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Abstract

The upcoming next generation of wireless networks is expected to offer
ultra-reliable and low-latency communication, and other features due to the
unprecedently high growth of timely mobile data traffic and stringent quality-
of-service (QoS) requirements. These features will make a range of appli-
cations possible, including multiple access strategies (e.g., non-orthogonal
multiple access (NOMA)), cooperative communications, energy harvesting
(EH), reconfigurable intelligent surfaces (RISs), and unmanned aerial vehicle
(UAV). NOMA is one of the most exciting approaches to improve spectrum
efficiency in the next generations of wireless networks. Cooperative commu-
nication is integrated with NOMA (CNOMA) to offer an effective approach
to mitigate challenges in channel conditions, extend the coverage area, and
enhance spectral efficiency. Moreover, to enhance energy efficiency and pro-
long battery life for devices, CNOMA is empowered with EH. Furthermore,
RIS enhances wireless communication by controlling radio propagation with
low-cost passive elements, adjusting reflection coefficients for altered electro-
magnetic wave propagation. NOMA has been integrated with RIS to effec-
tively provide efficient transmission in next-generation networks. Besides,
UAV communication is a beneficial option for maintaining connectivity dur-
ing brief events and after natural disasters. The UAV is adapted with RIS
(UAV-RIS) and can serve as a reflective layer between ground base stations
and devices, enhancing wireless communication. This thesis aims to inves-
tigate the interplay of NOMA with cooperative communication to improve
the performance and extend the coverage area. To this end, we use several
technologies for the CNOMA system, such as cooperative with and without
direct links, multiple relays (multi-hop relay), EH, and UAV-RISs.

First, we investigate the downlink CNOMA without direct links (WDL).
We derive the closed-form ergodic capacity (EC), outage probability (OP),
and bit error rate (BER) over the Rayleigh fading channel. We evalu-
ate the power allocation factor and helper user distance. We compare our
scheme with traditional cooperative orthogonal multiple access (COMA)
WDL. Then, we investigate the downlink CNOMA with DL. We derive the
OP and BER with imperfect successive interference cancellation (ISIC) and
channel state information (ICSI) over the Rayleigh fading channel. We as-
sess the power allocation factor and the helper user distance. Thereafter, we
investigate the multi-hop CNOMA with two schemes WDLs and DLs under
the ICSI and ISIC. We derive the end-to-end (e2e) OP and BER expressions
for the considered systems under ICSI and ISIC. We discuss the influence of
power allocation, the number of relays, ICSI, and SIC on the performance of
the systems. We compare our findings with single relay CNOMA. Moreover,
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we investigated two CNOMA with EH schemes: Firstly, we obtained the BER
of CNOMA with time switching (TS) and power splitting (PS) protocols over
the Rayleigh fading channel with ICSI, ISIC, and ICI. We explore the impact
of ISIC and CSI on BER performance within the parameters of EH. Secondly,
we obtained the OP and BER of CNOMA with three EH protocols (TS, PS,
and hybrid) over the Nakagami-m fading channel. We discuss optimal values
for EH parameters and the power allocation coefficient. Besides, we examine
the performance of the wireless-powered cooperative communication network
with linear/non-linear EH in the presence of in-phase and quadrature-phase
imbalance (IQI) and SIC imperfections over the Rayleigh fading channel in
terms of OP, EC, and throughput. We assess the impact of IQI and SIC
imperfections on the proposed scheme using various WPCCN parameters.
We compare our system to conventional UL NOMA without EH. Finally,
we examine the BER and energy efficiency (EE) of UAV-RIS NOMA in the
presence of practical constraints. We compare our results with two schemes:
UAV without RIS and conventional UAV-RIS OMA. We validate our numer-
ical derivations through simulation results.

The results show the following. The best relay location is between the
base station and users to achieve higher performance. Increasing the num-
ber of relays reduces the OP and BER. Multi-hop NOMA achieves high-
performance gain compared to single relay schemes. The ICSI and ISIC
decrease the system performance at the high signal-to-noise ratio (SNR).
The EH schemes achieve higher performance compared to those without EH
and the hybrid protocol is superior to all benchmarks, which are in the range
of 1–3 dB and 0.5–1.5 dB for OP and BER performances, respectively. The
non-linear EH limits system performance in high SNR regions and is sig-
nificantly impacted by IQI and SIC imperfections. IQI negatively affects
RF impairment, highlighting the necessity of IQI mitigation to maximize
system capabilities. Finally, HWI, ICI, and ISIC degrade performance at
high SNR, however, increasing the number of RIS reflecting elements at low
SNR achieves satisfactory results. The UAV-RIS system outperforms UAVs
without it, and OMA performs better than NOMA due to no inter-user in-
terference IUI issues.

Keywords: BER, cooperative, EH, EC, NOMA, OP, and UAV-RIS.
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Résumé

La prochaine génération de réseaux sans fil devrait offrir une communication
ultra fiable et à faible latence, ainsi que d’autres fonctionnalités en raison
de la croissance sans précédent du trafic de données mobiles en temps op-
portun et des exigences strictes en matière de qualité de service (QoS). Ces
fonctionnalités rendront possible toute une gamme d’applications, notam-
ment plusieurs stratégies d’accès (par exemple, l’accès multiple non orthogo-
nal (NOMA)), les communications coopératives et la récupération d’énergie
(EH), les surfaces intelligentes reconfigurables (RIS) et les véhicules aériens
sans pilote (UAV). NOMA est l’une des approches les plus excitantes pour
améliorer l’efficacité spectrale dans les prochaines générations de réseaux sans
fil. La communication coopérative est intégrée à NOMA (CNOMA) pour of-
frir une approche efficace pour atténuer les défis liés aux conditions du canal,
étendre la zone de couverture et améliorer l’efficacité spectrale. De plus, pour
améliorer l’efficacité énergétique et prolonger la durée de vie de la batterie
des appareils, CNOMA est renforcée par EH. En outre, RIS améliore la com-
munication sans fil en contrôlant la propagation radio avec des éléments
passifs peu coûteux, en ajustant les coefficients de réflexion pour une propa-
gation d’ondes électromagnétiques modifiée. NOMA a été intégré à RIS pour
fournir efficacement une transmission efficace dans les réseaux de prochaine
génération. En outre, la communication UAV est une option bénéfique pour
maintenir la connectivité pendant de brefs événements et après des catas-
trophes naturelles. L’UAV est adapté avec RIS (UAV-RIS) et peut servir
de couche réfléchissante entre les stations de base au sol et les appareils,
améliorant ainsi la communication sans fil. Cette thèse vise à étudier l’in-
teraction de NOMA avec la communication coopérative pour améliorer les
performances et étendre la zone de couverture. À cette fin, nous utilisons plu-
sieurs technologies pour le système CNOMA, telles que la coopération avec
et sans liens directs, plusieurs relais (relais multi-sauts), EH et UAV-RIS.

Tout d’abord, nous étudions le CNOMA en liaison descendante sans
liens directs (WDL). Nous dérivons la capacité ergodique (EC), la proba-
bilité de panne (OP) et le taux d’erreur binaire (BER) sous canal de fa-
ding de Rayleigh. Nous évaluons le facteur d’allocation de puissance et la
distance de l’utilisateur assistant. Nous comparons notre schéma avec le
COMA coopératif traditionnel en liaison descendante avec DL. Ensuite, nous
étudions le CNOMA en liaison descendante avec DL. Nous dérivons le OP
et le BER avec annulation successive d’interférence imparfaite (ISIC) et in-
formation d’état de canal (ICSI) sous canal de fading de Rayleigh. Nous
évaluons le facteur d’allocation de puissance et la distance de l’utilisateur
assistant. Ensuite, nous étudions le CNOMA multi-sauts avec deux schémas
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WDLs et DLs sous ICSI et ISIC. Nous dérivons les expressions de panne (e2e)
OP et BER pour les systèmes considérés sous ICSI et ISIC. Nous discutons
de l’influence de allocation de puissance, du nombre de relais, d’ICSI et de
SIC sur les performances des systèmes. Nous comparons nos résultats avec le
CNOMA à un seul relais. De plus, nous avons étudié deux schémas CNOMA
avec EH : Premièrement, nous avons obtenu le BER de CNOMA avec les
protocoles de commutation temporelle (TS) et de fractionnement de puis-
sance (PS) sur le canal de fading de Rayleigh avec ICSI, ISIC et ICI. Nous
explorons l’impact de ISIC et de CSI sur les performances de BER dans les
paramètres de EH. Deuxièmement, nous avons obtenu le OP et le BER de
CNOMA avec trois protocoles EH (TS, PS et hybride) sur le canal de fading
de Nakagami-m. Nous discutons des valeurs optimales pour les paramètres
EH et le coefficient d’allocation de puissance. De plus, nous examinons les
performances du réseau de communication coopérative alimenté par le sans-fil
avec EH linéaire/non linéaire en présence de déséquilibre de phase en phase et
en quadrature (IQI) et d’imperfections SIC sur le canal de fading de Rayleigh
en termes de OP, EC et débit. Nous évaluons l’impact des imperfections IQI
et SIC sur le schéma proposé en utilisant divers paramètres WPCCN. Nous
comparons notre système au NOMA UL conventionnel sans EH. Enfin, nous
examinons le BER et l’efficacité énergétique (EE) de UAV-RIS NOMA en
présence de contraintes pratiques. Nous comparons nos résultats avec deux
schémas : UAV sans RIS et UAV-RIS OMA conventionnel. Nous validons nos
dérivations numériques par des résultats de simulation.

Les résultats montrent ce qui suit. Le meilleur emplacement du relais se
situe entre la station de base et les utilisateurs pour obtenir de meilleures
performances. L’augmentation du nombre de relais réduit le OP et le BER
et NOMA multi-sauts atteint un gain de performance élevé par rapport aux
schémas à un seul relais. L’ICSI et l’ISIC diminuent les performances des
systèmes au rapport signal/bruit (SNR) élevé. Les schémas EH atteignent
de meilleures performances par rapport à sans EH et le protocole hybride est
supérieur à tous les benchmarks, qui se situent dans la plage de 1 à 3 dB et 0,5
à 1,5 dB pour les performances de OP et BER. L’EH non linéaire limite les
performances du système dans les régions à SNR élevé et est significativement
impacté par les imperfections IQI et SIC. L’IQI affecte négativement l’im-
pairment RF, mettant en évidence la nécessité de la mitigation de l’IQI pour
maximiser les capacités du système. Enfin, HWI, ICI et ISIC dégradent les
performances à SNR élevé, cependant, l’augmentation du nombre d’éléments
RIS réflecteurs à SNR faible atteint des résultats satisfaisants. Le système
UAV-RIS surpasse les UAV sans celui-ci, et OMA est meilleur que NOMA
en raison de l’absence de problèmes d’interférence inter-utilisateur (IUI).

Keywords : BER, coopérative, EH, EC, NOMA, OP, and UAV-RIS.
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P�l�
T�w�w� �¯AO�� TyklF®�� �AkbK�� �� ¨�At�� �y��� r�w§  � ��wtm�� ��
ry� �f�rm�� wmn�� 	bs� «r�� ��zy�¤ ,{f�n� �w}¤ ��E ��Ð¤ T§A�l�
T�CAO�� �AblWtm��¤ 	FAnm�� 
�w�� ¨� Tlqntm�� �A�Ayb�� T�r�� �wbsm��
,Tnkm� �AqybWt�� �� T�wm�� ��zym�� £@¡ �`�tF .(QoS) T�d��� ­ w��
�w}w�� ,�A�m�� �ybF Yl�) ­ d`tm�� �w}w�� �Ay�y��rtF� ��Ð ¨� Am�
,(EH) T�AW��  AO�¤ Ty�¤A`t�� �¯AO�¯�¤ ((NOMA) d�A`tm�� ry�  d`tm��
 ¤d� T§w��� �Ab�rm��¤ ,(RISs) �ykKt�� ­ A�³ Tl�Aq�� Ty�@�� �WF±�¤
­ºAf� �ys�t� ­CA�� r��±� 	y�AF±� d�� NOMA d`§ .( (UAV) CAyV
¨�¤A`t�� �AO�¯� �� �� .TyklF®�� �AkbK�� �� T� Aq�� �Ay�±� ¨� �yW��
�¤rZ ¨� �A§d�� �� �yf�tl� �A`� �h� �§dqt� (CNOMA) NOMA ��
,«r�� Ty�A� �� .TyfyW�� ­ºAfk�� �ys�� ¤ ,TyW�t�� TqWn� �yFw�¤ ,­Anq��
CNOMA �ykm� �� ,­zh�±� T§CAW� rm� T�AV�¤ T�AW�� ­ºAf� z§z`t�
�� ¨klF®�� �AO�¯� z§z`� Yl� RIS �A\� �m`§ ��Aqm�� ¨� .EH ��d�tFA�
,Tflkt�� TSf�n� ¢l�A� r}An� ��d�tFA� w§ �r�� CAKt�� ¨� �k�t�� �§rV
.TysyVAn��¤rhk�� �A�wm�� CAKt�� ¨� ��ryy�tl� xAk`�¯� �®�A`� XbR¤
¨� .¨�At�� �y��� �AkbJ ¨� �A`� �q� ry�wt� RIS �� NOMA �� ��
_Af�l� A¾dyf� A¾CAy� CAyV  ¤d� ��r¶AW�A� �AO�¯� d`§ ,Tl�Aqm�� Th���
�� .Ty`ybW�� �C�wk�� d`�¤ �AWq�®� ­ryOq�� ��d�±� ºAn�� �AO�¯� Yl�
TqbV T�A�m�  wk�  � �km§¤ (UAV-RIS) RIS �� CAyV  ¤d� ­r¶AW�� �� 
.¨klF®�� �AO�¯� Ez`§ Am� ,TyRC±� ­zh�±�¤ �AFC¯� �AW�� �y� Ts�A�
�ys�t� ¨�¤A`t�� �}�wt�� �� NOMA �m� TF�C Y�� T�¤rV±� £@¡ �dh�
�� d§d`�� �d�ts� ,T§A��� £@¡ �yq�t�¤ .TyW�t�� TqWn� �yFw�¤ º� ±�
,­rJAbm�� ry� ¤ ­rJAbm�� X��¤r�� ��  ¤A`t�� ��� ,CNOMA �A\n� �Aynqt��

.UAV-RISs¤ ,HE¤ ,(��zfq��  d`t� ��r�) ­ d`tm�� �®�rm��¤
�wq� ,¾¯¤� .¨�At�� w�n�� ¨l� ¢�¤rV¯� ��d¡� TF�C �t§ �@¡ ¨l� �ºAn�
�kK�� �tK� .(WDL) ­rJAb� X��¤C  ¤d� CNOMA TW�Ah�� Tl}w�� TF�Cd�
(BER) �Atb�� �W� �d`�¤ ,(OP) �AWq�¯� �Amt��¤ ,(EC) T`sl� ¨b§rqt��
�d�tsm�� T�As�¤ T�AW�� �§Ew� ��A� �yq� ,��Ð d`� .¨l§�C wb� ­An� rb�
�w}wl� ©dylqt�� ¨�¤A`t�� XW�m�� �� AnWW�� AS§�  CAq� .d�Asm��
Tl}w�� TF�Cd� �wq� ,Ty�At�� ­wW��� ¨� .WDL (COMA) d�A`tm��  d`tm��
���dt�� ºA��� �¤rR �Z ¨� BER¤ OP �tK� .DL �� CNOMA TW�Ah��
wb� ­An� rb� (ICSI) ­Anq�� T�A� �A�wl`�¤ (ISIC) ��Ak�� ry� ¨�Attm��
	q� .d�Asm�� �d�tsm�� T�As�¤ T�AW�� �§Ew� ��A� P�f� .Rayleigh
¨� DLs¤ WDLs �yWW�� ��d�tFA� ��zfq��  d`t� CNOMA xCd� ,��Ð
(e2e) �rV Y�� �rV �� BER¤ OP ��ryb`� �r�ts� .ISIC¤ ICSI  w�¤
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,T�AW�� �§Ew� ry��� |r`ts� .ISIC¤ ICSI  w�¤ ¨� T��rqm�� Tm\�°�
An�¶At� T�CAq� AS§� ©r�� .Tm\�±� º� � Yl� SIC¤ ,ICSI¤ ,�®�rm��  d�¤
,�bF A� Y�� T�AR� .©dylqt�� © rf�� ��rml� CNOMA �� Ahy�� Anl}w� ¨t��
Yl� �O�� ,¾¯¤� :EH �� CNOMA �AWW�� �� �yn�� TF�C Yl� �m`�
T�AW�� �ysq�¤ (TS) 
�w�� �§db� �w�w�¤r� �� CNOMA þ� BER �d`�
º�r�A� AS§� �wq� .ICI¤ ISIC¤ ICSI  w�¤ ¨� Rayleigh wb� ­An� rb� (PS)
,A¾Ay�A� .EH ry§A`� �mR BER º� � Yl� CSI¤ ISIC ry��� �AKktF¯ �yq��
PS¤ TS) EH �¯w�w�¤r� T�®� �� CNOMA þ� BER¤ OP Yl� �O��
EH �®�A`m� Yl�m�� �yq�� L�An� .Nakagami-m wb��� ­An� rb� (hybrid ¤
Ty�¤A`t�� �¯AO�¯� TkbJ º� � P�f� ,�@¡ T�AR³A�¤ .T�AW�� �§Ew� ��A`�¤
 w�¤ �Z ¨� ¨W��� ry� \ ¨W��� EH �� TyklF®�� T�AW�A� �m`� ¨t��
¨l§�C wb� ­An� Yl� SIC 
wy�¤ (IQI) ¨`y�rt�� CwW��¤ CwW�� ¨� �l�
Yl� SIC¤ IQI 
wy� ry��� ��@� L�An� .Ty�At�³�¤ , EC¤ OP �y� ��
XW�m��  CAq� .Tflt�m�� WPCCN �®�A`� ��d�tFA� �rtqm�� XW�m��
¨� �W��� �d`� P�f� ,A¾ry�� .EH  ¤d� ©dylqt�� UL NOMA �� �rtqm��
�Z ¨� UAV-RIS NOMA þ� (EE) T�AW�� ��d�tF� ­ºAf�¤ (BER) �Atb��
CAyV  ¤d� ��r¶AW�� :�yWW�� �� An�¶At� AS§�  CAq� .Tylm�  wy�  w�¤
�� �q�t�� �t�§ .UAV-RIS OMA T§dylqt�� CAyV  ¤d� ��r¶AW��¤ RIS  ¤d�

.­A�A�m�� �¶At� �®� �� T§ d`�� An�A�AqtJ� T�}
�AFC¯� TW�� �y� w¡ �y�rtl� ��w� �S�� .¨l§ A� �¶Atn�� rh\�
OP �ylq� Y�� �®�rm��  d� ­ A§E © ¥� .Yl�� º� � �yq�t� �y�d�tsm��¤
Tm\��� T�CAq� º� ±� ¨� Ty�A� 	FAk� ��zfq�� ­ d`t� NOMA �q��¤ BER¤
­CAJ³� Tbs� dn� Tm\�±� º� � �ylq� Yl� ISIC¤ ICSI �m`§ .© rf�� ��rm��
 ¤d� ¾T�CAq� Yl�� ¾º� � EH �AWW�� �q�� .(SNR) Ty�A`�� ºARwS�� Y��
�AW� ¨� �q� ¨t��¤ ,ry§A`m�� �ym� Yl� hybrid �w�w�¤rb�� �wft§¤ EH

º� � �� ¨W��� ry� EH d�§ .BER¤ OP º� ± �bys§ 5.1–5.0¤ �bys§ 3–1
r��t§¤ Ty�A`�� (SNR) ºARwS�� Y�� ­CAJ³� Tbs� ��Ð �VAnm�� ¨� �A\n��
,¨klF®��   rt�� �`R Yl� A¾AblF IQI r�¥§ .SIC¤ IQI 
wy`� ryb� �kK�
YO�� Y�� �A\n�� ��Cd� ­ A§z� IQI �yf�� ­C¤rR Yl� ºwS�� Xls§ Am�
SNR Tbs� dn� º� ±� Cw¡d� Y�� ISIC¤ ICI¤ HWI �� �� © ¥§ ,A¾ry�� .d�
SNR Tbs� dn� Ts�A`�� (RIS ) r}An�  d� ­ A§E  �� ,��Ð ��¤ ,Ty�A�
 ¤d� ��r¶AW�� Yl� UAV-RIS �A\� �wft§ .TyRr� �¶At� �q�§ TSf�n�
¨� �®kK�  w�¤ �d� 	bs� NOMA �� �S�� º� � OMA ¤ ,RIS  ¤d� CAyV

.(IUI) �y�d�tsm�� �y� ���dt��
.RIS ¤ ,OP ,NOMA ,EC ,EH , ¤A`t�� ,BER :Ty�Atfm�� �Amlk��
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General introduction

1. Towards 6G: Exploring Future Frontiers in Wireless Communication:
Wireless communication technologies have always been among the most important technologies

developed in the past few decades. A new generation has emerged almost every decade since 1980.
As shown in Figure .1, five wireless communication networks have appeared that support various
multiple access (MA) technologies, including frequency division multiplexing access (FDMA), time
division multiple access (TDMA), code division multiple access (CDMA), and orthogonal FDMA
(OFDMA). The start was marked by the realization of the world’s first cellular system, known as the
first generation (1G), which allowed the emergence of voice communication via cell phones using
FDMA. The second generation (2G) uses digital multiple-access technology such as TDMA and
CDMA. It provides services such as short message services (SMS), picture messages, and multimedia
message services (MMS). The third generation (3G) uses wideband code division multiple access
(WCDMA) technology to deliver internet access as well as substantially enhanced video and audio
transmission. The fourth generation (4G) Long Term Evolution (LTE) used OFDMA and single-
carrier FDMA (SC-FDMA) to provide high-speed, high-quality, high-capacity, security, and low-
cost services for voice data services and the internet. The fifth generation (5G) used OFDMA and
massive multiple-input multiple-output (MIMO) to offer a greater user data rate, reduced latency,
high system capacity, and a massive number of connections.

Figure 1: Evolution of mobile network: From 1G to 6G.
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The implementation of 5G technologies involves balancing multiple considerations, including
throughput, latency, energy efficiency (EE), deployment costs, reliability, and hardware complexity.
Beyond 2030, 5G will likely face difficulties in meeting the evolving demands of the market. The sixth
generation (6G) will bridge the gap between the needs of the market and 5G. The main objectives
of 6G systems are based on past trends and future needs projections, which are as follows:

• Extremely high data rates per device.

• Very large number of connected devices.

• Global connectivity and full coverage.

• Very low latency.

• Lowering the energy consumption with battery-free Internet of Things (IoT) devices.

• Ultra-high reliable connectivity.

• Connected intelligence with machine learning capability.

It is anticipated that future research will definitively define several key performance indica-
tors (KPI) classes for 6G. Several academic and industry researchers focus on the following KPIs
for 6G communication, including achieving a peak data rate of 1000 Gbps, 10−9 reliability, 1000
Mb/s/m2 area traffic capacity, 107 connection density, 10−3 ms latency, 100 GHz maximum band-
width, 30 b/s/Hz peak spectral efficiency, and Km/h mobility, as presented in Figure .2 [1, 2].
These efforts are intended to pave the way for various KPI-related services on 6G communica-
tion systems. These services include ubiquitous mobile ultra-broadband (uMUB), ultra-high-speed
with low-latency communications (uHSLLC), massive machine-type communication (mMTC), and
ultra-high data density (uHDD). Therefore, the upcoming 6G communication system is set to in-
troduce a variety of groundbreaking technologies, including artificial intelligence (AI), terahertz
(THz) communications, reconfigurable intelligent surfaces (RIS), non-orthogonal multiple access
(NOMA), energy harvesting (EH), and non-terrestrial networks (satellite, high-altitude platform
stations or high-altitude pseudo satellites (HAPS), and uncrewed aerial vehicles (UAV)) to provide
global coverage [3, 4].

2. Motivation and Objectives:
Each generation of preceding cellular standards (from 1G to 5G) featured different MA tech-

niques, including FDMA, TDMA, CDMA, and OFDMA, which is known as orthogonal MA (OMA).
In OMA techniques, the radio resources (in terms of time, code, or frequency) are divided among
numerous users. Hence, the amount of accessible orthogonal resources determines the maximum
number of users that may be handled. To this end, a new shifting paradigm is proposed in the
design philosophy for beyond 5G (B5G) and 6G cellular networks: shifting from orthogonal to
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Figure 2: Key Performance Requirements for 5G and 6G.

non-orthogonal design in the waveform, MA, and random-access techniques. The key component
techniques of NOMA are the superposition coding (SC) signal and successive interference cancel-
lation (SIC) [5, 6, 7]. NOMA was suggested for future radio networks in [8], and its superiority
to OMA schemes has been proved in terms of different KPIs such as outage probability (OP) and
ergodic capacity (EC), etc [9, 10]. However, NOMA suffers from inter-user interference (IUI), im-
pacting bit error rate (BER) performance, especially with the increasing number of users [11].

Despite its potential to enhance wireless communication systems, NOMA is hindered by several
problems, including limited coverage, channel turbulence, IUI, etc. This thesis proposes NOMA-
assisted cooperative communication as a solution to resolve these problems and improve system
efficiency. In cooperative communications, two main protocols are used in the literature, known as
follows: decode and forward (DF) and amplify and forward (AF). In the DF protocol, the relay
node needs to decode the received information of the first phase to forward it to the destination.
In the AF protocol, without decoding the received information of the first phase, the relay node
amplifies the received information of the first phase and forwards it to the destination. Since the
AF protocol has more errors based on the investigations in the literature, this thesis focuses on the
use of the DF protocol. In CNOMA, multiple nodes collaborate to transmit and receive signals to
achieve significant performance gains. To this end, several technologies are used in the CNOMA
system, such as cooperative with and without direct links, multiple relays (multi-hop relay), EH,
and UAV-RIS. Therefore, we are going to outline each system’s objectives as follows:

• CNOMA is one of the important technologies to improve the performance of NOMA and
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combat channel disorders [12, 13, 14]. Two main schemes in CNOMA are used and known as
cooperative with direct links (DL) and cooperative without direct links (WDL). The objectives
of each of them are as follows. The first one is used to enhance the system performance when
the direct and relay links at the destination are available. The second one is used to increase
the coverage area when only the relay link is available at the destination.

• Several schemes are used in multiple relays, such as selection relay and multi-hop relay. In this
thesis, we focus on the multi-hop relay. In this scheme, the signal can travel farther without
noticeably losing quality by placing relay nodes strategically between the source and the
destination. This method efficiently reduces problems that commonly occur in long-distance
communications, like path-loss, fading, and interference. Furthermore, multi-hop relay allows
for more flexible network deployment and better resource utilization, which makes it especially
useful in situations with limited infrastructure or harsh environmental conditions. The main
objective of multi-hop relay systems is to maximize coverage, throughput, and communication
reliability while making effective use of the available resources.

• The escalated energy consumption in wireless communication presents a significant challenge.
In the event of battery depletion or disconnection of power supplies, the task of battery
replacement becomes daunting and costly. To overcome this problem, it has been suggested
that wireless EH be used to gather and convert ambient radiofrequency signals into electrical
power that wireless devices can use. This approach improves the sustainability of wireless
applications by eliminating the need for traditional power sources. The two primary protocols
used in EH are time switching (TS) and power splitting (PS). The description of each protocol
is defined in the first chapter.

• RIS operates as a "smart" surface that can dynamically control electromagnetic waves to in-
crease coverage areas, reduce interference, and maximize signal strength. Moreover, to improve
coverage, capacity, and reliability, UAV equipped with advanced communication technologies
will act as mobile base stations, relays, or data carriers, enabling the rapid deployment of net-
work infrastructure, supporting emergency communications, and facilitating data offloading
in crowded areas. Recently, the RIS has been integrated with UAV by mounting RIS on the
UAV, which is called UAV-mounted RIS. Wireless communication performance is improved by
installing RIS on UAV by dynamically controlling electromagnetic waves, expanding coverage
areas, and mitigating interference.

On the other hand, in reality, the devices suffer from many problems that affect the overall
performance of the system, including the RF component of hardware impairment (HWI), such
as in-phase and quadrature-phase imbalance (IQI), imperfect channel state information (ICSI),
imperfect SIC. These imperfections are taken into account and evaluated in this thesis.
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3. Contributions:
As described above, NOMA is one of the promising radio access technologies to improve perfor-

mance in cellular communications of the next generation. Moreover, the interplay between NOMA
and cooperative communication is one of the topics that drew the most attention to achieving higher
spectral efficiency and compensation for path-loss. Additionally, the multi-hop relay is crucial for
expanding cell coverage to locations outside the cell range or to heavily shadowed areas within the
cell. On the other hand, EH has attracted much attention due to its potential to increase EE. UAV-
mounted RIS dynamically controls electromagnetic waves, expands coverage areas, and mitigates
interference. Based on the author’s acknowledgment, these systems have not been studied under
practical imperfections. The objective of this thesis is to analyze CNOMA with the mentioned
systems for BER, OP, EC, and throughput. We evaluate the ICSI, ISIC, HWI, and IQI in this
thesis. During this research, the major contributions of this thesis are provided as follows:

• We investigate the OP, EC, and BER performance of cooperative NOMA (CNOMA) WDL.
Moreover, we discuss the impact of power allocation and the position of the helper user. We
compare CNOMA WDL with their counterpart cooperative OMA (COMA) and conventional
NOMA. The results show that CNOMA WDL outperformed COMA WDL in terms of OP
and EC, while COMA WDL have better performance gains in terms of BER.

• We investigate the OP and BER performance of CNOMA with DL under the ISIC and ICSI.
The asymptotic OP at a high signal-to-noise ratio (SNR) region is obtained. Moreover, we
discuss the impact of power allocation, helper user distance, imperfect SIC, and CSI. The
results show that ICSI has a negative impact on the high SNR regions, which affects the SIC
to detect the symbols of users.

• We propose the multi-hop CNOMA system with the effect of ISIC and ICSI. The system
overcomes the issue of poor channel quality and extends the coverage area to places outside
the cell range. Two systems are proposed: CNOMA mult-hop WDL and CNOMA multi-hop
with DL. The first one is used to extend the coverage when direct communication between the
BS and users is not available. The second system is used to improve the system performance
when the direct and indirect links are available. We analyze the OP, EC, and BER performance
of both considered systems under the ISIC and ICSI. Moreover, we discuss the effects of power
allocation, ISIC, ICSI, and the number of relays.

• Without using the relay’s power, the EH is considered to increase EE. We analyze the BER
of CNOMA with the EH system over the Rayleigh fading channel for TS and PS protocols.
Moreover, to reach the maximum performance of EH, we propose the hybrid EH (HEH)
protocols for CNOMA. It is a combination of TS and PS protocols. We derive the BER and
OP of three EH protocols (i.e., PT, TS, and HEH) over the Nakagami-m fading channel. we
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compare the HEH protocol with traditional EH protocols (i.e., TS and PS) and CNOMA
without EH. The optimum values for EH CNOMA with EH parameters and power allocation
coefficient are discussed.

• We propose an uplink NOMA-assisted wireless-powered cooperative communication network
(WPCCN). To improve the system performance, multiple near users are performed to improve
the received signal quality. The practical implementations such as IQI and ISIC are ignored in
the literature. Thus, we consider these imperfections in our proposed system. In the realistic
scenarios, the EH circuits have non-linear properties. Thus, the linear and non-linear EH are
considered in our investigation. We derive OP and throughput with linear and non-linear EH
under IQI and ISIC. We obtained accurate expressions of EC for our proposed system with
linear and non-linear EH under the effects of IQI and ISIC. We compare the proposed scheme
with the uplink NOMA without EH as a benchmark.

• To improve the performance and coverage of the UAV, we examine the integration of RIS
with UAVs in next-generation wireless communication. In our system, the RIS is intended to
be mounted on a UAV. We also consider the practical constraints of HWI at the transceivers,
inter-cell interference (ICI), and ISIC. We derive the BER of UAV-RIS under HWI, ICI, and
ISIC. As well, we obtain the upper bound of our proposed system. Besides, we obtain the EE
for our considered system. We compare our results with UAV without RIS and traditional
UAV-RIS OMA. We validate our analysis with Monte-Carlo simulation.

4. Organization of Thesis:
The main structure of this thesis is organized into seven chapters, which are summarized as

follows:

• Chapter 1 provides a review of the fundamental concept of wireless communication, such as
wireless communications channel models and wireless communications performance metrics.
Then, we review the basic concept of the NOMA system. As well, cooperative communication
is presented as one of the solutions for future communications to improve the performance
and extend the coverage of wireless networks. Then, the EH or wireless energy transfer is
presented as a solution to extend the battery lifetime and supply self-sustainable operation
without replacing or recharging the devices’ batteries of wireless communications systems and
networks. Finally, we revise the UAV and RIS in wireless communications systems.

• Chapter 2 focuses on analyzing the performance of CNOMA-WDL. The EC, OP, and BER
of the CNOMA-WDL over Rayleigh fading channel. This chapter also presents a comparison
of CNOMA-WDL with traditional C-OMA-WDL.
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• Chapter 3 investigates CNOMA with DL in the presence of ISIC and ICSI. The OP and BER
of the CNOMA and DL over Rayleigh fading channel with the presence of ISIC and ICSI.
This chapter presents a comparison of CNOMA and DL with traditional NOMA.

• Chapter 4 investigates the performance of multi-hop CNOMA with WDL and DL. This is
performed by deriving the analytical expressions for the OP and BER over ISIC and ICSI.
The system is compared with single relay schemes.

• Chapter 5 investigates two CNOMA with EH schemes. Firstly, we examine the BER of
CNOMA with TS and PS protocols over the Rayleigh fading channel. Secondly, we propose
the CNOMA with HEH protocol in terms of the OP and BER and compared with two EH
protocols (TS and PS) over the Nakagami-m fading channel.

• Chapter 6 proposes uplink harvest-then-cooperate assisted NOMA for a wireless-powered co-
operative communication network (HTC-NOMA-WPCCN) with linear/non-linear EH. In this
chapter, we take into account the presence of IQI and SIC imperfections. This chapter also
extends by considering the multi-helper-user scheme to improve the system’s performance.
We analyze the OP, EC, and throughput expressions with the practical imperfections.

• Chapter 7 investigates UAV-RIS NOMA with practical constraints such as HWI, ICI, and
imperfect SIC. In this chapter, we analyze the BER of UAV-RIS NOMA. the chapter also
provides a comparison with traditional OMA.

• Finally, we conclude our thesis by conclusion and summarizing the key findings and contri-
butions of our research on CNOMA. Furthermore, we explore the significance of our research
for the field of telecommunication networks and propose prospective directions for further
investigation based on the outcomes of our study.
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Chapter 1

Fundamental Concepts of Wireless
Communications

1.1 Introduction

This chapter describes some fundamental concepts related to wireless communication networks
and NOMA. Firstly, we revise the wireless communications channel models in section 1.2. Then,
section 1.3, describes the ICSI. In section 1.4, we recall some key performance indicators for wireless
communication networks. The fundamental concepts of NOMA power domain and CNOMA are
presented respectively in section 1.5 and section 1.6. section 1.7 describes the EH for NOMA
wireless communication networks. In sections 1.8 and 1.9, we will present UAV and RIS for NOMA
networks. Finally, we conclude the chapter with a conclusion.

1.2 Wireless Communications Channel Models

In wireless communication radio, waves travel through space from the transmitter to the receiver.
The waves during this period suffer from absorption, reflection, refraction, diffraction, and scat-
tering. Thus, fading is a crucial component of the path between the transmitter and the receiver.
Therefore, we present some different channel fading models below [15].

1.2.1 Rayleigh Fading Channel Model

When multipath propagation exists, a model called Rayleigh fading is used to describe the kind
of fading that occurs. It is used to estimate the channel’s performance when there are lots of
scatterers in the path that affect the received signal and there is no line of sight (LoS) between the
transmitter and the receiver [15, 16]. The cumulative distribution function (CDF) and probability
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density function (PDF) of the Rayleigh are defined respectively as in [17] by

FX(x) = 1 − exp(− x

Ω), (1.1)

fX(x) = 1
Ωexp(−

x

Ω), (1.2)

where X is the random variable, Ω = E[|X|2], E[|.|2] is the expectation operator and |.|2 absolute
value.

1.2.2 Nakagami-m Fading Channel Model

The Rayleigh distribution could not expect channel behavior over long distances and high frequen-
cies. Therefore, the Nakagami-m fading model fits matches empirical data more than the Rayleigh
fading model and can describe a variety of fading channel conditions, including Rayleigh fading
when m=1 [15, 16]. The CDF and PDF of the Nakagami-m are defined respectively as in [17] by

FX(x) =
∇
(
m, mΩ x

)
Γ(m) = 1 − e− m

Ω x
m−1∑
t=0

1
t!

(
m

Ω x

)t
, (1.3)

fX(x) =
(
m

Ω

)m mm−1

Γ(m) e
− m

Ω x, (1.4)

where ∇(.) is the lower incomplete Gamma function, Γ(.) is the Gamma function, and m is the
parameter of the Nakagami-m distribution.

1.3 Imperfect channel State Information

In practical communication scenarios, it is hard or impossible to consider perfect CSI due to the
combined effect of path-loss, channel fading, and power attenuation. Therefore, it is important to
consider the CSI condition is imperfect [18]. We define h as the channel coefficient between the
base station (BS) and the receiver. We can write h as h = ĥ + e, where ĥ is the factor of the
channel estimation, which can be modeled as ĥ ∼ CN (0, σ2

h − σ2
e) and e is the factor of the channel

estimation error.

1.4 Wireless Communications Performance Metrics

1.4.1 Ergodic Capacity

The capacity of Shannon is defined as the maximum rate that can be achieved between the trans-
mitter and the receiver. The capacity of Shannon can be expressed as in [19, 20] by

C = B log2(1 + Pt|h|2

σ2 ) = B log2(1 + γ|h|2), (1.5)
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where B is the bandwidth, h is the channel coefficient between the transmitter and the receiver,
γ = Pt

σ2 is the received signal-to-noise ratio (SNR), and σ2 is the Additive white Gaussian noise
(AWGN) variance.

The ergodic capacity (EC) is obtained by averaging C of (1.5) as

C = E|h|2 [B log2(1 + γ|h|2)] = B

∫ ∞

0
f|h|2(u) log2(1 + γu), (1.6)

where f|h|2(u) is the PDF of |h|2.

1.4.2 Outage Probability

The outage occurs when the signal cannot be reliably decoded at the receiver or when communication
between the transmitter and receiver is missing. Theoretically, the outage occurs when the capacity
of Shannon C is less than the transmission rate R (C < R) [19]. Thus, OP can be expressed as

P (out) = Pr(B log2(1 + γ|h|2) < R) = Pr(γ|h|2 < γth), (1.7)

where γth = 2
R
B − 1 is the threshold of receiver.

1.4.3 Bit Error Rate

The BER is defined as the probability of decoding a signal that has been received in favor of a
different symbol from the one that was transmitted [16]. The BER can be defined as

P (e) =
∫ ∞

0
Pr(e/x)fX(x)dx, (1.8)

where Pr(e/x) is the conditional error probability.

1.5 NOMA Power Domain

In NOMA, multiple users’ signals can be combined and shared over the same time-frequency code
resources. Different power levels are allocated for each user signal based on the channel conditions
to enable knowing them at the receiver. The principle transmission of NOMA is based on the
superposition coding (SC) and SIC at the transmitter and receiver [14, 21, 22, 23]. In this section,
we describe the downlink and the uplink of the NOMA network.

1.5.1 Downlink NOMA

In the downlink NOMA, the users’ signals are combined with different power allocation coefficients
at the transmitter in an SC signal according to the channel gain for each user, as presented in Figure
1.1 (a) and (b).
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(a)

(b)

Figure 1.1: (a) Downlink NOMA network, (b) The working principle of superposition coding and
successive interference cancellation.
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A lower power allocation coefficient is given to the user of a higher channel gain, whereas a larger
power allocation coefficient is given to the user of a worse channel gain (|h1|2 < |h2|2 < |h3|2 < ... <

|hi|2). The SC transmitted signal at the BS can be given as

XSC =
i∑

k=1
(√αksk), (1.9)

where αk is the power allocation coefficient for Ui, where α1 > α2 > α3 > ... > αi, in which∑i
k=1 αk = 1 and sk is signals of Ui.

To decode the signals of the users, the SIC process is used by the receivers, as presented in
Figure 1.1 (b). The decoding begins with the user of the highest power, then the user of the lowest
power, and so forth. The far user decodes its signal without SIC directly by treating the other
signals as noise, while at the near user, the far user signal is decoded firstly by treating the near
user signal as noise. Then, using the SIC process, the near user decodes its signal. By following the
same method, other users can decode their signals. The received signal at users is given by

yk =
√
PtXSC hk + n, k = 1, 2, 3, ..., i, (1.10)

where Pt is the total transmitted power, hk is the channel coefficient of Ui, and n is the AWGN as
follows n ∼ CN (0, σ2).

1.5.2 Uplink NOMA

In contrast to downlink NOMA, the uplink NOMA operates very differently. Several transmitters
transmit their signals to BS at the same time and frequency blocks, where the near transmitter
signal has higher power than the far transmitter signal and so on (α1 < α2 < α3 < ... < αi), as
presented in Figure 1.2 [21]. The received signal at the BS can be given as

r =
√
Pt

i∑
k=1

(hk
√
αksk) + n, k = 1, 2, 3, ..., i. (1.11)

The received signal at the BS is a combination of all transmitted signals with different power
levels. We can decode them using the SIC process, where the closest transmitter’s signal is first
decoded, followed by the next-closest transmitter’s signal, and so on. In other words, the signal
with the highest energy is decoded first, then the signal with the lowest energy, and so on.

1.6 Cooperative NOMA

A CNOMA system is one of the techniques employed to increase system performance, combat
channel disorders, and expand cell coverage. Two famous schemes for CNOMA are as follows. The
first one is CNOMA with DL, which is used to improve the system’s performance. The second one
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Figure 1.2: Uplink NOMA network.

is CNOMA WDL, which is used to help faraway users or users who cannot receive the BS signal due
to poor channels [24]. Multiple relay techniques are employed for CNOMA, such as DF and AF. In
the DF, the received signal at the relay is decoded, re-encoded, and forwarded to the receivers. In
AF, the received signal at the relay is amplified without decoding and forwarded to the receivers
[19]. In this section, we concentrate on the CNOMA WDL. Thus, we introduce the downlink and
uplink for CNOMA networks.

1.6.1 Downlink Cooperative NOMA

In CNOMA, transmission consists of two phases, as presented in Figure 1.3. In phase 1: Based on
the NOMA system, the SC signal is transmitted from the BS to the relay node. The received signal
at the relay node is given by

yr =
√
PtXSC hr + n, k = 1, 2, 3, ..., i, (1.12)

where hr is the channel coefficient of the relay node.

Figure 1.3: Downlink CNOMA network.

The relay node decodes all users’ signals from the SC received signal using the SIC process,
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as we described in section 1.4. In phase 2: The relay node re-encodes and combines all the users’
signals in the new SC signal as in the BS, then forwards it by its power to the users. Thus, the
received signal by the users is given by

yk =
√
PrXSC hk + n, k = 1, 2, 3, ..., i, (1.13)

where Pr is the relay power.

1.6.2 Uplink Cooperative NOMA

In uplink CNOMA, the transmission consists of two phases, as shown in Figure 1.4. In phase:
Multiple users transmit their signals simultaneously to the relay node, in which each user transmits
its signal with the following power levels (α1 < α2 < α3 < ... < αi). The received signal at the relay
node will be as (1.11) and is given as

yr =
√
Pt

i∑
k=1

(hk
√
αksk) + n, k = 1, 2, 3, ..., i. (1.14)

Figure 1.4: Uplink CNOMA network.

The relay decodes the SC received signal using the SIC process. The signal with the highest
power level is decoded first, then the signal with the lowest power level, and so on. In phase 2: The
relay re-encodes the decoded signals and combines them into a new SC signal, then forwards it to
the BS by its power. Hence, the received signal at the BS is given by

yBS =
√
Pr hr

i∑
k=1

(√αksk) + n, k = 1, 2, 3, ..., i. (1.15)

In the same way at the relay node, the SIC process is used at the BS to decode the signals. The
signal with greater power is decoded first, then the signal with lower power, and so on.

1.7 Energy Harvesting

As it’s known, energy is the primary source for operating all devices and systems. Therefore, with
the significant increase in the number of devices and the world’s orientation towards the IoT and
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others, devices may suffer from the problem of charging or damaging the batteries. For this purpose,
many researchers have proposed EH or wireless energy transfer as a promising solution for wireless
communication networks [25, 26].

In future wireless communications, EH from radio frequency (RF) sources is a significant part
of green communication that supplies self-sustainable operation without replacing or recharging the
devices’ batteries of wireless communications systems and networks [26, 27]. In EH, one part is
devoted to energy transmission; and the other part is devoted to transferring signals or decoding
information, as presented in Figure 1.5. There are two main EH protocols, named as follows: PS
and TS. We describe the details of the two EH protocols below.

Figure 1.5: The transmission with EH technology.

1.7.1 Power Splitting

In the PS protocol, the received signal is split into two parts: one part for EH and the other part
for data decoding, as presented in Figure 1.6. Thus, EH and information decoding are simultaneous
in the PS protocol [27, 28, 29]. The received signal for EH and data decoding can be written,
respectively by

y =
√
Ptρ h

i∑
k=1

(√αksk) + √
ρ n, k = 1, 2, 3, ..., i, (1.16)
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y =
√
Pt(1 − ρ) h

i∑
k=1

(√αksk) +
√

(1 − ρ) n, k = 1, 2, 3, ..., i, (1.17)

where ρ is the PS factor, in which 0 < ρ < 1.

Figure 1.6: Power splitting protocol.

The energy harvested from the received signal power is given by

EPS = ηρPt|h|2T2 . (1.18)

The transmission power of the transmitter through the harvested energy is given by

PPS = 2EPS
T

= ηρPt|h|2, (1.19)

where T is the total communication period, η is the factor of the energy conversion efficiency, in
which 0 < η < 1.

1.7.2 Time Switching

In TS protocol, one part of the transmitting time is devoted to connecting the received signal to an
energy harvester for power transfer. The other part of the transmitting time is devoted to switching
the received signal to a data decoder for signal delivery, as presented in Figure 1.7. Unlike PS, EH
and information decoding are not simultaneous in the TS protocol [27, 28, 29]. The received signal
for the data decoding can be written by

y =
√
Pt h

i∑
k=1

(√αksk) + n, k = 1, 2, 3, ..., i, (1.20)

The energy harvested from the received signal power is given by

ETS = ηνPt|h|2T. (1.21)

The transmission power of the transmitter through the harvested energy is given by
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Figure 1.7: Time switching protocol.

PTS = ETS
(1−ν)T

2
= 2ηνPt|h|2

(1 − ν) , (1.22)

where ν is the TS factor, in which 0 < ν < 1.

1.7.3 Non-Linear Energy Harvesting

In this subsection, we explore the intricacies of the non-linear EH model, which takes into account
the subtleties of saturation and sensitivity in the EH circuit. In this subsection, we consider the TS
as an example. If TS is used, the EH from the received signal power is provided by

ENL =

 ηνPt|hh|2T, Pt|h|2 ≤ Pth,

ηνPthT, Pt|h|2 > Pth,
(1.23)

where Pth is the saturation threshold.
However, in the non-linear EH model, the transmit power is given as

PEH,NL = ENL
(1 − τ)T/2 =


2ητPt|h|2

(1−τ) , Pt|h|2 ≤ Pth,
2ητPth
(1−τ) , Pt|h|2 > Pth.

(1.24)

The harvested energy is shown in Figure 1.8 for a range of input power values, comparing the
results of two EH models: the non-linear EH and linear EH models. In particular, the harvesting
energy exhibits an upward trend as the input energy increases in the non-linear EH model until
it reaches a saturation point at the value Pth. When the harvester’s output energy crosses this
threshold, it stabilizes and stays at that level.

1.8 Uncrewed Aerial Vehicle

The vehicle and drone-based communications systems field of research is known as UAV commu-
nications systems. UAV can fly at a few hundred meters and can be remotely operated through
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Figure 1.8: A comparison between the linear EH model and the non-linear EH model.

different electronic gadgets. Recently, UAV have been considered one of the most significant tech-
nologies for future wireless communications networks. Therefore, there is currently a lot of interest
in integrating UAV into wireless networks such as satellites to enable more accurate data processing
and support continuous information broadcasting [30, 31].

Integrating NOMA with UAV communication networks presents an exciting opportunity to en-
hance the QoS in congested areas and expand the coverage of existing networks in challenging
environments (as shown in Figure 1.9). UAV communication networks are increasingly recognized
for their cost-effectiveness, leveraging line-of-sight (LoS) air-to-ground channels and adaptable de-
ployment strategies. By employing NOMA within these networks, we can further optimize spectrum
utilization, increase throughput, and improve fairness among users, thereby maximizing the overall
efficiency and performance of UAV communication systems [32].

In the downlink scenario, we take into account three-dimensional Cartesian coordinates (x, y, z)
for positioning UAV relay and NOMA users as presented in Figure 1.9. We begin by identifying
the location of the BS and Ui as follows. The position coordinates of the BS is S(−xBS , 0, 0),
whereas the position coordinates of ground users Ui is indicated as Ui(xk, yk, zk). The central
position of the UAV’s circular trajectory, characterized by a radius r and altitude Th, can be pin-
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Figure 1.9: UAV with NOMA network.

pointed to the coordinates O′(0, Th, 0). Supposing that φ is the angle between the position of
the UAV on the circle and the x-axis, we can easily indicate the position coordinates of the relay
UAV as UAV(r. cos(φ), r. sin(φ), Th). Based on this analysis, we calculate the Euclidean distance
between BS-UAV and UAV-Ui, respectively, as di =

√
(r cos(φ) − xi)2 + (r sin(φ) − zi)2 + T 2 and

dr =
√

(r cos(φ) − xr)2 + (r sin(φ) − zr)2 + T 2.

In CNOMA, transmission consists of two phases, as presented in Figure 1.9. In phase 1: Based
on the NOMA system, the SC signal is transmitted from the BS to the UAV relay node. The
received signal at the UAV relay node is given by

yr =
√
PtXSC

√
dςr hr + n. (1.25)

The UAV relay node decodes all users’ signals from the SC received signal using the SIC process,
as we described in section 1.4. In phase 2: The UAV relay node re-encodes and combines all the
users’ signals in the new SC signal as in the BS, then forwards it by its power to the users. Thus,
the received signal by the users is given by

yk =
√
PrXSC

√
dςk hk + n, k = 1, 2, 3, ..., i. (1.26)

1.9 Reconfigurable Intelligent Surfaces

RIS has received growing attention as a potential next-generation technology due to its promising
capabilities to control the wireless propagation environment. The structure of RIS is made of a
thin and flexible metasurface material that contains passive circuitry. It can intelligently control
the propagation of the incident electromagnetic waves and reflect or refract these waves in a desired
way, thereby turning the wireless channel into a controllable environment, and enhancing the overall
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system performance.

As shown in Figure 1.10, RIS can be categorized into three types: reflective, transmissive, and
hybrid [33, 34]. We describe each type respectively as follows:

Figure 1.10: Types of RIS.

• Reflective: This type only reflects incident signals toward the users on the same side of
the source. Generally, we can define the response of a reflective RIS element by having the
information of (♭, ϕz). Hence, the response of a reflective RIS element can be written by

η = ♭ exp(−jϕz), (1.27)

where j is the imaginary unit, i.e., |j|2 = 1 and ♭ ∈ [0, 1] is the amplitude of the RIS response.
When ♭ = 1 indicates that the incident signals are fully reflected, while ♭ = 0 implies that the
incident signals are fully absorbed. ϕr is the phase shift of the RIS response.

• Transmissive: In this type, the incident signals will pass through the RIS and be sent to
the users on the opposite side of the source. The response of a transmissive RIS element is
similar to (1.27). In this type, the incident signals fully penetrate the RIS element in case of
♭ = 1.

• Hybrid: This kind of RIS offers dual operations of reflection and transmission. This means
that the incident signals will be divided into two pieces, one of which will be sent and the
other reflected. Generally, we can define the response of a hybrid RIS element by having
the information of (βz, ϕr, ϕt). Hence, the response of the RIS element to reflected and
transmitted signals can be expressed by

ηr =
√

βz
1 + βz

exp(−jϕr), (1.28)

ηt =
√

βz
1 + βz

exp(−jϕt), (1.29)
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where βz ∈ [0,∞) is the power ratio of reflected signals to transmitted signals, ϕr is the phase
shift between the incident and reflected signals, and ϕt is the phase shift between the incident
and transmitted signals.

Figure 1.11: RIS with NOMA network.

As shown in Figure 1.11, the BS transmits an SC signal to NOMA users through RIS (reflective
RIS). The received signal at NOMA users with N number RIS elements is given by

yk =
√
PtXSC

N∑
n=1

hr,n exp (jϕk,n)hk,n + n, k = 1, 2, 3, ..., i, (1.30)

where ϕi,n represents the adjustable phase induced by the nth reflector of the RIS, hr,n and hk,n are
channels between BS-RIS, and RIS-Ui.

1.10 Conclusion

In this chapter, the fundamental concepts of wireless communication networks and NOMA are
defined. Moreover, to increase the system performance and extend the coverage of NOMA, we
described the basic concept of cooperative communication with NOMA. Furthermore, we have seen
that EH technology is a great solution when the device’s batteries are damaged or there is a prob-
lem with charging. EH from the ambient wireless sources is a promising solution for future NOMA
networks. Finally, the benefits of using UAV and RIS in NOMA presented including improved
coverage, spectral efficiency, and overall system performance.

Based on previous literature and our study, the following chapters will investigate the CNOMA
system to extend the coverage and improve the system’s performance. Furthermore, we will evaluate
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the EH for CNOMA networks.
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Chapter 2

Cooperative NOMA Without Direct
Link

2.1 Introduction

In the foreseen future beyond 6G networks, ambitious high data rate applications need new solutions
[35]. NOMA is an essential enabling technology to meet the heterogeneous demands of low latency,
massive connectivity, high reliability, high throughput, and improved fairness [36]. Moreover, co-
operative communications can improve the system performance in cellular networks through higher
data rates, more reliable transmission links, and satisfactory quality of service [37].

2.1.1 Related Works

NOMA is superior to OMA in terms of OP and ergodic sum rate [9]. In terms of ergodic sum
rate and OP, CNOMA is superior to OMA [10]. On the other hand, under the SIC, the authors
of [11] derived the closed-form BER in downlink and uplink NOMA for binary phase shift key-
ing and quadrature phase shift keying (BPSK-QPSK) modulation schemes. Similarly, in [38], the
BER of NOMA in the downlink with different modulation schemes BPSK-BPSK, QPSK-BPSK,
and QPSK-QPSK have been derived. The closed-form BER of NOMA with VLC system for differ-
ent modulations has been obtained [39]. The authors of [40] evaluated the BER for QPSK-BPSK
modulation for DF relay-assisted NOMA. In [41], the error probability has been determined for
cooperative DF relay NOMA via Nakagami-m fading channels. The ergodic rate and symbol error
rate (SER) of CNOMA by using QPSK-BPSK have been derived [42]. The BER and diversity
for cooperative relay-assisted NOMA have been evaluated by performing joint maximum likelihood
(JML) decoding at the destination [43]. The authors of [38] have derived the BER and EC of
mobile ad-hoc networking in NOMA. In the downlink and uplink, the BER of CNOMA with FD
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user relaying has been obtained [44] when there is no direct connection with users. The EC, OP,
and error probability have been derived for the reversed DF relaying NOMA with ISIC and CSI to
improve user fairness compared to conventional DF with NOMA [45].

2.1.2 Motivation and Contributions

Based on the above research, most of the works focused on deriving the BER by assuming differ-
ent modulations for encoding the users’ messages (i.e., BPSK-QPSK) in DF with CNOMA (DF-
CNOMA). The BPSK modulation to encode two users’ messages in DF-CNOMA has not been
analyzed to the best of the author’s knowledge. In this chapter, using the BPSK modulation to
encode the users’ messages, we analyze the BER of the CNOMA without direct links (CNOMA
WDL). We assume the near user helps the far user to receive its signal using DF mode when there
is no connection between the BS and the far user. The main contributions of this chapter are as
follows:

• We derive the closed-form BER of the near user. Then, we express the end-to-end (e2e) BER
of the far user.

• We compare our results with traditional cooperative OMA with WDL (COMA WDL).

• We also evaluate the EC and OP of CNOMA WDL.

• We discuss the optimum power allocation value and the optimal situation for the helper user.

2.2 System Model

Consider a CNOMA WDL system that has one BS and two users, named U1 and U2. The last
one (U2) is near the BS, whereas the first one (U1) is far away and cannot receive the BS signal,
as shown in Figure 2.1. It is supposed that U2 is an assistant user to U1 to receive its signal, and
it works in half-duplex (HD) mode and DF protocol. It is assumed that all nodes are over the
Rayleigh fading channel. The users’ signals are combined in an SC signal with different power levels
according to channel gain of the users, which is transmitted from the BS to U2 in the first phase.
The received signal at the U2 is given by

yBS2 =
√
Pt h2 (

√
α1s1 +

√
α2s2) + n, (2.1)

where h2 ∼ CN (0, σ2
h2

= dς2) is the channel coefficient of U2, d2 is the distance between BS-U2,
and ς is the path-loss factor, and α1 and α2 are the power allocation for users and it is distributed
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according to the downlink NOMA as presented in chapter 1, Subsection 1.5.1, in which α1 > α2,
α1 + α2 = 1

Using the SIC, U2 decodes the U1 signal first and then subtracts it from the total received signal
to decode its signal. Thereafter, U2 re-encodes s1 and forwards it to U1 in the second phase. The
received signal at U1 is given by

y21 =
√
Pr h1 s1 + n, (2.2)

where h1 ∼ CN (0, σ2
h1

= dς1) is the channel coefficient of U1 and d1 is the distance between U2-U1.
The U1 uses maximum likelihood detection (MLD) to detect its signal s1. The signal-to-

interference-plus-noise ratio (SINR) of the s1 at U2 can be expressed as

γBS2,s1 = Ptα1|h2|2

Ptα2|h2|2 + σ2 , (2.3)

while the SINR of s2 at U2 can be expressed as

γBS2,s2 = Ptα2|h2|2

σ2 , (2.4)

and the SINR of s1 at U1 in the second phase can be expressed as

γ12,s1 = Pr|h1|2

σ2 . (2.5)

Figure 2.1: CNOMA WDL scheme.
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2.3 Performance Analysis

In this section, we analyze the EC, OP, and BER for CNOMA WDL over the Rayleigh fading
channel.

2.3.1 Ergodic Capacity

In this subsection, we derive the EC expressions for U1 and U2. The capacity of Shannon of the s1

signal should be considered based on both BS-U2 and U2-U1 links. Hence, the capacity of Shannon
of the U1 is given by

CBS21,s1 = 1
2 log2(1 +min(γBS2,s1 , γ21,s1)). (2.6)

By averaging (2.6), we calculate the EC of U1 as

CBS21,s1 = 1
2

∫∫ ∞
log2(1 +min(γBS2,s1 , γ21,s1))f|h2|2(|h2|2)f|h1|2(|h1|2) d|h2|2 d|h1|2, (2.7)

where f|h2|2(|h2|2) and f|h1|2(|h1|2) are the PDFs of |h2|2 and |h1|2, respectively. Let represent
W=min(A+B), the CDF of W is expressed by FW (x) = 1 − (1 − FA(x))(1 − FB(x)), where FA(x)
and FB(x) are the CDF of A and B, respectively [45, 46]. Recalling,

∫∞ log2(1 + x)fX(x) =
1

ln 2
∫∞ 1−FX(x)

1+x dx [47]. Hence, after some algebraic manipulations, we derive the EC of the U1 as
given by

CBS21,s1 = 1
2 ln 2

∫ ∞ exp
(
− σ2x

(α1−α2x)PtE[|h2|2]

)
exp

(
− σ2x
PrE[|h1|2]

)
1 − x

dx. (2.8)

There is no derivation analytical solution to (2.8) according to the author’s knowledge. However,
it can be simple to calculate using software like MATLAB.

The capacity of Shannon of the U2 is given by

CBS2,s2 = 1
2 log2(1 + γBS2,s2). (2.9)

Thus, the average of (2.9) is given by

CBS2,s2 = 1
2

∫ ∞
log2(1 + γBS2,s2)f|h2|2(|h2|2) d|h2|2. (2.10)

By using [47, Eq(3.352.2)], we obtain the EC of U2 as

CBS2,s2 = 1
2 ln 2

∫ ∞ exp
(
− σ2x
α2PtE[|h2|2]

)
1 + x

dx

= − 1
2 ln 2exp

(
− σ2

α2PtE[|h2|2]

)
Ei

(
σ2

α2PtE[|h2|2] (1 + x)
)
.

(2.11)
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2.3.2 Outage Probability

The OP of U1 occurs if the received SINR of s1 in phase one and phase two are less than the
threshold θ1. The OP of U1 is given by

PBS21,s1(out) = P (min(γBS2,s1 , γ21,s1) < θ1). (2.12)

By using the PDF and CDF as in (1.1) and (1.2), we find the OP of (2.12) as

PBS21,s1(out) = 1 − exp

(
− σ2θ1

(α1 − α2θ1)PtE[|h2|2]

)
exp

(
− σ2θ1
PrE[|h1|2]

)
, (2.13)

where E[.] is the expectation operator, θ1 = 2Tr1 − 1 is the threshold rate of s1, and Tr1 is the
target rate of s1.

The OP of s2 at U2 occurs for the following reasons: If the received SINR of s1 is less than
the threshold θ1. If the received SINR of s1 is higher or equal to the threshold θ1 and the received
SINR of s2 is less than the threshold θ2. The OP of s2 at U2 is given by

PBS2,s2(out) = P (γBS2,s1 < θ1) + [1 − P (γBS2,s1 < θ1)]P (γBS2,s2 < θ2) . (2.14)

After simplification, we can write (2.14) as

PBS2,s2(out) = 1 − P (γBS2,s1 < θ1)P (γBS2,s2 < θ2) . (2.15)

By using the PDF and CDF as in (1.1) and (1.2), the OP of (2.15) is given by

PBS2,s2(out) = 1 − exp

(
− σ2θ1

(α1 − α2θ1)PtE[|h2|2]

)
exp

(
− σ2θ2
α2PtE[|h2|2]

)
, (2.16)

where θ2 = 2Tr2 − 1 is the threshold rate of s2 and Tr2 is the target rate of s2.
To acquire insight into our system, the asymptotic OP of users is given in high SNR regimes as

in [48] by

P∞
BS21,s1(out) ≈ 1 −

(
1 − σ2θ1

(α1 − α2θ1)PtE[|h2|2]

)(
1 − σ2θ1

PrE[|h1|2]

)
, (2.17)

P∞
BS2,s2(out) ≈ 1 −

(
1 − σ2θ1

(α1 − α2θ1)PtE[|h2|2]

)(
1 − σ2θ2

α2PtE[|h2|2]

)
. (2.18)

2.3.3 Bit Error Rate

In this subsection, we derive the closed-form BER for s1 and s2 at U2. Then, we derive the closed-
form BER of s1 at phase two. Finally, we express the e2e BER for U1. The e2e BER expression for
U1 is given by [13]

University of El-Oued: 2024 27



Chapter 2: Cooperative NOMA Without Direct Link

Pe2e,WDL(e) = 1 − (1 − PBS2,s1(e))(1 − P21,s1(e)), (2.19)

where PBS2,s1(e) is the BER of s1 in the first phase and P21,s1(e) is the BER of s1 in the second
phase.

Figure 2.2: Constellation diagram of the received signal.

We consider that the BPSK modulation is utilized to encode the users’ symbols. As shown in
Figure 2.2, we represent the constellation points of the SC signal by (a1, a2), in which the (a1)
symbol illustrates s1, and the (a2) symbol illustrates s2. The decision boundary is established by
the in-phase component of the received signal, either higher or less than zero.

The U2 detects s1 using MLD. Hence, the BER of the s1 symbols at U2 is expressed by [13]

PBS2,s1(e) = 1
2

2∑
j=1

Q

(√
Ptγχj |h2|2

)
, (2.20)

where χj = [(√α1 + √
α2)2, (√α1 − √

α2)2].
With helping an alternative form of the Q(.) function and the moment generating function

(MGF), and after some algebraic manipulation, (2.20) can be written by

PBS2,s1(e) = 1
4

2∑
j=1

(√
PtγχjE[|h2|2]

2 + PtγχjE[|h2|2]

)
. (2.21)

Proof: Please, see Appendix A.
Also, the U2 implements the SIC to detect its symbols. The detection of s2 at U2 is based on

the detection of s1 symbols correct or not. Thus, the BER of s2 at U2 is expressed by

PBS2,s2(e) = 1
2

6∑
v=1

κvQ

(√
Ptγℵv|h2|2

)
, (2.22)

where κv = [1, 1,−1, 1, 1,−1] and ℵv = [α2, α2, (
√
α1+√

α2)2, (
√

2α1+√
α2)2, (√α1−√

α2)2, (2√
α1−

√
α2)2].

By assisting an alternative form of the Q(.) function and the MGF, and after some algebraic
manipulation, (2.22) can be written by
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PBS2,s2(e) = 1
4

6∑
v=1

κv

(√
PtγℵvE[|h2|2]

2 + PtγℵvE[|h2|2]

)
. (2.23)

Proof: Please, see Appendix B.
In the second phase, U2 re-encodes the s1 symbols and forwards them to U1. The BPSK

modulation is assumed to encode the s1 symbols at U2. The BER of s1 in the second phase can be
written as

P21,s1(e) = Q

(√
Ptγ|h1|2

)
. (2.24)

As we do in the derivations above, by using an alternative form of the Q(.) function and MGF,
we can write the average BER (ABER) of (2.24) as

P21,s1(e) = 1
2

(√
PrγE[|h1|2]

2 + PrγE[|h1|2]

)
. (2.25)

To find the BER of U1, we substitute the (2.21) and (2.25) into (2.19) as given by

Pe2e,WDL(e) = 1 −

1 − 1
4

2∑
j=1

(√
PtγגjE[|h2|2]

2 + PtγגjE[|h2|2]

)(1 − 1
2

(√
PrγE[|h1|2]

2 + PrγE[|h1|2]

))
. (2.26)

2.4 Numerical Results

In this section, We validate our analytical derivations by simulation results. We assume that the
parameters used in the simulation are as follows, d1=3 m, d2=1 m, ς=3, α1=0.8, α2=0.2 and
Pt = Pr.In our results, the curves represent simulations, while the markers indicate the analytical
derivation. It is evident that our analytical derivation precisely matches the simulations, thereby
validating our mathematical framework.

Moreover, we evaluate the performance of the EC of CNOMA WDL. In Figure 2.3, we present
the EC performance w.r.t. SNR. We observe that the EC of U2 increases with increasing SNR,
while the EC of U1 increases and then stabilizes at SNR= 30 dB. The EC of U2 is better than U1

due to the different distribution of power allocation and channel gain for each user.
To evaluate the impact of U2 distance on EC performance, Figure 3.4 presents the EC perfor-

mance of EC w.r.t. d2, where SNR = 10, 20, 40 dB. It can be seen that the EC of U2 deteriorates
with increasing d2 while the EC of U1 improves. The better distance of U2 to achieve better per-
formance for both users is in the middle between BS and U1. As well, the EC performance of both
users increases with the growth of SNR.

To assess the impact of α2 on the EC performance for both users, Figure 2.5 presents the EC
performance w.r.t. α2, where SNR = 10, 20, 40 dB. We observe that changing α2 affects one user
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Figure 2.3: EC of CNOMA WDL.
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Figure 2.5: EC of CNOMA WDL w.r.t. α2.

at the expense of the other, where increasing α2 improves the EC of U2 and decreases the EC of
U1. Additionally, the EC performance of both users increases when SNR increases.

To compare the performance of CNOMA WDL with COMA WDL, we consider that the TDMA
is implemented for the COMA WDL scheme. In COMA WDL, we need three time slots for trans-
mission. In the first and the second time slots, the BS transmits the signal of U1 (s1) and U2 (s2) to
U2, respectively. In the third time slot, the U2 forwards the s1 signal to U1. In contrast, CNOMA
WDL needs only two time slots. One time slot is to transmit the SC signal from BS to U2 and the
other time slot is to forward s1 to U1. In Figure 2.6, we compare the EC performance of CNOMA
WDL and COMA WDL. We observe that the EC of CNOMA WDL achieves better performance
gain than OMA WDL. This is due to the difference in transmission time between the two systems,
which makes CNOMA WDL superior to its OMA counterpart. In Figure 2.7, we present the OP
performance of the two users for CNOMA WDL w.r.t. SNR. By using (2.13) and (2.16), we exe-
cuted the mathematical simulations. We observe that the OP performance the U2 is better than
U1. This is due to the different power allocation and channel gain for both users.

To assess the impact of distance on the performance of both users, in Figure 2.8, we present
the OP performance with different distances for U2, where SNR=10, 20, 40 dB. We observe that
the OP performance of U1 decreased compared to U2, while in the large distance of U2, the OP of
both users increases jointly. Increasing distance means poor channel, so the outage performance of
both users degrades. As we can see the best position of U2 to achieve better outage performance
for both users is in the middle between the BS and U1. Furthermore, the high SNR enhances the
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Figure 2.6: EC comparison between CNOMA WDL and COMA WDL.
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Figure 2.7: OP of CNOMA WDL.
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Figure 2.8: OP of CNOMA WDL w.r.t. d2.
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Figure 2.9: OP of CNOMA WDL w.r.t. α2.
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Figure 2.10: OP comparison between CNOMA WDL and COMA WDL.
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Figure 2.11: BER of CNOMA WDL.
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OP performance of users.
To evaluate the effect of the α2 on the performance of both users, Figure 2.9. presents the OP

performance with different α2, where SNR=10, 20, 40 dB. We observe that when α2 increases, the
OP performance changes in opposite way for both users, as the performance of U2 decreases, while
the performance of U1 increases. The change of α2 affects the SIC process and signal detection.
Also, the increase in the SNR improves the OP performance of users.
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Figure 2.12: BER of CNOMA WDL w.r.t. d2.

In Figure 2.10, we compare the OP performance of the CNOMA WDL and COMA WDL. We
observe that the OP performance of CNOMA WDL outperforms COMA WDL due to the different
time slots between the two systems. Moreover, we evaluate the BER performance using (2.23) and
(2.26). In Figure 2.11, we show the BER performance of users for CNOMA WDL w.r.t. SNR.
We observe that the BER of U1 achieves better performance than U2. The different distribution
of power allocation affects the BER performance of users. In Figure 2.12, we evaluate the BER
performance of users for CNOMA WDL w.r.t. d2. We observe that increasing d2 deteriorates the
BER performance of U2 and decreases the BER performance of U1 at lower d2 values. In the large
values of d2, the BER performance of U1 and U2 deteriorates. To achieve better BER performance
for both users, the best position of the U2 is in the middle between BS and U1. As well, increasing
SNR decreases the BER performance of both users.

In Figure 2.13, we evaluate the BER performance of users for CNOMA WDL w.r.t. α2. It is
observed that increasing α2 affects the BER performance of one user at the expense of the other, as
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Figure 2.13: BER of CNOMA WDL w.r.t. α2.
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Figure 2.14: BER comparison between CNOMA WDL and OMA WDL.
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increasing α2 reduces the BER performance of the U2 and increases the BER performance of the U1.
Increasing α2 affects the SIC process at U2 and the forwarding message in the second phase. Again,
increasing SNR improves the BER performance of both users. In Figure 2.14, we compare the BER
performance of the CNOMA WDL and COMA WDL. We observe that the BER performance of
COMA WDL outperforms CNOMA WDL. Unlike OMA, the users’ signals suffer from inter user
interference (IUI) in NOMA, which affects the detection of users’ signals and the SIC process.

2.5 Conclusion

In this chapter, we investigated the downlink CNOMA WDL. We derive the closed-form EC, OP,
and BER over the Rayleigh fading channel. The power allocation factor and helper user distance
are evaluated. We have compared our scheme with traditional COMA WDL. Our derivations are
matched perfectly with simulation results. We have shown that the power allocation affects the SIC
process and does not enhance the users’ performance. As well, the distance of the helper user affects
the performance of the far user. The best position of the helper user is in the middle between the
BS and far user to achieve better performance for both users jointly. Furthermore, the high SNR
enhances the performance of the system.

In the following chapter, we will study the performance of the second CNOMA scheme (i.e.,
CNOMA with DL) to enhance the system performance.
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Chapter 3

Cooperative NOMA with Direct Link

3.1 Introduction

Recently, cooperative communication integrated with NOMA networks to increase spectral effi-
ciency, extend coverage, etc [24, 49]. Two cooperative communication schemes are known as coop-
erative WDL when the users receive their signals only with the help of the relay. The other one is
known as cooperative with DL, i.e., when the users receive their signals from different sources. In
this chapter, we study and analyze the CNOMA with DL, in which this scheme is used to improve
the system performance.

3.1.1 Related Works

In [50], three types of CNOMA schemes have been analyzed to enhance OP performance. The
authors of [51, 52] derive the OP performance of the CNOMA with DL by adopting an AF relay.
A buffer-aided CNOMA system in the IoT has been investigated in terms of OP in [53]. In [54],
CNOMA is evaluated in terms of OP over the Nakagami-m fading channel. In [55], a new scheme of
AF CNOMA with DL has been investigated in terms of OP. The delay-tolerant capacity, OP, and
delay-limited capacity of a deivce-to-device-aided CNOMA using the overheard signal are analyzed
[56]. In [57], the system throughput of CNOMA with DL has been evaluated over the Nakagami-m
fading channel. The authors of [58] examine the coverage probability and average data rate of
user pairing with FD CNOMA networks. The authors of [59] analyze the OP of DF CNOMA over
the Nakagami-m fading channel. In [60], the incremental CNOMA has been investigated in terms
of OP to improve the performance of conventional CNOMA. In [61], the OP of FD/HD uplink
CNOMA has been considered. The authors of [62] analyzed the EC and OP for threshold-based
DF selective CNOMA. All previous works considered the perfect case of SIC and CSI, which is
not realistic. The investigation needs to consider and evaluate the systems with more practical
assumptions such as imperfect SIC (ISIC), imperfect CSI (ICSI), IQI imbalance, etc. In [63], the
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OP and system throughput of DF CNOMA has been examined under ICSI and IQI, while in [64],
the authors evaluated the OP of DF CNOMA under ISIC, ICSI, and HWI. On the other hand,
the BER of FD/HD CNOMA has been analyzed in [65, 66]. In [67], the authors investigated the
BER of the threshold-based DF selective CNOMA to increase the data reliability of conventional
CNOMA. For more practical assumptions, under ISIC, ICSI, and HWI the BER of HD CNOMA
has been performed and evaluated in [64].

3.1.2 Motivation and Contributions

Based on the discussion above, in this chapter, we analyze the OP and BER of the CNOMA with
DL. The main contributions of this chapter are as follows:

• We analyze the OP and BER of CNOMA with DL under ISIC and ICSI. The asymptotic
analysis of OP at high SNR regions is performed to reveal the insights of the parameters for
ICSI, and ISIC on system performance. We compare our results with traditional NOMA.

• We discuss the optimum power allocation value and the optimal situation for the helper user.

3.2 System Model

As shown in Figure 3.1, we consider a CNOMA with DL network, which includes BS and two users,
U1 is far and U2 is near the BS. The users can receive the BS signal. We assume that the U2 works
as a helper user to help the U1 to improve its received signal. It is assumed that the U1 applies the
MRC technique to improve its signal. We assume that each node works in HD mode. It is supposed
that each node has a single antenna. All channel links are modeled as an independent Rayleigh
fading channel.

The BS sends an SC signal, which includes U1 and U2 signals with different power allocation
distributed according to the gain of the channel for each user. The received signal at each user can
be written by

yk =
√
Pt (ĥk + e) (

√
α1s1 +

√
α2s2) + n, k = 1, 2, (3.1)

where ĥk ∼ CN (0, σ2
ĥk

= dςk) is channel estimated coefficient of U1 and U2, respectively, dk is the
distance between BS-U1 and BS-U2, respectively, ς is the path-loss factor, s1 and s2 are the signals
of U1 and U2, α1 and α2 are the power allocation coefficients of U1 and U2 signals, in which α1 > α2,
α1 + α2 = 1, and n is the AWGN as follows n ∼ CN (0, σ2).

Through the SIC process, the U2 decodes the U1 signal and then removes it from the total signal
to decode its signal. While U1 decodes its signal without SIC by treating the U2 signal as noise.
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Figure 3.1: CNOMA with DL scheme.

As shown in Figure 3.1, in the cooperative scheme, the U2 re-encodes the U1 signal and forwards
it using its power to U1 in the second time slot. The received signal in the second time slot at U1

is given by
y21 =

√
Pr (ĥ21 + e) s1 + n, (3.2)

where ĥ21 ∼ CN (0, σ2
ĥ21

= dς21) is channel estimated coefficient between U2-U1 and d21 is the
distance between U2-U1.

U1 decode its signal s1 using MLD. The SINR of the phase one and two can be expressed
respectively as

γBS2,s1 = Ptα1|ĥ2|2

Ptα2|ĥ2|2 + Ptσ2
e + σ2

, (3.3)

γBS2,s2 = Ptα2|ĥ2|2

κPtα1|ĥ2|2 + Ptσ2
e + σ2

, (3.4)

γBS1,s1 = Ptα1|ĥ1|2

Ptα2|ĥ1|2 + Ptσ2
e + σ2

, (3.5)

γ12,s1 = Pr|ĥ21|2

Ptσ2
e + σ2 , (3.6)

where κ is the impact of the SIC factor.
U1 receives its signals from two different sources (BS and U2). Thus, U1 uses one of the diversity

combining techniques (in this chapter, we assume that the MRC is used) to improve the received
signal quality. The SINR at output MRC at U1 can be given by

γMRC,s1 = γBS1,s1 + γ12,s1 . (3.7)

3.3 Performance Analysis

In this section, we analyze the OP and BER of CNOMA with DL over the Rayleigh fading channel.
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3.3.1 Outage Probability

U2 detects the U1 signal and then detects its signal, while U1 receives its signal from BS and U2,
so U1 uses the maximum ration combining (MRC) to improve its received signal quality.

3.3.1.1 Outage Probability of Downlink NOMA

The OP of NOMA for U1 and U2 are as follows: The OP of U1 occurs if the γBS1,s1 is less than the
threshold θ1. Thus, the OP of U1 is given by

PBS1,U1(out) = P (γBS1,s1 < θ1). (3.8)

By using the PDF and CDF as in (1.1) and (1.2), we find the OP of (3.8) as

PBS1,U1(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

)
. (3.9)

The OP of U2 occurs if the received γBS2,s1 or γBS2,s2 is less than the threshold θ1 and θ2, respec-
tively.

PBS2,U2(out) = 1 − P (γBS2,s1 > θ1)P (γBS2,s2 > θ2). (3.10)

By using the PDF and CDF as in (1.1) and (1.2), we find the OP of (3.10) by

PBS2,U2(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ2|2]

)
exp

(
− (Ptσ2

e + σ2)θ2

(α2 − κα1θ2)PtE[|ĥ2|2]

)
(3.11)

3.3.1.2 Outage Probability of CNOMA with DL

U1 uses MRC to combine the two received signals to improve the received signal quality. The OP
expression of U1 using the MRC is given as [68] by

PMRC,U1 =(1 − P (γBS2,s1 < θ1))P (γBS1,s1 + γ21,s1 < θ1)

+ P (γBS2,s1 < θ1)P (γBS1,s1 < θ1),
(3.12)

where P (γBS2,s1 < θ1) is the OP of s1 at U2, P (γBS1,s1 < θ1) is the OP of s1 at U1, and P (γBS1,s1 +
γ21,s1 < θ1) is the OP of s1 at U1 when MRC is implemented. We calculate each term of (3.12) as

P (γBS2,s1 < θ1) = 1 − exp

(
− (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ2|2]

)
, (3.13)

P (γBS1,s1 < θ1) = 1 − exp

(
− (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

)
. (3.14)

Since P (γBS1,s1 + γ21,s1 < θ1) consists of two independent random variables W = X + Y , so,
the CDF of W at output MRC is given in [68, eq. (6)] by

P (X + Y < M) = 1 −
[

X

X − Y
exp

(
−M

X

)
+ Y

Y −X
exp

(
−M

Y

)]
, X ̸= Y. (3.15)

University of El-Oued: 2024 41



Chapter 3: Cooperative NOMA with Direct Link

Since γBS1,s1 and γ21,s1 are two independent random variables, where γBS1,s1 ̸= γ21,s1 , so
P (γBS1,s1 + γ21,s1 < θ1) can be computed as (3. 15) by

P (γBS1,s1 + γ21,s1 < θ1) =1 −
[

τ1
τ1 − τ2

exp (−τ1θ1) + τ2
τ2 − τ1

exp (−τ2θ1)
]
, τ1 ̸= τ2, (3.16)

where τ1 = Ptσ2
e+σ2

(α1−α2θ1)PtE[|ĥ1|2] and τ2 = Prσ2
e+σ2

PrE[|ĥ21|2] .
The e2e OP using MRC is obtained by substituting (3.13), (3.14) and (3.16) into (3.12) as

PMRC,U1 =exp
(

− (Ptσ2
e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

)(
1 −

[
τ1

τ1 − τ2
exp (−τ1θ1) + τ2

τ2 − τ1
exp (−τ2θ1)

])

+
(

1 − exp

(
− (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

))(
1 − exp

(
− (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

))
.

(3.17)

3.3.1.3 Asymptotic Outage Probability

The asymptotic OP of NOMA and CNOMA for U1 and U2 are given, respectively, as follows

P∞
BS1,U1(out) ≈

(
1 − (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

)
, (3.18)

P∞
BS2,U2(out) ≈ 1 −

(
1 − (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ2|2]

)(
1 − (Ptσ2

e + σ2)θ2

(α2 − κα1θ2)PtE[|ĥ2|2]

)
, (3.19)

P∞
MRC,U1 ≈

(
1 − (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

)(
1 −

[
τ1

τ1 − τ2
(1 − τ1θ1) + τ2

τ2 − τ1
(1 − τ2θ1)

])

+
(

1 −
(

1 − (Ptσ2
e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

))(
1 −

(
1 − (Ptσ2

e + σ2)θ1

(α1 − α2θ1)PtE[|ĥ1|2]

))
.

(3.20)

3.3.2 Bit Error Rate

In this subsection, we analyze the BER of U1 and U2 of NOMA. As well, we analyze the BER of
CNOMA with DL. We consider the BPSK modulation is implemented to encode the symbols as
described in the previous chapter.

3.3.2.1 BER of Downlink NOMA

The BS transmits an SC symbol consisting of the users’ symbols with different power allocation
coefficients for each symbol according to the channel gain of each user. U1 detects its symbols s1

using MLD. Thus, the BER of U1 is expressed by

University of El-Oued: 2024 42



Chapter 3: Cooperative NOMA with Direct Link

PBS1,s1(e) = 1
2

2∑
j=1

Q

(√
Ptγχj |ĥ1|2/(Ptγχjσ2

e + 1)
)
, (3.21)

where χj = [(√α1 + √
α2)2, (√α1 − √

α2)2].
By using an alternative form of Q(.) function and the MGF, and after some algebraic manipu-

lation, we can write (3.21) by

PBS1,s1(e) = 1
4

2∑
j=1


√√√√√

(
PtγχjE[|ĥ1|2]/(Ptγχjσ2

e + 1)
)

2 +
(
PtγχjE[|ĥ1|2]/(Ptγχjσ2

e + 1)
)
 . (3.22)

Likewise, the U2 implements the SIC to detect its symbols s2. Thus, the BER of s2 at U2 is
given by

PBS2,s2(e) = 1
2

6∑
v=1

κvQ

(√
Ptγℵv|ĥ2|2/(Ptγδvσ2

e + 1)
)
, (3.23)

where κv = [1, 1,−1, 1, 1,−1], ℵv = [α2, α2, (
√
α1 + √

α2)2, (
√

2α1 + √
α2)2, (√α1 − √

α2)2, (2√
α1 −

√
α2)2], δv = [(√α1 − √

α2)2, (√α1 + √
α2)2, (√α1 + √

α2)2, (√α1 + √
α2)2, (√α1 − √

α2)2, (√α1 −
√
α2)2].

By using an alternative form of the Q(.) function and the MGF, and after some algebraic
manipulation, we write (3.23) by

PBS2,s2(e) = 1
4

6∑
v=1

κv


√√√√√

(
PtγℵvE[|ĥ2|2]/(Ptγδvσ2

e + 1)
)

2 +
(
PtγℵvE[|ĥ2|2]/(Ptγδvσ2

e + 1)
)
 . (3.24)

3.3.2.2 BER of CNOMA with DL

In the CNOMA with DL, after the U2 detects all transmitted symbols, it re-encodes the s1 symbol
and forwards it to U1 in the second phase. In this case, the U1 receives its signal s1 from two different
sources (i.e., BS and U2). Hence, we consider that U1 implements the diversity combining technique
MRC to improve its received signal quality. We obtain the e2e BER expression of CNOMA with
DL for U1 as [66]

Pe2e,CNOMA−DL(e) = 1
2

2∑
j=1

[Pprop(e|j) × PBS2,s1(e|j) + (1 − PBS2,s1(e|j))Pcoop(e|j)], (3.25)

where Pprop(e|j) is the BER in the presence of error propagation from U2 to U1, PBS2,s1(e|j) is the
BER of the s1 at U2, and Pcoop(e|j) is the BER when the symbols of U1 are detected correctly at
the U2 and forwarded to the U1 and then combined with MRC.

Thus, the BER of the s1 at U2 under ICSI is given by

PBS2,s1(e|j) = 1
2Q

(√
Ptγχj |ĥ2|2/(Ptγχjσ2

e + 1)
)
. (3.26)
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By using an alternative form of Q(.) function and the MGF, and after some algebraic manipu-
lation, we can write (3.26) by

PBS2,s1(e|j) = 1
4


√√√√√

(
PtγχjE[|ĥ2|2]/(Ptγχjσ2

e + 1)
)

2 +
(
PtγχjE[|ĥ2|2]/(Ptγχjσ2

e + 1)
)
 . (3.27)

Since the U1 receives its signal from BS and U2, the U1 employs MRC, the total SNR is the sum
of the SNRs after combining the two received signals. Hence, the BER of the cooperative when the
MRC is implemented at U1 under ICSI is calculated by

PCoop(e|j) = Q

(√
2 (γ21,s1 + γBS2,s1,j)

)
, (3.28)

where γ21,s1 = Prγ|ĥ21|2/(Prγσ2
e + 1) and γBS2,s1,j = Ptγχj |ĥ1|2/(Ptγχjσ2

e + 1)
The average BER of the cooperative system with two branches using MRC over Rayleigh fading,

as given in (3.28), considers the scenario where the mean SNRs of the branches are different,
γ21,s1 ̸= γBS2,s1, as presented in [66] by

PCoop(e|j) = 1
2

(
1 − 1

γBS2,s1,j − γ21,s1

(
γBS2,s1,j

√
γBS2,s1,j

1 + γBS2,s1,j
− γ12,s1

√
γ12,s1

1 + γ12,s1

))
, (3.29)

where γ21,s1 = PrγE[|ĥ12|2]/(Prγσ2
e + σ2) and γBS2,s1,j = PtγχjE[|ĥ1|2]/(Ptγχjσ2

e + σ2)
After utilizing MRC at U1, the incoming signals from BS and U2 are summed. If U2 detects the

symbol of U1 erroneously, it will be forwarded to U1 as an error propagation. Hence, the received
signals will be combined at U1 using MRC in the case of error propagation. Thus, the BER using
MRC with error propagation at the U1 is given by

PProp,s1(e|j) =
γ21,s1

γ21,s1 + γBS1,s1,j
. (3.30)

Proof: Please, see Appendix C.
The e2e BER using MRC is obtained by substituting (3.27), (3.29) and (3.30) into (3.25) as

Pe2e,CNOMA−DL(e) =

1
2
∑
j

[
γ21,s1

γ21,s1 + γBS1,s1,j
× 1

4


√√√√√

(
PtγχjE[|ĥ2|2]/(Ptγχjσ2

e + 1)
)

2 +
(
PtγχjE[|ĥ2|2]/(Ptγχjσ2

e + 1)
)


+

1 − 1
4


√√√√√

(
PtγχjE[|ĥ2|2]/(Ptγχjσ2

e + 1)
)

2 +
(
PtγχjE[|ĥ2|2]/(Ptγχjσ2

e + 1)
)



1
2

(
1 − 1

γBS2,s1,j − γ21,s1

(
γBS2,s1,j

√
γBS2,s1,j

1 + γBS2,s1,j
− γ12,s1

√
γ12,s1

1 + γ12,s1

))
].

(3.31)
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3.4 Numerical Results

In this section, we validate our analytical derivations by simulation results. We assume that the
parameters used in the simulation are as follows, d1=2 m, d2 = d21=1 m, ς=3, α1=0.8, α2=0.2,
and Pt = Pr. In our results, the curves denote simulations, and markers represent the analytical
derivation. It can be easily seen that our analytical derivation matches exactly with the simulations,
validating our analytical approach.

-5 0 5 10 15 20 25 30 35 40

SNR [dB]

10
-8

10
-6

10
-4

10
-2

10
0

O
u
ta

g
e
 p

ro
b
a
b
ili

ty

U
1

U
2

U
1
 with DL

Asym

 Theo

19.9 20 20.1

0.06

0.08

0.1

2

e
=0, 0.001

Figure 3.2: OP of CNOMA with DL.

Figure 3.2 presents the OP of users versus transmit SNR with the effects of ICSI and ISIC
factors. It can be seen that our derived equations are identical to the simulation results, proving
the validity of our approach. We observe that the OP of CNOMA for U1 achieves better performance
compared to U1 without CNOMA. Additionally, ICSI and ISIC degrade the OP performance of all
users, resulting in an error floor at high SNR. The effect of ICSI at high SNR impacts the detection
of signals and the SIC process.

In order to assess the effect of ICSI, Figure 3.3 presents the OP of users versus ICSI. We observe
that the OP of all users in both NOMA and CNOMA degrades with an increase in ICSI. The OP
of CNOMA for U1 achieves better performance compared to U1 without CNOMA across all ICSI
values. The increase in ICSI affects the detection of the U1 signal and the SIC process for detecting
the U2 signal.

We evaluate the OP w.r.t. α2 with the effect of ICSI and ISIC as presented in Figure 3.4. We
observe that the increasing α2 affects one user at the expense of the other, which means that in-
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Figure 3.3: OP of CNOMA with DL w.r.t. ICSI factor (σ2
e).
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Figure 3.4: OP of CNOMA with DL w.r.t. α2.
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creasing α2 improves the OP performance of U2 and degrades the OP performance of U1. Moreover,
the U1 in CNOMA with DL achieves better performance gain compared to NOMA. In addition, the
ICSI degrades the OP performance of the users and the SIC process to detect the signals, where the
higher values of α2 with the effect of ICSI degrade the OP performance more than lower α2 values.
The high values of α2 affect the detection of the U1 signal and SIC to detect the U2 signal.
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Figure 3.5: OP of CNOMA with DL w.r.t. d2.

The OP w.r.t. d2 with the effect of ICSI and ISIC is presented in Figure 3.5. We observe that
increasing d2 degrades the OP of U2, while the OP of U1 with CNOMA improves and achieves
better performance when the U2 was in the middle. When U2 falls in the middle, the channel of U2

will be better, so the detection of signals and SIC will be better than the higher distance between
the BS and U2. Thus, the forwarding signal in the second phase will have fewer errors compared
to a high distance of U2, in which the detection of signals at the U2 is more error. Therefore, the
forwarding signal in the second phase has more errors, which degrades OP performance. Moreover,
ICSI influences the SIC process, as well as the second phase’s signal forwarding and detection of
user signals, which decreases the OP performance of the users.

The OP w.r.t. d2 considering the effects of ICSI and ISIC is presented in Figure 3.5. We
observe that increasing d2 degrades the OP of U2, while the OP of U1 with CNOMA improves and
achieves better performance when U2 is positioned in the middle. When U2 is in the middle, its
channel quality improves, enhancing the detection of signals and the SIC process compared to a
higher distance between the BS and U2. Consequently, the forwarding signal in the second phase
will have fewer errors compared to when U2 is farther away, where signal detection at U2 is more
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error-prone. Therefore, the forwarding signal in the second phase has more errors, degrading the
OP performance. Moreover, ICSI influences the SIC process, as well as the second phase’s signal
forwarding and detection of user signals, which decreases the OP performance of the users.
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Figure 3.6: BER of CNOMA with DL.

Figure 3.6 presents the BER of CNOMA compared to NOMA with the effect of ICSI. We observe
that the BER performance of CNOMA for U1 is superior to that of NOMA. Moreover, ICSI degrades
the system’s BER performance and introduces an error floor at high SNR. To further evaluate the
impact of the ICSI factor on our system, Figure 3.7 presents the BER of CNOMA compared to
NOMA. It is observed that the BER performance decreases as the effect of ICSI increases. ICSI
affects the SIC process, the detection of signals at users, and the forwarding signals in the second
phase. Additionally, it can be seen that the BER performance of CNOMA for U1 is improved
compared to NOMA.

As shown in the previous figures, power allocation impacts the detection of user signals. It is im-
portant to evaluate the BER performance for different power allocation factors. Figure 3.8 presents
the BER of CNOMA compared to NOMA w.r.t. α2 under the effect of ICSI. We observe that the
BER performance of one user is negatively impacted by the other as α2 increases. Additionally,
ICSI decreases the BER performance of the users. Increasing α2 with ICSI affects the SIC process,
and the detection of users’ signals and forwarding signals in the second phase will have more errors,
degrading the BER performance.

To assess the impact of d2 on the BER performance, Figure 3.9 presents the BER of CNOMA
compared to NOMA w.r.t. d2 under the effect of ICSI. We observe that increasing d2 degrades the
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Figure 3.8: BER of CNOMA with DL w.r.t. α2.
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Figure 3.9: BER of CNOMA with DL w.r.t. d2.

BER performance of U2 and improves the BER performance of U1. It can be easily seen that when
U2 is near the middle, the BER of U1 is better. A shorter distance for U2 means better channel
gain, so the detection of signals and the SIC process are more effective. Thus, detection will have
fewer errors, and forwarding signals to the second phase will also have fewer errors. Additionally,
we observe that ICSI degrades the BER performance of the system. ICSI affects the SIC process
and the detected signals at users, increasing the errors in the forwarded signals in the second phase.

3.5 Conclusion

In this chapter, we investigated the downlink CNOMA with DL. We derived closed-form expressions
for the OP and BER with both ISIC and ICSI over the Rayleigh fading channel. We evaluated the
impact of power allocation factors and helper user distances. Our results were compared with
traditional NOMA, and we found that our analytical derivations matched perfectly with simulation
results. We demonstrated that both power allocation and helper user distance are affected by ISIC
and ICSI, with the optimal location for the helper user being in the middle between the BS and the
far user, leading to improved performance for both users jointly.

As observed in the results of previous chapters, the system’s performance is significantly in-
fluenced by the distance of the relay or helper user. Poor channel conditions can notably reduce
system performance. Therefore, it is imperative to address this issue. One suggested solution is the
multiple relay scheme. In the following chapter, we will study and evaluate the performance of the
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multiple relay scheme for CNOMA.
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Chapter 4

Cooperative NOMA with Multiple
Relays

4.1 Introduction

The ambitious high data rate applications in the beyond 5G wireless networks will require new
solutions and technologies [35]. NOMA is one of the promising radio access technologies for improved
performance in cellular communications of the next generation [69]. Compared to OMA, NOMA
can serve multiple users in the same resource block. Thus, it reduces latency and promotes massive
connectivity. NOMA also enhances spectral efficiency, user fairness, and increases reliability [23].
The concept of NOMA is based on using SC at the transmitter and SIC at the receiver [70]. On the
other hand, cooperative communications provide a useful method of combating channel disorders,
such as fading, path-loss, and shadowing [24]. Thus, it extends the communication coverage area,
improves the quality of service, and increases spectral efficiency [71].

4.1.1 Related Works

The advantages of NOMA over OMA are validated in [9]. The CNOMA system outperforms OMA
in terms of ergodic sum rate and OP [10]. The OP and ergodic sum capacity performance of the
FD CNOMA under the realistic assumption of imperfect self-interference cancellation has been per-
formed [72]. The uplink FD-CNOMA has been investigated in terms of ergodic sum rate and OP
[73]. In [74], the performance of the device-to-device aided FD-NOMA has been evaluated in terms
of EC and OP. The OP and ergodic rates of NOMA-FD in coordinated direct and relay transmission
have been investigated in [75] under the realistic assumptions of ICSI and ISIC over Nakagami-m
fading. In [76], the authors proved the advantages of a novel detection scheme for CNOMA, in
terms of OP and ergodic sum rate. The OP of cooperative vehicular communications transmission
with NOMA at intersections using MRC has been analyzed in [77]. In [78], the OP of the joint user
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and relay selection (RS) algorithm for CNOMA has been investigated. The OPs over Nakagami-m
fading of the two RS schemes (the max-min RS and the two-stage RS) are evaluated in [79]. The
authors of [80] compared an opportunistic RS strategy with a balanced and random RS in terms of
OP, throughput, and ergodic sum rate. The opportunistic RS showed significant performance gain
over the existing works and OMA. Unlike previous discussions, the BER analysis for NOMA has
been conducted in [11, 38, 39, 40, 45, 42, 81, 82, 83, 44]. In [11], the exact closed-form BER under
SIC error for downlink and uplink NOMA has been derived. The BER with different modulation
was investigated in the downlink NOMA [38]. The authors of [39] obtained the closed-form BER
for visible light communication NOMA using different modulations. In [81, 82, 83], the BER of
the NOMA systems for an arbitrary number of users and modulation orders has been derived. The
results indicate that when the number of users and the modulation order increase, the feasible power
coefficients range becomes significantly small, and the users’ performances decrease due to increased
IUI. The bit error probability of CNOMA has been determined in [40]. The performance of the
reversed DF CNOMA in the presence of ISIC and CSI were evaluated [45] to improve user fairness
compared to conventional DF CNOMA. In [42], the closed-form symbol error rate for DF CNOMA
has been derived. The BER and EC of mobile ad-hoc networking NOMA have been analyzed in
[38]. The analytical BER of the user relay FD NOMA has been investigated [44].

On the other hand, the multi-hop relay has gotten great attention in academia and industry
because it can efficiently extend coverage to severely shadowed areas in the cell or places outside
of the cell range. Meanwhile, it improves throughput, especially at the cell edge [84, 85, 86, 87].
The multi-hop relay schemes’ have been also investigated with the NOMA implementation. In
the presence of an active eavesdropper for the multi-hop relay, the OP and throughput have been
derived [88]. The OP and throughput have been examined for multi-point cooperative relay NOMA
with EH [89].

4.1.2 Motivation and Contributions

The interaction between NOMA and cooperative communication is one of the topics that drew
the most attention to achieve higher spectral efficiency and compensation for path-loss [40]. As
mentioned above, CNOMA with assisted one relay has been investigated in terms of BER, EC, and
OP [10, 72, 73, 74, 75, 76, 77, 38, 40, 45, 42, 44]. The idea is to help the very far user or when
the direct link between the BS and users is not available due to the large distance or obstacles, etc.
The EC and OP of the cooperative RS in NOMA have been analyzed [78, 79, 80]. Although there
is a relay to help users, the channel quality may still be poor between each node (i.e., BS-relay
and relay-users), and the performance will not be good. Therefore, channel degradation and long
distances between nodes may cause a significant deterioration in performance for users. Hence, it
is very important to resolve this problem. As mentioned, studies in the open literature consider
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single relay (or RS) in CNOMA. In the end, they are all two-hop scenarios. However, we consider
a multi-hop scenario which is quite important to extend cell coverage to heavily shadowed areas in
the cell or places outside the cell range [84, 85, 86, 87]. Therefore, a NOMA with multi-hop relaying
can be employed through intermediate relays that form a multi-hop path from the BS to users to
compensate the path-loss, expand network coverage, and deliver messages to users everywhere. In
this regard, based on the investigations that we have mentioned above, and to the best of the authors’
knowledge, the e2e BER expressions of multi-hop DF-aided CNOMA (MH-DF-CNOMA) have not
been reported. Therefore, through the path of intermediate relays from BS to two users to deliver
messages to the users, this chapter investigates two downlink MH-DF-CNOMA schemes (i.e., MH-
DF-CNOMA WDL and MH-DF-CNOMA with DL) to achieve ubiquitous coverage and connectivity
in the future NOMA network. The e2e BER expressions of MH-DF-CNOMA are analyzed at each
hop under ICSI and ISIC, which are practical assumptions. In addition, we investigate the effect of
the OP of MH-DF-CNOMA differently from [88] in the presence of ICSI and ISIC. We compare our
model with traditional OMA. Moreover, we discuss the superiority of the MH-DF-CNOMA over a
single relay scheme. The original contributions of this chapter are as follows:

• We present two downlink MH-DF-CNOMA (i.e., MH-DF-CNOMA WDL and MH-DF-CNOMA
with DL) system models. The model consists of a BS and a group of intermediate relays that
form a multi-hop path. The first scheme: The users can’t receive the BS signal directly, and
the multi-hop path delivers the messages of the two users. The second scheme: The users can
receive the BS signal directly, and the multi-hop path.

• The BER analysis for even single relay schemes is limited. In this chapter, we perform a
comprehensive analysis of the considered schemes. The considerations of the ISIC and ICSI
are more accurate/realistic for the practical scenarios. We investigate ISIC and ICSI in the
MH-DF-CNOMA. We derive the closed-form BER expression at each intermediate relay node
for each user symbol with the ICSI. Then, we derive the closed-form BER expression for every
user in the last phase with ICSI. After that, we express the e2e BER for each user. We discuss
the effect of the ICSI and ISIC on the BER performance of the users.

• We discuss the optimum power allocation coefficient for different hops to minimize BER/OP.

• Moreover, we derive the closed-form expression of the OP of each user message at each inter-
mediate relay node with ICSI and ISIC for both schemes. We derive the closed-form expression
of the OP at each user in the last phase with ICSI and ISIC. Besides, we express the e2e OP
for each user. The OP performance of users on each hop with the effect of ICSI and ISIC is
evaluated.

• In BER and OP performance, we examine the impact of the increasing number of relays with
different SNR values.
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• Finally, the performance of downlink MH-DF-R-NOMA and downlink multi-hop DF COMA
(MH-DF-COMA) are compared. We discuss the superiority of the MH-DF-CNOMA over
existing single relay schemes.

4.2 Cooperative NOMA assisted Multiple Relays Without Direct
Links

4.2.1 System Model

We consider a downlink CNOMA consisting of one BS, L relays (RL) and two users named as
follows, U1 is far, while U2 is near the last relay (see Figure 4.1). We assume that all relays work
in DF and HD modes. Due to the very long distance between the BS and users, the users receive
their signals with the help of the relay nodes only. Thus, it is assumed that the relay nodes create
a way or path from BS to the users. We suppose that the CSI between all nodes is imperfect. The
Rayleigh fading channel coefficient between all relay links denoted by gRL ∼ CN (0, σ2

RL = dςRL),
where L = 1, 2, 3, ..., N and the Rayleigh fading channel coefficient between the last relay and users
links are denoted by hk ∼ CN (0, σ2

k = dςk), where k = 1, 2. The channel estimation coefficients are
presented as ĝRL = gRL − e ∼ CN (0, σ̂2

RL = σ2
RL − σ2

e) and ĥk = hk − e ∼ CN (0, σ̂2
k = σ2

k − σ2
e),

where e is the error factor of the channel estimation.

In the MH-DF-CNOMA, the SC signal is implemented at the BS and transmitted over the path
of multiple relays until reaches the users. At relay nodes, the SIC and SC are implemented at each
hop to detect the received signal and re-combine them, then forward it to the next relay node until
it reaches the users (see Figure 4.1). We assume that the power of the BS and relay nodes are equal
and named Pt. The received signals at each relay can be written as

yL =
√
Pt (ĝRL + e) (

√
α1s1 +

√
α2s2) + n, L = 1, 2, 3, ..., N, (4.1)

where ĝRL is channel estimation coefficient of between BS-R1, R1-R2 and RL−1-RL. dL is the
distance between BS-R1, R1-R2 and RL−1-RL, ς is the path loss factor, s1 and s2 are users signals
of Ui, i = 1, 2, and α1 and α2 are the power allocation coefficient for Ui, where α1 > α2, in which
α1 + α2 = 1, and n is the AWGN as follows n ∼ CN (0, σ2).

The relay nodes decode the s1 signal first then using the SIC decode the s2 signal. The SINRs
of the decoded signals under ICSI and ISIC can be expressed by

γL,s1 = Ptα1|ĝRL|2

Ptα2|ĝRL|2 + Ptσ2
e + σ2 , (4.2)

γL,s2 = Ptα2|ĝRL|2

ϱPtα1|ĝRL|2 + Ptσ2
e + σ2 , (4.3)
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where ϱ is the factor of ISIC.
In the last relay node, the SC signal is forwarded to the users. The received signal by the users

can be expressed by

yk =
√
Pt (ĥk + e) (

√
α1s1 +

√
α2s2) + n. (4.4)

The U1 decodes its signal directly using the MLD, while the U2 implements the SIC to detect
its signal. In practical scenarios, the SIC and CSI are not imperfect. Thus, the decoding error is
expected in the detection and SIC process. Thus, the SINRs of the decoded signals at users under
ICSI and ISIC can be expressed by

γ2,s1 = Ptα1|ĥ2|2

Ptα2|ĥ2|2 + Ptσ2
e + σ2

, (4.5)

γ2,s2 = Ptα2|ĥ2|2

ϱPtα1|ĥ2|2 + Ptσ2
e + σ2

, (4.6)

γ1,s1 = Ptα1|ĥ1|2

Ptα2|ĥ1|2 + Ptσ2
e + σ2

. (4.7)

Figure 4.1: MH-DF-CNOMA WDL scheme.

4.2.2 Performance Analysis

In this subsection, we derive the e2e OP and BER at each hop for MH-DF-CNOMA with the effect
of ICSI and ISIC.

4.2.2.1 Outage Probablity

The SC signal is transferred from BS to users over the path of L relay nodes. The signal should
be decoded successfully at all intermediate relay nodes to forward to the next relay. Hence, the e2e
OP of users with L relay can be expressed by
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Pe2e,Uk,L+1(out) = 1 −
L∏
l

(1 − PUk
(out)) (1 − PUk,L(out)) , k = 1, 2., (4.8)

where PUk
(out) is the OP of users’ signals at L relay nodes and PUk,L(out) is the OP at users in the

last phase (RL − Uk).
The OP of s1 at each L relay node with ICSI and ISIC occurs when γL,s1 is less than the

threshold θ
(L+1)
1 as

PU1,L(out) = P
(
γL,s1 < θ

(L+1)
1

)
. (4.9)

With the help of the CDF and PDF, (4.9) can be expressed as

PU1,L(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ(L+1)
1

(α1 − α2θ
(L+1)
1 )PtE[|ĝRL|2]

)
, (4.10)

where θ(L+1)
1 = 2Tr1(L+1) − 1 is the threshold rate of s1 at L + 1 hop and Tr1 is the target rate of

s1.
Likewise, the OP of s2 at L relays with ICSI and ISIC occurs when the two following cases

event: when γL,s1 is less than θ
(L+1)
1 . when γL,s1 is greater or equal than the threshold θ

(L+1)
1 and

θ
(L+1)
1 is less than the threshold θ(L+1)

2 . Hence, the OP of s2 at L relays with ICSI and ISIC can be
summarized as

PU2,L(out) = 1 − P
(
γL,s1 > θ

(L+1)
1

)
P
(
γL,s2 > θ

(L+1)
2

)
. (4.11)

By using the CDF and PDF, (4.11) can be expressed as

PU2,L(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ(L+1)
1

(α1 − α2θ
(L+1)
1 )PtE[|ĝRL|2]

)
exp

(
− (Ptσ2

e + σ2)θ(L+1)
2

(α2 − ϱα1θ
(L+1)
2 )PtE[|ĝRL|2]

)
,

(4.12)
where θ(L+1)

2 = 2Tr2(L+1) − 1 is the threshold rate of s2 at L + 1 hop and Tr2 is the target rate of
s2.

In the last phase, the last relay forwards the SC signal to the users. The U1 detects its signal
directly by treating the other signal as noise, while the U2 uses the SIC to detect its signal. The
OP at U1 under ICSI and ISIC can be written as

PU1(out) = P
(
γ1,s1 < θ

(L+1)
1

)
. (4.13)

With the help of the CDF and PDF, (4.13) can be expressed as

PU1(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ(L+1)
1

(α1 − α2θ
(L+1)
1 )PtE[|ĥ1|2]

)
. (4.14)
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Also, we detect the s2 at U2 by using the same way to detect s2 at relays. Hence, the OP of U2

with ICSI and ISIC can be expressed as

PU2(out) = 1 − P
(
γ2,s1 > θ

(L+1)
1

)
P
(
γ2,s2 > θ

(L+1)
2

)
. (4.15)

By using the CDF and PDF, (4.15) can be expressed as

PU2(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ(L+1)
1

(α1 − α2θ
(L+1)
1 )PtE[|ĝL|2]

)
exp

(
− (Ptσ2

e + σ2)θ(L+1)
2

(α2 − ϱα1θ
(L+1)
2 )PtE[|ĝL|2]

)
. (4.16)

4.2.2.2 Bit Error Rate

The SC signal is transferred from the BS to users over a path of relay nodes. In the previous
literature, the e2e BER for two hops i.e., BS-R1 users is given as in [66, 45, 90] by

PUk
e2e,2hop(e) =PUk

R1
(e) (1 − PUk

(e)) + PUk
(e) (1 − PUk

R1
(e)). (4.17)

Furthermore, for more than two hops (i.e., (L+ 1) hops) (BS-RL-users), we express e2e BER of
(L+ 1) hops as in [90, 91] by

PUk

e2e,(L+1)hop(e) =PUk
e2e,BS−RL

(e)︸ ︷︷ ︸
ι

(1 − PUk
(e)) + PUk

(e) (1 − PUk
e2e,BS−RL

(e)︸ ︷︷ ︸
ι

), (4.18)

where ι is the e2e BER from BS to RL. To simplify, if L = 2 i.e., two relays or two hops, ι it will
be expressed as

PUk
e2e,BS−RL

(e) =PUk
R1

(e) (1 − PUk
R2

(e)) + PUk
R2

(e) (1 − PUk
R1

(e)), (4.19)

and, in the case of more than two relays, we generalized ι as

PUk
e2e,BS−RL

(e) =PUk
e2e,BS−RL−1

(e) (1 − PUk
RL

(e)) + PUk
RL

(e) (1 − PUk
e2e,BS−RL−1

(e)), (4.20)

where PUk
R1

(e) is the BER of users in the first phase from BS to R1 (case of one relay), PUk
(e) is

the BER of users in the last phase from RL to users, PUk
e2e,BS−RL

(e) is the e2e BER of users’ signals
from BS to L relay (RL), PUk

R2
(e) is the BER of users’ signals in the second phase from R1 to R2

(case of two relays), PUk
e2e,BS−RL−1

(e) is the e2e BER of users’ signals from BS to RL−1, and PUk
RL

(e)
is the ABER of the users’ signals from RL−1 to RL.
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We consider that the BPSK modulation is used to encode the users’ signals at each node. Also,
the ICSI is available at all nodes. At all relay nodes, the s1 signal is detected through MLD, while
by using the SIC process, the s1 is removed from the total received signal, and then by using MLD
s2 is detected. Hence, the BER of s1 at al relay nodes with ICSI can be expressed as

PU1
RL

(e) = 1
2

2∑
j=1

Q

(√
Ptγχj |ĝRL|2/(Ptγχjσ2

e + 1)
)
. (4.21)

By using an alternative form of Q(.) function and the MGF, and after some algebraic manipu-
lation, we can write (4.21) by

PU1
RL

(e) = 1
4

2∑
j=1

(√
(PtγχjE[|ĝRL|2]/(Ptγχjσ2

e + 1))
2 + (PtγχjE[|ĝRL|2]/(Ptγχjσ2

e + 1))

)
. (4.22)

Likewise, we obtain the BER of s2 at all relay nodes with ICSI as

PU2
RL

(e) = 1
2

6∑
v=1

κvQ

(√
Ptγℵv|ĝRL|2/(Ptγℸvσ2

e + 1)
)
, (4.23)

where ℸv = [(√α1 − √
α2)2, (√α1 + √

α2)2, (√α1 + √
α2)2, (√α1 + √

α2)2, (√α1 − √
α2)2, (√α1 −

√
α2)2].

By using an alternative form of the Q(.) function and the MGF), and after some algebraic
manipulation, we write (4.23) by

PU2
RL

(e) = 1
4

6∑
v=1

κv

(√
(PtγℵvE[|ĝRL|2]/(Ptγℸvσ2

e + 1))
2 + (PtγℵvE[|ĝRL|2]/(Ptγℸvσ2

e + 1))

)
. (4.24)

During the last phase, the last relay detects signals, re-combines them into a new SC signal, and
forwards it to the users. Hence, the BER of U1 with ICSI can be expressed by

PU1(e) = 1
2

2∑
j=1

Q

(√
Ptγχj |ĥ1|2/(Ptγχjσ2

e + 1)
)
. (4.25)

By using an alternative form of Q(.) function and the MGF, and after some algebraic manipu-
lation, we can write (4.25) by

PU1(e) = 1
4

2∑
j=1


√√√√√

(
PtγχjE[|ĥ1|2]/(Ptγχjσ2

e + 1)
)

2 +
(
PtγχjE[|ĥ1|2]/(Ptγχjσ2

e + 1)
)
 . (4.26)

Also, the BER of U2 with ICSI is given as

PU2(e) = 1
2

6∑
v=1

κvQ

(√
Ptγℵv|ĥ2|2/(Ptγℸvσ2

e + 1)
)
. (4.27)
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By using an alternative form of the Q(.) function and the MGF, and after some algebraic
manipulation, we write (4.27) by

PU2(e) = 1
4

6∑
v=1

κv


√√√√√

(
PtγℵvE[|ĥ2|2]/(Ptγℸvσ2

e + 1)
)

2 +
(
PtγℵvE[|ĥ2|2]/(Ptγℸvσ2

e + 1)
)
 . (4.28)

4.3 Cooperative NOMA assisted Multiple Relays with Direct Links

4.3.1 System Model

We consider a downlink MH-DF-CNOMA with DL consisting of one BS, U1, and a group of relay
named RL, where L = 1, 2, 3, ..., N which creates a way to U1 as shown in Figure 4.2. We assume
that U1 is far from the BS. Our assumption is that only R1 from the group of relays is capable of
directly receiving the signal from the BS signal, while RL+1 facilitates forwarding the signal to U1.
We assume all node works in DF and HD modes. We suppose also the CSI between all nodes is im-
perfect. The Rayleigh fading channel coefficient of RL links is denoted by gRL ∼ CN (0, σ2

RL = dςRL)
and the Rayleigh fading channel coefficient of the U1 link is denoted by h1 ∼ CN (0, σ2

1 = dς1).
The channel estimation coefficients are presented as ĝRL = gRL − e ∼ CN (0, σ̂2

RL = σ2
RL − σ2

e) and
ĥ1 = h1 − e ∼ CN (0, σ̂2

1 = σ2
1 − σ2

e), where e is the error factor of the channel estimation, d1 is the
distance between BS-U1, dR1 is the distance between BS-R1, and ς is the path loss factor.

In this system, We consider that the BS transmits as an SC signal consisting of s1 and s2 to U1

and R1 directly. U1 detect its signal directly while R1 uses the SIC to detect s1 and s2 signals. We
suppose that the R1 re-encode the U1 signal (s1) and forward it to RL+1 until it reaches U1 (see
Figure 4.2). The power of the BS and relay nodes RL are assumed to be equal and named Pt. The
received signals at U1 and R1 can be written, respectively, as

y1 =
√
Pt (ĥ1 + e) (

√
α1s1 +

√
α2s2) + n, (4.29)

yR1 =
√
Pt (ĝR1 + e) (

√
α1s1 +

√
α2s2) + n, (4.30)

where α1 and α2 are the power allocation coefficient for Ui, i=1, 2, α1 > α2 in which α1 + α2 = 1.
The U1 decodes its signal using MLD while the R1 nodes decode the s1 signal first then using

the SIC decodes the s2 signal. The SINRs of the decoded signals at U1 and R1 under ICSI and ISIC
can be expressed, respectively, by

γ1,s1 = Ptα1|ĥ1|2

Ptα2|ĥ1|2 + Ptσ2
e + σ2

, (4.31)

γ2,s1 = Ptα1|ĝ1|2

Ptα2|ĝ1|2 + Ptσ2
e + σ2 , (4.32)
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Figure 4.2: MH-DF-CNOMA with DL scheme.

γ2,s2 = Ptα2|ĝ1|2

ϱPtα1|ĝ1|2 + Ptσ2
e + σ2 , (4.33)

where ϱ is the factor of ISIC.
The R1 re-encode s1 and forward it over the path of RL+1 to U1. Thus, s1 is decoded and

forwarded over RL+1 until reaches U1. The received signal at RL+1 and U1 over L hop under ICSI
can be expressed by

yL+1 =
√
Pt (ĝR(L+1) + e) s1 + n, (4.34)

where ĝR(L+1) = gR(L+1) − e ∼ CN (0, σ̂2
R(L+1) = σ2

R(L+1) − σ2
e) is channel estimation coefficient of

between R1-R2 and RL−1-RL. dR(L+1) is the distance between R1-R2 and RL−1-RL.
The RL+1 and U1 decodes s1 signal using the MLD. In practical scenarios, the CSI is not

imperfect. Therefore, the decoding error is expected in the detection and SIC process. Thus, the
SINR of the decoded signals at RL+1 and U1 under ICSI and ISIC can be expressed by

γL+1,s1 =
Pt|ĝR(L+1)|2

Ptσ2
e + σ2 . (4.35)
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4.3.2 Performance Analysis

4.3.2.1 Outage Probability

The user U1 uses MRC to combine the two received signals (directly from BS and indirectly from
R(L+ 1)) to improve the received signal quality. The OP expression of U1 using the MRC is given
as [68] by

PMRC,U1(out) =(1 − PBS−L(out))P (γ1,s1 + γL+1,s1 < θ
(L)
1 )

+ PBS−L(out)P (γ1,s1 < θ
(L)
1 ),

(4.36)

where PBS−L(out) is the OP of s1 at U1 over the path of RL, P (γBS1,s1 < θ1) is the OP of s1 at U1

in the direct like, and P (γ1,s1 + γL+1,s1 < θ
(L)
1 ) is the OP of s1 at U1 when MRC is implemented

θ
(L)
1 = 2Tr1(L) − 1. We calculate each term of (4.36) as

P (γ1,s1 < θ
(L)
1 ) = 1 − exp

(
− (Ptσ2

e + σ2)θ(L)
1

(α1 − α2θ
(L)
1 )PtE[|ĥ1|2]

)
. (4.37)

PBS−L(out) is the e2e OP of s1 at RL over L hop, so the e2e OP of 2 hops can be calculated as

PBS−2(out) = (1 − PBS−R1(out))PR1−R2(out) + PBS−R1(out) (1 − PR1−R2(out)) . (4.38)

For more than two hops i.e., L > 2, the e2e OP of s1 at RL can be expressed as

PBS−L(out) =
(
1 − PBS,RL−1(out)

)
PRL−1−RL

(out) + PBS,RL−1(out)
(
1 − PRL−1−RL

(out)
)
. (4.39)

Note: If L = 1 which means that R1, the OP of BS-R1 can be calculated as in (4.37).
Each term in (4.38) and (4.39) can be calculated in general as

PRL−1−RL
(out) = PBS−R1,L(out) = 1 − exp

(
− (Ptσ2

e + σ2)θ(L)
1

(α1 − α2θ
(L)
1 )PtE[|ĝRL|2]

)
. (4.40)

By substituting (4.40) into (4.38) and (4.39), we find the e2e OP of s1 at RL over L hop.
The last RL forward s1 to U1. Thus, the U1 implements the MRC to combine the received

signal. Since γBS1,s1 and γL+1,s1 are two independent random variables, where γBS1,s1 ̸= γL+1,s1 ,
so P (γBS1,s1 + γL+1,s1 < θ

(L)
1 ) can be computed as [68]

P (γ1,s1 + γL+1,s1 < θ
(L)
1 ) =1 −

[
τa

τa − τb
exp

(
−τaθ(L)

1

)
+ τb
τb − τa

exp
(
−τbθ

(L)
1

)]
, τa ̸= τb, (4.41)

where τa = Ptσ2
e+σ2

(α1−α2θ
(L)
1 )PtE[|ĥ1|2]

, and τb = Ptσ2
e+σ2

PtE[|ĝR(L+1)|2] .
The e2e OP of s1 using MRC is obtained by substituting (4.37), (4.38), (4.39), and (4.41) into

(4.36).
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4.3.2.2 Bit Error Rate

In the MH-DF-CNOMA with DL, after the R1 detects the transmitted symbols, it re-encodes the s1

symbol and forwards it to RL+1. In this case, the U1 receives its signal s1 from two different sources
(i.e., BS and RL). Hence, we consider that U1 implements the diversity combining technique MRC
to improve its received signal quality. We obtain the e2e BER expression of MH-DF-CNOMA with
DL for U1 as in [45, 66, 90] by

Pe2e,CNOMA−DL(e) = 1
2

2∑
j=1

[Pprop,MH(e|j) × Pe2e,s1,(L)hop(e|j) + (1 − Pe2e,s1,(L)hop(e|j))Pcoop,MH(e|j)],

(4.42)

where Pprop,MH(e|j) is the BER in the presence of error propagation from RL to U1 achieved by the
MRC to users achieved by the MRC, Pe2e,s1,(L)hop(e|j) is the BER of the s1 at RL, and Pcoop,MH(e|j)
is the BER when the symbols of U1 are detected correctly at the RL and forwarded to the U1 and
then combined with MRC. Each term of (4.42) is calculated below.

The e2e BER of Pe2e,s1,(L)hop(e|j) for two hops i.e., BS-R1-U1 is given as in [90, 91] by

Pe2e,s1,(2)hop(e|j) =PR1,s1(e|j) (1 − PR2,s1(e|j)) + PR2,s1(e|j) (1 − PR1,s1(e|j)). (4.43)

Further, for more than two hops i.e., L > 2 (BS-RL−1-RL), we express e2e BER of L hops as in
[90, 91] by

Pe2e,s1,(L)hop(e|j) =Pe2e,s1,(L−1)hop(e|j)︸ ︷︷ ︸
ι1

(1 − PRL,s1(e|j)) + PRL,s1(e|j) (1 − Pe2e,s1,(L−1)hop(e|j)︸ ︷︷ ︸
ι1

),

(4.44)

where ι1 is the e2e BER from BS to RL−1 which can be expressed as

Pe2e,s1,(L−1)hop(e|j) =PRL,s1(e|j) (1 − Pe2e,s1,(L−1)hop(e|j)) + Pe2e,s1,(L−1)hop(e|j) (1 − PRL,s1,s1(e|j)).
(4.45)

Each term of (4.43), (4.44), and 4.45) can be calculated by

PRL,s1(e|j) = 1
2Q

(√
Ptγχj |ĝRL

|2/(Ptγχjσ2
e + 1)

)
. (4.46)

where χj = [(√α1 + √
α2)2, (√α1 − √

α2)2],
By using an alternative form of the Q(.) function and the MGF, and after some algebraic

manipulation, we can write (4.46) by
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PRL,s1(e|j) = 1
4

(√
(PtγχjE[|ĝRL

|2]/(Ptγχjσ2
e + 1))

2 + (PtγχjE[|ĝRL
|2]/(Ptγχjσ2

e + 1))

)
. (4.47)

The e2e BER of s1 over the path of RL is obtained by substituting (4.47) and (4.45) into (4.44).
Since the U1 receives its signal from BS and, the U1 employs MRC, the total SNR is the sum

of the SNRs after combining the two received signals. Hence, the BER of the cooperative when the
MRC is implemented at U1 is calculated by

Pcoop,MH(e|j) = Q

(√
2 (γLhop,s1 + γ1,s1,j)

)
, (4.48)

where γLhop,s1 = Ptγ| ˆgRL
|2/(Ptγσ2

e + 1) and γ1,s1,j = Ptγχj |ĥ1|2/(Ptγχjσ2
e + 1).

The ABER of the cooperative of two branches using MRC over Rayleigh fading in (4.48) when
the mean of the SNRs of branches are different γLhop,s1 ̸= γ1,s1,j as given in [92] by

Pcoop,MH(e|j) = 1
2

(
1 − 1

γ1,s1,j − γLhop,s1

(
γ1,s1,j

√
γ1,s1,j

1 + γ1,s1,j
− γLhop,s1

√
γLhop,s1

1 + γLhop,s1

))
, (4.49)

where γLhop,s1 = PtγE[|ĝRL
|2]/(Ptγσ2

e + σ2) and γ1,s1,j = PtγχjE[|ĥ1|2]/(Ptγχjσ2
e + σ2).

After utilizing MRC at U1, the incoming signals from BS and over the path of RL are summed.
If RL (i.e., the last one) detects the symbol of U1 erroneously, it will be forwarded to U1 as an error
propagation. Hence, the received signals will be combined at U1 using MRC in the case of error
propagation. Thus, the BER using MRC with error propagation at the U1 is given as in [92] by

PProp,MH(e|j) =
γLhop,s1

γLhop,s1 + γ1,s1,j
. (4.50)

The e2e BER of MH-DF-CNOMA with DL using MRC is obtained by substituting (4.50), (4.49),
and (4.44) into (4.42).

4.4 Numerical Results

In this section, we validate the analytical expressions of the previous section using the Mont-Carlo
simulation.

4.4.1 Cooperative NOMA assisted Multiple Relays Without Direct Links

The parameters used in the simulation are as follows, dL=1 m ,d1=2 m, d2=1 m, ς=4, α1=0.85,
α2=0.15, ϱ=0.001 and σ2

e=0.01. The curves denote simulations, and markers represent the analyt-
ical derivation in our results. It can be easily observed that our derivations are matched perfectly
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Figure 4.3: OP of MH-DF-CNOMA WDL w.r.t. SNR: (a) With perfect CSI, (b) With ICSI.
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with the simulations that validate our derivations.

In Figure 4.3, we present the OP of MH-DF-CNOMA WDL with perfect CSI and ICSI when
Tr1=Tr2=0.1. We observe that the OP of the two users worsens as the number of relays increases
in the two scenarios of CSI, where an error floor occurs in the case of ICSI. It is observed also the
performance of U1 was better than U2 when L > 2, and as the number of relays increased, the
degradation of U2 was more than U1. It can be explained as follows. The detection of U2 signal
depends on the SIC process. In other words, the outage of the U2 signal depends on whether the
detection of the U1 signal is better or not i.e., the outage of the U1 signal is less or bigger. Also, the
forwarding signals in the following phases are according to the signals detection of the earlier phases
i.e., the outage performance of the users will increase when the reliability of the detection decreases
at each phase. Hence, decreasing the reliability of the detection means the error is growing with
each phase, which affects the SIC process.
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Figure 4.4: OP of MH-DF-CNOMA WDL w.r.t. L relay.

To evaluate the effect of the number of relays on the OP performance, in Figure 4.4, we present
the OP performance of the MH-DF-CNOMA WDL w.r.t. L relay when θ

(L+1)
1 = θ

(L+1)
2 = 1.2.

We observe that the OP performance gets worse as the number of relays increases. Again, it can
be seen that the OP performance of U2 deteriorates more than U1 when L > 4. This is due to
the SIC process at each node and the power allocation coefficient of each user. The SIC process is
affected at each hop because it always depends on whether the U1 signal is detected correctly or
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not. Furthermore, the SIC process is affected at each hop because the signal detected is forwarded
with its errors at each phase, so the error detection of all phases will move and increase with the
signals until reach the users. Moreover, increasing SNR improves the OP performance of two users.
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Figure 4.5: OP of MH-DF-CNOMA WDL vs MH-DF-COMA WDL with different relays

To compare our model with COMA, we suppose that the threshold of our model is θ(L+1)
1 =

2Tr1(L+1) − 1 and θ(L+1)
2 = 2Tr2(L+1) − 1, and for OMA is θ(2L+2)

OMA 1 = 2Tr1(2L+2) − 1 and θ(2L+2)
OMA 2 =

2Tr2(2L+2) −1. We use these parameters in Figure 4.5 and Figure 4.6, it’s assumed that the transmit
power is to be half of the total power, α1=0.8, α2=0.2, and Tr1=Tr2= 0.2. In Figure 4.5, we com-
pare the OP of MH-DF-CNOMA WDL with conventional MH-DF-OMA WDL. We observe that
the OP of MH-DF-COMA is superior to MH-DF-CNOMA in the first hop. when L > 1, the OP
of MH-DF-CNOMA is suprior to MH-DF-COMA. It can be explained as follows. The difference in
the time slot to transmit the signals from BS to the users is lower in MH-DF-CNOMA compared to
MH-DF-COMA. MH-DF-COMA needs a (2L+2) time slot to transmit the signals to the users while
MH-DF-CNOMA needs an (L+1) time slot. To confirm the superiority of our proposed scheme,
in Figure 4.6, we present a comparison between the OP of MH-DF-CNOMA and the conventional
MH-DF-COMA for one relay. It can be seen that our proposed scheme achieves high-performance
gain compared to MH-DF-COMA.

On the other hand, Figure 4.7, presents the BER of MH-DF-CNOMA WDL with perfect CSI
and ICSI. We observe that BER performance degrades as the number of hops increases with perfect
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Figure 4.6: OP of MH-DF-CNOMA WDL vs MH-DF-COMA WDL for one relay

CSI and ICSI. The ICSI degrades the BER performance of the users and causes an error floor at
the high SNR. In Figure 4.7 (a), in the perfect CSI case: The U2 achieves better performance gain
in the first two hops, while the performance of the U1 was better than U2 when L > 2. In Figure
4.7 (b), in the case of ICSI: The U2 was better than U1 only in the first hop, while the U1 was
better when L > 1. It is observed that the ICSI affected the performance of the U2 more than U1

when L > 1. The ICSI causes more errors in the detection of users’ signals and the SIC process.
Thus, the error will be transmitted with the next hops, and the error will grow. Hence, it affects
the SIC process and the signals detected at each node.

To evaluate the effect of relay number, Figure 4.8 presents the BER performance of MH-DF-
CNOMA WDL w.r.t. L relay when SNR= 20 dB, 40 dB. It is observed that the BER performance
gets worse as the number of relays increases. Also, the BER performance of U2 degrades more than
U1 where when L > 3 and SNR=20 dB and L > 4 and SNR=40 dB, the BER of U1 is better than
U2. To detect the U2 signals, all nodes need to perform the SIC process. The U2 is detected based
on the detection of the U1 signal at each hop. The signal transmission over each hop until reaching
the users will increase the error of SIC operation. Hence, the U2 signal is affected more than the
U1 signal because U1 signal detection does not depend on the SIC. It is observed also increasing
SNR improves the performance of the users.

Figure 4.9, presents the BER of MH-DF-CNOMA WDL w.r.t. α2 when SNR=20 dB, 40 dB.
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Figure 4.7: BER of MH-DF-CNOMA WDL w.r.t. SNR: (a) With perfect CSI, (b) With ICSI.
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Figure 4.8: BER of MH-DF-CNOMA WDL w.r.t. L relay.
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Figure 4.10: BER of MH-DF-CNOMA WDL w.r.t. α2 with different different distances between
RL and U2.
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Dotted lines: Scheme three (with single relay)

Figure 4.11: OP of MH-DF-CNOMA WDL compared to single relay scheme.
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We observe that the change of α2 affects one user at the expense of another. The change of α2

affects the SIC process and the detection of the U2 signal. It is observed again that increasing
relays reduces the performance of the users. Also, increasing SNR improves the BER performance
of the users. In MH-DF-CNOMA WDL, it is important to choose the value of α2 carefully to ensure
reaching the signals to the destination with good quality.

Table 4.1: Distances used for schemes.

Distances
scheme one (MH-DF-CNOMA) dRL= 1m, d1 = 2m, d2 = 1m
scheme two (with single relay) dR1 = 5m, d1 = 2m, d2 = 1m

scheme three (with single relay) dR1 = 1m, d1 = 6m, d2 = 5m

To demonstrate the impact of α2 in detail, Figure 4.10 presents the BER w.r.t. α2 with differ-
ent distances d2 = 0.5 m, 1.8 m, d1 = 2 m when SNR= 40 dB. We observe that increasing relays
degrades the BER performance in all α2 values. It can be seen that reducing the distance of U2

improves its BER performance. Hence, to acquire an optimum value of α2 in the MH-DF-CNOMA
WDL should be adapted according to the transmit SNR and channel conditions.

To show the superiority of the MH-DF-CNOMA WDL over a single relay scheme, we compare
our proposed system with two possible schemes for a single relay (i.e., scheme two and scheme
three). Scheme one: MH-DF-CNOMA WDL (we use 5 relays L = 5). Scheme two: The relay is
far from the BS and near to the users. In Scheme three, the relay is near the BS and far from the
users. Thus, the parameters used for each scheme are presented in Table. 4.1.

In Figure 4.11 and Figure 4.12, we present a comparison of our proposed scheme with a single
relay NOMA scheme in terms of the OP and BER. In these figures, it is observed that our proposed
scheme achieves higher performance gain compared to the two cases of a single relay NOMA scheme.
Also, scheme two is superior to scheme three. The near distance of the relay increases the error of
the second phase at the users because the distance of this phase is bigger (i.e., the channel is poor).
On the contrary, the poor channel of the first phase means the relay receives the signals with more
errors and will forward the signals to the users with these errors.

4.4.2 Cooperative NOMA Assisted Multiple Relay with Direct Links

The simulation parameters of [66] are used to evaluate the performance gain of our proposed system.
Thus, the distance parameters of the simulation of [66] and our system are presented in Table. 4.2
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Figure 4.12: BER of MH-DF-CNOMA WDL compared to single relay scheme.

Table 4.2: Distances used for scenarios.

Distances
Scenario I d1=5, dR1=1, dR2=4
Scenario II d1=5, dR1=1, dR2=2, DR3=2
Scenario III d1=5, dR1=1, dR2=1.5, dR3=1.5, dR4=1
Scenario IV d1=5, dR1=1, dR2=1, DR3=1, dR4=1, dR5=1

Scenario V ([66]) d1=5, dR1=2.5, dR2=2.5
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Figure 4.13: OP of MH-DF-CNOMA with DL w.r.t. SNR: (a) With perfect CSI, (b) With ICSI.
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Figure 4.14: OP of MH-DF-CNOMA with DL w.r.t. α2 with different relay.

As we can see through Table. 4.2, the relays are placed differently, where users are distributed
almost with equal distances between them until reaching U1. The fixed simulation parameters are
presented as follows, ς=3, α1=0.8, α2=0.2, ϱ=0.001, and σ2

e=0.001. The curves denote simulations,
and markers represent the analytical derivation in our results. It can be easily observed that our
derivations are matched perfectly with the simulations that validate our derivations.

In Figure 4.13, we present the OP performance of MH-DF-CNOMA with DL under perfect CSI,
ICSI, SIC, and ISIC. We observe that the proposed scheme improved the performance of U1. It is
observed also the OP of our proposed scheme improved as the number of relays increased. It can
be easily seen that the proposed scheme achieves higher performance gain compared to [66]. Figure
4.13 (b) presents the OP performance of our system under ICSI and ISIC. It is observed that in the
presence of ICSI and ISIC, the OP performance of our proposed system deteriorates compared to
the perfect case in Figure 4.13 (a) and causes an error floor at the high SNR.

To evaluate the effect of power allocation on the performance of our proposed system, Figure
4.14, presents the OP of MH-DF-CNOMA with DL when SNR= 20 dB. It is observed that increas-
ing α2 decreases the OP of s2 and increases the performance of U1. Also, increasing the number
of relays improves the performance of our system. It can be seen that the OP performance of our
proposed system achieves higher performance gains compared to [66] in all power allocation values.

University of El-Oued: 2024 75



Chapter 4: Cooperative NOMA with Multiple Relays

0 5 10 15 20 25 30 35 40 45 50

SNR [dB]

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R U
1

s
2

U
1
 CNOMA-Hop 1

U
1
 CNOMA-Hop 2

U
1
 CNOMA-Hop 3

U
1
 CNOMA-Hop 4

U
1
 [66] Scenario

Theo

L=1, 2, 3, 4

(a)

0 5 10 15 20 25 30 35 40 45 50

SNR [dB]

10
-3

10
-2

10
-1

10
0

B
E

R

U
1

s
2

U
1
 CNOMA-Hop 1

U
1
 CNOMA-Hop 2

U
1
 CNOMA-Hop 3

U
1
 CNOMA-Hop 4

U
1
 [66] Scenario

Theo

L=1, 2, 3, 4

(b)

Figure 4.15: BER of MH-DF-CNOMA with DL w.r.t. SNR: (a) With perfect CSI, (b) With ICSI.
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Figure 4.16: OP of MH-DF-CNOMA with DL w.r.t. α2 with different relay.

On the other hand, Figure 4.15 and Figure 4.16 present the BER performance of MH-DF-
CNOMA with DL compared to a single relay scheme. In Figure 4.15, we present the BER perfor-
mance of our proposed system compared to a single relay scheme of [66]. We observe that the BER
performance of MH-DF-CNOMA with DL improves as the number of relays increases. Moreover,
the BER performance of our proposed system achieves higher performance gain compared to [66]
of a single relay scheme. In Figure 4.15 (a) and Figure 4.15 (b), we present the BER of our system
with perfect CSI and ICSI respectively. It can be seen that the BER performance of the system
degrades in the presence of ICSI and achieves an error floor at the high SNR.

To examine the impacts of the power allocation of our system, in Figure 4.16, we present the
BER of our system w.r.t α2 when SNR= 20dB. We observe that the change of α2 leads to a change
performance of the users which affects the SIC process of each node. Again, increasing the number
of relays improves the performance of our scheme. Furthermore, it can be easily seen that our
proposed scheme outperforms the single relay scheme of [66].

4.5 Conclusion

This chapter has investigated the MH-DF-CNOMA with two schemes with and without DL. For
practical scenarios, the ICSI and ISIC are taken into account. We have derived the e2e OP and

University of El-Oued: 2024 77



Chapter 4: Cooperative NOMA with Multiple Relays

BER expressions for the considered systems under ICSI and ISIC. We have discussed the effect of
power allocation, the number of relays, ICSI, and SIC on the performance of systems. We have
validated our mathematical derivations by using Monte Carlo simulations. The results demonstrate
that increasing the number of relays reduces the OP and BER in the two MH-DF-CNOMA schemes.
The MH-DF-CNOMA of our proposed system achieves high-performance gain compared to a single
relay scheme and [66], and the performance improves as the number of relays increases. Moreover,
the changes in the power allocation affect the performance of the systems, which affects the SIC
process. The ICSI decreases the performance of the systems and leads to an error floor at the high
SNR. The presence of the ICSI affects signal detection and the SIC process at nodes.

In this chapter, we have presented the investigation of the multi-relay schemes, where the multi-
hop schemes are used when the nodes use their power in the transmission. New wireless information
and power transmission techniques are crucial for the long-term viability of wireless communications,
particularly given the significant increase in energy consumption brought on by the increase in the
number of connected devices. In the next chapter, we will investigate RF EH to improve EE and
recharge battery-limited devices.
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Chapter 5

Cooperative NOMA with Wireless
Energy Harvesting

5.1 Introduction

NOMA is widely renowned for increasing the number of users and improving spectral efficiency in
next-generation wireless networks [93, 94, 95]. Besides, NOMA can be easily integrated with other
physical layer schemes. Hence, the CNOMA has recently received a great deal of attention due to
its ability to increase spectral efficiency, and user fairness and expand network coverage [96]. On
the other hand, to increase EE and recharge the battery-limited devices, EH in CNOMA has been
adopted [97, 98]. In the literature, there are two major EH protocols, namely, PS and TS. In the
PS protocol, the EH and information detection are performed simultaneously, whereas in the TS
protocol, the EH and information detection are implemented at different time slots [99].

5.1.1 Related Works

In the past years, the performances of NOMA schemes have been evaluated in terms of OP and
EC to prove the superiority of NOMA over OMA [100, 101, 102, 103, 104, 105]. Furthermore, to
increase the system capacity, a nearly comprehensive analysis of CNOMA issues in terms of EC and
OP with FD/HD in the presence of ICSI, ISIC, and imperfection of the HWI has been performed
[45, 106, 107, 108, 67, 109, 63, 110, 111]. Multiple relays scheme (e.g., SR and multi-hop relays)
is one of the promising directions for increasing the system performance and expanding coverage
area. In [73, 112, 12], the EC and OP for multiple relays have been evaluated. Moreover, the BER
is another KPI that has been examined for CNOMA FD/HD with single/multiple relays under
the imperfection of the ICSI and ISIC [45, 67, 12, 44, 113, 114, 115, 65, 64]. Through the earlier
literature, NOMA can serve multiple users at the same time and achieve superiority over OMA
schemes in terms of OP and EC, while the error performance of OMA is better because NOMA
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schemes suffer from IUI [11]. Therefore, increasing the number of users will increase errors and
reduce the performance of all NOMA schemes.

On the other hand, alternative wireless information and power transfer strategies are significant
for the sustainable growth of wireless communications, especially with enormous energy consump-
tion growth with ever-increasing connected devices [97, 99]. To show the performance gain of EH
with CNOMA (EH-CNOMA) over CNOMA without EH, the EC and OP of simultaneous wireless
information and power transfer (SWIPT) aided CNOMA (SWIPT-CNOMA) have been evaluated
[111, 116, 117, 118]. The EH (TS and PS) for FD/HD CNOMA has been evaluated in terms of
the OP and compared with conventional OMA [119]. In [120, 121], the OP of CNOMA with PS
has been performed. The OP, EC, and throughput for TS selection relay CNOMA with the effect
of ICSI and ISIC have been analyzed in [122]. In [123], TS FD CNOMA has been analyzed in
terms of OP and throughput. A CNOMA for PS and TS has been investigated in terms of OP
and EC over Nakagami-m fading channel [124]. A DF CNOMA-assisted EH in three different EH
protocols, namely: PS, TS, and ideal protocols with ISIC and ICSI have been implemented and
compared in terms of the OP over Rayleigh fading channel [125]. The sum rate and EE have been
examined for FD CNOMA with EH [126]. In [127], a PS CNOMA IoT network has been analyzed
in terms of the OP under practical variations (ISIC and different incentive transmission power levels
for the IoT). To handle the co-channel interference, the problem of joint power allocation and sub-
channel assignment for device-to-device-enabled IoT NOMA, the sum rate, fairness, access rate, and
computational complexity have been investigated [128]. In [129], the CNOMA-IoT user scheduling
strategy is used to enhance the secrecy OP. The authors in [130] evaluate overlay networks NOMA
in terms of secrecy throughput and secrecy OP.

Regardless of the superiority of EH over schemes without EH, it is possible to improve EH to
reach the best performance. Previously, an optimized protocol called hybrid EH that combines
PS and TS jointly to improve the EE of EH OMA has been proposed and evaluated in terms of
throughput [131]. According to the findings in [131], the hybrid protocol outperforms both TS and
PS protocols. The hybrid protocol has been adopted to the EH CNOMA scheme in [132, 133, 134]
to improve the performance of EH CNOMA. It has been analyzed in terms of EC and OP for
CNOMA over the Rayleigh fading channel. These works do not provide a complete study of the
hybrid protocol with their evaluation due to the following reasons: 1) The optimal value of the
hybrid protocol has not been indicated compared to other EH protocols (i.e., PS and TS). 2) Does
the hybrid protocol always outperform the existing EH protocols in all EH values? 3) Also, all
these works assumed one of the users works as an assistant user to help the far user, so with only
this assumption, the investigation is not enough. The case without the direct links between the
source and users is very important to evaluate the performance. 4) All of these works analyze
performance with the assumption of the Rayleigh fading channel, so the evaluation needs more
realistic assumptions for the channel, e.g., the Nakagami-m fading channel, which is considered a
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practical fading channel.
Through examining the previous works, although most of the existing EH-CNOMA papers dis-

cuss investigating OP and EC, the error performance (one of the most important KPIs) investigation
is very limited. In [115, 135, 136], the error performance of CNOMA with EH (with PS protocol)
AF relay has been performed. The authors of [136] evaluated the error performance of the mth
best relay selection in EH (with PS protocol) AF multiple relay-assisted CNOMA. Then in [137],
the authors investigate the error performance of CNOMA with an EH relay (with TS protocol).
As seen in the above discussion, the related EH-CNOMA papers deal with only one EH protocol.
However, a comparison of the existing EH protocols is important to select the proper protocol to
guarantee the best performance in CNOMA.

5.1.2 Motivation and Contributions

As mentioned above, EH CNOMA for PS or TS has been implemented in [111, 115, 116, 118,
119, 120, 121, 122, 126, 127, 135, 136, 137, 138], and OP, EC and BER have been analyzed. The
comparison of the EH CNOMA schemes (TS and PS) is important to select which EH protocol is
superior and which is performed in terms of OP and EC in [124, 125]. Based on these discussions,
the BER of CNOMA with EH under ICSI, ISIC, and ICI has not been considered over the Rayleigh
fading channel to the best of the author’s knowledge. Furthermore, to improve the EH CNOMA
scheme, the hybrid protocol has been analyzed over the Rayleigh fading channel in terms of OP
and EC in [132, 133, 134]. The channel behavior over large distances is not accurately predicted
by the Rayleigh distribution. For more flexibility, the Nakagami-m distribution represents a bigger
range of channel models, which is considered a practical fading channel. According to the authors’
best knowledge, the hybrid protocol has not been evaluated over the Nakagami-m fading channel.
Therefore, we analyze and compare the OP of the hybrid protocol with the exiting EH protocols
(i.e., PS and TS) and without EH over the Nakagami-m fading channel. Also, to the best of the
authors’ knowledge, most of the existing papers investigate the EH-CNOMA schemes by using either
TS or PS protocol and no work provides hybrid EH for CNOMA in terms of BER. In addition, the
BER performance of the EH-CNOMA schemes has not been studied well by considering different
EH protocols. Motivated by the aforementioned discussions, in this chapter, first, we investigate the
BER of CNOMA with EH under ICSI, ISIC, and ICI over the Rayleigh fading channel. Secondly,
the HEH-CNOMA in terms of BER and OP over the Nakagami-m fading channel. The main
contributions of the chapter are given as follows.

• First, we analyze the BER of CNOMA with EH (using TS and PS protocols) under ICSI,
ISIC, and ICI over the Rayleigh fading channel.

• We examine the effect of ISIC and CSI on BER performance under the parameters of EH (i.e.,
EH factors and energy conversion efficiency). We also discuss the effect of CSI errors on SIC
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performance.

• Secondly, we present the HEH-CNOMA scheme where the relay applies the HEH protocol to
improve the performance of the existing EH schemes in CNOMA networks.

• We also present three benchmark schemes (i.e., PS, TS and no-EH) to evaluate the perfor-
mance of the HEH-CNOMA. We derive the exact e2e BER expressions for HEH-CNOMA
and three benchmarks over Nakagami-m fading channels. The simulations validate the per-
fect match of the analysis. Based on the extensive simulations, we reveal that the BER of
HEH-CNOMA outperforms all three benchmarks remarkably.

• Moreover, we derive the exact e2e OP expressions for HEH-CNOMA and three benchmarks
over Nakagami-m fading channels. The results are identical to simulations, and it shows the
superiority of the hybrid protocol on all three benchmarks significantly.

• We also discuss the optimum values for EH parameters and power allocation coefficient, and
we present that optimum values can be obtained to improve the performance of both users.

5.2 Cooperative NOMA with EH over Rayleigh Fading Channel

5.2.1 System Model

As illustrated in Figure 5.1, we consider a CNOMA system with a BS, relay node, and two users
named as follows U1 and U2. It is assumed that each node is equipped with a single antenna and the
relay node works in HD mode. It is further supposed that the communication between the BS and
users is not available, so users receive the BS signal only with the help of the relay node. Rayleigh
fading affects all communication links. Since the relay has no power to forward the information in
the second phase, it is assumed that the relay node harvests energy from the RF signal transmitted
by the BS and uses it to forward the information to the users. Two EH protocols are assumed to
be used named TS and PS protocols, which are described in Section 1.7, so the received signal at
the relay node is given by

yr =
√
𭟋Pt (ĥr + e) (

√
α1s1 + α2s2) + nr,a + nr,c, (5.1)

where s1 and s2 are the signals of Ui, in which i = 1, 2, ĥr = hr−e ∼ CN (0, σ̂2
r = σ2

r −σ2
e) is channel

estimation coefficient of between BS-relay, hr ∼ CN (0, σ2
r = dςr) is channel coefficient of between BS

and relay, e ∼ CN (0, σ2
e) is the error factor of the channel estimation, dr is the distance between

BS-Rr and ς is the path loss factor, nr,a ∼ CN (0, σ2
r,a) and nr,a ∼ CN (0, σ2

r,c) are the AWGN of the
noise from the antenna and the RF to-baseband conversion [139, 140, 141], and α1 and α2 are the
power allocation coefficient for Ui, where α1 > α2 in which α1 + α2 = 1, and 𭟋 denotes how much
source power is dedicated to transmitting information, it will be (1 - ρ) for PS and 1 for TS.
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Figure 5.1: CNOMA with EH schemes.

The harvested energy at the relay during the power transfer is given by

Eh =

 ηPtρ
T
2 |hr|2, PS,

ηPtνT |hr|2, TS.
(5.2)

The transmission power of the relay can be given as

Pr =

 ηPtρ|hr|2, PS,
2ηPtνT |hr|2

1−ν , TS.
(5.3)

The relay node decodes the s1 first by treating the other signal as noise. Then, the relay node
decodes s2 using the SIC process. Thereafter, the relay re-encodes the decoded signal in a new SC
signal as in BS and forwards it to the users using the harvested power. The users are considered to
be vulnerable to broadcasts from the BS of nearby cells1. The received signal at users is given by

yk =
√
Pr (ĥk + e) (

√
α1s1 + α2s2) + Ik + nr,a + nr,c, , k = 1, 2, (5.4)

where s1 and s2 are the signals of Ui, in which i = 1, 2, ĥk = hk−e ∼ CN (0, σ̂2
k = σ2

k−σ2
e) is channel

estimation coefficient between relay and users, hk ∼ CN (0, σ2
k = dςk) is channel coefficient between

BS and users, dk is the distance between BS and users. Ik =
∑N
o ̸=k

√
Pt,oso (ĥo + e) is the ICI.

where N is the total number of neighbor cells and o is the index of neighbor cells. ĥo ∼ CN (0, σ̂2
o) is

the estimated channel coefficient between the neighbor cells and users, Pt,o is the cell BS’s transmit
1Since a direct link is unavailable to the users because they are close to cell edges, the relay helps to connect them

with BS. Thus, the relay is located between BS and users, far enough away from the cell edge, so it does not suffer
from ICI.
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power, and so is the SC signal of the neighbor cells. The ICI can be assumed as complex Gaussian
distributed as in [142, 143] by Ik ∼ CN (0, σ2

ICI), in which σ2
ICI = ϖICI

∑N
o Pt,o, and ϖICI is the

ICI factor.

5.2.2 Performance Analysis

In this subsection, we derive the e2e BER for U1 and U2 respectively. We consider the BPSK
modulation to be used to encode the users’ signals in the BS and relay nodes. The e2e BER
expression for users is given as in [144] by

Pe2e,k(e) = 1 − (1 − PI,sk
(e))(1 − PII,sk

(e)), k = 1, 2, (5.5)

where PI,sk
(e) is the BER of users in the first phase and PI,sk

(e) is the BER of users in the second
phase.

The relay detects s1 using MLD. Hence, the BER of the s1 symbols at relay can be expressed
by

PI,sk
(e) = 1

2

2∑
j=1

Q

(√
Ptγχj |ĥr|2/(Ptγχjσ2

e + σ2
r,a + σ2

r,c)
)
, (5.6)

where χj = [(√α1 + √
α2)2, (√α1 − √

α2)2].
With the help of an alternative form of the Q(.) function and the MGF, and after some algebraic

manipulation, (5.6) can be obtained as in [137, 144] by

PI,sk
(e) = 1

4

2∑
j=1


√√√√√

(
PtγχjE[|ĥr|2]/(Ptγχjσ2

e + σ2
r,a + σ2

r,c)
)

2 +
(
PtγχjE[|ĥr|2]/(Ptγχjσ2

e + σ2
r,a + σ2

r,c)
)
 . (5.7)

Furthermore, the relay implements the SIC to detect the s2 symbols. The detection of s2 at the
relay is based on the detection of s1 symbols correct or not. Hence, the BER of s2 at relay can be
expressed by

PI,s2(e) = 1
2

6∑
v=1

κvQ

(√
Ptγℵv|ĥr|2/(Ptγδvσ2

e + σ2
r,a + σ2

r,c)
)
, (5.8)

where δv = [(√α1−√
α2)2, (√α1+√

α2)2, (√α1+√
α2)2, (√α1+√

α2)2, (√α1−√
α2)2, (√α1−√

α2)2],
κv = [1, 1,−1, 1, 1,−1], and ℵv = [α2, α2, (

√
α1 + √

α2)2, (
√

2α1 + √
α2)2, (√α1 − √

α2)2, (2√
α1 −

√
α2)2].

By assisting an alternative form of the Q(.) function and the MGF, and after some algebraic
manipulation, (5.8) can be written by [137, 144]

PI,s2(e) = 1
4

6∑
v=1

κv


√√√√√

(
PtγℵvE[|ĥr|2]/(Ptγδvσ2

e + σ2
r,a + σ2

r,c)
)

2 +
(
PtγℵvE[|ĥr|2]/(Ptγδvσ2

e + σ2
r,a + σ2

r,c)
)
 . (5.9)
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In the second phase, the relay re-encodes s1 and s2 symbols in a new SC signal as in BS and
forwards it to users using the harvested power2. The BPSK modulation is assumed to be used to
encode the s1 and s2 symbols at the relay. The BER of U1 in the second phase can be written as

PII,s1(e) = 1
2

2∑
j=1

Q

(√
Prγχj |ĥ1|2/(Prγχjσ2

e + σ2
r,a + σ2

r,c)
)
. (5.10)

With the help of an alternative form of Q(.) function and the MGF, and after some algebraic
manipulation, (5.10) can be obtained as

PII,s1(e) = 1
4

2∑
j=1


√√√√√

(
PrγχjE[|ĥ1|2]/(Prγχjσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)
2 +

(
PrγχjE[|ĥ1|2]/(Prγχjσ2

e + σ2
r,a + σ2

r,c + σ2
ICI+)

)
 . (5.11)

The U2 implements the SIC to detect its symbols. s2 is detected based on whether or not the
s1 symbols are correctly detected. Hence, the BER of U2 can be expressed by

PII,s2(e) = 1
2

6∑
v=1

κvQ

(√
Prγℵv|ĥ2|2/(Prγδvσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)
. (5.12)

By assisting an alternative form of the Q(.) function and the MGF, and after some algebraic
manipulation, (5.12) can be written by

PII,s2(e) = 1
4

6∑
v=1

κv


√√√√√

(
PrγℵvE[|ĥ2|2]/(Prγδvσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)
2 +

(
PrγℵvE[|ĥ2|2]/(Prγδvσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)
 . (5.13)

To find the BER of U1 and U2, we substitute the (5.7) and (5.11) into (5.5) and (5.9) and (5.13)
into (5.5) as given by

Pe2e,1(e) = 1 −

1 − 1
4

2∑
j=1


√√√√√

(
PtγχjE[|ĥr|2]/(Ptγχjσ2

e + σ2
r,a + σ2

r,c)
)

2 +
(
PtγχjE[|ĥr|2]/(Ptγχjσ2

e + σ2
r,a + σ2

r,c)
)



1 − 1
4

2∑
j=1


√√√√√

(
PrγχjE[|ĥ1|2]/(Prγχjσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)
2 +

(
PrγχjE[|ĥ1|2]/(Prγχjσ2

e + σ2
r,a + σ2

r,c + σ2
ICI+)

)

 ,

(5.14)

2As is well known, Pr calculates its value under EH. We consider Pr to be a constant value (i.e., Pr as the average
value of the harvested power) and assume that it will remain constant during the derivation.
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Figure 5.2: CNOMA with HEH schemes.

Pe2e,2(e) = 1 −

1 − 1
4

6∑
v=1

κv


√√√√√

(
PtγℵvE[|ĥr|2]/(Ptγδvσ2

e + σ2
r,a + σ2

r,c)
)

2 +
(
PtγℵvE[|ĥr|2]/(Ptγδvσ2

e + σ2
r,a + σ2

r,c)
)



1 − 1
4

6∑
v=1

κv


√√√√√

(
PrγℵvE[|ĥ2|2]/(Prγδvσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)
2 +

(
PrγℵvE[|ĥ2|2]/(Prγδvσ2

e + σ2
r,a + σ2

r,c + σ2
ICI)

)

 .

(5.15)

5.3 Cooperative NOMA with EH over Nagakamai-m Fading Chan-
nel

5.3.1 System Model

We consider a CNOMA system with BS, one relay, and two users named U1 and U2, as shown in
Figure 5.2. It is assumed that the users cannot receive the BS signal directly due to large path-
loss or obstacles. The relay works in HD mode and helps the users to receive the BS signal. The
Nakagami-m fading affects all communication links. It is assumed that the relay node has no power
to forward the signal in the second phase, and can harvest energy from the RF signals using three
EH protocols, PT, TS, and hybrid. We describe the TS and PS protocols in Section 1.7 and the
hybrid protocol below.

In the hybrid protocol, the νT time slot is devoted to harvesting energy as in the TS protocol.
In the first (1-ν) T/2 time slot, the BS transmits an SC signal to the relay node. Also, during
this time, the relay harvests energy (ρ) from the received signal as in the PS protocol. During the
second (1-ν) T/2 time slot, the relay uses the sum of the harvested energy from previous times to
forward the information to the users.

In the no EH, the relay uses its energy source because it is unable to collect energy. In the no
EH, both BS and relay cover half of the communication time (T/2 time) and use the same amount
of power during these data transfers.

The BS transmits an SC signal consisting of the users’ signals with different power levels ac-
cording to the channel gain |h1|2 < |h2|2. The received information signal during the first phase at
the relay is given by

yr =
√
𭟋Pt hr (

√
α1s1 +

√
α2s2) + n, (5.16)
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where s1 and s2 are the signals of Ui, in which i = 1, 2, hr is the Nakagami-m fading channel
coefficient between BS-relay with Ωr spread and mr shape parameters, n ∼ CN (0, σ2) is the AWGN,
α1 and α2 are the power allocation coefficient for Ui, where α1 > α2 in which α1 +α2 = 1. 𭟋 denotes
how much source power is dedicated to transmitting information, it will be (1 - ρ) for PS and hybrid
whereas will be 1 for TS and no-EH.

The relay implements the SIC to detect the signals of users where the s1 is detected first then
s2. The SINR of the received signals at the relay is expressed by

γBSR,s1 = Pt𭟋α1|hr|2

Pt𭟋α2|hr|2 + σ2 , (5.17)

γBSR,s2 = Pt𭟋ϖα2|hr|2

σ2 . (5.18)

For the sake of equality, we assume that the consumed energy by all protocols is equal to ϵT . In
the no-EH, ϵT is consumed equally by the BS and relay, whereas in EH protocols, it is consumed
only by the BS. Thus, the source power can be expressed as

Pt = ΨPT , where PT = ϵT /T, (5.19)

where Ψ is equal to 1 for no-EH, 2 for PS and 2
ν+1 for TS and hybrid. Hence, the harvested energy

during the power transfer in the EH protocols is given by

Eh =


ηPtρ

T
2 |hr|2, PS,

ηPtνT |hr|2, TS,
ηPt(2ν+ρ(1−ν))

2 )T |hr|2, Hybrid.
(5.20)

Additionally, the transmit power of the relay in the EH protocols is expressed by

Pr =

 Pt|hr|2Ψ, PS, TS and Hybrid,
Pt, no-EH,

(5.21)

where

Ψ =


ηρ, PS,
2ην/(1 − ν), TS,
η(ρ+ 2ν/(1 − ν)), Hybrid.

(5.22)

where η (0 ≤ η ≤ 1) is the factor of the energy conversion efficiency, (0 ≤ ρ ≤ 1), and (0 ≤ ν ≤ 1)
are the factors of the PS and TS respectively.

As in BS, the relay re-encodes the decoded signals in a new SC signal and forwards it using the
harvested power to the users. The received signal at users is given by

yk =
√
𭟋Pr hk (

√
α1s1 +

√
α2s2) + n, (5.23)
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where hk is the Nakagami-m fading channel coefficient between relay-users with Ωk spread and mk

shape parameters. The U1 decodes its signal directly while the U2 uses the SIC to decode its signal.
Hence, the SINRs at U1 and U2 are given as

γU1,s1 = Pr𭟋α1|h1|2

Pr𭟋α2|h1|2 + σ2 , (5.24)

γU2,s1 = Pr𭟋α1|h2|2

Pr𭟋α2|h2|2 + σ2 , (5.25)

γU2,s2 = Pr𭟋α2|h2|2

σ2 . (5.26)

5.3.2 Performance Analysis

In this subsection, we derive the e2e OP and BER for our system with all EH protocols over the
Nakagami-m fading channel.

5.3.2.1 Outage Probablity

As we described above, the relay detects the signals of users through SIC and forwards the infor-
mation to users using the harvested power (i.e., using one of the following EH protocols, PS, TS
and hybrid). In the no-EH, the relay forwards the information to the users by its power. Thus, we
derive the e2e OP of users for three EH protocols and no-EH over the Nakagami-m fading channel
below. The e2e BER at each user is given as in [145] by

Pe2e,U1(out) = 1 − (1 − PBSR,s1(out)) (1 − PU1,s1(out)) , (5.27)

The e2e OP of U1 is obtained by using the PDF and CDF of the Nakagami-m fading channel
[146, Eq. (19) and Eq. (20)] as

Pe2e,U1(out) =1 −
(

1 − e− mr
Ωr

ℓ1
mr−1∑
t=0

1
t!

(
mr

Ωr
ℓ1

)t)
×

1 −
G 2 1

1 3

(
1

mr,m1,0

∣∣∣ ♭1
ΩrΩ1

)
Γ(mr)Γ(m1)

 . (5.28)

where ℓ1 = θ1σ2

(α1−α2θ1)Pt𭟋 , ♭1 = θ1σ2

(α1−α2θ1)PtΨ𭟋 and θi = 2Ri/ℏ − 1. Ri is target rate of s1 and s2, ℏ is
equal to 1−ν

2 for TS and hybrid, and 1
2 for PS and no-EH

Proof: Please, see Appendix D.
The OP of U2 occurs when two events occur when s1 fails to detect and when s1 successfully

detects at the relay and U2. Hence, the BER at U2 is given by

Pe2e,U2(out) = 1 − (1 − PBSR,s2(out)) (1 − PU2,s2(out)) , (5.29)
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where PBSR,s2(x) and PU2,s2(x) are OP at relay and U2 in the first and second phases, respectively
which are expressed below

PBSR,s2(out) = 1 − e− mr
Ωr

(ℓ1+ℓ2)
mr−1∑
t=0

mr−1∑
k=0

1
t!

1
k!

(
mr

Ωr
ℓ1

)t (mr

Ωr
ℓ2

)k
, (5.30)

PU2,s2(out) =
G 2 1

1 3

(
1

mr,m2,0

∣∣∣ ♭1
ΩrΩ2

)
Γ(mr)Γ(m2) +

G 2 1
1 3

(
1

mr,m2,0

∣∣∣ ♭2
ΩrΩ2

)
Γ(mr)Γ(m2)

−
G 2 1

1 3

(
1

mr,m2,0

∣∣∣ ♭1
ΩrΩ2

)
Γ(mr)Γ(m2)

G 2 1
1 3

(
1

mr,m2,0

∣∣∣ ♭2
ΩrΩ2

)
Γ(mr)Γ(m2) ,

(5.31)

where ℓ2 = θ2σ2

α2Pt𭟋 and ♭2 = θ2σ2

α2ΨPt𭟋 .
To find the e2e OP of U2, we substitute (5.30) and (5.31) into (5.29) as

Pe2e,U2(out) = 1 −
(
e− mr

Ωr
(ℓ1+ℓ2)

mr−1∑
t=0

mr−1∑
k=0

1
t!

1
k!

(
mr

Ωr
ℓ1

)t (mr

Ωr
ℓ2

)k)
1 −

G 2 1
1 3

(
1

mr,m2,0

∣∣∣ ♭1
ΩrΩ2

)
Γ(mr)Γ(m2) −

G 2 1
1 3

(
1

mr,m2,0

∣∣∣ ♭2
ΩrΩ2

)
Γ(mr)Γ(m2) +

G 2 1
1 3

(
1

mr,m2,0

∣∣∣ ♭1
ΩrΩ2

)
Γ(mr)Γ(m2)

G 2 1
1 3

(
1

mr,m2,0

∣∣∣ ♭2
ΩrΩ2

)
Γ(mr)Γ(m2)

 .
(5.32)

To calculate the e2e OP of users in the no-EH case, we need only to determine the OP of the
second phase. Thus, we can obtain the OP of s2 of the second phase using the same way as the
first phase, where the change is only in the channel.

5.3.2.2 Bit Error Rate

The BS and relay encode the signals of users using BPSK modulation. Thus, it is possible to present
two different energy levels with equal probabilities. In all EH protocols and no-EH, by treating s2

as noise, the relay detects s1 first, then using the SIC, it detects s2. Thereafter, the relay re-encodes
the detected signals in a novel SC signal and forwards it to the users using the harvested power
(in the no-EH, it is assumed that the relay uses it is own power to forward the information to the
users). The e2e BER of users can be written as in [145] by

Pe2e,k(e) = 1 − (1 − PI,sk
(e))(1 − PII,sk

(e)), k = 1, 2, (5.33)

where PI,sk
(e) is the BER of users in the first phase and PI,sk

(e) is the BER of users in the second
phase.
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In all EH protocols and no-EH, the relay detects s1 first. Hence, the BER of s1 at the relay is
given by

PI,s1(e) = 1
2

2∑
j=1

Q(
√
𭟋γχj |hr|2), (5.34)

where χj = [(√α1 + √
α2)2, (√α1 − √

α2)2].
To average the BER of (5.34), we use the alternate representation of the Q-function and the

PDF of the Nakagami-m fading channel [81, 17, 147]. After some algebraic manipulation, the ABER
of (5.34) over a Nakagami-m fading channel is given as

PI,s1(e) = 1
2

2∑
j=1

1√
2π

Γ(mr + 0.5)
Γ(mr + 1) × (

√
𭟋γχjδ/2mr

(1 +
√
𭟋γχjδ/2mr)(mr+0.5)

)∇1(mr,𭟋γχjδ), (5.35)

where ∇1(mr, ϖγζiδ) =2 F1(1,mr + 0.5,mr + 1, 2mr
2mr+𭟋γχjδ

) and δ = Ωr. 2F1(., .; ., .) is the Gauss
hypergeometric function.

Furthermore, to derive the BER of s2 at the relay node, we derive the BER of the correct and
erroneous SIC. Hence, the BER of s2 at the relay node is given by

PI,s2(e) = 1
2

5∑
v=1

κvQ(
√
𭟋γℵv|hr|2), (5.36)

where κv = [2,−1, 1, 1,−1] and ℵv = [α2, (
√
α1 + √

α2)2, (
√

2α1 + √
α2)2, (√α1 − √

α2)2, (2√
α1 −

√
α2)2].

The ABER over the Nakagami-m fading channel of (5.36) can be expressed as

PI,s2(e) = 1
2

5∑
v=1

κv
1√
2π

Γ(mr + 0.5)
Γ(mr + 1) × (

√
𭟋γℵvδ/2mr

(1 +
√
𭟋γℵvδ/2mr)(mr+0.5) )∇2(mr,𭟋γℵvδ), (5.37)

where ∇2(mr, ϖγζjδ) =2 F1(1,mr + 0.5,mr + 1, 2mr
2mr+𭟋γℵvδ

).
In the second phase, the relay uses harvested power in the EH protocols or its power in the

no-EH to forward the SC information to the users. The U1 detects its signal without SIC. The BER
of U2 in the second phase is given by

PII,s1(e) = 1
2

2∑
j=1

Q(
√
𭟋γχjψ|h1|2|hr|2). (5.38)

After some algebraic manipulation, the ABER of (5.38) can be expressed as

PII,s1(e) = 1
4
√
π

2∑
j=1

∆1G 3 3
4 5

(
0,1−u2,0.5−u2,1−u2

0.5u1,−0.5u1,1−u2,u2,0

∣∣∣∣∆3
4

)
, (5.39)
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where u1 = mr − m1, u2 = 0.5(mr + m1),∆1 = ∆2(m1Ωr
mrΩ1

)
u1
2 ( 1

𭟋γχjψ
)u2 ,∆2 =

( mr
Ωr

)mr( m1
Ω1

)m1

Γ(mr)Γ(m1) ,∆3 =
2
√

m1mr
Ω1Ωr𭟋γχjψ

, mr and mk are the Nakagami fading parameters.
Proof : Please see Appendix E.
Likewise, the U2 uses the SIC to detect its signal. Thus, through both the correct and erroneous

SIC, we determine the BER at U2. The BER at U2 is expressed by

PII,s2(e) = 1
2

5∑
v=1

κvQ(
√
𭟋γℵvψ|h2|2|hr|2). (5.40)

The ABER of (5.40) is expressed as

PII,s2(e) = 1
4
√
π

5∑
v=1

κv∆4G 3 3
4 5

(
0,1−u4,0.5−u4,1−u4

0.5u3,−0.5u3,1−u4,u4,0

∣∣∣∣∆6
4

)
, (5.41)

where u3 = mr − m2, u4 = 0.5(mr + m2),∆4 = ∆5(m2Ωr
mrΩ2

)
u1
2 ( 1

𭟋γℵvψ
)u4 ,∆5 =

( mr
Ωr

)mr( m2
Ω2

)m2

Γ(mr)Γ(m2) and
∆6 = 2

√
m2mr

Ω2Ωr𭟋γℵvψ
.

To find the e2e BER for U1 and U2, we substitute (5.35) and (5.39) into (5.33) and (5.41), and
(5.35) into (5.33) as

Pe2e,1(e) = 1 −

1 − 1
2

2∑
j=1

1√
2π

Γ(mr + 0.5)
Γ(mr + 1) × (

√
𭟋γχjδ/2mr

(1 +
√
𭟋γχjδ/2mr)(mr+0.5)

)∇1(mr,𭟋γχjδ)


1 − 1

4
√
π

2∑
j=1

∆1G 3 3
4 5

(
0,1−u2,0.5−u2,1−u2

0.5u1,−0.5u1,1−u2,u2,0

∣∣∣∣∆3
4

) ,
(5.42)

Pe2e,2(e) = 1 −
(

1 − 1
2

5∑
v=1

κv
1√
2π

Γ(mr + 0.5)
Γ(mr + 1) × (

√
𭟋γℵvδ/2mr

(1 +
√
𭟋γℵvδ/2mr)(mr+0.5) )∇2(mr,𭟋γℵvδ)

)
(

1 − 1
4
√
π

5∑
v=1

κv∆4G 3 3
4 5

(
0,1−u4,0.5−u4,1−u4

0.5u3,−0.5u3,1−u4,u4,0

∣∣∣∣∆6
4

))
.

(5.43)

To calculate the e2e BER of users in the no-EH case, we need only to determine the BER of the
second phase. The BER of the first phase is the same. Thus, we can obtain the BER of s2 of the
second phase using the same way as the first phase, where the derivation will be according to the
change of the channel.
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5.4 Numerical Results

5.4.1 Cooperative NOMA with EH over Rayleigh Fading Channel

In this subsection, the theoretical derivations over the Rayleigh fading channel are verified by
the Mont-Carlo simulation. The parameters used in this subsection are as follows. dr=d2=1 m,
d1 = 2m, ς=3, α1=0.8, α2=0.2, ρ=ν=0.3 and η=0.95. It can be easily observed that our derivations
are matched perfectly with the simulations that validate our derivations.
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Figure 5.3: BER w.r.t. SNR with the TS and PS protocols under ICSI.

In Figure 5.3, we present the BER w.r.t. SNR for TS and PS protocols under ICSI when σ2
e=0,

0.005. We observe that the BER of the TS protocol is better than the PS protocol. Furthermore,
the presence of ICSI reduces the BER performance of the two protocols. Additionally, it is noted
that when ICSI existed with the two protocols, U1 performed better performance than U2. The
ICSI affects the SIC process and the detection of U2 symbols in the two phases.

To evaluate the effect of ICSI on the BER performance, in Figure 5.4, we present the BER
performance w.r.t. ICSI for the TS and PS protocols with α2=0.1, 0.4. We observe that the BER
performance of the users with the two EH protocols is degraded as the ICSI factor increases. It
is seen also the BER performance of U1 is better than U2 for the two EH protocols when α2=0.1.
When α2=0.4, the BER performance of U2 is better than U1. It is clear that the change of power
allocation in the presence of ICSI reduces the system performance, which affects the SIC.

To evaluate the performance of users for the EH protocols, in Figure 5.5, we present the BER
performance w.r.t. ρ and ν when SNR=20 dB. We observe that the BER of users with the TS

University of El-Oued: 2024 92



Chapter 5: Cooperative NOMA with Wireless Energy Harvesting

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

e

2

10
-1

B
E

R

U
1
 TS

U
2
 TS

U
1
 PS

U
2
 PS

Theo

2
=0.1

2
=0.4

Figure 5.4: BER w.r.t. ICSI for the TS and PS protocols under ICSI.
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Figure 5.5: BER w.r.t. ρ and ν for the TS and PS protocols.
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protocol increases when ρ increases. It is seen also the BER of users with the PS protocol increases
in the lower ν values. In the high ν values, the BER performance reduces. High values of ν mean
that the energy harvested in the first phase of the PS protocol is high, and this affects the quality of
the signal decoded and forwarded in the second phase. Furthermore, the TS protocol outperforms
the PS protocol. The ICSI affects the SIC and reduces the system performance of users.
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Figure 5.6: BER w.r.t. η for the TS and PS protocols under ICSI.

In Figure 5.6, we present the BER performance of the users w.r.t. η for TS and PS protocols
when ρ=ν=0.1, 0.9, and SNR=20 dB. We observe that as η increases, the BER performance of
users improves in the two protocols. In the TS protocols, when ρ=0.1, the performance of U2 is
better than U1, while when ρ=0.9, the performance of U1 was better than U2. It can be explained
as follows. In NOMA schemes, the U1 (i.e., far user) should have more power to receive its signal
with high quality. The increase of ρ increases the harvested power at the relay, which improves
the received signal quality at U1 in the second phase more than U2 because it suffers from SIC.
In the PS protocol, when ν=0.1, the performance of U2 is better than U1, while when ν=0.9, the
performance of U1 outperforms U2. The high ν values increase the harvested power at the relay,
but it reduces the power of the received signal in the first phase, which leads to forwarding the
signal to the users with more error. This affects the SIC and the detection of s2 at relay and U2.

In Figure 5.7, we present the BER performance of the users w.r.t. η for TS and PS protocols
under ICSI when ρ=ν=0.3, and SNR=20 dB. We observe that increases η improve the BER perfor-
mance of users in the two protocols. Also, the presence of the ICSI reduces the BER performance.
It influences the signal detected and SIC at the relay and U2.
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Figure 5.7: BER w.r.t. η for the TS and PS protocols under ICSI.
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Figure 5.8: BER w.r.t. α2 for the TS and PS protocols under ICSI.
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Figure 5.9: BER w.r.t. SNR for the TS and PS protocols under ICI.

In Figure 5.8, we present the BER performance of the users w.r.t. α2 for TS and PS protocols
under ICSI when ρ=ν=0.3, and SNR=20 dB. We observe that the change of α2 affects the BER
performance of users in the two protocols. Again, the presence of the ICSI reduces the BER
performance in all α2 values. The change of α2 affects the signal detected by users and the SIC at
the relay and users. The effect of SIC increased in the presence of ICSI with the change of alpha2

and a greater reduction in performance due to increased error. In Figure 5.9, we present the BER
performance of the users w.r.t. SNR for TS and PS protocols under ICI when ρ=ν=0.3. We observe
that the BER performance of users degrades in the presence of ICI and causes an error floor at the
high SNR. The increase of ϖICI increases the error floor of the users’ performance. The presence
of ICI increases the error and impacts the signal detection of the users.

5.4.2 Cooperative NOMA with EH over Nagakamai-m Fading Channel

In this subsection, we validate the theoretical expressions by Monte Carlo simulations over the
Nakagami-m fading channel. The channel parameters for all simulations are given in Table 5.1 and
in all simulations, α2 = 0.2, α1 = 0.8, η = 0.95, R1=0.1, and R2=0.2.

In Figure 5.10, we present the BER performances of users for three EH protocols with different
scenarios as presented in Table 5.1, where α1 = 0.9, and ν = ρ = 0.1. It can be seen that the
analytical and simulation results are matched perfectly, which validates our derivation. Additionally,
both integer and non-integer values of m are presented, and it can be demonstrated that this
shape parameter m determines the diversity order. In this figure, we observe that the hybrid

University of El-Oued: 2024 96



Chapter 5: Cooperative NOMA with Wireless Energy Harvesting

0 10 20 30

SNR [dB]

10-5

10-4

10-3

10-2

10-1

100

B
E

R

No-EH U
1

TS U
1

PS U
1

Hybrid U
1

Theo

0 10 20 30

SNR [dB]

10-5

10-4

10-3

10-2

10-1

100

B
E

R

No-EH U
2

TS U
2

PS U
2

Hybrid U
2

Theo

Scenario I: Blue lines

Scenario III: Red lines
Scenario I: Blue lines

Scenario III: Red lines

(a) Comparison between Scenarios I and III

0 10 20 30

SNR [dB]

10-6

10-5

10-4

10-3

10-2

10-1

100

B
E

R

No-EH U
1

TS U
1

PS U
1

Hybrid U
1

Theo

0 10 20 30

SNR [dB]

10-5

10-4

10-3

10-2

10-1

100

B
E

R

No-EH U
2

TS U
2

PS U
2

Hybrid U
2

Theo

Scenario II: Blue lines

Scenario IV: Red lines
Scenario II: Blue lines

Scenario IV: Red lines

(b) Comparison between Scenarios II and IV

Figure 5.10: BER performance comparisons between hybrid protocol and benchmarks w.r.t. SNR.
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Table 5.1: Channel parameters in simulations.

Ωr Ω1 Ω2 mr m1 m2

Scenario I 10 2 10 1.5 1.5 1.5
Scenario II 2 2 10 1.5 1.5 1.5
Scenario III 10 2 10 1 1 1
Scenario IV 8 4 12 1.5 1.5 1.5

achieves better performance gain compared to all three benchmarks. Through the comparisons
with different spread (i.e., Ωr and Ωk) and shape (i.e., mr and mk) parameters, in this figure, we
observe that Scenario I outperforms Scenario III due the shape parameter in Scenario I is greater
than in Scenario III, which enhanced diversity order because there is less erroneous detection in
both phases. Likewise, we observe that Scenario IV outperforms Scenario II. It is due to the spread
parameters being higher, which enhanced performance. Also, the linear sum of spread parameters
(i.e., Ωr + Ωk) in Scenario I and Scenario IV are fixed, which reflects the relay position. We can
see that Scenario IV is superior to Scenario I. Thus, we achieve better performance gain when the
relay is close to the middle of the BS and users.
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Figure 5.11: BER performance comparisons between hybrid protocol and benchmarks w.r.t. power
allocation.

Since power allocation impacts the system performance, we evaluate the effect of power allocation
on the BER performance in all schemes proposed. In Figure 5.11, we present the BER performance
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(a) Scenario I

(b) Scenario IV

Figure 5.12: BER performance comparisons between hybrid protocol and benchmarks w.r.t. EH
parameters.
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Figure 5.13: OP performance comparisons between hybrid protocol and benchmarks w.r.t. SNR.
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Figure 5.14: OP performance comparisons between hybrid protocol and benchmarks w.r.t. power
allocation.

of users in Scenario I when SNR=20 dB. We observe that the hybrid still outperforms all three
benchmarks despite the changes of α2. The changes of α2 affect one user at the expense of the
other. The increase of α2 leads to degrading the performance of U1 and enhances the performance
of U2; however, the U2 becomes worse with so much increase in α2. It can be explained as follows.
The increase of α2 improves the performance of U2 and with more increase of α2 will affect the SIC
and the detection of the symbols at relay and U2. Thus, we can say that the optimum value of α2

for both users should be 0.1 ≤ α2 ≤ 0.25.
To clarify the impacts of the EH parameters (ν, ρ) on the system performance, in Figure 5.12,

we present BER w.r.t. ν and ρ in Scenario I and Scenario IV. We can see from both comparisons,
that the optimal ν-ρ can be chosen jointly to reduce the BER in a hybrid protocol depending on
the channel conditions. For instance, in Scenario I, the link between the BS-relay is already good
quality, which means that the relay is near the BS. Thus, the relay has less erroneous detection.
Therefore, we can raise ν and ρ to increase the transmit power of the relay and provide reliable
communication in the second phase. Furthermore, in Scenario IV, We should choose lower values
of ν and ρ if the relay location is near the middle (i.e. the channel quality of the first phase is
relatively worse). Thus, the increase of ν and ρ too much will affect the information processing in
the first phase because less power is devoted to information transfer. Thus, the erroneous detection
at the relay increases, which causes an error propagation in the second phase.

On the other hand, we illustrate the OP performance for all protocols in Figure 5.13 with
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(a) Scenario I

(b) Scenario IV

Figure 5.15: OP performance comparisons between hybrid protocol and benchmarks w.r.t. EH
parameters.
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different Scenarios as presented in Table 5.1. We observe that the hybrid protocol is superior to
all benchmarks. Through comparisons, we observe that Scenario I is superior to Scenario III and
Scenario IV is superior to Scenario II. As a result, it is clear that a greater shape parameter value
decreases OP performance and enhances diversity order since a lower OP is acquired in both phases.
Moreover, as can be seen, the lower spread parameter values denote a worse channel quality between
BS and relay which affects the harvested power and the signal detection at the relay and the signal
forwarded in the second phase. Thus, the minimal OP for both users can be attained depending
on the relay position (e.g., when the relay is located near the middle). To illustrate the impact of
power allocation on the OP performance, in Figure 5.14, we present the OP performance of both
users in Scenario I when SNR=20 dB, R1=0.1, and R2=1.3. It is observed that the hybrid protocol
outperforms TS and PS. It is seen also that increasing α2 enhances the OP of U2 and degrades the
OP of U1. It can be explained as follows. The higher α2 values cause convergence of the power
distribution between users, which leads to difficulty in the users’ signals detection. Thus, taking
into account the performances of both users, the optimal values for α2 should be 0.1 ≤ α2 ≤ 0.25.
To present the impact of EH parameters (ρ, ν) on the OP performance, in Figure 5.15, we present
the OP performance w.r.t. ρ and ν in Scenario I and Scenario IV. For both comparisons, an optimal
ρ-ν pair to reduce OP can be chosen jointly based on the channel quality as shown in the previous
discussion, so to reduce the OP, the state is the same here. The good channel between BS and the
relay (i.e., the close location of the relay) reduces the outage in this link. Thus, increasing ρ and
ν increases the harvested energy to obtain reliable communication in the second phase by raising
the relay transmit power. Also, in Scenario IV, it should select a lower of ρ and ν when the relay
position is near the middle. The greater ρ and ν values augment the outage in the first phase. Thus,
it affects the information forwarded in the second phase.

5.5 Conclusion

This chapter has investigated two CNOMA with EH schemes. Firstly, the BER of CNOMA with
TS and PS protocols has been analyzed over the Rayleigh fading channel when the ICSI, ISIC, and
ICI are considered. Secondly, the OP and BER of CNOMA with three EH protocols (TS, PS, and
hybrid) have been analyzed over the Nakagami-m fading channel. We have discussed the effect
of power allocation, ICSI, ICI, and EH parameters on the performance of the systems. We have
validated our analytical derivations by using Monte Carlo simulations. The results demonstrate that
the hybrid protocol is superior to all benchmarks. In more detail, the performance improvement of
the hybrid protocol over other schemes can be in the range of 1–3 dB and 0.5–1.5 dB for OP and
BER performances, respectively, depending on channel characteristics. This proved that the same
performance objectives could be met with decreased power consumption, which has significance
for energy-limited devices. Also, the optimal values of the EH and power allocation parameters
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to reach a better performance gain for both users in the hybrid protocol can be selected based on
the spread and shape parameter values. Furthermore, the hybrid protocol can improve the system
performance by 10 times greater performance (e.g., 104 → 105).
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Chapter 6

Wireless-Powered Cooperative
Communication Network for
Dual-Hop Uplink NOMA

6.1 Introduction

NOMA has been identified as a promising technology for 6G wireless mobile networks [148]. To
improve spectral efficiency, QoS and the coverage area, the interplay between cooperative communi-
cation and NOMA has attracted tremendous attention from researchers [35, 12, 64]. With the rapid
growth of the IoT and the increasing number of mobile devices, EH has attracted much interest as
a sustainable means of extending the lifespan of wireless networks that are energy-limited [149].

6.1.1 Related Works

In [150], the coverage probability, ergodic rate, and EE have been analyzed for downlink coopera-
tive NOMA-assisted simultaneous wireless information and power transfer (CNOMA SWIPT). The
optimal power allocation factor and optimal TS with the effect of ISIC for downlink CNOMA with
EH are derived to minimize the OP and maximize the system throughput [123]. The authors of
[151] maximize the sum rate of PS and TS for downlink CNOMA with EH. The adaptive power
allocation with FD CNOMA under TS protocol has been performed to improve OP and through-
put performance [152]. With the perfect SIC and ISIC, the authors of [153, 154, 155] evaluate
EC, throughput, and OP performance of the downlink CNOMA SWIPT for IoT. Furthermore, the
authors of [156, 157] investigated the achievable rate, sum throughput, and EE for downlink and
uplink jointly with PS-based SWIPT MIMO-NOMA systems. In [158], uplink NOMA with EH
jammers has been analyzed in terms of OP and secrecy OP. On the other hand, a novel wireless
network type known as a wireless-powered communication network (WPCN) has received increas-
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ing interest as a viable research subject. In this wireless network type, wireless stations are only
powered by wireless energy transfer and use the collected energy to transfer information [159]. In
[160], the capability of the resource allocation and time scheduling algorithms for a NOMA-based
device-to-device and WPCN system has been investigated. A sum-throughput maximization prob-
lem for a NOMA-assisted WPCN with cluster-specific beamforming was developed by the authors
of [161]. In [162], a multi-cell WPCN based on NOMA has been analyzed, along with a proposed
algorithm to increase the sum throughput of the network. In [163, 164], a newly emerged NOMA
and WPCNs with the aid of RIS technology has been carried out for sum-rate maximization.

As we discussed above, most of the existing studies consider a linear EH model, in which the
energy harvested by the EH circuit rises linearly with the energy received from the RF signal.
However, the reality is that the practical EH circuits have non-linear properties. An incremental
CNOMA with non-linear EH has been analyzed in terms of OP and throughput [165]. In [166], the
OP of FD-CNOMA with non-linear EH has been performed. The authors of [167, 168] investigate
the OP, throughput, and sum rate of cognitive radio CNOMA-assisted multi-antenna with non-linear
EH. In [169], FD-CNOMA with non-linear EH has been analyzed in terms of OP and throughput.
In [170], CNOMA with linear and non-linear EH has been evaluated in terms of OP. The downlink
CNOMA has been adopted for linear and non-linear EH with power beacon in terms of OP and
throughput [171].

All aforementioned works consider the ideal RF front-end operating conditions. However, in
reality, the transceiver RF front-end is prone to IQI since non-ideal mixers and phase shifters are
used [172, 173, 174]. In [175, 176], the OP and the error probability are evaluated with the effects
of IQI and ISIC. The authors of [63, 172] analyzed the OP and ergodic rate of the downlink FD/HD
CNOMA with ISIC. In [177], the OP and intercept probability (IP) are obtained, to explore the
reliable and secure performance of a cognitive ambient backscatter for NOMA with an internet-of-
vehicle maritime transportation systems network when the IQI is considered for practical proposes.
The OP and IP are derived for non-linear EH with downlink NOMA multi-relay with IQI and
ICSI [178]. The OP of CNOMA-aided EH has been examined with the effect of residual hardware
impairments (RHI) and ICSI [179].

6.1.2 Motivation and Contributions

As we have mentioned above, the OP of the downlink SWIPT CNOMA has been analyzed in
[123, 150, 151, 152, 153, 154, 155] with and without ISIC under ideal RF front-end condition when
the EH is linear. In [165, 166, 167, 168, 169, 171], the non-linear EH for downlink SWIPT CNOMA
has been performed. Likewise, the uplink NOMA with SWIPT in terms of the OP, throughput, and
EE are examined in [156, 157, 158], where the RF front-end condition is ideal and the EH is linear.
Also, the OP and ergodic rate with the IQI imperfections for downlink SWIPT CNOMA has been
evaluated in [63, 172, 175, 176] for linear EH and non-linear in [178]. Moreover, the throughput
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and sum rate of WPCN based on NOMA has been performed in [160, 161, 162, 163, 164]. The
impact of practical proposals such as IQI with WPCN or EH has not received extensive attention
in the literature. Therefore, it is important to consider practical proposals in the literature to
evaluate the performance of systems. To the best of the authors’ knowledge, the uplink CNOMA
assisted WPCN with non-linear EH has not been studied in the literature. Moreover, most papers
neglected the negative impact of the RF front-end deficiencies on uplink CNOMA with or without
SWIPT. Therefore, this topic is critical to the actual implementation of practical systems, which is
considered the first investigation in the open literature with non-linear EH. Motivated by this, we
propose harvest-then-cooperate assisted NOMA for a wireless-powered cooperative communication
network (HTC-NOMA-WPCCN), where the wireless power transfer (WPT) in the downlink and
wireless information transmission (WIT) in uplink. The linear and non-linear EH are considered in
our investigation. To make the investigation more realistic and practical, we take into account the
IQI and SIC imperfections. Thus, the main contributions of this chapter are given as follows

• We propose the HTC-NOMA-WPCCN system with linear/non-linear EH and to improve the
performance of the proposed system, we consider a group of multiple near users, which help
to increase the quality of the received signal at the access point.

• For a more realistic scenario, the ideal and non-ideal IQI with ISIC have been considered in our
system. We derive closed-form analytical expressions for OP and throughput with linear and
non-linear EH. We obtained accurate analytical expressions of EC for our proposed system
with linear and non-linear EH under the effects of IQI and ISIC.

• We employ the commonly utilized image-rejection ratio (IRR) metric to evaluate the impacts
of IQI. Hence, we discuss the effect of the IQI and SIC imperfections with different WPCCN
parameters and power allocation on the proposed scheme. We validate our numerical deriva-
tions by simulation results.

• As a benchmark, we compare the proposed scheme with the uplink NOMA without EH. The
simulation results validate the presented analyses and show the superiority of the proposed
scheme over the benchmark. Moreover, the IQI has negative effects on OP, EC and the
throughput of systems. In a non-linear model, IQI and ISIC have a significant impact on
system performance.

6.2 System Model

The proposed system consists of one access point (AP), one far user (UF ) and L near users UNJ ,
where J = 1, 2, 3, ..., L as shown in Figure 6.1. We assume that the UNJ works as assistant users
in DF protocol to improve the received signal of UF at AP. It is assumed that each node works
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in HD mode and the communication links experience Rayleigh fading. It is assumed that the
channel coefficients between each other are independent. We consider that all users have no other
embedded energy supply, and they collect energy1 from the AP in the downlink, which can be stored
in a rechargeable battery and afterward utilized to transmit the signal to the AP in the uplink. It
is assumed that CSI is available at all nodes.

Figure 6.1: HTC-NOMA-WPCCN scheme.

Figure 6.2: Block diagram of harvest and information transmission for the proposed system.

We assume that the RF impairment is described as IQI in both TX and RX, which is the
phase and/or amplitude imbalance between the in-phase and quadrature-phase branches. Hence,
the baseband form of the IQI-impaired signal is written by [63]

yIQI = µt/rs+ νt/rs
∗, (6.1)

1The WPCN is assumed to be used in our proposed system. A WPCN is only powered by wireless energy transfer
and uses the harvested energy to transfer information i.e., the nodes need to harvest energy during the first time and
then use it to forward information during the second time [159].
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where µt/r and νt/r are the IQI coefficients at the TX/RX respectively, s is the baseband transmit
signal, and (.)∗ denotes conjugation. It is noticed that in the absence of IQI, µt = µr = 1 and
νt = νr = 0. The IQI coefficients µt/r and νt/r are expressed by [63] as µt = 1

2(1 + ϵt exp(i ϕt)),
νt = 1

2(1−ϵt exp(−i ϕt)), µr = 1
2(1+ϵr exp(−i ϕr)) and νr = 1

2(1−ϵr exp(i ϕr)), where ϵt/r and ϕt/r
are the amplitude and the phase imbalance levels of TX/RX, i =

√
−1 is the unit of the imaginary.

The IRR calculates the frequency band used for images’ attenuation. The IRR is generally between
20 and 40 dB in the literature for practical analog RF front-end circuits [63]. Thus, the IRR is
expressed by

IRRt/r =
| µt/r|2

| νt/r|2
. (6.2)

As shown in Figure 6.2, in the first νT time slot, the users harvest energy from AP. Both linear
and non-linear EH models are adopted in this system. In the linear EH model, the harvested energy
during the power transfer phase in each user is given as

ELinF = ηνPt|hAF |2T, (6.3)

ELinNJ = ηνPt|hANJ |2T. (6.4)

Nevertheless, taking into account the non-linear feature of a practical EH circuit, the corre-
sponding expressions during the power transfer phase in each user can be given by

ENLF =

 ηνPt|hAF |2T, Pt|hAF |2 ≤ Pth,

ηνPthT, Pt|hAF |2 > Pth,
(6.5)

ENLNJ =

 ηνPt|hANJ |2T, Pt|hANJ |2 ≤ Pth,

ηνPthT, Pt|hANJ |2 > Pth,
(6.6)

where Pt and Pth are the total transmit power and the saturation threshold respectively, hAF
and hANJ are the channels between AP-UF and AP-UNJ , η is the EH efficiency, in which 0 ≤ η ≤
1, ν is the energy transfer factor and T is the transmission block period.

The remaining fraction (1 - ν) of the block is divided into two-time slots with an equal length
of (1 − ν)T/2 for cooperative information transmission in the uplink (please see Figure 6.2).

Accordingly, in the linear EH model, the transmit power of users in the second (uplink) phase
is given as

PLinF = ELinF

(1 − ν)T/2 = 2ην|hAF |2

(1 − ν) = Ptψ1|hAF |2, (6.7)

PLinNJ = ELinNJ

(1 − ν)T/2 = 2ηνPt|hANJ |2

(1 − ν) = Ptψ1|hANJ |2. (6.8)

However, in the non-linear EH model, the transmit power of users in the second (uplink) phase
is given as
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PNLF = ENLF
(1 − ν)T/2 =

 Ptψ1|hAF |2, Pt|hAF |2 ≤ Pth,

Pthψ1, Pt|hAF |2 > Pth,
(6.9)

PNLNJ = ENLNJ
(1 − ν)T/2 =

 Ptψ1|hANJ |2, Pt|hANJ |2 ≤ Pth,

Pthψ1, Pt|hANJ |2 > Pth,
(6.10)

where ψ1 = 2ην
(1−ν) , hAF ∼ CN (0, σ2

AF = dςAF ) and hANJ ∼ CN (0, σ2
ANJ = dςANJ) are the channels

between AP-UF and AP-UNJ , respectively, and ς is the path loss factor.
During the first time slot (1 − ν)T/2 of the uplink WPCCN NOMA, the UF transmits its signal

s1 to AP and UNJ . The received signals at AP and UNJ are given respectively as

yFA,o
IQI = µr,1A(

√
P oF (µt,FAs1hFA + νt,FAs1

∗h∗
FA) + n)

+ νr,FA(
√
P oF (µt,FAs1hFA + νt,FAs1

∗h∗
FA) + n)∗,

(6.11)

yFNJ,o
IQI = µr,FNJ(

√
P oF (µt,FNJs1hFNæ + νt,FNJs1

∗h∗
FNJ) + n)

+ νr,FNJ(
√
P oF (µt,FNJs1hFNJ + νt,FNJs1

∗h∗
FNJ) + n)∗,

(6.12)

where hFA ∼ CN (0, σ2
FA = dςFA) and hFNJ ∼ CN (0, σ2

FNJ = dςFNJ) are the channels between UF -
AP and UF -UFNJ

2, n is the AWGN, s1 is the signal of UF , µt,FNJ/r,FNJ , µt,FA/r,FA, νt,FNJ/r,FNJ ,
and νt,FA/r,FA are the IQI coefficients at the TX/RX and equal to µt/r and νt/r in (6.1). P oF denotes
the transmit power of UF , which depends on the linear or non-linear EH models as in (6.7) and
(6.9), where o = Lin,NL.

The AP and UNJ decode s1 using MLD. In the linear model, the SINRs during the first (1−ν)T/2
time at AP and UNJ are given as

γFA1,Lin = Ptψ1|hAF |2|hFA|2AFA
Ptψ1|hAF |2|hFA|2BFA + σ2CFA

, (6.13)

γFNJ1,Lin = Ptψ1|hAF |2|hFNJ |2AFNJ
Ptψ1|hAF |2|hFNJ |2BFNJ + σ2CFNJ

. (6.14)

However, in the non-linear model, the SINRs during the first (1 − ν)T/2 time at AP and UNJ

are given as

γFA1,NL =

 ∅FA1 , Pt|hAF |2 ≤ Pth,

∅FA2 , Pt|hAF |2 > Pth,
(6.15)

2Since the transmission of power and information occurs in two different phases (i.e., in downlink and uplink), it
is supposed that hAF ̸= hF A and hANJ ̸= hNJA.
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γFNJ1,NL =

 ∅FNJ1 , Pt|hAF |2 ≤ Pth,

∅FNJ2 , Pt|hAF |2 > Pth,
(6.16)

where AFA = (µ2
r,FAµ

2
t,FA + ν2

r,FAν
2
t,FA), BFA = (µ2

r,FAν
2
t,FA + ν2

r,FAµ
2
t,FA), CFA = (µ2

r,FA +
ν2
r,FA), AFNJ = (µ2

r,FNJµ
2
t,FNJ + ν2

r,FNJν
2
t,FNJ), BFNJ = (µ2

r,FNJν
2
t,FNJ + ν2

r,FNJµ
2
t,FNJ), CFNJ =

(µ2
r,FNJ + ν2

r,FNJ), ∅FA1 = Ptψ1|hAF |2|hF A|2AF A

Ptψ1|hAF |2|hF A|2BF A+σ2CF A
, ∅FNJ1 = Ptψ1|hAF |2|hF NJ |2AF NJ

Ptψ1|hAF |2|hF NJ |2BF NJ +σ2CF NJ
, ∅FA2 =

Pthψ1|hF A|2AF A

Pthψ1|hF A|2BF A+σ2CF A
, and ∅FNJ2 = Pthψ1|hF NJ |2AF NJ

Pthψ1|hF NJ |2BF NJ +σ2CF NJ
.

During the second (1 − ν)T/2 time, all UNJ combines their signal s2 with the coming signal
from UF in a superimposed coding signal3 and transmits the total signal simultaneously using the
harvested power to AP. Thus, the AP received the same signal from L UNJ (i.e., L path). Hence,
the received signal by AP in the channel corresponding to UNJ is given by

yNJA,o
IQI =

µr,NJA(
√
P oNJ(µt,NJAXSChNJA + νt,NJAXSC

∗h∗
NJA) + n)

+ νr,NJA(
√
P oNJ(µt,NJAXSC

∗hNJA + νt,NJAX
∗
SCh

∗
NJA) + n)∗,

(6.17)

where XSC = √
α1s1 + √

α2s2, α1 and α2 are the power allocation coefficients of s1 and s2, hNJA ∼
CN (0, σ2

NJA = dςNJA) is the channel between L UNJ and AP. µt,NJA/r,NJA and νt,NJA/r,NæA are
the IQI coefficients at the TX/RX and equal to µt/r and νt/r in (6.1). P oNJ denotes the transmit
power of UNJ , which depends on the linear or non-linear EH models as in (6.8) and (6.10), where
o = Lin,NL.

At AP, s1 is detected firstly using MLD and s2 is detected using the SIC. Thus, during this
time, the SINRs of the linear model to detect s1 and s2 in the channel corresponding to UNJ at AP
can be expressed as

γNJA1,Lin = Ptα1ψ1|hNJA|2|hANJ |2ANJA
Ptα1ψ1|hNJA|2|hANJ |2ANJA + Ptψ1|hNJA|2|hANJ |2BNJA + σ2CNJA

, (6.18)

γNJA2,Lin = Ptα2ψ1|hNJA|2|hANJ |2ANJA
ϱPtα1ψ1|hNJA|2|hANJ |2ANJA + Ptψ1|hNJA|2|hANJ |2BNJA + σ2CNJA

. (6.19)

Likewise, the SINRs of the non-linear model to detect s1 and s2 in the channel corresponding to
UNJ at AP can be expressed as

γNJA1,NL =

 ∅NJA1 = Ptα1ψ1|hNJA|2|hANJ |2ANJA

Ptα1ψ1|hNJA|2|hANJ |2ANJA+Ptψ1|hNJA|2|hANJ |2BNJA+σ2CNJA
, Pt|hANJ |2 ≤ Pth,

∅NJA2 = Pthα1ψ1|hNJA|2ANJA

Pthα1ψ1|hNJA|2ANJA+Pthψ1|hNJA|2BNJA+σ2CNJA
, Pt|hANJ |2 > Pth,

(6.20)
3Based on NOMA schemes, the L UNJ combines s1 and s2 and it is assumed that s1 has high power allocation

than s2 based on the channel gain E[|hF A|2] < E[|hNJA|2], α1 > α2, in which α1 + α2=1 [61].
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γNJA2,NL =

 ∅NJA3 = Ptα2ψ1|hNJA|2|hANJ |2ANJA

ϱPtα1ψ1|hNJA|2|hANJ |2ANJA+Ptψ1|hNJA|2|hANJ |2BNJA+σ2CNJA
, Pt|hANJ |2 ≤ Pth,

∅NJA4 = Pthα2ψ1|hNJA|2ANJA

ϱPthα1ψ1|hNJA|2ANJA+Pthψ1|hNJA|2BNJA+σ2CNJA
, Pt|hANJ |2 > Pth,

(6.21)

where ANJA = (µ2
r,NJAµ

2
t,NJA+ν2

r,NJAν
2
t,NJA), BNJA = (µ2

r,NJAν
2
t,NJA+ν2

r,NJAµ
2
t,NJA), CNJA =

(µ2
r,NJA + ν2

r,NJA), and ϱ is the effect of the SIC process.
The AP receives multiple signals from L UNJ and UF . Thus, the AP received the signals from

multi-path. Hence, the selection combining technique is assumed to be used at AP to select the
best-received signal4 based on all received signals from L UNJ and UF . Hence, the SINRs of s1 and
x2 when the SC is implemented in the linear or non-linear models are given as

γSC1,o = max
J=1,2,3,...,L

(γFA1,o , γ
NJA
1,o ), (6.22)

γSC2,o = max
J=1,2,3,...,L

(γNJA2,o ), (6.23)

where o = Lin,NL.

6.3 Performance analysis

In this section, we derive the OP, throughput, and EC expressions of HTC-NOMA-WPCCN with
linear and non-linear EH models under IQI and SIC imperfections.

6.3.1 Outage Probability

6.3.1.1 Linear EH

The AP received the signal s1 from different sources i.e., UF and UNJ . The SC is implemented
at AP, where only the signal with the highest SINR among those received is utilized for detection.
The OP of the SC for s1 at AP can be written as [180]

PSCx1,Lin(out) = P
(
γSC1,Lin < θ1

)
= P

(
max

J=1,2,3,...,L
(γFA1,Lin, γ

NJA
1,Lin) < θ1

)
. (6.24)

Thus, (6.24) can be written as

PSCs1,Lin(out) =
L∏
J

P
(
|hAF |2|hFA|2 < ζF

)
P
(
|hANJ |2|hNJA|2 < ζ1

NJ

)
. (6.25)

By employing the PDF and the CDF of the dedicated Rayleigh fading channel as in [125, 180],
(6.25) can be calculated as

4It is assumed that the selection in the selection combining technique at the receiver is based on the higher channel
quality of the received signals similar to the antenna selection strategy [19]. Generally, we can obtain a selection signal
according to the higher-received SINR at AP [19].
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PSCx1,Lin(out) =
L∏
J

(
1 −

∫ ∞

0
P

(
|hAF |2 < ζF

y

)
f|hF A|2(y) dy

)

×
(

1 −
∫ ∞

0
P

(
|hANJ |2 < ζ1

NJ

y

)
f|hNJA|2(y) dy

)

=
L∏
J

(
1 − 1

σ2
FA

∫ ∞

0
exp

(
− ζF
σ2
AF y

− y

σ2
FA

)
dy
)

×
(

1 − 1
σ2
NJA

∫ ∞

0
exp

(
− ζ1

NJ

σ2
ANJy

− y

σ2
NJA

)
dy
)
.

(6.26)

By using [181, Eq. (3.324.1)], the integral of (6.26) can be written as

PSCx1,Lin(out) =
L∏
J

(
1 − Λ

(
4ζF

σ2
AFσ

2
FA

))(
1 − Λ

(
4ζ1
NJ

σ2
ANJσ

2
NJA

))
, (6.27)

where ζ1
NJ = σ2CNJAθ1

Ptψ1(ANJAα1−α2ANJAθ1−BNJAθ1) , ζF = σ2CF Aθ1
(AF A−BF Aθ1)Ptψ1

, θ1 = 2
2T r1
1−τ − 1, Tr1 is the

target rate of s1, θ1 is the transmission threshold of s1 and Λ(x) =
√
xK1(

√
x) is defined for notation

simplification with K1(·) denoting the modified Bessel function of the second kind with first order
[181]. It is noted that through (6.27), the effects of IQI and ISIC influence OP performance.

Also, the OP of s2 occurs when AP can not successfully decode the s1 signal and s2 signal.
Based on these events, the OP of s2 can be expressed as in [63, 64, 180] as

PSCx2,Lin(out) = P

(
max

J=1,2,3,...,L
(γNJA1,Lin) < θ1

)
+
[
1 − P

(
max

J=1,2,3,...,L
(γNJA1,Lin) < θ1

)]
× P

(
max

J=1,2,3,...,L
(γNJA2,Lin) < θ2

)
.

(6.28)

Each term of (6.28) is calculated as

P

(
max

J=1,2,3,...,L
(γNJA1,Lin) < θ1

)
=

L∏
J

P
(
|hANJ |2|hNJA|2 < ζ1

NJ

)

=
L∏
J

(
1 −

∫ ∞

0
P

(
|hANJ |2 > ζ1

NJ

y

)
f|hNJA|2(y) dy

)

=
L∏
J

(
1 − 1

σ2
NJA

∫ ∞

0
exp

(
− ζ1

NJ

σ2
ANJy

− y

σ2
NJA

)
dy
)

=
L∏
J

(
1 − Λ

(
4ζ1
NJ

σ2
ANJσ

2
NJA

))
,

(6.29)
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P

(
max

J=1,2,3,...,L
(γNJA2,Lin) < θ2

)
= P

(
|hANJ |2|hNJA|2 < ζ2

NJ

)
=

L∏
J

(
1 −

∫ ∞

0
P

(
|hANJ |2 > ζ2

NJ

y

)
f|hNJA|2(y) dy

)

=
L∏
J

(
1 − 1

σ2
NJA

∫ ∞

0
exp

(
− ζ2

NJ

σ2
ANJy

− y

σ2
NJA

)
dy
)

=
L∏
J

(
1 − Λ

(
4ζ2
NJ

σ2
ANJσ

2
NJA

))
,

(6.30)

where ζ2
NJ = σ2CNJAθ2

Ptψ1(ANJAα2−ϱα1ANJAθ2−BNJAθ2) , θ2 = 2
2T r2
1−τ − 1, Tr2 is the target rate of s2 and θ2 is

the transmission threshold of s2.
By substituting (6.29) and (6.30) into (6.28), we find the OP of s2 at AP as given by

PSCx2,Lin(out) =
L∏
J

(
1 − Λ

(
4ζ1
NJ

σ2
ANJσ

2
NJA

))
+
[
1 −

L∏
J

(
1 − Λ

(
4ζ1
NJ

σ2
ANJσ

2
NJA

))]

×
L∏
J

(
1 − Λ

(
4ζ2
NJ

σ2
ANJσ

2
NJA

))
,

(6.31)

Through (6.29) and (6.30), it appears that the IQI and ISIC affect the OP performance of s1

and s2 respectively, and this leads to influences the OP performance of s2 in (6.31).

6.3.1.2 Non-Linear EH

The outage performance of NOMA can be utilized in the non-linear EH model. In this instance,
when implementing wireless power transfer architecture, our focus is on the threshold power of
harvested value. Thus, to transmit the signal in the NOMA scheme, we take into account two
instances of harvested power or transmit power deployed. As a result, the analytical formulas can
be obtained using a method similar to that of the preceding sub-subsection, which dealt with a
linear EH model. Thus, in the non-linear case, the outage behavior for s1 at AP can be expressed
as [180]

PSCx1,NL(out) = P
(
γSC1,NL < θ1

)
= P

(
max

J=1,2,3,...,L
(γFA1,NL, γ

NJA
1,NL) < θ1

)
. (6.32)

Thus, (6.32) can be re-written as [166, 170, 180]

PSCx1,NL(out) =
L∏
J

(I1 + I2) × (I3 + I4) , (6.33)
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where I1 = P (|hAF |2|hFA|2 < ζF , Pt|hAF |2 ≤ Pth), I2 = P (|hFA|2 < ζF,1, Pt|hAF |2 > Pth),
I3 = P (|hANJ |2|hNJA|2 < ζ1

NJ , Pt|hANJ |2 ≤ Pth) and I4 = P (|hNJA|2 < ζ1
NJ,1, Pt|hANJ |2 > Pth).

We compute each term of (6.33) respectively below.
I1 can be written as

I1 = P

(
|hAF |2|hFA|2 < ζF , |hAF |2 ≤ Pth

Pt

)
. (6.34)

Thus, (6.34) can be obtained as [166, 170, 180]

I1 = 1
σ2
AF

∫ Pth
Pt

0

(
exp

(
− y

σ2
AF

)
− exp

(
− ζF
σ2
FAy

− y

σ2
AF

))
dy

= 1 − exp
(

− Pth
σ2
AFPt

)
− 1
σ2
AF

∫ Pth
Pt

0
exp

(
− ζF
σ2
FAy

− y

σ2
AF

)
dy.

(6.35)

Also, we obtain I2 as

I2 = P

(
|hFA|2 < ζF,1, |hAF |2 > Pth

Pt

)
= P

(
|hFA|2 < ζF,1

)
, P

(
|hAF |2 > Pth

Pt

)
. (6.36)

By employing the PDF and CDF of the dedicated Rayleigh fading channel as in [166, 170],
(6.36) is obtained as

I2 = exp
(

− Pth
σ2
AFPt

)
− exp

(
− ζF,1
σ2
FA

− Pth
σ2
AFPt

)
. (6.37)

By using the same way, we obtain I3 and I4 respectively as given by

I3 = P

(
|hANJ |2|hNJA|2 < ζ1

NJ , |hANJ |2 ≤ Pth
Pt

)

= 1
σ2
ANJ

∫ Pth
Pt

0

(
exp

(
− y

σ2
ANJ

)
− exp

(
− ζ1

NJ

σ2
NJAy

− y

σ2
ANJ

))
dy

= 1 − exp
(

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ1

NJ

σ2
NJAy

− y

σ2
ANJ

)
dy.

(6.38)

I4 = P
(
|hNJA|2 < ζ1

NJ,1, Pt|hANJ |2 > Pth
)

= P
(
|hNJA|2 < ζ1

NJ,1

)
, P

(
|hANJ |2 > Pth

Pt

)
= exp

(
− Pth
σ2
ANJPt

)
− exp

(
−
ζ1
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
.

(6.39)

, where ζ1
NJ,1 = σ2CNJA,1θ1

Pthψ1(ANJAα1−α2ANJAθ1−BNJAθ1) , ζF,1 = σ2CF Aθ1
(AF A−BF Aθ1)Pthψ1

.
Thus, to find the OP for s1 at AP of the non-linear model, we substitute the (6.35), (6.37),

(6.38), and (6.39) into (6.33) as given by

PSCx1,NL(out) =
L∏
J

1 − exp
(

− ζF,1
σ2
FA

− Pth
σ2
AFPt

)
− 1
σ2
AF

∫ Pth
Pt

0
exp

(
− ζF
σ2
FAy

− y

σ2
AF

)
dy


×

1 − exp
(

−
ζ1
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ1

NJ

σ2
NJAy

− y

σ2
ANJ

)
dy

 .
(6.40)
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Likewise, the OP of s2 in the non-linear model can be expressed as

PSCx2,NL(out) = P

(
max

J=1,2,3,...,L
(γNJA1,NL) < θ1

)
︸ ︷︷ ︸

M1

+

1 − P

(
max

J=1,2,3,...,L
(γNJA1,NL) < θ1

)
︸ ︷︷ ︸

M1


× P

(
max

J=1,2,3,...,L
(γNJA2,NL) < θ2

)
︸ ︷︷ ︸

M2

.

(6.41)

The term M1 of (41) is calculated in (42) given by

M1 = P

(
max

J=1,2,3,...,L
(γNJA1,NL) < θ1

)
=

L∏
J

(I3 + I4)

=
L∏
J

1 − exp
(

−
ζ1
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ1

NJ

σ2
ANJy

− y

σ2
NJA

)
dy

 . (6.42)

The term M2 of (41) is calculated as

M2 = P

(
max

J=1,2,3,...,L
(γNJA2,NL) < θ2

)
=

L∏
J

(I5 + I6) , (6.43)

where I5 = P (|hANJ |2|hNJA|2 < ζ2
NJ , Pt|hANJ |2 ≤ Pth) and I6 = P (|hNJA|2 < ζ2

NJ,1, Pt|hANJ |2 >
Pth).

We obtain I5 and I6 respectively as

I5 = P

(
|hANJ |2|hNJA|2 < ζ2

NJ , |hANJ |2 ≤ Pth
Pt

)

= 1
σ2
ANJ

∫ Pth
Pt

0

(
exp

(
− y

σ2
ANJ

)
− exp

(
− ζ2

NJ

σ2
NJAy

− y

σ2
ANJ

))
dy

= 1 − exp
(

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ2

NJ

σ2
ANJy

− y

σ2
NJA

)
dy,

(6.44)

I6 = P
(
|hNJA|2 < ζ2

NJ,1, Pt|hANJ |2 > Pth
)

= P
(
|hNJA|2 < ζ2

NJ,1

)
P

(
|hANJ |2 > Pth

Pt

)
= exp

(
− Pth
σ2
ANJPt

)
− exp

(
−
ζ2
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
.

(6.45)

where ζ2
NJ,1 = σ2CNJAθ2

Pthψ1(ANJAα2−ϱα1ANJAθ2−BNJAθ2) .
By substituting the (6.44) and (6.45) into (6.43), we obtain

P

(
max

J=1,2,3,...,L
(γNJA2,NL) < θ2

)
=

L∏
J

(I4 + I5)

=
L∏
J

1 − exp
(

−
ζ2
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ2

NJ

σ2
NJAy

− y

σ2
ANJ

)
dy

 .
(6.46)
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Thus, to find the OP for x2 at AP of the non-linear model, we substitute the (42) and (46) into
(41) as given by

PSCx2,NL(out) =
L∏
J

1 − exp
(

−
ζ1
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ1

NJ

σ2
NJAy

− y

σ2
ANJ

)
dy


+

1 −
L∏
J

1 − exp
(

−
ζ1
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ1

NJ

σ2
NJAy

− y

σ2
ANJ

)
dy


×

L∏
J

1 − exp
(

−
ζ2
NJ,1
σ2
NJA

− Pth
σ2
ANJPt

)
− 1
σ2
ANJ

∫ Pth
Pt

0
exp

(
− ζ2

NJ

σ2
NJAy

− y

σ2
ANJ

)
dy

 .
(6.47)

The integral of equations (6.40) and (6.47) cannot be obtained in closed forms based on the
authors’ knowledge. However, they can be easily determined by numerical tools.

6.3.2 Ergodic Capacity

6.3.2.1 Linear EH

Since the AP receives signals from multiple sources (UF , UNJ), the SC is implemented to select
the highest SINR from all received signals as given in (6.22) and (6.23) to employ it for detection.
Thus, the achievable (Shannon) rate of s1 can be written as [180]

R1,Lin = 1 − ν

2 log2

(
1 + γSC1,Lin

)
. (6.48)

By averaging R1,Lin over SINRs in (6.48), we obtain the EC of s1 as

C1,Lin = 1 − ν

2

∫ ∞
log2

(
1 + γSC1,Lin

)
fγ
SC
1,Lin(z) dγ̂SC1,Lin, (6.49)

where fγ
SC
1,Lin(z) is the PDF of γSC1,Lin. Recalling,

∫∞
0 log2 (1 + z) fZ(z) dz = 1

ln 2
∫∞

0
1−FZ(z)

1+z dz,
where FZ(z) is the CDF of Z [181]. Thus, the EC of s1 is given by

C1,Lin = 1 − ν

2 ln 2

∫ ∞

0

1 − FZ(z)
1 + z

dz, (6.50)

where

FZ(z) =
L∏
J

(
1 − Λ

(
4ζaF

σ2
AFσ

2
FA

))(
1 − Λ

(
4ζaNJ

σ2
ANJσ

2
NJA

))
, (6.51)

where ζaNJ = σ2CNJAz
Ptψ1(ANJAα1−α2ANJAz−BNJAz) and ζaF = σ2CF Az

(AF A−BF Az)Ptψ1
.

Likewise, the achievable rate of s2 at AP can be written as

R2,Lin = 1 − ν

2 log2

(
1 + γSC2,Lin

)
. (6.52)
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By averaging R2,Lin, we obtain the EC of s2 as

C2,Lin = 1 − ν

2

∫ ∞
log2

(
1 + γSC2,Lin

)
fγSC

2,Lin
(z) dγSC2,Lin, (6.53)

where fγSC
2,Lin

(z) is the PDF of γSC2,Lin.
Hence, the EC of s2 at AP can be expressed as

C2,Lin = 1 − ν

2 ln 2

∫ ∞

0

1 − FK(z)
1 + z

dz, (6.54)

where

FK(z) =
L∏
J

(
1 − Λ

(
4ζbNJ

σ2
ANJσ

2
NJA

))
, (6.55)

where ζbNJ = σ2CNJAz
Ptψ1(ANJAα2−ϱα1ANJAz−BNJAz) .

To the best of the authors’ knowledge, (6.50) and (6.54) cannot be determined mathematically
in closed forms. However, they can be easily determined by numerical tools.

6.3.2.2 Non-Linear EH

In the non-linear model, the achievable rate of s1 can be written as [180]

R1,NL = 1 − ν

2

 log2 (1 + ℑ1) , ℘1 ≤ Pth
Pt
,

log2 (1 + ℑ2) , ℘1 >
Pth
Pt
,

(6.56)

where ℑ1 = maxJ=1,2,3,...,L (∅FA1 , ∅NJA1 ) , ℑ2 = maxJ=1,2,3,...,L (∅FA2 , ∅NJA2 ) and ℘1 = maxJ=1,2,3,...,L

(|hAF |2, |hANJ |2).
To derive EC, we should average (6.56) by taking into account whether the condition ℘1 >

Pth
Pt

is able to succeed or not. Firstly, (6.56) can be re-written as

R1,NL = P

(
℘1 ≤ Pth

Pt

) 1 − ν

2 log2 (1 + ℑ1) + P

(
℘1 >

Pth
Pt

) 1 − ν

2 log2 (1 + ℑ2) . (6.57)

By averaging (6.57), we obtain

C1,NL = P

(
℘1 ≤ Pth

Pt

) 1 − τ

2

∫ ∞
log2 (1 + ℑ1) fℑ1(z) dℑ1

+ P

(
℘1 >

Pth
Pt

) 1 − τ

2

∫ ∞
log2 (1 + ℑ2) fℑ2(z) dℑ2,

(6.58)

where fℑ1(z) and fℑ2(z) is the PDF of ℑ1 and ℑ2 respectively.
Hence, the (6.58) can be expressed as

C1,NL = P

(
℘1 ≤ Pth

Pt

)
︸ ︷︷ ︸

I7

1 − ν

2 ln 2

∫ ∞

0

1 − FW1(z)
1 + z

dz

+

1 − P

(
℘1 ≤ Pth

Pt

)
︸ ︷︷ ︸

I7

 1 − ν

2 ln 2

∫ ∞

0

1 − FW2(z)
1 + z

dz,

(6.59)
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where

FW1(z) =
L∏
J

(
1 − Λ

(
4ζaF

σ2
AFσ

2
FA

))(
1 − Λ

(
4ζaNJ

σ2
ANJσ

2
NJA

))
, (6.60)

FW2(z) =
L∏
J

(
1 − exp

(
−
ζaF,1
σ2
FA

))(
1 − exp

(
−
ζaNJ,1
σ2
NJA

))
. (6.61)

where ζaNJ,1 = σ2CNJAz
Pthψ1(ANJAα1−α2ANJAz−BNJAz) and ζaF,1 = σ2CF Az

(AF A−BF Az)Pthψ1
.

We compute I7 of (6.59) as

I7 = P

(
℘1 ≤ Pth

Pt

)
=

L∏
J

(
1 − exp

(
− Pth
σ2
AFPt

))
×
(

1 − exp
(

− Pth
σ2
ANJPt

))
. (6.62)

Likewise, the achievable rate of s2 can be written as

R2,NL = 1 − ν

2

 log2 (1 + ℑ3) , ℘2 ≤ Pth
Pt
,

log2 (1 + ℑ4) , ℘2 >
Pth
Pt
,

(6.63)

where ℑ3 = maxJ=1,2,3,...,L (∅NJA3 ) , ℑ4 = maxJ=1,2,3,...,L (∅NJA4 ) and ℘2 = maxJ=1,2,3,...,L (|hANJ |2).
Hence, (6.63) can be re-written as

R2,NL = P

(
℘2 ≤ Pth

Pt

) 1 − ν

2 log2 (1 + ℑ3) + P

(
℘2 >

Pth
Pt

) 1 − ν

2 log2 (1 + ℑ4) . (6.64)

By averaging (6.64), we obtain

C2,NL = P

(
℘2 ≤ Pth

Pt

) 1 − ν

2

∫ ∞
log2 (1 + ℑ3) dℑ̂3

+ P

(
℘2 >

Pth
Pt

) 1 − ν

2

∫ ∞
log2 (1 + ℑ4) dℑ̂4,

(6.65)

where fℑ3(z) and fℑ4(z) is the PDF of ℑ3 and ℑ4 respectively.
Hence, the (6.65) can be expressed as

C2,NL = P

(
℘2 ≤ Pth

Pt

)
︸ ︷︷ ︸

I8

1 − ν

2 ln 2

∫ ∞

0

1 − FW3(z)
1 + z

dz

+

1 − P

(
℘2 ≤ Pth

Pt

)
︸ ︷︷ ︸

I8

 1 − ν

2 ln 2

∫ ∞

0

1 − FW4(z)
1 + z

dz,

(6.66)

where

FW3(z) =
L∏
J

(
1 − Λ

(
4ζbNJ

σ2
ANJσ

2
NJA

))
, (6.67)
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FW4(z) =
L∏
J

(
1 − exp

(
−
ζbNJ,1
σ2
NJA

))
, (6.68)

where ζbNJ,1 = σ2CNJAz
Pthψ1(ANJAα2−ϱα1ANJAz−BNJAz) .

We compute I8 as

I8 = P

(
℘2 ≤ Pth

Pt

)
=

L∏
J

(
1 − exp

(
− Pth
σ2
ANJPt

))
. (6.69)

To find the EC for s1 at AP of the non-linear model, we substitute the (6.60), (6.61), and (6.62)
into (6.59). Also, we obtain the EC for s2 at AP of the non-linear model, we substitute the (6.67),
(6.68), and (6.69) into (6.66). To the best of the authors’ knowledge, the integral of (6.59) and (6.66)
cannot be determined mathematically in closed forms. However, they can be easily determined by
numerical tools.

6.3.3 Throughput

In this subsection, we analyze the throughput (with linear and non-linear EH) which is defined as
the number of signals transmitted per period successfully. Thus, the throughput is formulated as
[182]

Φℶ,o = 1 − τ

2
(
1 − PSCsℶ,o(out)

)
Trℶ, ℶ = 1, 2. , (6.70)

where PSCxℶ,o(out) is the OP of s1 and s2 at AP for linear or non-linear EH and are obtained in (6.27),
(6.31), (6.40), and (6.47).

6.4 Numerical Results

In this section, we compute Monte Carlo simulations to prove the theoretical analysis. The lines in
all figures indicate the simulation results, while the markers indicate the theoretical derivations. For
a fair comparison, it is supposed that σ2=1 [140], SNR= Pt/σ2 and SNRth = Pth/σ2. The parameters
used in all simulations are given [183], ϱ = 0.01, η = 0.95, τ = 0.1, α1 = 0.8, α2 = 0.2, ς = 4, dFA =
dAF = 3m, dNJA = dANJ = 1m, dFNJ = 2m, SNRth=5 dB and IRR = IRRt/r = | µt/r |2/| νt/r |2.

As a benchmark scheme, we consider that the uplink NOMA scheme has two users far UF

and near UN1 from the AP. It is assumed that the users transmit their signal with their power to
the AP simultaneously, where the UN1 has higher energy than UF . For fairness, as described in
[145, 154, 184], transmitted energy by users in the uplink NOMA is equal to the total power Pt
while the transmitted energy by the users in HTC-NOMA-WPCCN is equal to Pt/τ . The SIC is
implemented at AP, where the UN1 signal is detected directly using MLD due to its higher power,
and then using the SIC, UF signal is detected. To improve the performance of the UF , the HTC-
NOMA-WPCCN is proposed as presented in Section II. The comparison between uplink NOMA
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and our proposed scheme (with linear and non-linear EH model) under ideal and non-ideal IQI with
ISIC when Tr1 =0.2, Tr2 = 0.3, and IRR=20 dB is presented in Figure 6.3. In this figure, we
observe that the OP of UF of our scheme with linear and non-linear EH outperforms the uplink
NOMA while the OP of UN1 with ideal/non-ideal IQI was better only with J=1 and when J>1,
the UNJ with ideal/non-ideal IQI and linear/non-linear EH outperforms the UN1 of uplink NOMA.
In the non-linear EH, the UN1 with ideal/non-ideal IQI in the high SNR regions was better than
UNJ . It can be seen that the OP in the non-linear EH reaches a performance floor when SNRth=5
dB. The presence of IQI and ISIC in the non-linear EH increases the error floor at the high SNR
regions and degrades the performance. It is clear that the non-linear EH with IQI affects the SIC
performance and the detection signals at AP. We observe also the OP of both signals UF and UNJ

improved as the number of J increased with ideal/non-ideal IQI, linear/non-linear EH and with
perfect/imperfect SIC. Moreover, it can be easily seen that the OP of both users with ideal IQI
with all J is superior to the non-ideal condition. Also, the ISIC with linear/non-linear EH degrades
the OP performance of the UNJ signal with ideal/non-ideal IQI conditions. In the case of an ISIC,
the residual detection of the s1 affects the detection of the s2 signal, and this leads to a decrease in
the OP performance of the s2 with all UNJ .

In Figure 6.4, we evaluate the effect of τ on the OP performance of both users’ signals with UNJ

under ideal/non-ideal IQI and linear/non-linear EH with ISIC when Tr1=0.009, Tr2=0.01, SNR=
10 dB and IRR= 20 dB. We observe that in the linear and non-linear EH, the OP of both users’
signals decreased as τ increased with all J values under ideal/non-ideal IQI conditions. Again, the
OP of both users’ signals with J values under ideal IQI is superior to the non-ideal condition in all
τ values. It can also be seen the non-linear EH degrades the performance of both signals, which
more closely approaches a practical transmission.

As known in NOMA schemes, power distribution is important in detecting signals at receivers
for evaluating systems performance. To evaluate the impact of α2 on our system, Figure 6.5,
presents the OP of both users’ signals with linear and non-linear EH w.r.t α2 with UNJ under
ideal and non-ideal IQI with ISIC when Tr1=0.05, Tr2=0.01, SNR= 20 dB and IRR= 20 dB.
In the linear/non-linear EH, we observe that incrementing α2 increases the performance of UF
and decreases the performance of UNJ for the ideal/non-ideal IQI conditions. The non-linear EH
degrades the OP performance of both users in all α2 values. Again, the OP of both users’ signals
with J values under ideal IQI with the linear/non-linear EH outperforms the non-ideal condition in
all α2 values. It is clearly also with increasing J , the gaps between the ideal and non-ideal curves
increase. Increasing α2 with ideal/non-ideal IQI conditions and linear/non-linear EH affects the
SIC process and the detected signals at AP, however, the non-ideal IQI and non-linear EH have
more influence on the SIC process because it creates more errors in the system, which emphasizes
the significant influence of power allocation on the RF impairment.

In Figure 6.6, we evaluate the impact of IRR on the OP of both users’ signals for linear and
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Figure 6.3: Outage probability comparison for HTC-NOMA-WPCCN and uplink NOMA with
linear and non-linear EH.
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Figure 6.4: Outage probability w.r.t. τ for HTC-NOMA-WPCCN with linear and non-linear EH.
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Figure 6.5: Outage probability w.r.t. α2 for HTC-NOMA-WPCCN with linear and non-linear EH.
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Figure 6.6: Outage probability w.r.t. IRR for HTC-NOMA-WPCCN with linear and non-linear
EH.
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Figure 6.7: EC comparison for HTC-NOMA-WPCCN and uplink NOMA with linear and non-
linear EH.
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Figure 6.8: EC w.r.t. τ for HTC-NOMA-WPCCN with linear and non-linear EH.

University of El-Oued: 2024 127



Chapter 6: Wireless-Powered Cooperative Communication Network for Dual-Hop Uplink NOMA

non-linear EH with J values under ideal and non-ideal IQI with ISIC when Tr1=0.05, Tr2=0.01,
and SNR= 20 dB. It is clear that as the IRR grows, the OP performance of the users for linear and
non-linear EH with all J values increases and becomes almost exact to that of the ideal scenario
(ideal IQI) in the high IRR. It means that a low IRR is a more severe condition of IQI. Also, the
non-linear EH degrades the performance of both users. It more closely corresponds to practical
transmission. Again, increasing J improves the OP of users with ideal/non-ideal conditions at the
AP. It is seen that the IQI has a variety of effects on the OP performance of the users in our
considered system, according to the gaps between the curves representing perfect IQ matching and
the IQI. These results present and emphasize the detrimental impacts of IQI and underscore the
importance of bringing RF impairments into consideration.

Figure 6.7 presents the EC performance of HTC-NOMA-WPCCN and uplink NOMA with
ideal/non-ideal IQI, linear/ non-linear EH and perfect/imperfect SIC when SNR= 20 dB and IRR=
20 dB. It can be seen that the EC of UF of our proposed scheme outperforms the UF uplink NOMA
with ideal-non ideal IQI and linear/non-linear EH while the UN1 for uplink NOMA has better
performance than UNJ despite increasing J . It is due to a higher power in the uplink NOMA. Since
the UF is targeted for improvement in all CNOMA schemes in the literature, the UN1 of uplink
NOMA has better EC performance than UNJ . It can also be seen the EC performance decreases
significantly in the non-linear EH case compared to linear EH, and the performance decreases
more in the presence of IQI and ISIC. We observe also the EC performance of both users with
linear/non-linear EH increases as J increases in all imperfections cases (ideal/non-ideal IQI and
perfect/imperfect SIC). Also, it is seen that the ISIC decreases the EC performance of UNJ with
ideal/non-ideal IQI conditions. The ISIC has a more significant impact in the presence of non-linear
EH and non-ideal IQI. Furthermore, the EC performance of the ideal IQI outperforms the non-ideal
case and the non-ideal decreases the EC performance of UNJ more than UF . This is due to the
different power allocations of each user’s signal and SIC process.

In Figure 6.8, we present the EC performance of our considered system with linear and non-linear
EH w.r.t τ with ideal/non-ideal and SIC imperfections when SNR=10 dB and IRR=20 dB. We
observe that the optimal τ is proportional to the number of UNJ denoted as J with ideal/non-ideal
conditions. It can be seen again the ideal IQI is superior to non-ideal conditions. The non-linear EH
degrades the performance at high SNR regions compared to linear EH, which reflects the practical
transmission. The change of τ values has more effects on the EC performance of the non-ideal IQI,
which explains the influence of τ on the RF impairment of our system.

To examine the impact of α2 on the EC performance of our system, Figure 6.9, presents the
EC performance of our considered system with linear and non-linear EH w.r.t α2 with ideal/non-
ideal IQI and SIC imperfections when SNR=20 dB and IRR=20 dB. In both linear and non-linear
EH, it is observed that increasing α2 increases the EC performance of UNJ and decreases the EC
performance of UF with all J values for ideal/non-ideal IQI. Also, the EC performance of the users
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Figure 6.9: EC w.r.t. α2 for HTC-NOMA-WPCCN with linear and non-linear EH.
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Figure 6.10: EC w.r.t. IRR for HTC-NOMA-WPCCN with linear and non-linear EH.
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with all J values decreases in the presence of non-ideal IQI imperfections compared to the ideal
IQI. Moreover, the non-linear EH degrades the EC performance compared to linear EH in all α2

and the performance is more degraded in the presence of non-ideal IQI. It can be stated that the
change in α2 in the presence of non-ideal IQI conditions and non-linear EH affects the SIC and the
detected signals at AP, highlighting the substantial effect of α2 on RF impairment.

To examine the impact of IRR on the EC performance of our system, Figure 6.10, presents the
EC performance of our considered system with linear and non-linear EH w.r.t IRR with ideal/non-
ideal IQI and SIC imperfections when SNR=20 dB. In both linear and non-linear EH, it is evident
that when IRR increases, the EC performance of the users with all J values rises and closely matches
the ideal case (ideal IQI) in the high IRR. Again, the non-linear EH decreases the EC performance
compared to linear EH and the performance gets worse in the presence of non-ideal IQI. Besides,
increasing J increases the OP of users in the ideal/non-ideal IQI conditions. According to the gaps
between the curves depicting perfect IQI matching and the non-ideal IQI, it can be shown that the
non-ideal IQI has a range of effects on the EC performance of the users in the considered system
which demonstrates the negative effects of IQI on RF impairments.

In Figure 6.11, we present the throughput performance of our considered system with linear
and non-linear EH compared to uplink NOMA with ideal/non-ideal IQI and ISIC when Tr1=0.2,
Tr2=0.3 and IRR=20 dB. It is observed that UF in the HTC-NOMA-WPCCN with linear and non-
linear EH outperforms its counterpart in the uplink NOMA scheme with the ideal/non-ideal IQI
while UN1 in the uplink NOMA is superior to UNJ in HTC-NOMA-WPCCN with the ideal/non-ideal
IQI and linear/non-linear EH. This is due to the different distribution of power allocation levels
for users between the uplink NOMA and HTC-NOMA-WPCCN. Also, the non-linear EH limits
throughput performance and is affected more by the presence of non-ideal IQI, which more closely
matches the practical operation of the transmission. It can also be seen the IQI has more effect on
the UF than UN1 in the uplink NOMA. Also, we can observe a big impact of the IQI on all UNJ in
HTC-NOMA-WPCCN with linear/non-linear EH compared to UF . It is due to the SIC process to
detect UF signal in the systems. In this figure, we observe also the throughput performance with
linear/non-linear EH increases with the increase of the J values in the ideal/non-ideal IQI and ISIC.
The throughput performance of the ideal IQI outperforms the non-ideal condition. Furthermore, the
ISIC with ideal/non-ideal IQI conditions decreases the throughput performance with linear/non-
linear EH despite the increase in J values.

Figure 6.12 presents the throughput performance with idea/non-ideal IQI and linear and non-
linear EH under ISIC w.r.t τ when Tr1=0.01, Tr2=0.009, IRR=20 dB and SNR=10 dB. In both
linear and non-linear EH, we observe that the increase τ increases the throughput performance
of both users with ideal/non-ideal IQI in all J values. Besides, the increasing J improves the
throughput performance with ideal/non-ideal IQI conditions. Again, the non-linear EH degrades
the performance and is more impacted in the presence of non-ideal IQI conditions. It is observed
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Figure 6.11: Throughput w.r.t. SNR comparison for HTC-NOMA-WPCCN and uplink NOMA
with linear and non-linear EH.
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Figure 6.12: Throughput w.r.t. τ for HTC-NOMA-WPCCN with linear and non-linear EH.
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Figure 6.13: Throughput w.r.t. α2 for HTC-NOMA-WPCCN with linear and non-linear EH.

University of El-Oued: 2024 134



Chapter 6: Wireless-Powered Cooperative Communication Network for Dual-Hop Uplink NOMA

20 22 24 26 28 30 32 34 36 38 40

IRR (dB)

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

T
h
ro

u
g
h
p
u
t

U
NJ

 Ideal

U
F
 Ideal

U
NJ

 IQI

U
F
 IQI

Theo

J=1

J=2

J=3

(a) Linear EH.

20 22 24 26 28 30 32 34 36 38 40

IRR (dB)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

T
h
ro

u
g
h
p
u
t

U
NJ

 Ideal

U
F
 Ideal

U
NJ

 IQI

U
F
 IQI

Theo

J=3

J=3

J=2

J=2

J=1

J=1

(b) Non-linear EH.

Figure 6.14: Throughput w.r.t. IRR for HTC-NOMA-WPCCN with linear and non-linear EH.
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Figure 6.15: HTC-NOMA-WPCCN w.r.t. SNRth: OP, EC and Throughput.

University of El-Oued: 2024 136



Chapter 6: Wireless-Powered Cooperative Communication Network for Dual-Hop Uplink NOMA

that the choice of optimal τ is fully correlated with the number of J values to improve throughput
performance, and this latter is affected by the IQI imperfections.

To examine the impact of α2 on the throughput performance of our system, in Figure 6.13,
we present the throughput performance of our considered system with linear and non-linear EH
w.r.t α2 with ideal/non-ideal IQI and SIC imperfections when Tr1=0.2, Tr2=0.1, SNR=20 dB
and IRR=20 dB. In both linear and non-linear EH, we observe that the change of α2 affects the
throughput performance of users with all J values for ideal/non-ideal IQI. Again, the non-linear EH
degrades the performance of the system, which is more influenced by non-ideal IQI conditions. Also,
the throughput performance of the users increases with all J values in the presence of ideal/non-
ideal IQI conditions. It can be concluded that the SIC and the detected signals at AP are impacted
by the change in α2 and non-linear EH when the non-ideal IQI condition is available, emphasizing
the significant impact of α2 and non-linear EH on RF impairment.

To evaluate the effect of IRR on our system, Figure 6.14, presents the throughput perfor-
mance with idea/non-ideal IQI and linear/non-linear EH under ISIC when Tr1=0.3, Tr2=0.2 and
SNR=20dB. In both linear/non-linear EH, we observe that the increase in the throughput per-
formance is proportional to an increase in J values. Also, throughput performance degrades in
the non-linear EH and the impact increases with non-ideal IQI. Besides, the growth of the IRR
increases the throughput performance of both users with all J values for linear/non-linear EH and
nearly matches the ideal IQI in the high IRR. It is clear that IQI has a negative impact on the RF
impairments in our system.

To evaluate the effect of SNRth on our system, Figure 6.15, presents the OP, EC and through-
put performance w.r.t. SNRth with idea/non-ideal IQI under ISIC when Tr1=0.3, Tr2=0.2 and
SNR=20dB. We observe that in the OP, EC and throughput, the system performance improves
as SNRth increases and creates an error floor at the high SNRth. Although the curves indicate
enhanced performance when SNRth is high, this is impractical. The presence of IQI degrades the
system performance of OP, EC and throughput. Again, increases in J values enhance the system
performance of users.

6.5 Conclusion

In this chapter, we have examined the performance of the proposed HTC-NOMA-WPCCN with
linear/non-linear EH in the presence of IQI and SIC imperfections. The investigation has been
extended by considering the multi-helper-user scheme to improve the system’s performance. The
OP, EC, and throughput expressions of users were analyzed for linear and non-linear EH over
the Rayleigh fading channel. The proposed system is compared to the uplink NOMA and single
helper user, and its performance is evaluated through different parameters such as parameters of
WPCCN, IQI, ISIC, IRR, and power allocation. Our analytical derivations are verified by computer
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simulations. The results illustrated that our proposed system outperforms uplink NOMA and the
single helper user schemes. The multi-helper-user with and without IQI and SIC imperfections
increases the system performance. The change in the IRR, WPCN, and power allocation parameters
affects the SIC and IQI which reduce the system’s performance. The non-linear EH limits system
performance in high SNR regions and is significantly impacted by IQI and SIC imperfections.
Finally, IQI has a negative impact on RF impairment despite increasing the number of helper users
which confirms the need for IQI mitigation to exploit the capabilities of the systems. This chapter
presents the effects of the practical implementations of non-linear EH with practical drawbacks,
such as ISIC and IQI, which will be useful in future research.
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Chapter 7

UAV-Mounted RIS for Cooperative
NOMA Systems with Practical
Constraints

7.1 Introduction

Due to the unprecedented growth of punctual mobile data traffic and strict QoS requirements,
the upcoming next generation of wireless networks is set to provide ultra-reliable and low-latency
communication and immersive reality, etc, which will enable a variety of applications, such as
multiple access techniques, RIS, low-orbit satellites, and UAV networks [185]. In this regard, NOMA
offers high connection and low latency. In NOMA, the superposition-coding signal with different
power levels is used for user signals [186]. Besides, UAV communication networks are seen as an
exciting option to increase the QoS in crowded areas and extend the coverage of current networks
in difficult environments due to their low cost, LoS air-to-ground channel, and flexible deployment
[186]. However, the flying duration of UAV is strictly constrained preventing them from meeting the
demands of long missions. To resolve this problem, researchers proposed several solutions, such as
battery capacity increase, wireless charging, and solar energy. Recently, researchers have advocated
the use of RIS in wireless networks to construct smart radio environments for energy-efficient and
cost-effective implementations. The structure of RIS is made of a thin and flexible metasurface
material that contains passive circuitry. It can intelligently control the propagation of the incident
electromagnetic waves and reflect or refract these waves in a desired way, thereby turning the
wireless channel into a controllable environment, and enhancing the overall system performance
[185, 186].
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7.1.1 Related Works

In the existing literature, several papers consider the scenario of RIS with UAV, but the RIS is
fixed on the ground (e,g., wall of a tall building) in their assumptions as in [187]. In this regard, a
new vision is proposed in [185] in which UAV can be adapted with RIS (referred to as UAV-RIS)
and used for wireless communications as a reflective layer between ground base stations and ground
devices. This trend has attracted a great deal of research attention in recent studies [186, 188] where
the OP and ergodic spectral efficiency are investigated for UAV-RIS to serve NOMA ground devices.
The optimal resource allocations of UAV-RIS with zero-forcing beamforming have been developed
in [189], where each UAV serves several ground devices in its cluster. In another work [190], the
maximization problem of UAV-RIS has been formulated by determining the best power control
factors at the ground base station (consisting of a massive antenna) and the phase shifts of several
RISs. On the other hand, radio-frequency equipment is a critical component of the massive network
of interrelated devices that enables communication between nodes. In practical communication
systems, the radio-frequency component experiences a variety of HWI that compromise the overall
system performance [191, 64]. In addition, another issue in cellular networks affecting the system
performance is inter-cell interference (ICI), where cell-edge devices or nodes are more exposed to
signals from neighboring cells [192].

7.1.2 Motivation and Contributions

As we have mentioned above, UAV-RIS has been analyzed for the OP, ergodic spectral efficiency,
and throughput in [186, 188, 189, 190]. To the best of the authors’ knowledge, the BER of UAV-RIS
with/without NOMA has not been investigated. In addition, it is important to take into account
practical scenarios for the performance analysis, such as the effect of HWI, ICI, and ISIC. Based
on the above discussions, in this chapter, we investigate UAV-RIS for NOMA with a joint impact
of HWI, ICI, and imperfect SIC, as being in practical implementations. Thus, the contributions of
this chapter are provided as follows:

• We consider the UAV-RIS-aided NOMA network scheme while assuming that the direct link
is unavailable due to obstacles, the NOMA ground devices receive signals using UAV-RIS.
We consider that the ideal and non-ideal HWI exist at all nodes in our system. In addition,
we consider the ground devices suffer from ICI of the other cells (e.g., the signals forwarded
from the UAV-RIS of the neighboring cells), which is the first investigation with HWI and
ICI jointly in the literature for RIS. The presence of HWI and ICI affects the SIC process to
detect the signals of NOMA users. Thus, the imperfect SIC is considered in our investigation.

• We derive the BER of UAV-RIS under HWI, ICI, and imperfect SIC. Also, we obtain the
upper bound of our proposed system. Also, the EE for our considered system is obtained.
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For the sake of fair comparison, we compare our results with two schemes: UAV without RIS
and traditional UAV-RIS OMA and we validate our analysis with Monte-Carlo simulations.

• The results show that the proposed scheme achieves higher performance gain compared to
UAVs without RIS. Moreover, it is found that the HWI and ICI have a negative impact on
the system performance, which affects the SIC to detect the symbols at the receivers.

7.2 System and Channel Models

In this chapter, we consider that the source (S) communicates with two NOMA users named U1

and U2 with the aid of UAV-RIS as illustrated in Figure 7.1. In this scenario, we consider the
following assumptions: 1) The users are equipped with a single antenna. In contrast, the UAV
is equipped with RIS that has N as a symbol reflecting elements. 2) The HWI exists at S,
NOMA users, and the nodes of neighboring cells. 3) The direct communication between S and
users is blocked due to large obstacles, and the NOMA users receive the S signal through the
reflected link only. 4) The users experience interference from neighboring cells (i.e., UAV-RIS
transmissions from other cells), called ICI. Also, in the work, the phase-shift matrix of the RIS
is assumed to be discrete, with individual elements signifying phase shifts introduced by reflect-
ing elements. This allows phase shifts to be independently adjusted, giving the RIS more control
over the propagation of electromagnetic waves for improved wireless channel efficiency [191]. Usu-
ally, the communication link involving S-UAV and UAV-Ui considers the influence of both small-
scale and large-scale fading. Large-scale fading is contingent on the distance existing between the
transmitter and receiver [32]. In the downlink scenario, we take into account three-dimensional
Cartesian coordinates (x, y, z) for positioning UAV and NOMA users as presented in Fig.7.1. We
begin by identifying the location of the S, U1, and U2 as follows. The position coordinates of
the S is S(−xs, 0, 0), whereas the position coordinates of ground users U1 and U2 are indicated
as U1(x1, 0,−z1) and U2(x2, 0, z2), respectively. The central position of the UAV’s circular trajec-
tory, characterized by a radius r and altitude Th, can be pinpointed to the coordinates O′(0, h, 0).
Supposing that φ is the angle between the position of the UAV on the circle and the x-axis, we
can easily indicate the position coordinates of the UAV as UAV(r. cos(φ), r. sin(φ), Th). Based on
this analysis, we calculate the Euclidean distance between S-UAV, UAV-U1, and UAV-U2, respec-
tively, as ds =

√
r2 + T 2

h + x2
s + 2rxs cos(φ), d1 =

√
(r cos(φ) − x1)2 + (r sin(φ) + z1)2 + T 2

h , and

d2 =
√

(r cos(φ) − x2)2 + (r sin(φ) − z2)2 + T 2
h . Additionally, we assume that small-scale fading

between S-UAV and UAV-Ui follows the Rayleigh distribution1.
1We assume that there is no direct link between the BS-UAV and the UAV-Ui because of the presence of tall

buildings or other obstructions (i.e., possible obstruction of signals by natural features), which cause reflections,
diffractions, and scattering of the signals. This chpter uses Rayleigh fading to model the wireless communication
environment for UAVs, providing a statistical representation of signal fluctuations caused by multipath propagation.
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Figure 7.1: UAV-RIS NOMA system model.

Based on NOMA, we assume that the users are ordered based on the end-to-end (e2e) channel2

gains as |q1|2 < |q2|2, where q1 and q2 can be given as qi =
∑N
n=1

√
d−α
s,nd

−α
i,n gn exp (jϕi,n)hi,n ,

where gn = νn exp (−jθn), hi,n = µi,n exp (−jψi,n) are Rayleigh fading channels between S-UAV,
and UAV-Ui, i = {1, 2}, ϕi,n represents the adjustable phase induced by the nth reflector of the
RIS, νn and µi,n are independently Rayleigh distributed random variables, ds,n and di,n represent
the distances between S and the projection of the nth reflective elements on the ground users, and
α is the path-loss exponent, which can be given as [186] α = ℓ1Plos(∅) + α1, where Plos(∅) is the
probability that there will be a LoS component between S-UAV and UAV-users, which is given as
[186] Plos(∅) = [1+ℓ2 exp −α2(∅ − ℓ2)]−1, where ℓ1, ℓ2, α1 and α2 are environment and transmission
frequency dependent parameters, and ∅ is the elevation angle between the S and the RIS reflecting
elements and between the RIS reflecting elements and users in radian. Without loss of accuracy, it
is given that ds,n = ds and di,n = di. Based on the above assumptions, S transmits a superimposed
coding signal to the users through the UAV-RIS, which is given as XSC = √

α1s1 + √
α2s2, α1 > α2,

in which α1 + α2 = 1, where α1 and α2 are power allocation factors for U1 and U2, s1 and s2 are
the signals3 of the U1 and U2. Considering the HWI and ICI, the received signal reflected through

2The e2e channel refers to the end-to-end channel between S and users, through the UAV-RIS.
3To accurately analyze the performance of the NOMA scheme with varying power allocations, s1 and s2 are

normalized using the unit average power.
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the UAV-RIS at NOMA users can be expressed as

yi =
(√

PsXSC + ηt,i
)
qi + ηr,i + Ii + w, i = {1, 2} (7.1)

where Ii is the ICI of transmissions of neighboring cells. Since we assume that the nodes of neigh-
boring suffer from HWI, Ii can be defined as

Ii =
L∑
j ̸=i

((√
PjXSC + ηt,j

)
qj + ηr,j

)
, (7.2)

where L represents the number of transmissions of the neighboring cells, qj =
√
d−α
sj d

−α
j

∑N
n=1

gn,j exp (jϕn,j) hn,j , dsj is the distance between S and UAV-RIS of the jth cells, dj represents the
distance between UAV-RIS of the jth cells and Ui, gn,j = νn,j exp (−jθn,j) is the Rayleigh fading
channel between S-UAV of the jth cells, hn,j = µn,j exp (−jψn,j) is the Rayleigh fading channel
between UAV of the jth cells and Ui, νn,j and µn,j are independently Rayleigh distributed random
variables of jth cells, ϕn,j represents the adjustable phase induced by the nth reflector of RIS of the
jth cells, ηt,i ∼ CN (0, Psk2

t,i) and ηr,i ∼ CN (0, Psk2
r,i|qi|2) are distortion noises at the transmitter and

receiver of the HWI 4, respectively, ηt,j ∼ CN (0, Pjk2
t,j) and ηr,j ∼ CN (0, Pjk2

r,j |qj |2) are distortion
noises at the transmitter and receiver of jth cells of the HWI respectively, k2

t,i and k2
r,i are the HWI

level at the transceivers, k2
t,j and k2

r,j are the HWI level of jth cells at the transceivers, Ps is the
transmit power of S, Pj is the total transmit power of jth cells, and w ∼ CN (0, σ2) is the AWGN.

Consequently, to maximize the SNR using ϕi,n = θn + ψi,n and ϕn,j = θn,j + ψn,j by adjusting
the reflector phases, (7.1) can be rewritten as

yi =
√
d−α
s d−α

i

√
Ps

N∑
n=1

νn µi,nXSC +Wi, (7.3)

where Wi = z1XSCkt,i+z1kr,i+
∑L
j ̸=i(XSCz2 +z2(kt,j +kr,j))+w, z1 =

√
d−α
s d−α

i

√
Ps

∑N
n=1 νnµi,n,

z2 =
√
d−α
sj d

−α
j

√
Pj
∑N
n=1 µn,jνn,j , and Wi has zero-mean with the variance σ2

W,i of Ui.
The MLD of s1 symbols at the U1 is designed for the RIS scheme by pretending s2’s symbols

as noise, and it is given by

s̃1 = arg min
m

{|y1 −
√
d−α
s d−α

1
√
Ps

N∑
n=1

νn µ1,ns1,m|2}. (7.4)

Likewise, the MLD of s1 symbols at the U2 is created for the RIS scheme by portraying s2’s
symbols as noise, and it is provided by

s̃1 = arg min
m

{|y2 −
√
d−α
s d−α

2
√
Ps

N∑
n=1

νn µ2,ns1,m|2}. (7.5)

4In practical applications, transceivers encounter various HWIs. The impact of these impairments can be effectively
verified and analyzed by containing an additive independent distortion noise as in [64, 191].
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However, to detect the s2 at U2, a SIC should be implemented. The MLD of s2 symbols at the
U2 for the UAV-RIS NOMA scheme can be given as

s̃2 = arg min
m

{|ý2 −
√
d−α
s d−α

2
√
Ps

N∑
n=1

νn µ2,ns2,m|2}, (7.6)

where

ý2 = y2 −
√
d−α
s d−α

1
√
Ps

N∑
n=1

νn µ1,ns̃1,m, (7.7)

where si,m denotes the mth constellation point of Ui.

7.3 Performance Analysis

In this section, we analyze the BER and EE for UAV-RIS NOMA over the Rayleigh fading channel.

7.3.1 Bit Error Rate

In this section, we analyze the error probability of UAV-RIS NOMA considering both the ideal and
non-ideal conditions (i.e., with and without HWI and ICI). The presence of HWI and ICI affect the
SIC process and the BER performance. Therefore, the imperfect SIC is considered in the proposed
system. In particular, the average BER and then the upper bound are obtained.

Since νn, µi,n, νn,j , and µn,j of (7.1) and (7.2) are independently Rayleigh distributed random
variables, we put A1 = νnµi,n and A2 = νn,jµn,j . Therefore, E[A1]=E[A2]=π

4 and VAR[A1] = VAR[A2]
= (1 − π2

16 ). For a sufficiently large number of reflecting elements N >> 1, according to the central
limit theorem, A1 and A2 follows Gaussian distribution with parameters, E[A1]=E[A2]=N π

4 and
VAR[A1] = VAR[A2] = N(1 − π2

16 ) [191, 193]. Assuming the HWI and ICI, the BER of the UAV-RIS
for U1 is obtained by using the decision rule provided in (7.4) as

P1(e) = 1
2

2∑
s=1

Q
(√

Psχsψ1λ

σW,1

)
, (7.8)

where χs = [(√α1 + √
α2), (√α1 − √

α2)], ψi = d−α
s d−α

i , and λ = |A1|2 = |
∑N
n=1 νnµi,n|2. The vari-

ance σW,1 contains the transmitted superimposed coding symbols, therefore there are two different
levels of power in BPSK. Hence, the variance σW,1 for U1 can be formulated as

σW,1 = ψ1ϖ1K
2
a + ζsℵK2

b + ℵK2
b + σ2, (7.9)

where K2
a = k2

t,i+ k2
r,i, and K2

b = k2
t,j+ k2

r,j are the aggregate level of HWI, as described in [64, 193].
Based on the central limit theorem, it can be said that E[|

∑N
n=1 νn µi,n|2] and E[|

∑N
n=1 νn,j µn,j |2]

of σW,1 in (9) follow a zero-mean Gaussian distribution for N number of reflectors of jth cells. We
can obtain E[|

∑N
n=1 νn µi,n|2] = N(1 − π2

16 ) and E[|
∑N
n=1 νn,j µn,j |2] = N(1 − π2

16 ). We use the
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MGF as defined in [191] of A1, which follows the non-central chi-square distribution, so the average
BER for BPSK is given by

P1(e) = 1
2π

2∑
s=1

∫ π
2

0

(
1

ϖ1,a

) 1
2

exp
(

−Υ1,a
ϖ1,a

)
dη. (7.10)

Likewise, the analytical BER for U2 is based on the correct and erroneous SIC. Hence, supposing
the HWI and ICI, we obtain the average BER of the UAV-RIS for U2 by using the decision rules
provided in (7.6) and (7.7) as

P2(e) = 1
2

6∑
f=1

κf Q
(√

Psℵfψ2λ

σW,2

)
, (7.11)

where κf = [1, 1,−1, 1, 1,−1] and ℵf = [α2, α2, (
√
α1 + √

α2), (
√

2α1 + √
α2), (√α1 − √

α2), (2√
α1 −

√
α2)]. The variance σW,2 contains the transmitted superimposed coding symbols, thus there are

two different levels of power in BPSK. Hence, the variance σW,2 for U2 can be formulated as

σW,2 = ψ2ϖ2K
2
a + δfℵK2

b + ℵK2
b + σ2, (7.12)

where ϖi = Ps|
∑N
n=1 νnµi,n|2, ℵ =

∑L
j ̸=i ιPj |

∑N
n=1 νn,jµn,j |2, ι = d−α

sj d
−α
j , and δf = [(√α1 −

√
α2), (√α1 + √

α2), (√α1 + √
α2), (√α1 + √

α2), (√α1 − √
α2), (√α1 − √

α2)].
By using the same method for U1, we calculate the average BER for U2 for BPSK as follow

P2(e) = 1
2π

6∑
f=1

κf

∫ π
2

0

(
1

ϖ2,a

) 1
2

exp
(

−Υ2,a
ϖ2,a

)
dη, (7.13)

where ϖi,a = 1 + αi,aΛ, Υi,a = ℘i,aΛ, αi,a = N(16−π2)Psψi

8 sin2(η)σW,i
, ℘i,a = N2π2Psψi

16 sin2(η)σW,i
, and Λ is equal to χs

for BER of U1 and equal to ℵf for BER of U2.
To acquire insights, we compute the upper bound of (7.10) and (7.13), respectively, by setting

η = π/2 as

Pi(e) ≤ 1
4

ϑ∑
r=1

∂

(
1
ϖi,b

) 1
2

exp
(

−Υi,b

ϖi,b

)
, (7.14)

where ϖi,b = 1 + αi,bΛ, Υi,b = ℘i,bΛ, αi,b = N(16−π2)Psψi

8σW,i
, ℘i,b = N2π2Psψi

16σW,i
, ϑ is equal to 2 for BER

of U1 and equal to 6 for BER of U2, and ∂ is equal to 1 for U1 and equal to κf for U2. This
result leads to the following observation. The error performance of UAV-RIS NOMA improves with
increasing N . However, it is limited by the imperfection of the non-ideal conditions (i.e., HWI and
ICI) that cause an error floor at high SNR regions.

In our considered system, we provide the BER of the system, which is the error probability when
the U1, U2, or both detect their symbols incorrectly. Hence, the BER of the system for UAV-RIS
NOMA with HWI and ICI can be expressed as [64, 193]

Psystem(e) = 1 − (1 − P1(e))(1 − P2(e)), (7.15)
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where P1(e) and P2(e) are the BER of U1 and U2, respectively.

7.3.2 Energy Efficiency

The capacity of our considered system for both users with HWI and ICI is given by

CRIS,1 = log2(1 + (dsd1)−ςα1Ps|
∑N
n=1 νn µ1,n|2

(dsd1)−ςα2Ps|
∑N
n=1 νn µ1,n|2 + (dsd1)−ςPs|

∑N
n=1 νn µ1,n|2K2

a + ξa + σ2
),

(7.16)

CRIS,2 = log2(1 + (dsd2)−ςα2Ps|
∑N
n=1 νn µ1,n|2

(dsd2)−ςPs|
∑N
n=1 νn µ1,n|2K2

a + ξa + σ2
), (7.17)

where ξa =
∑L
j ̸=i(dsjdj)−ςPj |

∑N
n=1 νn,j µj,n|2 +

∑L
j ̸=i(dsjdj)−ςPj |

∑N
n=1 νn,j µj,n|2K2

b .
Hence, the sum rate is given by

CRIS,sumrate = CRIS,1 + CRIS,2. (7.18)

In UAV-RIS NOMA, the total power consumption comprises the S transmit power, and the
hardware static power dissipation at the S, RIS, and user terminals. The EE can be written as [194]
by

PTotal = ZePs + Ph + PRIS +
2∑
t=1

PUE,i, (7.19)

where Ps is the transmitting power of S, Ph and PRIS are the total hardware static dissipated power
at the S and RIS, respectively, in which PRIS = N PN , where PN is the power consumption of each
phase shifter of RIS, and Ze is the efficiency of the transmit power amplifier.

Thus, the EE can be written as in [194] by

ηRIS,EE = CRIS,sumrate
PTotal

. (7.20)

7.4 Numerical Results

In this section, we present the Monte-Carlo simulations to validate the derivations of the previous
sections. We discuss the effect of HWI, ICI, and imperfect SIC on the error performance of UAV-
RIS NOMA. Without loss of generality, we consider that k = K2

a = K2
b , P = Ps = Pj , and the total

transmit SNR is defined as γ = P
σ2 . The parameters used in all simulations are given by [186] r = 5

m, Th = 20 m, φ = π
4 , S(−5, 0, 0), U1(10, 0,−10), U2(5, 0, 5), dsj = 100 m, dj = 100 m, ℓ1 = −1.5,

α1 = 3.5, ℓ2 = 2, α2 = 0.16, ∅ = 1.2, k = 0, 0.15, L = 0, 3, the computer simulation repeated 105

iterations, and α2 = 0.1, 0.2.
In Figure 7.2, we present the BER performance of UAV-RIS for two NOMA users with the

impact of HWI and ICI with fixed k = 0.15 and L = 3. We observe that the analytical results
perfectly matched with simulation results. The upper bound is quite strict because the analytical
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Figure 7.2: BER w.r.t. SNR of UAV-RIS NOMA with the fixed value of the effect of HWI and
ICI: (a) U1; (b) U2.
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Figure 7.3: BER w.r.t. SNR of UAV-RIS NOMA with the effect of HWI and ICI: (a) U1; (b) U2.
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and simulation results match for N ≥ 64. It can be also seen that increasing the number of elements
N provides a better BER performance. Clearly, the performance of UAV-RIS is superior to that
of UAV without RIS scheme with increasing N and achieves a performance gain of more than 5
dB with less error at lower SNRs. This figure is extended to Fig.7.3 for more investigation into
the impact of ideal and non-ideal conditions (i.e., with/without HWI and ICI) using the analytical
expressions. It is observed from this figure that the BER curves have a waterfall region and a
saturation region in the ideal and non-ideal cases at high SNR values. This observation can be
explained as follows. According to (7.14), for the low values of N P

σW,i
, we achieve an incredibly low

BER performance by increasing N due to N2 in the exponential form. On the other side, for the
high values of N P

σW,i
, the BER performance is saturated due to the −1

2 exponent in the high SNR
values. Moreover, the presence of HWI and ICI have much impact on the system performance in
the high SNR values, especially for U2 more than U1 due to the SIC process. It is observed that
the BER is nearly the same for both ideal and non-ideal conditions until a particular SNR value.
Therefore, there is a trade-off between the number of N and the level of SNR to enable the impacts
of the HWI and ICI to be reasonably disregarded. Despite the significant impact of the HWI and
ICI which leads to creating an error floor at the higher SNR values, the reached BER at higher
values of N is gratifying and sufficient to ignore the influence of HWI and ICI at low SNR values to
maintain high EE. Moreover, the change in the power allocation does not improve the performance
while it affects one user at the expense of the other. It affects the SIC and the detection of the
signals.

To show the role of UAV, in Figure 7.4, we present the BER of system from (7.15) versus T (m)
with different LoS probability for UAV-RIS NOMA compared to OMA with the effect of HWI and
ICI when SNR=50 dB, N=32, and Plos(∅) = 0.1, 0.3. In this figure, it is assumed that the TDMA
is implemented for OMA, where each user transmits its signals at different times. It is observed
that increasing T values degrades the BER performance of the system. It is due to increasing the
Euclidean distance between the S and UAV and between UAV and users. In the lower values of
T , when the HWI and ICI have a joint effect, there is more imperfection in the system compared
to HWI only and ICI only. The impact of ICI exceeds that of HWI at higher T values. It can be
explained as follows. Increasing the altitude of a UAV may increase its proximity to neighboring
UAVs, which means increasing the effect of ICI. In higher values of T , the impact of and ICI are
relatively matched to the ideal case due to the increasing error to detect the symbols in the higher
Euclidean distances. It can also be observed that increasing the LoS component value also means
improving direct visibility between the transmitter and the receiver, which reduces path loss and
enhances performance. It can be also seen that the OMA has better performance gain compared
to NOMA. Combining the users’ signals in NOMA makes it suffer from IUI, which complicates
the SIC performance to detect the users’ signals. Moreover, the presence of and ICI impedes the
SIC process and causes more errors in the detection of the users’ signals. On the other side, OMA
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Figure 7.4: BER of system w.r.t. altitude Th(m) of UAV-RIS NOMA with the effect of HWI and
ICI.

transmits the signals at different times, therefore it does not suffer from IUI.
Figure 7.5 presents the EE w.r.t. N for UAV-RIS NOMA and UAV-RIS OMA with ideal and

non-ideal with different Plos=0.1, 0.3, where SNR= 50 dB, Ps=10 dBm, Ph=4 dBm, PN=10 dBm,
P(UE,i)=10 dBm, and Ze=1.2 as used in [194]. We observe that increasing N improves the EE
performance, while the presence of non-ideal conditions degrades the EE performance. It is also
observed that increasing the LoS component value improves direct visibility between the transmitter
and the receiver, which reduces path loss and enhances EE performance. Through this figure, we can
see that in the presence of non-ideal conditions, increasing N does not improve the EE performance.
Thus, it becomes evident that, even in the presence of non-ideal conditions, the increase in N does
not yield an improvement in EE performance. To further investigate, we illustrate the EE w.r.t. N
under HWI and ICI with different SNR values in Figure 7.6. It can be seen that elevating N fails to
enhance EE performance at high SNR values because is limited in the higher N values. In contrast,
at lower SNR values, the EE increases with the rise in N. Therefore, it is evident that increasing N
does not lead to an enhancement in EE performance at high SNR values in the presence of HWI and
ICI. However, despite the pronounced influence of HWI and ICI limiting EE performance at higher
SNR values, a noteworthy enhancement in EE is achieved by increasing N at lower SNR levels. This
improvement is satisfactory and adequate to alleviate and disregard the impact of HWI.
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7.5 Conclusion

In this chapter, the error probability is analyzed for UAV-RIS NOMA. We consider that practical
constraints such as ICI, and imperfect SIC exist in our proposed system. We discussed the effects of
these imperfections on the system’s performance. The upper bound of the analytical derivation is
obtained and the analytical derivations are validated by Monte Carlo simulations. The results show
that the non-ideal conditions (HWI, ICI, and imperfect SIC) cause a degradation in the system
performance at high SNR regions. However, these degradations can be ignored by increasing the
number of reflecting elements at low SNR because it achieves satisfying results, which leads to the
preservation of high EE. Moreover, the proposed system has a higher performance gain compared to
the UAV without RIS, while OMA has better performance than NOMA because it does not suffer
from IUI.
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1. General Conclusion:
In recent decades, there has been an increased demand for high data rates, reduced latency,

and increased network capacity. The evolution from 1G to 5G had been predicated on the OMA
transmission scheme. One advantage of such orthogonal designs was that simple receivers could
achieve high system performance. In the past few years, NOMA has drawn a lot of interest as a
potential multiple-access technique for 5G and beyond (B5G). In NOMA, several users could share
the same radio resources in terms of time, frequency, and/or code. To increase communication
coverage, improve performance, and counteract channel drawbacks including fading, path loss, and
shadowing, CNOMA was proposed as a promising solution to resolve these issues. In this thesis,
we have investigated CNOMA with several technologies to enhance the system performance and
efficiency such as cooperation with and without direct links, multiple relays (multi-hop relay), EH,
and UAV-mounted RIS. The aims of each system were described as follows:

• Two main schemes were employed in CNOMA: Cooperative WDL and cooperative with DL.
The first aimed to improve system performance, and the second aimed to increase the coverage
area.

• The multi-hop relay is intended to mitigate channel issues like path loss, fading, and interfer-
ence that often happen during long-distance communications.

• By utilizing RF energy sources, EH in wireless communication aimed to reduce dependence on
conventional power sources, enable self-sufficient operation with low cost, and power devices
sustainably.

• UAV-mounted RIS aimed to improve wireless communication to promote effective data trans-
mission and emergency communications. This integration maximizes coverage, minimizes
interference, and boosts signal strength.

We have analyzed cooperative NOMA with the mentioned systems for throughput, BER, OP,
and EC. The IQI, HWI, ISIC, and ICSI were assessed. The contributions of this thesis were
highlighted in each chapter below:
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– In Chapter 1, the fundamental concepts of wireless communication networks, NOMA,
and CNOMA were defined. Besides, EH technology was reviewed as a promising solution
to resolve the problem of limited or damaged batteries. RIS and UAV technology were
also reviewed as promising solutions to achieve the requirements of 6G wireless networks.

– In Chapter 2, the CNOMA WDL was considered to extend the coverage area. Since the
far user could not receive its signal, the near user worked as an assistance user to help the
far user to receive its signal. The closed-form EC, OP, and BER over the Rayleigh fading
channel were derived and validated with simulations. The impact of the power allocation
and helper user distance was discussed. The outcomes of our simulation indicated that
the helper user’s position significantly influenced the performance improvement for the
far user, where the best position of the helper user is in the middle. The power allocation
impacted performance, and alterations to it affected the performance of one user at the
expense of another.

– In Chapter 3, CNOMA with DL was considered to improve the performance of far users
when direct and indirect links were available. The closed-form OP and BER with ISIC
and ICSI over the Rayleigh fading channel were derived. The asymptotic analysis of OP
at high SNR regions was performed to reveal the insights of the system performance.
Our derivations were validated with simulations. As a benchmark, we compared our
results with traditional NOMA. The change in power allocation and the helper user
distance affected the performance of the system, which affected the SIC process. The
ICSI degraded the system performance at high SNR and influenced the SIC to detect
the users’ signals.

– In Chapter 4, we have proposed the MH-DF-CNOMA system with two schemes under
practical scenarios i.e., the ICSI and ISIC were taken into account. The first scheme,
MH-DF-CNOMA WDL, was used to extend the coverage area when the group of multiple
intermediate relay nodes delivered the signal to the users in shadowed areas or places
outside of the cell range. We obtained the e2e OP and BER expressions under ICSI and
ISIC. The second scheme, MH-DF-CNOMA with DL, was used to improve the QoS and
system performance. When a direct and indirect link was available using the group of
multiple intermediate relay nodes to deliver the signal to the far users to improve the
received signal quality. It was presumed that the MRC was implemented to combine
the received signals because the distant user received two copies of its signals. The
e2e OP and BER expressions for the considered systems under ICSI and ISIC were
derived. The influence of power allocation, the number of relays, ICSI, and SIC on the
performance of the system was discussed. We validated our derivations of both systems
through simulations. According to the results, both of the MH-DF-CNOMA schemes
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decreased the OP and BER when the number of relays increased. Our scheme achieved
higher performance gains compared to the single relay scheme. Furthermore, the SIC
process was impacted by changes in the power allocation because they had an impact
on system performance. Signal detection and the SIC process at nodes were impacted in
the presence of the ICSI.

– In Chapter 5, two CNOMA with RF EH schemes were investigated. The first one,
CNOMA with TS and PS protocols with ICSI, ISIC, and ICI were analyzed in terms
of BER over the Rayleigh fading channel. The second one is CNOMA with a HEH
protocol. The OP and BER were obtained over the Nakagami-m fading channel. The
HEH protocol was compared with no-EH and the conventional EH protocols (PS and
TS protocols). The impact of power allocation, ICSI, ICI, and EH parameters on the
system performance was examined for both schemes. Monte Carlo simulations validated
the analytical derivations. The findings indicated that, at high SNR, the SIC process
was impacted by the ICSI and ICI variables. In comparison to no-EH and conventional
EH protocols, the HEH protocol achieved greater performance gains. More precisely, the
hybrid scheme could achieve 1-3 dB and 0.5-1.5 dB better BER and OP performances,
respectively, than other schemes, depending on the channel characteristics. Finally, the
HEH protocol could maximize system performance by ten times (e.g., 104 → 105).

– Chapter 6 investigated the proposed HTC-NOMA-WPCCN system with both linear and
non-linear EH in the presence of IQI and SIC imperfections. The study considered a
multi-helper-user scheme to enhance system performance. We analyzed the OP, EC, and
throughput expressions for users under linear and non-linear EH. The proposed system
was compared to uplink NOMA and single helper user schemes across various parameters
such as WPCCN, IQI, ISIC, IRR, and power allocation. Results indicated the superiority
of the proposed system over uplink NOMA and single helper user schemes. The SIC and
IQI were affected by the changes in IRR, WPCN, and power allocation impacting system
performance. Non-linear EH limited performance in high SNR regions, exacerbated by
SIC imperfections and IQI. Finally, IQI had a detrimental impact on RF impairment
even when the number of helper users rose, proving that IQI mitigation was required to
fully utilize the capabilities of the systems.

– In Chapter 7, we investigated the UAV-RIS for the NOMA system under real-world
constraints like ICI and ISIC. We analyzed the BER of the considered system and derived
its upper bound analytically. Also, we have evaluated the EE of our system and compared
it with two other schemes: UAV without RIS and traditional UAV-RIS OMA. Our
findings revealed that practical factors such as HWI, ICI, and ISIC deteriorated system
performance at high SNR levels. However, at low SNR levels, increasing the number
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of reflective elements could mitigate these effects and maintain high EE. Finally, our
proposed system outperformed the UAV without RIS, although OMA exhibited better
performance compared to NOMA.

2. Future Works:

The research community has begun to discuss use cases, requirements, and technologies that
will enable 6G systems. Among other issues, existing networks are unable to adequately cover
rural and disaster areas. Densifying cellular cells is one way to improve network resilience;
however, this requires high-capacity backhaul connections and prohibitive deployment and
operating costs for network operators. To resolve these problems, current 6G research is
concentrated on creating non-terrestrial networks (NTN) that will enable high-capacity global
connectivity ubiquitously. In contrast to the conventional design of earlier wireless generation
networks, which aimed to connect a quasi-dimensional space, 6G envisages a three-dimensional
heterogeneous architecture where non-terrestrial stations such as satellites, UAV, and HAPS
are incorporated into terrestrial infrastructures.

The integration of CNOMA and NTN has the potential to improve spectral efficiency, provide
more connectivity in remote areas, and ensure reliable communication in challenging envi-
ronments by leveraging NOMA’s efficient resource allocation and NTN’s extensive coverage.
We’re exploring a new paradigm: integrating NTN with EH for NOMA to enhance EE. This
novel approach harnesses NTN’s expansive coverage and EH capabilities, aiming to optimize
resource usage and extend the network lifetime. Furthermore, RIS receives much attention
in the literature by installing it on aerial platform stations to increase the system’s efficiency.
Integrating RIS with NOMA and NTN poses a major challenge in wireless communication.
Addressing this demands creative solutions to optimize resources, manage interference, and
capitalize on their combined potential. Success here could revolutionize network efficiency,
coverage, and reliability. On the other hand, the devices suffer from hardware defects (i.e.,
HWI and IQI) that affect the system’s performance. Therefore, solutions should be consid-
ered to mitigate these effects and improve system performance. Within the realm of NTN,
it’s imperative to address hardware defects like HWI and IQI that limit system performance.
Implementing solutions to mitigate these issues is essential for optimizing NTN-enabled com-
munication systems and ensuring reliable and efficient connectivity. Moreover, massive MIMO
systems with a large number of antennas (up to hundreds) at the BS or access point are a nat-
ural extension of the conventional small-scale MIMO technology that has garnered significant
attention due to its potential to increase spectral efficiency and improve system performance.
The integration of massive MIMO with NTN and NOMA will provide an unprecedented op-
portunity that could lead to significant performance improvements in the future. Furthermore,
the integration of deep learning and NTN NOMA technology is poised to revolutionize 6G
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communication networks. Through this integration, we can maximize network throughput,
reduce interference, and improve signal quality.
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Appendix A

Appendix A: Proof of (2.20) and
(2.21)

The ABER at the U1 can be presented as in [17]

P1 = 1
2

[ 2∑
i=1

(∫ ∞

0
Q(Γi)fΓi(Γi)dΓi

)]
, (A.1)

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

fΓi(Γi) = 1
Γ̄i

exp
(−Γi

Γ̄i

)
. (A.2)

An alternative representation of the Q-function as defined by Craig’s formulation as in [195].

Q(x) = 1
π

∫ π
2

0
exp

(
−x2

2sin2(θ)

)
. (A.3)

Furthermore, the MGF is provided as follows

MGFΓ(x) =
∫ ∞

0
exp(xΓ)fΓ(Γ)dΓ. (A.4)

Then, the ABER can be given as

P1 = 1
2

[ 2∑
i=1

(
1
π

∫ π
2

0
MGFΓi

( −1
2sin2(θ)

)
dθ

)]
, (A.5)

with
MGFΓi(x) = (1 − xΓ̄i)−1. (A.6)

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

P1 = 1
2

[ 2∑
i=1

 1
π

∫ π
2

0

(
1 + Γ̄i

2sin2(θ)

)−1
]. (A.7)
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However, according to [17], the term of (A.7) can be presented as

1
π

∫ π
2

0

(
1 + Γ̄i

2sin2(θ)

)−1

dθ = 1
2

[
1 −

√√√√ Γ̄i
2

1 + Γ̄i
2

]
. (A.8)

The proof is completed.
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Appendix B

Appendix B: Proof of (2.22) and
(2.23)

U2 implements the SIC to detect its symbols. The detection of s2 at U2 is based on the
detection of s1 symbols correct or not. Thus, the BER of s2 at U2 is based on the sum of the
following cases: Case one: U2 detects the s1 symbols correctly, then it is removed from the
received signal. Thereafter, the U2 implements the MLD process on the remaining s2 symbols
with AWGN, the error occurs if P (

√
Pt

√
α2h2 < (√α1 − √

α2)e + n). Case two: U2 detects
the s1 symbols wrongly, and it is subtracted from the received signal. Thereafter, when the
MLD process is implemented, the error occurs if P (

√
Pt(2

√
α2 +√

α2)h2 < (√α1 +√
α2)e+n).

Therefore, the BER of U2 is given by

PBS2,s2(e) = PBS2,s1(correct) + PBS2,s1(error), (B.1)

where PBS2,s1(correct) and PBS2,s1(error) the probabilities if s1 symbols are detected correctly
or erroneously, respectively.

Each term of (B.1), can be expressed by

PBS2,s1(correct) = 1
2[P (

√
Pt

√
α2h2 < (

√
α1 −

√
α2)e+ n)

+ P (
√
Pt

√
α2h2 < (

√
α1 +

√
α2)e+ n <

√
Pt(

√
α1 +

√
α2)h2)],

(B.2)

PBS2,s1(error) = 1
2[P (

√
Pt(2

√
α1 +

√
α2)h2 < (

√
α1 +

√
α2)e+ n)

+ P (
√
Pt(

√
α1 −

√
α2)h2 < (

√
α1 −

√
α2)e+ n <

√
Pt(2

√
α1 −

√
α2)h2)].

(B.3)
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In the case of ICSI, e is not zero i.e., e ̸= 0. However, in scenario when the CSI is considered
perfect, e is equal to zero,i.e., e = 0. By substituting (B.2) and (B.3) into (B.1), the BER of
s2 at U2 can be expressed as

PBS2,s2(e) = 1
2

6∑
v=1

κvQ

(√
Ptγℵv|h2|2

)
. (B.4)

By exploiting the alternative form of the Q(.)function and MGF as in [195], the BER of s2 at
U2 is given by

PBS2,s2(e) = 1
4

6∑
v=1

κv

(√
PtγℵvE[|h2|2]

2 + PtγℵvE[|h2|2]

)
. (B.5)

The proof is completed.
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Appendix C: Proof of (3.30)

After the received signals from BS and U2 are summed at the U1 by using MRC. We consider
that the BS sent a symbol (+1) for U1. During the SIC at U2, the symbol of U1 is detected
erroneously as (-1) and forwarded to U1 (this is called error propagation). Hence, the MRC is
implemented to combine the received signal in the case of error propagation. Thus, the total
of the received signals at the U1 by MRC is given by

yProp,s1 = y1|ĥ∗
1|2 + y12|ĥ∗

21|2 = γBS1,s1,j − γ21,s1 + ňa, (C.1)

where ňa is the effective noise with ňa ∼ CN
(
0, 1

2
[
jג) + 1)γσ2

e + 2
])

. Through the MLD
decision rule at the U1 s1=+1 is declared if yCoop,s1 ≥ 0. Thus, the BER of the error
propagation for the U1 symbols is defined as

PProp,s1 = P (γBS1,s1,j − γ21,s1 ≥ ňa) = Q

(
γBS1,s1,j − γ21,s1

σ2
ňa

)
. (C.2)

From (C.2), if the relay forwards an incorrect symbol, this has a significant impact instead
of noise on the decision variable MLD. Accordingly, we approximate the BER as γBS1,s1,j −
γ21,s1 < 0. The average error probability under error propagation is calculated as

PProp,s1 = P (γBS2,s1,j − γ21,s1 ≥ 0)

=
∫ ∞

γBS1,s1,j

∫ γ21,s1

0

1
γBS1,s1,jγ21,s1

exp
(

−γBS1,s1,j
γBS1,s1,j

)
exp

(
−γ21,s1
γ21,s1

)
dγBS1,s1,jdγ21,s1

=
γ21,s1

γ21,s1 + γBS1,s1,j
.

(C.3)

The proof is completed.
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Appendix D: Proof of (5.38)

The OP of U1 depends on phases one and two, so the OP of U1 happens if the minimum SINR
of the two phases is less than the threshold θ1. Hence, the e2e OP of U1 is expressed as

Pe2e,U1(out) = 1 − P (min(γBSR,s1 , γU1,s1) ≥ θ1) . (D.1)

We rewrite (D.1) as

Pe2e,U1(out) = 1 − P (γBSR,s1 ≥ θ1)P (γU1,s1 ≥ θ1) . (D.2)

The dedicated Nakagami-m channel is defined in [146, Eq. (19) and Eq. (20)]. Thus, by
utilizing the PDF and the CDF, the terms of (D.2) can be determined, respectively, as

P (γBSR,s1 ≥ θ1) = 1 − e− mr
Ωr

ℓ1
mr−1∑
t=0

1
t!

(
mr

Ωr
ℓ1

)t
, (D.3)

and

P (γU1,s1 ≥ θ1) = P
(
|hr|2|h1|2 ≥ ♭1

)
, (D.4)

The (16) contains the multiplying of two random variables (RVs). The OP of the product
of two RVs over the Nakagami-m fading is given in [196]. Hence, the OP of (D.4) can be
determined as

P
(
|hr|2|h1|2 ≥ ♭1

)
= 1 −

∫ ∞

0
f|hr|2(x)P

(
|h1|2 ≥ ♭1/x

)
dx

= 1 − 1
Γ(mr)Γ(m1)( Ωr

mr
)mr

×∫ ∞

0
xmr−1e− mrx

Ωr Γ(m1, ♭1m1/xΩ1) dx,

(D.5)
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where f|hr|2(x) is the PDF of the dedicated Nakagami-m channel as defined in [146, Eq. (19)].
The integral of (D.5) is presented in [197, Eq. (7)] by

P
(
|hr|2|h1|2 ≤ λ1

)
= 1 −

G 2 1
1 3

(
1

mr,m1,0

∣∣∣ ♭1
ΩrΩ1

)
Γ(mr)Γ(m1) . (D.6)

We find the OP of U1 for EH CNOMA by substituting (D.3) and (D.6) into (D.2) as given in
(5.28). To calculate the OP of U2, we follow the same steps.

The proof is completed.
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Appendix E: Proof of (5.39)

The relay uses the harvested power (i.e., PS, TS, and hybrid) to forward the SC information
to the users. Since the U1 detects its symbols without SIC, the BER at U1 in the second
phase can be represented by

PII,s1(e) = 1
2

2∑
j=1

Q(
√
γגjΨ|h1|2|hr|2). (E.1)

As shown in (E.1), the BER contains two random variables that are multiplied which are
related to the first and second phases’ link quality. Since the BER of (E.1) defines the BER of
phase two, however, it contains |hr|2 of phase one in the transmit power of the relay. Thus, the
ABER of (E.1) cannot be easily acquired by averaging Gamma distribution of Nakagami-m.
It is necessary to derive the joint PDF of Y = |h1|2|hr|2. Thus, the ABER of Y is given in
[145] as

PII,s1(e) = 1
2

2∑
i=1

∫ ∞

0
Q(
√
γגjΨY )fY (Y )dY, (E.2)

where fY (Y ) is the PDF of Y, which can be acquired by the PDF of the product of two
chi-square distributions and can be defined after simplification using [47, 3.478,4] as

fY (Y ) = 2
(
m1Ωr

Ω1mr

)u1
2

∆1Y
u2−1Ku1

(√
2m1mr

ΩrΩ1
Y

)
, (E.3)

where Kv(.) is the modified Bessel function of the second kind and is given in [47, Eq. (8.446)].
By using Q(

√
2x) = 0.5 erfc(

√
x) and the Meijer-G function [47, Eq. (9.3)] conversions as

in [198, Eq.(06.27.26.0006.01)] and [47, Eq.(9.34.3)] and we substitute these conversions into
(E.2) with algebraic manipulations and by using [47, Eq. (9.311)] and [199, Eq. (14)], the
closed-form ABER of U1 in the second phase is expressed as
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P1(e) = 1
4
√
π

2∑
i=1

∆1G 3 3
4 5

(
0,1−u2,0.5−u2,1−u2

0.5u1,−0.5u1,1−u2,u2,0

∣∣∣∣∆3
4

)
. (E.4)

We use the same method, to obtain the ABER of U2 in the second phase.

The proof is completed.
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