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JUNE 2023
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QoS-BASED RESOURCE MANAGEMENT AND OPTIMIZATION
IN CR-BASED NOMA NETWORKS

SUMMARY

The improvement of spectral efficiency (SE) and energy efficiency (EE) is crucial for
the development of mobile communication networks. Non-orthogonal multiple access
(NOMA) technique has been presented as an effective method to improve SE and EE of
wireless communication systems. Also, cognitive radio (CR) is important to improve
SE and EE in these systems in addition to NOMA. The collaboration between NOMA
and CR possesses the capacity to tackle the issue of spectrum scarcity by facilitating
the utilization of a shared frequency band by numerous users. The collaboration
between NOMA and CR can optimize EE by reducing power consumption in wireless
communication devices. Also, integrating the simultaneous wireless information and
power transfer (SWIPT) technique with the CR-based NOMA (CR-NOMA) scheme
can present a viable solution to effectively tackle the issue of limited spectrum
resources and energy scarcity in wireless communication networks. The CR-NOMA
enables multiple users to access a typical frequency band by utilizing non-orthogonal
resource allocation techniques. With SWIPT, energy-limited devices can harvest
energy from the received signals while decoding the information. The thesis study
examines the performance of this CR-NOMA combination in three different scenarios.
In the first and second parts of the thesis work, two different CR-NOMA-based
networks without SWIPT are discussed. The first of these networks considers a
multi-antenna CR-NOMA system, especially for sub-6 GHz frequencies. The second
of these networks represents a beamforming assisted- multi-antenna CR-NOMA
system, especially for Millimeter wave (mmWave) frequency bands. After that, a
CR-NOMA-based network with SWIPT is considered in the three parts of the thesis
work.

An essential challenge associated with the implementation of CR-NOMA pertains
to the imperative need to guarantee the Quality of Service (QoS) requirements for
all users operating in parallel, along with enhancing the SE of the CR-NOMA
framework. In the initial part, this challenge assumes a paramount significance in
CR-NOMA scenarios where multiple users share a frequency band, as the presence
of interferences amongst users can result in a decline in the overall performance of
communication networks. The effectiveness of Successive Interference Cancellation
(SIC) in decoding the received signal is of critical importance in reducing the Outage
Probability (OP) of CR-NOMA networks that cater to both Primary Users (PUs)
and Secondary Users (SUs), utilizing a common frequency resource block. This
part discusses a CR-NOMA system featuring multiple antennas and multiple users,
which is designed for uplink communication. The current system evaluates the QoS
requirements of users and scrutinizes the effect of SIC on the occurrence of the
outage. A key importance of this chapter lies in addressing the obstacles associated
with QoS-based SIC in NOMA networks using CR technology and multiple antennas.
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Hence, the thesis aims to enhance the outage performance of the entire network
and satisfy the QoS requirements for PUs and SUs in CR-NOMA networks by
implementing novel user pairing strategies. This study puts forward two novel antenna
and SU selection algorithms, with the objective of enabling efficient allocation of
both PUs and SUs within the system. The primary aim is to enhance the outage
performance and diminish the impact of the error floor while accommodating the
QoS requirements of both PUs and SUs. The present study demonstrates that the
multi-antenna CR-NOMA system, in conjunction with QoS-based SIC algorithms,
yields superior performance compared to the conventional channel state information
(CSI)-based SIC technique. This notable enhancement in system performance is
attributed to the effective management of interference and pairing of users facilitated
by the QoS-based SIC algorithms. The thesis presents a formalized expression of the
OP that is derived for the proposed suboptimal antenna and SU selection algorithm,
represented in a closed form. Furthermore, the thesis represents the mathematical
expression for the OP of this system equipped with a single antenna while the
suggested algorithms are not employed. Theoretical analyses are verified through
extensive simulation results. The outcomes and implications of the thesis can provide a
solid basis for subsequent inquiries and advancements in the design and enhancement
of QoS-based SIC algorithms and user pairing strategies of CR-NOMA networks,
taking into account, especially with scenarios multi-antenna.

The advantages of this first part are further suitable for enhancing the SE in
CR-NOMA networks employing sub-6 GHz frequencies especially. Hence, the need
for different algorithms and system designs for enhancing the SE in CR-NOMA
networks employing high frequencies as in mmWave communication. In the second
part, the thesis presents the coexistence of two promising technologies for 5G and
beyond mobile networks, namely CR-NOMA and mmWave wireless communication,
to overcome the spectrum scarcity problem and enhance SE and EE. However, using
mmWave bands in CR-NOMA networks can also present challenges. One of the most
critical challenges is the increased susceptibility to blockages and path loss due to the
high frequency of mmWave signals, resulting in unstable channel conditions and lower
overall network performance. Also, beamforming in CR-NOMA networks can lead to
increased interference between PUs and SUs, which can degrade the QoS for both user
groups. The need for novel user pairing algorithms and suitable beamforming designs
in mmWave CR-NOMA networks to ensure efficient and reliable communication
exists. Hence, the thesis proposes a CR-NOMA user pairing algorithm for an
uplink mmWave CR-NOMA network with a multi-antenna beamforming assisted-base
station. In this network, an appropriate beamforming design is utilized to satisfy
the QoS requirements of the PU. Also, this algorithm has been developed with the
primary objective of maximizing the coverage probability by strategically selecting a
SU to ensure the QoS requirements of both PU and SU are met through QoS-based
SIC. Otherwise, the CSI-based SIC is performed over the SU, possessing the highest
channel gain. The findings of Monte Carlo simulation experiments illustrate that the
suggested algorithm presents an optimal coverage probability at reduced complexity,
particularly in high signal-to-noise ratio (SNR) contexts.

In the third section of this thesis, a hybrid approach integrating SWIPT and CR-NOMA
is presented with the objective of enhancing both the SE and EE of wireless
communication networks. However, the integration of SWIPT with CR-NOMA
presents several noteworthy challenges. Designing energy harvesting protocols that
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effectively balance the tradeoff between energy harvesting and information decoding
represents a critical challenge. The complexity of utilizing energy harvested at relay
nodes for information processing and transmission poses a challenge in devising
optimal power allocation strategies that guarantee QoS requirements while maintaining
the EE. A downlink SWIPT-enabled CR-NOMA network with multiple energy-limited
relay nodes under Nakagami-m fading is considered in this part of the thesis. This
thesis examines two fundamental energy harvesting protocols, specifically the time
switching-based relaying (TSR) protocol and the power splitting-based relaying (PSR)
protocol, for energy harvesting and information processing at the relay node. The
primary aim is to minimize the OP while simultaneously maximizing the EE of the
system. This thesis ensures an analysis of the impact of various design parameters,
including the data rate target, the distance among nodes, the power coefficient allocated
to users, and the transmission power, on the optimal ratio of PS and TS. It has
been observed that the PS ratio demonstrates greater stable and constrained variation
when contrasted with the TS ratio. Additionally, the thesis demonstrates that the
utilization of the optimal PS ratio outperforms the optimal TS ratio concerning outage
performance and EE within the suggested network. This thesis presents closed-form
expressions for the OP and EE of the proposed system.

As a result, The proliferation of wireless communication devices and data traffic has
posed a considerable challenge due to the limited available spectrum. To overcome
this challenge, the implementation of NOMA and CR techniques can present a viable
solution to enable the concurrent utilization of frequency bands by multiple users
while ensuring optimal utilization of the spectrum. The thesis work discusses the
challenges and potential solutions in CR-NOMA networks in various scenarios to
achieve a high SE and EE in CR-NOMA networks. In this way, the thesis work
contributes to the understanding of the performance of CR-NOMA networks over three
different scenarios. The algorithms and system designs presented in the thesis make
a significant contribution to the comprehension of the performance of CR-NOMA
networks, and offer viable strategies for addressing the obstacles encountered when
incorporating dissimilar communication technologies including SWIPT, mmWave
bands, and beamforming. The results of the present investigation suggest that the
proposed algorithms and system designs possess the capability to significantly improve
the SE and EE of CR-NOMA networks while simultaneously guaranteeing QoS
requirements for users.
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CR TABANLI NOMA AĞLARINDA QoS TABANLI KAYNAK
YÖNETİMİ ve OPTİMİZASYONU

ÖZET

Spektral verimliliğin (SE) ve enerji verimliliğinin (EE) iyileştirilmesi, mobil iletişim
ağlarının geliştirilmesi için çok önemlidir. Ortogonal olmayan çoklu erişim (NOMA)
tekniği, kablosuz iletişim sistemlerinin SE ve EE’sini geliştirmek için etkili bir yöntem
olarak sunulmuştur. Ayrıca, bilişsel radyo (CR), NOMA’ya ek olarak bu sistemlerde
SE ve EE’yi geliştirmek için önemlidir. NOMA ve CR arasındaki işbirliği, paylaşılan
bir frekans bandının çok sayıda kullanıcı tarafından kullanılmasını kolaylaştırarak
spektrum kıtlığı sorununu çözme kapasitesine sahiptir. NOMA ve CR arasındaki
işbirliği, kablosuz iletişim cihazlarındaki güç tüketimini azaltarak EE’yi optimize
edebilir. Ayrıca, eşzamanlı kablosuz bilgi ve güç aktarımı (SWIPT) tekniğini CR
tabanlı NOMA (CR-NOMA) şemasıyla entegre etmek, kablosuz iletişim ağlarında
sınırlı spektrum kaynakları ve enerji kıtlığı sorununu etkin bir şekilde çözmek
için geçerli bir çözüm sunabilir. CR-NOMA, ortogonal olmayan kaynak ayırma
tekniklerini kullanarak birden çok kullanıcının tipik bir frekans bandına erişmesini
sağlar. SWIPT ile enerji sınırlı cihazlar, bilgilerin kodunu çözerken alınan sinyallerden
enerji toplayabilir. Tez çalışması, bu CR-NOMA kombinasyonunun performansını
üç farklı senaryoda incelemektedir. Tez çalışmasının birinci ve ikinci bölümlerinde
CR-NOMA tabanlı SWIPT’siz iki farklı ağ ele alınmıştır. Bu ağlardan ilki, özellikle
6 GHz altı frekanslar için çok antenli bir CR-NOMA sistemini ele alır. Bu ağlardan
ikincisi, özellikle Milimetre dalga (mmWave) frekans bantları için hüzme oluşturma
destekli çok antenli CR-NOMA sistemini temsil eder. Daha sonra tez çalışmasının üç
bölümünde SWIPT ile CR-NOMA tabanlı bir ağ ele alınmıştır.

CR-NOMA’nın uygulanmasıyla ilgili önemli bir zorluk, CR-NOMA çerçevesinin
SE’sini geliştirmenin yanı sıra paralel çalışan tüm kullanıcılar için Hizmet Kalitesi
(QoS) gereksinimlerini garanti etmeye yönelik zorunlu ihtiyaçla ilgilidir. İlk kısımda,
kullanıcılar arasında parazitlerin varlığı iletişim ağlarının genel performansında
düşüşe neden olabileceğinden, bu zorluk, birden çok kullanıcının bir frekans bandını
paylaştığı CR-NOMA senaryolarında olağanüstü bir önem taşımaktadır. Ardışık
Girişim İptali’nin (SIC) alınan sinyalin kodunu çözmedeki etkinliği, aynı frekans
kaynak bloğunda hem birincil Kullanıcılara (PUs) hem de ikincil Kullanıcılara (SUs)
hitap eden CR-NOMA ağlarının Kesinti Olasılığını (OP) azaltmada kritik öneme
sahiptir. Bu bölüm, yukarı bağlantı iletişimi için tasarlanmış, birden çok anten
ve birden çok kullanıcı içeren bir CR-NOMA sistemini tartışmaktadır. Mevcut
sistem, kullanıcıların QoS gereksinimlerini değerlendirir ve SIC’nin kesinti oluşumu
üzerindeki etkisini inceler. Bu bölümün temel önemlerinden biri, CR teknolojisi ve
birden fazla anten kullanan NOMA ağlarında QoS tabanlı SIC ile ilişkili engellerin
ele alınmasında yatmaktadır. Bu nedenle tez, yeni kullanıcı eşleştirme stratejileri
uygulayarak CR-NOMA ağlarındaki PU’lar ve SU’lar için QoS gereksinimlerini
karşılamayı ve tüm ağın kesinti performansını artırmayı amaçlamaktadır. Bu çalışma,
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sistem içinde hem PU’ların hem de SU’ların verimli bir şekilde tahsis edilmesini
sağlamak amacıyla iki yeni anten ve SU seçim algoritması ortaya koymaktadır.
Birincil amaç, hem PU’ların hem de SU’ların QoS gereksinimlerini karşılarken kesinti
performansını artırmak ve hata tabanının etkisini azaltmaktır. Mevcut çalışma, çok
antenli CR-NOMA sisteminin, QoS tabanlı SIC algoritmalarıyla birlikte, geleneksel
kanal durum bilgisi (CSI) tabanlı SIC tekniğine kıyasla üstün performans sağladığını
göstermektedir. Sistem performansındaki bu kayda değer gelişme, QoS tabanlı SIC
algoritmaları tarafından kolaylaştırılan kullanıcıların etkin etkileşim yönetimine ve
eşleştirilmesine atfedilir. Tez, önerilen optimum altı anten ve SU seçim algoritması
için türetilen OP’nin kapalı bir biçimde temsil edilen matematiksel bir ifadesini sunar.
Ayrıca tez, önerilen algoritmalar kullanılmadan tek antenle donatılmış bu sistemin
OP’sinin matematiksel ifadesini sunmaktadır. Teorik analizler, kapsamlı simülasyon
sonuçlarıyla doğrulanır. Tezin sonuçları ve çıkarımları, özellikle çok antenli senaryolar
dikkate alındığında, QoS tabanlı SIC algoritmalarının ve CR-NOMA ağlarının
kullanıcı eşleştirme stratejilerinin tasarımı ve geliştirilmesinde sonraki araştırmalar ve
ilerlemeler için sağlam bir temel sağlayabilir.

Bu tezin birinci bölümün avantajları, özellikle 6 GHz altı frekansları kullanan
CR-NOMA ağlarında SE’yi geliştirmek için uygundur. Bu nedenle, mmWave
iletişiminde olduğu gibi yüksek frekanslar kullanan CR-NOMA ağlarında SE’yi
geliştirmek için farklı algoritmalara ve sistem tasarımlarına ihtiyaç vardır. İkinci
bölümde, tez, spektrum kıtlığı sorununun üstesinden gelmek ve SE ve EE’yi
geliştirmek için 5G ve ötesi mobil ağlar için gelecek vaat eden iki teknolojinin,
yani CR-NOMA ve mmWave kablosuz iletişimin bir arada varlığını sunuyor.
Bununla birlikte, CR-NOMA ağlarında mmWave bantlarının kullanılması da zorluklar
doğurabilir. En kritik zorluklardan biri, mmWave sinyallerinin yüksek frekansı
nedeniyle blokajlara ve yol kaybına karşı artan hassasiyettir, bu da kararsız kanal
koşullarına ve daha düşük genel ağ performansına neden olur. Ayrıca, CR-NOMA
ağlarında huzme oluşturma, PU’lar ve SU’lar arasında artan parazite yol açarak her
iki kullanıcı grubu için QoS’yi düşürebilir. Verimli ve güvenilir iletişim sağlamak
için mmWave tabanlı CR-NOMA ağlarında yeni kullanıcı eşleme algoritmalarına ve
uygun hüzme oluşturma tasarımlarına ihtiyaç vardır. Bu nedenle tez, çok antenli
hüzmeleme destekli baz istasyonuna sahip bir yer-uydu hattı mmWave CR-NOMA
ağı için bir CR-NOMA kullanıcı eşleştirme algoritması önermektedir. Bu ağda,
PU’nun QoS gereksinimlerini karşılamak için uygun bir hüzmeleme tasarımı kullanılır.
Ayrıca, bu algoritma, hem PU hem de SU’nun QoS gereksinimlerinin QoS tabanlı
SIC aracılığıyla karşılanmasını sağlamak için bir SU’yu stratejik olarak seçerek
kapsama olasılığını en üst düzeye çıkarmak birincil amacı ile geliştirilmiştir. Aksi
takdirde, CSI tabanlı SIC, en yüksek kanal kazancına sahip olan SU üzerinden
gerçekleştirilir. Monte Carlo simülasyon deneylerinin bulguları, önerilen algoritmanın,
özellikle yüksek sinyal-gürültü oranı (SNR) bağlamlarında, azaltılmış karmaşıklıkta
optimal bir kapsama olasılığı sunduğunu göstermektedir.

Bu tezin üçüncü bölümünde, kablosuz iletişim ağlarının hem SE hem de EE’sini
geliştirmek amacıyla SWIPT ve CR-NOMA’yı entegre eden hibrit bir yaklaşım
sunulmaktadır. Bununla birlikte, SWIPT’nin CR-NOMA ile entegrasyonu, dikkate
değer bazı zorluklar sunmaktadır. Enerji toplama ve bilgi çözme arasındaki ödünleşimi
etkili bir şekilde dengeleyen enerji toplama protokolleri tasarlamak, kritik bir
zorluğu temsil eder. Bilgi işleme ve iletim için aktarma düğümlerinde toplanan
enerjiyi kullanmanın karmaşıklığı, EE’yi korurken QoS gereksinimlerini garanti eden
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optimum güç tahsisi stratejileri tasarlamada zorluk teşkil eder. Tezin bu bölümünde,
Nakagami-m sönümleme altında birden çok sınırlı enerjili röle düğümüne sahip bir
aşağı bağlantılı SWIPT etkinleştirilmiş CR-NOMA ağı ele alınmıştır. Bu tez, aktarma
düğümünde enerji toplama ve bilgi işleme için zaman değiştirme tabanlı aktarma
(TSR) protokolü ve güç bölme tabanlı aktarma (PSR) protokolünü olan iki temel
enerji toplama protokolünü incelemektedir. Birincil amaç, OP’yi en aza indirirken,
aynı anda sistemin EE’sini en üst düzeye çıkarmaktır. Bu tez, veri hızı hedefi,
düğümler arasındaki mesafe, kullanıcılara tahsis edilen güç katsayısı ve iletim gücü
dahil olmak üzere çeşitli tasarım parametrelerinin optimum PS ve TS oranı üzerindeki
etkisinin analizini sağlar. PS oranının, TS oranı ile karşılaştırıldığında daha kararlı
ve kısıtlı bir değişim gösterdiği gözlemlenmiştir. Ek olarak tez, optimum PS oranının
kullanılmasının, önerilen ağ içinde kesinti performansı ve EE ile ilgili olarak optimum
TS oranından daha iyi performans gösterdiğini göstermektedir. Bu tez, önerilen
sistemin OP ve EE için kapalı biçimli ifadelerini sunar.

Tez 6 bölümden oluşmaktadır. Bölüm 1’de, QoS tabanlı SIC ile CR-NOMA,
mmWave CR-NOMA ağlarında kullanıcı eşleştirme ve huzme oluşturma tasarımı ve
çok antenli CR-NOMA çift atlamalı aktarma ağları hakkında kapsamlı bir literatür
araştırması sunar. Ardından, tezin motivasyonunu ve katkılarını verir. Bölüm 2’de,
kooperatif aktarma, çok antenli ağlar ve CR-NOMA iletişimi gibi tezde kullanılan
çeşitli kablosuz iletişim teknolojileri tanıtılmaktadır. Bölüm 3’te CR-NOMA sistem
modeli sunulmakta ve bu sistem CSI tabanlı SIC üzerinden kısaca incelenmektedir.
Daha sonra aynı sistem modeli QoS tabanlı SIC üzerinden detaylı olarak incelenmiş
ve bu sistemdeki QoS tabanlı SIC’nin kesinti performansını artırmak için iki kullanıcı
ve anten seçim algoritması önerilmiştir. Ardından bu CR-NOMA sisteminin bu
algoritmalar ile sayısal ve simülasyon sonuçları tartışılmıştır. Bölüm 4’te, her iki
SIC prosedürünü kullanan CSI tabanlı SIC, QoS tabanlı SIC ve JSUS algoritmasını
içeren bir yukarı bağlantı mmWave CR-NOMA sistem modeli sunulmaktadır. Monte
Carlo simülasyon deneyleri ve sonuçları bu sistem modeli üzerinden verilmektedir.
Bölüm 5’te, SWIPT özellikli CR-NOMA ağı önerilmiş ve önerilen ağ sırasıyla PSR ve
TSR kullanılarak incelenmiştir. Daha sonra önerilen sistem için OP ve EE ifadesi
elde edilir. sayısal ve simülasyon sonuçları önerilen bu CR-NOMA ağı üzerinden
verilmiştir. Bölüm 6’da, bu tezde elde edilen sonuçlar hakkında genel bir sonuç bölümü
içermektedir.

Sonuç olarak, kablosuz haberleşen cihazların çoğalması ve veri trafiği, sınırlı
kullanılabilir spektrum nedeniyle önemli bir zorluk teşkil etmektedir. Bu zorluğun
üstesinden gelmek için, NOMA ve CR tekniklerinin uygulanması, frekans bantlarının
birden fazla kullanıcı tarafından aynı anda kullanılmasını sağlarken, spektrumun
en iyi şekilde kullanılmasını sağlayan uygun bir çözüm sunabilir. Tez çalışması,
CR-NOMA ağlarında yüksek bir SE ve EE elde etmek için çeşitli senaryolarda
CR-NOMA ağlarındaki zorlukları ve olası çözümleri tartışmaktadır. Bu şekilde
tez çalışması CR-NOMA ağlarının performansının üç farklı senaryo üzerinden
anlaşılmasına katkı sağlamaktadır. Tezde sunulan algoritmalar ve sistem tasarımları,
CR-NOMA ağlarının performansının anlaşılmasına önemli bir katkı sağlamakta ve
SWIPT, mmWave bantları ve hüzmeleme gibi farklı iletişim teknolojilerini bir araya
getirirken karşılaşılan engellerin ele alınması için uygun stratejiler sunmaktadır. Bu
çalışmanın bulguları, önerilen algoritmaların ve sistem tasarımlarının, kullanıcıların
QoS gereksinimlerinin karşılanmasını sağlarken, CR-NOMA ağlarının SE ve EE’sini
etkili bir şekilde geliştirme potansiyeline sahip olduğunu göstermektedir.
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1. INTRODUCTION

This thesis considers various cognitive radio-based non-orthogonal multiple access

(CR-NOMA) applications by focusing on the efficient usage of communication

technologies, such as beamforming, relay with energy harvesting (EH), and

multi-antenna. The main goal of the thesis is to enhance spectral efficiency (SE),

energy efficiency (EE), and overall system performance by proposing various user

pairing and antenna selection algorithms and making detailed system examinations.

This chapter considers the background and motivation of the thesis. Subsequently, a

comprehensive examination of the pertinent literature is presented. In due course, the

organization and the contributions of the thesis are offered.

1.1 Background and Motivation

The user grouping makes CR-NOMA networks a more challenging topic since

users sharing the same spectrum resource block have significantly different signal

characteristics, especially under dynamic network conditions [1]. In NOMA networks,

the deployment of simultaneous transmission and reception of multiple users on the

same frequency induces a phenomenon known as multiple-access interference. To

eliminate this interference successfully, successive interference cancellation (SIC) is

utilized [2]. In uplink NOMA networks, determining the order of SIC decoding is more

critical than downlink NOMA networks to perform the SIC procedure successfully.

Hence, the quality of service (QoS)-based SIC is commonly used in uplink CR-NOMA

networks to remove inter-user interference. However, optimal user pairing is still a

challenge that affects the performance of the QoS-based SIC in uplink CR-NOMA

networks with multiple users. This challenge is more critical in CR-NOMA networks

equipped with multiple antennas. Furthermore, optimal user pairing is also a critical

challenge for CR-NOMA networks utilizing Millimeter wave (mmWave) bands to

enhance the performance of the QoS-based SIC. Hence, the need for investigating

the integration of CR-NOMA and mmWave communication in detail exists in terms of

improving the performance of SIC and satisfying the QoS requirements of the users.
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On the other hand, in CR-NOMA networks, optimizing EE is of great importance

as well as improving the SE, especially for devices with limited battery life or in

scenarios where energy is scarce. Simultaneous Wireless Information and Power

Transfer (SWIPT) technology allows both EH and transmission of information signals

in the same network. It is a critical challenge for maximizing outage performance

and satisfying the QoS requirements of the users in SWIPT networks that the optimal

allocation of the received signal between EH and information transmission. Moreover,

not decreasing SE, satisfying the QoS requirements of the users, and maximizing the

outage performance are significant challenges, while enhancing EE is considered in

SWIPT-based CR-NOMA networks. Hence, the need for consideration of the optimal

allocation between EH and information transmission in detail exists in SWIPT-based

CR-NOMA networks to provide the optimum outage performance and EE without

decreasing SE.

1.2 Literature Review

This section offers a thorough literature review and addresses research gaps

surrounding the CR-NOMA scheme in relation to the issues that are pertinent to the

thesis. Therefore, the significance of the contributions of the thesis can be readily

accentuated, as explicated in the subsequent section.

1.2.1 Overview of the relevant literature on CR-NOMA networks

With the expected increase in mobile data traffic due to Ultra Reliable Low Latency

Communications, advanced mobile broadband, and mass machine communication

services, limited and scarce radio frequency spectrum has become a critical challenge

in wireless communication, especially for the sub-6GHz spectrum [3]. In conventional

orthogonal multiple access (OMA), increasing the number of users limits orthogonal

resources and the spectrum [4]. The limited and scarce radio frequency spectrum

is an important problem in wireless communication, especially for the sub-6GHz

spectrum. Due to its ability to simultaneously serve several users while achieving

great spectrum efficiency and system capacity and providing a fairness/throughput

tradeoff, as a potential remedy for the next eras of mobile communication networks,

NOMA technology has been identified [5,6]. The application of NOMA techniques
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is commonly classified into two principal categories, namely, Code-Domain (CD)

and Power-Domain (PD) [7]. The PD-based NOMA technique has emerged as the

most favorable solution with regard to achieving high SE and presenting a simple

implementation approach [8]. Moreover, the CR paradigm presents a potential solution

to the issue of radio spectrum scarcity [9]. In the context of CR, there exist two

different user types, specifically referred to as the primary user (PU) and the secondary

user (SU). In terms of accessing the spectrum, the PU holds a privileged position

over the SU. Thus, it is imperative that the utilization of spectrum by the SU occurs

exclusively during the idle state of the PU [10]. The integration of NOMA and CR can

be performed to yield enhanced spectrum utilization efficiency [11]. The utilization

of CR-NOMA presents a significant potential in effectively meeting the burgeoning

demands of wireless communication users [12,13].

Researchers have recently started to study the combination of CR and NOMA. In

work conducted in [14], an investigation was carried out into the outage probability

(OP) of a network that employs the CR-NOMA technique as an overlay. Furthermore,

the integration of CR with the underlay paradigm in downlink NOMA networks has

been extensively studied in [15]. The study presented in [16] involved an analysis

of an overlay CR-NOMA network in the context of physical layer security (PLS),

with a focus on enhancing the secrecy performance of PUs. In addition, by utilizing

multiple SUs as the relay in a downlink CR-based NOMA network, the study in [17]

investigates the cooperation between CR and NOMA. The achievable data rate and

outage performance of a CR-NOMA network consisting of two users utilizing the same

resource block is investigated in [18]. Numerous extant studies documented in the

literature have examined communication systems employing CR-NOMA, which may

also involve various types of communication technologies. The rate-splitting approach

presented by the authors in [19] is intended to improve the outage performance of an

uplink CR-NOMA network that is supported by intelligent reflecting surfaces as well

as satisfying the QoS requirements of the PU. The objective of the authors in [20] is to

establish a secure communication system for mmWave NOMA networks through the

utilization of a cognitive power allocation strategy that meets the QoS criteria of the

PU. The study discussed in [21] examines the effectiveness of PLS in a multi-input

multi-output (MIMO) two-way relay approach based on an amplify-and-forward
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strategy for CR-NOMA network, intending to satisfy QoS for all users, whereby the

EE of this network is reinforced by utilizing the SWIPT technology. The study in [22]

proposes a power allocation scheme aiming to attain the optimum sum rate while

ensuring the fulfillment of QoS requirements for both PUs and SUs for massive MIMO

CR-NOMA networks. The study conducted by [23] introduces a new methodology for

selecting antennas in a MIMO CR-NOMA system, with the intention of maximizing

the signal-to-noise ratio (SNR) of the SU while complying with the QoS requirements

of the PU.

1.2.2 Review of the literature on QoS-based SIC in CR-NOMA networks

In a downlink NOMA scenario, the base station (BS) aims to differentiate the power

level of the signal intended for each user to simplify the SIC process in the receiver.

Conversely, in an uplink NOMA scenario, different power levels due to users’ channel

gains are critical to successfully apply the SIC process in the receiver. In the context

of uplink NOMA networks, the procedure of determining user grouping can be guided

by two significant SIC decoding orders. These orders are reliant on two important

factors, namely channel state information (CSI) and QoS, respectively [24]. For an

uplink NOMA network consisting of two users, in the CSI-based SIC process, the

signal of the user with strong channel condition is first decoded, and then the signal

of the user with weak channel condition is decoded after the SIC stage [25]. The

CSI-based dynamic SIC is investigated over uplink and downlink NOMA networks

in [26]. On the other hand, in the QoS-based SIC process, the signal of PU with

higher priority QoS requirement is decoded first, and then the signal of SU with lower

priority QoS requirement is decoded after the SIC stage [27]. The outage performance

results of both CSI and QoS-based SIC in uplink NOMA systems with multi-user are

investigated [28]. Also, in [28], a user pairing strategy is performed to satisfy only

the QoS requirements of the PU for a single antenna uplink CR-NOMA system with

a single PU and multiple SUs. Authors in [29] investigate the outage performance of

an uplink NOMA-based hybrid satellite-terrestrial relay network equipped with two

terrestrial users and a relay by proposing a novel SIC scheme to satisfy the QoS

decoding criterion. Authors in [30] study a performance analysis of the QoS-based

SIC detecting order for an uplink NOMA with short-packet communication. A
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new QoS-based SIC strategy for semi-grant-free transmission-assisted CR-NOMA is

proposed in [31]. Hence, the need for novel user pairing strategies exists for better

QoS-based SIC performance in these networks by satisfying the QoS requirements of

both the PU and the SU.

1.2.3 Literature review on mmWave based- CR and NOMA networks

mmWave and sub-terahertz (THz) frequencies provide a large amount of readily

available spectrum resources towards satisfying enormous data rate requirements of 5G

and beyond networks. As the higher frequency band signals have a shorter wavelength

than the radio frequency (RF) signals used for traditional cellular communication

systems, the beamforming technology using a large antenna array at the BS plays

a key role in increasing the spectrum efficiency and mitigating the propagation

loss by focusing the wireless signal towards a specific user. Consequently, it is

possible to substantially augment the received signal power of the targeted user while

simultaneously maintaining restricted interference from other users. Utilizing the

NOMA concept in mmWave communication systems along with the beamforming

technology can provide performance improvements if the resource allocation among

the users is performed carefully [32,33]. For example, an angle-based user pairing

strategy in the mmWave NOMA network is proposed to increase the coverage

probability [32]. The analysis presented in [33] demonstrates that the outage

performance of NOMA is considerably better than OMA in a multi-cell mmWave

network. Recent studies show that SE can be further increased by applying

the CR concept in a mmWave communication system using hybrid transceiver

architectures [34]. Furthermore, there are studies implementing physical layer security

in CR-based mmWave communication systems [35,36]. For example, a robust and

secure transmission problem in an IRS-assisted mmWave CR network is studied

in [35]. In literature, many studies investigating CR and NOMA concepts in the

mmWave network exist separately. A study, including both CR and NOMA concepts

in the beamforming-assisted mmWave network, exists. However, this concept has

only been investigated in terms of secrecy performance. As an example, the study

presented in [36] examines the secrecy performance of a downlink CR-NOMA system

operating in mmWave communication. The need for a detailed investigation of the
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system performance on the mmWave-based CR-NOMA scheme still remains an open

issue.

1.2.4 Literature review on energy harvesting in multi-antenna CR-NOMA

dual-hop relaying networks

The proliferation of Internet of Things (IoT) technology, encompassing domains

such as intelligent urban infrastructures, advanced manufacturing, next-generation

transportation, and telemedicine, has surged with the advent of fifth-generation (5G)

and emerging network architectures [37]. It is estimated that by 2030, the number of

connected devices endowed with wireless communication capabilities will exceed 80

billion [38]. The non-orthogonal multiple access (NOMA) techniques exhibit great

potential for addressing the challenge posed by a significant number of connecting

devices, given their ability to support multiple users simultaneously on the same

frequency resource. Integrating NOMA with relay nodes can potentially increase

the system capacity by utilizing the limited spectral resources efficiently and provide

fairness among users [39,40]. It is a challenging task to decide the amount of energy

to be used for harvesting and amplifying at passive relay nodes with EH such that the

OP of NOMA users is minimized.

Relay nodes have been heavily utilized for NOMA networks to increase system

performance and provide ubiquitous coverage and connectivity [41]. Wireless cellular

networks around the world can consume up to 60 billion kWh of energy per year

[42]. The energy consumption of relay nodes, which exacerbates greenhouse gas

emissions, needs to be minimized for enhancing EE, especially in 5G and beyond

communication networks. EH can be accomplished through the capture and utilization

of ambient energy derived from diverse physical phenomena such as solar radiation,

vibration, and wind [43]. Despite their potential, the efficacy of these energy sources

is adversely influenced by environmental and climatic factors [44]. The SWIPT

technology employs the utilization of incoming radio-frequency (RF) signals in order

to establish a robust, weather-proof power supply that facilitates the charging of

the receivers’ batteries. SWIPT-based networks can significantly improve EE for

power-limited IoT devices and relay-based communication systems by increasing the

battery lifetime [45].
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A single-antenna SWIPT-enabled NOMA system with multiple mobile users utilizing

a time switching (TS) protocol for harvesting energy is presented to maximize the

EE [46]. In other work, a power splitting (PS) protocol for a similar NOMA

scenario is proposed for harvesting energy to maximize the total transmission rate [47].

Furthermore, SWIPT technologies are utilized in cooperative NOMA networks having

relay nodes [48]. TS and PS EH protocols are extended as time switching-based

relaying (TSR) and power splitting-based relaying (PSR) by including a relay node in

the network [49]. The OP of a SWIPT-enabled amplify and forward (AF) cooperative

NOMA network under imperfect CSI is analyzed by selecting the relay node which

performs the TSR protocol with a partial relay selected (PRS) protocol [50]. The

investigation of the throughput performance of a cooperative IoT NOMA network that

utilizes SWIPT, and employs an unmanned aerial vehicle (UAV) as the relay node to

implement the TSR protocol is presented in [51]. The study in [52] delves into the

outage performance analysis of a cooperative NOMA network with multiple relays,

utilizing the PSR protocol. A cooperative SWIPT-enabled AF NOMA network under

the effect of hardware imperfections is proposed in [53] to analyze the OP of this

network by performing the PSR protocol over different generalized fading models.

A SWIPT NOMA AF relaying network with imperfect CSI is presented in [54], in

which the Weibull fading channel model is considered. The process of EH through

the TSR protocol by the relay node is executed, and subsequently, an assessment

of the ideal TS ratio for effective transmission of information while also optimizing

throughput is performed. These studies only consider either TSR or PSR protocol,

while our work minimizes the OP of both TSR and PSR for a SWIPT NOMA AF

network under the Nakagami-m channel model. A MIMO technique for SWIPT-based

NOMA systems is proposed to improve SE and EE under harsh wireless conditions

such as fading, multipath, shadowing, and path-loss [55]. An aerial base station

(ABS)-based NOMA relay system, in which a mobile multi-antenna ABS is used

as a half-duplex (HD) relay harvesting energy from the ambient RF utilizing a TS

protocol, is proposed in [56]. The authors demonstrate that the system performance

is improved by performing maximum ratio transmission (MRT) and maximal ratio

combining (MRC) for the multi-antenna side. Moreover, SWIPT technology can be

combined with the CR-NOMA networks and SWIPT can contribute to increasing the
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EE of the CR-NOMA networks [57]. The sum achievable secrecy rate of an AF

two-way relaying-enabled CR-NOMA network including multiple antennas, multiple

PUs, and SUs is analyzed in [21] by utilizing SWIPT with PSR protocol. In [58], the

outage performance and EE of the CR-NOMA-based SWIPT network by performing

TSR protocol are investigated.

1.3 Contributions and Contents of the Thesis

In the first part of the thesis work, we consider an uplink CR-NOMA system with

a multi-antenna BS and multiple users. This thesis work introduces a new research

direction to investigate the effect of SIC decoding order on the outage performance

of uplink CR-NOMA networks equipped with multiple antennas. Moreover, we will

select the optimal SU and receiver antenna to improve the outage performance of

the considered uplink system model through the two different algorithms that will be

presented in the following parts of the first part of the thesis work. Hence, we achieve

a surprising improvement in the outage performance of the QoS-based SIC compared

to the CSI-based SIC. This finding highlights the importance of considering the SIC

decoding order in the design of uplink CR-NOMA networks equipped with multiple

antennas. These proposed algorithms performing the optimal SU and antenna selection

can further improve the outage performance of CR-NOMA systems, demonstrating

their effectiveness in practical scenarios. To improve the outage performance of

the considered system with the QoS-based SIC and reduce the error floor effect

over the OP, we propose two different joint antenna and user selection algorithms

to allocate PUs and SUs in an optimal manner. The QoS-based SIC is compared

to the CSI-based SIC in terms of the OP. Numerical results show that the outage

performance of the QoS-based SIC outperforms the CSI-based SIC for both proposed

algorithms. Furthermore, these proposed algorithms provide a significant gain in terms

of outage performance when increasing the number of antennas or SUs. Computational

complexity analysis of both algorithms is performed. In addition, the OP of the

QoS-based SIC over the proposed algorithms is compared in both perfect CSI and

imperfect CSI. The closed-form expression of the OP of the considered CR-NOMA

network for the suboptimal joint antenna and user selection algorithm is derived and

then verified with simulation results. The derived expression provides an analytical
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description of the system performance for uplink CR-NOMA networks equipped with

multiple antennas, which can be useful for system analysis and design. Moreover, to

show whether the optimal joint antenna and user selection algorithm works optimally

in this system with the QoS-based SIC, the obtained simulation results are verified

by exhaustive search. The research explicated in this part has been elucidated in the

following journal paper.

Akyol, O. F., Okta, F., Basaran, S. T. (2023). An Optimal Joint Antenna and User

Selection Algorithm for QoS-based CR-NOMA. arXiv preprint arXiv:2302.14105.

In the second part of the thesis work, we propose an uplink beamforming-assisted

CR-NOMA network in mmWave communication by pairing PUs and SUs within a

NOMA resource block. Assuming consisting of a single PU and multiple SUs in the

proposed network, a joint SU selection (JSUS) algorithm utilizing both the QoS-based

SIC and the CSI-based SIC procedures is designed based on these proposed algorithms

in the first part of the thesis work. First, the QoS-based SIC procedure is applied if

there is at least one SU satisfying the required minimum data rate for the proposed

network; otherwise, the CSI-based SIC is utilized by selecting the SU with the best

channel condition. The proposed JSUS algorithm maximizes the coverage probability,

which is defined as the probability that the BS can decode the signals of both users

by satisfying their minimum data rate requirements. The Monte Carlo simulation

experiments are performed to observe the effects of the transmit power of the users,

the number of antenna elements at the BS, and the number of SUs on the coverage

probability. The findings from the simulation results demonstrate that the JSUS

algorithm provides the optimum coverage probability in the beamforming-assisted

CR-NOMA network with mmWave communication. Eventually, in the first and second

parts of the thesis work, the proposed algorithms have the potential to improve both

SE and SIC performance in CR-NOMA networks employing either sub-6 GHz or

mmWave frequencies. The research explicated in this part has been elucidated in the

following accepted conference paper.

Akyol O. F., Basaran S. T., Hökelek I., Görcin A. (2023). User Pairing and

Beamforming Design in mmWave CR-NOMA Networks. IEEE International Balkan

Conference on Communications and Networking
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The EE subject is investigated in CR-NOMA networks, unlike the SE subject in the

first and second parts of the thesis work. In the third part of the thesis work, we

investigate a multi-antenna multi-relay SWIPT-enabled CR-NOMA network in terms

of OP and EE by performing the TSR and PSR protocols in relay nodes separately for

the third part of the thesis work. The Nakagami-m fading channel is used to model

the outdoor wireless channel. The effects of optimum PS and TS ratios according to

many parameters such as target data rate, the distance among nodes, power coefficient

allocated users, and transmitter power in the proposed network are analyzed in detail.

We combine SWIPT with cooperative multi-antenna multi-relay CR-NOMA networks

to prolong the lifetime of wireless networks having limited energy. To improve the

system performance, MRT and PRS are applied between the source and the relays,

and we adopt MRC for the users. The proposed CR-NOMA-based SWIPT system

guarantees the QoS requirements of PU with poorer channel conditions than SU.

PSR and TSR protocols are investigated in the proposed NOMA network separately.

The closed-form expressions of OP and EE, which are the theoretical basis to assure

accuracy in communication system design, are obtained for every two protocols. A

SWIPT-based CR-NOMA network, in which the distances between the BS and users

are increased as different from studies in literature, is proposed. Hence, the effects of

the system parameters in the proposed network, such as relay location, target data rate,

energy conversion efficiency, transmitter power, power coefficient allocated to users,

and the number of antennas are investigated over the optimum PS ratio and TS ratio.

The effects of these parameters examined to be rather low on the optimum PS ratio

compared to the optimum TS ratio. It is shown that the proposed network with PSR

outperforms TSR by utilizing the optimum PS and TS ratios in terms of both EE and

OP. The accuracy of our analysis is verified by numerical results.
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2. THE COOPERATION BETWEEN CR AND NOMA

This chapter aims to better figure out the thesis by giving basic information about

the systems that will be explained in the following chapters. Therefore, general

information about the radio channel characteristics will be given first. Then, the

communication techniques used in the following chapters will be mentioned.

2.1 Cooperative Communication Networks

Cooperative communication networks are wireless communication systems in which

multiple nodes work together to improve communication performance and coverage

range. In conventional wireless communication systems, communication exists

between a transmitter and a receiver directly. However, in cooperative communication

networks, the signal is transmitted in at least two stages with the relay nodes that

assist in relaying the signal to the destination node. For a downlink wireless

communication network equipped with a relay, the signal is basically transmitted

from the source node to the relay node in the first stage and, after, from the relay

node to the destination node in the second stage. The received signals at multiple

nodes can have different channel characteristics owing to the occurrence of multiple

paths that exist between the transmitter and receiver. These received signals increase

spatial diversity. Cooperative communication offers a notable benefit through the

utilization of spatial diversity to enhance the dependability and capacitance of wireless

communication networks. Cooperative communication can be implemented in various

types, including amplify-and-forward (AF) and decode-and-forward strategies. The

target node receives the signal from the relay node, which then transmits it after being

amplified. Within the scope of the thesis, the AF transfer strategy is utilized in Chapter

5. MRC, MRT, and antenna selection techniques are used in wireless communication

systems to improve the quality of the signal strength. MRC is a diversity-combining

technique that combines signals over the receiver equipped with multiple antennas

using a weighted sum. MRC can be particularly effective in wireless networks under

the effect of fading. The primary objective of diversity is to enhance the overall signal
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quality and reduce the impact of fading by employing numerous copies of a signal,

which are transmitted or received over diverse channels. MRT, on the other hand, is

a technique used to transmit the signal over the transmitter equipped with multiple

antennas in a way that maximizes the SNR at the receiver side. However, perfect

channel state information (CSI) is critical in the performances of MRC and MRT

to determine the optimum weights. In wireless communication networks equipped

with multiple antennas, the implementation of MRC and MRT techniques can enhance

signal quality and augment the network capacity through the utilization of optimal

weights. Within the scope of the thesis, the MRC and MRT are utilized in Chapter

5. Transmit antenna selection and receive antenna selection ensure selecting the best

antenna among multiple antennas at the transmit and receiver side, respectively, based

on some criterion, such as channel quality or SNR. By selecting for best antennas,

wireless communication networks can improve the signal quality at the receiver and

mitigate the effects of fading. Within the scope of the thesis, the receive antenna

selection technology is utilized in Chapter 3.

2.2 NOMA Networks

NOMA represents a highly promising technique for enhancing the SE of wireless

communication systems. The present methodology facilitates the sharing of frequency

resources among multiple users. Compared to conventional orthogonal multiple

access (OMA) methods, which allocate mutually exclusive time-frequency resources

to users, NOMA networks serve multiple users by implementing power domain or

code domain multiplexing methods simultaneously. By assigning varied power levels

or codes to distinct users, NOMA presents a viable solution for serving increased

users per unit of time-frequency resources and enhancing the system throughput. In

NOMA-based networks, a shared time-frequency resource is allocated to multiple

users, and their transmitted signals are superimposed with varying power levels and/or

coding schemes. In order to facilitate the transmission and receiving of multiple users

on shared resources, the utilization of SIC is employed by networks to distinguish

the signals of each user at the receiver. The SIC method pertains to a decoding

technique that enables a receiver to decode the signals of these users in a given

communication channel. The receiver initially decodes the strongest signal, which

12



typically corresponds to the signal transmitted by the user with the highest received

power. In an uplink NOMA network, the receiver conducts a subtraction procedure

in order to lessen the effects of interference, between the decoded signal and the

received signal. The receiver subsequently performs the SIC process by decoding

the subsequent most powerful signal and then removing it from the received signal

until all signals have been decoded. In the context of a downlink NOMA network, the

procedure for SIC is deemed concluded once the received signal’s decoded content

is identified as belonging to the same user that initiated the aforementioned SIC

process. Subsequently, the user undertakes the task of decrementing the decoded

signal from the received signal to attenuate the impact of interference. This process

is repeated by the user, whereby the subsequent strongest signal is decoded and

subtracted from the received signal until the user successfully decodes the signal

belonging to oneself. The utilization of NOMA networks integrated with SIC presents

considerable advantages in terms of SE and system capacity when compared to

conventional multiple-access techniques, especially in situations involving multiple

users and constrained resources. NOMA has been suggested as a possible resolution

to the escalating requirement over high transmission speeds in wireless networks

with limited spectral resources. Although NOMA presents promises of multiple

advantages, it exists various technical obstacles, such as interference regulation, power

allocation, and user grouping. NOMA technology can be integrated with a number

of wireless communication technologies, including cooperative relaying, full-duplex

communications, and millimeter-wave communications, in order to enhance its

performance. CR is one of the examples of these wireless communication technologies

in order to enhance the system performance of NOMA networks, especially SE.

2.3 CR Networks

CR represents a wireless communication technology that is capable of intelligently

detecting and effectively utilizing available spectrum bands, which have not been

allocated to or are currently unused by licensed PUs. The phenomenon of spectrum

scarcity can be effectively mitigated by employing CR technology which operates

through the dynamic identification and allocation of available spectral bands in a

highly optimized manner. The advent of CR technology serves as a potent solution for
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resolving the issue of underutilization of spectrum bands while effectively enhancing

SE. CR networks utilize a spectrum sensing mechanism to identify unoccupied

frequency bands, following which the presence of accessible frequency bands is

ascertained. CR technology is a wireless communication system that possesses

intelligent functionalities, allowing it to discern and capitalize on spectrum bands that

remain unutilized by PUs. The secondary users (SUs) can utilize these spectrum bands

in a manner that does not result in detrimental interference to the PUs. The application

of CR technology is versatile and extends to multiple wireless communication systems,

cellular networks, wireless local area networks, and cognitive ad-hoc networks. The

combination of CR and NOMA technologies holds important potential as a possible

strategy in order to enhance the efficiency of spectrum utilization and operational

efficacy of communication systems.

2.4 SWIPT Technologies

The concept of SWIPT affords the possibility of transmitting both data and power

through an identical wireless communication medium. This concept facilitates EH

from transmitted RF signals, simultaneous with the receipt of information. The

incorporation of EH functionalities into wireless communication systems through

the SWIPT presents promising opportunities for the development of self-sustaining

and battery-free devices. Wireless communication systems incorporating EH

capabilities have vital potential to enable self-sustainability and increase battery

life. The incorporation of SWIPT into wireless networks bears promising potential

for augmenting EE and facilitating many applications across diverse domains,

encompassing IoT devices, sensor networks, and wireless communication systems.

This technology has the ability to facilitate the functioning of sensors, actuators,

and IoT devices without necessitating the replacement of batteries or uninterrupted

power connections. As an illustration, wireless sensors and relays deployed in

geographically isolated or hard-to-reach locations have demonstrated the ability to

capture and store energy from RF signals, thereby enabling the provision of sensing

and communication functionalities without necessitating frequent maintenance or the

replacement of batteries. SWIPT can be integrated into wireless communication

technologies such as NOMA, CR, and cooperative networks. Hence, it aims to improve
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the EE of these networks as well as minimize the decrease in performance of these

networks. In Chapter 5 of the thesis, SWIPT is performed in the receiver of the relay

to harvest energy from the received signal with the aim of utilizing harvesting energy

instead of the battery of the relay deployed in hard-to-reach locations to reduce energy

consumption. In this thesis, we focus on two main EH protocols to utilize in relay

networks, namely, the TSR and PSR protocols [59]. Assuming a downlink NOMA

network with two users and multiple relays, SWIPT technology is performed in the

relay. In this network, the base station (BS) and users are equipped with multiple

antennas, and relays are equipped with one antenna. MRT in BS and MRC in users

are utilized. Also, PRS are applied between the BS and the relays. These two EH

protocols are performed in this network. In this scenario, all channels are independent

and identically distributed (i.d.d.). Nakagami-m fading exists in this network, and

the average power of all channels is equal to 1. Also, m is equal to 2. The energy

conversion efficiency in the relay is %90. PS/σ2 is denoted as signal-to-noise ratio

(SNR). For the TSR protocol, α is the time switching factor in the range 0 ≤ α ≤ 1.

For PSR protocol, ρ is the PS ratio in the range 0≤ ρ ≤ 1. The power allocation factors

of the two users are set as a1 = 0.75 and a2 = 0.25, respectively. Also, the targeted

data rates of the two users are R1 = 0.5 bps/Hz and R2 = 1 bps/Hz, respectively. Based

on the large-scale path loss model, the path loss exponent in the network is determined

as 2.7. The length from the BS to the relay is 1 m, the length from the relay to User-1

is 1.5 m, and the length from the relay to User-2 is 2.5 m. For the OMA system,

the bandwidth assigned to both User-1 and User-2 is the same. Figure 2.1 shows

the OP versus α and ρ when the numbers of relay and antenna are equal to 2. K,

N, and M express the number of antennas in the BS, the number of relays, and the

number of antennas in the users, respectively. In Ps/σ2 = 30dB, the optimal values

of α , which minimizes the OPs of User-1 and User-2 for the TSR protocol in the

NOMA-EH system are approximately 0.3, 0.4, respectively. In the TSR protocol, when

α increases from 0 to optimal α , the OP in the TSR protocol decreases. However, the

OP begins to increase when α increases from its optimal value. When α is smaller

than the optimal α , the time of EH reduces. Hence, the amount of harvesting energy

degrees and the OP increases. On the other hand, when α is higher than the optimal

α , the time of EH prolongs and the time of information transmission reduces. In
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Figure 2.1 : The outage probability versus α and ρ (Ps/σ2 = 30dB).

Ps/σ2 = 30dB, the optimal values of ρ , which minimizes the OPs of User-1 and

User-2 for the PSR protocol in the NOMA-EH system are approximately 0.95, 0.9,

respectively. In PSR protocol, when ρ increases from 0 to optimal ρ , the OPs of

each of the users decrease. However, these OPs begin to increase when ρ increases

from its optimal value. When ρ is smaller than the optimal ρ , the power to be used

for EH decreases and the OP increases. On the other hand, when ρ is higher than

the optimal ρ , the amount of EH increases, and the power of the received signal for

information transmission reduces. NOMA outperforms OMA for both PSR and TSR

protocols. The optimum points of ρ and α are important to provide maximum EE

and outage performance of these networks. However, various system parameters of

these networks and network conditions can affect varying these points. Calculating

these points continuously can cause high complexity on these networks. The need

for investigating varying these points in detail exists. The effects of various network

conditions on these optimum points can be decreased by utilizing high path-loss while

the new generation wireless communication systems under low noise are performed.

Hence, in Chapter 5, a downlink CR-NOMA network with two users will be considered
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in detail to maximize the EE and outage performance while varyings of these optimum

points will be investigated under various system parameters and network conditions.

2.5 The coexistence of NOMA and Cognitive radio

Through the integration of NOMA and CR technologies, it is possible to improve

SE, elevate system capacity, and provide the optimal utilization of existing resources.

Within the framework of NOMA, CR has the potential to make several significant

contributions. As an example, CR techniques possess the capability to identify

and mitigate any interference that may arise due to NOMA users towards PUs or

other systems that coexist with them. Various interference management techniques,

including power control, beamforming, and dynamic frequency selection, may be

implemented to mitigate interference and ensure coexistence. The optimization of

the allocation of time-frequency resources for NOMA users can be achieved through

the utilization of CR technology. This process occurs through the consideration of

real-time channel conditions, the QoS requirements of the users, and the limitations

set by the system. The system has the ability to adaptively optimize power allocation,

user pairing, and resource allocation with the objective of maximizing the system

performance as a whole while concurrently guaranteeing fairness among all users

or QoS requirements of users. Therefore, CR can provide a potential means to

facilitate the coexistence of NOMA systems and PUs within licensed frequency

bands. However, in uplink CR-NOMA networks, the SIC process is more critical

than downlink CR-NOMA networks due to the need for successfully decoding all

of the existing users communicating with the receiver in the network. The order of

SIC decoding among users is necessary to be determined to achieve this SIC process.

Through orders of SIC decoding determined depending on the dynamically changeable

network conditions, two different SIC procedures exist known commonly, which are

namely the CSI-based SIC and the QoS-based SIC.

The CSI-based SIC method is implemented in wireless systems with multiple users

to mitigate interference and enhance the overall performance of the system. In a

multi-user uplink NOMA scenario, the channel conditions provided by the CSI can

be leveraged to selectively decode signals. Specifically, the signal of the user with the

highest channel gain is initially decoded and subsequently removed from the received
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signal. Subsequently, the signal originating from the user possessing the latter highest

channel gain is decoded, followed by that of subsequent users, until the signals of all

users have been decoded. The QoS-based SIC technique prioritizes the decoding order

of SIC based on the QoS requirements of users rather than the channel gains of the

users, which is the case with the CSI-based SIC. Therefore, the signal originating from

the user with the highest QoS requirements is decoded as a priority and subsequently

subtracted from the signal received. Subsequently, the signal originating from the

user with the second highest QoS requirements is decoded, followed by the remaining

users’ signals in sequence, until such time as the signals of all users have been

decoded. The QoS-based SIC delivers a mechanism that prioritizes user decoding

as per their QoS requirements. This mechanism facilitates the enhancement of system

performance through customization and optimization, ultimately catering to the varied

demands of users. In an uplink multi-user CR-NOMA network scenario [28], the

outage performances of the CSI- and QoS- based SIC will be investigated. Assuming

that there is a PU and N SUs among these users, SU with the strongest channel gain

among N SUs can access the spectrum band utilized by PU to mitigate the interference

while the CSI-based SIC procedure is performed. The signal of the SU is first decoded,

and then the signal of the PU is decoded. On the other hand, SU with the weakest

channel gain among N SUs can access the spectrum band utilized by PU to mitigate

the interference while the QoS-based SIC procedure is performed. Hence, the signal

of the PU is first decoded, and then the signal of the SU is decoded. In this scenario,

all channels between users and the BS are assumed to be i.d.d.. Rayleigh fading

exists in this network and the average power of all channels is equal to 1. Figure

2.2 depicts the impact of the number of SUs on the OP versus SNR for the uplink

CR-NOMA system where [N] : [1,4,10]. When N is 1, the outage performance of

the QoS-based SIC outperforms the CSI-based SIC. When N are 4 and 10, the outage

performance of the CSI-based SIC is better than the QoS-based SIC in low SNR. In

high SNR, the QoS-based SIC exhibits superior outage performance in comparison to

the CSI-based SIC. When SNR is lower than 25, rising the number of SUs diminishes

the outage performance of the QoS-based SIC. Conversely, augmenting the number of

SUs enables a decrease in the OP of the CSI-based SIC method. The error floor on the

OP of the CSI-based SIC begins to occur regardless of the number of SUs when SNR is
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Figure 2.2 : The outage probability against SNR for the different numbers of SUs.
Rth

0 = 0.2 bits per channel use (BPCU), Rth
s = 1 BPCU.

better than 10. The error floor on the OP of the QoS-based SIC begins to occur at high

SNR, and the effect of the error floor decreases when increasing the number of SUs.

The QoS-based SIC is commonly utilized in CR-NOMA networks. The performance

of QoS-based SIC is critical for these networks. Therefore, the need for novel user

pairing algorithms increases to both enhance the system performance and satisfy the

QoS requirements of SUs and PUs. The need for novel system designs also exists,

as well as these algorithms, while performing communication technologies such as

beamforming and multiple antennas.

Figure 2.3 depicts the impact of the number of SUs on the OP versus the target data

rate of SUs (Rth
s ) for the uplink CR-NOMA system where [N] : [1,4,10]. When N is

1, it can be seen that the outage performance of the QoS-based SIC outperforms the

CSI-based SIC for different Rth
s values. When N are 4 and 10, the outage performance

of the CSI-based SIC is better than the QoS-based SIC for different Rth
s values. An

increase in the number of SUs enables an enhancement in the outage performance

of both the CSI-based SIC and the QoS-based SIC methods for different Rth
s values.

The performance of QoS-based SIC is critical for CR-NOMA networks in terms of
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Figure 2.3 : The outage probability against target data rate of SUs (Rth
s ) for the

different numbers of SUs. Rth
0 = 0.2 bits per channel use (BPCU), PS/σ2 = 10 dB.

satisfying the QoS requirements of allocated users. Therefore, the need for novel user

pairing algorithms increases to both enhance the system performance and satisfy the

QoS requirements of SUs and PUs.

The subsequent sections will provide examples of systems developed based on the

fundamental concepts elaborated in this section and an evaluation of the outcomes

generated by these systems.
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3. DEVELOPMENT OF QoS-BASED CR-NOMA SYSTEMS WITH NOVEL
JOINT ANTENNA AND USER SELECTION ALGORITHMS

This chapter addresses an uplink CR-NOMA system that comprises a BS equipped

with a multi-antenna and multiple users. The present research delves into the

effect of SIC on the outage performance in this system while regarding the QoS

requirements for the users. In the chapter, we put forth two different antenna and

SU selection algorithms aimed at facilitating the allocation of PUs and SUs in the

system. The objective of this chapter is to enhance the outage performance and

alleviate the impact of the error floor on the OP through the implementation of a

series of algorithms, ensuring that the QoS demands of both PU and SU, respectively,

are met. The utilization of algorithms for interference management and user pairing

in the multi-antenna CR-NOMA system with QoS-based SIC has been observed to

result in significant improvement in performance when compared to the conventional

CSI-based SIC. The present study derived a closed-form expression for the OP of the

system utilizing a suboptimal joint antenna and SU selection algorithm. Moreover,

in the absence of the suggested algorithms, the analytical expression of the OP is

determined for the system equipped with a BS with a single antenna in a closed-form

manner. The veracity of theoretical analyses has been demonstrated through a series

of simulations.

3.1 Conventional CR-NOMA Networks With CSI-based SIC

In this section, we present the multi-user multi-antenna CR-NOMA system model as

shown in Figure 3.1. In this section, the CSI-based SIC in this CR-NOMA system is

considered. In the next section, the QoS-based SIC is investigated for the same NOMA

network. In this system model, there are a BS and M + 1 mobile users. One of these

users is the PU, stated as D0, and the others are SUs, stated as Dm where m = 1, . . . ,M.

The target data rates of all SUs and the PU are Rth
SU and Rth

PU , respectively, to detect

their signals. The PU can be regarded as a communication device that transmits a

comparatively small size yet vital data stream to the BS in contrast to SUs. As an
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Figure 3.1 : The considered uplink CR-NOMA system model with multi-antenna.

illustration, the PU can be assumed to serve as an IoT device, transmitting information

regarding the status of accidents occurring within a factory. Conversely, SUs can be

regarded as devices that require transmitting a larger size of non-critical data compared

to PU. One instance of the utility of SUs can be assumed to function as IoT devices

transmitting periodic status updates of robotic machinery and vehicles utilized within

a manufacturing facility. In this CR-NOMA scenario, the QoS requirements of the PU

should be guaranteed and given priority over the SUs [60]. Hence, the target data rate

of the PU is lower than the SUs, i.e., Rth
PU < Rth

SU . The entire mobile user is equipped

with a single antenna while the BS is equipped with K antenna and k is the antenna

index where k = 1, . . . ,K. The channel gains of the PU and mth SU at the kth antenna

of the BS are denoted by hk
0 and hk

m, respectively. In addition, all channels between

users and antennas are assumed as Rayleigh fading. The expected values of the hk
0 and

the hk
m at kth antenna are denoted by E

[∣∣hk
0

∣∣2]= Ω0 and E
[∣∣hk

m
∣∣2]= Ωm, respectively,

where E [.] is the expectation operator. In the uplink CR-NOMA network, the received

signal at kth antenna of the BS by transmitted the information signals over D0 and Dm

is given by

yS =
√

PShk
0xPU +

√
PShk

mxSU +wS, (3.1)
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where xPU and xSU are the information signals of D0 and Dm, respectively, which these

signals have a unit power in expectation. The transmit powers of the users are assumed

to be identical and equal to PS and wS ∼ CN
(
0,σ2) is the additive white Gaussian

noise (AWGN) at the BS with mean zero and variance σ2. On the receiver side, the

CSI-based SIC process determines the optimal decoding order based on the channel

quality estimates of the users to minimize the interference effect in uplink NOMA

scenarios. The SIC decoding order can be determined simply by using the channel

conditions of the users in the power-domain NOMA and CR-NOMA networks as in

CSI-based SIC [28], [61]. Hence, the BS detects the user with the best channel quality

and decodes their signal first, followed by the other users in decreasing order of channel

quality.

Similar to a power-domain NOMA network serving two users with different channel

conditions simultaneously, if Dm is considered strong and D0 weak in terms of channel

conditions, firstly, Dm can be decoded at kth antenna of the BS by CSI-based SIC under

the effect of interference by D0 based on the following metric:

log

(
1+

γ̄
∣∣hk

m
∣∣2

1+ γ̄
∣∣hk

0

∣∣2
)
≥ Rth

SU . (3.2)

After that, D0 is decoded if Dm is decoded successfully after process in Eq. (4.8). By

applying CSI-based SIC process on kth antenna, achievable data rates of D0 and Dm

are given by, respectively,

RCSI
0 = log

(
1+ γ̄

∣∣∣hk
0

∣∣∣2) , (3.3)

RCSI
m = log

(
1+

γ̄
∣∣hk

m
∣∣2

1+ γ̄
∣∣hk

0

∣∣2
)
, (3.4)

where γ̄ = PS
σ2 is the average SNR.

3.2 CR-NOMA Networks with QoS-based SIC

In CR-NOMA applications, selecting SIC decoding orders is frequently preferred

based on the QoS requirements of the users [62]. In the QoS-based SIC, the BS first

determines the user with the highest priority, namely the PU, and decodes its signal

first, followed by other users in descending order of priority. In this way, the SU can

only use the spectrum resources when the PU is guaranteed against interference in
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the CR-NOMA application. Similar to an uplink NOMA network serving two users

simultaneously, one of which is privileged over the other, the PU and one of the SUs

simultaneously transmit their messages to the BS in this system model. In the kth

antenna of the BS, as the first stage of QoS-based SIC, firstly, D0 is decoded due to

the QoS requirements under the effect of interference from Dm based on the following

metric:

log

(
1+

γ̄
∣∣hk

0

∣∣2
1+ γ̄

∣∣hk
m
∣∣2
)
≥ Rth

PU . (3.5)

If D0 is decoded and removed successfully after SIC process in Eq. (4.11), Dm can be

decoded. During the QoS-based SIC process, achievable data rates of D0 and Dm are

given by, respectively,

RQoS
0 = log

(
1+

γ̄
∣∣hk

0

∣∣2
1+ γ̄

∣∣hk
m
∣∣2
)
, (3.6)

RQoS
m = log

(
1+ γ̄

∣∣∣hk
m

∣∣∣2) . (3.7)

3.2.1 Novel algorithms for joint antenna and user selection in multi-user

CR-NOMA networks

In this section, the SU and antenna selection algorithms are proposed to improve the

OP of the network. In the CR-NOMA network with QoS-based SIC, the first objective

of the QoS-based SIC procedure is to successfully decode the signal of D0. After the

SIC process successes, the signal of Dm is decoded. The OP of this network with the

QoS-based SIC can be given by

PQoS = Pr
(

RQoS
0 < Rth

PU

)
+Pr

(
RQoS

0 > Rth
PU ,R

QoS
m < Rth

SU

)
, (3.8)

where Pr(.) is the probability operator. Both to increase the outage performance of the

QoS-based SIC and not restrict decoding the signal intended for the SU at the two-stage

of SIC, these proposed Algorithm 1 and Algorithm 2 are investigated, respectively.

3.2.1.1 An efficient suboptimal algorithm for joint antenna and user selection

Firstly, Algorithm 1 is investigated in detail. Then, the closed-form expression of

the OP of the CR-NOMA network with Algorithm 1 is derived. The schematic

representation of Algorithm 1 is presented in Figure 3.2. At the beginning of this

algorithm, the best antenna providing the maximum achievable data rate is selected
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Algorithm 1: The Suboptimal Joint Antenna and User Selection Algorithm
input : K, M, 0GM,K , 0L1,M ,R

th
PU ,R

th
SU

output: outage
1 Initilize Sum← 0, outage=false
2 k∗← argmax

k=1,...,K
(|hk

0|2)

3 for m← 1 to M do
4 if Rk∗

m ≥ Rth
SU then

5 L [m]← |hk∗
m |2

6 Sum← Sum+1
7 end
8 end
9 if Sum > 0 then

10 m∗← argmin
m

(L |L [m]> 0)

11 RQoS = log2

(
1+ γ̄|hk∗

0 |
2

1+γ̄|hk∗
m∗ |

2

)
12 if RQoS < Rth

PU then
13 outage=true;
14 end
15 else
16 for k← 1 to K do
17 for m← 1 to M do
18 if Rk

m ≥ Rth
SU and k! = k∗ then

19 G [m,k]← |hk
m|2

20 Sum← Sum+1
21 end
22 end
23 end
24 if Sum > 0 then
25 m+,k+← argmin

m
(argmin

k/k∗
(G |G [m,k]> 0))

26 RQoS = log2

(
1+ γ̄|hk+

0 |
2

1+γ̄|hk+
m+ |2

)
27 if RQoS < Rth

PU then
28 outage=true;
29 end
30 else
31 outage=true;
32 end
33 end

between the PU and antennas to improve the performance of SIC as in Line 2. Then,

in order to least the decline in the performance of QoS-based SIC, the SU with the

weakest data rate, which is greater than Rth
SU , between k∗th antenna and the SUs is
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Figure 3.2 : Schematic representation of the Algorithm 1

determined as in Line 3–7. The indexes of the selected antenna and SU are given by

k∗ =argmax
k=1,...,K

(|hk
0|2), (3.9)

m∗ =argmin
Rk∗

m ≥Rth
SU

(|hk∗
m |2). (3.10)
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Hence, the achievable data rate of D0 is calculated according to the k∗th antenna and

m∗th SU as in Line 11. The achievable data rate of D0 can be expressed as

RQoS,1
0 = log2

(
1+

γ̄|hk∗
0 |2

1+ γ̄|hk∗
m∗|2

)
. (3.11)

If RQoS,1
0 satisfies the least data rate requirement for D0, then the process of the

QoS-based SIC can be carried out successfully. If not, the outage occurs as in

Line 15–18. Otherwise, there is no SU satisfying the minimum data rate requirement

at the k∗th antenna, the channels with the weakest data rate satisfying the minimum

data rate requirement between all antennas except k∗th antenna and all SUs is selected

as in Line 16–22 to improve the performance of the QoS-based SIC. The indexes of

the selected SU and antenna are calculated as, respectively,

m+,k+ = argmin
Rk/k∗

m ≥Rth
SU

(|hk
m|2). (3.12)

After that, in Line 26, the achievable data rate of D0 is calculated according to m+th

SU and k+th antenna for the process of SIC. Hence, the achievable data rate of D0 is

given by

RQoS,2
0 = log2

(
1+

γ̄|hk+
0 |2

1+ γ̄|hk+
m+|2

)
. (3.13)

If RQoS,2
0 is bigger than Rth

PU under the interference by D0, the process of SIC

can be carried out successfully. Otherwise, the SIC process fails and the outage

occurs as in Line 27–28. Moreover, the closed-form expression of the OP of the

CR-NOMA network with Algorithm 1 is obtained as in Eq. (3.29) through the

following procedures. Firstly, in case there is no SU satisfying the minimum data

rate requirement in the considered network, an outage occurs. Hence, the OP of this

case can be expressed as

J1 = Pr
(

max(max(Rk
m))< Rth

SU

)
= FY (γs)

MK, (3.14)

where Rk
m = log2(1+ γ̄|hk

m|2) and Y = γ̄|hk
m|2. The variable Y can be introduced over

the probability density function (PDF) and cumulative distribution function (CDF).

The PDF of Y is mathematically expressed as fY (y) = 1
Ω̃m

e−
y

Ω̃m while the CDF of Y

is given by FY (y) = 1− e−
y

Ω̃m . It is assumed that Ω̃0 = γ̄Ω0 and Ω̃m = γ̄Ωm. The

threshold SNRs of the PU and each of the SUs are γs = 2Rth
SU − 1 and γ0 = 2Rth

PU − 1,
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respectively. After selecting the antenna with the strongest channel gain between the

PU and all antennas as in Eq. (3.9), the probability that there is no SU satisfying the

minimum data rate requirement at the selected k∗th antenna can be written by

J2 =Pr
(

max
(

log2(1+ γ̄|hk∗
m |2)

)
< Rth

SU

)
= FY (γs)

M. (3.15)

Otherwise, if there is any SU satisfying the minimum data rate requirement between

k∗th antenna and SUs, by assuming that there are g SUs not satisfying the minimum

data rate requirement for k∗th antenna and the probability of this condition can be

expressed using the probability mass function (PMF) as follows

Pr(G = g) =
(

M
g

)
FY (γs)

g (1−FY (γs))
M−g (3.16)

=

(
M
g

)(
1− e−

γs
Ω̃m

)g(
e−

γs
Ω̃m

)M−g
.

Hence, there are M − g SUs satisfying the minimum data rate requirement at the

selected k∗th antenna. M−g out of M SUs will be distributed over the interval [γs,∞)

and the expression of the PDF for each of these M−g SUs is fỸ (y)=
1

Ω̃m
e−

(y−γs)
Ω̃m , where

y ∈ [γs,∞). Hence, to obtain the expression of the PDF of the SU with the minimum

achievable data rate among these M−g SUs, namely fỸ1
(y), firstly Pr(Ỹ1 > y | G = g)

is calculated as follows

Pr(Ỹ1 > y | G = g) =
(

1−
∫ y

γs

fỸ (y)dy
)M−g

(3.17)

=

(
e−

(y−γs)
Ω̃m

)M−g

.

Then, Pr(Ỹ1 > y) is calculated as

Pr(Ỹ1 > y) =
M−1

∑
g=0

Pr(Ỹ1 > y | G = g)Pr(G = g) (3.18)

=
(

1− e−
γs

Ω̃m + e−
y

Ω̃m

)M
−
(

1− e−
γs

Ω̃m

)M
.

Using Eq. (3.18), FỸ1
(y) can be written by

FỸ1
(y) = 1−

(
1− e−

γs
Ω̃m + e−

y
Ω̃m

)M
+
(

1− e−
γs

Ω̃m

)M
. (3.19)

Finally, fỸ1
(y) is obtained by

fỸ1
(y) =

M
Ω̃m

e−
y

Ω̃m

(
1− e−

γs
Ω̃m + e−

y
Ω̃m

)M−1
. (3.20)
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Over the selected k∗th antenna and m∗th SU, if RQoS,1
0 is lower than Rth

PU , the outage

occurs. The closed-form expression of this OP is calculated using fỸ1
(y) as follows

J3 =Pr

(
γ̄|hk∗

0 |2

1+ γ̄|hk∗
m∗|2

< γ0

)
=
∫

∞

γs

FX(γ0 + yγ0)
K fỸ1

(y)dy

=
M
Ω̃m

K

∑
a=0

M−1

∑
b=0

(−1)a
(

K
a

)(
M−1

b

)(
1− e−

γs
Ω̃m

)M−1−b

× e
−γs

(
γ0
Ω̃0

+ b+1
Ω̃m

)
e
−γ0

a
Ω̃0(

γ0
Ω̃0

+ b+1
Ω̃m

) , (3.21)

where X = γ̄|hk
0|2. The PDF and CDF of X are equal to fX(x) = 1

Ω̃0
e
− x

Ω̃0 and FX(x) =

1−e
− x

Ω̃0 , respectively. If there is no SU satisfying the minimum data rate requirement

at the k∗th antenna, the channels satisfying the minimum data rate requirement between

all antennas except k∗th antenna and all SUs are determined, and the channel with the

lowest achievable data rate among these determined channels is selected. Hence, both

the antenna and the SU are also selected over the selected channel. We assume that

there are v channels not satisfying the minimum data rate requirement for all antennas

and the probability of this condition can be expressed as

Pr(V = v) =
(

KM
v

)(
1− e−

γs
Ω̃m

)v(
e−

γs
Ω̃m

)KM−v
. (3.22)

Hence, there are KM− v channels satisfying the minimum data rate requirement in

this network. KM− v out of KM channels will be distributed over the interval [γs,∞)

and the expression of the PDF for each of these KM− v channels is equal to fỸ (y).

To obtain the expression of the PDF of the channel providing the minimum achievable

data rate among KM− v channels, namely fỸ2
(y), Pr(Ỹ2 > y | V = v) is calculated as

follows

Pr(Ỹ2 > y |V = v) =
(

e−
(y−γs)

Ω̃m

)KM−v

. (3.23)

Hence, Pr(Ỹ2 > y) is calculated as

Pr(Ỹ2 > y) =
KM−1

∑
v=0

Pr(Ỹ2 > y |V = v)Pr(V = v) (3.24)

=
(

1− e−
γs

Ω̃m + e−
y

Ω̃m

)KM
−
(

1− e−
γs

Ω̃m

)KM
.

The FỸ2
(y) can be given by

FỸ2
(y) = 1−

(
1− e−

γs
Ω̃m + e−

y
Ω̃m

)KM
+
(

1− e−
γs

Ω̃m

)KM
. (3.25)
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Finally, the fỸ2
(y) is obtained by

fỸ2
(y) =

KM
Ω̃m

e−
y

Ω̃m

(
1− e−

γs
Ω̃m + e−

y
Ω̃m

)KM−1
. (3.26)

Over the selected k+th antenna and m+th SU, if RQoS,2
0 is lower than Rth

PU , the outage

occurs. The closed-form expression of this OP is calculated using fỸ2
(y) as

J4 =Pr

(
γ̄|hk+

0 |2

1+ γ̄|hk+
m+|2

< γ0

)
=
∫

∞

γs

FX(γ0 + yγ0) fỸ2
(y)dy (3.27)

=
KM
Ω̃m

1

∑
c=0

KM−1

∑
d=0

(−1)c
(

KM−1
d

)
e
−γs

(
γ0
Ω̃0

+ d+1
Ω̃m

)

×
(

1− e−
γs

Ω̃m

)KM−1−d e
−γ0

c
Ω̃0(

γ0
Ω̃0

+ d+1
Ω̃m

) .
Finally, the theoretical expression of the OP for this network with Algorithm 1 is

written as follows

PQoS = J1 +(1− J1) [(1− J2)J3 + J2J4] . (3.28)

Using Eq. (3.28), the theoretical expression of the OP for this network with

Algorithm 1 is given in Eq. (3.29). On the other hand, when the BS is equipped with

PQoS =

(
1−
(

1− e−
γs

Ω̃m

)MK
)[(

1−
(

1− e−
γs

Ω̃m

)M
)

M
Ω̃m

K

∑
a=0

M−1

∑
b=0

(−1)a
(

K
a

)

×
(

M−1
b

)(
1− e−

γs
Ω̃m

)M−1−b e
−γ0

a
Ω̃0(

γ0
Ω̃0

+ b+1
Ω̃m

)e
−γs

(
γ0
Ω̃0

+ b+1
Ω̃m

)
+
(

1− e−
γs

Ω̃m

)M

× KM
Ω̃m

1

∑
c=0

KM−1

∑
d=0

(−1)c
(

KM−1
d

)
e
−γs

(
γ0
Ω̃0

+ d+1
Ω̃m

)(
1− e−

γs
Ω̃m

)KM−1−d

× e
−γ0

c
Ω̃0(

γ0
Ω̃0

+ d+1
Ω̃m

)]+(1− e−
γs

Ω̃m

)MK

(3.29)

a single antenna, the SU exhibiting the least channel gain out of M SUs is selected for

the purpose of enhancing the outage performance of the PU in an uplink CR-NOMA

network with the QoS-based SIC in [28]. The outage performances of Algorithm 1

and SU selection method used for the QoS-based SIC in [28] are compared in the

numerical results section for the BS scenario equipped with a single antenna. Utilizing

the SU signal with the weakest channel gain among M SUs simply to minimize the
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performance degradation of the PU if the BS has only one antenna in the proposed

network, the expression of OP can be written as

PQoS
A = Pr

(
X

1+Y1
< γ0

)
︸ ︷︷ ︸

K1

+Pr
(

X
1+Y1

> γ0,Y1 < γs

)
︸ ︷︷ ︸

K2

, (3.30)

where X = γ̄|h0|2 and Ym = γ̄|hm|2. Also, the PDFs of the unordered variable X and Y

are fX(x) = 1
Ω̃0

e
− x

Ω̃0 , fYm(y) =
1

Ω̃m
e−

y
Ω̃m , respectively. It is assumed that |h1|2≤ |hm|2≤

|hM|2 in this part. In what follows, K1 and K2 are addressed to write the closed-form

expression of PQoS
A given in Eq. (3.30). Firstly, the expression of K1 can be given as

K1 =
∫

∞

0
FX (γ0 + γ0y) fY1(y)dy. (3.31)

To calculate the expression of K1, FX (γ0 + γ0y) and fY1(y) need to be evaluated first.

Firstly, FX (γ0 + γ0y) is equal to 1− e
− (y+1)γ0

Ω̃0 . With the aid of [63], the PDF of the

ordered variable Y1 can be calculated from the CDF of the ordered variable Y1, FY1(y)

is given by

FY1(y) = M
M−1

∑
s=0

(−1)s

1+ s

(
M−1

s

)(
1− e

− y
Ω̃1

)s+1

, (3.32)

where Ω̃1 = γ̄Ω1. Using Eq. (3.32), the PDF of the ordered variable Y1 can be written

as

fY1(y) =
M
Ω̃1

M−1

∑
s=0

(−1)s
(

M−1
s

)
e
− y

Ω̃1

(
1− e

− y
Ω̃1

)s

. (3.33)

Hence, K1 can be rewritten as

K1 = 1− e
− γ0

Ω̃1

∫
∞

0
e
−−yγ0

Ω̃1 fY1(y)dy

= 1− M
Ω̃1

e
− γ0

Ω̃1

M−1

∑
s=0

s

∑
p=0

(−1)s+p (M−1
s

)(s
p

)
(p+1)

Ω̃1
+ γ0

Ω̃0

. (3.34)

Secondly, using Eq. (3.32) and Eq. (3.34), the analytical expression of the OP for K2

is calculated as

K2 =(1−K1)

[∫
γs

0
fY1 (y)dy

]
(3.35)

=(1−K1)

[
M

M−1

∑
s=0

(−1)s

1+ s

(
M−1

s

)(
1− e

− γs
Ω̃1

)s+1
]
.

Finally, the closed form expression of PQoS
A is obtained by writing K1 and K2 in

Eq. (3.30).
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Algorithm 2: The Optimal Joint Antenna and User Selection Algorithm
input : K, M, 0L1,M , 0H1,K , 0G1,K ,R

th
PU ,R

th
SU

output: outage
1 Initilize iter← 0, outage=false
2 for k← 1 to K do
3 Sum← 0
4 for m← 1 to M do
5 if Rk

m ≥ Rth
SU then

6 L [m]← |hk
m|2

7 Sum← Sum+1
8 else
9 L [m]← 0

10 Sum← Sum+0
11 end
12 end
13 if Sum > 0 then
14 m⋆← argmin

m
(L |L [m]> 0)

15 G [k]← m⋆

16 H [k]← |hk
0|2/

(
|hk

m⋆|2 + 1
γ̄

)
17 iter← iter+1
18 end
19 end
20 if iter > 0 then
21 k⋆← argmax

k
(H )

22 m+← G [k⋆]

23 RQoS← log2

(
1+ γ̄|hk⋆

0 |
2

1+γ̄|hk⋆
m+ |2

)
24 if RQoS < Rth

PU then
25 outage=true;
26 end
27 else
28 outage=true;
29 end

3.2.1.2 An efficient optimal algorithm for joint antenna and user selection

Secondly, Algorithm 2 is investigated in detail. The schematic representation of

Algorithm 2 is presented in Figure 3.3. The SUs satisfying the minimum data rate

requirements for each antenna separately are determined as in Line 4–7. Then, the SU

with the lowest achievable data rate is selected among determined SUs to minimize

the performance degradation of the QoS-based SIC as in Line 14. The index of

the selected SU is m⋆ at the kth antenna. The expression of |hk
0|2/

(
|hk

m⋆|2 + 1
γ̄

)
is
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Figure 3.3 : Schematic representation of the Algorithm 2

calculated and recorded as in Line 16. Otherwise, if there is no SU satisfying the

minimum data rate requirement at the kth antenna, Algorithm 2 continues to examine

the remaining antennas to select the SU. By using these recorded values, the best

antenna and, accordingly, the best SU are selected as in Line 21. The index of the

selected antenna is denoted as k⋆. Also, the SU with the lowest achievable data rate

satisfying the minimum data rate requirement at the k⋆th antenna is selected and the

index of this SU is denoted as m+. After the stage of the antenna and SU selection, the

process of SIC will be applied. As in Line 23, the achievable data rate of D0 is given
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by

RQoS,3
0 = log2

(
1+

γ̄|hk⋆
0 |2

1+ γ̄|hk⋆
m+|2

)
. (3.36)

If RQoS,3
0 is greater than Rth

PU , the process of SIC is carried out successfully. If not, the

outage occurs as in Line 24–25. Also, if neither antenna has any SU satisfying the

minimum data rate requirement, the SIC process fails and the outage event occurs as

in Line 27.

3.2.2 Computational complexity analysis of algorithms

In this subsection, the computational complexities of our proposed Algorithm 1 and

Algorithm 2 for uplink CR-NOMA systems are discussed similar to the approach

defined in [64]. Firstly, for Algorithm 1, the complexity of Lines 2-8 is O(K + 3M).

Then, the complexity of Lines 9-15 is O(M). The complexity of Lines 16-23 is

O(3MK − 2M). After that, the complexity of Lines 24-32 is O(MK −M). Thus,

the total computational cost in the best case is O(K + 4M). On the other hand, the

total computational cost in the worst case is O(4MK+K). Secondly, for Algorithm 2,

the complexity of Lines 2-19 is O(4MK +5K). Then, the complexity of Lines 20-29

is O(K). Thus, the total computational cost in the worst case is O(4MK + 6K). On

the other hand, the total computational cost in the best case is O(4MK + 5K). The

complexity of Algorithm 2 is further than Algorithm 1 for both the best case and the

worst case. Also, Algorithm 1 has an important advantage compared to Algorithm 2

in terms of complexity, especially in higher signal-to-noise ratio regimes.

3.2.3 QoS-based SIC with imperfect channel estimation

This subsection introduces the channel model employed to evaluate the efficacy of

the proposed network when subjected to channels featuring i.d.d. Rayleigh fading

in the presence of imperfect CSI. Considering the possibility of imperfect channel

estimation, the primary pilot symbol assisted channel estimate ĥk
0, which is between

the PU and kth antenna, and the secondary pilot symbol assisted channel estimate ĥk
m,

which is between the mth SU and kth antenna, differ from real channels hk
0 and hk

m

by an independent complex Gaussian error ∆hk
0 and ∆hk

m, respectively, which are with

zero-mean and variance σ2
e . Hence, ĥk

0 and ĥk
m are equal to hk

0 +∆hk
0 and hk

m +∆hk
m,
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respectively [65]. Assuming Ω0 = Ωm = 1, estimated channels denoted as ĥk
0 and ĥk

m

exhibit i.i.d. behavior, and these channels are complex Gaussian distributions variables

defined by a zero mean and a variance denoted by of 1+σ2
e . The real channel gains hk

0

and hk
m can be written in terms of ĥk

0 and ĥk
m, respectively [66],

hk
0 = Γĥk

0 + h̃k
0 (3.37)

hk
m = Γĥk

m + h̃k
m

where Γ = 1
1+σ2

e
. Note that h̃k

0 and h̃k
m exhibit the property of being i.i.d.. They are

complex Gaussian distributed random variables characterized by a zero mean and a

variance denoted by σ̃2 =
σ2

e
1+σ2

e
.

3.3 Numerical Results

This section undertakes a comparative analysis of the QoS-based SIC and CSI-based

SIC for uplink CR-NOMA scenarios. Specifically, the objective is to evaluate the

OP over the proposed two different Algorithms. Further, the outage performance of

the QoS-based SIC algorithm is explored for perfect and imperfect channel states,

examining various aspects such as the number of antennas and SUs. Furthermore, the

effectiveness of the QoS-based SIC method as outlined in Algorithm 1 is assessed

in terms of outage performance. This assessment is conducted through Monte

Carlo simulations substantiated by theoretical findings to obtain numerical results.

The effectiveness of the QoS-based SIC with Algorithm 2 is verified through an

exhaustive analysis, which represents a notable technique for identifying the best SU

and antenna [67]. On the other hand, in order to indicate the efficacy of the CSI-based

SIC technique for the uplink CR-NOMA system, Figure 3.4 and Figure 3.7 have been

employed. Specifically, to perform the CSI-based SIC, the antenna exhibiting the

lowest channel gain between the PU and the antennas is detected to augment the data

rate of the SU in accordance with Eq. (3.4). Subsequently, the SU possessing the

highest channel gain between the detected antenna and SUs is selected.

In Figure 3.4, the impact of M on the OP versus SNR is investigated for the uplink

CR-NOMA system where [M] : [1,5] and [K] : [1]. In case K is 1, as well as increasing

M degrades the outage performance, the outage performance of the QoS-based SIC

with and without algorithms is better compared to the CSI-based SIC. Moreover, the
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Figure 3.4 : The outage probability against SNR for the varying number of SUs. Rth
PU

= 0.2 bits per channel use (BPCU), Rth
SU = 1 BPCU, Ω0 = Ωm = K = 1.

effect of the error floor in the CSI-based SIC is dramatically seen compared to the

QoS-based SIC for these conditions. It can be seen that the analysis results and the

exhaustive analysis are in agreement with the simulation results. The simulation results

of the OP of the QoS-based SIC without the proposed algorithms are verified through

the closed-form expression of PQoS
A obtained in Eq. (3.30).

In Figure 3.5, the sum rate gains of CSI-based and QoS-based SIC are presented in

the considered CR-NOMA network. The QoS-based SIC with Algorithm 2 provides

the largest performance gain contrast to the QoS-based SIC in [28], especially low

SNR. Also, the QoS-based SIC with Algorithm 2 achieves the largest performance

gain in contrast to the CSI-based SIC in [28], especially high SNR. When M increases,

the performance gains in the CSI-based SIC and QoS-based SIC in [28] decrease.

However, the effect of decreasing the performance gain of the QoS-based SIC with

Algorithm 2 declines, when M increases.

The influence of the number of antennas at the BS on the OP versus the SNR for an

uplink CR-NOMA system is illustrated in Figure 3.6, where [M] : [6] and [K] : [2,4,7].

When the value of M equals 6, it is evident that a substantial increment in K results

in a significant decline in the OP. When the value of K is equal to 2, it is observed
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Figure 3.5 : The sum rate gain against SNR for the varying number of SUs. Rth
PU =

0.2 bits per channel use (BPCU), Rth
SU = 1 BPCU, Ω0 = Ωm = K = 1.
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Figure 3.6 : The outage probability against SNR for the varying number of antennas.
Rth

PU = 0.2 BPCU, Rth
SU = 1 BPCU, Ω0 = Ωm = 1, and M = 6.

that the error floor starts to manifest at high SNR. Nonetheless, with an increase in

the number of antennas, the impact of the error floor reduces. This finding suggests
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a corresponding improvement in the performance of the system with respect to error

floor degradation as the number of antennas increases. The outage performance of

QoS-based SIC utilizing Algorithm 2 exhibits superior in contrast to Algorithm (1).

The outage performance of the QoS-based SIC utilizing Algorithm 2 exceeds that

of the QoS-based SIC presented in [28] when the value of K is 1. The algorithm 1

exhibits efficient and near-optimal QoS-based SIC performance with relatively low

computational complexity for scenarios involving a diminutive number of antennas

and a large number of users as compared to Algorithm 2. In the present thesis, the

present study reveals that Algorithm 1 conforms to the theoretical analysis, while

Algorithm 2 aligns with the exhaustive analysis, signifying that the simulation results

are corroborated through these means.
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Figure 3.7 : The outage probability against SNR for the varying number of SUs and
antennas. Rth

PU = 0.2 BPCU, Rth
SU = 1 BPCU, Ω0 = Ωm = 1.

In Figure 3.7, the OPs of the QoS-based SIC with Algorithm 1 and the CSI-based

SIC versus SNR are compared for the considered system where [M] : [1,5] and [K] :

[1,4]. The outage performance of the QoS-based SIC with Algorithm 1 outperforms

the CSI-based SIC for all K and M values. The error floor begins to occur in CSI-based

SIC as from low SNR regimes. Conversely, the effect of error floor decreases for the
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QoS-based SIC with Algorithm 1 in low SNR. It can be seen that the analysis results

of the QoS-based SIC with Algorithm 1 are compatible with the simulation results.

0 5 10 15 20 25 30
10-6

10-5

10-4

10-3

10-2

10-1

100

O
u

ta
g

e
 P

ro
b

a
b

ili
ty

Figure 3.8 : The outage probability against SNR for the varying number of SUs. Rth
PU

= 0.2 BPCU, Rth
SU = 1 BPCU, Ω0 = Ωm = 1, and K = 6.

In Figure 3.8, the impact of M on the OP versus SNR is investigated for the investigated

system where [M] : [1,4,6] and [K] : [6]. In case K is 6, as well as increasing M degrades

the outage performance, it is seen that the effect of the error floor is significantly

reduced. Also, increasing M dramatically degrades the OP for both Algorithms. As in

Figure 3.6, the outage performance of QoS-based SIC with Algorithm 2 is better than

compared with Algorithm 1. Algorithm 2 is suitable for scenarios with either a large

number of users or multiple antennas, where computational complexity is not a major

concern, and there is a need for high QoS-based SIC performance. Moreover, it can

be seen that the analysis results and the exhaustive analysis are compatible with the

simulation results.

Figure 3.9 presents an analysis of the impact of non-zero σ2
e on the OP as a function of

SNR for a system with imperfect CSI as compared to perfect CSI, where K and M is 5.

In the scenario where there exists imperfect CSI, the OP experienced in a CR-NOMA

network with QoS-based SIC is observed to be increased by Algorithm 2 as opposed

to the ideal CSI scenario. This observation signifies the influence of CSI quality on the
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Figure 3.9 : The outage probability against SNR according to imperfect CSI. Rth
PU =

0.2 BPCU, Rth
SU = 1 BPCU, Ω0 = Ωm = 1, and K = M = 5.

efficacy of CR-NOMA networks that employ QoS-based SIC techniques. Despite the

presence of a channel estimation error in scenarios where the CSI is imperfect, it has

been noted that Algorithm 2 exhibits satisfactory performance.

In Figure 3.10, in case of bad channel conditions between PU and antennas compared

to SUs, the OP against Ω0 for the CR-NOMA system is investigated, where [M] : [5]

and [K] : [3,5]. As Ω0 increases, the OP in the NOMA network with the QoS-based

SIC for both proposed algorithms increases compared to CSI-based SIC. As in Figure

3.8, the outage performance of the QoS-based SIC with Algorithm 2 is better than

compared with Algorithm 1. Increasing the number of antennas significantly improves

the outage performance of the QoS-based SIC compared to the CSI-based SIC. In case

K is 3, the outage performance of the QoS-based SIC is approximately equal to the

outage performance of CSI-based SIC for both proposed algorithms when Ω0 is about

0.5. However, in case K is 5, the outage performance of the QoS-based SIC for both

proposed algorithms is equal to the outage performance of the CSI-based SIC for both

proposed algorithms when Ω0 is less than 0.5. It can be seen that the analysis results

and the exhaustive analysis are in agreement with the simulation results.
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Figure 3.10 : The outage probability against Ω0 for varying number of antennas. Rth
PU

= 0.2 BPCU, Rth
SU = 1 BPCU, Ωm = 1, γ̄ = 10dB, and M = 5.

3.4 Summary and Discussion

This chapter has examined an uplink CR-NOMA system that utilizes a QoS-based

SIC method. This system includes multiple users and a BS endowed with multiple

antennas. The objective is to enhance the outage performance of this system through

the consideration of two user pairing algorithms for QoS-based SIC in conjunction

with the selection of appropriate antennas and SUs. This chapter investigates the

impact of SIC decoding order selection on system performance by comparing the

outage performance of the QoS-based SIC utilizing proposed algorithms with that of

CSI-based SIC in the system. The analytical expression of the OP for the system

in this chapter with respect to Algorithms 1 has been obtained under the Rayleigh

fading channel. Moreover, an exhaustive search has validated that Algorithm 2 offers

optimal outage performance across the system. In the context of a BS equipped with

a single antenna, an analytical solution for the OP of this system for the existing

QoS-based SIC algorithm in [28] has been derived. The results obtained from both

theoretical analysis and simulation demonstrate congruence, thereby emphasizing the

significant contribution made by this study. In the following chapter, an uplink
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beamforming-assisting CR-NOMA system, which utilizes a QoS-based SIC method

based on these algorithms and mmWave communication, will be considered.
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4. USER PAIRING AND BEAMFORMING DESIGN IN MMWAVE
CR-NOMA NETWORKS

This chapter introduces a novel user pairing algorithm for CR-NOMA systems,

aimed at allocating primary and SUs in an uplink mmWave network. Notably, the

BS employed in this network incorporates a multi-antenna system, enabled through

beamforming technologies. The objective of maximizing the coverage probability is

achieved through the selection of a SU in a manner that ensures the fulfillment of the

QoS requirements for both users. This selection process utilizes the QoS-based SIC

methodology. In the event that the QoS requirements cannot be met, the CSI-based SIC

is employed, with preference given to the SU, which is the best channel condition. In

this study, Monte Carlo simulation experiments were carried out, wherein the transmit

power of the users, the count of antenna elements present at the BS, and the number of

SUs in the network were systematically altered.

4.1 mmWave CR-NOMA-based System Model

An uplink mmWave CR-NOMA system model consisting of one BS, K random SUs,

and a PU is shown in Figure 4.1. This section presents a description of the CSI-based

SIC and the QoS-based SIC procedures implemented in a CR-NOMA network with

mmWave band. It is posited that the BS is situated at the center of a circular region,

furnished with M elements antenna and a single RF chain. The RF chain is interlinked

with every one of the M elements of the antenna by means of the M analog phase

shifters. The present study considers the deployment of K SUs within a circular

region of radius R, utilizing a Binomial Point Process (BPP) as the random distribution

model, as detailed in [68]. It is noted that each mobile user is furnished with a

single antenna. It is highly probable that the wireless communication link utilizing

mmWave frequencies, which possess short wavelengths, is susceptible to experiencing

blockage. In the context of modeling link blockages, the LoS exponential model is

employed [32,69]. The calculation of the likelihood of a link having a LoS connection

is expressed as pLoS(d) = exp(−d/ζ ) through the employment of the LoS exponential
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Figure 4.1 : An uplink mmWave CR-NOMA system model with multi-antenna.

model. Here, ζ represents the mean value of the LoS range, while d signifies the extent

of the link. We assume that each link in the coverage area suffers from an independent

link blockage [70]. Assuming the existence of a total of KL SUs with a LoS connection,

the channel vector from the BS to the kth SU in the millimeter-wave frequency range,

which is denoted as kth SU (k ∈ 1, ..,KL), can be represented as follows:

hk =
√

M
ak,0a(ωk)√

1+dαLoS
k

+
√

M
L

∑
l=1

ak,la
(
ω l

k

)√
1+dαNLoS

k

, (4.1)

where the parameter denoted by L signifies the number of multipath occurrences

observed during the propagation scenario of a signal. Simultaneously, the path

loss exponents linked to the line-of-sight (LoS) and non-line-of-sight (NLoS) paths

are denoted as αLoS and αNLoS, respectively. The variable dk denotes the distance

separating the SUk and the BS. The random variables ak,0 and ak,l follow a

Nakagami-m distribution. The spatial angle of departures (AoDs) for the LoS path

and the l-th NLoS path of the SUk are denoted as ωk and ω l
k, respectively. The

representation of the channel vector from the BS to the PU in mmWave can be
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expressed as follows:

g =
√

M
b0a(ωp)√
1+dβLoS

p

+
√

M
L

∑
l=1

bla
(
ω l

p
)√

1+dβNLoS
p

, (4.2)

where the variables βLoS and βNLoS represent the path loss exponents pertaining to

line-of-sight (LoS) and non-line-of-sight (NLoS) paths, correspondingly. The variable

dp represents the spatial separation between the PU and the BS. The elements denoted

by b0 and bl correspond to variables that follow the Nakagami-m distribution. In the

present study, the spatial AoD for the LoS path and each NLoS path, denoted as ωp

and ω l
p, respectively, are considered for the PU. In the present study, the uniform linear

array (ULA) configuration has been employed to design the antenna array located

at the BS, comprising M constituent elements. The array response vector can be

mathematically formulated as

a(ω) =
1√
M

[
1,e− jπω , . . . ,e− jπiω . . . ,e− jπ(M−1)ω

]T
. (4.3)

where i ∈ 0, ..,M−1. The LoS channel gain in mmWave communications has been

observed to exhibit a 20 dB higher magnitude than the NLoS channel gain [69,71].

This chapter centers on the LoS wireless channel model for all users in the mmWave

spectrum. Hence, the channel response of the wireless communication link that exists

between the BS and the SUk can be simplified considering the LoS assumption, as

stated below:

hk =
√

M
ak,0a(ωk)√

1+dαLoS
k

, (4.4)

where |ak,0|2 is a Gamma random variable that has been normalized and is

characterized by the parameter m. Similarly, the wireless link channel response from

the BS to the PU can be reduced to a simplified form as

g =
√

M
b0a(ωp)√
1+dβLoS

p

, (4.5)

where the variable |b0|2 follows a Gamma distribution that has been normalized and

is parameterized by m. It is posited that a single beam is produced at the BS, with the

purpose of serving both the PU and the SUk. Note that the BS is further from the PU

than any SU. The BS steers the beam towards the spatial AoD of ωp corresponding

45



to the LoS link of the PU using the analog precoding vector denoted by W(ωp) as

follows:

W(ωp) =
1√
M

[
1,e− jπωp, . . . ,e− jπiωp . . . ,e− jπ(M−1)ωp

]T
. (4.6)

In the context of the uplink CR-NOMA network, the transmission of signals by the PU

and the SUk can be denoted as xP and xS, respectively. The signal received at the BS

can be mathematically represented by the following equation:

yS =
√

PSW(ωp)gxP +
√

PSW(ωp)hkxS +n, (4.7)

where on average, xP and xS possess unit power. It is posited that the transmission

powers of both users are equivalent and specifically represented by the value of PS. The

variable n is characterized as a random variable that exhibits a Gaussian distribution

with zero mean and variance σ2, denoted by n ∼ CN
(
0,σ2). It is categorized as

additive white Gaussian noise (AWGN).

4.1.1 CR-NOMA network with CSI-based SIC

In the CSI-based SIC procedure, the SIC decoding order can be typically determined

by utilizing the channel qualities of the paired users in the power-domain NOMA

networks [28], [61]. Assuming that the SU has a better channel quality, the signal of the

SUk is decoded firstly by applying the CSI-based SIC procedure under the interference

of the PU as follows

log

(
1+

γ̄
∣∣hkW(ωp)

∣∣2
1+ γ̄

∣∣gW(ωp)
∣∣2
)
≥ Rth

SU,k, (4.8)

where γ̄ = PS
σ2 is the average signal-to-noise ratio (SNR), and Rth

SU,k represents the

minimum data rate requirement of the SUk. After that, the signal intended for the PU

is decoded only if the signal intended for SUk is decoded successfully as in Eq. (4.8).

By applying the CSI-based SIC process, the achievable data rates of the PU and the

SUk can be calculated, respectively, as follows

RCSI
PU = log

(
1+ γ̄

∣∣gW(ωp)
∣∣2) , (4.9)

RCSI
SU,k = log

(
1+

γ̄
∣∣hkW(ωp)

∣∣2
1+ γ̄

∣∣gW(ωp)
∣∣2
)
. (4.10)

46



The coverage probability of the CSI-based SIC can be expressed as PCSI =

Pr
(

RCSI
SU,k > Rth

SU,k

)
. The SU with the highest channel gain is selected to maximize

the coverage probability [28].

4.1.2 CR-NOMA network with QoS-based SIC

In CR-NOMA applications, the SIC decoding order is typically determined by

prioritizing the QoS requirements of the users [62]. Since the PU has poor channel

quality compared to the SUs, our proposed CR-NOMA system steers the beam towards

the PU and selects the SU in such a way that the QoS requirement of the PU is

guaranteed [60]. We assume that the minimum data rate of the PU (Rth
PU) is lower than

the minimum data rate requirements of all SUs. On the other hand, if the optimization

objective is solely set to maximize the achievable data rate of the PU, this will likely

decrease the coverage probability of the SU. Therefore, our method proposes the

primary objective of the QoS-based SIC procedure to successfully decode the signal

of the PU as follows

log

(
1+

γ̄
∣∣gW(ωp)

∣∣2
1+ γ̄

∣∣hkW(ωp)
∣∣2
)
≥ Rth

PU . (4.11)

The signal intended for the SUk can only be decoded if the signal intended for the PU

is decoded and removed successfully. The achievable data rates for the PU and the SUk

are calculated, respectively, as follows:

RQoS
PU,k = log

(
1+

γ̄
∣∣gW(ωp)

∣∣2
1+ γ̄

∣∣hkW(ωp)
∣∣2
)
, (4.12)

RQoS
SU,k = log

(
1+ γ̄

∣∣hkW(ωp)
∣∣2) . (4.13)

Finally, the coverage probability of the QoS-based SIC can be given by

PQoS = Pr
(

RQoS
PU,k > Rth

PU ,R
QoS
SU,k > Rth

SU,k

)
. (4.14)

It is worth noting that to mitigate the decline in PU performance, the QoS-based SIC

approach outlined in literature [28] selects the SU with the lowest channel gain.

4.1.2.1 Joint secondary user selection algorithm

In this section, we present a novel SU selection algorithm to enhance the network’s

coverage probability. The algorithm is outlined in detail in Algorithm 3. It is posited
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Algorithm 3: The JSUS Algorithm
Inputs : L [1...KL], g, h = (h1...hKL), W(ωp), γ̄ , Rth

SU , Rth
PU

Output: outage
1 outage = false;
2 Calculate RQoS

SU,k
3 for k← 1 to KL do
4 L [k]← 0
5 if RQoS

SU,k ≥ Rth
SU then

6 L [k]← RQoS
SU,k

7 end
8 end
9 l∗← argmax

k
(L )

10 if L [l∗] == 0 then
11 outage = true;
12 else
13 k∗← argmin

k
(L |L [k]> 0)

14 RQoS
PU,k∗ = log

(
1+

γ̄|gW(ωp)|2

1+γ̄|hk∗W(ωp)|2
)

15 if RQoS
PU,k∗ < Rth

PU then

16 RCSI
SU,l∗ = log

(
1+

γ̄|hl∗W(ωp)|2

1+γ̄|gW(ωp)|2
)

17 if RCSI
SU,l∗ < Rth

SU then
18 outage = true;
19 end
20 end
21 end

that the minimum data rate requirements of the SUs are equivalent to the prescribed

threshold value denoted as Rth
SU . Initially, a computation is carried out to ascertain

the potential data transmission capacities of the SUs. Following this, an evaluation is

conducted to ascertain those users who meet the prescribed minimum data transfer rate

prerequisites (lines 1-7). Should the minimum data rate requirement not be satisfied by

any SU, the network will enter an outage state wherein the SIC process cannot advance.

Otherwise, the selection process will prioritize the selection of the SU characterized by

the lowest feasible data rate (line 13). Subsequently, the feasible data rate of the PU is

computed by utilizing the designated SU with the index denoted as k∗ (line 14). For the

QoS-based SIC process to be considered successful, the attainable data rate of the PU

must meet or exceeds the minimum data rate requirement of the PU. If the achievable

data rate of the PU satisfies the minimum data rate requirement of the PU, then the
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Figure 4.2 : Schematic representation of the Algorithm 3

QoS-based SIC process becomes successful. Otherwise, a CSI-based SIC approach

is implemented. The present study employs a SU selection criterion to determine the

optimal SU and achieve the highest data rate. Specifically, the SU index that satisfies

the abovementioned criterion is denoted as l∗ (line 9). Subsequently, the achievable

data rate of the aforementioned l∗th SU is computed under the prescribed procedure

outlined in line 16. The CSI-based SIC process can be deemed successful if the SU’s

achievable data rate meets the SU’s predetermined minimum data rate. Otherwise, the

failure of the SIC process results in an occurrence of an outage event. The flowchart

of Algorithm 3 is presented in Figure 4.2.

4.2 Simulations and Results

This section outlines the Monte Carlo simulation experiments conducted, with the

multiple variations of key system metrics, including transmit power (PS), the number

of antenna elements (M) deployed at the BS, and the total number of SUs (K) in the

context of a mmWave uplink CR-NOMA network. The present study examines the
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coverage probability associated with the proposed JSUS algorithm for the SIC process

in comparison to the outcomes of two prevailing schemes utilized for CR-NOMA,

namely, the CSI-based SIC and QoS-based SIC strategies. Note that we use the

QoS-based SIC procedures from the reference [28] in literature and Algorithm 2 in

Chapter 3. The Algorithm 2 presents an optimal method for the QoS-based SIC. The

study in [28] revealed that the Hybrid-based SIC technique consistently yields optimal

coverage probabilities through the concurrent application of both CSI-based SIC and

QoS-based SIC for all possible combinations. It is noteworthy that the coverage

probability of the Hybrid SIC technique is equivalent to that of the JSUS algorithm,

without any loss of generality. In all experimental trials, the circular area designated for

the SUs was set to a radius (R) of 100 meters. The BPP assures a random distribution

of the distance between the PU and the BS within the range of R = 100 m to 150

m. The value of the parameter m in the Nakagami-m fading channel is specified as

2. The values of the path-loss exponents attributed to the LoS path are established as

αLoS = 2.7 and βLoS = 3, correspondingly. The parameter ζ is designated to possess a

value of 50 meters in the context of the LoS exponential model. The power of the noise

is denoted by σ2 and is equal to -80 dBW. The present study establishes minimum

requirements for data rate, expressed as Rth
PU = 1 BPCU and Rth

SU = 3 BPCU. The preset

configurations for the number of antenna elements located at the BS and the number

of SUs are denoted as M = 40 and K = 25, correspondingly. The coverage probability

is computed by averaging the outcomes of 3x105 Monte Carlo experiments.

Figure 4.3 shows the impact of PS of the users on the coverage probability. As

PS increases, the coverage probability of the JSUS algorithm outperforms both the

CSI-based SIC and the QoS-based SIC procedures. The increase in PS has a minimal

effect on the coverage probability for the CSI-based SIC due to the error floor at

higher SNR values. When PS is higher than 12 dBW, the coverage probability of

the QoS-based SIC with Algorithm 2 becomes higher than the CSI-based SIC. As PS

increases, the coverage probabilities of the JSUS algorithm, the Hybrid-based SIC,

and the QoS-based SIC exponentially increase. When PS is lower than -18 dBW,

the coverage probability of the CSI-based SIC is higher than the QoS-based SIC

with Algorithm 2. When PS is less than 10 dBW, the need for the CSI-based SIC

increases in the Hybrid-based SIC. On the other hand, the need for the CSI-based SIC
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Figure 4.3 : The coverage probability versus the transmit power PS.

increases in the JSUS algorithm when PS <−16 dBW. Hence, at lower SNR values, the

importance of the CSI-based SIC increases to improve the coverage probability of this

network. On the other hand, at higher SNR values, the importance of the QoS-based

SIC significantly increases compared to the CSI-based SIC, especially in the JSUS

algorithm. The JSUS algorithm has a lower complexity compared to the optimum

Hybrid-based SIC when the QoS-based SIC is used more often by the JSUS algorithm.

Figure 4.4 shows the impact of K on the coverage probability. As K increases, the

coverage probability of the JSUS algorithm outperforms the CSI-based SIC and the

QoS-based SIC in [28], and the QoS-based SIC with Algorithm-2. Although the

coverage probability of the QoS-based SIC in [28] decreases when K increases, the

coverage probabilities of the CSI-based SIC and the QoS-based SIC with Algorithm-2

get higher. When K is higher than 20, the coverage probability of the CSI-based SIC

is higher than the QoS-based SIC in [28]. The coverage probability of the QoS-based

SIC with Algorithm-2 gets closer to both the JSUS algorithm and Hybrid-based SIC

as K increases. The need for the CSI-based SIC increases in the Hybrid-based SIC

when K > 20. On the other hand, the need for the QoS-based SIC decreases further in

the Hybrid-based SIC when K > 20. Moreover, the importance of the QoS-based SIC
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Figure 4.4 : The coverage probability versus the number of SUs. (PS = 0 dBW)

in the JSUS algorithm significantly increases compared to the CSI-based SIC when K

increases.
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Figure 4.5 : The coverage probability versus the number of antenna elements.
(PS =−5 dBW)
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Figure 4.5 shows the impact of M on the coverage probability. As M increases,

the coverage probability of the JSUS algorithm outperforms the other three SIC

procedures apart from the Hybrid-based SIC. However, the increase in M has a minimal

effect on the coverage probability of the Hybrid SIC and JSUS algorithm. When M

increases, the QoS-based SIC is more likely used by the JSUS algorithm. The coverage

probabilities of the QoS-based SIC in [28] and the CSI-based SIC decrease when M

increases. The need for the CSI-based SIC in the Hybrid-based SIC increases when

M decreases. On the other hand, the importance of the QoS-based SIC in the JSUS

algorithm significantly increases compared to the CSI-based SIC when M increases.

When M < 10, the coverage probability of the CSI-based SIC is greater than the

QoS-based SIC with Algorithm-2. Hence, the need for the CSI-based SIC for the

JSUS algorithm increases further when M < 10.

4.3 Summary and Discussion

The present chapter introduces a user pairing algorithm for uplink mmWave

CR-NOMA networks, wherein a BS is equipped with multiple antenna elements

and accommodates a PU and multiple SUs. The algorithm leverages beamforming

techniques to optimize user pairing and enhance network performance. The algorithm

under consideration endeavors to maximize the coverage probability by prioritizing the

QoS-based SIC and exclusively resorting to the CSI-based SIC when the QoS-based

SIC is unsuccessful. The simulation results show the JSUS algorithm provides

optimum coverage probability. With an increase in the transmit power, the number

of SUs, and antenna elements, it is seen in the simulation results that the need

for QoS-based SIC increases by the JSUS algorithm. The JSUS algorithm can

exhibit the potential for reduced complexity in comparison to the Hybrid-based SIC

approach, particularly when the QoS-based SIC is employed with greater often in

the JSUS algorithm.1 In the following chapter, a CR-NOMA network consisting of

multiple energy-limited relays and multiple antennas is considered to investigate the

relationship between optimum EE and outage performance.

1This chapter is based on the paper, namely User Pairing and Beamforming Design in mmWave
CR-NOMA Networks presented in Istanbul at the IEEE International Balkan Conference on
Communications and Networking’2023, held between 5-7 June 2023.
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5. ENERGY-EFFICIENT MULTI-ANTENNA CR-NOMA DUAL-HOP
RELAYING NETWORKS

This chapter presents a novel SWIPT-enabled CR-NOMA network operating in the

downlink direction, featuring numerous relay nodes with limited energy resources

under a Nakagami-m fading channel. This study explores two fundamental EH proto-

cols, denoted as the "time-switching-based relaying" (TSR) and "power-splitting-based

relaying" (PSR) protocols, which are utilized for EH and information processing at

the relay node. The investigation primarily focuses on assessing the performance of

these protocols in terms of both the OP and EE. Furthermore, this study investigates

the impact of multiple design parameters, including target data rate, the distance

among nodes, power coefficient allocated users, and transmit power on the optimal

determination of PS ratio and TS ratio. The aim is to minimize OP while concurrently

ensuring maximum EE. The present study has derived closed-form expressions for the

OP and EE pertaining to the proposed system.

5.1 Design and Performance Analysis of a Cooperative Network with SWIPT and

Multi-Antenna CR-NOMA Technologies

The present chapter contemplates a cooperative CR-NOMA network in the downlink

direction, depicted in Figure 5.1. The network comprises a source node, denoted by S,

which communicates with a pair of mobile users. The PU and SU are introduced as D1

and D2, respectively, in this system. The energy limitation imposed on intermediate

relay nodes, indexed by Rn with n= 1, · · · ,K, necessitates the use of an energy-efficient

communication scheme. The system comprises K relays, each possessing a sole

transmitter and receiver antenna. In addition, the system incorporates a BS equipped

with NS transmit antennas, as well as two users employing ND receiver antennas. All

nodes are being operated in HD mode. There are no direct connections between

the elements representing S and D within the structural model of this system. The

channels between nodes are subject to Nakagami-m fading and additive white Gaussian

noise (AWGN). Perfect CSI is assumed to be available at S and D. In this system,
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Figure 5.1 : Illustration of a Cooperative Overlay CR-based NOMA Network with
Energy Harvesting Capability.

it is assumed that the information of D1 has priority over that of D2 due to the

QoS requirements [28]. The expected values for the channels linking S to Rn, Rn

to D1, and R to D2 are denoted by E
[∣∣hSkRn

∣∣2] = ΩSRn , E
[∣∣hRnD1,p

∣∣2] = ΩRnD1 , and

E
[∣∣hRnD2,p

∣∣2]= ΩRnD2 , respectively. Here, k belongs to the range 1 through NS, while

p belongs to the range 1 through ND. The present discourse designates the normalized

distances existing between the reference point S and the intermediate point R, as well

as between the intermediate point R and the destination point D, by the symbols d0, d1,

and d2, respectively. The coefficient d−v
t represents the large-scale fading coefficient,

where t is variable at the range 0 through 2 and v corresponds to the path loss exponent.

In the initial time slot, the transmitter S conveys to the R a superposed signal denoted

as xs, where xs is denoted as xs = ∑
2
i=1
√

aiPsxi. In this expression, xi represents the

individual message intended for destination Di, and ai is the power coefficient assigned

to destination Di. Furthermore, Ps corresponds to the transmit power emanating from

the S. Adhering to the NOMA principle, it is postulated that the summation of ai from

i = 1 to 2 equals one, i.e., ∑
2
i=1 ai = 1.
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Following the completion of the initial time slot, the signal received at Rn through the

utilization of MRT can be represented as

yRn = ||hSRn ||
2

∑
i=1

√
aiPs

dv
0

xi +wR,a, n = 1, · · · ,K (5.1)

where the expression wR,a ∼ C N
(
0,σ2

Ra

)
characterizes the narrowband AWGN

introduced by the receiving antenna at Rn. The symbol for hSRn is represented as a

column vector, denoted by
[
h1

SRn
,h2

SRn
, . . . ,hNS

SRn

]T
. Every component of the function

hS,Rn is characterized as being i.i.d. with a fading parameter denoted by m1. The

application of the PRS mechanism in the communication network involves utilizing

the CSI of the source-relay links for determining the appropriate relay to cooperate

with. The resulting relay selection can be represented through an index referencing the

selected relay as,

n∗ = argmax
n
||hSRn||. (5.2)

The signal received by the selected relay can be formulated as follows:

yRn∗ = ||hSRn∗ ||
2

∑
i=1

√
aiPs

dv
0

xi +wR,a, (5.3)

where the noise signal denoted as wR,a refers to the narrow-band AWGN that is

received by the antenna at Rn∗ .

5.1.1 Investigation of time-switching relaying protocol in CR-NOMA-based

SWIPT system

The schematic representation of the TSR protocol implemented at Rn∗ is presented in

Figure 5.2. The diagram encompasses the blocks of ID and EH. Based on the TSR

being the initial of two established protocols for implementing SWIPT, the process of

EH is implemented over a period of αT . The residual temporal duration, denoted as

(1−α)T , is allocated for the transmission of data. The initial %50 of the duration,

specifically denoted by (1−α)T/2, serves the purpose of communicating information

from the transmitting S to the designated receiving Rn∗ . The latter half of the given

duration is utilized for transmitting information from the receiver, Rn∗ , to the final

destination, D. The harvested energy from yR,EH , which occurred within a specific

time interval of αT , results in an amount of energy denoted by Eh. The variable T

represents the aggregate block time, and α denotes the TS ratio, which is within the
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Figure 5.2 : Illustration of the block diagram depicting the layout and structure of the
relay employed in the TSR protocol.

domain of 0≤ α ≤ 1. Eh, namely the amount of EH, can be expressed as

Eh =
ηPs||hSRn∗ ||

2αT
dv

0
, (5.4)

where The parameter η represents the energy conversion efficiency and is associated

with both rectification and EH procedures [72]. The values of this parameter are bound

between 0 and 1. The signal received by the informative receiver, located at the Rn∗ ,

can be represented as follows:

yR,ID = ||hSRn∗ ||
2

∑
i=1

√
aiPs

dv
0

xi +wR,a +wR,c, (5.5)

where the variable wR,c follows a complex normal distribution with a mean of zero and

a variance of σ2
Rc

. This stochastic process is attributed to the AWGN that arises as a

result of the conversion of RF band signals to baseband signals [59]. In the system

being proposed, the relay is devoid of any energy storage buffer designated for the

retention of collected energy. Therefore, the entirety of the energy obtained from the

retrieved sources is employed for the purpose of conveying signals from the relay node

designated as Rn∗ to the destination node denoted as D. By employing Eh as specified

in Eq. (5.4), the transmitted power for signal transmission within the selected relay,

denoted by Pr, can be represented as

Pr =
Eh

(1−α)T/2
=

2ηαPs||hSRn∗ ||
2

dv
0(1−α)

. (5.6)

The AF protocol is employed by the Rn∗ for the transmission of yR,ID to all

users, facilitated by multiplication with an amplifying factor denoted as Gn∗ . The
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amplification factor and the signal produced at the output of the information receiver

in Rn∗ are expressed as, respectively,

G2
n∗ =

1
Ps||hSRn∗ ||

2

dv
0

+σ2
Ra
+σ2

Rc

, (5.7)

xr =
√

PryR,IDGn∗. (5.8)

The received signals at D1 and D2 are given by, respectively,

yD1 = Gn∗hRn∗D1 ||hSRn∗ ||
2

∑
i=1

√
aiPSPr

dv
0dv

1
xi +

√
Pr

dv
1

Gn∗hRn∗D1wR +wD1, (5.9)

yD2 = Gn∗hRn∗D2||hSRn∗ ||
2

∑
i=1

√
aiPSPr

dv
0dv

2
xi +

√
Pr

dv
2

Gn∗hRn∗D2wR +wD2, (5.10)

where wR = wR,a+wR,c. The AWGNs at R, D1 and D2 are wR2 ∼ C N
(
0,σ2

R
)
, wD2

1
∼

C N
(

0,σ2
D1

)
and wD2

2
∼ C N

(
0,σ2

D2

)
, respectively, where σ2

R = σ2
Ra
+σ2

Rc
. In this

paper, we assume that σ2
D1

= σ2
D2

= σ2
Ra

= σ2
Rc

= σ2 and the average system SNR can

be denoted as γ̄ , which is defined as the ratio of the Ps to the noise power (σ2). The

combined signal obtained at D1 and D2 by applying MRC can be expressed as

ỹD1 = vH
1 yD1 =||hRn∗D1||Gn∗||hSRn∗ ||

2

∑
i=1

√
aiPSPr

dv
0dv

1
xi +

√
Pr

dv
1

Gn∗||hRn∗D1||wR

+hH
Rn∗D1

wD1

||hRn∗D1||
,

(5.11)

ỹD2 = vH
2 yD2 =||hRn∗D2||Gn∗||hSRn∗ ||

2

∑
i=1

√
aiPSPr

dv
0dv

2
xi +

√
Pr

dv
2

Gn∗||hRn∗D2||wR

+hH
Rn∗D2

wD2

||hRn∗D2||
,

(5.12)

where hRn∗D1 and hRn∗D2 are denoted by
[
h1

Rn∗D1
,h2

Rn∗D1
, . . . ,hND

Rn∗D1

]T
and[

h1
Rn∗D2

,h2
Rn∗D2

, . . . ,hND
Rn∗D2

]T
, respectively. Each element of hRn∗D1 and hRn∗D2 is i.i.d.

with fading parameter m2. Also, v1 and v2, which are namely defined as
hH

Rn∗D1
||hRn∗D1 ||

and
hH

Rn∗D2
||hRn∗D2 ||

, respectively, are the receive weight vector for MRC process.
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Figure 5.3 : Illustration of the block diagram depicting the layout and structure of the
relay employed in the PSR protocol.

5.1.2 Investigation of power-splitting relaying protocol in CR-NOMA-based

SWIPT system

The schematic diagram depicting the PSR protocol at a designated node, Rn∗ , can be

observed in Figure 5.3. The PSR, which serves as the second protocol for enabling

SWIPT, employs a temporal interval of T/2 to facilitate EH. The first temporal

segment, encompassing half of the total time duration denoted as T/2, is allocated

for the transmission of information from S to Rn∗ . The second half of the temporal

duration is allocated for the transmission of information from Rn∗ to D. The signal

that has been obtained at Rn∗ location is denoted as yR. The
√

ρyR for the purpose of

EH and
√

1−ρyR for information transmission from R to D are utilized, which the

parameter ρ signifies the PS ratio within the range of 0 ≤ ρ ≤ 1. Within the context

of the CR-NOMA network, the signal yR,EH received by the EH of the Rn∗ can be

articulated as follows:

yR,EH =
√

ρyR = ||hSRn∗ ||
2

∑
i=1

√
aiρPs

dv
0

xi +
√

ρwR,a.

In this way, the harvested energy from yR,EH at the selected relay in time duration T/2,

Eh can be expressed as

Eh =
ηρPs||hSRn∗ ||

2

dv
0

(T/2). (5.13)
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The signal received by the informative receiver, located at the Rn∗ , can be represented

as follows:

yR,ID =
√

1−ρyR =||hSRn∗ ||
2

∑
i=1

√
ai(1−ρ)Ps

dv
0

xi +wR,c +
√
(1−ρ)wR,a.

Using Eh in Eq. (5.13), the transmitted power for the signal transmission in the selected

relay, Pr can be expressed as

Pr =
Eh

T/2
=

ηρPs||hSRn∗ ||
2

dv
0

. (5.14)

The amplifying factor, which is associated with the AF relaying protocol, is given by,

G2
n∗ =

1

(1−ρ)
Ps||hSRn∗ ||

2

dv
0

+(1−ρ)σ2
Ra
+σ2

Rc

. (5.15)

The transmitted signal from the output of the information receiver in Rn∗ is given in

Eq. (5.8). The received signals at D1 and D2 are given by, respectively,

yD1 =
√
(1−ρ)Gn∗hRn∗D1||hSRn∗ ||

2

∑
i=1

√
aiPSPr

dv
0dv

1
xi +

√
Pr

dv
1

Gn∗hRn∗D1wR +wD1, (5.16)

yD2 =
√

(1−ρ)Gn∗hRn∗D2||hSRn∗ ||
2

∑
i=1

√
aiPSPr

dv
0dv

2
xi +

√
Pr

dv
2

Gn∗hRn∗D2wR +wD2, (5.17)

where wR =
√

1−ρwR,a+wR,c and σ2
R = (1−ρ)σ2

Ra
+σ2

Rc
. As in the previous section,

the combined signal obtained at D1 and D2 by applying MRC can be expressed as

ỹD1 =
√
(1−ρ)||hRn∗D1||Gn∗||hSRn∗ ||

2

∑
i=1

√
aiPSPr

dv
0dv

1
xi +

√
Pr

dv
1

Gn∗||hRn∗D1||wR (5.18)

+hH
Rn∗D1

wD1

||hRn∗D1||
,

ỹD2 =
√

(1−ρ)||hRn∗D2||Gn∗||hSRn∗ ||
2

∑
i=1

√
aiPSPr

dv
0dv

2
xi +

√
Pr

dv
2

Gn∗||hRn∗D2||wR (5.19)

+hH
Rn∗D2

wD2

||hRn∗D2||
.

5.1.3 Performance analysis of CR-NOMA-based SWIPT system

In the present section, an analysis is attempted to evaluate the outage performance

and EE of the proposed system. This is carried out by obtaining the closed-form

expressions of the OP for both the PSR and TSR protocols. Moreover, an analysis has
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been conducted regarding the EE of the proposed system. To derive the OP expression

for individual users and protocols, it is necessary to determine the instantaneous

signal-to-noise-and-noise ratio (SINR) by analyzing the received signals at the user

level. Thus, let denote X = ||hSRn∗ ||
2, Y1 = ||hRn∗D1||2 and Y2 = ||hRn∗D2||2. The

instantaneous SINR at D1 to detect its signal in the TSR can be expressed as

γ
(T SR)
U1

=
ε1a1γ̄2X2Y1

ε1a2γ̄2X2Y1 +θ1γ̄XY1 +θ2γ̄X +ζ1
, (5.20)

where ε1 = 2αη , θ1 = 4αηdv
0, θ2 = (1− α)dv

0dv
1 and ζ1 = 2(1− α)d2v

0 dv
1. The

instantaneous SINR at D2 to detect signal of D1 in the TSR can be expressed as

γ
(T SR)
U1→U2

=
ε1a1γ̄2X2Y2

ε1a2γ̄2X2Y2 +θ1γ̄XY2 +θ3γ̄X +ζ2
, (5.21)

where ζ2 = 2(1−α)d2v
0 dv

2 and θ3 = (1−α)dv
0dv

2. The instantaneous SNR at D2 to

decode its own signal in the TSR can be expressed as

γ
(T SR)
U2

=
ε1a2γ̄2X2Y2

θ1γ̄XY2 +θ3γ̄X +ζ2
. (5.22)

The instantaneous SINR at D1 to detect its own signal in the PSR can be expressed as

γ
(PSR)
U1

=
ε2a1γ̄2X2Y1

ε2a2γ̄2X2Y1 +θ4γ̄XY1 +θ5γ̄X +κ1
, (5.23)

where ε2 = (1−ρ)ρη , θ4 = (2−ρ)ρηdv
0, θ5 = (1−ρ)dv

0dv
1 and κ1 = (2−ρ)d2v

0 dv
1.

The instantaneous SINR at D2 to detect the signal of D1 in the PSR can be expressed

as

γ
(PSR)
U1→U2

=
ε2a1γ̄2X2Y2

ε2a2γ̄2X2Y2 +θ4γ̄XY2 +θ6γ̄X +κ2
, (5.24)

where κ2 = (2−ρ)d2v
0 dv

2 and θ6 = (1− ρ)dv
0dv

2. The instantaneous SNR at D2 to

decode its own signal in the PSR can be expressed as

γ
(PSR)
U2

=
ε2a2γ̄2X2Y2

θ4γ̄XY2 +θ6γ̄X +κ2
. (5.25)

5.1.3.1 Outage probability

The expression of the OP of D1 is given by, respectively,

POut
U1

= Pr
(

γ
(φ)
U1

< γ
(φ)
th1

)
= Pr

(
Y1 <

β1X +β2

β3X2−β4X

)
, (5.26)

where φ ∈ (PSR,T SR). γ
(PSR)
th1

= 22Rth
PU −1 and γ

(T SR)
th1

= 2
2Rth

PU
1−α −1. Rth

PU is denoted by

the target data rates of D1. Using Eq. (5.20) for the TSR protocol and using Eq. (5.23)
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Table 5.1 : Parameters comparison for the TSR and the PSR protocols.

Parameter TSR Protocol PSR Protocol

β1 γdv
0dv

1(1−α)γ
(T SR)
th1

γdv
0dv

1(1−ρ)γ
(PSR)
th1

β2 d2v
0 dv

12(1−α)γ
(T SR)
th1

(2−ρ)d2v
0 dv

1γ
(PSR)
th1

β3 2αηγ2(a1− γ
(T SR)
th1

a2) ηγ2ρ(1−ρ)(a1− γ
(PSR)
th1

a2)

β4 4αηγdv
0γ

(T SR)
th1

ηγρ (2−ρ)dv
0γ

(PSR)
th1

ϑ1 max

(
dv

0dv
2(1−α)γ

(T SR)
th1

2αηγ(a1−γ
(T SR)
th1

a2)
,

dv
0dv

2(1−α)γ
(T SR)
th2

2αηγa2

)
max

(
dv

0dv
2γ

(PSR)
th1

ηγρ(a1−γ
(PSR)
th1

a2)
,

dv
0dv

2γ
(PSR)
th2

ηγρa2

)

ϑ2 max

(
2d2v

0 dv
2(1−α)γ

(T SR)
th1

2αηγ2(a1−γ
(T SR)
th1

a2)
,

2d2v
0 dv

2(1−α)γ
(T SR)
th2

2αηγ2a2

)
max

(
(2−ρ)d2v

0 dv
2γ

(PSR)
th1

ηγ2ρ(1−ρ)(a1−γ
(PSR)
th1

a2)
,

d2v
0 dv

2(2−ρ)γ
(PSR)
th2

ηγ2ρ(1−ρ)a2

)

ϑ3 max

(
2dv

0γ
(T SR)
th1

γ(a1−γ
(T SR)
th1

a2)
,

2dv
0γ

(T SR)
th2

γa2

)
max

(
(2−ρ)dv

0γ
(PSR)
th1

γ(1−ρ)(a1−γ
(PSR)
th1

a2)
,
(2−ρ)dv

0γ
(PSR)
th2

γ(1−ρ)a2

)

for the PSR protocol in Eq. (5.26), expressions of β1, β2, β3 and β4 are given by

Table 5.1, respectively. If X < β4/β3, β3X2−β4X is a negative number and the outage

occurs. Thus, the probability of Y1 is always 1, whereas if X > β4/β3, the outage may

occur or not. Hence, POut
U1

can be expressed as

POut
U1

=
∫ β4

β3

z=0
FY1

(
β1z+β2

β3z2−β4z

)
fX(z)dz+

∫ +∞

z= β4
β3

FY1

(
β1z+β2

β3z2−β4z

)
fX(z)dz (5.27)

=FX

(
β4

β3

)
+
∫ +∞

z= β4
β3

FY1

(
β1z+β2

β3z2−β4z

)
fX(z)dz.

According to [73], the PDF of the random variable X is, respectively, given by

fX (z) =
KzNSm1−1

(NSm1−1)!

(
m1

ΩSRn∗

)NSm1
[

1− e

(
− zm1

ΩSRn∗

)
NSm1−1

∑
s=0

1
s!

(
m1z

ΩSRn∗

)s
]K−1

× e

(
− zm1

ΩSRn∗

)
,

=
KzNSm1−1

(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

(−1) j
(

K−1
j

)NSm1−1

∑
s=0

(
sm1

Ω̃SRn∗

)s

s!


j

︸ ︷︷ ︸
Φ1

× e

(
− z( j+1)m1

ΩSRn∗

)
.

(5.28)
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By using binomial expansion, the derived expression of Φ1 in Eq. (5.28) can be written

as [63]

Φ1 =
j

∑
j1=0

(
j
j1

)
(A0)

j1

(
NSm1−1

∑
s=1

Aszs

) jk− j1 j

∑
j1=0

j− j1

∑
j2=0

(
j
j1

)(
j− j1

j2

)
(A0)

j1 (A1z) j2

×

(
NSm1−1

∑
s=2

Asz

) j− j1− j2

,

(5.29)

where As =

(
m1

Ω̃SRn∗

)s
1
s! . By emplacing Eq. (5.29) into Eq. (5.28), the derived

expression of fX (z) can be rewritten as

fX (z) =
K

(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

(−1) j U jC jB jz j̄+NSm1−1e
− zm1( j+1)

Ω̃SRn∗ . (5.30)

The exact expressions of U j, j̄, C j, and B j are given in Table 5.2. To derive the

Table 5.2 : Parameter List for Eq. (5.30).

Name Analtical Expression

U j ∑
j
j1=0 ∑

j− j1
j2=0 · · ·∑

j− j1−··· jNSm1−2
jNSm1−1=0

j̄ (NSm1−1)( j− j1)− (NSm1−2) j2− . . . jNSm1−1

C j
(K−1

j

)( j
j1

)( j− j1
j2

)
· · ·
( j− j1−··· jNSm1−2

jNSm1−1

)
B j ∏

NSm1−2
s=0 A js+1

s

(
m

NSm1−1
1

(NSm1−1)!
(

Ω̃SRn∗

)NSm1−1

) j− j1−··· jNSm1−1

expression of FYi (z), namely CDF of Yi, binomial expansion is used again as in

Eq. (5.29). In this way, the derived expression of FYi (z) can be written as

FYi (z) = 1− e

(
− zm2

ΩRn∗Di

)
UkBkzk̄. i = 1,2 (5.31)

The exact expressions of Uk, k̄, and Bk are given in Table 5.3. By replacing Eq. (5.30)

and Eq. (5.31) in Eq. (5.27), POut
U1

can be expressed as

POut
U1

= FX

(
β4

β3

)
+
∫ +∞

z= β4
β3

[
fX(z)− e

− β1z+β2
β3z2−β4z

m2

ΩRn∗D1


UkBk

(
β1z+β2

β3z2−β4z

)k̄

fX(z)
]
dz

= 1− K
(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

(−1) j U jC jB jUkBk

∫ +∞

z= β4
β3

[
e

− β1z+β2
β3z2−β4z

m2

ΩRn∗D1



× e
− zm1( j+1)

Ω̃SRn∗

(
β1z+β2

β3z2−β4z

)k̄

z j̄+NSm1−1dz
]
.

(5.32)
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Table 5.3 : Parameter List for Eq. (5.31).

Name Analtical Expression

Uk ∑
1
k1=0 ∑

1−k1
k2=0 · · ·∑

1−k1−···kNDm2−2
kNDm2−1=0

k̄ (NDm2−1)(1− k1)− (NDm2−2)k2− . . .kNDm2−1

At

(
m2

Ω̃Rn∗Di

)t
1
t!

Bk ∏
NDm2−2
t=0 (At)

kt+1

(
mNDm2−1

2

(NDm2−1)!(Ω̃Rn∗Di)
NDm2−1

)1−k1−···kNDm2−1

The high SNR approximation can be applied to simplify the expression of POut
U1

in

Eq. (5.32) due to the complexity of the integral [59]. Assuming β2/β3 ≈ 0 in high

SNR, POut
U1

can be derived approximately as

POut
U1
≃ 1− K

(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

(−1) j U jC jB jUkBk

×
∫ +∞

z= β4
β3

e

− β1m2

β3

(
z− β4

β3

)
ΩRn∗D1


e
− zm1( j+1)

Ω̃SRn∗

 β1

β3

(
z− β4

β3

)
k̄

z j̄+NSm1−1dz.

(5.33)

Let us define a new integration variable y = z− β4
β3

. By using
∫

∞

0 xν−1e−
β

x−γxdx =

2
(

β

γ

) ν

2
Kν(2

√
βγ) [74], we can obtain the closed-form expression of POut

U1
as in

following

POut
U1
∼=1− K

(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

j̄+NSm1−1

∑
r=0

2(−1) j U jC jB jUkBk (5.34)

× e
− β4m1( j+1)

β3Ω̃SRn∗

(
β4

β3

) j̄+NSm1−1−r(
β1m2ΩSRn∗

β3( j+1)m1ΩRn∗D1

) r−k̄+1
2
(

β1

β3

)k̄

×Kr−k̄+1

(
2

√
m1m2β1( j+1)
β3ΩSRn∗ΩRn∗D1

)
.

Moreover, the expression of the OP of D2 is given by, respectively,

POut
U2

= Pr
(

γ
(φ)
U1→U2

< γ
(φ)
th1
∪ γ

(φ)
U2

< γ
(φ)
th2

)
(5.35)

= Pr
(

Y2 <
τ1X + τ2

τ3X2− τ4X
,Y2 <

ξ1X +ξ2

ξ3X2−ξ4X

)
= Pr

(
Y2 <

ϑ1X +ϑ2

X2−ϑ3X

)
,
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where ϑ1 = max
(

τ1
τ3
, ξ1

ξ3

)
, ϑ2 = max

(
τ2
τ3
, ξ2

ξ3

)
and ϑ3 = max

(
τ4
τ3
, ξ4

ξ3

)
. γ

(PSR)
th2

= 22Rth
SU −

1 and γ
(T SR)
th2

= 2
2Rth

SU
1−α − 1. Rth

SU is denoted by the target data rates of D2. max(a,b)

defines the maximum of a and b. The expressions of ϑ1, ϑ2 and ϑ3 are given by

Table 5.1, respectively. In Eq. (5.35), if X < ϑ3, X2−ϑ3X is a negative number and

the outage occurs. Whereas, if X > ϑ3, the outage may occur or not. Hence, the term

POut
2 can be derived as

POut
U2

= FX (ϑ3)+
∫ +∞

z=ϑ3

FY2

(
ϑ1X +ϑ2

X2−ϑ3X

)
fX(z)dz. (5.36)

By replacing Eq. (5.30) and Eq. (5.31) into Eq. (5.36), POut
U2

can be expressed as

POut
U2

= 1− K
(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

(−1) j U jC jB jUkBk

∫ +∞

z=ϑ3

e

(
− ϑ1m2

ΩRn∗D1(z−ϑ3)

)

× e
− zm1( j+1)

Ω̃SRn∗

(
ϑ1

z−ϑ3

)k̄

z j̄+NSm1−1dz.

(5.37)

In Eq. (5.37), it is assumed that ϑ2 ≈ 0 for high SNR. Let us define a new integration

variable p= z−ϑ3. By using
∫

∞

0 xν−1e−
β

x−γxdx= 2
(

β

γ

) ν

2
Kν(2

√
βγ) as in Eq. (5.34),

we can obtain the closed-form expression of POut
U2

as in following

POut
U2
∼= 1− K

(NSm1−1)!

(
m1

ΩSRn∗

)NSm1 K−1

∑
j=0

j̄+NSm1−1

∑
r=0

2(−1) j U jC jB jUkBke
−ϑ3m1( j+1)

Ω̃SRn∗

× (ϑ3)
j̄+NSm1−1−r

(
ϑ1m2ΩSRn∗

( j+1)m1ΩRn∗D2

) r−k̄+1
2

ϑ
k̄
1 Kr−k̄+1

(
2

√
m1m2ϑ1( j+1)
ΩSRn∗ΩRn∗D2

)
,

(5.38)

where Ks(·) is the s-order modified Bessel function of the second kind. The derivations

of the approximated expressions in Eq. (5.34) and Eq. (5.38) are available in the

Appendix, respectively. The expressions of β1, β3 and β4 parameters in Eq. (5.34)

and, θ1 and θ3 parameters in Eq. (5.38), are given in Table 5.1 according to both the

PSR or TSR protocol.

5.1.3.2 Energy efficiency

This subsection delves into an exploration of EE under the delay-limited mode. Given

a fixed rate of signal transmission to users, it is possible to ensure EE over the OP. EE
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Table 5.4 : Simulation Parameters.

Parameters Value
Path-loss exponent v 2.7

The antenna noise power σ2 -90 dBm

Distance between S and D1 120 m

Distance between S and D2 90 m

The target data rate of D1 0.5 bits/s/Hz

The target data rate of D2 1 bits/s/Hz

The energy conversion efficiency η 90 m

Nakagami-m fading parameter m1 2

Nakagami-m fading parameter m2 2

ΩSRn,ΩRnD1 and ΩRnD2 1

PC 5 W

for both the PSR and TSR protocol is given by

λEE =
Rtotal

Ptotal
=

δ

((
1−POut

U1

)
Rth

1 +
(

1−POut
U2

)
Rth

2

)
PS +PC

, (5.39)

where PC denotes the power consumed by the system hardware (circuit power) [45].

δ is equal to 1
2 and 1−α

2 for the PSR and TSR protocol, respectively.

5.2 Numerical Results

In the present section, an assessment is conducted pertaining to the efficacy of the

proposed system through the implementation of numerical analysis and comprehensive

simulations. The findings illustrated in the subsequent figures demonstrate a

satisfactory level of correspondence between the numerical outcomes. Furthermore, it

is observed that the selection of relay and antenna leads to the enhancement of outage

performance. According to QoS requirements, |a1| > |a2|. Moreover, this system

sacrifices the performance of D2 with better network conditions to guarantee the QoS

requirements for D1. Hence, the target data rate of D1 should be lower than the target

data rate of D2, i.e. Rth
PU < Rth

SU . The power allocation factors of the two users are set

as a1 = 0.75 and a2 = 0.25, respectively. The simulation parameters are presented in

Table 5.4.
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Figure 5.4 : (a) The outage probability versus PS and TS ratios in different sets of
antenna-relay numbers for both PSR and TSR protocols. PS = 10 dBm, d0 = 30 m.
(b) Optimum PS and TS ratios versus the antenna noise power (σ2). PS = 15 dBm,

d0 = 20 m.

68



Figure 5.4a shows the OP versus PS ratio ρ and TS ratio α with different relay-antenna

numbers, is [K,NS,ND] : [2,2,2] and [3,3,3]. d1 and d2 are set to d1 = 120− d0 and

d2 = 90− d0, respectively. The optimal values of α , which minimizes OP of D1

and D2 for the TSR protocol in the proposed SWIPT-based CR-NOMA network, are

approximately 0.29 and 0.39, respectively. In the TSR protocol, when α increases

from 0 to optimal α , OP in the TSR protocol decreases. However, OP increases

when α increases up to its optimal value. TS ratio, which is lower than the optimal

TS ratio, reduces the time duration of EH. Hence, the amount of harvesting energy

decreases, and OP increases. On the other hand, the TS ratio, which is higher than the

optimal TS ratio, prolongs the time period for EH and reduces the time of information

transmission. The optimal PS ratio ρ , which minimizes OP of D1 and D2 for the PSR

protocol in the CR-NOMA system, is approximately 0.99. When ρ increases from 0

to the optimal PS ratio, OP decreases. However, OP starts increasing when ρ increases

up to the optimal PS ratio. PS ratio in PSR, which are lower than the optimal PS ratio,

decreases the power to be used for EH and increases the OP. The outage performance of

the optimal PS ratio in the PSR protocol is better than the optimum TS ratio in the TSR

protocol. It is seen that different antenna and relay numbers do not lead to different

optimum TS and PS ratios. Also, in Figure 5.4b, when σ2 varies in the proposed

network, it is seen that the optimum α and ρ values determined in Figure 5.4a are

fixed. For fixed results in Figure 5.6-5.10, the optimal PS and TS ratios are utilized in

Figure 5.4.

Figure 5.5a shows the OP versus PS ratio ρ with fixed relay-antenna numbers, which

are [K,NS,ND] : [2,2,2]. Based on [52], simulation parameters are given as σ2 = 0.5W,

η = 1, Rth
1 = Rth

2 = 0.5 bits/s/Hz, ρ = 0.6, a1 = 0.8, a2 = 0.2, ΩSRn = ΩRnD2 = 1, and

ΩRnD2 = d−v
1 . All channels are assumed as Rayleigh fading. The value of the optimum

ρ changes as in Figure 5.5b when PS increases. Thus, ρ = 0.6, which is used in [52],

ρ = 0.7, and ρ = 0.99 based on simulation parameters used for Figure 5.5 cannot

provide the optimum outage performance as in Figure 5.5a. Hence, the optimum ρ

and α should be continuously calculated to provide the minimum OP. On the other

hand, in the proposed network, it is seen that the need for continuously calculating the

optimum ρ and α reduces to achieve the minimum OP as in Figure 5.4b.
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Figure 5.5 : (a) The outage probability versus PS for both PSR protocol. (b) Optimum
PS and TS ratios versus PS. d0 = 1 m, d1 = 1.3 m, and d2 = 1 m.
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Figure 5.6 : The outage probability versus PS for both PSR and TSR protocols.

The OP versus the PS is presented with the fixed relay-antenna numbers, which are

[K,NS,ND] : [3,3,3], in Figure 5.6. The increase of PS decreases the OP for both users.

Also, the outage performance of the PSR protocol outperforms the TSR protocol. In

addition, in this proposed system, PS does not affect vary of optimal PS and TS ratios

for both TSR and PSR protocols.

Figure 5.7 shows the OP versus d0 with the fixed relay-antenna numbers, which are

[K,N,M] : [2,2,2]. It is seen that when d0 increases from 0 m to 60 m and 0 m to 45 m

for D1 and D2, respectively, the OP increases. This is due to the fact when d0 increases,

both the EH at R and the power of the signal broadcasted to D decrease owing to path

loss. Also, the midpoint between S and D is the worst relay location in terms of the

OP. Closer R to S or D significantly improves outage performance. However, especially

when d0 is more than 30 m, the OP of D2 degrades faster than D1. Thus, the relay node

should be close to either the BS or the users to enhance the OP of this proposed system.

As is shown in the figure, the outage performance of the PSR protocol outperforms that

of the TSR protocol for all users. Moreover, in this proposed system, the location of

d0 does not affect the optimal PS and TS ratios for both TSR and PSR protocols.

71



10 20 30 40 50 60 70 80
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

O
u

ta
g

e
 P

ro
b

a
b

ili
ty

Figure 5.7 : The outage probability against relay location on PSR and TSR protocols.
PS = 10 dBm
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Figure 5.8 : The outage probability against η on PSR and TSR protocols.
PS = 10 dBm, d0 = 30 m.

The OP versus the energy conversion efficiency η is presented with the fixed

relay-antenna numbers, which are [K,NS,ND] : [2,2,2], in Figure 5.8. The first

72



0.4 0.5 0.6 0.7 0.8 0.9 1

10
-6

10
-4

10
-2

10
0

O
u

ta
g

e
 P

ro
b

a
b

ili
ty

Figure 5.9 : The outage probability against a1 on PSR and TSR protocols.
PS = 10 dBm, d0 = 30 m.

observation is that the increase of η decreases the OP for all users. Also, the outage

performance of the PSR protocol outperforms the TSR protocol. In addition, in this

proposed system, η does not affect optimal PS and TS ratios for both TSR and PSR

protocols.

The OP versus the power allocation factor of D1 (a1) is presented with the fixed

relay-antenna numbers, which are [K,NS,ND] : [3,3,3], in Figure 5.9. It is seen that

the increase in a1 decreases the OP for D1. Also, the outage performance of the PSR

protocol outperforms the TSR protocol. When a1 < 0.5, the OP is rather high due to

interference by D2. In addition, in this proposed network, a1 does not affect the optimal

PS ratio for PSR protocol. However, in TSR protocol, a1 affects the optimal TS ratio.

Hence, the TSR protocol, which utilizes the optimal TS ratios calculated according to

different a1 values, is better than the TSR protocol with the fixed TS ratio in terms of

OP.

The OP versus different target data rate of D1 (Rth
1 ) is presented with fixed

relay-antenna numbers, are [K,NS,ND] : [3,3,3], in Figure 5.10. It is seen that the

rise of Rth
1 increases the OP for D1. Also, when Rth

1 > 0.85, the OP increases for D2.

The PSR protocol outperforms the TSR protocol in terms of the OP. In addition, in this
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Figure 5.10 : The outage probability against the Rth
PU on PSR and TSR protocols.

PS = 10 dBm, d0 = 30 m.

proposed system, Rth
1 does not affect the optimal PS ratio for PSR protocol. However,

in TSR protocol, Rth
1 influences optimal TS ratio as in a1. Hence, the TSR protocol,

which utilizes the optimal TS ratios calculated according to different Rth
1 values, is

greater than the TSR protocol with the fixed TS ratio in terms of the OP.

The EE versus PS is presented with fixed relay-antenna numbers, are [K,NS,ND] :

[2,2,2], in Figure 5.11. It is seen that the EE of the PSR protocol in this proposed

network outperforms the TSR protocol. When PS is 15 dBm, the EE of the TSR and

PSR protocols are reached its maximum value, as the outage performances of both TSR

and PSR protocols are significantly improved due to the increase in PS. In addition, in

this proposed system, since PS does not affect the optimal PS and TS ratios for both

TSR and PSR protocols, the EE of PSR and TSR protocols according to the optimum

PS and TS ratios calculated continuously according to different PS values is equal to

the EE of PSR and TSR protocols according to the use of fixed PS and TS ratios in

Figure 5.4b.
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Figure 5.11 : The energy efficiency versus PS on PSR and TSR protocols, d0 = 30 m.

5.3 Summary and Discussion

In this chapter, the concept of leveraging SWIPT, CR, and NOMA in a collaborative

framework has been presented, resulting in the creation of a SWIPT-enabled

cooperative CR-NOMA scheme. Two conventional protocols, TSR and PSR, have

been implemented in energy-constrained relays, and a comparative analysis has been

conducted regarding their OP and EE. In this study, the optimal ratios of TS and PS

have been identified in order to obtain the minimum OP within the network. Through

the utilization of optimal TS and PS ratios, it has been determined that the PSR

protocol outperforms the TSR protocol with regard to its outage performance. The

proposed network demonstrates that the optimal PS ratio remains impervious to an

array of system parameters including relay location, target data rate, energy conversion

efficiency, transmitter power, power allocation to users, and the number of antennas.

Alternatively, the optimal TS ratio is influenced by the target data rate and power factor

assigned to individual users through these parameters. The closed-form analytical

representation of the OP for this network has been derived. The theoretical results

are compatible with the simulation results.
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6. CONCLUSIONS

The proposed studies in this thesis have investigated different aspects of three different

CR-NOMA networks with various features and techniques, including user pairing

algorithms, beamforming, mmWave communication, and SWIPT. The results of the

conducted studies in this thesis have displayed promising outcomes, exhibiting the

efficacy of these approaches in enhancing the performance of CR-NOMA networks in

regard to SE or EE.

The first part of the thesis proposes two different user pairing and antenna

selection algorithms for improving QoS-based SIC and the outage performance in

an uplink CR-NOMA system with multiple users and multiple antennas. The outage

performance of this system is aimed to improve by selecting antenna and SU over

proposed different complexity user pairing algorithms for the QoS-based SIC. To

observe the effect of SIC decoding order on the performance of this system, the

QoS-based SIC through these proposed algorithms has been compared with the

CSI-based SIC in terms of the OP. The exact expression of the OP of this network for

Algorithms 1 has been derived in the closed form under the Rayleigh fading channel.

Furthermore, an exhaustive search verified that Algorithm 2 yields the optimal OP

across the network. A closed-form expression of the OP for a single antenna has

been derived and compared to both the existing QoS-based SIC algorithm as well

as novel proposed algorithms. The simulation outcomes were acquired through key

parameters, including the SNR, the number of antennas implemented, and the number

of SUs involved. According to the outcomes of the simulation results, it can be inferred

that the proposed algorithms for QoS-based SIC have led to a noteworthy enhancement

in the outage performance. In addition, it has been observed that the OP in the system

can be mitigated by augmenting the number of SUs and antennas. Furthermore, it has

been established that the deleterious effects of the error floor on the OP of this system

are capable of being significantly mitigated. Augmenting the antenna count manifests

a superior enhancement in the outage performance of Algorithm 2 in comparison to
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Algorithm 1. Conversely, increasing the number of SUs provides a more effective

enhancement in the outage performance of Algorithm 1 compared to Algorithm 2.

By contrast, Algorithm 1 exhibits a lower degree of complexity than Algorithm 2,

particularly in conditions of high SNR.

The second part of the thesis proposes a beamforming-assisted user pairing algorithm

for an uplink mmWave CR-NOMA network with a BS equipped with multiple antenna

elements, a PU, and multiple SUs. The proposed algorithm, named JSUS, maximizes

the coverage probability by prioritizing the QoS-based SIC procedure and performing

the CSI-based SIC procedure only if the QoS-based SIC procedure fails, as well as

satisfying the QoS requirements of both the PU and the SU. The obtained simulation

outcomes have been derived through the variation of critical parameters such as the

transmit power of users, the number of antenna elements, and the number of SUs

deployed in the network. The simulation results demonstrate that the JSUS algorithm

ensures maximum coverage probability, without any loss of generality. As the level of

transmit power increases, the QoS-based SIC technique is more likely to be employed

by the JSUS algorithm. Similar observations are made with an increase in the number

of SUs or antenna elements. The significance of the QoS-based SIC in the JSUS

algorithm is greatly amplified with an escalation in the transmit power, the number

of antenna elements, and the number of SUs. The JSUS algorithm can exhibit

lower complexity than the optimal Hybrid-based SIC method, particularly when the

QoS-based SIC strategy is frequently employed by the JSUS algorithm. Future

work provides an analytical model for the proposed JSUS algorithm and performance

evaluation for scenarios consisting of multiple PUs and multiple SUs.

The third part of the thesis considers the SWIPT-enabled cooperative CR-NOMA with

multiple relays and multiple antennas. Two conventional TSR and PSR protocols are

investigated for both EH and message transmission in the energy-limited relays. The

findings of the simulation indicate that the PSR protocol exhibits superior performance

compared to the TSR protocol with respect to the OP by effectively utilizing the

optimum PS and TS ratios. The optimum PS ratio generally remains constant as

the distance between the nodes is increased and is not affected by various system

parameters, such as relay location, the target data rate of the PU, energy conversion

efficiency, transmitter power, power factor allocated to users, and the number of
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antennas. The optimum TS ratio is only affected by the target data rate of the PU and

the power factor allocated to users among these parameters. The target data rate of the

PU and the power factor allocated to the PU are critical for this CR-NOMA network

due to the need to guarantee the QoS requirements of the PU. Hence, the PSR protocol

outperforms the TSR protocol in this CR-NOMA network in terms of not affecting SE

negatively. In the proposed network, minimum OP and maximum EE are obtained by

utilizing the optimum PS ratio despite the impact of these various parameters.

Overall, the thesis demonstrates the importance of optimizing different aspects

of CR-NOMA networks, including user pairing algorithms, SIC protocols, and

SWIPT-enabled cooperative systems, in order to improve their performance in terms

of OP, coverage probability, and EE. Additionally, the presented thesis expounds upon

optimal approaches for achieving improved outcomes through the optimization of

several system parameters. The present study’s outcomes indicate that the optimization

of network architecture features can improve performance in CR-NOMA networks.
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