when IRR = 20 dB.
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Figure 5.3: OP of CNOMA w.r.t IRR when SNR = 20 dB.
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Figure 5.4: OP of CNOMA w.r.t PA when IRR = 20 dB.

and non-ideal IQI).

Fig. 5.4 illustrates the OP of the CNOMA in the function of PA when R1 = 0.1 and
R2 = 0.4, SNR= 20dB, and IRR=20dB. In the presence or absence of the IQI and ipCSI,
With the increase of α2, the performance of one user deteriorates, whereas the performance
of the other user improves. Therefore, the PA coefficient plays a crucial role in determining
the system’s performance in the presence of imperfections.

Fig. 5.5 presents the OP performance of the CNOMA in the function of the distance of R,
the parameters are set as SNR= 20dB, IRR = 20dB and R1 = R2 = 0.1. It can be observed
that both users experience improved performance when R is situated closer to the middle
distance between S and the users. Increased or decreased distance between the source and
both users leads to a higher level of outage performance in both the first and second phases.

On the other hand, in Fig. 5.6, we present the CNOMA performance in the function of the
SNR, where the parameters are considered as SNR = 20 dB, R1 = R2 = 0.1 and σ2

e = 0.001.
As we can see, in both ideal and non-ideal scenarios, the CNOMA system demonstrates
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Figure 5.5: OP of CNOMA w.r.t dr when IRR = 20 dB.
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Figure 5.6: Throughput of CNOMA w.r.t SNR when IRR = 20 dB.
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superior throughput performance compared to the NOMA system. Also, it is evident that
the ideal IQI exhibits a greater performance improvement in throughput compared to the
non-ideal condition. Also, the ipCSI has a negative impact on the throughput performance
in both ideal and non-ideal IQI scenarios.
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Figure 5.7: Throughput of CNOMA w.r.t IRR when SNR = 20 dB.

The throughput of the CNOMA w.r.t IRR is presented in Fig. 5.7 when SNR = 20 dB,
R1 = 0.1 and R2 = 0.4. As the IRR increases, the throughput of the NOMA and CNOMA
increases approaching performance levels similar to the ideal case (without IQI) at higher
IRR values. the presence of ipCSI has a negative effect on the throughput performance in
both ideal and non-ideal IQI. Therefore, the CNOMA enhances the throughput of NOMA in
both ideal/non-ideal scenarios.

The impact of the PA is depicted in Fig. 5.8 with IRR = 20dB and SNR = 20dB,
it can be observed that As α2 increases, one user’s performance degrades, while the other
user’s performance improves, regardless of the presence or absence of imperfections. Also,
the performance of the CNOMA is better than the NOMA system in all cases.
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Figure 5.8: Throughput of CNOMA w.r.t PA when SNR = 20 dB.
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Figure 5.9: Throughput of CNOMA w.r.t dr when IRR = SNR = 20 dB.
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To illustrate the influence of the distance of R on the throughput performance of CNOMA
in the presence of IQI and ipCSI, Fig. 5.9 presents the throughput performance is notably
influenced by the distance between S and R. Increasing the distance between these points
results in a decrease in throughput performance, leading to an augmentation occurrence of
signal detection errors at R. Consequently, the transmission of information during the second
phase will involve a higher rate of errors. It is worth noting that the optimal throughput
performance is achieved when point R is positioned at an intermediate distance.

5.5 Conclusion

In this chapter, we examined the influence of IQI on the performance of CNOMA with direct
links using MRC under ipCSI. We derived the expressions for the OP and throughput, to
evaluate the imperfections on the performance of the system. The simulation results val-
idated the accuracy of our mathematical analyses. The results of this study demonstrate
a degradation in system performance with the coexistence of joint imperfections (IQI and
ipCSI). Specifically, the performance of the system was significantly affected by the pres-
ence of ipCSI. Consequently, it becomes essential to utilize effective models, optimization
approaches, and adaptable compensation techniques while deploying NOMA and CNOMA
systems. These measures are essential for mitigating the negative effects of imperfections
and enhancing the overall performance of the systems.
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Chapter 6

Impact of Hardware Impairment on
uplink SIMO Cooperative NOMA

6.1 Introduction

Meeting the demands of the 6th-generation (6G) and beyond wireless communication net-
works, which support a vast number of connected devices with low communication latencies
and improved data rates, poses a significant challenge. To address this, researchers are ex-
ploring new communication technologies and system designs. Among these technologies,
non-orthogonal multiple access (NOMA) has captured the attention of the research com-
munity as a promising solution to meet the requirements of 6G networks [137, 138]. The
NOMA is based on the concept of utilizing the power domain for multiple access, which
enables multiple users to be multiplexed at the same time, frequency, or code resources but
at different power levels. This technique employs successive interference cancellation (SIC)
to separate overlapping messages at the receiver, resulting in significant improvements in
both spectrum efficiency and user fairness compared to the conventional orthogonal multiple
access (OMA)[139, 140, 71]. The evaluation of performance in uplink NOMA systems is ex-
tensively discussed in [44, 141, 142, 53], where metrics such as outage probability (OP) and
ergodic capacity (EC) are commonly utilized, taking into account both perfect and imperfect
channel state information (CSI).

On the other hand, cooperative communication is a successful strategy for addressing
issues related to multipath propagation, extending coverage, and improving the reliability of
communication systems [105].
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6.1.1 Related works

A combination of cooperative communication and NOMA has resulted in the development of
cooperative NOMA (CNOMA) systems, which have garnered significant attention in recent
papers. The OP and throughput performance of the downlink CNOMA over the Nakagami-
m fading channels are evaluated in [117]. The authors in [143] evaluate the OP performance
of CNOMA over the Rayleigh fading. The authors in [144] examine the effectiveness of
hybrid downlink-uplink NOMA cooperative relay networks by analyzing the OP, diversity
order, and throughput. In [145], underlay cognitive hybrid satellite-terrestrial for CNOMA
has been analyzed for OP over Rician fading and Nakagami-m fading. Furthermore, multi-
relay in NOMA systems can improve wireless network coverage, capacity, reliability, and
interference reduction. These systems also enhance network resilience through redundancy
and diversity. The effect of the relay selection on the performance of CNOMA is investi-
gated in [81]. The authors of [146] present the performance of the NOMA system with the
aid of multiple relays where two-stage relay selection with decode-and-forward (DF) and
amplify-and-forward (AF) relaying protocols. The performance of the multiple relays as-
sisted NOMA over the Nakagami-m fading channels is investigated in [147]. In addition,
advanced approaches related to NOMA are being considered through the adoption of emerg-
ing transmission techniques, such as full-duplex communications and multi-antenna systems.
The authors in [148] explore the use of NOMA with a multiple-antenna AF relaying network
as a means of enhancing system performance. The performance of a two-user with simul-
taneous wireless information and power transfer (SWIPT) of the cooperative multiple-input
single-output (MISO) NOMA system is examined in [149]. In [150], the authors study the
performance of the uplink single-input multiple-output (SIMO) NOMA with joint maximum
likelihood detector in terms of bit error rate.

6.1.2 Motivations and contributions

The aforementioned studies assume ideal hardware, perfect CSI, and SIC. In realistic commu-
nication systems, the hardware transceivers suffer from several imperfections due to in-phase
and quadrature imbalance (IQI) in modulators, phase noise in local oscillators, and non-
linearity power amplifiers [48, 151, 75]. The effect of the hardware impairment (HWI) on the
NOMA-based relay systems over the Nakagami-m channels in terms of OP and ergodic sum
rate performance is evaluated in [152, 153]. The BER and OP performance of the CNOMA
under practical assumptions where the imperfect SIC (ipSIC), imperfect CSI (ipCSI), and
hardware impairments (HWI) are investigated in [154]. In [155, 156], downlink NOMA with
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cognitive radio-assisted satellite-terrestrial relay networks under joint effects of channel esti-
mation errors and HWI has been investigated in terms of secrecy OP. In [135], the OP and
intercept probability of cognitive ambient backscatter downlink NOMA internet-of-vehicle en-
abled maritime transportation systems communication with HWI has been examined. The
ambient backscatter downlink NOMA communication with both IQI and residual HWI has
been analyzed in terms of OP and ergodic rate [134]. The authors of [151, 157] evaluate the
performance of OP and system throughput of downlink and uplink CNOMA with ipCSI and
IQI.

As previously mentioned, considerable attention has been given to the downlink CNOMA
system with multiple relays and/or antennas in previous literature, as in [105, 117, 143,
144, 145, 81, 146, 147, 148, 149]. However, the uplink NOMA and CNOMA system has
not garnered an equivalent level of focus. The evaluation of the uplink NOMA with and
without ipCSI has been analyzed in [44, 141, 142, 53]. Moreover, multi-antenna technology
plays a crucial role in enhancing the performance of NOMA and CNOMA schemes. These
schemes have been predominantly investigated for downlink improvements [150, 149], while
their potential in the uplink remains absent. Also, most papers consider the effect of HWI for
downlink NOMA and CNOMA schemes [155, 156, 135, 134], while it is missing in the uplink
NOMA and CNOMA schemes. To the best of the authors’ knowledge, the investigation of
uplink SIMO-CNOMA, both with and without multiple relays has not been investigated.
Besides, the practical constraints have been neglected in all previous studies of the uplink of
NOMA and CNOMA. Therefore, it is important to consider the practical constraints in the
uplink CNOMA for realistic evaluations. Motivated by this, the performance of the uplink
SIMO-CNOMA with the aid of multiple relays and an arbitrary number of users is studied
in this chapter in the presence of HWI, ipCSI, and ipSIC. The OP and system throughput
of our considered system is analyzed.

Accordingly, the main contributions of this work can be summarized as follows:

• A practical multi-user uplink NOMA scheme affected by HWI, ipCSI, and ipSIC is
examined. Our analysis includes the multi-relay scenario with the selection relay (SR)
technique and explores the use of SIMO to enhance performance. The transmitter
has a single antenna, while the receiver uses multiple antennas during the cooperative
scheme’s two transmission phases.

• The derivation of the OP and system throughput of our proposed system with multiple
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relays and SIMO. We take into account practical constraints such as HWI, ipCSI, and
ipSIC. The analytical expressions are validated by computer simulations. An asymp-
totic analysis of the system’s performance is examined in high SNR regions. The
objective of this analysis is to uncover valuable insights regarding the effects of HWI,
ipCSI, and ipSIC parameters on the system’s performance. The results reveal an im-
pact of HWI, ipCSI, and ipSIC parameters on the system’s performance in high SNR
regions.

• The impact of the system parameters, such as HWI, ipCSI, number of the relays and
antennas on the OP, and system throughput performance of the considered schemes are
extensively investigated. Numerical results show that the systems are limited by the
effects of HWI and ipCSI which have a degradation on the system performance despite
increases in the number of antennas and relays.

6.2 System model

We examine an uplink CNOMA which comprises three key components: an access point
AP, J users and RL denoted respectively, as {Uj, j ∈ [1, J ]} and {Rl ∈ [1, RL]}, as il-
lustrated in Fig. 6.1 where Rl is the selected relay. In the considered system, we assume
to employ the selection combining (SC), to choose the best-received signal. It is assumed
that the AP and relays are equipped with receive antennas presented as {Nr,m ∈ [1, Nr]}.
Also, we assume that all nodes work in half-duplex (HD) mode. Due to obstructions in
the environment, direct communication links between the users and the AP are disregarded.
Instead, the relays are employed to facilitate the transmission of user signals to the AP.
The complex Rayleigh channel coefficients between the users-relays and relays-AP are pre-
sented as h{m,Rl}

j ∼ CN (0, γ{m,Rl}
j ) and g{m,Rl} ∼ CN (0, γ{m,Rl}), respectively. We assume

that CSI between all nodes is imperfect. The estimated channel coefficients are given as
h̃

{m,Rl}
j = h

{m,Rl}
j − e and g̃

{m,Rl}
j = g

{m,Rl}
j − e, where e is the channel estimation error [22].

In the context of uplink CNOMA, during the first phase, the users transmit their signals
concurrently to Rl. As a result, the received considering both HWI and ipCSI.

y
{m,Rl}
I =

∑
j=1

(h̃{m,Rl}
j + e)(

√
αjPxj + η

{m,Rl}
I ) + n, (6.1)

where xj is the users signal, αj is power allocation (PA) coefficients in which αJ < ... <

αJ1 < ... < α1, P is the total transmit power, n is the additive white Gaussian noise (AWGN)
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Figure 6.1: System model of uplink SIMO-CNOMA with selection relays.

n ∼ CN (0, σ2
n). Given the presence of Nr antennas at the receiver of the Rl node, for each

signal, the SIC for each antenna is used. Then, Rl decodes firstly the signal of the highest
power (U1 signal). In the first phase, the SINRs for the transmitted signal by Uj to Rl is
given as:

γ
{m,Rl}
j,I =

αjP |h̃{m,Rl}
j |2∑

j+1
αj+1P |h̃{m,Rl}

j+1 |2 +
j−1∑
i=1

ςαiP |h̃{m,Rl}
i |2 + ∑

j=1
|h̃{m,Rl}
j |2k{m,Rl}

j

2
P + ϵ1

, (6.2)

where ς is the residual SIC, ϵI = ∑
j=1

k
{m,RL}
j

2
σ2
eP + σ2

eP + σ2
n. In the second phase, Rl

combines the signals decoded during the first phase into new superimposed coding signals
and transmits them to the AP. Notably, we consider the distribution of power in this second
phase to be identical to that of the first phase. The received signal in the second phase under
HWI and ipCSI can be expressed as:

yIIj
{m,Rl} = (g̃{m,Rl}

j + e)
∑
j=1

√
αjPxj + η

{m,Rl}
II

+ n, (6.3)

where η{m,Rl}
I and η

{m,Rl}
II are the HWI distortion term as (1.10) and (1.11) at the first and

University of El-Oued: 2023 114



Chapter 5:Impact of IQI on the Cooperative NOMA system

the second phase, respectively, and can be presented as:

η
{m,Rl}
I ∼ CN (0, k{m,Rl}

I

2
P ),

η
{m,Rl}
II ∼ CN (0, k{m,Rl}

II

2
P ).

(6.4)

Furthermore, the SINR in the second phase at AP is expressed as:

γ
{m,Rl}
j,II = αjP |g̃m,Rl |2∑

j+1
αjP |g̃m,Rl |2 +

j−1∑
i=1

ςαiP |g̃{m,Rl}|2 + |g̃m,Rl |2K{m,Rl}2
P + ϵII

, (6.5)

where ϵII = K{m,Rl}2
σ2
eP + σ2

eP + σ2
n.

At both Rl and AP, the SC technique is employed to select the optimal SINR. Considering
the implementation of SR technology, only one relay is permitted to transmit the signal to
the users. Therefore, The SINR of the Rl for Uj is determined through the principle of
max-min relay selection as in [158]:

ΩR
SR
l = max

1,...,RL

{min {Ω{m,Rl}
j,I }, {Ω{m,Rl}

j,II }}, (6.6)

with

Ω{m,Rl}
j,I = max

m=1,...,Nr

(Ω{m,Rl}
j,I ), (6.7)

Ω{m,Rl}
j,II = max

m=1,...,Nr

(Ω{m,Rl}
j,II ). (6.8)

6.3 Performance analysis

In this section, we derive the OP and throughput expression of the uplink SIMO-CNOMA
in the presence of HWI, ipCSI, and ipSIC over the Rayleigh fading channel.

6.3.1 Outage probability

1) OP of two users
Outage probability of the U1: The end-2-end (e2e) OP of U1 signal, when SR and SC are
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implemented under HWI and ipCSI is expressed as:

P1(out) =
RL∏
1

1 −
(

1 −
Nr∏
m=1

Pr
(
γm,Rl

1,I < γth,1
))(

1 −
Nr∏
m=1

Pr
(
γ

{m,Rl}
1,II < γth,1

)). (6.9)

Each term can be calculated as:

Nr∏
m=1

Pr
(
γm,Rl

1,I < γth,1
)

=
Nr∏
m=1

Pr

|h̃m,Rl
1 |2 <

γth,1
[
β1|h̃m,Rl

2 |2 + △1
]

ρ1


=

Nr∏
m=1

1 − exp
−△1γth,1

ρ1λhm,l
1

 ρ1λhm,l
1

β1γth,1λhm,l
2

+ ρ1λhm,l
1

 ,
(6.10)

Nr∏
m=1

Pr
(
γ

{m,Rl}
1,II < γth,1

)
=

Nr∏
m=1

Pr

|g̃{m,Rl}
1 |2 < γth,1ϵII(

α1P − γth,1α2P − γth,1K
{m,Rl}
II

2
P
)


=
Nr∏
m=1

1 − exp

− γth,1ϵII

λ
g

{m,Rl}
1

(
α1P − γth,1α2P − γth,1K

{m,Rl}
II

2
P
)

 ,

(6.11)

where
ρ1 = P

(
α1 − γth,1K

{m,l}
1,I

2
)

, β1 = P
(
α2 +K

{m,l}
2,I

2
)

, and △1 =
(
σ2
ePK

{m,l}
2,I

2
+ σ2

eP + σ2
n

)
.

By replacing the (6.10) and (6.11) in (6.9), the e2e OP of U1 can be given as:

P1(out) =
RL∏
1

1 −

1 −
Nr∏
m=1

1 − exp
− △1γth,1

ρ1λhm,R
1

 ρ1λhm,Rl
1

β1γth,1λhm,Rl
2,I

+ ρ1λhm,Rl
1




×

1 −
Nr∏
m=1

1 − exp

−
γth,1

(
σ2
eP

(
K

{m,Rl}
II

2
+ 1

)
+ σ2

n

)
λ
g

{m,Rl}
1

(
α1P − γth,1α2P − γth,1K

{m,Rl}
II

2
P
)



.

(6.12)

Outage probability of the U2: The outage of the U2 occurs if the U1 and U2 signals
cannot be successfully decoded. Therefore, the e2e OP of the U2 in the presence of HWI,
ipCSI, and ipSIC. is given as
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P2(out) =
RL∏
1

[
1 − P2,I(out)P2,II(out)

]
, (6.13)

The OP of the U2 in the first phase can be given as

P2,I(out) =
1 −

(
1 −

Nr∏
m=1

Pr
(
γ

{m,Rl}
1,I < γth,1

))(
1 −

Nr∏
m=1

Pr
(
γ

{m,Rl}
2,I < γth,2

)), (6.14)

where

Pr
(
γ

{m,Rl}
1,I < γth,1

)
=

Nr∏
m=1

1 − exp
− △1γth,1

ρ1λhm,Rl
1

 ρ1λh{m,Rl}
1

β1γth,1λh{m,Rl}
2

+ ρ1λh{m,Rl}
1

, (6.15)

and

Pr
(
γ

{m,Rl}
2,I < γth,2

)
=

Nr∏
m=1

1 − exp
− △2γth,2

ρ2λhm,Rl
2

 ρ2λh{m,Rl}
2

β2γth,2λh{m,Rl}
1

+ ρ2λh{m,Rl}
2

, (6.16)

where
△2 =

(
σ2
ePK

{m,Rl}
1,I

2
+ σ2

eP + σ2
n

)
, ρ2 = P

(
α2 − γth,1K

{m,Rl}
2,I

2
)

, and β2 = P
(
ςα1 +K

{m,Rl}
1,I

2
)

.

By substituting (6.15) and (6.16) into (6.14), we get

P2,I(out) = 1 −

1 −
Nr∏
m=1

1 − exp
−△1γth,1

ρ1λhm,l
1

 ρ1λh{m,Rl}
1

β1γth,1λh{m,Rl}
2

+ ρ1λh{m,Rl}
1

×

1 −
Nr∏
m=1

1 − exp
− △2γth,2

ρ2λhm,Rl
2

 ρ2λh{m,Rl}
2

β2γth,2λh{m,Rl}
1

+ ρ2λh{m,Rl}
2

 .
(6.17)

Likewise (6.14), the OP of U2 in the second phase can be expressed

P2,II(out) =
1 −

(
1 −

Nr∏
m=1

Pr
(
γ

{m,Rl}
1,II < γth,1

))(
1 −

Nr∏
m=1

Pr
(
γ

{m,Rl}
2,II < γth,2

)). (6.18)

where
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Pr
(
γ

{m,Rl}
1,II < γth,1

)
=

Nr∏
m=1

1 − exp

− γth,1ϵII

λg{m,Rl}

(
α1P − γth,1α2P − γth,1K

{m,Rl}
II

2
P
)

,

(6.19)

and

Pr
(
γ

{m,Rl}
2,II < γth,2

)
=

Nr∏
m=1

1 − exp

− γth,2ϵII

λ
g

{m,Rl}
j

(
α2P − γth,2ςα1P − γth,2K

{m,Rl}
II

2
P
)

.

(6.20)

By substituting (6.19) and (6.20) in (6.18), the OP of U2 in the second phase can be presented
as:

P2,II(out) = 1 −

1 −
Nr∏
m=1

1 − exp

− γth,1ϵII
λ
g

{m,Rl}
j

(
α1P − γth,1α2P − γth,1K

{m,Rl}
II

2
P
)




×

1 −
Nr∏
m=1

1 − exp

− γth,2ϵII

λ
g

{m,Rl}
j

(
α2P − γth,2ςα1P − γth,2K

{m,Rl}
II

2
P
)


 .

(6.21)

To obtain the e2e OP of the U2, we replace (6.17) and (6.21) into (6.13).

2) OP of an arbitrary number of users
The e2e OP of Uj under HWI, ipCSI, and ipSIC can be defined as:

Pj(out) =
RL∏
1

[
1 −

J∏
j=1

Pj,I(out)
J∏
j=1

Pj,II(out)
]
. (6.22)

The OP of the Uj in the first phase can be obtained as:

Pj,I(out) = 1 −
J∏
j=1

(
1 −

Nr∏
m=1

Pr
(
γ

{m,Rl}
j,I < γth,j

))
, (6.23)

where
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(6.24)

Substituting (6.24) into (6.23), the Uj in the first phase can be given as:
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(6.25)

The OP of the Uj in the second phase can be given as:

Pj,II(out) = 1 −
J∏
j=1

(
1 −

Nr∏
m=1

Pr
(
γ

{m,Rl}
j,II < γth,j

))
, (6.26)

where

Nr∏
m=1

Pr
(
γ
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)
=
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(6.27)

Using some manipulation as in [105], (6.26) can be written as:
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Nr∏
m=1

Pr
(
γ

{m,Rl}
j,II < γth,j

)
=

Nr∏
m=1

1 − exp

− γth,jϵII

P (αj − γth,j
∑
j+1

αj+1 − γth,j
j+1∑
i=1

ςαi − γth,jK{m,Rl}2)λ
g

{m,Rl}
j


 .

(6.28)

Replacing (6.28) in (6.26), the OP Uj in the second phase can be presented as:

Pj,II(out) =

1 −
J∏
j=1
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Nr∏
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(6.29)

Thus, to obtain the e2e OP of Uj, we replace the (6.25) and (6.29) in (6.22).

6.3.2 Asymptotic outage probability

In this subsection, we analyze the performance of the asymptotic OP under high SNR con-
ditions to attain a deeper understanding of the scenarios under consideration.

1) Asymptotic OP of two users
The asymptotic OP of the U1 under HWI and ipCSI can be expressed as:

P asy
1 (out) ≈

Rl∏
1
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2
P
)
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.

(6.30)

The asymptotic OP of the U2 at the first and second phases under HWI, ipCSI, and ipSIC
can be presented, respectively as:
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(6.31)
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(6.32)

2) Asymptotic OP of an arbitrary number of users
The asymptotic OP of Uj at the first and second phases can be obtained, respectively as:
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Nr∏
m=1

Pr
(
γ

{m,Rl}
j,II < γth,j

)
≈

1 −
J∏
j=1

1 −
Nr∏
m=1

 γth,jψII

P (αj − γth,j
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αj+1 − γth,j
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ςαi − γth,jK{m,R}2)λ
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{m,Rl}
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.
(6.34)

To obtain the asymptotic OP of the U2, substitute (6.33) and (6.34) into (6.13).

6.3.3 System Throughput

In this subsection, the analytical expression of the system throughput is given in the presence
of the HWI, ipCSI, and ipSIC can be provided as [151]:
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τ =
J∑
j=1

(1 − Pj(out))rj, (6.35)

where Pj(out) is the e2e OP of Uj and rj is the target rate of Uj.

6.4 Numerical results

This section analyses the uplink SIMO-CNOMA performance in the presence of HWI, ipCSI,
and ipSIC. The numerical results are validated through the simulation results. The parame-
ters are set as In the case of the two users d1 = 3m and d2 = 5m, and α1 = 0.75, α2 = 0.25.
In the case of the three users d1 = 3m, d2 = 4m and d3 = 5m, and α1 = 0.7, α2 = 0.2
and α3 = 0.1.The Distance between the relays and AP dr = 4m. The HWI coefficient
Km,L
j,I

2 = Km,L
II

2 = 0.05, the channel estimation error σ2
e = 0.001, and the residual SIC factor

ς = 0.001.

The OP performance of the uplink SIMO-CNOMA system under HWI, ipCSI, and ipSIC
with different numbers of users is presented in Figs. 6.2, and 6.3. It is evident from the
figures that as the number of relays and antennas increases, the OP performance of the users
exhibits improvement. However, even with the growing number of relays and antennas, an
error floor is consistently present across all user curves, particularly at high SNR. This error
floor can be attributed to the presence of imperfections in the system (HWI, ipCSI, and
ipSIC) and the interference between the channels of the users. Therefore, The increasing
number of users affects the distribution of power to the rest of the users, which affects the
SIC process. The growing number of users has a direct influence on the allocation of power
among all users, by impacting the efficiency of the SIC process. Additionally, The asymptotic
OP curves are limited over the theoretical curves at the high SNR.

Figs. 6.4 and 6.5 evaluate the effect of the HWI and channel estimation system of the
considered system when l = 3 and j = 3. It’s apparent that augmenting HWI and the chan-
nel estimation error factors leads to a reduction in the OP performance for all users. Notably,
it’s observable that HWI has a relatively lesser impact on the outage performance compared
to the effects of ipCSI across all antennas. Consequently, it can be concluded that the sys-
tem’s performance is more significantly influenced by channel estimation errors than by HWI.
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Figure 6.2: OP w.r.t. SNR for uplink SIMO-CNOMA with SR of two users.
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Figure 6.3: OP w.r.t. SNR for uplink SIMO-CNOMA with SR of three users.
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Figure 6.4: OP performance evaluation for HWI and ipCSI for uplink SIMO-CNOMA.
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Figure 6.5: Throughput w.r.t. SNR for uplink SIMO-CNOMA with SR of two users.
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Figure 6.6: Throughput w.r.t. SNR for uplink SIMO-CNOMA with SR of three users.
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Figure 6.7: Throughput performance evaluation for ipCSI and HWI.
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The system throughput of the uplink SIMO-CNOMA with different numbers of relays and
antennas in the function of SNR is presented in Figs. 6.6 and 6.7 where the HWI, ipCSI, and
ipSIC are taken into consideration. From the figures, it can be shown that the augmentation
of the number of relays and antennas leads to an improvement in the system’s throughput.
Likewise, it becomes evident that an increase in the number of users is directly linked to
enhanced system throughput performance.

The impact of HWI and channel estimation error are illustrated in Fig. 6.8, we evaluate
the impact of the HWI and ipCSI on the uplink SIMO CNOMA in the presence of ipSIC
where l = 3 and j = 3 on the system throughput. An increase in the HWI factor has a
relatively less impact on system performance, whereas it is apparent that increasing the
ipCSI factor leads to a more rapid decrease in system throughput. Our observations indicate
that both HWI and ipCSI negatively affect system throughput performance. Consequently,
it becomes evident that channel estimation error has a significantly greater impact on system
performance compared to HWI.

6.5 Conclusion

In this chapter, the effect of the HWI on the uplink SIMO-CNOMA under ipCSI and ipSIC
is examined in terms of OP and system throughput over the Rayleigh fading channel. By
deriving The mathematical expressions for the OP and system throughput are derived and
validated through computer simulations. The findings results demonstrate that, regardless of
the number of relays and antennas in use, an increased number of users leads to a degradation
in performance when HWI and ipCSI are present. the channel estimation error has a more
significant influence on performance than HWI within the analyzed system. Nevertheless, as
the number of antennas and relays increases, the system’s performance shows improvement.
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The emergence of Non-Orthogonal Multiple Access (NOMA) marks a significant and promis-
ing development in the field of wireless communication systems. This innovative approach
holds the potential to meet the demanding requirements of 5G networks and beyond, offering
robust connectivity, minimal latency, and exceptional spectral efficiency.

Within communication systems, transceivers play a pivotal role in both transmitting and
receiving signals. However, owing to the inherent complexity of their internal components
and the intricacies of the manufacturing process, transceivers often exhibit hardware imper-
fections and non-ideal behavior. Various factors contribute to these non-ideal operations,
particularly in radio frequency (RF) transceivers.

This thesis focused on evaluating the impact of hardware impairments (HWI) on the
NOMA system, seeking to understand how imperfections and non-ideal behavior in hard-
ware components in a communication system can affect the performance and reliability of
NOMA as a communication technique. Our research aimed to assess how HWIs influence
NOMA’s efficiency, reliability, and overall capabilities in wireless communication systems.

To create a more realistic scenario within communication systems, we considered imper-
fect channel state information (ipCSI) and imperfect successive interference (ipSIC). This
approach helps us comprehend the challenges and interactions among these factors, enabling
the development of mitigation strategies and performance benchmarking for NOMA in prac-
tical scenarios.

In the first chapter, we provided a general overview of NOMA and cooperative NOMA
(CNOMA) systems. This chapter offered an introduction to the fundamental principles of the
NOMA and CNOMA system, including its system model and the principles of communica-
tion. We also explored different links, both downlink and uplink. Additionally, we discussed
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various types of HWI, such as phase noise (PHN), high-power amplifier (HPA) issues, and
in-phase and quadrature imbalance (IQI). The primary goal of this chapter was to establish
a comprehensive understanding of NOMA systems.

In the second chapter of our study, we delved into the influence of HWIs and ipCSI on
direct NOMA. We began by analyzing direct downlink NOMA and derived essential per-
formance metrics, including outage probability (OP), ergodic capacity (EC), and bit error
rate (BER). Subsequently, we shifted our focus to direct uplink NOMA, evaluating its per-
formance in terms of OP and EC. The analytical analysis was validated through simulation
results. It was demonstrated that ipCSI had a higher impact on performance than HWI in
the two links of the NOMA system. This chapter provided crucial insights into the real-world
challenges and potential enhancements of NOMA in wireless communication systems. A part
of this chapter has been published in [57].

In the third chapter, we delved into a crucial aspect of wireless communication systems,
specifically examining the downlink and uplink of NOMA techniques in the presence of IQI.
We assumed that the communication link between users and the source was established
through direct transmission. The mathematical analysis of the OP and EC was derived and
validated through simulation. The results revealed that the impact of IQI on system perfor-
mance was more pronounced when it manifested in the joint transmitter and receive.

The fourth chapter delved into the practical evaluation of OP and BER performance
across three NOMA schemes: downlink NOMA, CNOMA with and without direct links con-
sidering realistic assumptions and accounting for imperfections such as ipSIC, ipCSI, and
HWI. Exact expressions for end-to-end BER and OP were derived for each scheme and sub-
sequently validated through computer simulations. Notably, our findings showed that the
HWI exhibited a lesser impact on OP performance compared to ipCSI across all schemes.
Interestingly, the BER of the NOMA could outperform CNOMA, particularly when HWI
levels were relatively high. The discussion was extended to the influential role of power
allocation (PA) on OP and BER, emphasizing the importance of prudent PA selection to
prevent error propagation. Our work offers valuable insights for the practical implementa-
tion of NOMA schemes, providing a foundation for researchers to further analyze additional
NOMA schemes under realistic conditions. This chapter has been published in [109].
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Chapter Five investigated the impact of IQI on the performance of the CNOMA with
direct links in the presence of ipCSI. We derived the OP and throughput expressions to
evaluate the effects of imperfections on the performance of the considered systems. The
mathematical analysis was validated using the simulation results. The results revealed that
joint imperfections degraded significantly the performance of the systems. The presence of
ipCSI degraded the performance of the ideal and non-ideal IQI. To this end, it was crucial to
apply an efficient model, optimization, and dynamic compensation for the implementation
of the NOMA and CNOMA systems. This chapter has been published in [151].

Chapter six of this thesis investigated the performance of the uplink SIMO-NOMA system
with multiple relays, considering practical factors like HWI, ipCSI, and ipSIC. Mathematical
expressions for OP and system throughput were derived, demonstrating alignment with simu-
lation results. The study discussed the impact of HWI, ipCSI, and ipSIC on the performance
of the uplink SIMO-CNOMA, emphasizing their critical role. Results indicated that, regard-
less of relay and antenna numbers, a higher number of users reduced system performance,
favoring a lower number of users for better performance with fewer errors. Notably, ipCSI
had a greater impact than HWI. Nevertheless, performance improved with more antennas
and relays. The chapter offered insights for practical implementation of the uplink SIMO-
CNOMA. Future work should explore multiple-input multiple-output (MIMO) technology in
both phases of uplink CNOMA for enhanced system performance. This chapter has been
published in [159].

Anticipated directions in NOMA research revolve around the critical consideration of HWI
effects. This involves the integration of deep learning for adaptive optimization, specifically
addressing the challenges imposed by hardware imperfections in uncrewed aerial vehicles
(UAVs) and reconfigurable intelligent surfaces (RIS). The exploration extends to dynamic
compensation strategies that intricately tackle hardware impairment complexities, ensuring
the robustness of NOMA systems. The research emphasis lies not only on the adaptability of
NOMA in diverse multi-modal scenarios but also on fortifying security and privacy measures
in the face of hardware vulnerabilities. The practical implementation and standardization
efforts are aligned with this focus, recognizing the need for resilient NOMA systems in real-
world hardware conditions. Additionally, the exploration of HWI-MIMO technologies in
NOMA and the pursuit of energy-efficient designs for UAV-powered NOMA systems un-
derscore the commitment to overcoming HWI challenges, thereby fostering the continued
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evolution and widespread adoption of NOMA in wireless communication.
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Appendix A

Appendix A

The average bit error rate (ABER) at the U1 can be presented as in [160]

P1 = 1
2

[ 2∑
i=1

(∫ ∞

0
Q(Γi)fΓi

(Γi)dΓi

)]
, (A.1)

where fΓi
(Γi) is the Rayleigh distributed probability density function which is given as

fΓi
(Γi) = 1

Γ̄i
exp

(
−Γi
Γ̄i

)
(A.2)

An alternative representation of the Q-function as defined by Craig’s formulation as in [161].

Q(x) = 1
π

∫ π
2

0
exp

(
−x2

2sin2(θ)

)
(A.3)

Furthermore, the moment-generating function (MGF) is provided as follows

MGFΓ(x) =
∫ ∞

0
exp(xΓ)fΓ(Γ)dΓ (A.4)

Then, the ABER can be given as:

P1 = 1
2

[ 2∑
i=1

(
1
π

∫ π
2

0
MGFΓi

(
−1

2sin2(θ)

)
dθ

)]
(A.5)

with
MGFΓi

(x) = (1 − xΓ̄i)−1 (A.6)

Replacing (A.6) into (A.5), it becomes

P1 = 1
2

[ 2∑
i=1

 1
π

∫ π
2

0

(
1 + Γ̄i

2sin2(θ)

)−1] (A.7)

However, according to [160], the term of (A.7) can be presented as

1
π

∫ π
2

0

(
1 + Γ̄i

2sin2(θ)

)−1

dθ = 1
2

1 −

√√√√√ Γ̄i

2

1 + Γ̄i

2

 (A.8)
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Appendix B

The ABER at the U2 can be presented as

P2 =1
2

[∫ ∞

0
Q(Γ3)fΓ3(Γ3)dΓ3 +
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0
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+
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]
,

(B.1)

According to (A.3) we can write (B.1) as

P2 =1
2
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(B.2)

Using MGF and some manipulation mathematics, we can obtain

P2 =1
2

[
1
π

∫ π
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(
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(B.3)

Using (A.8) we can define the (2.35).
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The outage of x1 at U1 and R occurs if the received SINR of x1 is less than the threshold
γth,1. Therefore, using PDF and CDF as [60], the OP of the x1 at U1 and R under HWI and
ipCSI is computed as

Px1,m(out) = P (γm1 ≥ γth,1)

= P ( α1Ps|h̃s,1|2

α2Ps|h̃s,1|2 + σ2
ϵPs + σ2

ϵPsk
2
s,1 + |h̃s,1|2Psk2

s,1 +N0
≥ γth,1)

= P (|h̃s,1|2 ≥ (
γth,1

(
N0 + σ2

ϵPs + σ2
ϵPsks,1

2
)

Φs,1(α1Ps − γth,1Psα2 − γth,1Psks12)
))

=
∫ γth,1(N0+σ2

ϵ Ps+σ2
ϵ Psks,1

2)
Φs,1(α1Ps−γth,1Psα2−γth,1Psks,12)

0

1
Φs,1

exp −y
Φs,1

dy.

(C.1)
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The error probability for the x1 symbols at U1 under HWI and ipCSI is given as

Px1,s,1 =1
2
(
(P (n+ (

√
P s(

√
α1 + √

α2) + ηs,1)e+ h̃s,1ηs,1) ≥
√
P s(

√
α1 + √

α2)h̃s,1)+

((P (n+ (
√
P s(

√
α1 −

√
α2) +ηs,1)e+ h̃s,1ηs,1) ≥

√
P s(

√
α1 −

√
α2)h̃s,1)

)
.

(D.1)

By using Q-function and PDF in as in [47]

Px1,s,1 = 1
2

2∑
i=1

(
Q(
√

2∆x1,s,1,i)
)
. (D.2)

The ABER of the U1 can be expressed

Px1,s,1 = 1
2

[ 2∑
i=1

∫ ∞

0
Q
(√

2δm1,s1,i
)
fδm1,s1,i

(δm1,s1,i)dδm1,s1,i

]
, (D.3)

where f∆x1,s,1,i
is the PDF for the Rayleigh distribution which is presented in [112]. After

performing some algebraic computations, we determine the ABER for U1 using HWI and
ipCSI as in (4.14)

D
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The BER of x2 at U2 under HWI and ipCSI is given as

Px2,s,2 = P correct
x2,s,2 + P error

x2,s,2, (E.1)

where P correct
x2,s,2 is the probability when the x1 is detected correctly at U2 and P error

x2,s,2 is the
probability when the x1 is detected erroneously at U2. Each term can be defined as

P correct
x2,s2 = 1

4

(P (n+ (
√
Ps(

√
α1 + √

α2) + ηs,2)e+ h̃s,2ηs,2 ≤
√
Ps(

√
α1 + √

α2)h̃s,2)
)

×
(
P (n+ (

√
Ps(

√
α1 + √

α2) + ηs,2)e+ h̃s,2ηs,2 ≥

√
Ps

√
α2h̃s,2|n+ (

√
Ps(

√
α1 + √

α2) + ηs,2)e+ h̃s,2ηs,2)
)

+(
P (n+ (

√
Ps(

√
α1 −

√
α2) + ηs,2)e+ h̃s,2ηs,2 ≤

√
Ps(

√
α1 −

√
α2)h̃s,2)

)
×(

P (n+ (
√
Ps(

√
α1 −

√
α2) + ηs,2)e+ h̃s2ηs,2 ≥

√
Ps

√
−α2h̃s,2|n+ (

√
Ps(

√
α1 −

√
α2) + ηs,2)e+ h̃s,2ηs,2)

).
(E.2)
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And

P error
m2,s,2 = 1

2
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√
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√
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√
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√
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√
α1 −

√
α2)h̃s2)

)
.

(E.3)

Replacing (E.2) and (E.3) into (E.1) and using the PDF, Q-function, and some algebraic
manipulation we get the ABER of U2 as in (4.37).
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