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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 AGLARINDA QoS TABANLI KAYNAK
YONETIMI ve OPTIMIZASYONU

OZET

Spektral verimliligin (SE) ve enerji verimliliginin (EE) iyilestirilmesi, mobil iletisim
aglarinin gelistirilmesi i¢in ¢ok onemlidir. Ortogonal olmayan ¢oklu erisim (NOMA)
teknigi, kablosuz iletisim sistemlerinin SE ve EE’sini gelistirmek i¢in etkili bir yontem
olarak sunulmustur. Ayrica, biligsel radyo (CR), NOMA’ya ek olarak bu sistemlerde
SE ve EE’yi gelistirmek i¢in onemlidir. NOMA ve CR arasindaki isbirli8i, paylasilan
bir frekans bandinin cok sayida kullanici tarafindan kullanilmasini kolaylagtirarak
spektrum kitlig1 sorununu ¢6zme kapasitesine sahiptir. NOMA ve CR arasindaki
isbirligi, kablosuz iletisim cihazlarindaki gii¢ tiikketimini azaltarak EE’yi optimize
edebilir. Ayrica, eszamanli kablosuz bilgi ve giic aktarimi (SWIPT) teknigini CR
tabanli NOMA (CR-NOMA) semasiyla entegre etmek, kablosuz iletisim aglarinda
stirli spektrum kaynaklar1 ve enerji kithig1 sorununu etkin bir sekilde ¢ozmek
icin gegerli bir ¢oziim sunabilirr. CR-NOMA, ortogonal olmayan kaynak ayirma
tekniklerini kullanarak birden cok kullanicinin tipik bir frekans bandina erigsmesini
saglar. SWIPT ile enerji sinirli cihazlar, bilgilerin kodunu ¢ézerken alinan sinyallerden
enerji toplayabilir. Tez caligmasi, bu CR-NOMA kombinasyonunun performansini
tic farkli senaryoda incelemektedir. Tez calismasinin birinci ve ikinci boliimlerinde
CR-NOMA tabanli SWIPT’siz iki farkli ag ele alinmistir. Bu aglardan ilki, 6zellikle
6 GHz alt1 frekanslar i¢in ¢cok antenli bir CR-NOMA sistemini ele alir. Bu aglardan
ikincisi, 0zellikle Milimetre dalga (mmWave) frekans bantlar1 i¢in hiizme olusturma
destekli ¢ok antenli CR-NOMA sistemini temsil eder. Daha sonra tez caligsmasinin ii¢
boliimiinde SWIPT ile CR-NOMA tabanli bir ag ele alinmagtir.

CR-NOMA’nin uygulanmasiyla ilgili énemli bir zorluk, CR-NOMA cerc¢evesinin
SE’sini gelistirmenin yani sira paralel caligan tiim kullanicilar i¢in Hizmet Kalitesi
(QoS) gereksinimlerini garanti etmeye yonelik zorunlu ihtiyagla ilgilidir. Tk kisimda,
kullanicilar arasinda parazitlerin varligi iletisim aglarinin genel performansinda
diisiise neden olabileceginden, bu zorluk, birden ¢ok kullanicinin bir frekans bandini
paylastigt CR-NOMA senaryolarinda olaganiistii bir énem tasimaktadir. Ardisik
Girisim Iptali’nin (SIC) alinan sinyalin kodunu ¢ézmedeki etkinligi, ayn:1 frekans
kaynak blogunda hem birincil Kullanicilara (PUs) hem de ikincil Kullanicilara (SUs)
hitap eden CR-NOMA aglarimin Kesinti Olasiligin1 (OP) azaltmada kritik oneme
sahiptir. Bu boliim, yukar1 baglanti iletisimi i¢in tasarlanmis, birden cok anten
ve birden c¢ok kullanici iceren bir CR-NOMA sistemini tartismaktadir. Mevcut
sistem, kullanicilarin QoS gereksinimlerini degerlendirir ve SIC’nin kesinti olusumu
tizerindeki etkisini inceler. Bu boliimiin temel 6nemlerinden biri, CR teknolojisi ve
birden fazla anten kullanan NOMA aglarinda QoS tabanli SIC ile iligkili engellerin
ele alinmasinda yatmaktadir. Bu nedenle tez, yeni kullanici eslestirme stratejileri
uygulayarak CR-NOMA aglarindaki PU’lar ve SU’lar i¢in QoS gereksinimlerini
karsilamay1 ve tlim agin kesinti performansini artirmay1 amaglamaktadir. Bu caligma,
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sistem i¢inde hem PU’larin hem de SU’larin verimli bir sekilde tahsis edilmesini
saglamak amaciyla iki yeni anten ve SU secim algoritmasi ortaya koymaktadir.
Birincil amag, hem PU’larin hem de SU’larin QoS gereksinimlerini karsilarken kesinti
performansini artirmak ve hata tabaninin etkisini azaltmaktir. Mevcut calisma, ¢ok
antenli CR-NOMA sisteminin, QoS tabanli SIC algoritmalariyla birlikte, geleneksel
kanal durum bilgisi (CSI) tabanli SIC teknigine kiyasla iistiin performans sagladigini
gostermektedir. Sistem performansindaki bu kayda deger gelisme, QoS tabanh SIC
algoritmalar tarafindan kolaylagtirilan kullanicilarin etkin etkilesim yOnetimine ve
eslestirilmesine atfedilir. Tez, Onerilen optimum alt1 anten ve SU se¢im algoritmasi
icin tiiretilen OP’nin kapali bir bigimde temsil edilen matematiksel bir ifadesini sunar.
Ayrica tez, Onerilen algoritmalar kullanilmadan tek antenle donatilmig bu sistemin
OP’sinin matematiksel ifadesini sunmaktadir. Teorik analizler, kapsamli simiilasyon
sonu¢lartyla dogrulanir. Tezin sonuglari ve ¢ikarimlari, 6zellikle ¢cok antenli senaryolar
dikkate alindiginda, QoS tabanli SIC algoritmalarinin ve CR-NOMA aglarinin
kullanici eslestirme stratejilerinin tasarimi ve gelistirilmesinde sonraki arastirmalar ve
ilerlemeler i¢in saglam bir temel saglayabilir.

Bu tezin birinci boliimiin avantajlari, Ozellikle 6 GHz alti frekanslar1 kullanan
CR-NOMA aglarinda SE’yi gelistirmek i¢in uygundur. Bu nedenle, mmWave
iletisiminde oldugu gibi yiiksek frekanslar kullanan CR-NOMA aglarinda SE’yi
gelistirmek icin farkli algoritmalara ve sistem tasarimlarina ihtiya¢ vardir. Ikinci
bolimde, tez, spektrum kithigr sorununun {istesinden gelmek ve SE ve EE’yi
gelistirmek i¢in 5G ve otesi mobil aglar i¢cin gelecek vaat eden iki teknolojinin,
yani CR-NOMA ve mmWave kablosuz iletisimin bir arada varligim sunuyor.
Bununla birlikte, CR-NOMA aglarinda mmWave bantlarinin kullanilmasi da zorluklar
dogurabilir. En kritik zorluklardan biri, mmWave sinyallerinin yiiksek frekansi
nedeniyle blokajlara ve yol kaybina karsi artan hassasiyettir, bu da kararsiz kanal
kosullarina ve daha diisiik genel ag performansina neden olur. Ayrica, CR-NOMA
aglarinda huzme olusturma, PU’lar ve SU’lar arasinda artan parazite yol acarak her
iki kullanict grubu i¢in QoS’yi diisiirebilir. Verimli ve giivenilir iletisim saglamak
icin mmWave tabanli CR-NOMA aglarinda yeni kullanici esleme algoritmalarina ve
uygun hiizme olusturma tasarimlarina ihtiya¢ vardir. Bu nedenle tez, ¢ok antenli
hiizmeleme destekli baz istasyonuna sahip bir yer-uydu hattt mmWave CR-NOMA
ag1 icin bir CR-NOMA kullanic1 eslestirme algoritmasi Onermektedir. Bu agda,
PU’nun QoS gereksinimlerini karsilamak i¢in uygun bir hiizmeleme tasarimi kullanilir.
Ayrica, bu algoritma, hem PU hem de SU’nun QoS gereksinimlerinin QoS tabanl
SIC aracilifiyla karsilanmasini saglamak icin bir SU’yu stratejik olarak secerek
kapsama olasiligini en iist diizeye ¢ikarmak birincil amaci ile gelistirilmistir. Aksi
takdirde, CSI tabanli SIC, en yiiksek kanal kazancina sahip olan SU iizerinden
gerceklestirilir. Monte Carlo simiilasyon deneylerinin bulgulari, 6nerilen algoritmanin,
ozellikle yiiksek sinyal-giiriiltii oran1 (SNR) baglamlarinda, azaltilmig karmagiklikta
optimal bir kapsama olasilig1 sundugunu gostermektedir.

Bu tezin iiclincii bolimiinde, kablosuz iletisim aglarinin hem SE hem de EE’sini
gelistirmek amaciyla SWIPT ve CR-NOMA’y1 entegre eden hibrit bir yaklasim
sunulmaktadir. Bununla birlikte, SWIPT nin CR-NOMA ile entegrasyonu, dikkate
deger baz1 zorluklar sunmaktadir. Enerji toplama ve bilgi ¢6zme arasindaki ddiinlesimi
etkili bir sekilde dengeleyen enerji toplama protokolleri tasarlamak, kritik bir
zorlugu temsil eder. Bilgi isleme ve iletim i¢in aktarma diiglimlerinde toplanan
enerjiyi kullanmanin karmasikligi, EE’yi korurken QoS gereksinimlerini garanti eden
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optimum gii¢ tahsisi stratejileri tasarlamada zorluk tegkil eder. Tezin bu boliimiinde,
Nakagami-m soniimleme altinda birden ¢ok sinirli enerjili réle diigiimiine sahip bir
asag1 baglantili SWIPT etkinlestirilmis CR-NOMA agi1 ele alinmigtir. Bu tez, aktarma
diiglimiinde enerji toplama ve bilgi isleme i¢in zaman degistirme tabanli aktarma
(TSR) protokolii ve giic bolme tabanli aktarma (PSR) protokoliinii olan iki temel
enerji toplama protokoliinii incelemektedir. Birincil amag¢, OP’yi en aza indirirken,
aynit anda sistemin EE’sini en iist diizeye ¢ikarmaktir. Bu tez, veri hizi hedefi,
digtimler arasindaki mesafe, kullanicilara tahsis edilen gii¢ katsayis1 ve iletim giicii
dahil olmak iizere ¢esitli tasarim parametrelerinin optimum PS ve TS orani iizerindeki
etkisinin analizini saglar. PS oraninin, TS oram ile karsilastirildiginda daha kararh
ve kisith bir degisim gosterdigi gdozlemlenmistir. Ek olarak tez, optimum PS oraninin
kullanilmasinin, onerilen ag icinde kesinti performansi ve EE ile ilgili olarak optimum
TS oranindan daha iyi performans gosterdigini gostermektedir. Bu tez, Onerilen
sistemin OP ve EE i¢in kapali bi¢imli ifadelerini sunar.

Tez 6 bolimden olugmaktadir. Boliim 1°de, QoS tabanli SIC ile CR-NOMA,
mmWave CR-NOMA aglarinda kullanici eglestirme ve huzme olusturma tasarimi ve
cok antenli CR-NOMA c¢ift atlamal1 aktarma aglar1 hakkinda kapsamli bir literatiir
aragtirmasi sunar. Ardindan, tezin motivasyonunu ve katkilarini verir. Boliim 2’°de,
kooperatif aktarma, ¢ok antenli aglar ve CR-NOMA iletisimi gibi tezde kullanilan
cesitli kablosuz iletisim teknolojileri tanitilmaktadir. Boliim 3’te CR-NOMA sistem
modeli sunulmakta ve bu sistem CSI tabanli SIC iizerinden kisaca incelenmektedir.
Daha sonra ayn1 sistem modeli QoS tabanli SIC iizerinden detayl1 olarak incelenmisg
ve bu sistemdeki QoS tabanli SIC’nin kesinti performansinm artirmak icin iki kullanici
ve anten secim algoritmasi Onerilmistir. Ardindan bu CR-NOMA sisteminin bu
algoritmalar ile sayisal ve simiilasyon sonuglar tartistlmistir. Boliim 4’te, her iki
SIC prosediiriinii kullanan CSI tabanli SIC, QoS tabanli SIC ve JSUS algoritmasini
iceren bir yukar1 baglantt mmWave CR-NOMA sistem modeli sunulmaktadir. Monte
Carlo simiilasyon deneyleri ve sonuglar1 bu sistem modeli iizerinden verilmektedir.
Boliim 5°te, SWIPT 6zellikli CR-NOMA ag1 6nerilmis ve Onerilen ag sirastyla PSR ve
TSR kullanilarak incelenmigtir. Daha sonra Onerilen sistem i¢in OP ve EE ifadesi
elde edilir. sayisal ve simiilasyon sonuglar1 onerilen bu CR-NOMA ag1 iizerinden
verilmistir. Boliim 6’°da, bu tezde elde edilen sonuglar hakkinda genel bir sonug boliimii
icermektedir.

Sonu¢ olarak, kablosuz haberlesen cihazlarin ¢ogalmasi ve veri trafii, smrh
kullanilabilir spektrum nedeniyle énemli bir zorluk tegkil etmektedir. Bu zorlugun
istesinden gelmek i¢cin, NOMA ve CR tekniklerinin uygulanmasi, frekans bantlarinin
birden fazla kullanici tarafindan aymi anda kullanilmasini saglarken, spektrumun
en 1yl sekilde kullanilmasini saglayan uygun bir ¢6ziim sunabilir. Tez calismasi,
CR-NOMA aglarinda yiiksek bir SE ve EE elde etmek icin cesitli senaryolarda
CR-NOMA aglarindaki zorluklar1 ve olasi ¢oziimleri tartigmaktadir. Bu sekilde
tez calismast CR-NOMA aglarmin performansinin ii¢ farkli senaryo {iizerinden
anlasilmasina katki saglamaktadir. Tezde sunulan algoritmalar ve sistem tasarimlari,
CR-NOMA aglarinin performansinin anlasilmasina onemli bir katki saglamakta ve
SWIPT, mmWave bantlar1 ve hiizmeleme gibi farkli iletisim teknolojilerini bir araya
getirirken karsilagilan engellerin ele alinmasi i¢in uygun stratejiler sunmaktadir. Bu
calismanin bulgulari, onerilen algoritmalarin ve sistem tasarimlarinin, kullanicilarin
QoS gereksinimlerinin kargilanmasini saglarken, CR-NOMA aglarinin SE ve EE’sini
etkili bir sekilde gelistirme potansiyeline sahip oldugunu gostermektedir.
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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.



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



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



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



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



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 [oT devices and relay-based communication systems by increasing the

battery lifetime [45].



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 [oT NOMA network that
utilizes SWIPT, and employs an unmanned aerial vehicle (UAV) as the relay node to
implement the TSR protocol is presented in [S1]. 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



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



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., Hokelek I., Gorcin A. (2023). User Pairing and
Beamforming Design in mmWave CR-NOMA Networks. IEEE International Balkan

Conference on Communications and Networking



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
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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 [oT 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/c? is denoted as signal-to-noise ratio
(SNR). For the TSR protocol, & is the time switching factor in the range 0 < o < 1.
For PSR protocol, p is the PS ratio in the range 0 < p < 1. The power allocation factors
of the two users are set as a; = 0.75 and a, = 0.25, respectively. Also, the targeted
data rates of the two users are Ry = 0.5 bps/Hz and R, = 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 o and p 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 P/ 02 = 30dB, the optimal values
of o, 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
« increases from 0 to optimal ¢, the OP in the TSR protocol decreases. However, the
OP begins to increase when o increases from its optimal value. When o is smaller
than the optimal o, the time of EH reduces. Hence, the amount of harvesting energy
degrees and the OP increases. On the other hand, when « is higher than the optimal

a, the time of EH prolongs and the time of information transmission reduces. In
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Figure 2.1 : The outage probability versus & and p (P;/62 = 30dB).

P;/c? = 30dB, the optimal values of p, 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 p increases from O to optimal p, the OPs of
each of the users decrease. However, these OPs begin to increase when p increases
from its optimal value. When p is smaller than the optimal p, the power to be used
for EH decreases and the OP increases. On the other hand, when p is higher than
the optimal p, 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 p and & 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.
Rf)h = 0.2 bits per channel use (BPCU), R’* = 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 (R") 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 RY" values. When N are 4 and 10, the outage performance
of the CSI-based SIC is better than the QoS-based SIC for different R/ 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 R values.
The performance of QoS-based SIC is critical for CR-NOMA networks in terms of
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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
CSlI-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 Dg, and the others are SUs, stated as D,, where m=1,...,M.
The target data rates of all SUs and the PU are Rg’b and Rﬁf’U, 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 loT 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., R;flU < RIS}{] 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 h’é and hl,;, respectively. In addition, all channels between
users and antennas are assumed as Rayleigh fading. The expected values of the h’(§ and
the /¥ at kth antenna are denoted by E “h’é ﬂ =Qpand E [|h§1 ‘ 2} = Q,,, respectively,
where [ [.] 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 Dy and D,,

is given by

ys =v/Pshbxpy +\/Pshk xsu 4+ ws, (3.1)
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where xpy and xgy are the information signals of Dy and D,,, 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 wg ~ CN (0,0?) is the additive white Gaussian
noise (AWGN) at the BS with mean zero and variance 62. 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
CSlI-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 D,, is considered strong and Dy weak in terms of channel
conditions, firstly, D,, can be decoded at kth antenna of the BS by CSI-based SIC under
the effect of interference by Dy based on the following metric:

log (1 + %) > RE. (3.2)

1+ 7/hg|

After that, Dy is decoded if D,, is decoded successfully after process in Eq. (4.8). By
applying CSI-based SIC process on kth antenna, achievable data rates of Dy and D,,

are given by, respectively,

2
RSST —log (1+7‘h’5‘ ) (3.3)
e
REST =1log (1 +ﬂ—m|2> : (3.4)
1+ 7|

where ¥ = % 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, Dy is decoded due to

the QoS requirements under the effect of interference from D,, based on the following

)
log <1+&|2) >R (3.5)
1+ 7|k

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

metric:

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

given by, respectively,

Lk
RO _tog (14—} (3.6)
14 7|k
2
R2S —log (1+37‘h’,§1‘ ) . 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 Dy. After the
SIC process successes, the signal of D,, is decoded. The OP of this network with the
QoS-based SIC can be given by

pooS — pr (Rgos < R;?U) +Pr (R(?OS > R, RS < Rg’}]) , (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, Oy, ., 0.4, . R, RE,
output: outage
1 Initilize Sum <— 0, outage=false
2 k* + argmax(|hf[?)
k=1,...K
3 form<«+1toMdo
4 | ifRK >R then
5 ZLIm] « |hE|?
6 Sum < Sum+1
7 end
s end
9 if Sum > 0 then

10 | m* <« argmin(Z|.Z[m] > 0)
m
11 R2°S =log, <1 + —11;](;5;2)
12 | if RS < RY:, then
13 outage=true;
14 end
15 else
16 for k< 1to K do
17 for m < 1to M do
18 if R, > R and k! = k* then
19 G [m, k| < |k |?
20 Sum < Sum—+1
21 end
22 end
23 end
24 if Sum > 0O then
25 m™*, kT + argmin(argmin(¥|¥4[m,k] > 0))
m k/k*
Skt 2
26 R2°S =log, (1 + %}w)
27 if R%S < R, 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 Rg}b 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(|hf[?), (3.9)
k=1,...K

m* =argmin(|h¥ |?). (3.10)

k* th
Ry, ERSU
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Hence, the achievable data rate of Dy is calculated according to the k*th antenna and
m*th SU as in Line 11. The achievable data rate of Dy can be expressed as
7ihg |° )

QoS,1 _
RO = logz <1 + W
m*

(3.11)

If Rgos’l satisfies the least data rate requirement for Dy, 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't = argmin (kX |?). (3.12)

Ry* >R,

After that, in Line 26, the achievable data rate of Dy is calculated according to mTth
SU and k" th antenna for the process of SIC. Hence, the achievable data rate of Dy is

given by

-hkJr 2
Tiho | ) (3.13)

Rgos,z = log, <1 + W
If Rgos,z is bigger than R;flU under the interference by Dy, 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
Jy=Pr (max(max(R,’;)) < R%) = Fy (MK, (3.14)

where RX, = log,(1+ 7|k |?) and Y = 9|kt |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) = Qime_ﬁ while the CDF of Y
is given by Fy(y) =1 — ¢ Gn. It is assumed that Qo = 799 and Q,, = ¥Q,,. The

d

threshold SNRs of the PU and each of the SUs are y; = 2R — 1 and Yo = 2Rey — 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
J, =Pt (max <1og2(1 + |2)> < Rg’@) = Fy ()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
M g M—g
Pr(G=g)= ¢ Fy (%)* (1 - Fr (%)) (3.16)

ety

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 [y;, o)
_ 0=

and the expression of the PDF for each of these M — g SUs is fj (y) = QLe Qm , where

y € [¥s,°0). Hence, to obtain the expression of the PDF of the SU with the minimum
achievable data rate among these M — g SUs, namely fy. (), firstly Pr(Y; >y|G=¢g)

is calculated as follows

g y M=g
P >y|G=¢) = (1— ff/()’)d)’> (3.17)
%
(=)
= (4 Qm .

Then, Pr(Y; > y) is calculated as
Pr(Y; >y) =Y Pr(¥; >y|G=¢g)Pr(G=g) (3.18)

g=0

_k oy \M _B\M
Fr0) =1 (1-¢ e dn) 4 (1-can)". (3.19)
Finally, fy. (y) is obtained by

M We —
fr0) = g€ B (1B 4o 7B (3.20)
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Over the selected k*th antenna and m*th SU, if Rg”s’l is lower than R%’U, the outage

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

Ih %

HEE () ety

ma 0 b=

B 7lhg |2 [ Ky
J3 =Pr TR <w|=/ FE+yn"fy()dy

Y&
(X '{il) oy
L on(e) e

P 4 brl)’
<QO+Qm)

where X = 7|h§|*. The PDF and CDF of X are equal to fx(x) = QLOeifTO and Fx(x) =

(3.21)

l1—e “a , 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 =) :(KM> (1-¢ 321>v(e§fn>KMv. (3.22)

v
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 [y;, o)
and the expression of the PDF for each of these KM — v channels is equal to fj(y).
To obtain the expression of the PDF of the channel providing the minimum achievable

data rate among KM — v channels, namely f, (y), Pr(Y> >y |V =v) is calculated as

follows
y 7@ KM—v
Pr(Y>y|V=v)=|e . (3.23)
Hence, Pr(Y; > y) is calculated as
. KM-1
Pr(>y)= ) Pr(Y,>y|V=v)Pr(V=y) (3.24)
v=0

s y \ KM s \ KM
(1—6’ Om + e 9m> (1—6 9m> .
The Fy, (y) can be given by
¥ > KM s \ KM
Fy(y)=1— <l—e e szm) +<1—e sz) . (3.25)
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Finally, the fy, (y) is obtained by

KM _ > _ % _ v \KkM-1
Iy ()’) = =€ ny" (1 —e Om+e Qm) . (3.26)
2 Qm

Over the selected kth antenna and m™th SU, if Rgos’z is lower than R%‘U, the outage

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

o[ _THEP _ [Tk d 3.27
J4_ T W<YO —/% X(/}/O—i_y’y())ffz(y) y ( . )
1 KM—1 _ —y (Mo dt+l
:IS_MZ Y (=1 (KM 1>e n(B+a)
'Q‘m c=0 d=0 d

Cp\KM-1-d . 0%
X <1 —e Qm) ﬁ
0 +
(&+4')
Finally, the theoretical expression of the OP for this network with Algorithm 1 is

written as follows

PO%S — i + (1 —=J1) [(1 = Jp) J3 +Jods]. (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

() (R E r()

m a=0 h=0
_ o \M—1-b B0 (N bl s \ M
(MO (1) e "% vgg+g:,,1)+(1_egm>
b (2’—0_1_@)
G Q.
KM & KM1 KM —1\ —y (L ydst % \ KM—1—-d
X”_Z (_1)C< )6 (90+ ’")<1—e Qm)
Qi (20 =0 d
e—YoQLO

(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

X X
pY9S _p P Y 3.30
A r<1+Yl<?’0)+ r(1+Y>7’0,1<7’s>, (3.30)

K KZ

where X = ¥|ho|? and Y;, = ¥|hu|*. Also, the PDFs of the unordered variable X and Y
are fx(x) = ~— 4 Sy, () = —e G , respectively. It is assumed that |1 |*> < |h,|? <
|hy|? in this part. In what follows, K; and K, are addressed to write the closed-form

expression of P%’S given in Eq. (3.30). Firstly, the expression of Kj can be given as

K = /O " Fx (0 +209) fi ()dy. (331)

To calculate the expression of Ki, Fx (% + %0y) and fy, (y) need to be evaluated first.
O+Dn

Firstly, Fx (Y + Yoy) is equal to 1 —e % . With the aid of [63], the PDF of the

ordered variable Y} can be calculated from the CDF of the ordered variable Y;, Fy, (y)

M—1 1 M—1 v s+1
F,(y) MZ(1+>S( ) )(1—e 91) , (3.32)

where Q| = ¥Q1. Using Eq. (3.32), the PDF of the ordered variable Y; can be written

is given by

as
MM (M1 - -2\
()= o & (—1) ( S )e l(1—e 1) . (3.33)

Hence, K| can be rewritten as

— N e TN
Ki=l—e [ i ()dy
0

Mo GO ()

N

Q = = (D) | 0
1 s=0 p=0 3, Q0

(3.34)

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

is calculated as

¥
K==k | [" 1 )] 339
MH(=1) (M -1 BN
=(1-Ky) |M l—e © .
o B () ()
Finally, the closed form expression of Pg”s is obtained by writing K; and K3 in

Eq. (3.30).
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Algorithm 2: The Optimal Joint Antenna and User Selection Algorithm

input : K, M,04, .0 . 0q . RE, RE
output: outage

1 Initilize iter < 0, outage=false

2 fork+1to K do

3 Sum <+ 0

4 for m < 1 to M do

5 if RX, > R then

6 Lm| + \h’,‘n|2

7 Sum <+ Sum—+ 1

8 else

9 ZL[m] <+ 0

10 Sum < Sum—+0

11 end

12 end

13 if Sum > 0 then

14 m* < argmin(.Z|.Z[m] > 0)
15 G k] < m*

6 || AW R (P
17 iter < iter+1

18 end
19 end

20 if iter > 0 then

21 | k* < argmax (%)
k
2 | mt 9k

S k5|2
23 RS < log, (1 + M)

1+7|hﬁ:+‘2
u | ifR%S <R 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 |AS|?/ <|h’,‘n*|2 + 71/) is
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k=1,

iter =0,

outage = false

[
<>No

Sum =0,
m=1
k* + argmax(H)
NO m <=M k
QoS kg |?
RS « log, (1+ 1“/\’15}\2)
Llm] + |hy,|* Llm] 0
Sum + Sum +1 Sum  Sum +0

outage = true

outage = false

m*  argmin(L|C[m] > 0)

Glk] 0

HK 0 )
k|2 k 12

iter « iter +0 HIK]  [BE] /(\hm»\ +§)

iter < iter +1
k=k+1

Figure 3.3 : Schematic representation of the Algorithm 2

Glk] + m*

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 Dy is given
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by
ey
0083 Vihg |
RS3 — log, (1 + —) (3.36)
0 1+7| hﬁﬁ 2
If Rgom is greater than RﬁflU, 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 &/(K +3M).
Then, the complexity of Lines 9-15 is &(M). The complexity of Lines 16-23 is
O(3BMK —2M). After that, the complexity of Lines 24-32 is &(MK — M). Thus,
the total computational cost in the best case is &(K +4M). On the other hand, the
total computational cost in the worst case is &' (4MK + K). Secondly, for Algorithm 2,
the complexity of Lines 2-19 is &(4MK + 5K). Then, the complexity of Lines 20-29
is O(K). Thus, the total computational cost in the worst case is &(4MK + 6K). On
the other hand, the total computational cost in the best case is & (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 h¥, which is between
the PU and kth antenna, and the secondary pilot symbol assisted channel estimate fz’,jl
which is between the mth SU and kth antenna, differ from real channels h’é and h§1
by an independent complex Gaussian error Ah’é and AKX | respectively, which are with

zero-mean and variance 6. Hence, lAllé and fl’,‘n are equal to h’(‘) + Ah’(‘) and ht + ARk
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respectively [65]. Assuming Qg = Q,, = 1, estimated channels denoted as fz’é and fz’,;
exhibit i.i.d. behavior, and these channels are complex Gaussian distributions variables
defined by a zero mean and a variance denoted by of 14 2. The real channel gains h’é

and h’,; can be written in terms of fzg and fzﬁl, respectively [66],

B = ThE + ¥ (3.37)

hy, = Thiy, + i,

where ' = Tlog- Note that 71’5 and /X exhibit the property of being i.i.d.. They are
complex Gaussian distributed random variables characterized by a zero mean and a
2
. ~2 . Gg
variance denoted by 6° = ; Tol

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. R%’U
= 0.2 bits per channel use (BPCU), RY:, =1 BPCU, Qy =Q,, =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 Pgos 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. R, =
0.2 bits per channel use (BPCU), R’S”U =1BPCU,Q)=Q,, =K =1.
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Figure 3.6 : The outage probability against SNR for the varying number of antennas.
R, =0.2BPCU, R =1BPCU, Qy=Q, =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. R, = 0.2 BPCU, R}, = 1 BPCU, Qp = Q,, = 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.
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Figure 3.8 : The outage probability against SNR for the varying number of SUs. R%’U
=0.2 BPCU, R}, =1 BPCU, Qy =Q,, = 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 6 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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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 Qg for the CR-NOMA system is investigated, where [M] : [5]
and [K] : [3,5]. As Q 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 € 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 € 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 € for varying number of antennas. R;ﬁlU
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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

41



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 ppos(d) = exp(—d/{) 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, { 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 K7 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,..,K}), can be represented as follows:

by = /703D \/MZL: _axia (0) : 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 og,5 and Og,s, respectively. The variable dj denotes the distance
separating the SU; and the BS. The random variables a;o and q;; follow a
Nakagami-m distribution. The spatial angle of departures (AoDs) for the LoS path
and the /-th NLoS path of the SU; are denoted as @y and a)li, respectively. The

representation of the channel vector from the BS to the PU in mmWave can be
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expressed as follows:
L bla ((J)l )

a(w,
o= v RO | g Rl
/1+ dﬁLos /1+ dﬁNLos

where the variables B;,s and PByr,s represent the path loss exponents pertaining to

4.2)

line-of-sight (LoS) and non-line-of-sight (NLoS) paths, correspondingly. The variable
d,, represents the spatial separation between the PU and the BS. The elements denoted
by bg and b; 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 w),
and wf,, 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(@) = — [1,e7™, e Im0 gl (43)

1
VM
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 SU; can be simplified considering the LoS assumption, as

stated below:

axoa (o
by = /37 402 (@) (4.4)
/1+d]ixLOS
where |ak70|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

boa
VRLLICON (4.5)
1+ dBLoS
where the variable |bg|? 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 SU;. Note that the BS is further from the PU

than any SU. The BS steers the beam towards the spatial AoD of @, corresponding
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to the LoS link of the PU using the analog precoding vector denoted by W (w),) as
follows:

W(,) = \/LM (1,677 .. e~ /@ ...,e—f”(M—Uwv]T. (4.6)
In the context of the uplink CR-NOMA network, the transmission of signals by the PU
and the SU can be denoted as xp and xg, respectively. The signal received at the BS

can be mathematically represented by the following equation:

ys =v/ PsW (@) gxp+ / PsW (@) hyxs +n, “4.7)

where on average, xp and xg 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 62, denoted by n ~ CN (O, 62). 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
SUy is decoded firstly by applying the CSI-based SIC procedure under the interference
of the PU as follows

_ 2
log <1+ ﬂlka(wpﬂ)}z) >R 4.8)

where ¥ = % is the average signal-to-noise ratio (SNR), and RIS};]Jc represents the
minimum data rate requirement of the SU;. After that, the signal intended for the PU
is decoded only if the signal intended for SUy is decoded successfully as in Eq. (4.8).
By applying the CSI-based SIC process, the achievable data rates of the PU and the

SUy can be calculated, respectively, as follows

RGH =log (1+7|gW (@,)[*)., 4.9)
_ 2

RSS!, =log <1+ 7| W () 2). (4.10)
1+7|gW (w))|

46



The coverage probability of the CSI-based SIC can be expressed as PSS! =

Pr (RCSI . >R 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 (R%,) 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

. 2
log <1+ y'_gw(w”” )|2) > Ry (4.11)

The signal intended for the SU; 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 SUy

are calculated, respectively, as follows:

_ 2

RS =log [ 1+ 7|gW (@) - | (4.12)
1+ 7[hW (0,)]

RESS =log (14 7[neW (@) ). (4.13)

Finally, the coverage probability of the QoS-based SIC can be given by
p2oS — pr (RQ” > Ry RS > R 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

47



Algorithm 3: The JSUS Algorithm

Inputs : £[1..K;], g h= (hy..hg,), W(w,), ¥, RE , R,
Output: ourage

outage = false;

Calculate Rggfk
for k + 1 to K; do
Lkl +0
s | ifRE), >R, then
| L[k~ RS
end
8 end

I* + argmax (%)
k

10 if Z[I*] == 0 then

1 \ outage = true;

12 else

13 | k"< argmin(Z|ZL[k] > 0)
k

QoS 7/gW(w,)[*
RS —log( 14+ ME\ERIL
14 PUJ* — 108 ( + 1+7]be W (0, )

s0 pQoOS h
15 if RPI(},k* < R%}, then

[5=Y

[ ]

s W

=)

2

-]

sl 7|b W (@) |
o || <o (1 el
17 if RS, < R{ 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 R’S’}/ 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 [* (line 9). Subsequently, the achievable
data rate of the aforementioned /*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
005 = 2.7 and Br,s = 3, correspondingly. The parameter § 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 o2 and is equal to -80 dBW. The present study establishes minimum
requirements for data rate, expressed as RZ’U =1BPCU and Rg’b =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 3x10°> 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 Pg 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.
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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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in the JSUS algorithm significantly increases compared to the CSI-based SIC when K

increases.
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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.! 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.

I'This 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 D
and D;, respectively, in this system. The energy limitation imposed on intermediate
relay nodes, indexed by R, withn =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 Ng transmit antennas, as well as two users employing Np 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 D; has priority over that of D, due to the
QoS requirements [28]. The expected values for the channels linking S to R,, R,
to D1, and R to D, are denoted by E |:|hSkRn 2} =Qgg,, E UhRnDl,p|2] = Qp,p,, and

E [’hRnDZ,p ‘2] = Qg p,, respectively. Here, k belongs to the range 1 through Ng, while

p belongs to the range 1 through Np. 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 dy, di,
and d,, respectively. The coefficient d, " represents the large-scale fading coefficient,
where 7 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 xz, where x; is denoted as x; = 212:1 a;iPyx;. In this expression, x; represents the
individual message intended for destination D;, and g; is the power coefficient assigned
to destination D;. Furthermore, P; corresponds to the transmit power emanating from
the S. Adhering to the NOMA principle, it is postulated that the summation of a; from

i =1 to 2 equals one, i.e., 212:1 a;=1.
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Following the completion of the initial time slot, the signal received at R,, through the

utilization of MRT can be represented as
2
a;P,
yR,,:||hSR,1||Z{ (’l—gsx,-erR,a, n=1,--,K (5.1)
1=

where the expression wg, ~ €A (0, GI%a) characterizes the narrowband AWGN
introduced by the receiving antenna at R,. The symbol for hgg, is represented as a
column vector, denoted by [h}an , thn, e 7h§]1S2,,] T. Every component of the function
hs g, 18 characterized as being i.i.d. with a fading parameter denoted by m;. 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 ||hgg, |- (5.2)
n

The signal received by the selected relay can be formulated as follows:

2 a,-PS
R, = |lsk,. |1 Y g ST WRa (5.3)
i=1 0

where the noise signal denoted as wg, refers to the narrow-band AWGN that is

received by the antenna at R,+.

S5.1.1 Investigation of time-switching relaying protocol in CR-NOMA-based
SWIPT system

The schematic representation of the TSR protocol implemented at R« 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 a7T. The residual temporal duration, denoted as
(1 — )T, is allocated for the transmission of data. The initial %50 of the duration,
specifically denoted by (1 — a)T /2, serves the purpose of communicating information
from the transmitting S to the designated receiving R,«. The latter half of the given
duration is utilized for transmitting information from the receiver, R+, to the final
destination, D. The harvested energy from yg gy, which occurred within a specific
time interval of a7, results in an amount of energy denoted by Ej;. The variable T

represents the aggregate block time, and o denotes the TS ratio, which is within the

57



MRT

EH —
() YR /
Receive
Antenna A 4
(1-a)T/2-.,
WRa A—»@—» S-RID
’ YR.. Transmit
" T Antenna

WR,c

Figure 5.2 : Illustration of the block diagram depicting the layout and structure of the
relay employed in the TSR protocol.
domain of 0 < a < 1. Ej, namely the amount of EH, can be expressed as

_ NP, [>T
r @ ,

(5.4)

where The parameter 7 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 Ry,

can be represented as follows:

2
a;P,
YRAD = [hsr,q | Y | [ 5%+ WRa+ Weie, (5.5)
i=1 0

where the variable wg . follows a complex normal distribution with a mean of zero and
a variance of G,%C. 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 R, to the destination node denoted as D. By employing E}, as specified
in Eq. (5.4), the transmitted power for signal transmission within the selected relay,
denoted by P,, can be represented as

P — Ey _ 27705Ps||hSRn*||2
T (1-a)T)2 dy(1—a)

(5.6)

The AF protocol is employed by the R, for the transmission of yg;p to all

users, facilitated by multiplication with an amplifying factor denoted as G,+«. The
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amplification factor and the signal produced at the output of the information receiver

in R, are expressed as, respectively,

1
G2 = 5.7
T PBllhsg .12 162 42 ’ 5.7)
— a4 TOg, T Ok,
X = VP YRIDGy. (5.8)

The received signals at D and D, are given by, respectively,

2
a;PsP, P,
D, = Guhr,.p, |hsr .|| Y C’lvzv’xi + d—CGn*hRn*Dl WR+WD, (5.9)
i=1\ %% 1
2
a;PsP, P
¥, = Gurhg,ps || hsr, 1] Y cllv dvrx,- + d_‘r,Gn*hRn*Dsz +wp,, (5.10)
i=1\ %% 2

where wg = wg 4+ wg. The AWGNS at R, D and D5 are wgo ~ € N (0, GI%) s Wp2 ™~
CN (O, 61%1> and wp2 ~ CN (O, 612)2> , respectively, where 63 = GI%Q + GI%C. In this

paper, we assume that 612)1 = 612)2 = GI%H = G,%C = 02 and the average system SNR can
be denoted as 7, which is defined as the ratio of the P; to the noise power (62). The

combined signal obtained at D and D, by applying MRC can be expressed as

=

2
) . a;PsP, P
o1 =Wy =l Gl s, || 1 gt | g Gor oo
i—1 0“1 1 (5.11)

WD
hH 1
+ R,xDy HhRn*D] H 9
2
~ a~PSP P,
5, = V5D, =|hR .0, ||Gu || sk, || Y \f c’%d;rx& \f d—;Gn*HhRn*DzHWR
= (5.12)
Y L

*Dz Y
"2 | g, |

T
where hg.p, and hg.p, are denoted by [h}e”*Dl,hﬁn*Dl,...,hﬁfw]] and

T . L
[h}en*Dz,h%gn*Dy...,h’,\e’fwz} , respectively. Each element of hg .p, and hg .p, is ii.d.
H

. . . R «D
with fading parameter my. Also, v{ and v,, which are namely defined as m and
o -
HhRn—*DZH’ respectively, are the receive weight vector for MRC process.
n*2
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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, R,+, can be
observed in Figure 5.3. The PSR, which serves as the second protocol for enabling
SWIPT, employs a temporal interval of 7' /2 to facilitate EH. The first temporal
segment, encompassing half of the total time duration denoted as 7' /2, is allocated
for the transmission of information from S to R,«. The second half of the temporal
duration is allocated for the transmission of information from R,+ to D. The signal
that has been obtained at R+ location is denoted as yg. The /pyg for the purpose of
EH and /1 — pyg for information transmission from R to D are utilized, which the
parameter p signifies the PS ratio within the range of 0 < p < 1. Within the context
of the CR-NOMA network, the signal yg gy received by the EH of the R, can be
articulated as follows:

a;pPs
dy

2
YREH = v/PYR = ||hsr,. || Y Xi+v/PWR.a-
i=1

In this way, the harvested energy from yr gy at the selected relay in time duration 7'/2,

E}, can be expressed as
_ nPPlhsk,.|I”

Eh d(‘)}

(T/2). (5.13)
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The signal received by the informative receiver, located at the R,+, can be represented

as follows:
P
YRID = /1 — YR—HhSRn*HZ —p) X wre + V(1= P)Wra-
0
Using Ej, in Eq. (5.13), the transmitted power for the signal transmission in the selected
relay, P can be expressed as

E,  npPllhsg, |

P.= =
T2 dy

(5.14)

The amplifying factor, which is associated with the AF relaying protocol, is given by,

1
G = : (5.15)

Pyllhsr . |
(1-p) 250y (1 p)az + o}

The transmitted signal from the output of the information receiver in R+ is given in

Eq. (5.8). The received signals at D and D, are given by, respectively,

Z | g;PgP. P,
(1=p)Guehr,py s, 11 Y dvd’ i EG”*hRn*Dle“"WDl’ (5.16)
i=1 01 1
a;PsP,
— V(1 =p)Gphg .1, |lsk,. ||Z1/ dvzv 1/dvG “hg .D,WR +Wp,, (5.17)

where wg = /1 — pwg o +Wwg  and O'R =(1- GR + GR As in the previous section,

the combined signal obtained at D; and D, by applying MRC can be expressed as

2
laPsp, [P,
=V (=)l 1G] Yoy | =ity | G oy [ (5:18)
i=1 01 1

WD
+ hH A S
RueP1 || gy |7

a;PsP;
=V/(1=p)llhr,. 5, |Gl s, ||z g ,/dv G ||hg,..ps [ wr~ (5.19)
0

H WD,

+h — =
D2 | g ., |

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 = ||hsg .[|%, Y1 = ||hg.p,||* and Y> = ||hg .p,||>. The

instantaneous SINR at D to detect its signal in the TSR can be expressed as

(TSR) g a1 72 XY,

_ , 5.20
T e1ax7?X?Y) + 6, 7XY1 + 67X + {; (5-20)

where & = 2an, 6; = dandy, 6, = (1 — a)did} and §; = 2(1 — a)d;’d}. The
instantaneous SINR at D; to detect signal of D in the TSR can be expressed as

(TSR) e1a17° XY,

_ 5.21
Y,-0, el PPX2 Vs + 01¥X Va4 0:7X + & o2

where { = 2(1 — t)d3"dy and 65 = (1 — a)dydy. The instantaneous SNR at D; to

decode its own signal in the TSR can be expressed as

=2y 2
(TSR) _ 81027 X"V 5.22
0 T e XY, + 67X+ G ©-22)

The instantaneous SINR at D; to detect its own signal in the PSR can be expressed as

(PSR) &2a1 77 XY 523
YUI i =2v?2 = = ) ( 4 )
S 7° XY + 047XY1 + 657X + K4

where & = (1 —p)pn, 4= (2—p)pndy, 6s = (1 —p)dyd} and k1 = (2 —p)d3’d!.
The instantaneous SINR at D to detect the signal of D in the PSR can be expressed

as
APSR) a1 7 XY,
Um0, PPX2Ys + 047X Y2 + 067X + K2

where k, = (2—p)d3'ds and 6 = (1 — p)djdy. The instantaneous SNR at D; to

(5.24)

decode its own signal in the PSR can be expressed as

2v2
(PSR) ewmy XY,
_ , 5.5
T, = 9,9XY, + 667X + K2 (5:25)

5.1.3.1 Outage probability

The expression of the OP of Dy is given by, respectively,

u X+
P —pr (ylg@ < %g?l)) — Pr <Y1 < %) : (5.26)

(TSR)

Zth
where ¢ € (PSR, TSR). %(ZSR) —22R%y _ 1 and Vi, = 27w 1. R, is denoted by

the target data rates of Dj. 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
Bi ydyd} (1 — )y Yy} (1—p)opy
2 (TSR) v v (PSR)
B dy'di2(1 - ), (2—p)dy"dyy,,
2 TSR
B3 20my (a1 — Y ar) nyp(1—p)lai—r Va)
(TSR) (PSR)
B 4anydyy,, nyp 2—p)div,
) N R oo [
! ZanJ/(al thTISR ) 2o nypla—yyap)” 1P
o i 243 as(1-ayyy ™ 2d3ay(1- )y i (%p)dé‘dgf,f’f’” B a-p)y”
20‘”72(01—7,(/:“) )’ 2anra nPp(1-p)ar—yy ay) MrP(1-plar
. O (T R N . e
Yiar— Vf/ﬁ"” S 1(1-p)(ai—1y )’ T-P)ax

for the PSR protocol in Eq. (5.26), expressions of Bi, B, B3 and B4 are given by

Table 5.1, respectively. If X < B4/Bs, B3X> — B4X is a negative number and the outage

occurs. Thus, the probability of Y; is always 1, whereas if X > B4/f3, the outage may

occur or not. Hence, ?O”t can be expressed as

75" = / F (ﬁaz —ﬁ4Z) fx(@)

() [

Ba
Bs

Biz+ B2

<ﬁ3z

Biz+ B>

Biz+ B>
ﬁSZZ — ﬁ4Z) fX (Z)

—+oo
dZ—|—/_B4FYl (
Z*BS

B4Z> fx(z)dz.

dz (5.27)

According to [73], the PDF of the random variable X is, respectively, given by

fx(z) =

~ (Ngmy —1)!

1 Ngm zm N -1
e () i) g
(Nsmy —1)! \ Qg . = 5!\ Qsr .

(-=
X e

KZNSml —1

zmy
SRn*

)

N
mi sm|

cel

(

2(j+1)my
QSRn%<

o)
)

Smq
Nsim —1 QSR *
n

K-1

:

"

K—1
(K—1
Z(_l)J( - ) !
j=0 J 5=0 5
&,
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By using binomial expansion, the derived expression of ® in Eq. (5.28) can be written

as [63]
Qe ()" £E (0w

s=2
(5.29)
N
where A, = (#) 1. By emplacing Eq. (5.29) into Eq. (5.28), the derived
expression of fy (z) can be rewritten as

zm (j+1)

K m Nsmi K—1 . . L
= —1)/U,;C;Bjz/ t™Nsm~le Ok (530
@) = gmy — 1)1 (QSR) j;)( FUiCiBs ’ 030

The exact expressions of Uj, j, C;, and B; are given in Table 5.2. To derive the

Table 5.2 : Parameter List for Eq. (5.30).

Name Analtical Expression
. ] ‘]7‘]1 A J_Jl_"'JNSml—Z
I_JJ 211:0 Z]ZZO Z'jNSml—l:O
J (Nsmy —1) (j = j1) = (Nsm1 —2) jo — - - jNgm; 1
K—1 J—=J1—""JNgmy—
C; CTDE - (7, sme)

]Nsmlfl

Nem 2 J mNSml_] J=J ]Nsml 1
. Sy — +1 1
B] HSZO Ass ~ Nsml—l

(Ngmi—1)! (QSRn* )

expression of Fy, (z), namely CDF of ¥;, binomial expansion is used again as in

Eq. (5.29). In this way, the derived expression of Fy, (z) can be written as

my

Fy, (2) zl—e(an*Di>UkBkz’_‘. i=1,2 (5.31)

The exact expressions of Uy, k, and By, are given in Table 5.3. By replacing Eq. (5.30)
and Eq. (5.31) in Eq. (5.27), 9351’” can be expressed as

7ﬁlz+ﬁ2 my
[3 (_B352B4Z ) [j’ —}-[)’ A
Rn*D] IZ 2
o= (B [ (el (B8 Y
Bs)  J=f frle) - T\ B3 — Buz fi()|de
Bizthy
—1- 1 UCBUB/ [e "
(Ngml—l)!<QSR ) j;)( )/ s
m 1)
QISI:Jr [3124-[32 J+Nsm1—1
X e B B dz|.
222 — Baz
(5.32)
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Table 5.3 : Parameter List for Eq. (5.31).

Name Analtical Expression
1—k I=ki—knpm,—2
Uk Zkl ()Z 1 ZkNsz 1= ()D =
k (Nsz—l)(l—kl) (Nsz— )kz—...kNsz_l
i
1
Ay (sz:iD) 7
Npy—1 T=ki—knpym,—1
Npmy—2 k m
B D= 1+1 2
k 2" ~(40) ((Nsz—l)!(QRn*Di)NDMZ1 )

The high SNR approximation can be applied to simplify the expression of ,@gf" in
Eq. (5.32) due to the complexity of the integral [59]. Assuming ,/B3 ~ 0 in high

SNR, @gl’” can be derived approximately as

0 ) K my Nsmy K—1 ;
gZ ] — < ) —1 U'C'B'UkBk
(Nsmy —1)! \ Qsr,. ;()( V' UiCiBi
Bymy . k
oo — 7 5N _ _zn}l(]+l) ~
" /—i- e( B3 (Z—%)QRn*Dl ) e QSRn* L Zj—Q—Nsml—le‘
z:B—“ B < _ &)
B 3 Bs

(5.33)

. . . . o y_] _B_
Let us define a new integration variable y = z — g—;‘. By using [, xV lo=5="dx =

2 (%)ij(Zwﬁ Y) [74], we can obtain the closed-form expression of 3”31’” as in

following
S — ( - )Nsle_1f+NSZ’n:l12(—1)jU~C-B-UkBk (5.34)
(Nsmy —1)! \ Qsr,. = 5 S
Xeflfl%’"éi;;‘) (&)JT—O—NSml—l—r( Bim Qs . )”5“ (&)k
B3 B3(j+1)miQg .p, B3

mimafy(j+1)
K, 2 .
Bttt ( \/ﬁ3QSR,,*-QRn*D1

Moreover, the expression of the OP of D, is given by, respectively,

28 =Pr (1w, < Ut <)) (5.35)
X+ 10 EiX+6&
=Pr|Y - = o ve
r< EAESCEETGE §3X2—54X)
_ X+
= Pr(Y2< X2—193X> ,
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where 9% = max (2 2‘) % = max (TZ §2> and ¥ = max (T“ 24) y[(hIZSR) — 2R,

(TSR) _ 2W — 1. R is denoted by the target data rates of Dy. max (a,b)

1 and Yon,
defines the maximum of a and b. The expressions of ¥, ¥ and U3 are given by
Table 5.1, respectively. In Eq. (5.35), if X < 3, X? — 13X is a negative number and
the outage occurs. Whereas, if X > 1), the outage may occur or not. Hence, the term

@20’” can be derived as
oo M X
P = +/ Fy, ( 1 +l92)fx( )dz (5.36)

By replacing Eq. (5.30) and Eq. (5.31) into Eq. (5.36), 932”” can be expressed as

Ngmi K—1 . YHm
K my s ; "= < o o )
ggOut_ ( ) 1 U:C:B:U Bk/ e Rn*Dl(z 3)
(N5m1—1)! QSRn* J;)( ) Aty 7=
zmy (j+1) k
1 7 19 .
QSR 1 J+Nsmi—1
X e n — ] z dz.
<z—193)
(5.37)

In Eq. (5.37), it is assumed that ¥, ~ 0 for high SNR. Let us define a new integration
variable p = z— ¥3. By using féx’xv_le*gfyxdx =4 (%) *Ky (24/B7) asin Eq. (5.34),

we can obtain the closed-form expression of @0‘” as in following

0 K m Ngm K—IJT+NSm]71 ) _193(’;11(j+l)
PO = ( ) 2(=1)/U;C;BUBre
(Nsml — 1)' QSR,,* =0 };) I

r=k+1
T 1 M maQsr Tz i (j+1)
1—r 111234SR, myimyU(J
x (1) ( . ) 0K, ) (2\/ ) ,

(j+1)m Qg .p, QgR . 2R D,
(5.38)

where K(-) 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 i, B3 and B4 parameters in Eq. (5.34)
and, 0; and 63 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 -90 dBm
Distance between S and D, 120 m
Distance between S and D 90 m
The target data rate of D, 0.5 bits/s/Hz
The target data rate of D, 1 bits/s/Hz
The energy conversion efficiency 1 90 m
Nakagami-m fading parameter m 2
Nakagami-m fading parameter m; 2
Qsgr,,Qr,p, and Qg p, 1

Pc SW

for both the PSR and TSR protocol is given by

(1) (1))

AEE =
Pootal Ps+ Pc

. (5.39)

where Fc denotes the power consumed by the system hardware (circuit power) [45].

0 is equal to % and 1_7“ 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, |aj| > |az|. Moreover, this system
sacrifices the performance of D, with better network conditions to guarantee the QoS
requirements for D;. Hence, the target data rate of D should be lower than the target
data rate of D,, i.e. R}flU < R’S’}/ The power allocation factors of the two users are set

as a; = 0.75 and a; = 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. Pg = 10 dBm, dy = 30 m.

(b) Optimum PS and TS ratios versus the antenna noise power (62). Py =15 dBm,
do =20 m.
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Figure 5.4a shows the OP versus PS ratio p and TS ratio a with different relay-antenna
numbers, is [K,Ns,Np| : [2,2,2] and [3,3,3]. d and d; are set to d; = 120 — dy and
dy = 90 — dp, respectively. The optimal values of ¢, which minimizes OP of D
and D, 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 o increases
from O to optimal &, OP in the TSR protocol decreases. However, OP increases
when o 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 p, which minimizes OP of D; and D; for the PSR
protocol in the CR-NOMA system, is approximately 0.99. When p increases from 0
to the optimal PS ratio, OP decreases. However, OP starts increasing when p 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 o2

varies in the proposed
network, it is seen that the optimum ¢« and p 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 p with fixed relay-antenna numbers, which
are [K,Ns,Np] : [2,2,2]. Based on [52], simulation parameters are given as 62 = 0.5W,
n =1, R =R = 0.5 bits/s/Hz, p = 0.6, a; = 0.8, ap = 0.2, Qsg, = Qg,p, = 1, and
Qr,p, =d;’. All channels are assumed as Rayleigh fading. The value of the optimum
p changes as in Figure 5.5b when Ps increases. Thus, p = 0.6, which is used in [52],
p = 0.7, and p = 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 p
and o 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 p and & reduces to achieve the minimum OP as in Figure 5.4b.
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Figure 5.5 : (a) The outage probability versus Pg for both PSR protocol. (b) Optimum
PS and TS ratios versus Ps. dg=1m,d; = 1.3 m, and d, = 1 m.
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Figure 5.6 : The outage probability versus Ps for both PSR and TSR protocols.

Outage Probability
=
w

—
o
[6)]
T
xeoeQOO0

1

The OP versus the Ps is presented with the fixed relay-antenna numbers, which are
[K,Ns,Np| : [3,3,3], in Figure 5.6. The increase of Py 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 dj with the fixed relay-antenna numbers, which are
[K,N,M] :[2,2,2]. Itis seen that when dj increases from 0 m to 60 m and O m to 45 m
for D and D», respectively, the OP increases. This is due to the fact when d 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 dj is more than 30 m, the OP of D, degrades faster than D;. 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

do does not affect the optimal PS and TS ratios for both TSR and PSR protocols.
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Figure 5.8 : The outage probability against 7 on PSR and TSR protocols.
Ps =10 dBm, dy = 30 m.

The OP versus the energy conversion efficiency 1 is presented with the fixed

relay-antenna numbers, which are [K,Ng,Np| : [2,2,2], in Figure 5.8. The first
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observation is that the increase of 17 decreases the OP for all users. Also, the outage
performance of the PSR protocol outperforms the TSR protocol. In addition, in this
proposed system, 1 does not affect optimal PS and TS ratios for both TSR and PSR

protocols.

The OP versus the power allocation factor of D; (a;) is presented with the fixed
relay-antenna numbers, which are [K,Ns,Np| : [3,3,3], in Figure 5.9. It is seen that
the increase in a; decreases the OP for D;. Also, the outage performance of the PSR
protocol outperforms the TSR protocol. When a; < 0.5, the OP is rather high due to
interference by D5. In addition, in this proposed network, a; does not affect the optimal
PS ratio for PSR protocol. However, in TSR protocol, a; affects the optimal TS ratio.
Hence, the TSR protocol, which utilizes the optimal TS ratios calculated according to
different a; values, is better than the TSR protocol with the fixed TS ratio in terms of

OP.

The OP versus different target data rate of D (R’lh) is presented with fixed
relay-antenna numbers, are [K,Ng,Np| : [3,3,3], in Figure 5.10. It is seen that the
rise of Rtlh increases the OP for D;. Also, when R’lh > 0.85, the OP increases for D;.

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 R;f’U on PSR and TSR protocols.
Ps =10 dBm, dy = 30 m.

proposed system, R’lh does not affect the optimal PS ratio for PSR protocol. However,
in TSR protocol, Rtlh influences optimal TS ratio as in a;. Hence, the TSR protocol,
which utilizes the optimal TS ratios calculated according to different R’lh 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,Ng,Np]| :
[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 Pg 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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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.

75






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.

79






REFERENCES

[1] Ly, L., Chen, J., Ni, Q., Ding, Z. and Jiang, H. (2018). Cognitive non-orthogonal
multiple access with cooperative relaying: A new wireless frontier for 5G
spectrum sharing, IEEE Communications Magazine, 56(4), 188-195.

[2] Hoang, T.M., Nguyen, B.C., Le, X.H., Tran, X.N., Kim, T. et al. (2022). Outage
Probability and Throughput of Mobile Multiantenna UAV-Assisted
FD-NOMA Relay System With Imperfect CSI, IEEE Systems Journal.

[3] Ding, Z., Schober, R. and Poor, H.V. (2022). Age of Information: Can CR-NOMA
Help?, arXiv preprint arXiv:2209.09562.

[4] Gamal, S., Rihan, M., Hussin, S., Zaghloul, A. and Salem, A.A. (2021). Multiple
access in cognitive radio networks: From orthogonal and non-orthogonal
to rate-splitting, IEEE Access, 9, 95569-95584.

[5] Hoang, T.M., Dung, L.T., Nguyen, B.C., Le, X.H., Tran, X.N. and Kim,
T. (2022). Outage Probability and Throughput of Mobile Multiantenna
UAV-Assisted FD-NOMA Relay System With Imperfect CSI, IEEE
Systems Journal, 1-12.

[6] ElHalawany, B.M., El-Banna, A.A.A., Pham, Q.V., Wu, K. and Mohamed,
E.M. (2021). Spectrum sharing in cognitive-radio-inspired NOMA
systems under imperfect SIC and cochannel interference, IEEE Systems
Journal, 16(1), 1540-1547.

[7] Sfeir, E., Mitra, R. and Kaddoum, G. (2022). A random fourier feature
based receiver detection for enhanced BER performance in nonlinear
PD-NOMA, IEEE Transactions on Vehicular Technology.

[8] Mounir, M., El_Mashade, M.B. and Mohamed Aboshosha, A. (2022). On the
selection of power allocation strategy in power domain non-orthogonal
multiple access (PD-NOMA) for 6G and beyond, Transactions on
Emerging Telecommunications Technologies, 33(6), e42809.

[9] Liang, W., Luo, W., Zhang, J. and Ding, Z. (2022). Active and
Passive Beamforming Design for Reconfigurable Intelligent Surface
Assisted CR-NOMA Networks, IEEE Communications Letters, 26(10),
2409-2414.

[10] Wang, D., Zhou, F., Lin, W., Ding, Z. and Al-Dhahir, N. (2022).
Cooperative hybrid nonorthogonal multiple access-based mobile-edge
computing in cognitive radio networks, IEEE Transactions on Cognitive
Communications and Networking, 8(2), 1104-1117.

81



[11] Abdel-Razeq, S., Salameh, H.B. and Al-Obiedollah, H. (2022). Integrating
Cognitive Radio in NOMA-based B5G Networks: Architecture and
Research Challenges, 2022 Seventh International Conference on Fog and
Mobile Edge Computing (FMEC), IEEE, pp.1-6.

[12] Do, D.T., Van Nguyen, M.S., Jameel, F., Jintti, R. and Ansari, LS.
(2020). Performance evaluation of relay-aided CR-NOMA for beyond 5G
communications, /IEEE Access, 8, 134838-134855.

[13] Li, M., Yuan, H., Maple, C., Cheng, W. and Epiphaniou, G. (2022).
Physical Layer Security Analysis of Cognitive NOMA Internet of Things
Networks, IEEE Systems Journal.

[14] Lv, L., Ni, Q., Ding, Z. and Chen, J. (2016). Application of non-orthogonal mul-
tiple access in cooperative spectrum-sharing networks over Nakagami-m
fading channels, IEEE Transactions on Vehicular Technology, 66(6),
5506-5511.

[15] Arzykulov, S., Tsiftsis, T.A., Nauryzbayev, G. and Abdallah, M. (2018). Outage
performance of cooperative underlay CR-NOMA with imperfect CSI,
IEEE Communications Letters, 23(1), 176-179.

[16] Xiang, Z., Yang, W., Pan, G., Cai, Y. and Song, Y. (2019). Physical layer security
in cognitive radio inspired NOMA network, IEEE Journal of Selected
Topics in Signal Processing, 13(3), 700-714.

[17] Lv, L., Chen, J., Ni, Q. and Ding, Z. (2017). Design of cooperative
non-orthogonal multicast cognitive multiple access for 5G systems:

User scheduling and performance analysis, IEEE Transactions on
Communications, 65(6), 2641-2656.

[18] Liu, H., Bai, Z., Lei, H., Pan, G., Kim, K.]J. and Tsiftsis, T.A. (2022). A new
rate splitting strategy for uplink CR-NOMA systems, IEEE Transactions
on Vehicular Technology, 71(7), 71947-7951.

[19] You, H., Bai, Z., Liu, H., Tsiftsis, T.A. and Kwak, K.S. (2023). Rate-splitting
for intelligent reflecting surface-assisted CR-NOMA systems, Journal of
Communications and Networks.

[20] Song, Y., Yang, W., Xiang, Z., Wang, B. and Cai, Y. (2019). Secure transmission
in mmWave NOMA networks with cognitive power allocation, /IEEE
Access, 7, 76104-76119.

[21] Hu, C., Li, Q., Zhang, Q. and Qin, J. (2022). Security Optimization for an AF
MIMO Two-Way Relay-Assisted Cognitive Radio Nonorthogonal Mul-
tiple Access Networks With SWIPT, IEEE Transactions on Information
Forensics and Security, 17, 1481-1496.

[22] Shili, M., Hajjaj, M. and Ammari, M.L. (2022). User clustering and power
allocation for massive MIMO with NOMA -inspired cognitive radio, I[EEE
Transactions on Vehicular Technology, 71(7), 7656—7664.

82



[23] Yu, Y., Chen, H., Li, Y., Ding, Z. and Zhuo, L. (2017). Antenna selection in
MIMO cognitive radio-inspired NOMA systems, IEEE Communications
Letters, 21(12), 2658-2661.

[24] Caceres, E.M., Sithamparanathan, K. and Sun, S. (2022). Theoretical
Analysis of Hybrid SIC Success Probability Under Rayleigh Channel for
Uplink CR-NOMA, IEEE Transactions on Vehicular Technology, 71(10),
10584-10599.

[25] Liu, H., Bai, Z., Lei, H., Pan, G., Kim, K.J. and Tsiftsis, T. (2022). A new rate
splitting strategy for uplink CR-NOMA systems, IEEE Transactions on
Vehicular Technology, 1-1.

[26] Do, D.T., Nguyen, T.L., Ekin, S., Kaleem, Z. and Voznak, M. (2020). Joint user
grouping and decoding order in uplink/downlink MISO/SIMO-NOMA,
IEEE Access, 8, 143632—-143643.

[27] Lei, H., Yang, F., Ansari, LS., Liu, H., Kim, K.J. and Tsiftsis, T.A. (2023).
Secrecy Outage Performance Analysis for Uplink CR-NOMA Systems
with Hybrid SIC, IEEE Internet of Things Journal.

[28] Ding, Z., Schober, R. and Poor, H.V. (2020). Unveiling the importance of SIC
in NOMA systems—Part 1: State of the art and recent findings, /IEEE
Communications Letters, 24(11), 2373-2377.

[29] Han, L., Zhu, W.P. and Lin, M. (2022). Uplink outage performance of
NOMA-based hybrid satellite-terrestrial relay networks over generalized
inhomogeneous fading channels, IEEE Transactions on Communications,
70(4), 2417-2434.

[30] Le, N.P. and Le, K.N. (2021). Performance analysis of NOMA short-packet
communications with QoS-Based SIC detecting order, IEEE Wireless
Communications Letters, 11(3), 617-621.

[31] Ding, Z., Schober, R. and Poor, H.V. (2021). A new QoS-guarantee strategy
for NOMA assisted semi-grant-free transmission, /IEEE Transactions on
Communications, 69(11), 7489-7503.

[32] Zhou, Y., Wong, V.W. and Schober, R. (2018). Coverage and rate analysis
of millimeter wave NOMA networks with beam misalignment, /EEE
Transactions on Wireless Communications, 17(12), 8211-8227.

[33] Sun, Y., Ding, Z. and Dai, X. (2018). On the performance of downlink NOMA
in multi-cell mmWave networks, IEEE Communications Letters, 22(11),
2366-2369.

[34] Singh, J., Chatterjee, 1., Srivastava, S., Agrahari, A., Jagannatham, A.K.
and Hanzo, L. (2023). Hybrid Transceiver Design and Optimal Power
Allocation for the Cognitive mmWave Multiuser MIMO Downlink
Relying on Limited Feedback, IEEE Open Journal of Vehicular
Technology.

83



[35] Wu, X., Ma, J., Gu, C., Xue, X. and Zeng, X. (2022). Robust secure
transmission design for IRS-assisted mmWave cognitive radio networks,
IEEE Transactions on Vehicular Technology, 71(8), 8441-8456.

[36] Song, Y., Yang, W., Xiang, Z., Sha, N., Wang, H. and Yang, Y. (2020). An
analysis on secure millimeter wave NOMA communications in cognitive
radio networks, IEEE Access, 8, 78965-78978.

[37] Chettri, L. and Bera, R. (2020). A Comprehensive Survey on Internet of Things
(IoT) Toward 5G Wireless Systems, IEEE Internet of Things Journal, 7(1),
16-32.

[38] Qi, Q., Chen, X. and Ng, D.W.K. (2020). Robust Beamforming for NOMA-Based
Cellular Massive IoT With SWIPT, IEEE Transactions on Signal
Processing, 68, 211-224.

[39] Ihsan, A., Chen, W., Asif, M., Khan, W.U, Wu, Q. and Li, J.
(2022). Energy-efficient IRS-aided NOMA beamforming for 6G wireless
communications, [EEE Transactions on Green Communications and
Networking.

[40] Liu, X., Liu, Z. and Zhou, M. (2021). Fair energy-efficient resource
optimization for green Multi-NOMA-UAV assisted Internet of Things,
IEEE Transactions on Green Communications and Networking.

[41] Nguyen, T.T., Vu, T.H., da Costa, D.B., Nguyen, P.X. and Ta, H.Q.
(2022). Short-Packet Communications in IoT-Aided Cellular Cooperative
Networks With Non-Orthogonal Multiple Access, IEEE Transactions on
Vehicular Technology.

[42] Sun, H., Zhou, F., Hu, R.Q. and Hanzo, L. (2018). Robust beamforming design
in a NOMA cognitive radio network relying on SWIPT, IEEE Journal on
Selected Areas in Communications, 37(1), 142—155.

[43] Li, R., Hong, P., Xue, K., Zhang, M. and Yang, T. (2021). Resource allocation
for uplink NOMA-based D2D communication in energy harvesting
scenario: A two-stage game approach, IEEE Transactions on Wireless
Communications, 21(2), 976-990.

[44] Ullah, M.A., Keshavarz, R., Abolhasan, M., Lipman, J., Esselle, K.P. and
Shariati, N. (2022). A Review on Antenna Technologies for Ambient RF
Energy Harvesting and Wireless Power Transfer: Designs, Challenges and
Applications, IEEE Access.

[45] Tang, J., Luo, J., Liu, M., So, D.K.C., Alsusa, E., Chen, G., Wong, K.K.
and Chambers, J.A. (2019). Energy Efficiency Optimization for NOMA
With SWIPT, IEEE Journal of Selected Topics in Signal Processing, 13(3),
452-466.

[46] Tang, J., Luo, J., Liu, M., So, D.K., Alsusa, E., Chen, G., Wong, K.K. and
Chambers, J.A. (2019). Energy efficiency optimization for NOMA with
SWIPT, IEEE Journal of Selected Topics in Signal Processing, 13(3),
452-466.

84



[47] Tang, J., Yu, Y., Liu, M., So, D.K., Zhang, X., Li, Z. and Wong, K.K.
(2019). Joint power allocation and splitting control for SWIPT-enabled
NOMA systems, IEEE Transactions on Wireless Communications, 19(1),
120-133.

[48] Hossain, M.A., Noor, R.M., Yau, K.L.A., Ahmedy, I. and Anjum, S.S. (2019).
A survey on simultaneous wireless information and power transfer with
cooperative relay and future challenges, IEEE access, 7, 19166-19198.

[49] Aswathi, V. and Babu, A.V. (2021). Outage and Throughput Analysis of
Full-Duplex Cooperative NOMA System with Energy Harvesting, /EEE
Transactions on Vehicular Technology, 70(11), 11648—11664.

[50] Li, X., Wang, Q., Liu, M., Li, J., Peng, H., Piran, M.J. and Li, L. (2020).
Cooperative wireless-powered NOMA relaying for B5G IoT networks
with hardware impairments and channel estimation errors, IEEE Internet
of Things Journal, 8(7), 5453-5467.

[51] Li, H., Li, J., Liu, M., Ding, Z. and Gong, F. (2021). Energy harvesting and
resource allocation for cache-enabled UAV based IoT NOMA networks,
IEEE Transactions on Vehicular Technology, 70(9), 9625-9630.

[52] Le, T.A. and Kong, H.Y. (2020). Energy harvesting relay-antenna selection
in cooperative MIMO/NOMA network over Rayleigh fading, Wireless
Networks, 26(3), 2075-2087.

[53] Omarov, O., Nauryzbayev, G., Arzykulov, S., Eltawil, A.M. and Hashmi,
MLS. Outage Analysis of EH-based Cooperative NOMA Networks over
Generalized Statistical Models, 2021 IEEE 93rd Vehicular Technology
Conference (VITC2021-Spring), pp.1-6.

[54] Li, X., Li, J. and Li, L. (2019). Performance analysis of impaired SWIPT
NOMA relaying networks over imperfect Weibull channels, IEEE Systems
Journal, 14(1), 669-672.

[55] Bing, J.L., Rong, Y., Gopal, L. and Chiong, C.W. (2020). Transceiver design for
SWIPT NOMA relay systems with hybridized power-time splitting-based
relaying protocol, IEEE Access, 8, 190922-190933.

[56] Hoang, T.M., Tran, X.N., Hiep, P.T. et al. (2022). Outage Probability of Aerial
Base Station NOMA MIMO Wireless Communication with RF Energy
Harvesting, IEEE Internet of Things Journal.

[57] Sun, H., Zhou, F. and Zhang, Z. (2018). Robust Beamforming Design in
a NOMA Cognitive Radio Network Relying on SWIPT, 2018 IEEE
International Conference on Communications (ICC), pp.1-6.

[58] Singh, C.K., Singh, V., Upadhyay, P.K. and Lin, M. (2021). Energy harvesting
in overlay cognitive NOMA systems with hardware impairments, /EEE
Systems Journal.

85



[59] Nasir, A.A., Zhou, X., Durrani, S. and Kennedy, R.A. (2013). Relaying
protocols for wireless energy harvesting and information processing, IEEE
Trans. Wireless Commun., 12(7), 3622-3636.

[60] Yang, Z., Ding, Z., Fan, P. and Al-Dhahir, N. (2016). A General Power
Allocation Scheme to Guarantee Quality of Service in Downlink and

Uplink NOMA Systems, IEEE Transactions on Wireless Communications,
15(11), 7244-7257.

[61] Ding, Z., Yang, Z., Fan, P. and Poor, H.V. (2014). On the performance of
non-orthogonal multiple access in 5G systems with randomly deployed
users, IEEE Signal Processing Letters, 21(12), 1501-1505.

[62] Zhou, F., Wu, Y., Liang, Y.C., Li, Z., Wang, Y. and Wong, K.K. (2018). State
of the art, taxonomy, and open issues on cognitive radio networks with
NOMA, IEEE Wireless Communications, 25(2), 100-108.

[63] Men, J., Ge, J. and Zhang, C. (2016). Performance analysis of Non-orthogonal
multiple access for relaying networks over Nakagami-m fading channels,
IEEE Transactions on Vehicular Technology, 66(2), 1200-1208.

[64] Gao, P., Liu, Z., Xiao, P., Foh, C.H. and Zhang, J. (2022). Low-Complexity
Block Coordinate Descend Based Multiuser Detection for Uplink
Grant-Free NOMA, IEEE Transactions on Vehicular Technology, 71(9),
9532-9543.

[65] Chen, Y. and Tellambura, C. (2005). Performance analysis of maximum ratio
transmission with imperfect channel estimation, IEEE Communications
Letters, 9(4), 322-324.

[66] Gu, D. and Leung, C. (2003). Performance analysis of transmit diversity scheme
with imperfect channel estimation, Electronics letters, 39(4), 402—403.

[67] Liu, F., Miihonen, P. and Petrova, M. (2016). Proportional fairness-based power
allocation and user set selection for downlink NOMA systems, 2016 IEEE
International Conference on Communications (ICC), pp.1-6.

[68] Haenggi, M. (2012). Stochastic geometry for wireless networks, Cambridge
University Press.

[69] Zhou, Y. and Sun, S. (2022). Performance analysis of opportunistic beam splitting
NOMA in millimeter wave networks, IEEE Transactions on Vehicular
Technology, 71(3), 3030-3043.

[70] Bai, T., Vaze, R. and Heath, R.W. (2014). Analysis of blockage effects on urban
cellular networks, IEEE Transactions on Wireless Communications, 13(9),
5070-5083.

[71] Lee, G., Sung, Y. and Seo, J. (2015). Randomly-directional beamforming
in millimeter-wave multiuser MISO downlink, IEEE Transactions on
Wireless Communications, 15(2), 1086—1100.

86



[72] Zhou, X., Zhang, R. and Ho, C.K. (2013). Wireless information and power
transfer: Architecture design and rate-energy tradeoff, IEEE Trans.
Commun., 61(11), 4754-4767.

[73] Krikidis, I., Thompson, J., McLaughlin, S. and Goertz, N. (2008).
Amplify-and-forward with partial relay selection, IEEE Communications
Letters, 12(4), 235-237.

[74] Gradshteyn, LS. and Ryzhik, I.M. (2014). Table of integrals, series, and
products, Academic Press.

87






CURRICULUM VITAE

Name Surname: Omer Faruk AKYOL

EDUCATION:

* B.Sc.: 2020, Istanbul Technical University, Faculty of Electrical and Electronics,
Department of Electronics and Communication Engineering

PROFESSIONAL EXPERIENCE AND REWARDS:

* 09-2020- Researcher at The Scientific and Technological Research Council of
Turkey (Informatics and Information Security Research Center)

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THESIS:

* Akyol O. F., Basaran S. T., Hokelek I., Gor¢in A. (2023). User Pairing and
Beamforming Design in mmWave CR-NOMA Networks. [EEE International
Balkan Conference on Communications and Networking.

* 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.

* Akyol O. F., Basaran S. T. (2023). Energy Harvesting in Multi-Antenna
CR-NOMA Dual-Hop Relaying Networks. Digital Communications and Networks
(under review).

OTHER PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE
THESIS:

* Okta F., Akyol O. F., Basaran S. T. (2023). Blockage Effects in RIS-enabled
Communication. IEEE International Balkan Conference on Communications and
Networking.

89



