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Abstract

The exponential growth in wireless communication demands has inten-
sified the need for efficient spectrum utilization. With spectrum resources
becoming increasingly scarce, traditional access methods struggle to keep up
with the ever-growing number of connected devices, especially in the con-
text of Beyond 5G (B5G) and future 6G networks. This has led to a search
for advanced technologies capable of improving spectrum efficiency, accom-
modating high-density user connections, and supporting diverse quality of
service requirements. Cognitive Radio (CR) and Non-Orthogonal Multiple
Access (NOMA) have emerged as promising technologies to address these
challenges. CR allows dynamic access to underutilized spectrum by enabling
secondary users to coexist with licensed primary users, while NOMA facili-
tates multiple users sharing the same frequency resources by assigning dis-
tinct power levels. When combined, CR and NOMA, forming CR-NOMA,
leverage the strengths of both technologies, aiming to maximize spectrum
efficiency and user access while minimizing interference. This thesis aims to
conduct a comprehensive analysis of the CR-NOMA system’s effectiveness
in mitigating spectrum scarcity and enhancing system performance. By in-
tegrating Cooperative Communication with CR-NOMA, it seeks to further
boost efficiency and expand coverage, addressing key challenges encountered
in practical implementations. In real-world scenarios, system performance
is often hindered by imperfections in Channel State Information (CSI) and
Successive Interference Cancellation (SIC). This thesis thoroughly examines
the extent to which these imperfections impact crucial performance metrics,
such as bit error rate (BER), and outage probability (OP), across a range of
operating conditions, offering insights into optimizing CR-NOMA under real-
istic constraints. First, we investigate a simple underlay CR assisted NOMA
downlink transmission over the Rayleigh fading channel. Exact closed form
expressions of the OP, achieved data rate and throughput of two CR-NOMA
users are derived. The performance is demonstrated using both analyti-
cal and simulation results and also the influence of interference temperature
constraint (ITC) on the CR-NOMA system . Then, we investigate underlay
CR-NOMA-based device-to-device (D2D) communications in the presence
of Rayleigh fading channels. The study assumes a decode-and-forward (DF)
mode, where nearby users act as helper users to assist distant users. We
derived the closed-form expressions for OP and throughput at the end users
in three scenarios: perfect SIC and CSI, imperfect CSI, and imperfect SIC.
Thereafter, we examine the BER performance of underlay Cooperative CR
based NOMA (CCR-NOMA) systems. We derive exact closed-form expres-
sions for BER at distant users under perfect and imperfect CSI conditions.
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These mathematical formulations are validated through Monte Carlo simu-
lations.

The results can be summarized as follows: The simple system model
shows superiority compared to the traditional multiple access scheme and
the performance of user utilizing SIC technology is better than that of user
who do not utilize SIC in CR-NOMA. Additionally, the near user outper-
forms the far user in CR-OMA. We also found the best result at ITC=35
dB ,which is a key factor in the system performance. In CR-NOMA with
D2D communication system , users employing SIC technology demonstrate
superior performance compared to those who do not utilize SIC. Addition-
ally, the OP performance of users employing CR-NOMA mode surpasses
that of users using CR-OMA mode. The presence of imperfect CSI and im-
perfect SIC adversely affects the outage performance. Additionally, distant
users utilizing the CCR-OMA protocol demonstrate better BER performance
than those employing the CCR-NOMA protocol. The presence of imperfect
CSI adversely affects BER performance. Moreover, the derived closed-form
expressions for BER in the investigated system align well with Monte Carlo
simulations. These findings provide valuable insights for optimizing the per-
formance of CCR-NOMA systems in real-world scenarios.

Key words: 6G,NOMA,CR ,CR-NOMA,OP,D2D ,BER.
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Résumé

La croissance exponentielle de la demande en communications sans fil a inten-
sifié le besoin d’une utilisation efficace du spectre. Avec des ressources spec-
trales de plus en plus limitées, les méthodes d’accès traditionnelles peinent à
répondre à l’augmentation incessante du nombre d’appareils connectés, par-
ticulièrement dans le contexte des réseaux au-delà de la 5G (B5G) et des
futurs réseaux 6G. Cela a conduit à la recherche de technologies avancées
capables d’améliorer l’efficacité spectrale, d’accommoder un nombre élevé
de connexions et de répondre aux diverses exigences de qualité de service.
La Radio Cognitive (CR) et l’Accès Multiple Non Orthogonal (NOMA) se
sont révélés être des technologies prometteuses pour relever ces défis. La CR
permet un accès dynamique au spectre sous-utilisé en permettant aux utili-
sateurs secondaires de coexister avec des utilisateurs primaires sous licence,
tandis que le NOMA permet à plusieurs utilisateurs de partager les mêmes
ressources fréquentielles en attribuant des niveaux de puissance distincts. La
combinaison de CR et NOMA, formant le CR-NOMA, exploite les forces
des deux technologies, visant à maximiser l’efficacité spectrale et l’accès des
utilisateurs tout en minimisant les interférences.

Cette thèse vise à réaliser une analyse exhaustive de l’efficacité du système
CR-NOMA dans la résolution de la rareté spectrale et l’amélioration des
performances du système. En intégrant la Communication Coopérative avec
le CR-NOMA, l’étude vise à améliorer l’efficacité et à étendre la couver-
ture, tout en traitant des défis cruciaux rencontrés lors des implémentations
pratiques. Dans des scénarios réels, les performances des systèmes sont sou-
vent compromises par des imperfections dans les informations d’état de ca-
nal (CSI) et dans l’annulation successive d’interférences (SIC). Cette thèse
examine en détail l’impact de ces imperfections sur des indicateurs de per-
formance cruciaux, tels que le taux d’erreur binaire (BER), la probabilité de
panne (OP), dans diverses conditions d’exploitation, offrant des perspectives
d’optimisation du CR-NOMA sous des contraintes réalistes.

Dans un premier temps, nous analysons une transmission en liaison des-
cendante CR assistée par NOMA sous forme d’un simple modèle de recou-
vrement sous le canal à évanouissement Rayleigh. Des expressions exactes en
forme fermée de l’OP, du débit de données atteint et du débit global pour
deux utilisateurs CR-NOMA sont dérivées. Les performances sont démontrées
à l’aide de résultats analytiques et de simulations, tout en étudiant également
l’influence de la contrainte de température d’interférence (ITC) sur le système
CR-NOMA. Ensuite, nous explorons les communications de dispositif-à- dis-
positif (D2D) basées sur le CR-NOMA sous le recouvrement Rayleigh. L’étude
suppose un mode de décodage-et-transmission (DF), où les utilisateurs proches
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servent d’assistants pour les utilisateurs éloignés. Nous avons dérivé des ex-
pressions en forme fermée pour l’OP et le débit global des utilisateurs finaux
dans trois scénarios : CSI et SIC parfaits, CSI imparfait , et SIC imparfait .
Ensuite, nous examinons les performances en BER des systèmes CCR-NOMA
sous-jacents et coopératifs CR en conditions CSI parfaites et imparfaites. Ces
formulations mathématiques sont validées par des simulations Monte Carlo.

Les résultats peuvent être résumés comme suit : Le modèle de système
simple démontre une supériorité par rapport au schéma d’accès multiple tra-
ditionnel, et les performances des utilisateurs exploitant la technologie SIC
sont meilleures que celles des utilisateurs qui ne l’exploitent pas dans le CR-
NOMA. De plus, l’utilisateur proche surpasse l’utilisateur éloigné dans le
CR-OMA.

Nous avons également trouvé le meilleur résultat à ITC=35 dB, un facteur
clé dans les performances du système. Dans le système de communication
D2D CR-NOMA, les utilisateurs utilisant la technologie SIC démontrent des
performances supérieures par rapport à ceux qui ne l’utilisent pas. De plus, la
performance en OP des utilisateurs employant le mode CR-NOMA dépasse
celle des utilisateurs utilisant le mode CR-OMA. La présence CSI imparfait
et SIC imparfait affecte négativement la performance en termes de l’OP.
De plus, les utilisateurs éloignés utilisant le protocole CCR-OMA montrent
de meilleures performances en BER que ceux employant le protocole CCR-
NOMA, et la présence CSI imparfait impacte négativement la performance
en BER. En outre, les expressions en forme fermée dérivées pour le BER
dans le système étudié sont en adéquation avec les simulations Monte Carlo.
Ces résultats fournissent des perspectives précieuses pour l’optimisation des
performances des systèmes CCR-NOMA dans des scénarios réels..
Mots clés : 6G,NOMA,CR ,CR-NOMA,OP ,D2D ,BER.
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General introduction

Background

Fifth Generation (5G) and sixth Generation (6G) are the latest generations of cellular net-
works set to revolutionize communication, data access, and usage. 5G has already achieved
significant success, with widespread implementation in countries such as China, the United
States, Germany, Singapore and others. Technological and scientific evidence indicates that
5G networks are expected to deliver significantly faster speeds, ranging from 100 Mbps to
10 Gbps, compared to Fourth Generation (4G) Long Term Evolution (LTE) networks. It’s
important to note that the specific speed limits of 5G networks vary by country. As of now,
the fastest recorded speed for 5G networks is approximately 360 Mbps. The exact speed that
users experience on 5G depends on several factors, including their location, the available
spectrum in that area, the number of users on the network, and vice versa [1]. Researchers in
both industry and academia are currently invested on developing the vision, usage scenarios,
and enabling technologies for future 6G wireless networks. 5G supports enhanced Mobile
Broadband (eMBB) to achieve peak data rates up to 10 Gbps. In addition, Ultra-reliable
low-latency communication (URLLC) decreases delays to lower than 1 ms, when massive
machine-type communications (mMTC) support a huge density of devices, up to 1 million
per square km. Moreover, the expected reliability and availability of 5G networks are pro-
jected to reach 99.99%. Nevertheless, 5G technology will just partially support the growing
demands for intelligent wireless networks, which will have an important role in forging the
highly digitized and data-driven society of the future. Therefore, 6G imposes more stringent
needs on the network’s key performance indicators, including data rate, reliability, uninter-
rupted coverage, latency, and more. 6G networks will demand, among other metrics, higher
data rates reaching up to 1 Tbps peak values with extended coverage, a 10-fold improvement
in energy and cost efficiency compared to 5G, centimeter-level positioning accuracy, and a
density of device connections reaching 107/km2. To achieve these performance targets, 6G
will utilize ultramassive Multiple-input multiple-output (MIMO) communications in the mil-
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limeter wave (mmWave) and terahertz (THz) bands. This approach can significantly enhance
spectrum efficiency (SE) and energy efficiency (EE), especially when combined with adaptive
modulation/coding, adaptive equalization, and power/rate control techniques [2].

Motivation

As wireless communication systems progress toward the 6G era, several critical challenges
arise, including spectrum scarcity, massive connectivity, reduced transmission latency, and
the demand for enhanced spectral efficiency. Non Orthogonal Multiple Access (NOMA) has
emerged as a promising solution to address these challenges by enabling multiple users to
share the same resource blocks simultaneously, unlike Orthogonal Multiple Access (OMA),
which is limited by time or frequency constraints. NOMA can significantly enhance spec-
tral efficiency, improve throughput at the cell edge, reduce latency, and support massive
connectivity, all while maintaining user fairness. NOMA achieves this through Superposed
Coding (SC) at the transmitter, coupled with Successive Interference Cancellation (SIC) at
the receiver, allowing users to access shared resource elements across time, frequency, space,
or code domains simultaneously. This capability makes NOMA a widely recognized solution
for the future of wireless communication [3],[4]. Cognitive Radio (CR) technology, which en-
ables intelligent spectrum detection and dynamic usage, further enhances spectral efficiency
by allowing secondary users (SUs) to opportunistically access the spectrum. Underlay CR,
a prominent approach within this framework, permits both primary and SUs to transmit
concurrently on the same frequency band, minimizing interference to primary users. Unlike
overlay CR, where specific spectrum bands are allocated to SUs, underlay CR allows both
primary and secondary users to transmit concurrently on the same frequency band. This co-
existence is facilitated through advanced interference management techniques such as power
control, spectrum sensing, and dynamic spectrum access [5]. By combining NOMA’s ability
to serve multiple users simultaneously with CR’s capability to optimize spectrum usage, the
integration of these technologies in a CR-based NOMA network is expected to significantly
improve spectral efficiency and serve more users while meeting their quality of service (QoS)
requirements. In such a network, NOMA allows multiple SUs to operate on idle primary
user (PU) channels. However, the dynamic nature of CR environments necessitates spe-
cialized communication strategies and protocols to adapt to challenges such as fluctuating
PU channel availability, limited channel duration, and varying connection conditions. To
efficiently manage these challenges, CR with NOMA (CR-NOMA) networks can organize
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SUs into clusters, with each cluster using an available PU channel and employing NOMA
techniques for simultaneous access. This approach is expected to enhance Beyond fifth gen-
eration (B5G) networks by supporting advanced services like eMBB, URLLC, and mMTC,
providing greater flexibility and accommodating a wide range of applications [6], [7], [8] .
This thesis intends to perform an in-depth analysis of the CR-NOMA system’s ability to
alleviate spectrum scarcity and improve overall system performance. By incorporating Co-
operative Communication with CR-NOMA, it aims to increase efficiency and extend coverage
while tackling significant challenges faced in real-world applications. This thesis thoroughly
examines the effects of these imperfections on key performance metrics, including bit error
rate (BER), outage probability (OP), achievable data rate, and throughput, under different
operating conditions.

Contribution

The contributions of this thesis are summarized as follows: As previously discussed,
NOMA is a promising radio access technology, and its combination with CR has been high-
lighted for its potential to enhance the performance of next-generation cellular communi-
cations. Similarly, cooperative communication is acclaimed for its capacity to significantly
improve the overall performance of communication networks. The objective of this thesis is to
undertake a comprehensive analysis of the CR-NOMA system, with particular emphasis on
key performance metrics such as BER, OP, achievable data rate, and throughput, alongside
the influence of imperfect Channel State Information (CSI) and imperfect SIC. The main
contributions of this thesis are as follows:

• We analyze a simple underlay CR-NOMA system, examining the performance in terms
of outage probability, data rate, and throughput under varying interference temperature
constraint (ITC) values. Finally, we compare these results with CR with OMA (CR-
OMA) scheme.Theoretical outcomes are verified using Monte Carlo simulations.

• We explore an underlay CR-NOMA-based Device-to-device (D2D) system over Rayleigh
channels in decode-and-forward (DF) mode, where near users serve as helper nodes for
far users. We derive closed-form expressions for OP and throughput at the end users in
three distinct scenarios: (1) Perfect SIC and perfect CSI , (2) Imperfect CSI, and (3)
Imperfect SIC.Theoretical results are confirmed by employing Monte Carlo simulations.

• We assess the BER performance of underlay Cooperative Cognitive Radio (CCR-
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NOMA) systems by deriving precise closed-form expressions for BER at distant users
under both perfect and imperfect CSI conditions. These theoretical findings are vali-
dated through Monte Carlo simulations.

The Dissertation Organisation

The dissertation is divided into five chapters, summarized below:

• Chapter 1 outlines the theoretical foundations of 6G, exploring its potential character-
istics, architecture, key technologies, performance metrics, and requirements.

• Chapter 2 presents the fundamental concepts of Cognitive Radio Networks (CRNs) and
NOMA. We define these technologies and explain core concepts, including the various
types and components of CRNs. We also discuss the general equations relevant to
NOMA technology in both uplink and downlink scenarios.

• Chapter 3 investigates the performance of the CR-NOMA-based underlay paradigm in
downlink (DL) scenarios. The OP and throughput have been derived, along with a
comparison between CR-NOMA and CR-OMA.

• Chapter 4 studies the Outage performance of underlay CR-NOMA based D2D commu-
nication under imperfect CSI and imperfect SIC. The OP and throughput have been
derived, along with a comparison between CR-NOMA and CR-OMA.

• Chapter 5 studies BER Analysis of Underlay Cooperative Cognitive Radio based NOMA
System in perfect CSI and Imperfect CSI scenarios. The BER has been derived, along
with a comparison between CR-NOMA and CR-OMA.

• In conclusion, we summarize the key findings and contributions of our research on
CR-NOMA. Additionally, we highlight the importance of our work for the field of
telecommunications and suggest potential avenues for future research based on our
results.
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Chapter 1

An Overview on 6G Technology

1.1 Introduction

Wireless communication has evolved significantly over the years, progressing from Fisrt Gen-
eration (1G) to 5G. Each generation has brought improvements in speed and performance.
Now, we are preparing for the next major advancement: 6G. It is the next step after 5G,
currently under development and expected to be ready by 2030. It will be significantly faster
than 5G and will enable the connection of a wide range of devices to the internet. In this
chapter, we will look at what 6G might be like, architecture, key technology, performance
metric, and requirements ...etc.

1.2 Evolution of Mobile Communication

Communication has been an essential component of human life from the moment it began.
The evolution of communication is a continuous process supported by advancing technolo-
gies. The transition from wired telephones to Artificial Intelligence (AI)-enhanced real-time
communication has significantly contributed to creating a more connected and advancing
society. The wireless communication sector is regarded as a "living" industry due to its con-
tinuous growth. The growth is directly proportional to societal demands. To date, we have
experienced five generations of mobile communication and are now progressing toward future
generations. Each decade sees the advent of a new generation in mobile communication, such
as 1G, 2G, 3G, and 4G, each with new features and services tailored to meet user and network
requirements. The key distinguishing factors among mobile generations include data traffic,
latency, data rate, throughput, device density, coverage, security and reliability [9].
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Chapter 1: An Overview on 6G Technology

1.2.1 First Generation of Mobile Communication (1G)

1G was started in 1979, and it signified the first generation of cellular telephony. It operated
using analogue technology and was specifically designed for voice calls. It employs narrow-
band frequency channels for transmitting voice signals. During the 1G era, multiple regional
standards emerged simultaneously, including the Nordic Mobile Telephone (NMT), Advanced
Mobile Phone System (AMPS), and Total Access Communications System (TACS). 1G sys-
tems reached a maximum speed of 2.4 Kbps, characterized by limited battery life, reduced
security features, and lower voice quality [9].

1.2.2 Second Generation (2G)

The second generation of mobile communication, introduced in the early 1990s, employs
digital radio signals. The primary motivation for developing 2G was to insert the security
and reliability of the communication channel. Regionally, there were numerous separate
initiatives for the development of 2G standard systems. Figure . 1.1 depicts the initiatives
undertaken by various countries. The European Telecommunications Standards Institute
(ETSI) introduced Global System for Mobile Communications (GSM) in 1987. It executed
time and frequency division duplex (TDMA/ FDD) schemes. Qualcomm introduced code
division multiple access (CDMA) as an alternative. These multiplexing schemes enabled
2G systems to accommodate multiple users on one channel. Aside from voice calls, 2G
systems provided data services, short messaging systems (SMS), and enhanced features such
as call hold and conferencing, etc. 2G systems reached speeds of 50 Kbps with the general
packet radio service (GPRS) and up to 1 Mbps with enhanced data rates for GSM evolution
(EDGE)[9].

1.2.3 Third Generation (3G)

In 2001, 3G mobile systems emerged. The International Telecommunication Union (ITU)
established the International Mobile Telecommunications 2000 (IMT-2000) framework for 3G
cellular networks. 3G systems brought about revolutionary changes in mobile communica-
tions, introducing services such as email, web browsing, picture sharing, video downloading,
and fast internet speeds of up to 200Kbps. It signified the transition from multimedia phones
to smartphones. It provided a cost-effective boost in data rates alongside improved voice qual-
ity. The Universal Mobile Telecommunications System (UMTS) made its debut alongside
3G systems. Employing wideband CDMA (WCDMA), 3G achieved data rates of up to 2

University of Echahid Hamma Lakhdar El-Oued 2024 6



Chapter 1: An Overview on 6G Technology

Figure 1.1: Global Initiatives for 2G Mobile Systems.

Mbps (stationary) and 384 kbps (mobility). The theoretical maximum data rate for High
Speed Packet Access+ (HSPA+) reached 21.6 Mbps. High-speed internet transformed data
streaming into one of 3G’s standout applications[9].

1.2.4 Fourth Generation (4G)

4G mobile systems were built according to the IMT-Advanced demands. Their strategy
aimed to provide users with high-speed, high-quality, and high-capacity services in a practical
manner. It aimed to reach speeds of 100 Mbps (mobile) and 1 Gbps (stationary) while
decreasing latency from 300ms to less than 100ms. 4G systems notably reduced network
congestion, enhanced built-in security, and introduced multimedia and internet over Internet
Protocol (IP) concepts. The primary technologies facilitating this are orthogonal frequency
division multiplexing (OFDM) and MIMO. It also defined heterogeneous networks (HetNets),
small cells and additional features like carrier aggregation (CA), Coordinated Multipoint
(CoMP) and advanced MIMO transmissions[9].
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1.2.5 Fifth Generation (5G)

5G systems are now in the commercial deployment phase, aiming to surpass their predecessor,
4G, with improved data rates, latency , connection density, and various other enhancements.
These systems leveraged the 30 GHz to 300 GHz spectrum of mmWave to achieve a maximum
of 35.46 Gbps. They utilized Small Cells technology to enhance coverage and minimize
latency. 5G systems also leveraged advanced access technologies including beam division
multiple access (BDMA), quasi-orthogonal sequences, NOMA, and filter bank multi-carrier
(FBMC), and others. Scalable OFDM plays a dominant role in 5G networks, enabling
ultra-low latency performance. It also integrated network slicing (NS) to offer customized
services from mobile network operators (MNO) based on service level agreements (SLA). For
users, the implementation of AI, Augmented reality /Virtual reality (AR/VR), and EXtended
Reality (XR) introduced new use cases, applications, and services [9]. Fig. 1.2 highlights the
differences between 1G,2G, 3G, 4G, 5G, and 6G [10].

Figure 1.2: The Development of Mobile Communication.

1.3 The Gap from 5G to 6G

With increasing requirements for higher data rate, ubiquitous access, and seamless services
anytime and anywhere, the 6G network faces enormous difficulties in accommodating dif-
ferent use cases and application scenarios that include novel ideas and visionary goals. As
per the latest updates from ongoing discussions on IMT 2030 and beyond, there’s a global
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desire for novel and revolutionary use cases and applications of 6G. These include ubiquitous
intelligence, immersive multimedia, multi-sensory communications, E-health and well-being,
digital twins and extended world, ubiquitous computing, smart industries and transporta-
tion, E-health and well-being, contiguous and ubiquitous connective, integrated sensing and
communications, and sustainability. Despite the ongoing rapid expansion of 5G commer-
cialization and coverage globally, there is a technological expectation that the capabilities
of 5G may not fully support the envisioned use cases and applications of 6G. The transi-
tion from the 5G network to the envisioned future not only represents a significant gap in
crucial yet conventional key performance indicators (KPIs) but also encompasses new multi-
dimensional functionalities. Numerous research organizations and industrial companies have
put forth their proposals for the KPIs necessary for 6G. These proposals are being system-
atically integrated and refined within the framework of IMT. The following KPIs have been
specifically extracted from the IMT-2030 vision, although the exact targets are still under
extensive negotiation [11].

1.3.1 Peak Data Rate

In communication networks, the peak data rate is undoubtedly the most crucial metric. For
5G networks, the peak data rate must achieve at least 20 Gbps for downlink transmissions
and 10 Gbps for uplink (UP) transmissions per device under perfect conditions. In contrast,
the peak data rate anticipated for 6G is expected to be at least 10 times greater than that
of 5G. Although the goal has not been finished at IMT-2030, the ambitious peak data rate
requirement for 6G could reach the Tbps level to support information services in applications
like the Metaverse, digital twins, and XR, etc. Despite being extremely challenging, this
goal has been widely recognized across research communities. The confidence in achieving
this goal primarily arrive from potential new transmission technologies such as super-large
scale antennas, THz communications, orbital angular momentum (OAM), and visible light
communications. These innovations have the capability to greatly expand the dimensions
and range of signaling space across frequency, spatial, and electromagnetic domains, and
thus gain an ultra-high data rate[11].

1.3.2 User-Experienced Data Rate

User-experienced data rates is needed to reach 100 Mbit/s in urban or suburban areas and
is predicted to achieve 1 Gbit/s in hotspot areas. However, these targets have not been
consistently realized on average in practical 5G networks. Given the constraints of peak
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data rate and the number of users within the same coverage area, it’s understandable that
the achievable user-experienced data rate in 6G is expected to improve by a factor of ten
compared to 5G. Therefore, achieving a minimum of 1 Gbit/s for user-experienced data in
6G is expected, with the success of this goal depending significantly on efficient interference
management and ongoing reduction in cell size [11].

1.3.3 Spectrum Efficiency

The spectrum efficiency of 5G has been significantly enhanced, achieving levels of 30 bps/Hz
for uplink and 15 bps/Hz for downlink transmissions. According to recent discussions in
the research community, 6G is predicted to achieve approximately 1.5 to threefold greater
spectrum efficiency when compared with 5G. It is important to mention that the increase in
spectrum efficiency is not as significant as the increase in data peak rate. This is because
the potential for improvement at the link-level has already been largely utilized, and present
link-level transmission is approaching the Shannon limit. The primary approach to improv-
ing spectral efficiency could involve focusing on exploiting spatial-domain resources through
the introduction of a super-large antenna array. At the same time, effective and thorough
interference suppression over overlapping coverage areas is likewise crucial[11].

1.3.4 Area Traffic Capacity and Connection Density

Area traffic capacity is defined as the total throughput provided within a unit of geographic
area. According to the 5G vision specified by IMT-2020, the area traffic capacity requirement
is 10Mbit/s/m2, while the 6G network will achieve a 100-times bump. The area traffic capac-
ity can vary between 100Mbit/s/m2 and 1000 Mbit/s/m2, depending on various application
scenarios. This KPI signifies a revolutionary increase in the capability of mobile networks to
provide continuous coverage. Connection density indicates the number of accessible devices
per unit area. According to the 6G vision, the average estimated density is tenfold greater
than that of 5G, and some more aggressive estimates propose a 100-fold improvement. This
indicates that the connection density might potentially reach 107 to 108 devices /km2 , which
is equivalent to 10 to 100 devices per m2. The explosive increase in connection density aims
to connect devices used by humans and machine-type nodes, creating a fully-connected smart
cyber-physical system/network[11].
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1.3.5 Mobility

Extending coverage is one of the core missions of the 6G network. In addition to satellite
coverage, services provided by terrestrial access points and stations need to be extended to
commercial airplanes and high-speed trains. In these cases, the moving speed can reach 1000
km/hour with specific Quality of Service (QoS) demands, which is twice as much as the the
greatest mobility considered in 5G. The maximum Doppler frequency spread could exceed 15
kHz at a carrier frequency of 2 GHz, and this effect worsens with higher carrier frequencies.
OFDM-like modulation approaches face even more stringent challenges in these scenarios,
requiring the new ceiling-breaking techniques for the traditional physical layer in extremely
high-mobility regimes[11].

1.3.6 Latency and Reliability

The IMT-2020 vision aims to limit air-interface latency to within 1 millisecond and achieve
99.999 reliability in 5G systems. This enables URLLC, supporting applications such as in-
dustrial automation and self-driving cars. However, due to the random-access procedures
required for handling bursty traffic, collisions between different users’ requests are inevitable,
making it extremely challenging to achieve 1-millisecond latency in 6G networks. Although
delays caused by collisions are often classified as access delays rather than air-interface la-
tency, the accumulated latency like a whole, which is generally attributed to access delay,
queuing delay, and air-interface latency (encompassing both transmission and processing
delays)—can significantly impact users’ Quality of Experience (QoE). In this scenario, re-
ducing air-interface latency remains a significant factor in improving the QoE, as it decides
how quickly each packet can traverse the link bottleneck over the air. Accordingly, extensive
discussions are advocating for reducing air-interface latency as much as possible, aiming for
the challenging target of 0.1 milliseconds[11].

1.3.7 Positioning and Sensing Capabilities

Positioning is a new KPI formally introduced for 6G, setting it apart from the visions es-
tablished for 5G. Both research communities and industries aim to achieve accurate posi-
tioning function by capturing and extracting propagation features. This advancement would
undoubtedly be beneficial for resource allocation, security monitoring, and other applica-
tions. Positioning functions can be further categorized into vertical positioning and hori-
zontal positioning, each presenting its own set of challenges. The well-recognized accuracy
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for positioning requires to be around the centimeter level to enable practical use cases. The
sensing function represents a more general yet powerful capability for 6G networks. Sensing
functions encompass ranging, velocity and angle estimation, object detection, localization,
imaging, and mapping. All the information may be tailored, fused, and distributed, simplify
diverse applications, and eventually be crucial to creating the digital-twin system in a wide
sense[11].

1.3.8 AI Capability

AI capabilities are envisioned to be integrated into the IMT-2030 vision, aiming to provide
intelligent functionalities across IMT systems. These functionalities are specifically designed
to support AI-enabled user applications. These applications include data collection, AI train-
ing, inference, computing, and more. However, specific applications or modes have not yet
been well formulated or demonstrated. It’s unsurprising that AI capabilities have introduced
new tasks for mobile communications networks. Consequently, research on integrating essen-
tial communication functions with AI-supported abilities will continue to attract significant
research attention[11].

1.3.9 Security, Privacy, and Trustworthiness

From a commercial standpoint, security protection for mobile communications networks has
performed adequately through the evolution to 5G. However, with 6G, there are much more
aggressive and ambitious requirements for security. Firstly, security needs to be guaranteed
throughout the entire lifecycle of IMT-2030. Secondly, safeguarding user privacy becomes
increasingly critical, encompassing not just user data or information, but also extending to the
user’s actions and intentions. Thirdly, two extremely challenging targets widely recognized
as essential features for securing 6G networks are the zero-trust principle and one-time pad
secure transmissions. Lastly, ensuring the security and continuous operation of the network
has now been elevated to an ultra-critical role. Maintaining a substantial portion of the
network operational and functioning normally during extreme weather events, faults, and
natural disasters is crucial[11].
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1.3.10 Sustainability

One controversial issue with 5G networks is the high energy consumption required to main-
tain their large-scale infrastructure. Continuously improving energy efficiency and reducing
energy consumption is undoubtedly a central mission of 6G, aligning with global initiatives
for carbon neutrality. Achieving a continual reduction in environmental impact is a high pri-
ority for 6G, aiming to contribute to sustainable and harmonious living conditions globally.
In this time, sustainability demands are also imposed on certain network services itself. Par-
ticularly, extremely massive machine-type devices are key for implementing a fully connected
cyber-physical network with sensing capabilities. As a result, extending the lifetime of not
only the battery but also the devices’ hardware has become a more serious concern than ever
before. Additionally, software extensibility will be crucial in prolonging the devices’ lifetime.
Overall, the vision for 6G is becoming clearer, which is rather exciting yet also faced with
an enormous gap with currently 5G systems, motivating a decade of ongoing research from
standardization organizations, academic researchers, and also industrial bodies in related
areas [11].

1.4 6G Architecture

The journey towards 6G has begun, and research into the 6G architecture is already under-
way. With most requirements worldwide, a financially sustainable and rapid 5G rollout has
already begun. The development of the 5G architecture is still in progress and is likely to
continue for another eight or more cycles. In addition, real-time dispatching and synchro-
nization among natural, digital, and physical individuals are utilized to portray the future
as spontaneous occurrences that generate artificially changed mortality experiences. From
the network’s perspective, tangible elements could be intricately linked with intercept and
system-on-chip architectures. The digital aspect would represent next-generation software
architecture and binary-digital representation. The natural component would involve col-
laboration with biosensors and novel mortal-machine integrations. To meet the stringent
requirements for rigidity, implicit, belief, protection, efficiency, and automation necessary for
robots to achieve various operational goals, they may need to be closely interconnected in
tandem. The Het-Pall system, which includes extensive Pall computational resources, serves
as the foundation for the 6G network. Simplicity can be achieved by utilizing concurrent
RAN-CORE imposed microservices, innovative cell-liberated architectures, and trap archi-
tectures. A new information and data framework will be an essential element of 6G, given the
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crucial role of information and AI/Machine Learning (ML) optimization in the construction
and maintenance of the 6G network. The networks can be changed for specific requirements,
like sub-networks but additionally optimized slices, thanks to the 6G armature’s stiffness.
Robotization and connectivity, supported by an orchestrating framework and clear purpose,
would be essential components for many industries. The secure armature, specific protocol
options, charging and policy enforcement mechanisms, as well as network visibility are addi-
tional elements not covered in this discussion but are crucial topics for future studies to fully
describe all the 6G armature. This section delineates the architectural changes necessary for
6G based on three components, as depicted in Fig. 1.3[12].

Figure 1.3: 6G Architecture.
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1.4.1 From Terrestrial to Ubiquitous Three-dimensional (3D) Cov-
erage

Enhancing the comprehensiveness of communication coverage is a goal in the design of next-
generation networks. The current network design is constructed on ageing terrestrial cellular
infrastructures. Non-terrestrial networks will be integrated into 6G to provide comprehensive
wireless connectivity[12].

1.4.1.1 Space-Network

High Throughput Satellite (HTS) devices are recognized for providing broadband Internet
solutions with pricing and capacity identical to terrestrial offerings. In the geostationary
orbit (GEO), where most communications satellites reside, they orbit at an altitude of 35,786
km. This distance introduces considerable latency and makes connectivity with terrestrial
mobile networks impossible. A proposed non-geostationary orbit (NGSO) satellite system
and multiple satellite constellations aiming to capitalize on offering extremely high-internet
connectivity with low latency, potentially generating significant revenue. Compared to a
network of terrestrial optical fibers. a Low Earth Orbit (LEO) satellite system using co-
routing radio-frequency and laser technologies may offer reduced latency connectivity [12].

1.4.1.2 Aerial-Network

High altitude platforms (HAP) operate in the stratosphere, whereas low altitude platforms
(LAP), which are usually at a height little and over a few kilometers. These platforms
can be broadly classified as two types of aerial networks. HAP networks can offer greater
coverage and can last longer compared to LAP networks. Unmanned aerial vehicle (UAV)-
based LAP networks, on the other hand, can be deployed more quickly, easily modified to
meet communication system requirements, and function perfect narrow communication. In
disaster emergency situations, where facilities are severely damaged or entirely absent, UAV
networks provide mobile communication solutions. The proposed new trajectory optimization
and path guidance techniques significantly aid in conserving energy[12].
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1.4.1.3 Undersea-Network

The three primary categories of underwater wireless networks are radio frequency, acousti-
cal, and optical communications. Due to the unpredictable and complex underwater setting,
which leads to challenging network coverage, severe signal attenuation, and mechanical dam-
age to equipment, there are many difficulties that need to be fixed[12].

1.4.2 Direction to Smart Network Connectivity

In recent times, there has been a significant emphasis from businesses and researchers on
ML, which is a particular category of artificial intelligence. Furthermore, the integration
of edge computing and artificial intelligence collaboratively reduces costs while enhancing
consumer satisfaction. The creation of the 6G framework should thoroughly consider the
possible uses of AI within networks and embrace an AI-driven approach, making intelligence
a fundamental component of the 6G architecture. According to the baseline knowledge, a
small and remote network object can intelligently modify the design based on several preset
options in a distinctive yet predictable manner. The ultimate expectation for smart networks
is their autonomous development, where they evolve and adapt independently[12].

1.4.2.1 Real-Time Intelligent Edge (RTIE)

Delivering compelling intelligent applications will be essential for the next-generation net-
work, especially for services like autonomous cars, which are highly sensitive to response
delays and hence take real-time, intelligent interactions with their environment. These ser-
vices cannot rely solely on centralized cloud AI using static data, instead, they require RTIE
capabilities that can make predictions, inferences, and decisions based on real-time informa-
tion, is urgently required[12].

1.4.2.2 Intelligent-Radio (IR)

IR represents a comprehensive and expansive concept that encompasses both computational
techniques and hardware. It operates as a single-entity approach for estimating hardware
resources, where transceiver methods can dynamically configure based on hardware data.
From this perspective, IR can effectively utilize the available spectrum through the physical
layer. It enables adjustments to transmission methods and signal strength as needed[12].
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1.4.2.3 Distributed-AI

The future of networking will likely be characterized by a sizable, decentralized framework,
where intelligent decisions are made at numerous bitwise steps. Distributed AI utilizes shared
resources within the system through a parallel process, which requires appropriately parti-
tioning information and models to accelerate learning and enhance inference consistency[12].

1.4.3 Novel Infrastructure

TCP/IP has indeed served as the cornerstone of current network protocol design, proving
highly successful. Recent shortcomings in the internet infrastructure pose challenges to reli-
ably delivering future-oriented applications, primarily due to various emerging issues. Certain
TCP/IP-based protocols, involving QUIC (Quick UDP Internet Connections), are somewhat
reduced such difficulties. Regrettably, these patch-like protocols just contribute to the com-
plexity of the internet and do little to resolve its base limitations. The current mode used by
network layer packets, known as header-payload mode, is static and independent from the
requirements of higher-level applications. Metadata and instructions set by app designers
could play a crucial role in future IP protocols, enabling a wide range of potential develop-
ments and offering customized internet connectivity options. Similarly, the transport layer
also needs further enhancements to meet future communication requirements [12].

1.5 Performance Metrics

6G targets to offer high QoS, QoE, and Quality of Physical Experience (QoPE). QoS related
to the performance of the network, whereas QoE pertains to the performance as perceived
by the users. QoPE is a newly-introduced metric that considers human perception too.
Rapid adoption is occurring for promising applications such as XR, holographic telepresence,
autonomous driving, eHealth, and under-water communication. In order to optimize the
customer experience, network operators are putting greater emphasis on end-to-end service
quality. Therefore, when transitioning to 6G networks, it is crucial that the architectural
developments maintain these requirements for quality. Therefore, a 6G cellular network is
anticipated to provide high levels of QoS, QoE, and QoPE, while also ensuring reliability and
security. The move from Self-Organizing Networks (SON) to Self-Sustaining Networks (SSN)
is expected to enable 6G networks to achieve high levels of automation, allowing them to
independently maintain QoS, QoE, and QoPE. While measuring performance metrics remains
subjective at this early stage due to 6G’s infancy, this section underscores its foundational
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importance. Advancements in QoS, QoE, QoPE, and SSN, are expected to be useful for
future 6G communications[13].

1.5.1 Improving Quality of Service (QoS)

Applications such as XR, holographic telepresence, autonomous driving, e-Health, and others
are becoming increasingly relevant and are not just distant future concepts. These applica-
tions pose significant challenges to meet stringent QoS requirements, such as achieving a
massive data rate of 1 Tbps, less than 1 ms end-to-end round-trip latency, 99.99999% re-
liability, ground to aerial coverage, and high spectral and energy efficiency. Therefore, the
key attributes of QoS include network availability, performance reliability, uninterrupted
coverage, security and privacy, and system integrity. The abundance of THz spectrum and
the implementation of super-massive MIMO are expected to alleviate resource constraints
while ensuring higher QoS. AI and ML will also play a crucial role in efficiently utilizing
user information, thereby enhancing the QoS. Nevertheless, the upcoming 6G applications
present novel QoS concerns that cannot be sufficiently addressed by traditional QoS models
and metrics. Thus, the exploring novel QoS metrics and models, and their interdependen-
cies in wireless links in different constraints are required for enhancing 6G mobile wireless
networks[13].

1.5.2 Refining Quality of Experience (QoE)

QoE is deemed a critical performance metric for the 6G era, particularly due to the sensitivity
of applications like telepresence and telesurgery to factors such as data rate, reliability, and
latency. The concept of QoE is challenging to measure due to its subjective nature. The QoS
metrics used in 5G, which primarily include packet loss rate, end-to-end latency, and round-
trip times, are now seen as less effective for the emerging applications of 6G wireless networks.
QoE focuses on the user’s perceived satisfaction, aesthetic experience, comprehension, and
manageability of applications. Therefore, in addition to QoS, user experience outcomes are
also crucial parameters to ensure QoE, as illustrated in Fig. 1.4 To further enhance QoE,
network and service management must undergo significant transformation through advanced
research in automation, cognitive operations, AI, and ML[13].
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1.5.3 Quality of Physical Experience (QoPE)

The future 6G expects an increase in human-centric services that are tightly connected with
human users. The innovative concept of wireless Brain-Computer Interaction (BCI) presents
a novel emotion-driven application that necessitates 6G connectivity. Leveraging wireless
BCI technology, users can interact not only with their surroundings and other people but
also with the embedded devices in their environment. Utilizing such technology could enable
individuals to control and monitor their environment through gestures and communicate via
haptic messages. The performance metrics required to support wireless BCI services will
differ from those of 5G technology. In addition to the rate-latency-reliability requirements,
BCI involves the physical perception and actions of humans, leading to the development of
a new set of QoPE metrics. These metrics will integrate human physiological factors with
QoS and QoE metrics, as illustrated in Fig. 1.4[13].

Figure 1.4: The relation between QoS, QoE, and QoPE.
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1.5.4 Self-Sustaining Networks

5G technology pioneered the concept of an intelligent communication network by incorporat-
ing AI and ML-based operations. User experience and network automation are expected to
improve by reducing human intervention and automating functionalities such as wireless net-
work configuration, optimization, and healing. 6G will necessitate a move from traditional
self-organizing networks to an AI-based intelligent, cognitive, and self-sustaining network.
This transition has the potential to sustain long-term KPIs even amidst highly dynamic and
complex scenarios stemming from 6G applications. AI and ML will empower 6G to enable
operations such as self-aggregation, self-learning, self-optimization, and self-adaptiveness au-
tonomously, without requiring human intervention, as depicted in Fig. 1.5 [13].

Figure 1.5: The concept of SSN
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1.6 Standardization

The success of mobile communications from 1G to 5G is largely due to proprietary tech-
nologies that have been standardized over time. Each generation has required substantial
investment in research and development to transform innovations into standards, hardware,
software, and services. This standardization process has provided a foundation for tech-
nology vendors to develop products and services. The process has been stable, involving
a defined community of technology vendors, mobile network operators, system integrators,
academia, and regulators. With 5G, the ecosystem expanded to include enterprises and in-
dustries, introducing numerous use cases and new stakeholders. Unlike previous generations,
5G standardization follows a single coordinated approach to meet IMT-2020 requirements.
This contrasts with the multiple standards paths seen in 3G and 4G. The 5G service-based
architecture, convergence of communication, IT, data, and user-centricity challenge the tra-
ditional Third Generation Partnership Project (3GPP) process. Recent geopolitical and
societal changes, including issues related to data sovereignty, AI, and digital infrastructure,
have influenced discussions on national roles in standardization. The ongoing competition
in technology, particularly in semiconductors and digital sovereignty, is exemplified by ini-
tiatives like the US "Clean Network Initiative," addressing data privacy and security. These
developments raise concerns about potential fragmentation in 6G standardization [14].

1.7 6G Requirements

To enable new applications, 6G networks must offer enhanced capabilities that surpass those
of 5G networks. Fig. 1.6 illustrates the essential requirements that 6G networks must meet
to support future applications. Based on various studies, 6G networking requirements can
be categorized as follows:

• Further enhanced Mobile Broadband (FeMBB): The mobile broadband speed must
exceed the limits of 5G, achieving peak data rates at the Terabits per second (Tbps)
level. Additionally, the user-experienced data rate should be enhanced to reach Gigabits
per second (Gbps) levels.

• Ultra-massive Machine-Type Communication (umMTC): Connection density is going
to raise in 6G due to the increasing number of Internet of Things (IoT) devices and the
new concept of IoE. These devices are connected to each other and provide cooperative
services in autonomously.
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• Enhanced Ultra-Reliable, Low-Latency Communication (ERLLC/eURLLC): The end-
to-end (E2E) latency in 6G should be reduced to microsecond ( µs) levels to support
new high-end real-time applications.

• Extremely Low-Power Communications (ELPC): The network energy efficiency of 6G
will be improved by 10 times compared to 5G and 100 times compared to 4G. This
enhancement will enable extremely low-power communication channels for resource-
constrained IoT devices.

• Long-Distance High-Mobility Communications (LDHMC): With the support of fully
integrated satellite technologies, 6G will facilitate communication in extreme locations
such as space and the deep sea. Furthermore, AI-based automated mobility manage-
ment systems and proactive migration systems will support seamless mobility at speeds
exceeding 1000 kmph.

• High-Spectrum Efficiency: The spectrum efficiency in 6G will be further improved,
achieving up to 5 times the efficiency of 4G and nearly double that of 5G networks.

• High-Area Traffic Capacity: The exponential growth of IoT will require improving the
area traffic capacity by 100 times compared to 5G networks, achieving up to 1 Gbps
traffic per square meter in 6G networks.

• Massive Low-Latency Machine Type (mLLMT): In 6G, URLLC and mMTC services
must be connected and new unified solutions are required to meet the challenge of
providing effective and quick massive connectivity.

• Mobile broad bandwidth and low-latency (MBBLL), massive broad bandwidth machine
type (mBBMT), massive, low-latency machine type (mLLMT) [15] .
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Figure 1.6: 6G Visions.

1.8 Key Technologies

To meet the demanding performance needs of disruptive applications and use cases, disruptive
technologies in radio transmission and networking will be developed and implemented to
create the 6G system. So far, the wireless community has shared insights into potential
technologies through academic publications, white papers, and research project topics. This
section offers readers a comprehensive view of potential 6G technological enablers, which can
be divided into several categories:

• New Spectrum: including mmWave, THz communications, and optical wireless com-
munications (OWC)
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• New Air Interface: consisting of massive MIMO, intelligent reflecting surface, and next-
generation multiple access.

• New Networking: encompassing open Radio Access Network (RAN) and non-terrestrial
networks

• New Paradigm:, driven by the convergence of communication, computing, and sensing,
as well as the integration with AI technology[16].

1.8.1 Millimeter Wave

mmWave technology, introduced in 5G, will remain crucial in 6G networks, expanding band-
width with carrier frequencies up to 300 GHz. This technology enhances channel capacity,
device portability, integration, and supports larger antenna arrays with narrower beams, ben-
eficial for applications like detection radars and physical layer security. Different frequencies
within the mmWave band exhibit variable atmospheric and molecular absorption, allowing
for diverse use cases. Specific bands (35, 94, 140, and 220 GHz) enable long-distance trans-
mission, while others (60, 120, and 180 GHz) are suited for short-range, covert networks.
However, mmWave technology faces challenges such as significant non-linear signal distor-
tions, restricted effective transmission range, and reliance on Line-of-Sight (LOS) paths. High
propagation loss, poor diffraction, and increased channel sensitivity to mobility exacerbate
these issues, especially in dense environments with obstacles[16].

1.8.2 Terahertz Communications

Despite current spectral redundancy, mmWave technology may not meet future bandwidth
demands. Therefore, higher frequency wireless technologies, such as THz and optical bands,
are expected to be crucial in 6G networks, offering substantial bandwidths. Like mmWave,
THz waves struggle with high path loss, relying on directive antennas and LOS channels,
resulting in small coverage. However, THz frequencies provide larger bandwidths, enabling
ultra-high performance in throughput, latency, and reliability. THz systems are less sensitive
to atmospheric effects compared to mmWave and optical systems, simplifying beamforming
and tracking. This makes THz communication a valuable supplementary solution for in-
door communications, wireless backhaul, and cyber-physical applications with stringent QoS
requirements. The higher frequency also allows for the integration of over 1000 antennas
in a single THz Base Station (BS), supporting extreme traffic capacity and massive con-
nectivity, essential for ultra-massive machine-type communications like the IoE. Despite its
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advantages, THz technology faces significant technical challenges, particularly in developing
essential hardware circuits like antennas, amplifiers, and modulators. Efficiently modulat-
ing baseband signals onto high-frequency carriers using integrated circuits remains a critical
challenge for practical deployment . Fig. 1.7 illustrates the millimeter and terahertz wave
band [17],[16].

Figure 1.7: Millimeter and Terahertz wave band

1.8.3 Optical Wireless Communications (OWC)

OWC leverage Infrared, visible light, or Ultraviolet (UV) frequency bands, offering substan-
tial bandwidth without requiring spectrum regulation. This technology provides high-speed,
low-cost access due to the availability of optical emitters and detectors, and mitigates security
risks and radio radiation concerns, making it ideal for environments sensitive to electromag-
netic interference like intelligent transportation systems, aircraft, and medical settings, it is
present in Fig. 1.8 . OWC, especially in the visible light spectrum (Visible Light Commu-
nications or VLC), has gained attention for its efficiency and minimal power consumption.
Operating between 400-800 THz, VLC uses LEDs and image sensors or photodiode arrays
for transceivers, offering long lifespans, low costs, and unlicensed spectrum access. VLC is
particularly suitable for battery-sensitive applications like IoT and Wireless Sensor Networks
(WSNs) and performs well in non-terrestrial environments such as aerospace and underwater
settings, potentially becoming a key component of the 6G ecosystem. Terrestrial point-to-
point OWC, known as Free-Space Optical (FSO) communications, utilizes the near Infrared
band to deliver high data rates over long distances using focused laser beams, providing a
cost-effective solution for terrestrial backhaul bottlenecks, crosslinks among space, air, and
ground platforms, and high-capacity inter-satellite links for LEO satellites. Additionally,
advancements in solid-state optical transmitters and detectors are enhancing UV commu-
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nication, offering non-LOS capabilities with broad coverage and high security benefits [18],
[16].

 

 

Optical Wireless 

Communication Systems 

Figure 1.8: The integration of 6G signals with OWC systems

1.8.4 Massive MIMO

Massive MIMO is a key technology in 5G New Radio (NR), utilizing many antennas to con-
centrate transmission energy precisely on small areas . Fig. 1.9 presents this technology .
This enhances both spectral and energy efficiency and is cost-efficient due to the use of low-
cost, low-precision RF components. In 5G, up to 64 antennas are used at lower frequencies
(around 700 MHz) and up to 256 antennas at higher frequencies (around 4 GHz). Mas-
sive MIMO operates in Time Division Duplex (TDD) mode to exploit channel reciprocity,
and analog beamforming is preferred at even higher frequencies (mmWave). Massive MIMO
is expected to be crucial for 6G, especially in deploying higher mmWave and THz bands,
with an even greater number of antenna elements. This will impose technical challenges on
precoding schemes, RF implementation, hardware impairments, detection algorithms, and in-
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terference management. The aim for 6G is to develop more spectral-efficient, energy-efficient,
and cost-efficient Massive MIMO schemes. Cell-free Massive MIMO, a distributed scheme
with no traditional cells or cell boundaries, is gaining attention. In this scheme, numerous
distributed access points (APs) serve users simultaneously on the same time-frequency re-
source, providing uniform QoS and eliminating the under-served problem at the cell edge.
This makes cell-free Massive MIMO a promising solution for private networks in industrial
applications. The synergy between cell-free and cellular networks is expected to advance
next-generation mobile networks[16],[17].

Figure 1.9: Massive MIMO.

1.8.5 Intelligent Reflecting Surfaces

Utilizing high-frequency bands over 6 GHz in 6G networks introduces challenges like higher
propagation loss, lower diffraction, and severe blockage. Massive MIMO has been effective
in compensating for these issues with active beamforming in the mmWave range, but it may
not suffice for future 6G requirements. Intelligent Reflecting Surfaces (IRS), also known as
Reconfigurable Intelligent Surfaces (RIS), are emerging as a promising solution. Fig. 1.10
present the architecture of the RIS technologies . IRS consists of programmable material
sheets that can modify their radio reflecting properties. When placed on surfaces like walls
and ceilings, IRS creates a Smart Radio Environment (SRE) by enabling passive beamform-
ing. This enhances channel gain at a low cost and with low power consumption compared to
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active massive MIMO arrays. IRS can cover large surfaces, facilitating accurate beamforming
with ultra-narrow beams and works universally across all RF and optical frequencies, making
it cost-effective for 6G. However, IRS technology still faces challenges in channel and surface
modeling and estimation, particularly in the near-field range. Additionally, commercial de-
ployment depends on external evaluations, such as building assessments not owned by mobile
operators. Therefore, standardizing frameworks, virtual interfaces, agreements, and signaling
protocols is necessary to enable 6G operators to effectively access and utilize IRS-equipped
objects in both public and private domains [16],[19],[20] ,[21]

Figure 1.10: Architecture of IRS

1.8.6 Next-Generation Multiple Access (NGMA)

LTE and NR use OFDMA as their orthogonal multiple-access technology, which, unlike
CDMA used in 3G, is effective against multi-path fading and pairs well with MIMO to en-
hance spectral efficiency. However, the full potential of MIMO-OFDM requires precise MIMO
precoding and resource mapping, which becomes increasingly complex with the rise of massive
and ultra-massive MIMO systems. To address these complexities, AI-driven MIMO-OFDM
transceivers have been proposed for 6G systems to optimize real-time adaptation. In contrast
to OFDMA, NOMA allows multiple users to share the same radio resource unit, enhanc-
ing system throughput and connection density. NOMA has evolved from downlink-focused
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Multi-User Superposed Transmission (MUST) in LTE Release 13 to uplink grant-free trans-
mission in Release 16, reducing control signaling, latency, and power consumption. NOMA is
seen as crucial for 6G networks, supporting massive connectivity and new spectra, including
mmWave, THz, and optical frequencies. When combined with Coordinated CoMP, NOMA
outperforms traditional OMA in power and spectral efficiency. However, NOMA’s reliance
on successive interference cancellation increases receiver complexity, especially in coopera-
tive decoding scenarios requiring specific D2D interfaces and careful handling of security
concerns[16].

1.8.7 Open Radio Access Network (O-RAN)

To support disruptive use cases, 6G network infrastructure must be flexible, smart, and
open to multi-vendor equipment and multi-tenancy. This will be achieved through soft-
warization, cloudification, virtualization, and network slicing. A key development in this
context is the O-RAN, which aims to create a resource-efficient, cost-effective, software-
driven, virtualized, slicing-aware, centralized, open-source, open hardware, and intelligent
radio network. O-RAN, driven by the O-RAN Alliance, enables a standardized, open, multi-
vendor, and AI-powered hierarchical structure, allowing third parties and mobile operators
to deploy innovative applications and services. Based on the NFV Management and Orches-
tration (NFV-MANO) reference architecture by ETSI, O-RAN uses commercial off-the-shelf
hardware, virtualization, and software, reducing CAPEX, OPEX, and energy consumption.
However, O-RAN faces challenges, including the integration of multi-vendor technologies,
harmonizing management and orchestration frameworks, and addressing performance vali-
dation and troubleshooting. Ongoing research from both industry and academia is crucial to
advance O-RAN and realize its potential in future 6G networks[16].

1.8.8 Non-Terrestrial Networks

Legacy cellular systems focused on terrestrial infrastructure, limiting wide-area coverage. In
remote areas like oceans, mountains, and sparsely populated regions, terrestrial networks are
impractical or cost-ineffective, and they are also vulnerable to natural disasters. To address
these issues, the 6G network aims to integrate non-terrestrial infrastructures, creating an
Integrated Space and Terrestrial Network (ISTN). An ISTN includes:

1. Ground layer: terrestrial base stations

2. Airborne layer: High Altitude Platforms (HAPs) and UAVs
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3. Spaceborne layer: satellite constellations

Fig. 1.3 presents the basic architecture of ISTN. Terrestrial networks only cover limited
areas, so satellites have been the traditional solution for extensive coverage. However, GEO
satellites have high costs, low data rates, and high latency. In contrast, LEO satellites
offer lower latency and propagation loss, making them more suitable for direct connectivity
with mobile and IoT devices. The Iridium constellation, with 66 LEO satellites, has been
a technological milestone despite its initial commercial struggles. SpaceX’s advancements
in reusable rockets have reduced space launch costs, enabling larger space infrastructures.
For 6G, integrating satellite networks is recommended to achieve global ubiquitous coverage,
ensuring connectivity anywhere and anytime [16],[22].

1.8.9 Artificial Intelligence

AI is emerging as a key enabler for 6G networks, addressing the complexity and heterogeneity
of mobile networks with advanced ML techniques. ML, including supervised, unsupervised,
and reinforcement learning, is valuable for optimizing various aspects of radio and network
management, from the physical layer to network operations. Deep learning, a subset of ML,
offers significant benefits such as improving adaptive transmission parameters in massive
MIMO systems, enhancing fading channel estimation, optimizing RF designs, and advancing
network management and orchestration for Mobile Edge Computing (MEC) and network
slicing. Cutting-edge techniques like federated learning and transfer learning are also gaining
traction. Federated learning processes data locally to protect privacy and collaboratively
refines models without exposing sensitive information. Transfer learning allows for quick
adaptation of pre-trained models to new environments with minimal data, facilitating faster
and more efficient model deployment. Additionally, the AI-as-a-Service paradigm leverages
edge computing resources to provide AI capabilities to end-user devices like robots, smart
cars, and drones, which require significant computational power but have limited on-device
resources. This approach supports AI tasks such as computer vision, speech recognition, and
motion control, enhancing the capabilities of next-generation terminals[16].
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1.8.10 Communication-Computing-Sensing Convergence

Mobile edge networks enhance computing and caching capabilities at the network edge, fa-
cilitating low-latency, high-bandwidth, and location-aware services. As IoT and the Tactile
Internet expand, an increasing number of sensors and actuators connect to mobile networks,
envisioning the next-generation system as a comprehensive platform for ubiquitous communi-
cation, computation, storage, sensing, and control. In control systems, wireless connectivity
is preferred for its integration and mobility advantages over wired connections, giving rise to
URLLC. Traditionally, control and communication systems are designed separately—control
components are developed first, followed by a wireless system to meet the performance crite-
ria. For URLLC, key performance indicators include 99.999% reliability and 10 ms latency.
Recent studies suggest the need for in-loop co-design of communication and control systems,
where the Age of Information (AoI) affects closed-loop reliability. The AoI, which measures
the freshness of information in feedback channels, is influenced by sensor sampling rates and
decision rates. Thus, communication system performance is intertwined with control sys-
tem design. Similarly, in cloud computing, managing task aging and congestion is crucial.
Long-running tasks can block other tasks, leading to inefficiencies. To mitigate this, pre-
empting tasks and optimizing scheduling to reduce AoI is necessary. Effective preemption
and scheduling require coordination among terminal devices, network controllers, and cloud
servers, rather than relying on individual systems alone [16].

1.9 Challenges

Developing 6G involves several challenges, including standardizing spectrum allocation for
interoperability and advancing high-frequency (THz) spectrum hardware. Integrating THz
antennas and ensuring power efficiency in OWC are critical issues. Enhancing design and
signal processing techniques, such as spatial mode multiplexing, can improve FSO capacity.
Channel modeling is vital for designing radio systems, requiring a balance between deter-
ministic and statistical approaches. Addressing hardware aspects in channel modeling and
using AI/ML techniques for IRS are necessary. Device-free localization presents challenges,
necessitating regular environment measurements. Developing new devices for future appli-
cations requires optimizing design across network levels, generalizing solutions to simplify
customized optimization [11].
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1.10 Role of Patents and Licensing

For the past fifty years, mobile communications companies have relied on patent licensing to
generate value. ETSI has managed the evolution and control of standards, ensuring fair and
non-discriminatory licensing. This model has facilitated global technology co-development
and adoption. The 5G era expanded the ecosystem to include more stakeholders, requiring
advancements in radio access networks (RAN) and new licensing rules for 6G. Companies
may need to cooperate vertically while competing horizontally, necessitating precise FRAND
licensing rules due to the complex landscape. The convergence of ecosystems will introduce
new roles in system integration and management. 6G systems will likely focus on core
capabilities for lower layers, with open interfaces allowing for modular and programmable
functions. This openness fosters competition and innovation. Balancing intellectual property
protection with wide diffusion is crucial. A significant debate revolves around who should pay
for SEP licenses. Establishing fair licensing rules is essential to avoid disputes and promote
innovation, ensuring 6G functions as a general-purpose technology [14].

1.11 CONASENSE and the Future Wireless Commu-
nications

To comprehend the intricates of future use cases, which 6G can support, an instance and
starting point must be addressed and discussed. For this purpose, CONASENSE is explained
in this section. CONASENSE is an abbreviation for four key research fields of combining
Communication, Navigation, Sensing, and Services. The concept of CONASENSE was envi-
sioned by society’s researchers around 2012, and since then, several articles and books have
been published about it. The CONASENSE concept focuses on integrating and enabling
the main areas into a future society that will live and experience the convergence of cyber
and physical spaces. This theory concentrates on systems interconnectivity to enable the
coexistence of five dimensions: the traditional three physical dimensions, plus time, and the
cyber world. This integrated approach aims to create a new reality that can offer innovative
services for humanity. Every aspect of this idea influences the way researchers perceive and
develop new communication networks and their interconnected services. Presented below is
an overview of the CONASENSE architecture:
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1.11.1 Communication

This research area concentrates on a CRN designed to optimize data transmission, provides
energy efficiency through nanogenerators, and advanced data compression and protocols for
a decentralized, complex, and heterogeneous network[23].

1.11.2 Navigation

The future sensors’ capacity to offer every network node a precise location in time and space
down to centimeter-level is important in various future wireless applications. It will be helpful
for autonomous vehicles to drones and nanotechnologies utilized in the medical field. Thus,
the combination of Global Navigation Satellite Systems (GNSS) with other external sensors
will provide 99.999% reliability and safety for these services[23].

1.11.3 Sensing

Sensing plays a crucial role in providing context awareness for the data exchanged between
network nodes. It also ensures guaranteed data transmission and supports geolocation-based
services. From this perspective, quantum communications and semantic algorithms emerge
as strong candidates to provide technical solutions[23].

1.11.4 Services

There are numerous services poised to benefit from CONASENSE, including flying cars,
drones, and space exploration, among others. Evaluating the CONASENSE architecture
indicates that 6G will play a pivotal role in merging the virtual and physical worlds[23].

1.12 Knowledge Home in the 6G Era

Knowledge Home, short for Knowledge Human Bond Communication Beyond 2050, embodies
the concept of integrating human five senses to interact with the environment and surround-
ings using technology. The five human senses—optic (vision), auditory (hearing), olfactory
(smell), gustatory (taste), and tactile (touch)—form the sensory organs that enable human
sensorial cells to receive and transmit information. Thus, Knowledge Home concept will
bring all these sensorial stimuli to communicate with a wireless network that may establish
a near to real-time interaction with everyone in a personal area network (PAN). With this
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concept in mind, environments such as homes, offices, smart transport systems, spaceships,
or even stadiums can provide human responses based on the analysis of the five senses. They
can interact and propose appropriate responses according to the sensory information cap-
tured within the PAN area. The responses provided by sensors analyzing human senses can
vary widely, from adjusting temperatures based on people’s reactions in the environment to
contacting authorities to assist individuals in distress situations locally. For all these ideas to
become reality, Human Bond Communication (HBC) requires a robust and intelligent net-
work that prioritizes high QoS for data traffic. Therefore, to handle the significant amount
of real-time data traffic generated by sensors and human interactions, an intelligent network
must be carefully planned and implemented [23].

1.13 Conclusion

In this chapter, we discuss the main concepts related to 6G networks. We begin with the
evolution of mobile communications from 1G to 5G. Subsequently, we analyze the differ-
ent KPIs, highlighting the Peak Data Rate as the most important metric among others.
We present the proposed architecture for the next generation of networks, emphasizing the
critical role of artificial intelligence in building the new infrastructure. Alongside existing
performance metrics, a new metric called QoPE emerges, reflecting the anticipated increase
in human-centric services that are closely connected with users. We also examine the roles
of standardization and patents in the creation of existing and future generations of mobile
networks. Key technologies are categorized into essential new components: spectrum, air
interface, networking, and paradigm. Finally, we explore key use cases encompassing com-
munication, navigation, sensing, and services. In the next chapter, we will explore CR and
NOMA technologies, and the main concepts related to it.
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Theoretical Background about CR
and NOMA

2.1 Introduction

The use of the Internet today is witnessing great demand from people. Day after day, the
number of users increases and thus the number of devices increases, to the point that there
are expectations that the number of devices connected to the Internet will exceed the number
of people on Earth. This great demand for purchasing the latest electronic devices is offset
by the fact that the spectrum is fixed as our need for more and more applications increases in
the future. Hence the problem of spectrum scarcity emerged, and one of the most important
solutions proposed to solve it is to use a technology called CR, which can be further enhanced
by integrating it with NOMA technology.

In this chapter, we will explore the definitions of these technologies and discuss fundamen-
tal concepts such as the types and network components of CRNs. Additionally, we will cover
the general equations relevant to NOMA technology in both uplink and downlink scenarios.

2.2 Basic Concepts of Cognitive Radio (CR)

2.2.1 Definitions

From a tautological perspective, a CR can be defined by “A radio that is cognitive,” or
paraphrasing Descartes, “Cogitat, ergo est CR. ” It means “It thinks, therefore it’s a cognitive
radio”. In the 1999 Joseph Mitola III paper that first coined the term “cognitive radio” and
give the first definition in [24], after that Haykin give another definition but it was better and
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more specific in [25]. Until the Federal Communications Commission (FCC), has defined a
CR as : “A radio that can change its transmitter parameters based on interaction with the
environment in which it operates” , it is the best definition and summery this technology in
few words [24], In addition to all these definitions, there are other definitions. so that every
individual, organization, or institution formulates a definition of this technology in a way
that suits its specialization. For brevity, we have not mentioned the rest of the definitions
for more details in references [24],[26].

2.2.2 The Characteristics

According to the FCC, CR can be characterized by two primary features:

• Cognitive capability: The identification of unused areas of the spectrum at a certain
time or location can be achieved by real-time interaction with the radio environment.
As depicted in Figure . 2.1, the utilization of CR allows for the utilization of temporally
or frequency unutilized spectrum, commonly known as a spectrum hole. As a result,
the optimal spectrum can be chosen, shared among other users, and utilized without
causing disruption to the licensed user.

• Reconfigurability: A CR’s hardware design allows it to be configured to operate on
a range of frequencies for both transmission and reception, as well as different access
technologies. This capability enables the selection and reconfiguration of the optimal
spectrum band and the most suitable operational settings. To enable these function-
alities, CR necessitates the implementation of a new radio frequency (RF) transceiver
architecture. The specifics of this transceiver will be detailed in in the next section
[27].

2.2.3 Software Defined Radio (SDR)

The CR is built using a SDR network [28]. This type of radio has software defining its carrier
frequency, signal bandwidth, modulation, and network access. Recent SDR systems integrate
essential cryptographic techniques, forward error correction coding, and source coding for
voice, video, or data inside their software structure [29].

University of Echahid Hamma Lakhdar El-Oued 2024 36



Chapter 2: Theoretical Background about CR and NOMA

2.2.4 Spectrum Holes

“A spectrum hole is a band of frequencies assigned to a primary user but at a particular
time and specific geographic location, the band is not being utilized by that user”. Spectrum
holes can be divided into two distinct types: temporal and spatial spectrum holes, as seen
in Fig. 2.1. The appearance of a temporal spectrum hole is characterized by the absence
of primary transmission within a certain frequency band of interest for a given time period.
The geographic location that is distant from primary receivers (PRs) presents the presence
of a spatial spectrum hole. The development of many antennas results to the creation of
additional dimensions of spectrum holes, such as the code and angle dimension [30].

Figure 2.1: Temporal and spatial spectrum holes .

2.2.5 Cognitive Cycle

The cognitive cycle illustrated in Fig. 2.2 includes a summary of the primary stages involved
in the CR process. The cognitive cycle enhances the process of intelligent adaptations by fa-
cilitating the learning and sharing of information among the many entities inside the network.
The CR cycle consists of six primary sections:

• Environment: This involves networks as well as the environmental conditions that
surround it, like physical channels, other devices, users, networks, and other things that
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have the potential to impact network conditions, such as obstacles, weather conditions,
trading rules, and economic indicators.

• Sense: The various CR entities contain the ability to sensing and monitoring the en-
vironment, like the spectrum bands, levels of interference, parameters of the physical
propagation channel, and the positions of PUs and SUs.

• Plan: SUs formulate strategies and evaluate them just before taking decisions.

• Decide: Decisions depend on knowledge and learning, and the process of making deci-
sions results in the best use of the system’s resources.

• Act: SU will behavior on the environment based on the decisions that were made.
This can happen in a series of behaviors, such as routing of packets, access the media,
allocating resources, and changing of transmission schemes.

• Learn: Learning is the most important part of the CR cycle. Each node has a knowledge
base and a learning tool that helps it keep track of all the information required about
the network and its conditions. This lets the system learn from actions happening
currently and in the past, guess what actions will happen in the future, and use that
information smartly when planning and making decisions [31].

Figure 2.2: The CR cycle elements.
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2.2.6 Physical Architecture of the CR (CR Transceiver)

SDR is equipped with a unique transceiver that presents the capability of reconfiguration,
in contrast to the traditional transceiver (refer to Fig. 2.3). The control bus is responsible
for achieving the reconfiguration and standard operational efficiency of CR. It establishes
processing parameters to satisfy the required standard of CR. Therefore, the system is referred
to as parameter controlled SDR. An SDR terminal consists mainly of base-band processing,
front-end radio, and data processing modules. The procedure entails the first conversion
of the analog RF signal into its digital complex baseband representation, followed by the
application of band-pass filtering, and amplification occurs next. Another radio frequency
(RF) is created locally. A two-way splitter adapted to combine the radio frequency and
the signal. The entire mode of modulation operates on quadrature modulation. Low-pass
filtering, and analog-to-digital conversion are applied to the main elements I and Q. During
the analog-to-digital conversion process, the sampling rate is changed to match with the
standard of the signals. This happens to ensure the signal processor functions at a minimal
rate. In sampling, the rate of digitization must be uniform for every signal to be processed.
This is according to Shannon’s sampling theory. Before adapting of sampling rate to that
of signal standard, an additional important factor was figured out. In the signal processing,
signal mixer, filter, and analog-to-digital converter cause impairments in both branch signal
processing owing their inherent mechanism. To avoid this issue, corrections are implemented
before adapting sampling rate to the signal standard. The minimum rate of digitization
depends on the chip rate. In general, sampling rate remains as four times the chip rate, so
it is enough for the subsequent processing. When it’s precisely synchronized, there happens
a diminution by a ratio of four [32].

Figure 2.3: The CR Transceiver .
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2.2.7 Cognitive Radio Networks (CRNs) Architecture

Usually cross-layer design has been employed to enhance various protocols by enabling nodes
to utilize pertinent information in their decision-making process, with the aim of enhanc-
ing the networks performance. Nevertheless, this method is constrained by its inability to
optimize numerous objectives and learn information from the environment around it. Con-
sequently, there is a requirement for a recently advanced and smart technique that allows
learning and planning. The concept of cognition has been defined as the process of learning
via perception, reasoning, and knowledge. CRNs can be described as a self-aware, self-
organizing, and adaptive networks that apply intelligent adaptations. These adaptations
happen when the nodes within the network perform observations pertaining to the network
state, while the nodes share information among each other that is outside the borders of
the layered architecture, and since nodes learn and reason prior to creating and carrying out
enhanced decisions. Cognition is growing in significance in research areas as it allows higher
intelligence and enhanced networks[27].
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Figure 2.4: CRN architecture
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2.2.7.1 The Components of a Network

The CR network architecture, as depicted in Fig. 2.4, comprises two different groupings of
components: the primary network (PN) and the CRN. The term "primary network" denotes
an already existing network in which the primary users already have a license to operate
within a specific spectrum band. PU activities are regulated by primary base stations (PBS)
when PNs include an infrastructure. The operations of primary users should remain unaf-
fected by unlicensed users because their priority in spectrum access. The CR network cannot
obtain a license for use in the wanted band. Thus, more functionality is needed for CR
users to utilize the licensed spectrum band. CR networks referred to could be supported by
CR base stations that offer single-hop connection to CR users. Finally, CR networks might
involve spectrum brokers that play a function in spreading the spectrum resources between
various CR networks[27].

2.2.7.2 Spectrum Heterogeneity

CR Users possess the ability to utilize both the licensed sections of the spectrum utilized by
primary users and the unlicensed sections of the spectrum via wideband access technology.
As a result, the operational modes for cognitive radio networks can be categorized into
unlicensed and licensed band operation:

• Licensed band operation: The primary network predominantly operates within the
licensed band, prompting cognitive radio networks to prioritize the detection of primary
users within this scenario. Channel capacity is influenced by interference from adjacent
primary users. Moreover, when primary users have access in the spectrum band that is
already being used by CR users, these users should quickly leave that spectrum band
and transition to the available spectrum.

• Unlicensed band operation: When primary users are not present, CR users possess
equal entitlement to utilize the spectrum. Therefore, advanced techniques for spectrum
sharing are necessary to enable CR users to vie for access to the unlicensed frequency
band[27].

2.2.7.3 Heterogeneity of the Network

As illustrated in Figure. 2.4, CR users can execute in three distinct types of access:

• CR network access: CR users have the ability to connect to their designated CR base
station, utilizing both unlicensed and licensed spectrum bands. Due to all interactions
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happening in the CR network, their spectrum sharing policy can be unaffected by the
policy of the primary network.

• CR ad hoc access: CR users have the capability to communicate with other CR users
via an ad hoc connection across both unlicensed and licensed spectrum bands.

• Primary network access: CR users can additionally access the primary base station
via the licensed band. Unlike other access methods, CR users necessitate an adaptive
medium access control (MAC) protocol, facilitating roaming across various primary
networks employing diverse access technologies. As depicted in Figure . 2.4 of the CRNs
architecture, several functionalities are necessary to support spectrum management
within CRNs. The subsequent section offers an outline of the spectrum management
framework and its constituent components [27].

2.2.8 Framework for Spectrum Management

The diagram in Fig. 2.5 depicts the spectrum management framework utilized for CR network
communication [27]. The numerous interactions highlight the necessity for a cross-layer design
approach in spectrum management functions. Subsequent sections will explain the discussion
of the four basic spectrum management functions [33].

2.2.8.1 Spectrum Sensing

An essential necessity in CRNs involves scanning the complete frequency range to detect pri-
mary users. This function is referred to as spectrum sensing, it is executed either individually
by a cognitive user or cooperatively by a cluster of cognitive users. Spectrum sensing methods
hold significant importance in CRNs as they facilitate awareness of the network’s environ-
ment. Cognitive users adaptively employ idle spectrum bands by implementing spectrum
sensing to monitor primary and secondary user activities. Techniques such as cyclostation-
ary feature detection, matched filter detection, energy detection, and matched filter detection
are utilized for detecting both primary and cognitive user activities. Nonetheless, there exists
a trade-off between accuracy and complexity when choosing the spectrum sensing technique
for CRNs. Moreover, the suitability of available frequency bands for communication is as-
sessed through analysis. Various characteristics like interference, signal-to-noise ratio (SNR),
link error rate, holding time, and delays are considered to identify the most suitable frequency
band. Following the selection of a frequency band, the cognitive user transmits within that
chosen band. When a cognitive user or network identifies a transmission by a primary user,
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Figure 2.5: Framework for Spectrum management in CRNs .

it is required to leave the respective frequency band and seek an available one, a procedure
termed spectrum handoff. The time taken for spectrum handoff introduces vulnerability in
cognitive radio networks, leaving them susceptible to attacks. A cognitive radio transceiver
identifies a vacant spectrum, often called a spectrum hole, and devises a strategy to utilize
it without disrupting primary user transmissions. Spectrum sensing can take the form of
either centralized or distributed approaches. Centralized spectrum sensing involves a sensing
controller (such as an access point or base station) detecting the target frequency band, and
then disseminating this information to other nodes within the system. This approach can
minimize the complexity of user terminals, as all sensing functions are handled by the sens-
ing controller. However, centralized spectrum sensing may face challenges related to location
diversity. For instance, the sensing controller might struggle to detect an unlicensed user
situated at the edge of the cell. In distributed spectrum sensing, unlicensed users separately
conduct spectrum sensing, and the outcomes of this sensing can be utilized individually by
cognitive radios (known as non-cooperative sensing) or exchanged with other users (referred
to as cooperative sensing). While cooperative sensing involves additional communication and
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processing burdens, it yields superior spectrum sensing accuracy compared to non-cooperative
sensing[34].

2.2.8.2 Spectrum Analysis

The information acquired through spectrum sensing guides the scheduling and plan of spec-
trum access for unlicensed users. In this scenario, the communication needs of unlicensed
users are considered for optimizing transmission parameters. The primary elements of spec-
trum management include spectrum analysis and optimization of spectrum access. Spectrum
analysis involves analyzing of information obtained via spectrum sensing in order to get infor-
mation on spectrum holes, such as the estimation of interference, the duration of availability,
and the probability of collision with a licensed user resulting from sensing error. The spec-
trum is accessed by making a decision that optimizes system performance, considering factors
such as frequency, bandwidth, modulation mode, transmit power, location, and duration, in
line with the desired objective such as maximizing unlicensed user throughput while adhering
to constraints like keeping interference below a set threshold for licensed users[34].

2.2.8.3 Spectrum Sharing

Once a spectrum access decision is made following spectrum analysis, unlicensed users access
spectrum holes. This access is facilitated through a cognitive MAC protocol, specifically
designed to prevent collisions with licensed and other unlicensed users. Additionally, the
cognitive radio transmitter must negotiate with the cognitive radio receiver for transmission
synchronization to guarantee proper data reception. A cognitive MAC protocol may uti-
lize either a predetermined allocation MAC (such as FDMA, TDMA, CDMA, NOMA) or
a random-access MAC (like ALOHA, CSMA/CA). The Dynamic Spectrum Access (DSA)
approach notably increases frequency band utilization and improves communication system
performance. An essential element of DSA within cognitive radio technology is spectrum
sharing, enabling effective and equitable spectrum allocation or scheduling solutions among
licensed and cognitive users. In this model, the radio spectrum can be utilized simultaneously
by both primary and cognitive user network. Furthermore, cognitive users can access the
radio spectrum opportunistically when it is underutilized by primary users. Access by an
unlicensed user is permitted if it keeps interference at the primary receiver below a specified
acceptable threshold, ensuring no disruption to the primary user’s ongoing communication.
This sharing happens without the primary user being aware of the cognitive user, given that
the cognitive user’s transmission has minimal influence on the conditions for which primary
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user devices are designed. This model of spectrum sharing is an interesting alternative be-
cause it boosts access to and utilization of spectrum while guaranteeing coexistence with
established legacy systems[34].

2.2.8.4 Spectrum Mobility

Spectrum mobility refers to the capability of a cognitive radio user to shift between different
operating frequency bands. If a licensed user begins using a radio channel currently occupied
by an unlicensed user, the unlicensed user can switch to an unused spectrum band. During the
process of spectrum handoff, adjustments need to be made to the protocol parameters across
various layers of the protocol stacks to align with the new operating frequency. The spectrum
handoff needs to guarantee uninterrupted data transmission for the unlicensed user in the
new spectrum band. Spectrum mobility enables cognitive radio users to transition to unused
frequency bands if the primary user becomes active during ongoing CR communication.
Though, the mobility of both primary and secondary users insert complexity to the spectrum
design of CRNs. The existence or not of a licensed channel for a stationary or pedestrian
cognitive user in a specific location will be ambiguous when the licensed user moves very fast.
Furthermore, the sensing decision of the specific channel in the situation cannot be accurate
for the quick-moving cognitive user, due to the channel availability status at the present
location of the cognitive user could have changed. Therefore, repeated spectrum sensing
is advisable for rapid cognitive users to reduce false alarms and enhance the probability of
detecting a licensed channel. Furthermore, it is important to create effective spectrum handoff
techniques for cognitive users to smoothly transition between spectrums, allowing them to
predict and prepare for channel occupancy by the primary user when their transmission begins
on that channel. A Markov process has been employed to forecast how primary users will act
by analyzing their previous actions. This enables the cognitive user to leave the channel before
the primary user return transmission, thereby preventing the cognitive user’s transmission
from being abruptly terminated. The approach of leaving the licensed channel is known
as proactive handoff. Conversely, in reactive spectrum handoff, the spectrum is promptly
relinquished without the cognitive user being informed beforehand. Cognitive users must keep
certain of the inactive channels to reduce the disruption to their ongoing communication. The
redistribution of the spectrum band to cognitive users can be accomplished through either
the control channel or the central coordinator within the distributed MAC protocol. This
study proposes approaches for inter-cell and intra-cell spectrum handoff in the context of
cognitive users. The authors present a methodology that utilizes the Poisson distribution to
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inherent a spectrum mobility characteristic [34].

2.2.9 Spectrum Access Techniques

In a shared-use model, the spectrum can be utilized by cognitive users through three distinct
modes: spectrum underlay, spectrum interweave, and spectrum overlay. Each mode will be
explained below [34]. There are other types of spectrum access techniques but in this thesis
focus on the main types for more details in [33].

Figure 2.6: Spectrum Access Techniques (a)Interweave (b) Underlay, and (c) Overlay.
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2.2.9.1 Spectrum Interweave

When the primary user does not utilize the spectrum at a specific time, frequency, or space,
cognitive users can opportunistically access it using the spectrum interweave access method,
as illustrated in Fig. 2.6. (a). Hence, a cognitive user aiming to use the spectrum interweave
method to access a frequency band must conduct spectrum sensing to identify any activity by
a primary user in that spectrum range. When a cognitive user detects an inactive primary
user’s spectrum white space, they can access that unused spectrum. After the primary
user resumes transmission, the cognitive user needs to leave the spectrum. The spectrum
interweave method is applicable for cognitive radio in FDMA, TDMA, or OFDM wireless
systems[34].

2.2.9.2 Spectrum Underlay

In the spectrum underlay access method, the cognitive user can transmit simultaneously with
a primary user, as depicted in Fig. 2.6(b). Nevertheless, the cognitive user’s transmitting
power must be restricted to ensure that the interference it generates for the primary user stays
below the interference temperature. It is defined as the threshold of interference established
at the primary user’s receiver, beyond which it can tolerate interference without affecting
its functionality. The spectrum underlay method is applicable to cognitive radio systems
employing CDMA or ultra-wideband (UWB) technology. Unlike the spectrum interweave
technique, the spectrum underlay technique does not require spectrum sensing to identify
spectrum gaps for cognitive user transmission. However, the cognitive user must ensure that
its transmission remains below the interference threshold to avoid causing interference[34].

2.2.9.3 Spectrum Overlay

In the spectrum overlay mode, simultaneous transmission by primary and cognitive users is
permitted, as illustrated in Fig. 2.6 (c). Nevertheless, interference at both the cognitive and
primary receivers is managed through advanced coding and interference cancellation meth-
ods. While spectrum overlay shows potential as a spectrum sharing approach, it demands
substantial cooperation with the primary user and a thorough understanding of the primary
user’s message signal. Additionally, the cognitive user assists in relaying the primary user’s
information by allocating some of its power for this purpose while utilizing the rest of its
power for transmitting its own data. Consequently, the rise in the primary user’s SNR is
balanced by a reduction in SNR caused by the interference from the secondary user, leading
to no overall change in SNR at the primary receiver. As a result, the primary user remains
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unaware of the cognitive user’s existence. Furthermore, the cognitive transmitter employs
dirty paper coding to minimize interference at the cognitive receiver [34].

2.2.10 Comparison between different CR Techniques

Table. 2.1 outlines the distinctions between the underlay, overlay, and interweave CR strate-
gies. While underlay and overlay methods allow for concurrent cognitive and non-cognitive
communication, the primary aim of the interweave technique is to prevent simultaneous
transmissions with non-cognitive or existed users. It’s worth noting that cognitive radio
approaches necessitate varying quantities of side information: underlay systems require un-
derstanding the interference levels generated by the cognitive transmitter to the non-cognitive
receiver(s), interweave systems demand considerable side information regarding the activity
of non-cognitive or established users (this information can be acquired through robust pri-
mary user sensing),and overlay systems necessitate a significant amount of side information
as noncausal knowledge of the non-cognitive user’s codebook and potentially its message.
In addition to device-level power constraints, the transmit power of the cognitive user in
the underlay and interweave methods is determined by the interference constraint and the
scope of sensing, respectively. Although underlay, overlay, and interweave are three separate
cognitive radio approaches, hybrid strategies can also be developed to blend the benefits of
various approaches [35].
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Underlay

• Channel side information: the cognitive transmitter recognizes the chan-
nel strengths to primary receiver(s).

• Cognitive users may transmit simultaneously with the primary user while
keeping interference under a permissible threshold.

• Cognitive users’ transmit power is constrained by the interference thresh-
old.

Interweave

• Activity side information: the cognitive user identifies spectral holes in
space, time, or frequency where the primary user is not active.

• Cognitive users may transmit simultaneously with a primary user in case
of false spectral hole detection.

• Cognitive user’s transmit power is constrained by the range of its spectral
hole sensing.

Overlay

• Codebook side information: cognitive nodes recognize channel gains,
codebooks, and the messages of the primary users.

• Cognitive users may transmit simultaneously with the primary user; in-
terference can be offset by using a portion of cognitive user power to
relay the primary user’s message.

• Cognitive users may transmit at any power level, as interference to pri-
mary users can be offset by relaying their messages.

Table 2.1: Comparison between CR Techniques

2.2.11 Dynamic Spectrum Management (DSM)

Generally, spectrum management entails arranging the utilization and allocation of the spec-
trum and determining its users. The primary objective of spectrum management is to increase
the societal gains derived from the radio spectrum by accommodating a maximum number of
efficient users, while also ensuring manageable interference between different users. Emerg-
ing dynamic spectrum management regimes are approaching as we transition from static
methods, with cognitive radio playing an enabling role. Cognitive radio facilitates diverse
spectrum utilization activities to achieve "additional spectrum usage." The primary spectral
tasks are outlined as follows:
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• Dynamic Spectrum Sensing: Utilizing its sensing capabilities, cognitive radio can detect
accessible spectral resources. Spectrum sensing techniques employed by cognitive radio
may involve energy detection, matched filter detection, interference-specific detection,
and cyclostationary feature detection.

• Dynamic Spectrum Access: Simply sensing an available band is insufficient unless the
detected spectrum is accessed and utilized effectively. CR can dynamically choose ac-
cessible spectrum and intelligently adjust its necessary parameters to operate efficiently
on it. Spectrum sharing or access can be achieved through distributed, centralized, co-
operative, and non-cooperative schemes. When multiple spectrum holes are present,
CR can intelligently select the most suitable ones for current transmission requirements.

• Dynamic Spectrum Management: Dynamic spectrum sensing and access both of them
demand cognitive coordination, , management, planning, and characterization of avail-
able spectrum for intelligent decision making. This decision process may be dynamic
in utilizing the spectrum opportunity before it becomes vacant again[36].
The major spectrum management tasks performed by CR can incorporate the following:

• Rules: Identifying policy, etiquette, and additional rules suitable to the identified spec-
trum and intelligently handling these rules.

• Duration and release: Estimating the duration of unoccupied spectrum. Multiple users
sharing a RF interface may have various usage durations. Spectrum release can per-
fectly occur in stages as every service finishes its communications task.

• Prioritize: The accessed spectrum that’s available can be required after by multiple
nodes at the same time. CR can intelligently prioritize their spectrum access.

• Coordination and synchronization: Cognitive spectrum management can consider the
estimated receiving capabilities of the destination(s) and establish a dependable method
for coordinating between the source-destination and spectrum-usage synchronization.

• Interference: Identifying present active interference-tolerant and intolerant services who
need the vacant spectrum.

• Performance metric: Spectrum management may involve cognitive decision making to
determine if transmission over the new available spectrum would enhance communi-
cation. This can be achieved by employing metric measurement and assessment of
cognitive wireless communication performance.
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In summary, DSM can provide consumers, military, government, and civil groups with
an enhanced method of information conveyance, cognitive abilities, and knowledge about
the locations, path distances, trajectories, available radio resources, and desired QoS. Con-
sequently, each scenario can achieve an optimal solution. Spectrum sensing, detection, and
management functions can also be collaboratively performed across multiple nodes. In con-
trast, research and implementation employing collaboration require further study. As a result
of spectrum optimization, CR can facilitate transitioning to a new spectrum with reduced
interference and improved SNR quality. CR’s capability to function across various spectrums
can offer ubiquitous connectivity, greater spectral and user capacity, and greater data rates.
Communication could potentially be established at any moment and in any location across
various dimensions (time, frequency, space, etc.) as long as the spectrum is accessible. As a
result, cognitive radio might eliminate wireless communication failures caused by spectrum
scarcity [36].

2.3 Basic Principles of NOMA

2.3.1 Non-Orthogonal Multiple Access (NOMA)

Cellular communication systems are fundamentally based on multiple access. It denotes a
technique that enables multiple users to utilize a common communication channel. NOMA
enables multiple users to simultaneously utilize the same resource elements, such as time,
frequency, space, or code. The original concept of NOMA is based on CDMA, which is
an OMA technique according to most recent studies. However, there are some papers that
classify it as a NOMA technique [37].

2.3.2 Dominant NOMA Solutions

NOMA schemes can be classified into two categories: power-domain NOMA and code-domain
NOMA [38].Most papers and books provide a definition of the concept NOMA within the
power domain. In this thesis, we are also interested in this aspect.

• NOMA via Code Domain Multiplexing: NOMA via code domain multiplexing shares
a fundamental concept with CDMA, in which unique codes are assigned to individual
users.The transmission for multiple users is subsequently carried out using the identical
time-frequency resources. The code domain NOMA contains various schemes such as
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LDS-OFDM, SCMA, SAMA, LDS-CDMA, and MUSA [39]. While it can be further
categorized, we will not delve into those details in this thesis.

• NOMA via Power Domain Multiplexing: In NOMA, all users operate within the same
frequency band and simultaneously, with their power levels serving as the distinguishing
factor. NOMA employs SC during transmission, enabling the SIC receiver to differen-
tiate between users in both the uplink and downlink channels [40].

2.3.3 Multiuser Detection Techniques (MUD)

Even when employing orthogonal multiplexing techniques like CDMA or OFDMA, inter-
ference resulting from channel distortion and out-of-cell interference cannot be completely
eliminated in wireless systems. MUD focuses on the demodulation of mutually interfering
digital streams of information in wireless communications. It is also studied for demodulation
in low-power inter-chip and intra-chip communications.Multiple user detection includes both
receiver technologies that work together to find all the interference signals or to single-user
receivers that are made to repair only one user but are strong enough to handle interference
from other users as well as background noise.Multiuser detection is a powerful technique
that utilizes the structure of interfering signals to minimize multiple user interference (MUI).
It offers several benefits including enhanced spectral efficiency, improved receiver sensitiv-
ity, and increased capacity to support more users in the system [41]. The approaches used
for multi-user multiple-input multiple-output (MU-MIMO) in a multi-user detection (MUD)
system may be categorized into linear and non-linear schemes. The performance of linear
MUD approaches, such as low complexity zero-forcing (ZF) and minimum mean square error
(MMSE), is constrained. Conversely, non-linear MUD techniques like ML, SIC, PIC, MPA,
PDA could realize optimal performance but at the expense of significant computational com-
plexity, which grows exponentially with the number of consumers [42],[43].

2.3.3.1 Interference Cancellation (IC)

Multi-user IC techniques can be broadly classified into two primary categories: pre-interference
cancellation (pre-IC) and post-interference cancellation (post-IC). Pre-IC techniques are uti-
lized on the transmitter side to mitigate interference by precoding methods, such as the
well-known dirty paper coding (DPC), which employs the transmitter’s awareness of the
CSI. In contrast, post-IC techniques are commonly employed on the receiver side to mitigate
interference. There are two distinct groups within the post-IC approach, namely parallel
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and successive. PIC surpasses SIC when accurate power control is implemented to assure
similarity of all signals received. In contrast, SIC performs more effectively when the received
powers differ, as it can detect the signal of the strongest user first. The remodulated bit is
identified, and its interference is subtracted from the received signal. By performing this
procedure in a consecutive manner, we are able to obtain the signal with the lowest strength
[44],[45].

2.3.3.2 Superposition Coding (SC)

The concept of SC was initially introduced by Cower in 1972, with the aim of optimally
utilizing the ordering of channels. Theoretical evidence from 1973 to 1974 demonstrated
that SC offers the potential to achieve the capacities of Gaussian broadcast channel capacity
as proposed by Bergmans, as well as the general degraded broadcast channel capacity as
proposed by Gallager. In NOMA downlink networks, the BS utilizes SC signals to transmit
the combined information of all downlink NOMA users. In order to execute SC, the signals
of different users are allocated various power levels, while according to constraints on the
total transmit power. These signals are then combined and superimposed. In contrast to
the water-filling power allocation policy observed in OMA, NOMA systems tend to allocate
higher power to users with poor channel gains and lower power to users with favorable channel
gains. This policy ensures a fair chance for all users[46].

2.3.3.2 Successive Interference Cancellation (SIC)

SIC is a technique employed by receivers in NOMA networks to eliminate co-channel in-
terference. Efficient interference management is important in NOMA networks to improve
network capacity, and SIC is considered the most effective method for achieving interference
cancellation. The primary concept behind SIC is the successive decoding of superimposed
signals. In order to apply SIC, users are initially classified based on the quality of their
channels. Users with high channel quality are classified as strong users, whereas users with
low channel quality are classified as weak users. According to the SIC strategy, a NOMA
receiver will always decode the strongest signal’s superposition while classifying the other
weak signals as interference until it is able to decode its own signal. For instance, let’s
consider a NOMA downlink network consisting of K users, with the first user being lowest
powerful and the kth user being the most powerful. The k-th user must initially decode all
signals that are more powerful than its own signal (i.e., from the signals of the first user
to the signals of the K-1st user) and after that eliminate them in a sequence. Neverthe-
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less, signals that are weaker than the decoding signal at that moment are just considered as
interference. According to the SIC policy, the strongest user can perform interference-free
decoding by eliminating the signals of other users. Meanwhile, the weakest user decodes its
own signal by considering all other users’ signals as interference. It is noteworthy to mention
that SIC has the potential to be achieved. The limitations of Shannon capacity in both the
broadcast channel and multiple access networks are determined by the region boundaries.
Several SIC versions have been used in numerous IEEE 802.154-enabled practical systems as
well as certain commercial systems because of the minimal hardware design complexity re-
quired. Examples of applications include wireless sensor networks, smart home automation,
industrial automation, health monitoring, and smart agriculture [46].

2.3.4 NOMA Network for both DL and UP Scenarios:

2.3.4.1 The Downlink NOMA Network

In the downlink NOMA network, the BS broadcasts a combined signal to all mobile users.
This signal is a superposition of the supposed signals from numerous users with varied
allocated power factors. This transmission occurs at the transmitter side, as depicted in
Fig. 2.7.The SIC process is expected to be executed successively at the receiver of each user
until the user’s signal is recovered. The allocation of power factors between users is deter-
mined based on their channel conditions, following an inverse proportional relationship. The
user suffering a poor channel condition gets more of transmission power compared to the user
having a good channel condition. Hence, as the user having the biggest transmission power
considers the signals of other users as interference, it simply recovers its own signal without
allowing in any SIC operation[47].
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Figure 2.7: The scenario of the DL NOMA network.

However, it is necessary for other users to execute SIC processes. When using SIC,
each user’s receiver first determines signals that are higher than its own that it desires to
receive. Subsequently, the previous signals are deducted from the received signal, and this
repetitive procedure occurs until the corresponding user’s signal is identified. In the final
step, individual users decode their particular signals by considering other users with lower
power coefficients as interfering noise. The signal to be sent at the BS can be expressed as:

S =
J∑
k=1

√
bkEBSmk (2.1)

Where mk is the information of user k (Uk). EBS is the transmission power at the
BS and bk is the power allocation (PA) coefficient for user k subjected to ∑J

k=1 bk = 1 and
b1 ≥ b2 ≥ . . . ≥ bJ since without loss of generality the channel gains are supposed to be
ordered as |gD1|2 ≤ |gD2|2 . . . ≤ |gDJ

|2, where gDj
is the channel coefficient of jth user. The

received signal at jth user can be presented such as:

yDm,d
= gDj

S + nj (2.2)

Where nj is zero mean complex additive Gaussian noise with a variance of σ2; It can be ex-
pressed as nj ∼ CN(0, σ2). By using equation (2), the instantaneous Signal-to-Interference-
plus-Noise Ratio (SINR) of the jth user to detect the qth user, q ≤ j, with q ̸= J can be
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expressed as:

γq→j =
bqρS|gDj |2

ρS|g
Dj |2

∑J

k=q+1 bk+1
(2.3)

Where ρS = EBS

σ2 presents the SNR. For obtaining the needed information of the jth user,
SIC process will be applied for the signal of user q ≤ j. Therefore, the SINR of the jth user
can be expressed as

γj =
bjρS

∣∣∣gDj

∣∣∣2
ρS
∣∣∣gDj

∣∣∣2∑J
k=j+1 bk + 1

(2.4)

The SINR of the J th user is shown as

γJ = bJρS|gDJ
|2 (2.5)

When the SINR expression of downlink NOMA is determined, the sum rate analysis can
be carried out easily. The achievable data rate in downlink NOMA for the jth user can be
mathematically represented as[47]:

Rj,d = log2 (1 + γj) = log2

(
1 +

bjρS|gDj
|2

ρS|gDj
|2∑J

k=j+1 bj + 1

)
(2.6)

2.3.4.2 The Uplink NOMA Network

The uplink NOMA network scenario is illustrated in Fig. 2.8, every mobile user sends its
signal to the base station (BS). SIC iterations are performed at the BS to determine the
signals of mobile users.

With the assumption that the downlink and uplink channels are reciprocal, and that the
BS sends PA coefficients to mobile users, we can write the received signal at the BS for
synchronous uplink NOMA as:

yDj,u
=

J∑
k=1

gDk

√
bkEBSmk + nj (2.7)

Where gDk
and EBS denotes the channel coefficient of the kth user and the maximum

transmission power supposed to be equal for all users. nj presents the zero mean complex
additive Gaussian noise and the variance of σ2; It can be expressed as nj ∼ CN(0, σ2). The
BS decodes the signals of users in an ordered manner based on the PA coefficients of users.
Subsequently, the SINR for the jth user j ̸= 1 can be determined by [48],[47]:

γj =
bjρS|gDj

|2

ρS
∑j−1
k=1 bj|gDj

|2 + 1
(2.8)
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Figure 2.8: The scenario of the UP NOMA network.

Where ρS = EBS

σ2 .

2.4 Conclusion

In this chapter, we learned about the most important concepts, starting with the definition
of cognitive radio, its network components, in addition to the cognitive radio transceiver that
explains how this technology works, the other types of spectrums sharing, and a compari-
son between them. Cognitive radio provides the ideal solution to the problem of spectrum
scarcity. Enhance the efficiency of cognitive radio technology, numerous studies have pro-
posed integrating it with NOMA technology. Additionally, we provided an overview of the
NOMA technique, discussing its definition and key methods such as SIC and SC. Along-
side, the main equations are presented for both uplink and downlink scenarios. In the next
chapter, we will study the simulation of the combination of CR and NOMA.
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Chapter 3

Performance Investigation of
CR-NOMA based Underlay Paradigm

3.1 Introduction

Cisco predicted that the mobile user’s number will increase 13.1 billion by 2023, with the
number of Internet-enabled devices increasing from 18.4 billion in 2018 to 29.3 billion. This
increase in consumption will be inundated the 4G and 5G wireless networks’ connectivity
capabilities. Furthermore, this upward development shows no signs of lessening in the coming
decade, ignoring the fact that just about 70% of the world’s population is accounting for
this demand. As a result, one of the most significant goals for the 6G, will provide huge
access [47].With the explosive growth of smart devices, the present spectral limitations are
insufficient to support a new requirement. The underlying CR technology has emerged as an
effective solution for opportunistically accessing idle spectra in licensed bands and improving
spectrum usage in cognitive systems, hence reducing spectrum constraint [49],[27]. Haykin
defined cognitive radio as an intelligent wireless system that is aware of its surroundings
and uses the understanding-by-building methodology to learn from the environment and
adapt its internal states to statistical variations in incoming RF stimuli by making real-
time changes in certain operating parameters [50]. The underlay CRNs defined as, it allows
cognitive users to operate if the interference caused by non-cognitive users is less than a
certain threshold [35]. Users can share the same resource elements in the time, frequency,
space, or code domains using NOMA. Each user in NOMA works in the same band and at the
same time, with their power levels separating them. NOMA employs SC at the transmitter
in order for the SIC receiver to distinguish between users in both the uplink and downlink
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channels [51],[52],[53],[54]. A combined investigation of the CR and NOMA technologies
could theoretically improve spectrum utilization performance much more as in [55].

3.1.1 Related Works

The authors of [56] investigated the impact of user pairing on the efficiency of two NOMA
systems, fixed power allocation with NOMA (F-NOMA) and CR-NOMA. Authors derived
the OP expressions for NOMA and CR-NOMA. The application of NOMA to large-scale un-
derlay cognitive radio networks with randomly deployed users discussed in [57]. Closed-form
expressions of the OP are derived using stochastic geometry to characterize the performance
of the network. NOMA outperform traditional multiple access scheme (OMA) in underlay
CRNs by carefully designing target data rates and user power allocation coefficients. The
authors of [58] proposed transmission schemes for CR-NOMA with and without D2D in
which the far NOMA user cooperates with the relay through two links. The performance
analysis provided in terms of the outage probability and throughput. The results indicated
that CR-NOMA work good with D2D transmission capability. In [59] the authors investi-
gated the impact of PA on spectrum efficiency and fairness performance of CR-NOMA. The
parameters that cause the channel outage have been investigated, and outage probability
conditions have been derived. The performance of the secure outage probability (SOP) in
the case of a fixed PA scheme investigated in [60] to determine the security of CR-NOMA
systems. In CR-NOMA, a transmit power limitation at the secondary results in changing
secure performance. The main factors affecting system performance is the threshold data
rates and the influence of interference from the primary network.

3.1.2 Motivation and Contributions

Motivated by the aforementioned references and existing literature, most studies focus on
enhancing the OP by incorporating additional technologies. However, to the best of our
knowledge, the exact closed-form expressions for the OP performance of a simple underlay
CR-NOMA system have not been extensively explored. In this chapter, we derive mathe-
matical expressions for the OP, data rate, and throughput of both near and far users. The
key contributions of this study are summarized as follows:

• Derivation of the closed-form expression characterizing the OP for near and far users
in a simple underlay CR-NOMA system.

• Investigation of the impact of varying the ITC on system performance.
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• Comparative analysis of the CR-NOMA with the conventional CR-OMA protocol.

The remainder of this chapter is structured as follows: Section 2 explains the system model,
Section 3 presents the results, Section 4 provides a discussion, and Section 5 concludes the
chapter.

3.2 System Model

As depicted in Fig. 3.1, this chapter considers a downlink underlay CR-NOMA system. The
model examines the performance of the secondary network (SN), which consists of a BS and
two NOMA users, D1 and D2. User D1 is located farther from the BS, while user D2 is
closer to the BS. The secondary network operates alongside a primary network (PN) that
includes a PU, whose presence affects the performance of the SN. We assume that the channel
coefficients follow the Rayleigh fading model, with n1 = n2 = n0, and the power allocation
factors satisfy b1 > b2 and b1 + b2 = 1. The signal transmitted by the BS is [55]:

S =
√
EBS

(√
b1m1 +

√
b2m2

)
Where, EBS = min

(
IIT C

|gSC |2 , EBS
)
. The received signal at user Dj, where j = {1, 2}, is

expressed as [61]:
yDj

= gjS + nj (3.1)

3.3 Performance Analysis

3.3.1 Calcuation of SNR

The signal to SNR for D1 can be given by [62]:

γD1 = |gD1|2 ρSb1

|gD1|2 ρSb2 + 1
(3.2)

Where ρS = EBS
σ2 is the transmission SNR at the BS. σ2 = σ2

I = σ2
S, SNR D2 for decoding

D1 (before SIC) is:

γD1,2 = |gD2|2 ρSb1

|gD2|2 ρSb2 + 1
(3.3)

After cancellation of D1 signal using SIC, the signal to noise ratio at D2 for decoding its own
signal is,

γD2 = |gD2|2 ρSb2 (3.4)
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Figure 3.1: System model of simple underlay CR-NOMA.

3.3.2 Calculation Achievable Data Rate:

The achievable data rate for D1 is,

RD1 = log2 (1 + γD1)

= log2

(
1 + |gD1|2 ρSb1

|gD1|2 ρSb2 + 1

) (3.5)

The corresponding achievable data rate at D2 for decoding the D1 signal (before SIC) is,

RD1,2 = log2

(
1 + γD1,2

)
= log2

(
1 + |gD2|2 ρSb1

|gD2|2 ρSb2 + 1

) (3.6)

After cancellation of D1 signal using SIC, the corresponding achievable data rate at the D2

for decoding its own signal is,

RD2 = log2 (1 + γD2)

= log2

(
1 + |gD2|2 ρSb2

) (3.7)
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3.3.3 Calculation Outage Probability (OP)

In this section, we discuss the OP. The message is an outage if the achievable SNR of that
message is under a predefined targeted SNR. It is calculated using the probability density
function and cumulative distribution function of channel gDj

, it can be written by [61]:

f|gDj |
2(y) = 1

λj
e

− y
λj (3.8)

F|gDj |
2
(y) = 1 − e

− y
λj (3.9)

Where the channel gain as λj = d−α
j ,α: is the path-loss exponent. ρI = IITC

σI
2

γ1,th = 2R1 −1 ,R1: the target rate for user D1 and Pr(.): the probability function, the outage
probability of D1 can be shown by [61]:

OPD1 = 1 − Pr {γD1 > γ1,th} (3.10)

OPD1 = 1 −
[

Pr
{

|gD1|2 > γ1,th

ρS (b1 − γ1,thb2)
, |gSC |2 < ρI

ρS

}

+ Pr
{

|gD1|2 > γ1,th |gSC |2

ρI (b1 − b2γ1,th) , |gSC |2 > ρI
ρS

}] (3.11)

OPD1 =
1 − (

∫ ρI
ρCU

0
f|gsd|2(x)

∫ ∞

k
ρCU

f|g1|2(y), dy, dx+
∫ ∞

ρI
ρCU

f|gsd|2(x)
∫ ∞

kx
ρI

f|g1|2(y), dy, dx)


OPD1 = 1 −
[((

1 − e−ψ
)

× e
− k

ρSλ1

)
+ ϵ1e

−ϕ
]

(3.12)

Where k = γ1,th

(b1−γ1,thb2) , and ϵ1 = λ1ρI

λSCk+λ1ρI
, ϕ = λ1ρI+λSCk

ρSλ1λSC
, ψ = ρI

ρSλSC
.

The outage probability of D2 can be written by :

OPD2 = 1 − Pr
{
γD1,2 > γ1,th, γD2 > γ2,th

}
(3.13)

The same steps to solving expression acquired from Equation (10), it can be obtained the
outage for D2 in the following:

OPD2 = 1 −
[((

1 − e−ψ
)

× e
− θ

ρSλ2

)
+ ϵ2e

−ν
]

(3.14)

Where γ2,th = 2R2 − 1 and θ = max
(
γ2,th

b2
,

γ1,th

b1−γ1,thb2

)
. ϵ2 = λ2ρI

λSCθ+λ2I
, ν = λ2ρI+λSCθ

ρλ2λSC
.
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3.3.4 Throughput

The throughput can obtained by using each user’s outage behavior [54],[63]:

T1 = R1 (1 −OPD1) (3.15)

T2 = R2 (1 −OPD2) (3.16)

3.4 Results and Discussions

This section contains the analytical results for our system. The use of the CR-NOMA system
with two users has been considered. Simulations are used to calculate outage probability,
achievable capacity and throughput. The simulation model is established in Fig. 3.1. We
assume that two CR-NOMA users have fixed PA factors: b1= 0.8. In the simulations, we
consider IITC= 20 dB, α=3.5.The terms “th.” and “sim.” refer to analytical results and
simulated curves, respectively.

Fig. 3.2 illustrates the achievable data rate comparison between CR-NOMA and CR-OMA
for users D1 and D2 as a function of SNR. The data rate for D2 is consistently higher than
that of D1. As the transmit SNR increases, the achievable data rate rises until it reaches a
saturation point, observed between 22 dB and 50 dB. This saturation highlights the impact
of the ITC within the system. It is evident that the performance of CR-NOMA exceeds that
of CR-OMA, primarily due to the use of SIC and SC techniques, which effectively manage
interference. In contrast, with CR-OMA, the user located closer to the base station exhibits
better performance, while distant users experience reduced data rates.

Fig. 3.3 depicts the outage probability (OP) results for D1 and D2, derived from equations
(11) and (13), respectively. The results show that in the CR-NOMA system, D2 consistently
achieves lower outage probability compared to D1 across all SNR values. Similarly, in the CR-
OMA system, D2 demonstrates superior performance over D1. A comparative analysis of CR-
OMA and CR-NOMA indicates that CR-NOMA exhibits better overall outage probability
performance. Moreover, the simulation results confirm the accuracy of the analytical OP
findings for both OPD1 and OPD2 .
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Fig 3.4 presents a throughput comparison between CR-NOMA and CR-OMA for D1 and
D2 as a function of SNR. It can be observed that D2 consistently achieves higher throughput
compared to D1. As the transmit SNR increases, the throughput exhibits a saturation trend,
particularly noticeable when the SNR ranges from 22 dB to 50 dB.
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Figure 3.4: Throughput comparison between CR with NOMA/OMA of D1 and D2 versus
SNR

The impact of interference, denoted as IITC = 10, 20, 35 dB, on the achievable data rate
and outage probability for two users is illustrated in Fig. 3.5 and Fig. 3.6, respectively. As
observed, lower levels of interference result in improved system performance, with the highest
performance achieved at IITC = 35 dB.
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3.5 Conclusion

In this chapter, the performance of simple underlay CR-NOMA system is presented and
investigated. We derived the closed-form expressions for the outage probability, achievable
data rates and throughput o. The results confirm that the system has shown user D2 has a
better performance compared to the user D1. The impact of ITC from the primary network
is the basic factor affecting CR-NOMA system performance, the best results were obtained
at IITC =35 dB. The system CR-NOMA had a better performance than CR-OMA for two
users.

University of Echahid Hamma Lakhdar El-Oued 2024 67



Chapter 4

Outage Performance of Underlay
CR-NOMA based D2D
Communications under Imperfect CSI
and SIC.

4.1 Introduction

The evolution of wireless communication has witnessed remarkable advancements from the
1G to the upcoming 6G. Each generation has brought significant improvements in terms of
data rates, capacity, and network capabilities. With 1G, we witnessed the birth of analog
cellular networks, enabling voice communication on a limited scale. The subsequent genera-
tions, namely 2G, 3G, 4G, and 5G, introduced digital technologies, higher data speeds, and
enhanced multimedia capabilities. However, the future of wireless communication lies in the
development of 6G, which aims to revolutionize connectivity and enable unprecedented ap-
plications and services. Building upon the foundation laid by 5G, 6G will leverage advanced
technologies such as millimeter waves, massive MIMO, and terahertz frequencies to achieve
unparalleled data rates and ultra-low latency. Moreover, 6G will integrate innovative com-
munication techniques to further enhance the efficiency and reliability of wireless networks
[60],[61],[62]. One such technique is NOMA, which allows multiple users to share the same
time-frequency resources simultaneously. NOMA improves spectral efficiency and supports
a massive number of connections, making it ideal for the anticipated explosion of IoT de-
vices and applications [64]. In addition to NOMA, the future of wireless communication
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will see the integration of cognitive radio and D2D communication. Cognitive radio technol-
ogy enables intelligent spectrum sensing and utilization, enabling dynamic spectrum access
and efficient spectrum sharing. Underlay cognitive radio is a prominent approach within
the cognitive radio paradigm that focuses on enabling secondary users to opportunistically
access the spectrum while ensuring minimal interference to the primary users. Unlike over-
lay cognitive radio, which involves the allocation of dedicated spectrum bands for secondary
users, underlay cognitive radio allows simultaneous transmission of primary and secondary
users in the same frequency band. This coexistence is achieved through sophisticated in-
terference management techniques, such as power control, spectrum sensing, and dynamic
spectrum access [65]. D2D communication facilitates direct communication between user
devices, bypassing the base station, which can enhance network capacity, reduce latency,
and enable new proximity-based services. The combination of NOMA, cognitive radio, and
D2D communication in 6G will pave the way for future communication systems that are
highly efficient, flexible, and capable of supporting diverse applications ranging from AR and
VR to smart cities and autonomous systems. The seamless integration of these technologies
will revolutionize wireless communication, enabling a hyper-connected world where devices
intelligently cooperate, networks adapt dynamically, and communication experiences reach
unprecedented levels of sophistication and efficiency [66].

4.1.1 Related Works

The authors of the reference [67] investigated the use of NOMA-assisted mobile ad-hoc net-
working (MANET) for long-term radio access. The downlink scenario investigates the per-
formance of the considered NOMA-based system on a Nakagami-m fading channel. The
authors derived the closed-form expression of BER at the end users supported by ad-hoc
networks cooperating through the near NOMA user as well as the far NOMA user. The
downlink cooperative NOMA without diversity combining (CNOMA-WDC) is studied in the
reference [68]. The near user assists the far user by acting as a helper user in DF mode. The
analytical closed-form BER expression for the near user using Rayleigh fading is derived. In
[69], the authors investigated the combination of downlink cooperative NOMA (C-NOMA)
with a D2D network in Amplify-and-Forward (AF) and DF schemes is explored to achieve a
remarkable tradeoff between outage performances and transmit power at BS. By transmitting
the effect of the power division coefficient, the results showed that the OP transmits the SNR
and transmits the power of the preferred scheme. The authors in the reference [70] proposed
and investigated a dual-hop cooperative relaying scheme based on NOMA, in which two
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sources communicate with their corresponding destinations in parallel via a common relay
over the same frequency band. The demonstration of the proposed protocol was carried out
in terms of ergodic sum capacity using simulations and mathematical analysis, considering
both perfect and imperfect SIC. C-NOMA networks with relaying user selection have been
investigated in the reference [71], where a two-stage user selection scheme is used to opti-
mize the weak user’s received SNR. The analytical expressions for C-NOMA users’ OP under
two types of channel estimation errors are calculated by derivation. In the reference [72],
the authors investigated a DF cooperative underlay CR-NOMA network. In the presence
of imperfect CSI, exact closed-form expressions for OP of two NOMA secondary destination
users are derived. The outage behavior and throughput performance of the complex model
of EH-assisted CR-NOMA is investigated as awareness of imperfect SIC at the receiver in
the reference [58].

4.1.2 Motivation and Contributions

Motivated by these works, in the reference [67] the derivations of BER were investigated
when the system consists of four users (nearby users act as helper users to help far users)
in the presence of Nakagami fading channels. In the reference [68] the derivations of BER
were investigated. The system contains two users (near users act as helper users to help
far users) in the presence of Rayleigh fading channels. In the reference [69] the derivations
of OP were investigated. The system contains two users (near users act as helper users to
help far users) in the presence of Rayleigh fading channels. The above works investigated
with perfect CSI and SIC assumptions, and it is not a practical and realistic scenario. The
NOMA mode was used in the previous works. According to the author’s knowledge, underlay
CR- NOMA-based D2D communication under imperfect CSI and SIC has not received much
attention and investigation. In this chapter, the underlay CR-NOMA-based D2D system over
the Rayleigh channel in DF mode, where near users (D1, D2) act as helper users to help far
users (D3, D4). The derivation of the closed-form expressions for OP and throughput at the
end users were investigated in three scenarios: (1) Perfect SIC and perfect CSI. (2) Imperfect
CSI. (3) Imperfect SIC. The contributions of this chapter are summarized as follows:

• We derived the closed form expressions of the far users (D3 and D4), in terms of OP
and throughput.

• We analyzed the performance of our considered system under imperfect SIC and CSI.

• We used CR-OMA as benchmark for comparison.
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• We discussed the optimal PA value.

The remainder of the chapter is organized as follows: Section 2 describes the system model;
and Section 3 presents the discussion of the results. Finally, section 4 depicts the chapter’s
conclusion.

4.2 System Model

We investigate in this chapter the performance of the underlay CR NOMA based D2D system
over Rayleigh fading channel for the downlink scenario. Fig. 4.1 depicts the system model,
which includes a PN and an underly SN. There are five users and BS in this model. The
user in the PN is a PU,and there are two NOMA users (far-user (D1) and near-user (D2))
cooperated with the two weak users (D3 and D4) at the cell edge.

The SN receives interference from PU. Four users’ power in the SN is influenced by the PU
in the PN. Four users in SN also impact the PU in the PN, and gsc, g1c, g2c, g3c , g4c indicate
link from BS,D1,D2, D3 and D4 to PU, respectively. Due to the existence of the PN, the SN
meets interference from the primary base station (PBS), Ij ∼ CN (0, ηjN0), j ∈ {1, 2, 3, 4} :
are the interference channels from PBS affecting users in SN. The Rayleigh fading channel
coefficients gDj

, where j = 1, 2, 3, 4 are used for link BS −D1, BS-D2,D1 −D3 and D2 −D4

, respectively. The BS sends S as a SC signal involving m1 message of D1 and m1 message
of D2 :

S =
√
EBS

(√
b1m1 +

√
b2m2

)
(4.1)

The secondary network transmission is limited by transmit power constraints as follows:
EBS < min

(
ITC

|gSC |2 , ĒBS
)
. Where IITC and ĒBS denote the ITC at Dj , j = 1, 2, 3, 4 and the

maximum average transmit power at BS, respectively. b1 and b2 are the power allocation
coefficients for user D1 and D2 , respectively.

4.3 Performance Analysis

4.3.1 Perfect SIC and CSI

In the first time slot, the received signal from the user Dj,j=1,2 is expressed as [68],[67], [72]
, [54], [73]:

yDj
= Sgi

Ij + nDi
(2) (4.2)
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Figure 4.1: The system model of the underlay CR-NOMA-based D2D.

Regarding detection, the SINR after detecting m1 message of user D1 can be calculated
as:

γD1 = ρSb1|gD1|2

ρSb2|gD1|2 + η1 + 1 (4.3)

Where ρs = EBS

σ2 is the transmission SNR at the BS. The SINR to decode signal m1 at
user D2 can be given by:

γD12 = ρSb1|gD2 |2

ρSb2|gD2|2 + η2 + 1 (4.4)

To apply NOMA, by executing SIC, it determined to detect signal m2 at D2 the SINR as
[54]:

γD2 = ρsb2 |gD2|2

1 + η2
(4.5)

University of Echahid Hamma Lakhdar El-Oued :2024 72



Chapter 4: Outage Performance of Underlay CR-NOMA based D2D Communications under
Imperfect CSI and SIC.

After receiving the signal Dj ,j=1,2 will send the message sj = m̃j with power ER to
Dj,j=3,4 where m̃j denote the decoded version of mj. If Dj correctly decodes mj, we achieve
m̃j = mj . If not, we achieve m̃j ̸= mj.

In the second time slot, the received signals at destination Dj,j=3,4 is expressed by:

yDj
= gDj

√
ERsj + Ij + nj (4.6)

After Dj competently decodes sj, the SINR at Dj,j=3,4, to get its own data, i.e.,sj is shown
by [69] [74] :

γDj
=
ρR
∣∣∣gDj

∣∣∣2
ηj + 1 (4.7)

Where ρR = ER

σR
2 .

4.3.1.1 OP under Perfect SIC and CSI

In this section, we investigate the outage probability of the underlying CR-NOMA-based
D2D system. The probability that the achievable SNR is less than the predefined SNR is the
meaning of the message’s OP. It is computed using the probability density function (PDF)
and cumulative distribution function (CDF) of the channel gDk

, can be written as follows:

f|gDj |
2(y) = 1

λDj

e
− y

λDj (4.8)

f|gDj |
2(y) = 1 − e

− y
λDj (4.9)

Where Pr(·) : the probability function, the channel gain expressed as λDj
= d−α

Dj
, α : is the

path-loss exponent and it should be noted that the correct operation of D4 occurs on based
on the SIC. Using equations (8) and (9), we can compute the OP at D4 as follows [69], [54]:

OPD4 = 1 − Pr
{
γD12 ≥ γD4,th

, γD4 ≥ γD4,th
, γD2 ≥ γD2,th

}
(4.10)

The expression (8) can be rewritten as follows.

OPD4 = 1 −

 Pr
{
|gD2|2 ≥ θ

ρS
, |gD4|2 ≥ ζ4γD4,th

ρR
, |gsc|2 < ρI

ρS

}
+

Pr |gD2|2 < θ|gsc|2
ρI

, |gD4|2 < ζ4γD4,th|gsc|2

ρI
, |gsc|2 > ρI

ρS

 (4.11)

The outage probability of D4 can be shown by [73] :

OPD4 = 1 −

 ∫ ρI
ρS

0
f|gsc|2(x)

∫ ∞

o
ρS

f|gD2 |2(y)
∫ ∞

ζ4γ4,th
ρR

f|gD4 |2(z) dz dy dx

+
∫ ∞

ρI
ρS

f|gsc|2(x)
∫ ∞

o x
ρI

f|gD2 |2(y)
∫ ∞

x ζ4 γ4,th
ρI

f|gD4 |2(z) dz dy dx
 (4.12)
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We denote γDj,th
, j ∈ 1, 2, 3, 4 : as the target SINRs to decode Dj’s message,

θ = max
(

ζ2γD4,th

(b1−b2γD,γth
) ,
ζ2γD2,th

b2

)
and ζj = (1 + ηj). Thus, after some manipulations we

can rewrite it to the following form:

OPD4 = 1 −
((

1 − e
− ρI

ρSλsc

)
× e

− θ
ρSλD2 × e

−
ζ4γ4,th
ρRλD4

)
+ l1e

−
ζ4γ4,thλscλD2+λD4θλsc+λD4ρI λD2

λD4λscλD2ρS (4.13)

Where l1 = λD4ρ1λD2
ζ4γ4,thλscλD2+λD4oλsc+λD4ρ1λD2

The outage probability at D3 can be expressed by [69], [54]:

OPD4 = 1 − Pr{γD12 ≥ γD4,th
, γD4 ≥ γD4,th

, γD2 ≥ γD2,th
} (4.14)

The expression (14) can be rewritten as follows:

OPD3 = 1 −

 Pr
{
|gD1|2 ≥ ζ1δ

ρS
, |gD3 |2 ≥ ζ3γD3,th

ρR
, |gsc|2 < ρI

ρS

}
+ Pr |gD1 |2 < ζ1δ|gsc|2

ρI
, |gD3|2 < ζ3γD3,th|gsc|2

ρI
, |gsc|2 > ρI

ρS

 (4.15)

The same as solving expressions from equations (10), the OP at D3 as

OPD3 = 1 −

(1 − e
− ρI

ρSλsc

)
× e

− ζ1δ

ρSλD1 × e
−

ζ3γD3,th
ρRλD3

+ l2 × e
−

ζ3γD3,thλscλD1 +λD3 ζ1δλsc+λD3 ρI λD1
λD3 λscλD1 ρS

(4.16)
Where l2 = λD3ρ1λD1

ζ3γD3,thλscλD1+λD3ζ1δλsc+λD3ρ1λD1
, δ = γD1,th

b1−b2γD1,th

4.3.2 Imperfect SIC

In this scenario, it is assumed that user D2 has not complete knowledge of the user D1 signal.
Therefore, it is assumed that D2 cannot completely remove the interference from D1, which
offers a more actual scenario than the perfect SIC scenario [75]. The received signal at the
user D2 becomes [70] ,[76]:

ySICD2 =
√
EBS

√
b2m2g2 +

√
ϵb1m1

√
EBSg2 + I2 + nD2 (4.17)

Where the variable 0< ε <1 , ε is the level of residual interference. The SNR at D2

becomes:
γSICD2 = ρSb2|gD2|2

ερSb1|gD2|2 + 1 + η2
(4.18)
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4.3.2.1 OP under Imperfect SIC

In this section, we investigate the outage probability under imperfect SIC. The outage event
at D4 can be written by:

OP SIC
D4 = 1 − Pr{γD12 ≥ γD4,th

, γD4 ≥ γD4,th
, γSICD2 ≥ γD2,th

} (4.19)

The expression (19) can be rewritten as follows:

OP SIC
D4 = 1 −

Pr
{

|gD2|2 ≥ θSIC

ρS
, |gD4 |2 ≥

γD4,th
ζ4

ρR
, |gsc|2 <

ρI
ρS

}

+ Pr
{

|gD2|2 < θSIC |gsc|2

ρI
, |gD4|2 <

γD4,th
ζ4|gsc|2

ρI
, |gsc|2 >

ρI
ρS

} (4.20)

Thus, after some manipulations we can rewrite it to the following form as in (21)

OP SIC
D4 = 1 −

((
1 − e

− ρI
ρSλsc

)
× e

− θSIC

ρSλD2 × e
−

ζ4γ4,th
ρRλD4

)
+ lSIC1 e

−
ζ4γ4,thλscλD2+λD4θSIC λsc+λD4ρI λD2

λD4λscλD2ρS

(4.21)
Where lSIC1 = λD4ρIλD2

ζ4γ4,thλscλD2+λD4θSICλsc+λD4ρIλD2
, θSIC = max

(
ζ2γD4,th

(b1−b2γD4,th
) ,

ζ2γD2,th

(b2−εb1γD2,th
)

)

4.3.3 Imperfect CSI

In this scenario, we consider that the imperfect CSI at users is available. The channel
coefficients that are modeled using the minimum mean square error channel estimation error
as shown in [72], [77],[78] as well as written as : gDk

= hk + ek, ∀k ∈ {1, 2, 3, 4} where hk
represents the estimated channel coefficient with CN(0, σ2

hk
).While ek is the error term, which

is typically modeled as a complex Gaussian distributed random variable with CN(0, σ2
ek

).
In this section, we assume that σ2

ek
is constant. The received signal at the user Dj is

expressed as:
yCSIDj

= S(hj + ej) + Ij + nDj
(4.22)

The SINR after detecting m1 of user D1 can be calculated as:

γCSID1 = ρSb1|hD1 |2

ρSb2|hD1|2 + |e1|2ρS + η1 + 1 (4.23)

The SINR to decode signal m1at user D2 can be written by:

γCSID12 = ρSb1|hD2 |2

ρSb2|hD2|2 + |e2|2ρS + η2 + 1 (4.24)
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To apply NOMA, by executing SIC, it determined to detect signal m2 at D2 the SINR as
[54]:

γCSID2 = ρSb2|hD2 |2

|e2|2ρS + 1 + η2
(4.25)

The received signal at destination is expressed by:

yCSIDi
= hDi

√
PRsi + eDi

√
PRsi + Ii + ni (4.26)

After Dj competently decodessi, the SINR at Di,respectively, to get its own data, i.e., si is
shown by:

γCSIDi
= ρR|hDi

|2

|ei|2ρR + η+1 (4.27)

4.3.3.1 OP under Imperfect CSI

The outage probability under imperfect CSI [72], [54],[79],[76] can be written as:

OPCSI
D4 = Pr{γD12 ≥ γD4,th

, γD4 ≥ γD4,th
, γD2 ≥ γD2,th

} (4.28)

Where ∅4 = γD4,th
|e4|2, ∅2 = θcsi|e2|2, θCSI = max

(
γD4,th

(b1−b2γD4,th
) ,
γD2,th

b2

)

Thus, after some manipulations we can rewrite it to the following form as in (16)

OPCSI
D4 =

(
1 − e

− ρI
ρSλsc

)
× e

− ζ2θCSI

ρSλD2
+∅2 × e

−
ζ4γ4,th
ρRλD4

+∅4

+e−ψ2 × e−ψ4 × lCSI2 × e
− 1

ρS

(
ζ4γ4,thλscλD2 +λD4 ζ2θCSI λsc+λD4 ρI λD2

λD4 λscλD2

) (4.29)

Where lCSI2 = λD4ρIλD2
ζ4γ4,thλscλD2+λD4θCSIζ2λsc+λD4ρIλD2

The outage probability at D3 is calculated as [69], [54]:

OPCSI
D3 = 1 − Pr{γD1 ≥ γD1,th

, γD3 ≥ γD3,th
} (4.30)

The outage probability of D3 is given as in (31)

OPCSI
D3 = 1 −

(1 − e
− ρI

ρSλsc

)
× e

−
(

ζ1δCSI

ρSλD1
+ψ1

)
× e

−
(

ζ3γD3,th
ρRλD3

+ψ3

)
+e−ψ1 × e−ψ3 × lCSI1 × e

−
ζ3γD3,thλscλD1 +λD3 ζ1δCSI λsc+λD3 ρI λD1

λD3 λscλD1 ρS

(4.31)

Where δCSI = γD1,th

b1−b2γD1,th

, ∅3 = γD3,th
|e3|2, ∅1 = δCSI |e1|2, ψ1 = ∅1

λD1
, ψ3 = ∅3

λD3
,

lCSI1 = λD3ρIλD1
ζ3γD3,thλscλD1+λD3ζ1δCSIλsc+λD3ρIλD1
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4.3.4 Throughput

The throughput can be calculated by interpreting each user’s outage behavior:

T4 = R4(1 −OPD4) (4.32)

T3 = R3(1 −OPD3) (4.33)

4.4 Results and Discussion

In this section, we use Monte Carlo simulations to verify the analytical OP expressions from
the previous section. In all figures, the markers denote the analytical curves, and the lines
depict the simulation’s results. We set the following simulation parameters : d2=d4=dsp=1,
α=3,b1=0.85,IITC=30dB and R3=0.5 BPCU, R4=1 BPCU, η1=η2= η3= η4 The terms “Sim”
and “Th.” refer to simulation and analytical results and curves, respectively.

Fig. 4.2 illustrates the outage probability performance comparison between CR-OMA and
CR-NOMA of users (D3, D4) versus SNR, respectively. For CR-NOMA, the outage of D4
performs better than that of D3 for all SNR values, the performance gap between two users
exists because each user’s power allocation factors have always been different. At high SNR,
the OP curves for CR-NOMA users begin to saturate. The simulations also confirmed the
OPD3 and OPD4 analytical results. It can be seen clearly that the performance of CR-NOMA
is higher than that of CR-OMA.

Fig. 4.3 depicts the outage performance CR-NOMA of users (D3, D4) versus the transmit
SNR in both perfect and imperfect SIC modes. The exact analytical results agree well with
the numerical simulations and the outage probabilities decrease with the increase of transmit
SNR, until the outage performance reaches saturation at high SNR. The impact of residual
interference level on the outage probability of user (D4) can be seen. It is shown that the
outage probability of D4 decreases when the level of residual interference increases.

Fig. 4.4 indicates the Outage performance CR-NOMA of users (D3, D4) versus the trans-
mit SNR with perfect and imperfect CSI. The exact analytical results agree well with the
numerical simulations and the outage probabilities decrease with the increase of transmit
SNR, until the outage performance reaches saturation at high SNR. In aspects of imperfect
CSI, it should be noted that imperfect CSI reduces the OP of the signal of users D3 and D4.

Fig. 4.5 presents the throughput performance comparison between CR-NOMA and CR-
OMA of users (D3, D4) versus SNR, respectively. The performance of CR-NOMA is higher
than that of CR-OMA and the throughput of D4 performs better than that of D3. The impact
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of residual interference signal on throughput of user D4 can be seen in Fig. 4.6. It is shown
that the throughput of D4 decreases when the level of residual interference increases. The
effect of perfect and imperfect CSI is evaluated for the throughput performance and presented
in Fig. 4.7, it should be noted that imperfect CSI reduces the throughput performance of
the signal of users (D3,D4). Fig. 4.8 depicts various trends in the outage probability of users
(D3,D4) as the power allocation factor b1 increases. Higher IITC results in decreased outage
performance because more power is used for signal processing in transmission. It should
be noted that b1 must be greater than 0.5 due to weak users demand for a higher power
allocation factor. As a result, OP occurs if b1 < 0.5 for users D3 and D4 in both scenarios
of transmission IITC . The main reason is that b1 affects SINR variation, which significantly
impacts outage performance.
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4.5 Conclusion

In this chapter, the OP performance of underlay CR-NOMA based D2D communications
in a downlink system was investigated over-generalized Rayleigh fading environment. The
presence of imperfect CSI and SIC is taken into consideration while analyzing the users. The
outage probability and throughput are derived from the end users cooperating with the near
and far users. The results confirm that the system has demonstrated that D4 outperforms
D3. The analysis results are validated with the help of simulations. The derived expressions
of the downlink scenario are plotted numerically, as well as results are compared with the
traditional cooperative CR-OMA system. The presence of imperfect CSI and imperfect SIC
degrades the performance of the system. Moreover, we investigated the optimum value of
power allocation.
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BER Analysis of Underlay
Cooperative CR-NOMA System.

5.1 Introduction

The exponential growth of the 5G network allows companies and researchers to focus on
the next-generation network. Many IoT devices need more than 5G to relay real-time data.
Besides 5G, various research institutions are working on 6G, which is projected to gener-
ate high-QoS, energy and spectrum-efficient networks. Future application requirements will
demand significant architectural changes in mobile networks. Security is one of the most
significant challenges facing future generations [80]. 6G networks are larger, faster, and have
lower latency than 5G [81]. Researchers in worldwide are suggesting advanced technologies
like AI/ML, quantum communication/quantum machine learning (QML), blockchain, THz
and mmWaves communication, tactile Internet,NOMA, CRNs, Cooperative Communications
(CC) etc., as key technologies for the creation of 6G communications [82]. NOMA allows
users to share the same resource elements in the time, frequency, space, or code domains. In
NOMA, every user operates across the same frequency spectrum and simultaneously, with
their power levels serving as a different factor. NOMA utilizes SC at the transmitter to enable
the SIC receiver to separate between users in both the uplink and downlink channels [73].
Integrating NOMA with CC and CR presents great potential for 6G networks. Within the
CC-NOMA system, a relay node with a robust channel decodes messages intended for users
with weaker channels and utilizes this information to enhance the weaker user’s performance.
CR-NOMA allows unlicensed users to send signals over spectrum bands licensed to licensed
users in an opportunistic and non-intrusive way. Recently, there has been a notable interest
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in combining cooperative and CR-NOMA concepts, known as CCR-NOMA, to enhance the
spectral efficiency of dense wireless networks [83], [84].

5.1.1 Related Works

The authors analyzed the performance of a downlink NOMA system with SIC errors over
the Rayleigh fading channels. They calculated the exact mathematical formulas for the BER
at the near-user and far-user. A study of the achievable rate of the NOMA system, showing
that its possible rate surpasses that of traditional OMA systems is presented in [85] with
the calculation of the optimum power allocation coefficient for the NOMA systems. The
authors of [86] derived an exact closed-form BER expression under SIC error for downlink
NOMA over the Rayleigh fading channel and they develop exact equations for BER in the
form of a one-degree integral and closed-form approximations for uplink NOMA. In [73], the
authors examined the integration of NOMA in MANET for sustainable future radio access.
They have evaluated the performance of the NOMA-based system using Nakagami-m fading
channels in the downlink scenario. In [87] , the authors examined a downlink C-NOMA-WDC,
where a nearby user acts as a helper user in DF mode to assist a distant user. The BER
calculation is studied in a closed form for the nearby and far users under the Rayleigh fading
channel. The authors of [88], investigated the BER performance of pre-paired cooperative
Relaying full duplex NOMA (CR-FD-NOMA) users in downlink and uplink situations under
the Nakagami-m fading distribution. Quadrature Phase Shift Keying (QPSK) is utilized
for near-user information, while Binary Phase Shift Keying (BPSK) is employed for far-user
information. An approximated closed-form BER expression for each user in downlink and
uplink systems is developed by taking advantage of self-interference and the characteristics
of Gaussian Q-functions at a high SNR regime. In [89] the authors investigated how relay-
assisted NOMA performs in an underlay cognitive radio system with selective relays. K
relays facilitate communication between secondary NOMA users and a secondary base station
(SBS). The relay with the strongest connection to the SBS is chosen to amplify-and-forward
(AF) received signals to the secondary receivers. The authors analyzed the pairwise error
probability (PEP) for secondary users using imperfect SIC. The PEP formula is then used
to derive a union bound. The authors in [90] discussed employing NOMA in the cognitive
butterfly network, where a secondary relay aids a primary transmitter-receiver pair without
a direct link, enabling spectrum sharing with a secondary pair. The network integrates
uplink and downlink NOMA principles, leveraging nearby transmitters’ side information to
enhance SIC at the receivers. In [67], the authors highlighted the advantageous impact of
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NOMA-CR on vehicle-to-everything (V2X) communication, showing its superior spectrum
efficiency. This research examines two scenarios: one with the support of CR scheme and one
without. Two system metrics in the suggested system examined to assess the performance of
vehicles requiring greater QoS. The OP is initially calculated exactly, and then followed by
the determination of the BER.

5.1.2 Motivation and Contributions

Motivated by the above references and the existing literature, most studies concentrate on
obtaining the OP by assuming a perfect CSI scenario. However, these idealized conditions
do not reflect practical realities. To the best of our knowledge, the exact closed-form ex-
pressions of the BER performance of underlay CCR-NOMA under imperfect CSI have not
been extensively investigated. In [68], we examined the derivation of the OP. In this chapter,
we derive the exact mathematical formulas for BER of distant users under both perfect and
imperfect CSI conditions. The contributions of this study are summarized as follows:

• The derivation of the exact closed-form expression that characterizes the BER observed
by distant users in the underlay CCR-NOMA system under Rayleigh fading conditions.

• Performance analysis of the considered system under both perfect and imperfect CSI
conditions.

• Examination of the impact of varying the interference temperature constraint (IITC).

• Comparison of the proposed system with the conventional CCR-OMA protocol.

The remainder of the chapter is organized as follows: Section 2 explains the system model,
Section 3 presents the results, Section 4 offers a discussion, and the conclusion is provided in
Section 5.

5.2 System Model

This section investigates the BER performance of an underlay CCR-NOMA system in a
downlink scenario over a Rayleigh fading channel. Fig. 5.1 depicts the system model, which
includes a SN and a PN.

The PN comprises a user (PU) and a base station (BS). The SN includes four users
and a base station(SBS). In the power domain, user (PU) coexists with two NOMA users:
the near user (D2) and the far user (D1), who cooperate with two weak users (D4 and D3)
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Figure 5.1: System model of underlay CCR with NOMA.

located at the cell edge. The power levels of the four individual users are influenced by the
user PU . The base station(BS) also affects user PU , with gSC link from BS to user PU . The
interference channels from the PN affecting users in the CN are denoted as I ∼ CN(0, ηN0).
The Rayleigh fading channel coefficients, denoted as gCUq , where q=j for 11,22 and q=i for
1,2: are used for the links BS-D2, BS-D1,D2-D4 and D1-D3, respectively. The base station
(BS) transmits a SC signal consisting of the D1 message m1 and the D2 message m2. The
SC signal can be given by:

S =
√
EBS

(√
b1m1 +

√
b2m2

)
(5.1)

Transmit power constraints restrict the SN transmission in the following ways:

EBS ≤ min
(
IITC

|gSC |2
, ĒBS

)
(5.2)
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Where IITC and ĒBS represent the ITC at cognitive users (D2,D1,D3,D4) and the max-
imum average transmit power at BS, respectively. Users D2 and D1 have different PA
coefficients, denoted as b1 and b2. nDj

denoted the Additive White Gaussian Noise (AWGN)
with mean 0 and variance σ2

Dj
at Dj

5.3 Performance Evaluation

5.3.1 BER under Perfect CSI

This section focuses on calculating the BER for D1 and D2 users and the end-to-end BER
users under the assumption of perfect CSI. The signal received by users Dj ,j=1,2 in the first
time slot can be expressed as:

yDj
= Sgj + I + nj (5.3)

5.3.1.1 BER of the User D1

The maximum likelihood detection (MLD) technique is employed by D2 user to identify the
symbol of the D1 user. The BER in this case is determined based on whether the received
signal is below or above zero [9],[10] and [15]. The BER of m1 at D1 user can be represented
by

BERD1 = 1
2

[
P
(
I + nD1 ≥

√
EBSb1gD1 −

√
EBSb2gD2

)
+ P

(
I + nD1 >

√
EBSb1gD1 +

√
EBSb2gD1

)]
(5.4)

The Q function and the alternative form of Q(.) function are denoted respectively as in
[87]:

Q(z) = 1√
2π

∫ ∞

z
e− t2

2 dt (5.5)

Q(z) = 1
π

∫ π
2

0
e

− z2
2 sin2(ϑ)dϑ, z ≥ 0 (5.6)

The probability density function (PDF) and the moment generating function (MGF) are
expressed respectively as in [87], [91] :

P (x) = 1√
2πσ2

e− (x−µ)2

2σ2 , x ∼ (µ, σ2) (5.7)
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Mρ(s) =
∫ ∞

0
esρ

1
ρ
e− ρ

ρ̄dρ = 1
1 − sρ̄

(5.8)

Where µ ∈ R, σ > 0, x ∼ (µ, σ2) ,X is the random variable, µ is mean and σ is the variance.
By utilizing equations (7) and (5), we may represent equation (4) as:

BERD1 = 1
2
[
Q
(√

ρD2

)
+Q

(√
ρD1

)]
(5.9)

Where ρD1 = 2(
√
EBSb1−

√
EBSb2)2|gD1 |2

σ2
I +σ2

D1
, ρD2 = 2(

√
EBSb1+

√
EBSb2)2|gD1 |2

σ2
I +σ2

D2
By utilizing equations (6) and (8), followed by several mathematical manipulations, the

average bit error rate (ABER) of (9) is given as:

ABERD1 = 1
4

[(
1 −

√
ρ̄D1

2 + ρ̄D1

)
+
(

1 −
√

ρ̄D2

2 + ρ̄D2

)]
(5.10)

Where ρ̄D2 = 2(
√
EBSb1−

√
EBSb2)2

σ2
I +σ2

D2
E[|gD1|2], ρ̄D1 = 2(

√
EBSb2+

√
EBSb1)2

σ2
I +σ2

D2
E[|gD1|2]

5.3.1.2 BER of the User D2

The BER for D2 is calculated through the applying of SIC, considering two scenarios: when
D1 user symbols are detected correctly and incorrectly [85], [92] and [93]. The BER for the
user D2 can be expressed as:

BERD2 = BERD2e
+BERD2c

(5.11)

Where BERD2e
and BERD2e

are the probabilities when detectedD1 user symbols erroneously
and correctly, respectively.

The BER for these two scenarios is expressed as follows:

BERD2c
= 1

2

[
P
(√

EBSb2gD2 < nD4 + I
)

+ P
(√

EBSb2gD2 < nD2 + I <
(√

EBSb1 +
√
EBSb2

)
gD2

)]
(5.12)

BERD2,e = 1
2

[
P
((

2
√
EBS b1 +

√
EBS b2

)
gD2 < nD2 + I

)
+ P

((√
EBS b1 −

√
EBS b2

)
gD2 < nD2 + I <

(
2
√
EBS b1 −

√
EBS b2

)
gD2

)] (5.13)

Through substituting equations (14) and (13) with equation (10) and utilizing equations
(5) and (7), we can represent equation (11) as in (14):
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BERD2 = 1
2

2Q
(√

EBSb2gD2

σD2 + σI

)
−Q

(
(
√
EBSb1 +

√
EBSb2)gD2

σD2 + σI

)
+Q

(
(2

√
EBSb1 +

√
EBSb2)gD2

σD2 + σI

)

+Q
(

(
√
EBSb1 −

√
EBSb2)gD2

σD2 + σI

)
−Q

(
(2

√
EBSb1 −

√
EBSb2)gD2

σD2 + σI

)
(5.14)

Therefore, we represent equation (14) by utilizing (6) and (8) as (15):

ABERD2 = 1
4

[
2
(

1 −
√

ρ̄1

2 + ρ̄1

)
−
(

1 −
√

ρ̄2

2 + ρ̄2

)
+
(

1 −
√

ρ̄3

2 + ρ̄3

)

+
(

1 −
√

ρ̄4

2 + ρ̄4

)
−
(

1 −
√

ρ̄5

2 + ρ̄5

)] (5.15)

Where ρ̄1 =
√
PSb2

E[|gD2 |2]
σ2

I +σ2
D2
, ρ̄2 = (

√
PSb1+

√
PSb2)2E[|gD2 |2]

σ2
I +σ2

D2
, ρ̄3 = (2

√
PSb1+

√
PSb2)2E[|gD2 |2]

σ2
I +σ2

D2
,

ρ̄4 = (
√
PSb1−

√
PSb2)2E[|gD2 |2]

σ2
I +σ2

D2
, ρ̄5 = (2

√
PSb1−

√
PSb2)2E[|gD2 |2]

σ2
I +σ2

D2

5.3.1.3 The End-to-End (E2E) BER of Users

In the second time slot, the CCR-NOMA D1 and D2 users support vulnerable users by
receiving and decoding the signal.The signal from Dj ,j={3,4} received is described as:

yCUj
= gDj

√
ERsDj

+ I + nj (5.16)

Where ER is theDj transmit power, we assume the message of userDj : sDj
= xj ,j={3,4}.

The BER of Dj can be represented as in [87]:

BERDj
= P

(√
ERgDj

< nj + I
)

(5.17)

Through employing (5) and (7) can be written as :

BERDj
= Q

(√
ρDj

)
(5.18)

The ABER is determined by utilizing equations (6) and (8) as:

ABERDj
= 1

2

(
1 −

√
ρ̄j

2 + ρ̄j

)
(5.19)
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Where ¯ρDj
= ERE[|gDj

|2]
σ2

I +σ2
Dj

. For the considered dual hop system, the equivalent end-to-end
BER at users Dj ,j∈ {3, 4} it is given as:

ABERE2E,Dj
= 1 − [(1 − ABERDj

)(1 − ABERDj
)] (5.20)

Where ABERDj
and ABERDj

are ABER of Dj,j ∈ {3, 4} in the second phase and the
ABER of Dj message at Dj, j ∈ {11, 22}. The user signals are modulated using BPSK [73].

5.3.2 BER under Imperfect CSI

In this case, we assume that imperfect CSI is provided at users. The channel coefficients are
represented by the equation:

gDj
= hDj

+ eDj
, ∀q ∈ {1, 2, 3, 4} (5.21)

Where hDj
is the estimated channel coefficient with a complex normal distribution

CN (0, σ2
hDj

)
The error term eDj

is usually represented as a complex Gaussian distributed random vari-
able with CN (0, σe2

Dj
)

The signal received by user Dj under the assumption of imperfect CSI is represented as
[68],[94] and [5]:

yCSIDj
= S(hDj

+ eDj
) + I + nj (5.22)

5.3.2.1 BER of User D1

The MLD technique is employed by D2 user to identify the symbol of the D1 user. The BER
in this case is determined based on whether the received signal is below or above zero. The
BER of m1 at D1 user under the assumption of imperfect CSI can be represented by:

BERD1 = 1
2

P (I + nD1 +
√
EBS

(√
b1 −

√
b2

)
eD1 ≥ (

√
b1 −

√
b2)
√
EBShD1

)

+P
(
I + nD1 +

√
EBS

(√
b1 +

√
b2

)
eD1 > (

√
b1 +

√
b2)
√
EBShD1

) (5.23)

Further, followed by the same steps in previous section for obtain formula (10), the closed-
form expression of ABER is given as:
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ABERD1 = 1
4

[(
1 −

√
ρ̄D1

2 + ρ̄D1

)
+
(

1 −
√

ρ̄D1

2 + ρ̄D1

)]
(5.24)

Where ρ̄D2 = EBS(
√
b1−

√
b2)2√

EBS(
√
b1−

√
b2)σ2

eD2
+σ2

I +σ2
D2

E[|hD2|2], ρ̄D1 = EBS(
√
b1+

√
b2)2√

EBS(
√
b1+

√
b2)σ2

eD1
+σ2

I +σ2
D2

E[|hD1|2]

5.3.2.2 BER of User D2

Followed by the same steps in previous section for obtain formula (15), the ABER of D2 user
under the assumption of imperfect CSI can be written by:

ABERD2 = 1
4

2
(

1 −
√

ρ̄1

2 + ρ̄1

)
−
(

1 −
√

ρ̄2

2 + ρ̄2

)
+
(

1 −
√

ρ̄3

2 + ρ̄3

)

+
(

1 −
√

ρ̄4

2 + ρ̄4

)
−
(

1 −
√

ρ̄5

2 + ρ̄5

) (5.25)

Where ρ̄1 =
√
EBSb2E[|hD2 |2]√

EBS(
√
b1−

√
b2)σ2

eD2
+σ2

I +σ2
D2

, ρ̄2 = EBS(
√
b1+

√
b2)2E[|hD2 |2]√

EBS(
√
b1+

√
b2)σ2

eD2
+σ2

I +σ2
D2

,

ρ̄3 = EBS(2
√
b1+

√
b2)2E[|hD2 |2]√

EBS(
√
b1+

√
b2)σ2

eD2
+σ2

I +σ2
D2

, ρ̄4 = EBS(
√
b1−

√
b2)2E[|hD2 |2]√

EBS(
√
b1−
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b2)σ2

eD2
+σ2

I +σ2
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, ρ̄5 = EBS(2
√
b1−

√
b2)2E[|hD2 |2]√

EBS(
√
b1−

√
b2)σ2
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+σ2

I +σ2
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5.3.2.3 The E2E BER of Users

In the second time slot, the signal from Dj , j={3,4} received under imperfect CSI is described
as:

yDj
= (hDj

+ eDj
)
√
ERsDj

+ I + nj (5.26)

The BER at Dj can be represented by:

BERDj
= P

(√
ERhDj

< nj + I +
√
EReDj

)
(5.27)

The ABER is defined after employing the (6) and (8) as

ABERDj
= 1

2

(
1 −

√
ρ̄j

2 + ρ̄j

)
(5.28)

Where ρ̄j = ERE[|hDj
|2]

ERσ2
eDj

+σ2
I +σ2

Dj

.The equivalent end-to-end ABER equation at users Dj, cal-

culated by the same formula (20).
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5.4 Results and Discussion

In this section, we utilize Monte Carlo simulations to validate the analytical BER equations
elucidated in the preceding sections, ensuring the robustness and accuracy of our theoretical
framework. Throughout all figures, markers depict the analytical curves, while lines depict
the simulation results, providing a comprehensive comparison between theoretical predictions
and empirical observations. The simulation parameters are meticulously defined as in table
Table. 5.1.

Parameter Value
The distance between BS-D4 1 m
The distance between BS-D3 2 m

PA coefficient of D4 0.85
PA coefficient of D3 0.15

The interference temperature constraint 35 dB
The scaling coefficient of the interference from the PN affecting users in the CN 0.8

The user relay transmit power 0.5 × ES

The pathloss exponent 4

Table 5.1: Simulation Parameters

We will discuss our results obtained using Monte Carlo simulations of BER of our con-
sidered system CCR NOMA. Fig. 5.2 illustrates the ABER versus SNR for two users (D4

and D3) under CCR-OMA and CCR-NOMA schemes. Simulation results are shown as lines,
and analytical results are indicated by markers. It is evident that as SNR increases, ABER
decreases for all scenarios, signifying improved performance. D4 consistently outperforms D3

in both OMA and NOMA schemes. Notably, CCR-OMA demonstrates superior performance
compared to CCR-NOMA, particularly at higher SNR values, where D4 under CCR-OMA
achieves the lowest ABER. Additionally, the close alignment between the simulation lines and
analytical markers validates the accuracy of the theoretical models. Both users and schemes
exhibit an error floor at high SNR, indicating that further increases in SNR do not signifi-
cantly reduce ABER due to system limitations. This comparison underscores CCR-OMA’s
better error performance over CCR-NOMA while confirming the reliability of the analytical
predictions.
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Figure 5.2: ABER performance evaluation of end users for CCR-NOMA compared to CCR-
OMA.

Fig. 5.3 displays the ABER versus SNR for two users (D4 and D3) under conditions of
perfect and imperfect CSI. The results are distinguished by lines for simulation data and
markers for analytical data. It is observed that as SNR increases, ABER decreases for both
perfect and imperfect CSI scenarios, indicating improved performance with higher SNR.
Perfect CSI consistently results in lower ABER compared to imperfect CSI for both users,
highlighting the impact of accurate channel information on system performance. D4 exhibits
better performance than D3 across all conditions due to the use of SIC technology at D2. This
technology mitigates interference at user D2, which cooperated with user D4. The disparity
between perfect and imperfect CSI becomes more pronounced at higher SNR levels, where the
error floor for imperfect CSI is notably higher. This emphasizes the importance of precise CSI
in minimizing errors. The close alignment between simulation lines and analytical markers
confirms the validity of the theoretical models used. Generally, this figure demonstrates
that while high SNR improves ABER for both users, perfect CSI significantly enhances
performance, reducing ABER more effectively than imperfect CSI. In practical scenarios, it
is challenging to obtain perfect CSI. Therefore, in our system model analyses, we consider
these imperfections to better reflect real-world conditions. Imperfect CSI arises due to real-life
phenomena. It presents the changes in the environment, such as moving obstacles, weather
conditions, and signal reflections, which unpredictably alter the channel characteristics.
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Figure 5.3: ABER performance evaluation of end users for CCR-NOMA under perfect and
imperfect CSI.

Fig. 5.4 provides a comprehensive view of the ABER performance for users D4 and D3

within the CCR-NOMA framework, showcasing the impact of SNR variations across different
(IITC) values (15 dB, 25 dB, and 35 dB). The results unequivocally demonstrate a positive
correlation between the increase in the interference temperature constraint (IITC) and the
enhancement of ABER performance for both users. Notably, the figure reveals that the
optimal ABER performance is attained at an IITC value of 35 dB, indicating the pivotal role
of effectively managing interference levels in achieving reliable communication. This insight
underscores the significance of fine-tuning system parameters, such as IITC values, to strike a
balance between interference mitigation and signal reliability in CCR-NOMA deployments,
thereby offering valuable guidance for optimizing system performance in real-world cognitive
radio networks.
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Figure 5.4: ABER performance evaluation of end users for CCR-NOMA with various IITC
values .

5.5 Conclusion

This chapter investigates the BER performance of underlay CCR-NOMA in a downlink
system under generalized Rayleigh fading conditions. The end users’ cooperation with both
near and distant users is used to derive the BER. The analysis of the users considers the
existence of imperfect CSI. The analytical results are confirmed through simulations. The
findings validate thatD4 performs better thanD3 within the system. The derived formulas for
the downlink scenario are graphed numerically and compared to results from the traditional
cooperative CR-OMA system. The system’s performance deteriorates due to the existence
of imperfect CSI. The impact of ITC is the main factor affecting to system performance.
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As the field progresses towards 6G, there is an increasing demand for ultra-high data rates,
low latency, enhanced reliability, and massive connectivity to support emerging applications
such as holographic communications and the Internet of Everything. To meet these challeng-
ing requirements, the integration of CR with NOMA presents a promising and innovative
approach. The combination of CR and NOMA not only offers an efficient and scalable
solution but also effectively addresses the stringent requirements of 6G, ensuring optimal
spectrum utilization and significantly improved network performance. This thesis aims to
provide an analysis of the effectiveness of the CR-NOMA system in alleviating spectrum
scarcity and enhancing system performance. It investigates the challenges impacting the
performance of CR-NOMA systems, with a particular emphasis on imperfections in CSI and
SIC. The analysis evaluates key performance metrics, including BER, OP, achievable data
rate, and throughput across various conditions. Furthermore, it offers valuable insights into
the resilience and practical viability of CR-NOMA systems in real-world applications. The
contributions of this thesis are outlined in the following chapters:

• Chapter 1 provides the primary notions related to 6G networks, beginning with their
development from 1G to 5G. It emphasizes the Peak Data Rate as an essential perfor-
mance metric alongside other KPIs. The suggested 6G architecture has been discussed,
illustrating the important function of AI in developing new infrastructure. The new
metric QoPE, has been introduced to handle the increasing focus on human-centric
services. The chapter additionally discusses the role of standardization and patents
in improving mobile networks, classifying essential technologies into novel categories:
spectrum, air interface, networking, and paradigm. Lastly, it reviews key use cases
which involve communication, navigation, sensing, and services.

• Chapter 2 covered key aspects related to CR, including its definition, network compo-
nents, CR transceiver functionality, various spectrum sharing methods, and a compara-
tive analysis of these methods. Cognitive Radio offers an optimal solution to the issue of
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limited availability of radio frequencies. To improve the effectiveness of cognitive radio
technology, some research projects have suggested combining it with NOMA technol-
ogy. In addition, we provide a comprehensive explanation of the NOMA methodology,
including its description and important techniques such as SIC and SC.

• Chapter 3 presents and examines the performance of a simple underlay CR-NOMA
system. We obtained the analytical formulas for the outage probability, achievable
data rates, and throughput of this system. The results validate that the system has
demonstrated superior performance with D2 in comparison to D1. The performance of
the CR-NOMA system is primarily influenced by the ITC determined by the primary
network. The system achieved its best performance when the ITC was set to 35dB.
The CR-NOMA system showed superior performance compared to CR-OMA for both
users.

• Chapter 4 discusses the performance of the CR-NOMA. An investigation has been
performed on D2D communications in a downlink system in a generalized Rayleigh
fading environment. When assessing the users, the analysts evaluate the presence
of perfect and imperfect CSI and SIC. The outage probability and throughput are
determined by the cooperation between the end users and the nearby and distant
users. The results validate that the system has proven that D4 surpasses D3. The
analysis results are verified using simulations and compared to those of the conventional
cooperative CR-OMA system. The system’s performance is degraded by the existence
of imperfect CSI and imperfect SIC. Furthermore, we completed an investigation to
determine the optimal value of power allocation.

• Chapter 5 investigates the BER performance of underlay CCR-NOMA in a downlink
system, specifically under generalized Rayleigh fading conditions. The cooperation
between end users and both nearby and distant users is utilized for calculating the
BER. The study of the users considers the presence of imperfect CSI. The analysis
results are validated using simulations. The results confirm that D4 outperforms D3 in
the system and distinguished with results from the conventional cooperative CR-OMA
system. The system’s performance degrades because of the presence of imperfect CSI.

Although this thesis has investigated several aspects of CR-NOMA, numerous opportuni-
ties for future research continue to exist. Moreover, the integration of technologies such
as Massive MIMO has the potential to significantly enhance spectral efficiency by enabling
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simultaneous transmissions to multiple users, thereby maximizing the utilization of the avail-
able spectrum. Additionally, RIS can further improve signal quality and coverage, ultimately
leading to a more effective spectrum management approach. Furthermore, the incorporation
of AI into CR-NOMA systems can profoundly augment their performance and adaptability.
By optimizing key functions, AI facilitates the analysis of complex environments and user
behavior, enabling informed decisions for dynamic resource optimization.
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