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Abstract

This work explores the technical evolution of mobile networks from the first generation (1G)

to the prospective seventh generation (7G), with a focus on Reconfigurable Intelligent Sur-

faces (RIS) and Non-Orthogonal Multiple Access (NOMA). It analyzes the performance of

RIS-NOMA systems in complex wireless communication environments, comparing outage

probability, system capacity, and bit error rate (BER) against decode-and-forward (DF) co-

operative NOMA systems. The results demonstrate the superiority of RIS-NOMA, achieving

an outage probability as low as 10−4.4 and a BER of 10−4.8 at 30 dB SNR, particularly with

an increased number of RIS elements. This work highlights implementation challenges, such

as interference cancellation complexity and energy consumption, and provides recommenda-

tions for design optimization and future research. This work offers valuable insights into the

role of emerging technologies in shaping the future of wireless communications.

Keywords: Mobile Networks, Sixth Generation (6G), Seventh Generation (7G), Recon-

figurable Intelligent Surfaces, Non-Orthogonal Multiple Access, Spectral Efficiency, Outage

Probability, Bit Error Rate, Wireless Communications.
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Résumé

Ce travail examine l’évolution technique des réseaux mobiles, de la première génération (1G)

à la vision prospective de la septième génération (7G), en mettant l’accent sur les surfaces

intelligentes reconfigurables (RIS) et l’accès multiple non orthogonal (NOMA). L’étude anal-

yse les performances des systèmes RIS-NOMA dans des environnements de communication

sans fil complexes, en comparant la probabilité d’interruption, la capacité du système et le

taux d’erreur binaire (BER) avec les systèmes NOMA coopératifs avec relais de décodage

et retransmission (DF). Les résultats montrent une supériorité des systèmes RIS-NOMA,

avec une probabilité d’interruption réduite à 10−4.4 et un BER de 10−4.8 à 30 dB de SNR,

particulièrement avec un nombre accru d’éléments RIS. Ce travail met en lumière les défis

d’implémentation tels que la complexité de l’annulation des interférences et la consomma-

tion énergétique, tout en proposant des recommandations pour l’optimisation du design et

les recherches futures. Ce travail constitue une contribution précieuse à la compréhension

du rôle des technologies émergentes dans la transformation des communications sans fil.

Mots-clés : Réseaux mobiles,Sixième génération (6G),Septième génération (7G), Surfaces

intelligentes reconfigurables, Accès multiple non orthogonal, Efficacité spectrale, Probabilité

d’interruption, Taux d’erreur binaire, Communications sans fil.

PRO DIX
Machine à écrire
II



 

 

 

 

  

  

             

  

   

   

                

 

 

 

  

   

    

              

    

   

    

              

 
 

 
            
        

  

   

    

              

    

   

    

              

 

                

        

الملخص

الرؤى المستقبلية إلى   (1G) التقني لشبكات الهاتف المحمول من الجيل الأول  العمل التطور  يستعرض هذا 

والوصول المتعدد  (RIS) ، مع التركيز على تقنيات الأسطح الذكية القابلة لإعادة التهيئة   (7G)للجيل السابع

في بيئات الاتصالات اللاسلكية المعقدة،  RIS-NOMA يتناول العمل أداء أنظمة   (NOMA). غير المتعامد 

التعاونية  NOMA بأنظمة  مقارنةً  البت  في  الخطأ  ومعدل  النظام،  سعة  الانقطاع،  لاحتمالية  مقارن  تحليل  مع 

في تحسين الكفاءة الطيفية  RIS-NOMA أظهرت النتائج تفوق   (DF). بترحيل فك التشفير وإعادة الإرسال 

وسجل  10-4.4 ، حيث انخفضت احتمالية الانقطاع إلى   RISوتغطية الإشارة، خاصة مع زيادة عدد عناصر

ديسيبل. يقدم العمل رؤى حول تحديات التنفيذ مثل تعقيد إلغاء  SNR=30 عند   10-4.8 معدل الخطأ في البت 

في قيمة  مساهمة  العمل  هذا  يعُد  المستقبلي.  والبحث  التصميم  لتحسين  توصيات  مع  الطاقة،  واستهلاك  التداخل 

فهم دور التقنيات الناشئة في تشكيل مستقبل الاتصالات اللاسلكية.

: المفتاحية  الكلمات 

المتعامد غیر  المتعدد  الوصول  التھیئة،  لإعادة  القابلة  الذكیة  الأسطح   , السابع  الجیل   , السادس  الجیل  المحمولة،  شبكات 
اللاسلكیة. الاتصالات  البتي،  الخطأ  معدل  الانقطاع،  احتمالیة  الطیفیة،  الكفاءة 
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Chapter I

Technical Evolution of Mobile

Networks



General Introduction

Wireless communication systems stand at the forefront of technological innovation,

driving unprecedented connectivity and shaping the future of global communica-

tion networks. The rapid evolution of mobile networks, from the rudimentary ana-

log systems of the first generation (1G) to the sophisticated, AI-empowered archi-

tectures of the fifth generation (5G), has transformed how societies interact, work,

and access information. As the demand for higher data rates, ultra-low latency,

and massive device connectivity continues to escalate, emerging technologies such

as Reconfigurable Intelligent Surfaces (RIS) and Non-Orthogonal Multiple Access

(NOMA) are poised to redefine the paradigms of wireless communications, partic-

ularly in the context of sixth-generation (6G) and prospective seventh-generation

(7G) networks. These advancements promise to address critical challenges such

as spectrum scarcity, interference management, and energy efficiency, paving the

way for intelligent, immersive, and sustainable communication ecosystems.

This work aims to investigate the performance of RIS-aided NOMA systems

in enhancing wireless communication in complex propagation environments. By

leveraging the unique capabilities of RIS to dynamically optimize signal propaga-

tion and NOMA to improve spectral efficiency, this work seeks to provide a compre-

hensive analysis of key performance metrics, including outage probability, system

capacity, and bit error rate (BER). Through a systematic exploration of mobile

network evolution, theoretical foundations of RIS and NOMA, and rigorous per-

formance evaluations using Nakagami-𝑚 fading channels, this work elucidates the

transformative potential of these technologies in next-generation networks. The

research compares RIS-NOMA systems against decode-and-forward (DF) cooper-

ative NOMA systems, highlighting the scalability and efficacy of RIS in mitigating

interference and enhancing connectivity, particularly in non-line-of-sight (NLoS)

scenarios. Additionally, it addresses implementation challenges, such as interfer-
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ence cancellation complexity and energy consumption, and offers recommendations

for design optimization and future research directions.

This work is structured into three main chapters. The first chapter traces the

technical evolution of mobile networks from 1G to the envisioned 7G, providing

a chronological analysis of advancements in radio access technologies, network ar-

chitectures, and key performance indicators. The second chapter establishes the

theoretical framework, delving into the principles of RIS, NOMA, and statistical

fading models, with a focus on their roles in addressing spectrum and propaga-

tion challenges. The third chapter presents a detailed performance analysis of

RIS-aided NOMA systems, deriving closed-form expressions for critical metrics

and validating them through simulations. This work concludes with a synthe-

sis of findings, underscoring the potential of RIS-NOMA systems to shape the

future of wireless communications and identifying avenues for further investiga-

tion. Through this work, we aim to contribute to the academic conversation on

intelligent and efficient communication systems, offering insights that bridge theo-

retical advancements with practical applications in the pursuit of next-generation

connectivity.
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Chapter I: Technical Evolution of Mobile Networks

I.1 Introduction

Mobile networks have revolutionized global communications, evolving from rudimentary ana-

log systems (1G) to sophisticated digital architectures (5G) that interconnect billions of

devices. This technical evolution represents one of the fastest and most significant techno-

logical transformations in modern history, fundamentally redefining how we communicate,

work, and interact with the world around us [1].

Each generation of mobile networks has introduced significant technological advance-

ments, enhancing data rates, reducing latency, and improving spectral efficiency. The first

generation (1G) enabled basic mobile voice communications, while the second generation

(2G) marked the transition to digital systems, introducing SMS and limited mobile data

capabilities. The third generation (3G) truly marked the beginning of the mobile internet

era, followed by the fourth generation (4G), which enabled high-definition video stream-

ing and real-time applications. The fifth generation (5G), currently being deployed, offers

unprecedented capabilities for the Internet of Things (IoT), ultra-reliable low-latency com-

munications, and enhanced mobile broadband [2].

The sixth generation (6G), scheduled for deployment by 2030, promises intelligent con-

nectivity through innovations such as terahertz (THz) frequency bands, reconfigurable intel-

ligent surfaces (RIS), and integrated artificial intelligence (AI) [3]. Beyond that, the seventh

generation (7G) envisions quantum and neuromorphic paradigms that could radically trans-

form our conception of wireless communications [4].

This chapter examines the technical evolution of mobile networks, provides an in-depth

analysis of 5G (including New Radio, NR), explores emerging 6G technologies (such as

NOMA, RSMA, NGMA, QKD, ISAC), compares generational advancements, and outlines

a prospective vision for 7G. This chronological exploration allows us to understand not only

the technical progress made but also to anticipate the challenges and opportunities that will

shape the future of mobile communications.
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Chapter I: Technical Evolution of Mobile Networks

I.2 Fundamentals of Wireless Communications

Wireless communications facilitate data transmission through electromagnetic waves across

allocated frequency bands, ranging from kilohertz (kHz) to terahertz (THz). Cellular net-

works partition geographic areas into cells, each served by base stations, to optimize cov-

erage and capacity. Key performance indicators (KPIs) such as data rate, latency, spectral

efficiency, connection density, and reliability are critical metrics for assessing network per-

formance. Radio access technologies (e.g., FDMA, TDMA, CDMA, OFDMA, NOMA) and

network architectures (centralized, distributed, virtualized) have evolved to meet escalating

demands [5]. This chapter examines the technical evolution of mobile networks, providing

comparative insights across generations.

I.3 Technical Evolution of Mobile Network Genera-

tions

I.3.1 First Generation (1G): Technologies and Performance

• Technologies: Launched in the 1980s, 1G networks employed analog systems, such as

the Advanced Mobile Phone System (AMPS), with Frequency Division Multiple Access

(FDMA). Channels were allocated at 30kHz bandwidth, using frequency modulation (FM)

for voice transmission[6]

• Performance: Peak data rates reached 2.4kbps, with no support for digital data. Voice

quality was susceptible to interference.

• Technical Limitations: Lack of encryption, poor spectral efficiency, and incompatibility

among standards (e.g., AMPS, NMT, TACS).

I.3.1.1 1G Network Architecture

The architecture of a basic mobile telecommunications system is shown in Figure I.1. .

• Public Communications Switching Network: Connects the mobile network to the

Public Switched Telephone Network (PSTN), enabling calls to be made to landline phones.

• Mobile Telecommunications Switching Office: Central hub for call routing between

base stations and the public network.
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Chapter I: Technical Evolution of Mobile Networks

Figure I.1: 1G Cellular Network Architecture[6]

• Base Transceiver Station (BTS): Manages radio communication with mobile devices

(e.g., phones, cars) over the air interface .

I.3.2 Second Generation (2G): Digitalization, GPRS, and EDGE

• Technologies: Introduced in 1991, 2G networks adopted digital transmission, utilizing

Global System for Mobile Communications (GSM) with Time Division Multiple Access

(TDMA) and IS-95 with Code Division Multiple Access (CDMA). Operating in 900/1800

MHz bands, channels were allocated a 200kHz bandwidth [7].

• General Packet Radio Service (GPRS, 2.5G): Deployed in 1997, GPRS enabled

packet-switched data transmission using unused GSM time slots. Employing Gaussian

Minimum Shift Keying (GMSK) modulation, it achieved theoretical peak data rates of

171.2kbps with four time slots [8].

• Enhanced Data Rates for GSM Evolution (EDGE, 2.75G): Introduced in 2003,

EDGE utilized 8-Phase Shift Keying (8-PSK) modulation to achieve data rates up to

384kbps, enhancing spectral efficiency compared to GPRS [9].

• Performance: GSM offered data rates up to 64kbps, GPRS up to 171.2kbps, and EDGE

up to 384kbps, with latency around 500 ms and spectral efficiency of approximately 0.5

bits/s/Hz [9].

• Advancements: Introduction of encryption (A5/1), Short Message Service (SMS), roam-

ing, and initial data services (GPRS, EDGE).

• Technical Limitations: Insufficient data rates for multimedia applications and high

latency.
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Chapter I: Technical Evolution of Mobile Networks

I.3.2.1 GSM and GPRS architecture

The system supports both circuit-switched (voice via PSTN) and packet-switched (data via

GPRS backbone) services, with the GGSN linking to the Internet or corporate networks.

This architecture, as shown in Figure I.2, enables GSM for voice and GPRS for data, pro-

viding a foundation for later mobile technologies, such as 3G and 4G [10].

Figure I.2: GSM and GPRS architecture[10]

I.3.3 Third Generation (3G): Multimedia and Connectivity

• Technologies: Deployed in 2001, 3G networks utilized Universal Mobile Telecommu-

nications System (UMTS) with Wideband Code Division Multiple Access (WCDMA)

and CDMA2000, operating in 5MHz bands (1.9-2.1 GHz). High-Speed Packet Access

(HSPA/HSPA+) further enhanced performance [11].

• Performance: Data rates reached 2Mbps (UMTS) and 14.4Mbps (HSPA), with a latency

of 100 − 200 ms and a spectral efficiency of 1 − 2bits/s/Hz.

• Advancements: Support for video calls, mobile internet, and improved Quality of Ser-

vice (QoS).

I.3.3.1 Comparison of 3G with 2G

• Technologies: Transition from TDMA/CDMA to WCDMA improved spectral efficiency

and capacity. Wider 5MHz bands replaced 200kHz channels [11].

7



Chapter I: Technical Evolution of Mobile Networks

• KPIs: Data rates increased approximately 30-fold (2 Mbps vs. 64kbps), latency reduced

(100 ms vs. 500 ms), and spectral efficiency doubled.

• Advancements: Multimedia support (video, web browsing) compared to voice/SMS in

2G.

• Technical Limitations: High energy consumption, uneven coverage, and elevated in-

frastructure costs.

I.3.3.2 3G network architecture

The UMTS network architecture, as shown in Figure I.3, is a 3G standard that comprises

a Radio Access Network (RAN) with User Equipment (UE), Base Stations (Node B), and

Radio Network Controllers (RNC), which manage radio resources and handovers. The 3G

Core Network comprises the 3G-SGSN and 3G-GGSN for packet-switched data, the MSC

and GMSC for circuit-switched voice, and the HLR for subscriber data, all of which connect

to external networks, including the Public Switched Telephone Network (PSTN) and the

Internet Protocol (IP) network. This structure supports enhanced data rates and seamless

mobility compared to 2G systems [12].

Figure I.3: UMTS Network architecture[12]

8
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I.3.4 Fourth Generation (4G): High-Speed Mobile Broadband

• Technologies: Introduced in 2009, 4G networks leveraged Long-Term Evolution (LTE)

and LTE-Advanced, employing Orthogonal Frequency Division Multiple Access (OFDMA)

for downlink and Single Carrier FDMA (SC-FDMA) for uplink. Multiple Input Multiple

Output (MIMO) configurations (2 × 2 and 4 × 4) and carrier aggregation were imple-

mented, operating in the 700MHz to 2.6GHz frequency bands [13].

• Performance: Peak data rates reached 1 Gbps (stationary) and 100Mbps (mobile), with

a latency of 20 − 50 ms and a spectral efficiency of 5 − 10bits/s/Hz.

• Advancements: All-IP architecture, high-definition (HD) streaming, and online gaming.

I.3.4.1 4G LTE architecture

The architecture, as shown in Figure I.4, uses an all-IP network, enabling high-speed data,

voice (via VoLTE), and multimedia services with low latency. The eNode-B connects to the

core network (EPC - Evolved Packet Core) via the S1 interface, while the MME, S-GW, and

P-GW interact to manage connectivity and data transfer [14].

Figure I.4: 4G LTE Network Architecture [14]

I.3.4.2 Comparison of 4G with 3G

• Technologies: OFDMA replaced WCDMA, enabling flexible resource allocation. MIMO

and carrier aggregation enhanced capacity [13].

• KPIs: Data rates increased 500-fold (1 Gbps vs. 2 Mbps), latency reduced fivefold (20

ms vs. 100 ms), and spectral efficiency improved 5-10 times.
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• Advancements: High-speed mobile broadband and all-IP architecture compared to

mixed circuit/packet switching in 3G.

• Technical Limitations: Spectral congestion and inter-cell interference.

I.3.5 Fifth Generation (5G): Ultra-Reliability, IoT, and New Ra-

dio

• Technologies: Launched in 2019, 5G employs 5G New Radio (NR). Operating in Fre-

quency Range 1 (FR1, sub-6 GHz) and Frequency Range 2 (FR2, mmWave, 24-52 GHz),

it incorporates

– Massive MIMO (up to 256 antennas).

– Flexible OFDMA (subcarrier spacing 15-240 kHz).

– Beamforming for mmWave propagation.

– Network slicing for dedicated services.

– Edge computing for low latency [2].

• Performance: The 5G network is designed to deliver superior performance compared to

previous generations, as shown in Figure I.5, with a focus on Key performance indicators

– Latency: <1 ms (Ultra-Reliable Low-Latency Communications, URLLC).

– Peak data rate: 20 Gbps; user-experienced: 100 Mbps.

– Connection density: 1 million devices/km2.

– Spectral efficiency: 30bits/s/Hz.

– Reliability: 99.999% [15].

I.3.5.1 Advancements

Support for enhanced Mobile Broadband (eMBB), massive Machine-Type Communications

(mMTC), and URLLC. NR provides adaptive numerology and dynamic spectrum manage-

ment [15].
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Figure I.5: Performance Comparison of 4G and 5G (IMT-2020) Networks: Key Metrics
and Targets[15]

I.3.5.2 Comparison of 5G with 4G

• Technologies: NR introduces mmWave and Massive MIMO, unlike limited MIMO in

4G. Network slicing and edge computing are absent in 4G [2].

• KPIs: Data rates increased 20-fold (20 Gbps vs. 1 Gbps), latency reduced 20-fold (1 ms

vs. 20 ms), connection density increased 1000-fold, and spectral efficiency tripled.

• Advancements: Massive IoT and mission-critical applications (e.g., autonomous vehi-

cles) compared to general broadband in 4G.

• Technical Limitations: mmWave signal attenuation, high infrastructure costs, and

security challenges in virtualized networks.

I.3.5.3 The 5G Core Network (5GC) architecture

The 5G Core Network (5GC) as shown in Figure I.6 architecture connects User Equipment

(UE) via the Radio Access Network (RAN) to a service-based core, which includes functions

such as the Access and Mobility Function (AMF) for mobility, the Session Management

Function (SMF) for session management, and the User Plane Function (UPF) for data

transfer. It includes AUSF for authentication, UDM for subscriber data, and PCF for policy

control, alongside NEF, NRF, NSSF, and AF for network exposure, discovery, slicing, and

application support. This setup ensures high-speed, low-latency connectivity to external

data networks (DN) with separated control and user planes [16].
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Figure I.6: Core Network Architecture for 5G[16]

I.4 Sixth Generation : In-Depth Technical Analysis

I.4.1 Timeline for 6G Development and Deployment

Outlines the key milestones for the evolution of 6G technology from 2023 to 2031 as shown in

Figure I.7. It details the progression from 5G enhancements (Releases 18-20) to the initiation

of 6G studies and the establishment of Release 21 specifications. The timeline includes

critical events such as the TSG Workshop in March 2025 and ITU’s IMT-2030 framework,

culminating in commercial availability. This visual provides a structured roadmap for the

global rollout of 6G technology.

Figure I.7: Timeline for 6G Development and Deployment[17]
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• 2020-2023: Early Research and Vision Definition

– Initial research on 6G began after 5G, focusing on use cases, requirements, and

enabling technologies (e.g., terahertz bands and AI-driven networks) [3].

– Global research initiatives, such as the ITU-R’s Vision for 2030 and beyond and

projects like Hexa-X in Europe, outlined 6G goals: terabit-per-second (Tbps) data

rates, sub-millisecond latency, and massive connectivity [17].

– Key activities: White papers published, academic and industry consortia formed

(e.g., 6G Flagship in Finland) [18].

• 2024-2026: Technology Exploration and Standardization Kickoff

– Ongoing (as of May 2025): Researchers are exploring technologies like terahertz

(THz) communication, reconfigurable intelligent surfaces (RIS), and integrated sens-

ing and communication (ISAC) [19].

– Standardization bodies, including 3GPP and ITU, begin defining 6G frameworks.

3GPP Release 19 (2024-2025) includes 6G study items, with formal specifications

expected in Releases 20-21 (2026-2027) [20].

– Prototyping of THz transceivers and AI-based network management systems inten-

sifies [21].

• 2027-2029: Pre-Standardization and Trials

– Early 6G standards emerge, focusing on core technologies (e.g., THz bands, non-

terrestrial networks) [22].

– Field trials and testbeds expand, testing applications like holographic communica-

tion, digital twins, and ultra-reliable low-latency communications (URLLC) [23].

– Global spectrum allocation discussions intensify, targeting the THz and sub-THz

bands (e.g., 100-300 GHz) at events such as the World Radiocommunication Con-

ference (WRC) 2027 [24].

• 2030-2032: Commercial Launch and Early Adoption

– Commercial 6G networks are projected to launch around 2030, starting in urban

areas and developed markets [17].
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– Initial deployments focus on enhanced mobile broadband (eMBB), industrial In-

ternet of Things (IIoT), and smart cities, leveraging artificial intelligence (AI) and

integrating satellite and terrestrial technologies [22].

– Early adopters include industries requiring high-bandwidth, low-latency applications

(e.g., autonomous vehicles, extended reality) [23].

• 2033-2035: Widespread Adoption and Ecosystem Maturity

– 6G networks expand globally, improving coverage in rural and remote areas via non-

terrestrial networks (e.g., satellites, high-altitude platforms) [19].

– Full ecosystem maturity, with widespread availability of 6G-compatible devices and

applications like immersive metaverse and integrated sensing [21].

– Sustainability and energy efficiency become critical, with green technologies inte-

grated into 6G infrastructure [25].

• Post-2035: Evolution Toward 7G

– 6G networks continue to evolve, incorporating lessons learned to refine performance

and address limitations.

– Research into seventh-generation (7G) networks is accelerating, with a focus on

quantum communication, bio-integrated networks, and molecular communication.

A conceptual framework is expected to emerge by the late 2030s [4].

I.4.2 Technologies and Architectures

6G integrates terrestrial, aerial (High-Altitude Platform Systems, HAPS), and satellite (Low

Earth Orbit, LEO) networks to achieve three-dimensional (3D) coverage. Key technologies

include those shown in Figure I.8.

• Terahertz Frequencies (THz): 0.1-10 THz for ultra-high data rates [3].

• Artificial Intelligence (AI): Resource optimization and network management [22].

• Integrated Sensing and Communication (ISAC): Simultaneous sensing and com-

munication using shared spectrum [26].

• Cell-Free Networks: Distributed access points for seamless connectivity [27].
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Figure I.8: The integrated Ground Sea Air Space 6G expected network[19]

• Visible Light Communications (VLC/LiFi): High-speed indoor data transmission

[28].

• Architecture: Software-Defined Networking (SDN), Network Function Virtualization

(NFV), and edge/cloud computing as shown in Figure I.9 [19].

Figure I.9: Proposed Network level 6G architecture[19]

I.4.3 Signal Transmission Methods

I.4.3.1 Massive MIMO and Ultra-Massive MIMO

• Massive MIMO: Up to 512 antennas for THz/sub-THz bands, employing precoding

techniques (e.g., zero-forcing, Minimum Mean Square Error, MMSE) [29].
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• Ultra-Massive MIMO (UM-MIMO): Thousands of antennas (e.g., 1000x1000) using

metamaterials/graphene, enabling extreme beam focusing and massive spatial multiplex-

ing [21].

• Principle: AI-adjusted narrow beams maximize directional gain [22].

I.4.3.2 Reconfigurable Intelligent Surfaces (RIS): Principles and Technical De-

tails

• Principle: Metasurfaces passively modify the phase/amplitude of incident waves, con-

trolled by PIN diodes or digital circuits [30].

• Structure: Sub-wavelength elements (e.g., 64x64 arrays) using materials such as graphene

or metamaterials.

• Role: Enhances THz coverage, spectral efficiency, and ISAC performance.

• Modeling: Reflected signal optimized via AI-driven phase adjustments [30].

• Types: Passive (energy-efficient) and active (amplified).

• Challenges: Calibration, channel modeling, and AI integration.

I.4.3.3 Visible Light Communication (VLC)

• Principle: Uses visible light (400-800 THz) to transmit data by modulating LED inten-

sity, with photodiode receivers decoding signals via intensity modulation/direct detection

(IM/DD) [28].

• Structure: Comprises LEDs or laser diodes as transmitters, photodiodes or CMOS

sensors as receivers, and driver circuits for modulation (e.g., OOK, OFDM).

• Role: Enables high-speed, secure indoor communication, supports Li-Fi, indoor posi-

tioning, and Integrated Sensing and Communication (ISAC) with no electromagnetic

interference (EMI).

• Modeling: Signal optimization via equalization and AI-driven interference mitigation;

relies on line-of-sight (LOS) or reflected light paths [28].
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• Types:

– Single-Carrier: On-Off Keying (OOK), Pulse Position Modulation (PPM) for

low/medium data rates.

– Multi-Carrier: Orthogonal Frequency Division Multiplexing (OFDM), Color Shift

Keying (CSK) for high data rates.

• Challenges: Line-of-sight dependency, ambient light interference, limited LED modula-

tion bandwidth, and integration with RF networks for uplink.

I.4.4 Key Performance Indicators (KPIs)

• Peak Data Rate: 1 Tbps; user-experienced: 1 Gbps.

• Latency: < 100µs (enhanced URLLC, eURLLC).

• Connection Density: 10 million devices/km2.

• Spectral Efficiency: 100bits/s/Hz.

• Reliability: 99.99999%.

• Energy Efficiency: 1 pJ/bit.

• Coverage: 99.9% (3D).

• Mobility: 1000 km/h [17].

I.4.5 Radio Access Methods: NOMA, RSMA, NGMA

• Non-Orthogonal Multiple Access (NOMA): Signal superposition with Successive

Interference Cancellation (SIC), improving spectral efficiency over OFDMA Ding201 broadcasts7.

• Rate-Splitting Multiple Access (RSMA): Splits messages into common and private

components, transmitted via superposition, enhancing interference management in dense

environments [31].

• Non-Orthogonal Grant-Free Multiple Access (NGMA): Uncoordinated access for

massive IoT and sporadic communications, reducing latency and signaling overhead [32].

• Enhanced OFDMA: Adaptive subcarrier allocation.
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• Sparse Code Multiple Access (SCMA): Utilizes sparse codes for achieving massive

connectivity [33].

• Hybrid Access: Combines NOMA, RSMA, NGMA, OFDMA, and SCMA.

I.4.6 Security and Privacy: QKD and Beyond

• Quantum Key Distribution (QKD): Utilizes quantum mechanics (e.g., BB84 proto-

col) for secure key distribution, resistant to quantum attacks [34].

• Physical Layer Security (PLS): Dynamic key generation using THz channels [35].

• Blockchain: Decentralized identity management [36].

• AI for Cybersecurity: Anomaly detection [37].

• Challenges: Satellite vulnerabilities, QKD complexity, and adversarial AI attacks.

I.4.7 Vision and Requirements

• Vision: An intelligent Internet of Everything, enabling immersive communications, ubiq-

uitous AI, ISAC, and sustainability [17].

• Requirements: Data rates of 100-1000 Gbps, latency < 100µs, global coverage, and

10-100x energy efficiency over 5G.

I.4.8 Challenges and Opportunities

• Challenges: THz signal attenuation, infrastructure costs, RIS complexity, and QKD

integration.

• Opportunities: Extended reality, smart cities, rural connectivity, and ISAC applications

(e.g., surveillance, localization)[22].
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I.5 Technical Comparison: 5G vs 6G (KPIs, New ca-

pability, Usage Scenarios)

I.5.1 Comparison of 5G and 6G Key Performance Indicators (KPIs)

The table I-1 compares the Key Performance Indicators (KPIs) of 5G, based on ITU IMT-

2020 standards, with those of the anticipated 6G, based on ITU IMT-2030 standards, pro-

viding more detailed information as shown in Figure I.10.

Table I.1: Technical Comparison of 5G vs 6G

KPI 5G 6G
Peak Data Rate 20Gbps 1Tbps
User Data Rate 100Mbps 1Gbps
Latency < 1ms (URLLC) < 100µs (eURLLC)
Connection Density 1million/km2 10million/km2

Spectral Efficiency 30bits/s/Hz 100bits/s/Hz
Reliability 99.999% 99.9999%
Energy Efficiency 0.1µJ/bit 1pJ/bit
Coverage Urban-focused Global (3D)
Mobility 500 km/h 1000 km/h

• Technological Comparison: 6G introduces THz bands, UM-MIMO, RIS, NOMA

/RSMA/NGMA,QKD, and ISAC, compared to 5G’s mmWave, Massive MIMO, and

OFDMA [3].

• KPI Advancements: 50x peak data rate, 10x latency reduction, 10x connection density,

and 100x energy efficiency [17].

• Functional Advancements: 3D connectivity, integrated AI, and ISAC compared to

5G’s IoT and URLLC focus [22].
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Figure I.10: : Performance Comparison of 5G (IMT-2020) and 6G Networks: Key Metrics
and Targets[17]

I.5.2 Enhanced Performance of IMT-2020 and New Capabilities

of IMT-2030

The International Mobile Telecommunications (IMT) standards, defined by the International

Telecommunication Union (ITU), have played a pivotal role in shaping the evolution of mo-

bile communication systems. IMT-2020, commonly associated with 5G technology, set a

benchmark for enhanced performance in mobile networks by achieving significant improve-

ments in key metrics such as latency (0.1 − 1 ms), reliability (1−10−5 to 1−10−7 error rate),

and connection density (105−106 devices/km2). These advancements enabled a wide range of

applications, from ultra-reliable low-latency communications (URLLC) to massive machine-

type communications (mMTC) and enhanced mobile broadband (eMBB) [38]. Building on

this foundation, IMT-2030, aligned with 6G visions, introduces a new set of capabilities

to address emerging technological demands and societal needs. These include AI-related

capabilities, sensing-related functionalities, interoperability, sustainability, and precise posi-

tioning (1-10 cm), alongside further improvements in coverage, security, and peak data rates

[24]. To illustrate the transition and the expanded scope of these standards, as shown in

Figure I.11, referred to as the ”Palette Diagram,” the enhanced performance metrics of IMT-

2020 are visually compared with the new capabilities introduced by IMT-2030, providing a

comprehensive overview of the evolution in mobile communication requirements.
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Figure I.11: IMT-2020 vs. IMT-2030: Enhanced Performance and New Capabilities[24]

I.5.3 Usage Scenarios

The progression of mobile communication technologies has been instrumental in shaping

global connectivity, with the International Mobile Telecommunications (IMT) standards

serving as a cornerstone for innovation. IMT-2020, which forms the basis of 5G networks,

has delivered significant advancements in performance metrics, including Enhanced Mobile

Broadband (eMBB), Massive Machine-Type Communications (mMTC), and Ultra-Reliable

Low-Latency Communications (URLLC), thereby meeting the demands of an increasingly

interconnected digital ecosystem [38]. As the telecommunications industry advances to-

ward IMT-2030, anticipated to underpin 6G networks, the emphasis shifts toward visionary

objectives that integrate cutting-edge technologies with societal imperatives. The NextG

Alliance has proposed a forward-looking framework that prioritizes ubiquitous connectivity,

integrated sensing and communication, artificial intelligence (AI) integration, sustainability,

cost-efficiency, security, and resilience [39]. To elucidate this evolution, Figure I.12 encapsu-

lates the foundational capabilities of IMT-2020 alongside the transformative usage scenarios

and ambitious goals of IMT-2030, such as immersive communication, distributed cloud sys-

tems, and AI-enabled innovations, offering a detailed visual depiction of the future trajectory

of mobile communication networks.
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Figure I.12: IMT-2020 and IMT-2030 Usage Scenarios: NextG Alliance Goals Diagram[39]

I.6 Vision and Challenges for Seventh-Generation (7G)

Wireless Networks

Exponential advancements in speed, latency, and connectivity have marked the evolution

of wireless networks. While 6G is projected to launch commercially around 2030, offering

terabit-per-second (Tbps) data rates and millisecond latencies [17], the conceptual framework

for 7G is already taking shape. Envisioned for the 2040s, 7G aims to redefine communication

by integrating quantum, biological, and nanoscale technologies, achieving unprecedented

performance metrics, including petabit-per-second (Pbps) data rates and sub-microsecond

latencies [4]. This article presents a forward-looking analysis of 7G, detailing its anticipated

capabilities, transformative applications, and the multifaceted challenges that lie ahead.

I.6.1 Envisioned Capabilities of 7G

7G networks are expected to push the boundaries of wireless communication far beyond 6G,

leveraging cutting-edge technologies to achieve the following capabilities:

• Ultra-High Data Rates and Low Latency: Operating in sub-millimeter wave and

optical frequency bands (e.g., 400-700 THz), 7G aims to deliver data rates exceeding

10Pbps with latencies of less than 0.1µs, creating near-instantaneous communication [4].

• Global Seamless Connectivity: By integrating terrestrial, aerial, and satellite net-

works, 7G will ensure ubiquitous coverage, even in remote and underserved regions [19].

• AI-Driven Network Management: Advanced AI will enable self-organizing, self-

healing, and self-optimizing networks, dynamically adapting to user demands and en-

vironmental conditions [22].
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• Quantum Communication: Incorporating quantum entanglement and teleportation

principles, 7G could offer unhackable communication channels and pave the way for a

quantum internet [34].

• Energy Harvesting: 7G devices may harvest ambient energy (e.g., from thermal or

biochemical sources), reducing reliance on traditional power sources [25].

• Molecular and Nano-Scale Communication: Utilizing biochemical signaling (e.g.,

calcium ions), 7G could enable communication at the molecular level, supporting appli-

cations in precision medicine and nanotechnology [40].

I.6.2 Potential Applications of 7G

The revolutionary capabilities of 7G are expected to unlock a wide range of transformative

applications, including:

• Neural Interfaces: Brain-computer interfaces (BCIs) could enable direct neural com-

munication, allowing thought-based device control and cognitive augmentation [41]. For

instance, users may access cloud-based knowledge instantaneously.

• Advanced AI Integration: With ultra-high bandwidth and near-zero latency, 7G could

support distributed AI systems that seamlessly integrate with physical environments,

enhancing real-time decision-making [22].

• Immersive Sensory Experiences: Beyond 6G’s holographic telepresence, 7G could

transmit full sensory experiences, simulating physical presence with tactile and olfactory

feedback [4].

• Global Distributed Computing: 7G could create a planet-wide computing network,

enabling devices to access vast processing power on demand [19].

• Swarm Robotics: Massive swarms of nano-robots or drones could collaborate in real-

time for tasks like environmental monitoring, disaster response, or space exploration [40].

• Predictive Systems: By combining big data, AI, and instantaneous communication,

7G could enable predictive analytics for events such as traffic congestion or health crises

[22].
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I.6.3 Development Timeline and Challenges

The development of 7G remains in its conceptual phase, with widespread adoption projected

for the late 2030s to early 2040s, following the commercial rollout of 6G [4]. However,

realizing 7G’s vision will require overcoming significant challenges:

• Technological Breakthroughs: Achieving Pbps data rates and sub-microsecond la-

tencies will necessitate advancements in materials science (e.g., graphene-based metasur-

faces), quantum computing, and neuromorphic hardware [40].

• Spectrum Management: Operating in sub-millimeter and optical bands will require

sophisticated spectrum allocation strategies to avoid interference [3].

I.6.4 Key Performance Indicators

• Data Rate: >10 Tbps.

• Latency: < 10µs.

• Connection Density: 100 million/km2.

• Energy Efficiency: < 0.1pJ/bit.

• Reliability: 99.999999%.

• Neuromorphic Computing: Emulates neural architectures for ultra-low-latency brain-

computer interfaces (BCIs), processing signals at femtojoule efficiencies, and is integrated

with radio-frequency identification (RIS) for neural signal transmission over optical wire-

less communication (OWC) bands [41].

• Molecular Communication: Utilizes biochemical signals (e.g., calcium ions) for nanoscale

networks, with RIS enhancing signal precision by focusing molecular propagation in com-

plex biological environments [40].

• Orbital Angular Momentum (OAM): Exploits electromagnetic wave vorticity for

ultra-high-capacity links, achieving Pbps rates in hybrid OWC-terahertz systems, com-

plemented by RIS for dynamic beam steering [42].

• Bio-Compatible RIS: Employs organic metasurfaces (e.g., graphene-based) to interface

with human tissue, enabling non-invasive bio-nano connectivity with minimal immuno-

logical impact [40].

24



Chapter I: Technical Evolution of Mobile Networks

I.7 Conclusion

This chapter provides a comprehensive overview of the technical evolution of mobile net-

works, tracing their development from the analog-based 1G systems of the 1980s to the

ultra-reliable, AI-driven 5G networks of today. It also explores the emerging technologies

and anticipated capabilities of 6G, expected around 2030, and offers a visionary outlook

toward 7G, projected for the late 2030s and beyond .

Each generation has introduced significant improvements in key performance indicators

(KPIs), including data rates, latency, connection density, spectral efficiency, and reliabil-

ity. Starting with voice-only 1G, mobile networks have evolved through digitalization (2G),

multimedia support (3G), high-speed broadband (4G), and finally ultra-reliable low-latency

connectivity (5G). This chapter details the underlying technologies, network architecture,

and limitations of each generation.

The discussion then transitions into 6G, which aims to deliver terabit-per-second data

rates (less than 1 Tbps), sub-millisecond latencies (less than 100µs), and massive device

density (up to 10 million devices per square kilometer). It highlights enabling technologies

such as terahertz communication, artificial intelligence (AI), integrated sensing and com-

munication (ISAC), visible light communication (VLC), and, in particular, Reconfigurable

Intelligent Surfaces (RIS), a transformative solution for enhancing signal propagation, cov-

erage, and energy efficiency in high-frequency bands.

Looking ahead, 7G envisions a future where wireless communication integrates quantum

mechanics, molecular signaling, and neuromorphic computing, potentially enabling brain-

computer interfaces, ultra-secure quantum channels, and real-time sensory transmission.

However, these advancements also present significant challenges related to spectrum man-

agement, infrastructure costs, energy sustainability, and technological feasibility.

In conclusion, the evolution of mobile networks reflects a continuous pursuit of faster

and more innovative, and more reliable connectivity. As we move toward RIS-enabled envi-

ronments and beyond, understanding this progression is crucial for shaping the next era of

intelligent, immersive, and globally integrated communication systems.
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II.1 Introduction

The rapid evolution of wireless communication systems has necessitated innovative ap-

proaches to address the challenges of spectrum scarcity, energy efficiency, and reliable signal

propagation in complex environments. Among emerging technologies, Reconfigurable Intel-

ligent Surfaces (RIS) have garnered considerable interest due to their potential to transform

the landscape of wireless communications . By leveraging the unique properties of meta-

materials, RIS enables dynamic manipulation of electromagnetic waves, thus offering a new

paradigm for optimizing signal propagation and enhancing network performance. This chap-

ter provides a comprehensive exploration of RIS, starting with the fundamental concepts of

metamaterials and their electromagnetic properties. It also discusses the operational princi-

ples and architectural design of RIS, highlighting their role in creating intelligent communica-

tion environments . Furthermore, the chapter examines the integration of RIS with advanced

multiple access techniques and statistical fading models, providing a holistic understanding

of their impact on modern wireless systems. Through a detailed analysis of these elements,

this chapter aims to lay the groundwork for understanding the transformative potential of

RIS in meeting the demands of next-generation communication networks.
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II.2 Definition and Fundamental Concepts of Metama-

terials

Metamaterials, originating from the Greek term ”meta,” which translates to ”beyond,” and

the Latin term ”materia,” meaning ”matter,” are artificially engineered substances designed

to exhibit characteristics that are not present in naturally occurring materials [43]. The

microstructure of metamaterials is carefully constructed to ensure that their effective macro-

scopic response to specific excitations is not typically observed in nature [44]. These materials

can consist of metals, plastics, or semiconductors, and their periodic structures are defined

by repeating units referred to as ”meta-atoms” [45]. For effective interaction with electro-

magnetic waves, the dimensions of these meta-atoms must be significantly smaller than the

wavelength of the incident wave, generally adhering to the condition p ≤ λ
4 , where p denotes

the size of the meta-atom and λ is the wavelength [46].

The interaction of metamaterials with electromagnetic waves is quantified by the refrac-

tive index n, which is derived from their constitutive parameters: relative permittivity ε and

relative permeability µ. The relationship is expressed as n = ±√
εµ [47].

Metamaterials constitute a novel class of artificial materials whose engineered microstruc-

tures allow them to display unique electromagnetic properties that were previously consid-

ered physically impossible [48]. Unlike natural materials, which have periodic structures

formed by atoms, metamaterials feature an artificial periodic structure that is superimposed

onto a host material [49]. This artificial structure comprises elements that are larger than

the atoms of the host material, enabling it to dominate the natural response of the host to

incoming electromagnetic waves. As a result, the ensuing penetration, reflection losses, and

reflection angles are dictated by the artificial structure rather than the atomic configuration

of the host material. In this paper, we will investigate the key characteristics of meta-

materials, introduce the concept of Reconfigurable Intelligent Surfaces (RIS), and discuss

the potential applications of RIS in contemporary wireless communications. Most naturally

occurring materials exhibit positive permeability and permittivity, categorizing them as di-

electrics. These materials facilitate forward electromagnetic wave propagation, where both

group velocity and phase velocity move in the same direction, and energy flow aligns with

the wave motion. In contrast, materials such as ferrites (with ε > 0 and µ < 0) and plasmas

(with ε < 0 and µ > 0) exhibit a negative product of εµ, resulting in a purely imaginary

refractive index and lossy propagation, commonly referred to as evanescent propagation.
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The most intriguing scenario arises when both constitutive parameters are negative. In

this case, despite each parameter being negative, their product remains positive, yielding a

real refractive index. Such materials are classified as Negative Index Materials (NIM). NIMs

are characterized by backward propagation, where group velocity and phase velocity move in

opposite directions, and energy flows contrary to the wave motion[50]. Currently, no known

natural materials exhibit negative index properties, making the synthesis of artificial NIMs a

central focus of metamaterial research. The dynamics of forward, backward, and evanescent

propagation are illustrated in Figure II.1 the accompanying µε diagram:

Figure II.1: Permittivity (ε) and permeability (µ) diagram[50]

II.2.1 Generalized Snell’s & Reflection Laws

Snell’s Law: Snell’s law, also known as the Snell–Descartes law, describes how light or any

other wave behaves when it transitions between two isotropic media with different refractive
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indices, it is expressed as[50]:

n1 sin θ1 = n2 sin θ2 (II.1)

where:

• n1 and n2 are the refractive indices of the first and second media, respectively.

• θ1 is the angle of incidence, and

• θ2 is the angle of refraction measured from the normal.

During the study of metamaterials, this law was deemed inadequate for addressing the

new variables encountered in the investigation of these materials, leading to the formulation

of a new law in 2011, known as the generalized Snell’s law was proposed. This law reveals

that we can control the refraction direction by changing the phase gradient of the meta-

surface[50].

Generalized Law of Reflection: When an incident wave strikes an RIS, the reflected

wave follows the generalized law of reflection shown in Figure II.2, which differs from con-

ventional reflection due to the phase gradient introduced by the surface. For metasurfaces

with a phase gradient ∇Φ, the relationship between the incident angle θi and the reflected

angle θr is given by:

k0 sin θr − k0 sin θi = ∇Φ (II.2)

where: k0 is the wave number in free space.

Figure II.2: Classical and Generalized Snell’s Law at an Interface[50]
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II.3 Definition and Fundamental Concepts of RIS

A Reconfigurable Intelligent Surface (RIS) is defined as a programmable planar array con-

sisting of a multitude of individually controlled passive elements, as shown in Figure II.3,

engineered to dynamically manipulate incident radio-frequency (RF) electromagnetic waves

in real time [44], [51]. These elements, typically fabricated from metamaterials, possess

the capability to adjust their electromagnetic properties—namely phase and amplitude—to

facilitate the reflection or diffraction of signals toward designated directions [52].

Figure II.3: Schematic Representation of the RIS Structure[30]

In essence, an RIS functions as a controllable surface that governs the reflection of elec-

tromagnetic (EM) waves by altering its electrical and magnetic characteristics [53]. Strate-

gically deployed within the radio propagation channel between a transmitter and a receiver,

an RIS enables precise management of signal reflection along the propagation path, thereby

enhancing signal reception and improving the overall quality of the communication link.

In conventional wireless communication systems, the radio channel is typically regarded

as an uncontrollable medium that introduces distortions to transmitted signals [54]. Such

signals often interact with a diverse array of surfaces during propagation, resulting in ran-

dom reflections that give rise to both constructive and destructive interference patterns.

This is an environment defined by the Smart Environment 1.0. In contrast, an RIS provides

a mechanism to regulate these interactions by directing reflected signals toward specific

destinations. This controlled manipulation enhances the reliability and energy efficiency

of wireless systems, mitigating the adverse effects of random scattering [53]. Furthermore,

RIS technology elevates wireless communications to a new paradigm known as Smart En-

vironment 2.0, where the physical environment itself becomes an intelligent, programmable

component of the communication infrastructure [44]. In this advanced framework, surfaces
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and objects within the environment are transformed into active participants that can in-

telligently optimize signal propagation, creating a seamlessly integrated ecosystem where

communication performance is enhanced through environmental intelligence.

Consequently, the deployment of RIS can extend the operational range of wireless net-

works and enable signal delivery to regions that are otherwise challenging to access due to

physical obstructions or non-line-of-sight (NLoS) conditions [52].

Primary methodologies are employed to implement a RIS for the purpose of controlling

signal characteristics, as shown in Figure II.4, including reflection, refraction, absorption,

focusing, and polarisation [45]. These approaches include the utilisation of conventional

antenna arrays and the adoption of metasurfaces.

Figure II.4: Key Electromagnetic Wave Manipulation Functions of RIS[30]

Metasurfaces are characterized as electrically thin, densely packed two-dimensional ar-

rays of structured elements that possess specific electromagnetic properties determined by

their constituent components [46]. These components, commonly referred to as meta-cells,

unit cells, or meta-atoms, have dimensions that are significantly smaller than the wave-

length of the incident signal. In addition to their function in controlling electromagnetic

wave propagation, metasurfaces facilitate complex operations, including data modulation

and mathematical computations [47]. Moreover, experimental studies have shown their abil-

ity to temporarily store electromagnetic pulses for short durations. Due to these distinctive

characteristics, Reconfigurable Intelligent Surfaces (RIS) have the potential to transform

communication environments into intelligent systems, where signal propagation is dynami-

cally optimized to meet the specific needs of users and applications [48].

32



Chapter II: RIS, NOMA, and Statistical Fading Models in Wireless Communications

II.4 Structure and Operation of a Reconfigurable In-

telligent Surface

To facilitate precise manipulation of the electromagnetic propagation environment, a Recon-

figurable Intelligent Surface (RIS) is engineered with a multilayered architecture, as depicted

in Figure II.5, The constituent layers are delineated as follows [45]:

• The outermost layer comprises a two-dimensional array of RIS elements, configured to

directly interact with incident electromagnetic signals.

• The intermediate layer consists of a copper substrate designed to mitigate signal energy

leakage.

• The innermost layer incorporates a printed circuit board interfaced with the RIS con-

troller, enabling precise modulation of the phase shifts exhibited by the RIS elements.

Figure II.5: System Overview of a Meta-Atom-Based RIS with PIN Diode Control[45]

Each RIS element is a cost-effective, sub-wavelength programmable metamaterial unit,

operable across a frequency spectrum spanning sub-6 GHz to Terahertz bands [46]. Upon

interaction with an incident electromagnetic wave, the RIS element induces an electric cur-

rent, which subsequently generates secondary electromagnetic radiation. This radiation is

governed by the permittivity (ε) and permeability (µ) characteristics of the RIS [47]. The

operational principle of the RIS element in controlling wireless signal propagation is thus

established. A representative schematic of a metamaterial particle is illustrated in Figure II.6
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Figure II.6: An example of a programmable meta-material particle[45]

As shown, each element integrates PIN diodes, which are manipulated via biasing voltage

applied through a via hole. This configuration enables the diodes to toggle between ”ON”

and ”OFF” states, thereby altering the values of ε and µ. Consequently, the RIS element

exhibits variable responses to incident signals, manifesting as distinct phase shifts and am-

plitude modulations [55]. it is pertinent to note that the amplitude associated with each

phase shift is predetermined. Specifically, once a phase shift is selected, the correspond-

ing amplitude is inherently fixed, ensuring consistent electromagnetic behavior, to support

wireless communication applications.

• Constituent Elements: The individual reflecting units, commonly referred to as

metasurfaces, are constructed from specialized materials engineered to manipulate elec-

tromagnetic waves with precision [45]. These materials enable the controlled reflection

or diffraction of signals, optimizing their propagation characteristics.

• Centralized Control Mechanism: A dedicated control unit orchestrates the pa-

rameters of each reflecting element, ensuring that the signal transmission is optimized

for the intended target receivers, thereby enhancing link reliability and system perfor-

mance [55].

II.4.1 Operational Mechanism of a RIS in Wireless Communica-

tion

The functionality of a Reconfigurable Intelligent Surface (RIS) is grounded in the principle of

controlled signal reflection modulation [53]. When a signal transmitted from a base station

impinges upon the RIS, the surface dynamically adjusts its electromagnetic properties to

redirect the signal toward a designated terminal, optimizing both signal strength and qual-
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ity. This mechanism effectively mitigates the detrimental effects arising from interference,

physical obstructions, and propagation losses in the wireless channel [52].

• Channel Enhancement: By precisely manipulating the phase and amplitude of

the reflected signals, an RIS facilitates the creation of additional propagation paths

[51]. This augmentation significantly enhances network coverage and capacity, enabling

more robust communication links in challenging environments.

• Interference Suppression: The RIS’s capability to steer signals toward specific re-

ceivers reduces co-channel interference among users. Consequently, this targeted signal

delivery improves the overall quality of service (QoS) within the network, ensuring more

reliable and efficient communication.

• Enhanced System Capacity: Through the optimization of signal propagation paths,

RIS facilitate more effective utilization of available spectral resources, thereby increas-

ing the overall capacity of the communication network [44].

• Improved Energy Efficiency: As RIS do not require active power sources for signal

generation, they exhibit significantly lower energy consumption compared to conven-

tional antenna systems, making them a sustainable choice for modern wireless networks

[48].

• Diverse Application Scenarios: RIS can be deployed across a variety of contexts,

including 5G and 6G networks, dense Internet of Things (IoT) ecosystems, and com-

munication systems in challenging environments such as smart urban infrastructures

[49].

Reconfigurable Intelligent Surfaces represent a transformative technology poised to rev-

olutionize communication environments, enabling greater efficiency and adaptability. This

advancement effectively addresses both present and anticipated challenges in the evolution

of wireless networks [51].

II.4.2 Classification of Reconfigurable Intelligent Surfaces (RIS)

Reconfigurable Intelligent Surfaces (RIS) can be categorized based on their hardware archi-

tecture, operational modalities [55].
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II.4.2.1 Based on Hardware Architecture

• Passive RIS (P-RIS): Passive RIS (PRIS) are artificial surfaces composed solely of

passive elements as shown in Figure II.7 capable of manipulating incident electromag-

netic waves without the use of active circuits or external energy injection [45]. These

surfaces exclusively harness the energy of the received signals to dynamically adjust

their electromagnetic properties, such as phase and amplitude, thereby redirecting or

focusing the signals in specific directions.

Figure II.7: Passive RIS Design for Reflecting Signals without Amplification[30]

• Active RIS (A-RIS): Active Reconfigurable Intelligent Surfaces (A-RIS) are engi-

neered metasurfaces embedded with active components shown in Figure II.8, such as

amplifiers or integrated electronic circuits, enabling advanced manipulation of inci-

dent electromagnetic waves, including radiofrequency signals [46]. Unlike their passive

counterparts, A-RIS not only reflect or redirect these waves but also inject additional

energy into the reflection or transmission process.
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Figure II.8: Active RIS Design for Reflecting Signals with Amplification[30]

This capability facilitates signal amplification, modulation, or regeneration, thereby

enhancing signal strength and quality prior to redirection toward intended receivers.

The incorporation of active elements distinguishes A-RIS by enabling dynamic control

over wave propagation characteristics, optimizing performance in wireless communica-

tion systems [47].

• Hybrid RIS (H-RIS): Hybrid Reconfigurable Intelligent Surfaces (H-RIS) represent

a class of reconfigurable metasurfaces that integrate both passive and active elements

to manipulate incident electromagnetic waves as shown in Figure II.9 [48]. Passive

components enable energy-efficient reflection or redirection of signals without requir-

ing external power, while active components, such as amplifiers or electronic circuits,

introduce controlled energy to enhance the power or fidelity of transmitted signals.

This hybrid architecture leverages the complementary strengths of passive and active

RIS technologies, aiming to optimize energy efficiency, network coverage, and sys-

tem capacity in wireless communication frameworks. By balancing passive and active

functionalities, H-RIS provide a versatile solution for improving the performance of

next-generation telecommunication networks.
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Figure II.9: Hybrid RIS Design for Incident Signal Reflection[30]

II.4.2.2 Based on Operational modalities

According to the implementation of the RIS, RISs can be categorized into three types:

reflective, transmissive, and hybrid [49]. In the following, we will elaborate on these types.

These three types of RISs are also illustrated in Figure II.10.

Figure II.10: R-RIS: Reflective RIS — T-RIS: Transmissive RIS — T/R-RIS[49]

• Reflective Type: In this type, the RIS only reflects incident signals towards the users

on the same side of the BS. In the literature, this type of RIS is also referred to as

intelligent reflecting surfaces (IRS).

• Transmissive Type: In this type, incident signals will penetrate the RIS and be

transmitted towards users on the opposite side of the BS.

• Hybrid Type: This type of RIS enables the dual function of reflection and trans-

mission. In other words, the incident signals will be split into two parts: one part is

transmitted and the other is reflected. This type of RIS is also referred to as Intelligent

Omni-Surface IOS. In the following chapters, the term ”RIS” typically refers to the

reflective type RIS for brevity unless otherwise specified.
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II.5 Comparison of P-RIS with Relay Systems (DF):

II.5.1 Decode-and-Forward (DF) Relays vs. RIS

Decode-and-Forward (DF) relays decode and re-encode signals before retransmission, which

is completely different from the operation of RIS [55]:

• Signal Processing: DF relays perform complete decoding and re-encoding, eliminat-

ing noise from the first hop, but they require complex baseband processing [54]. In

contrast, RIS performs no digital processing and operates purely in the analog domain

[45].

• Spectral Resources: DF relays typically operate in half-duplex mode, requiring

orthogonal time or frequency resources, which reduces spectral efficiency. RIS, however,

operates in full-duplex mode without needing additional spectral resources [53].

• Latency: DF relays introduce a significant processing delay due to the decoding

and re-encoding processes [54]. RIS introduces negligible delay, limited only by the

electromagnetic propagation time [52].

II.5.2 Performance Trade-offs

The performance comparison reveals several trade-offs [55]:

1. Multi-user Support: RIS offers superior capabilities for simultaneously serving mul-

tiple users by creating multiple controllable paths [51], whereas conventional relays are

limited in this aspect.

2. Implementation Cost: RIS typically offers significantly lower implementation and

operational costs compared to relay systems, particularly when considering energy

consumption over the system lifetime [48].

II.5.3 Amplify-and-Forward (AF) Relays vs. A-RIS

AF relays receive, amplify, and retransmit signals without decoding, which is similar to the

reflection function of RIS but with active amplification. The key differences are as follows:

• Signal Processing: AF relays perform active amplification, which inherently am-

plifies both the signal and the noise [54]. In contrast, RIS reflects signals without
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amplification, thereby avoiding noise enhancement; however, RIS is subject to the

”double fading” effect [56].

• Power Consumption: AF relays require substantial power for reception, amplifica-

tion, and retransmission. On the other hand, passive RIS consumes power only for its

control circuitry, resulting in orders of magnitude lower energy consumption [48].

• Hardware Requirements: AF relays need complete RF chains and power amplifiers

to perform their functions [54]. Conversely, RIS requires only low-power control circuits

for its reconfigurable elements, simplifying the hardware architecture [55].

II.6 Non-Orthogonal Multiple Access (NOMA) Tech-

niques

Orthogonal Multiple Access (OMA) techniques have been foundational to mobile commu-

nications since the 1980s, with implementations such as Time Division Multiple Access

(TDMA) and Frequency Division Multiple Access (FDMA) in the Global System for Mo-

bile Communications (GSM), followed by Code Division Multiple Access (CDMA) in third-

generation (3G) networks, and subsequently Orthogonal Frequency Division Multiple Access

(OFDMA) and Multiple Input Multiple Output (MIMO) in 4G-LTE systems [54]. However,

the proliferation of connected devices and the exponential growth in demand for network

capacity and spectral efficiency have exposed the limitations of OMA approaches, shown in

FigureII.11.

To address these challenges, Non-Orthogonal Multiple Access (NOMA) has emerged as

a promising paradigm, garnering significant attention from researchers and standardization

bodies, such as the 3rd Generation Partnership Project (3GPP), particularly for massive

Machine-Type Communications (mMTC) in 5G and beyond [57].are shown in Figure II.11 .
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Figure II.11: Evolution of Multiple Access Technologies[32]

Non-Orthogonal Multiple Access (NOMA) involves a series of steps in both the trans-

mission and reception processes to enable multiple users to share the same resource block

effectively [57]. The fundamental stages:

1. User Grouping and Channel Estimation: Users are grouped based on their chan-

nel conditions, and channel state information (CSI) is estimated to facilitate informed

power allocation [58].

2. Power Allocation: Based on the CSI and quality-of-service (QoS) requirements,

distinct power allocation coefficients are assigned. Typically, users with poorer channel

conditions receive higher power levels to ensure reliable decoding [57].

3. Superposition Coding at the Transmitter: The data signals from the grouped

users are combined into a single composite signal using superposition coding. The

signals are overlaid in the power domain according to the allocated power coefficients

[57].

4. Transmission Over the Wireless Channel: The composite signal is then trans-

mitted over the shared wireless channel, allowing multiple user signals to coexist on

the same frequency-time resource.
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5. Reception and Successive Interference Cancellation (SIC): At the receiver side,

each user’s device receives the composite signal. Through the application of SIC, the

device sequentially decodes the overlaid signals [58]. It typically starts by decoding

the strongest signal (usually allocated to the user with the weakest channel) and then

subtracts this signal from the composite signal, progressively isolating and decoding

the remaining signals.

6. Data Decoding and Error Correction: After SIC has separated the signals, each

receiver decodes its respective data stream using appropriate error correction tech-

niques to ensure data integrity.

Research indicates that NOMA (b) achieves superior performance compared to OMA

(a) in terms of outage probability and ergodic sum rate [59]. Nevertheless, its effi-

cacy is contingent upon precise power allocation coefficients as shown (Figure II-12).

Challenges persist, notably the increased computational complexity associated with

Successive Interference Cancellation (SIC) and the potential for error propagation in

the event of decoding failures, which may degrade transmission quality [58].

Figure II.12: Power allocation OMA vs NOMA[32]

To mitigate these limitations, a hybrid approach, termed Hybrid NOMA (H-NOMA),

has been developed, integrating the strengths of TDMA and NOMA [60]. Through

optimized algorithms for time and resource management, H-NOMA has demonstrated

the potential to outperform both standalone NOMA and TDMA, achieving a reported

27%increase in throughput compared to OFDMA [60]. Unlike OMA, where each user

is allocated a distinct resource block, NOMA enables multiple users to simultaneously

utilize the same resource block, thereby enhancing user fairness and overall spectral

efficiency within the network [57].
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II.7 Overview of Fading Channels and Statistical

Models

Fading channels constitute a critical aspect of wireless communication systems, char-

acterized by stochastic fluctuations in the amplitude, phase, or power of the received

signal [61]. These variations primarily arise from multipath propagation, wherein sig-

nals traverse multiple paths due to reflections, diffractions, and scattering within the

propagation environment [62]. To characterize these intricate and random phenomena,

statistical distributions have been developed [63]. The following sections elucidate the

principal models employed to describe these effects.

II.7.1 Rayleigh Fading Model

The Rayleigh fading model is employed to characterize propagation environments lack-

ing a direct line-of-sight (LoS) component between the transmitter and receiver [64].

In such scenarios, the in-phase and quadrature components of the received signal are

modeled as zero-mean Gaussian processes. Consequently, the signal envelope adheres

to a Rayleigh distribution [65].

• Probability Density Function (PDF):

fγ(x) = 1
Ω exp

(
− x

Ω

)
, x ≥ 0 (II.3)

where:

– Ω denotes the average signal-to-noise ratio (SNR).

• Applications: This model is prevalent in urban environments characterized by

dense multipath scattering, where no dominant LoS path exists [62].

II.7.2 Rician Fading Model

The Rician fading model extends the Rayleigh framework by incorporating a dominant

LoS component alongside multipath contributions [66]. This model is suitable for

scenarios where a strong direct signal coexists with scattered signals. The presence of
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the LoS component introduces a deterministic effect, mitigating the severity of signal

fluctuations [67].

Probability Density Function (PDF):

fγ(x) = (K + 1)
Ω exp

(
−K − (K + 1)x

Ω

)
I0

2
√
K(K + 1)x

Ω

 , x ≥ 0 (II.4)

where:

• K represents the Rician factor, defined as the ratio of the power in the LoS

component to that in the multipath components.

• I0(.) is the modified Bessel function of the first kind and zeroth order.

• Special Case: When K = 0, the Rician model degenerates to the Rayleigh

model, indicating the absence of a dominant LoS component.

Applications: The Rician model is frequently utilized in suburban or rural settings,

where a LoS path is more likely to be present [68].

II.7.3 Nakagami-m Fading Model

The Nakagami-m fading model provides a generalized framework for describing small-

scale signal variations in environments with dense multipath scattering [69]. Its versa-

tility stems from the fading severity parameter (m), which governs the characteristics

of the fading process [63]. Key Characteristics:

• When (m = 0.5), the model corresponds to a one-sided Gaussian distribution.

• When (m = 1), it reduces to a Rayleigh distribution.

• For large values of (m), the channel approaches a deterministic state, indicating

negligible fading.

Probability Density Function (PDF):

fγ(x) = 2mm

Γ(m)Ωm
xm−1 exp

(
−mx

Ω

)
, x ≥ 0 (II.5)

where:
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• m: is the fading severity parameter, controlling the dispersion of the Nakagami-m

distribution

• Ω: represents the average received signal power.

• Γ(m): denotes the Gamma function.

Applications: The Nakagami-m model is extensively employed in both indoor and

outdoor mobile communications, as well as in ionospheric radio communications, owing

to its versatility in modeling various fading conditions [70].

In other words, the model’s significant adaptability enables effective representation of

diverse propagation environments [71].

It is utilized in performance analyses, including channel capacity, error probability,

and coverage, and is compatible with simulations of advanced systems such as 5G/6G,

RIS, and MIMO configurations [72].

Table II.1: Comparison of Wireless Fading Models Based on Principal

Model Principal Characteris-
tics

Typical Applications

Rayleigh Non-line-of-sight (NLoS);
characterized by multipath
propagation exclusively

Urban environments, dense scat-
tering scenarios

Rician Dominant line-of-sight
(LoS) component combined
with multipath propagation

Suburban and rural areas, satel-
lite communications

Nakagami-m Generalized model with ad-
justable parameter (m) for
flexible fading severity mod-
eling

Indoor and outdoor mobile com-
munications, ionospheric radio
systems
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II.8 Conclusion

This chapter has conducted a thorough analysis of Reconfigurable Intelligent Surfaces

(RIS) and their crucial role in enhancing wireless communication systems [44]. By

examining the foundational principles of metamaterials, the operational mechanisms

of RIS, and their advantages over traditional relay systems, we have underscored the

transformative potential of RIS in revolutionizing signal propagation and improving

network efficiency [51]. The exploration of Non-Orthogonal Multiple Access (NOMA)

and statistical fading models, including Rayleigh, Rician, and Nakagami-m, highlights

the compatibility of RIS with advanced techniques designed to tackle the challenges

faced in contemporary wireless environments [57]. The capability of RIS to dynamically

manipulate electromagnetic waves not only boosts network coverage and capacity but

also facilitates the creation of intelligent, programmable communication ecosystems

[53]. Looking forward, Chapter III will build upon this analysis by assessing the

integration of NOMA, RIS, and Nakagami-m fading models, comparing their combined

performance with other information transfer techniques to further clarify their practical

implications.
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III.1 Introduction

The rapid evolution of wireless communication systems demands innovative solutions

to address challenges such as spectrum scarcity, coverage limitations, and energy ef-

ficiency in next-generation networks. Non-Orthogonal Multiple Access (NOMA) has

emerged as a promising technique to enhance spectral efficiency by allowing multiple

users to share the same frequency resources through power-domain multiplexing and

successive interference cancellation (SIC) Simultaneously, Reconfigurable Intelligent

Surfaces (RIS) have gained significant attention for their ability to manipulate the

propagation environment, enabling enhanced signal coverage and quality in non-line-

of-sight (NLoS) scenarios The integration of RIS with NOMA presents a transformative

approach to improving system performance in dense urban environments, where tradi-

tional line-of-sight (LoS) communication is often obstructed This chapter delves into

the performance analysis of RIS-aided NOMA systems, focusing on a dual-user scenario

with near and far users under Nakagami-m fading channels By developing a compre-

hensive system model, we derive analytical expressions for key performance metrics,

including outage probability, sum system capacity, and bit error rate (BER) Through

rigorous simulations, we compare the proposed RIS-NOMA system with a benchmark

Decode-and-Forward (DF) cooperative NOMA system, highlighting the advantages of

RIS in enhancing system reliability and efficiency The primary objective is to evaluate

the impact of RIS deployment, power allocation strategies, and channel characteristics

on system performance, providing insights into practical implementation challenges

and future research directions for RIS-enhanced NOMA systems

48



Chapter III: Performance Analysis of RIS-Aided NOMA Systems

III.2 Our Study Scenario

III.2.1 Channel Model

This section elucidates the integration of a Reconfigurable Intelligent Surface (RIS)

within the propagation environment for the formulation of a channel model. This inte-

gration is critical for evaluating the performance of RIS-aided communication networks

[44], [73]. The analysis herein focuses exclusively on the reflective RIS configuration,

with the channel models for alternative RIS types derivable through analogous method-

ologies. In an RIS-aided communication framework, the receiver acquires signals via

two distinct pathways: the direct path from the transmitter and the reflective path

mediated by the RIS [47]. Under the assumption of a narrowband flat-fading channel,

the received signal can be mathematically expressed as:

Y = (HBS−RISΦHRIS−USER) · x+ n (III.1)

where x denotes the transmitted signal vector, and n represents the additive white

Gaussian noise vector at the receiver. The term HBS−RIS characterizes the direct

channel matrix between the base station (transmitter) and the RIS, while HRIS−USER

encapsulates the cascaded channel matrix from the transmitter to the receiver via the

RIS.

In this investigation like Figure III.1, the focus is directed toward scenario (b), which

delineates a configuration wherein communication between the base station (BS) and

the user is facilitated through a non-line-of-sight (NLoS) link. This scenario holds

particular significance, as it encapsulates real-world environments characterized by

dense urban settings, where physical obstructions preclude a direct line-of-sight (LoS)

connection between the base station and the user terminal [74].
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Figure III.1: Schematic Representation of RIS-Enabled Communication[30]

III.2.2 Context of the Study

This research investigates the performance of intelligent reconfigurable surface (RIS)-

Aided wireless communication systems operating in a dual-user scenario, where users

are positioned at varying distances from the base station, classified as near and far

users . In the absence of a direct line-of-sight (LoS) propagation path between the base

station and the users, communication relies entirely on the signal reflected by the RIS.

The system under consideration employs either passive RIS elements to enhance signal

propagation conditions . Performance evaluation is conducted within the framework

of non-orthogonal multiple access (NOMA), enabling efficient resource allocation and

user multiplexing [45], [71].

The study derives analytical expressions for several key performance metrics: Outage

Probability, Sum System Capacity, and Bit Error Rate (BER) . To account for a range

of fading environments with varying severity and multipath characteristics, the channel

models are formulated using the Nakagami-m distribution, which provides a flexible

and accurate representation of real-world propagation conditions [61], [67].

Computer simulations are carried out to corroborate the derived theoretical results

and ensure their validity across different operational scenarios. The primary objectives

of this work include: analyzing the outage behavior of both near and far users under

NOMA-based RIS-Aided transmission [62], [75]; identifying critical system parameters

that influence outage performance, such as RIS element configuration, channel fading

characteristics, and power allocation strategies [70], [73]; and evaluating the impact of
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RIS deployment design on overall system reliability and spectral efficiency [76].

Finally, the dissertation concludes with a comprehensive discussion on the practical

implementation challenges and future research directions for RIS-enhanced NOMA

systems, highlighting their potential to significantly improve coverage, connectivity,

and energy efficiency in next-generation wireless networks [56], [77].

In the context of RIS-NOMA systems, the EC is computed for all users, considering

the cascaded channel (base station to RIS to user), power allocation, and successive

interference cancellation (SIC) [78].

III.2.3 NOMA Aided by RIS

The integration of Reconfigurable Intelligent Surfaces (RIS) with Non-Orthogonal Mul-

tiple Access (NOMA) represents a significant advancement in wireless communications,

surpassing the constraints of both traditional Orthogonal Multiple Access (OMA) sys-

tems and standalone RIS deployments [44], [79]. By leveraging NOMA’s spectral

efficiency alongside RIS’s capability to manipulate the propagation environment, this

approach, whether implemented in passive or active configurations, substantially en-

hances performance metrics, including outage probability, system capacity, and user

fairness [76], [80]. However, several challenges remain, including the complexity of SIC,

optimal power allocation, and effective interference management, all of which must be

addressed to realize the potential of this technology fully [81], [82].

Future research efforts should prioritize the optimization of beamforming techniques,

the integration of multi-antenna configurations, and the development of energy-efficient

solutions to ensure practical and scalable deployments in real-world scenarios [74], [83].
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III.3 System Model for the Analysis of Passive RIS

III.3.1 System Model Description

The system model delineates a wireless communication framework augmented by a

Passive Reconfigurable Intelligent Surface (Passive-RIS) within the context of Non-

Orthogonal Multiple Access (NOMA) technology . The communication channels are

characterized using the Nakagami-m distribution, facilitating the representation of

various fading environments [61]. The model incorporates two users positioned at

distinct distances: a Near user and a Far user, as shown in Figure III.2.

• Base Station (BS): Transmits signals to the users.

• Passive-RIS: A passive surface comprising reflective elements that manipulate

the phase of incident signals to enhance transmission quality. The passive ele-

ments do not consume energy or amplify signals. Thermal noise generated by

these elements is negligible [47].

• Near User: Located in close proximity to the Passive-RIS, benefiting from a

stronger channel [59].

• Far User: Positioned farther away, experiencing significant path loss, and re-

quiring higher power allocation [59].

Figure III.2: System Model for Passive RIS-Aided Wireless Communication Network[84]
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III.3.2 Non-Orthogonal Multiple Access (NOMA) Implemen-

tation in our System

The system employs Non-Orthogonal Multiple Access (NOMA) to facilitate concur-

rent sharing of spectral resources among multiple users, enhancing spectral efficiency

through sophisticated signal processing techniques [45], [71].

(a) Signal Superposition

At the base station, signals intended for near and far users are superimposed,

creating a composite signal that leverages the same frequency resources [85].

(b) Power Allocation

• Far User (Weak Channel): A higher power allocation coefficient, denoted

as af , is assigned to ensure reliable signal detection despite channel impair-

ments [82].

• Near User (Strong Channel): A lower power allocation coefficient, an, is

allocated, where the constraint an +af = 1 ensures total power normalization

[71].

(c) Successive Interference Cancellation (SIC)

The near user employs SIC to first demodulate the far user’s signal, which is allo-

cated higher power, before decoding its own signal, thereby mitigating interference

[81].

(d) Channel Power Characteristics

The average channel power is determined by the path loss factor (α) and the phys-

ical distance between the communicating entities, influencing the overall signal

quality [59].
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III.4 Formulation of Transmitted and Received Sig-

nals

III.4.1 Transmitted Signal

The composite signal transmitted by the base station is expressed as:

x =
√
anPb · xn +

√
afPb · xf (III.2)

• Pb: Total transmit power of the base station.

• an, af : Power allocation coefficients for the near and far users, respectively [71].

• xn, xf : Modulated signals intended for the near and far users, respectively.

III.4.2 Received Signal

(a) Signal Received by the Near User The signal received by the near user, Yn,

is given by:

Yn =
√
anPb · (hb,lΦhl,n)xn +

√
afPb · (hb,lΦhl,n)xf + wn (III.3)

• hb,lΦhl,n: Composite channel gain between the base station, Passive Recon-

figurable Intelligent Surface (RIS), and the near user [47].

• Φ: Diagonal matrix representing the reflection coefficients of the Passive RIS

elements [73].

• wn: Additive White Gaussian Noise (AWGN) at the near user.

(b) Signal Received by the Far User

The signal received by the far user, Yf , is expressed as:

Yf =
√
anPb · (hb,lΦhl,f )xn +

√
afPb · (hb,lΦhl,f )xf + wf (III.4)

• hb,lΦhl,f : Composite channel gain between BS, Passive RIS, and the far user [47].

• wf : AWGN at the far user.
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III.5 Reflection Coefficients of the Passive RIS

The reflection coefficients of the Passive Reconfigurable Intelligent Surface (RIS) govern

the phase adjustment of incident signals without active amplification, playing a pivotal

role in optimizing signal propagation [47], [73].

III.5.1 Definition of Reflection Coefficients

The reflection coefficients (Φ) are represented as a diagonal matrix:

Φ = diag(δ1e
jθ1 , . . . , δLe

jθL) (III.5)

Where:

• L: Total number of passive reflecting elements in the RIS.

• δl: Amplitude coefficient for the l-th element (δl = 1 for a Passive RIS, as it does

not alter signal amplitude) [73].

• θl: Phase shift applied by the l-th element to optimize signal propagation [47].

III.5.2 Role of Reflection Coefficients

• Phase Control

The passive RIS elements adjust the phase of incident signals (θl) to maximize

channel gain, enhancing communication quality by redirecting signals to circum-

vent obstacles and establish virtual line-of-sight (LoS) links in non-LoS environ-

ments [80].

• Optimization of Reflection Coefficients

The primary objective is to maximize the received signal power by aligning the

phases of reflected signals to minimize destructive interference and enhance con-

structive interference [73].

• Phase Alignment

Optimal phase alignment is achieved by adjusting the phase shifts (θl) based on
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channel conditions. The optimal phase angle for a given user is calculated as:

angle(θl) = − angle(hb,l) − angle(hl,n) (III.6)

Where:

– hb,l: Channel between the base station and the Passive RIS.

– hl,n: Channel between the Passive RIS and the near user [47].

• Channel Gain Maximization

By optimizing the reflection coefficients, the Passive RIS enhances the composite

channel gain (hb,lΦhl,n or hb,lΦhl,f ), thereby improving communication quality for

both near and far users [80].

III.6 SINR for the Near User

III.6.1 SINR Without SIC

The SINR for the near user, without SIC, is defined as the ratio of the desired sig-

nal power to the sum of interference and noise power. The desired signal is
√
anPb ·

(hb,lΦhl,n)xn, while the far user’s signal (
√
afPb · (hb,lΦhl,n)xf ) contributes to interfer-

ence. The SINR is expressed as:

γn→f = anPb|hb,lΦhl,n|2

afPb|hb,lΦhl,n|2 + σ2
N

(III.7)

Where:

• |hb,lΦhl,n|2: Composite channel gain between the base station, P-RIS, and the

near user [48].

• an, af : Power allocation coefficients for the near and far users [71].

• σ2
N : Noise variance at the near user.
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III.6.2 Simplified SINR

Introducing the signal-to-noise ratio (SNR) parameter ζN = Pb

σ2
N

, the SINR becomes:

γn→f = anζN |hb,lΦhl,n|2

afζN |hb,lΦhl,n|2 + 1 (III.8)

III.6.3 Application of SIC

• Detection of the Far User’s Signal

The near user first detects the far user’s signal (xf ), which is allocated higher

power (af > an) [81].

• Interference Suppression

Upon successful detection, the far user’s signal is subtracted from the received

signal, yielding the interference-free signal for the near user:

Y SIC
n =

√
anPb · (hb,lΦhl,n)xn + wn (III.9)

• SINR After Application of SIC

The SINR for the near user after SIC is given by:

γn = anPb|hb,lΦhl,n|2

σ2
N

(III.10)

Using the SNR parameter ζN , the SINR simplifies to:

γn = anζN |hb,lΦhl,n|2 (III.11)

The signal-to-interference-plus-noise ratio (SINR) for the far user in a non-orthogonal

multiple access (NOMA) system without successive interference cancellation (SIC)

is defined as the ratio of the desired signal power to the aggregate power of inter-

ference and noise [81]. For the far user, the desired signal is expressed as
√
afPb ·

(hb,lΦhl,f )xf , where the signal intended for the near user,
√
anPb · (hb,lΦhl,f )xn, is

treated as interference [48].

The transmitted signal x, which encapsulates the superposed signals for both the

near and far users under NOMA, yields the received signal at the far user as
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follows:

Yf =
√
anPb · (hb,lΦhl,f )xn +

√
afPb · (hb,lΦhl,f )xf + wf (III.12)

The SINR for the far user is subsequently formulated as:

γf = Power of Desired Signal
Power of Interference + Power of Noise (III.13)

Substituting the relevant terms, the SINR is expressed as:

γf = afPb|hb,lΦhl,f |2

anPb|hb,lΦhl,f |2 + σ2
F

(III.14)

Where:

– |hb,lΦhl,f |2: The composite channel gain from the base station to the far user

via the passive reconfigurable intelligent surface (Passive-RIS) [48].

– an: The power allocation coefficient for the near user [71].

– af : The power allocation coefficient for the far user [71].

– σ2
F : The noise variance at the far user.

• Simplification of SINR

To facilitate analytical tractability, the SINR can be reformulated in a normalized

form by introducing the following parameter:

– ζF = Pb

σ2
F

: The signal-to-noise ratio (SNR) at the far user.

Consequently, the SINR is rewritten as:

γf = afζF |hb,lΦhl,f |2

anζF |hb,lΦhl,f |2 + 1 (III.15)

III.7 Conditions for Simplification of our Analysis

(a) Idealized Passive-RIS Components

The elements of the Passive Reconfigurable Intelligent Surface (Passive-RIS) are

assumed to exhibit ideal phase-shifting capabilities without incurring losses or

distortions, thereby maximizing their theoretical potential [73]. This assumption
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facilitates simplified modeling by neglecting material imperfections, thus estab-

lishing an optimal framework for evaluating theoretical performance benchmarks.

(b) Perfect Channel State Information (CSI)

Perfect CSI is presumed to be available at all network nodes, enabling optimal

phase-shift adjustments to enhance system performance [47]. This idealized con-

dition serves as a baseline for comparison with practical systems, where CSI may

be subject to inaccuracies or incomplete knowledge [70].

(c) Noise Modeled as Additive White Gaussian Noise (AWGN)

The noise is characterized using a standard AWGN model, which streamlines

analytical processes and provides a foundational reference for assessing system

performance under typical operational conditions.

These conditions collectively delineate the theoretical performance boundaries

of Passive-RIS, offering critical insights for practical system design and guiding

future research endeavors [83].

III.8 Outage Probability

III.8.1 Near Users

The outage probability for the near user is expressed as:

P p
OUTn

= 1 − Pr[γn→f ≥ γthf
, γn ≥ γthn ] (III.16)

where the threshold signal-to-noise ratios are defined as:

γthf
= 2Rth − 1 and γthn = 2Rthn − 1 (III.17)

The outage probability is further formulated as:
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P p
OUTn

= 1 − Pr
[
γn→f = anζN |hb,lΦhl,n|2

afζN |hb,lΦhl,n|2 + 1 ≥ γthf
, anζN |hb,lΦhl,n|2 ≥ γthn

]
(III.18)

The channel power is:

|HN |2 =
(

L∑
l=1

|hbl,l||hln,l|
)2

(III.19)

The outage probability is further formulated as:

P p
OUTn

= 1 − Pr
[
|HN |2 ≥ max

(
γthf

ζN(an − γthf
af ) ,

γthn

anζN

)]
(III.20)

The parameters YBS = mbl

Ωbl
, YN = mln

Ωln
, with integer mbl,mln, simplify the outage prob-

ability (OP) computation in RIS-NOMA by yielding a closed-form Gamma CDF with

a finite sum [62]. The OP for user N is expressed as a function of the effective channel

gain’s CDF, which is computationally efficient due to the integer fading parameters

[75].

Where: hM ∼ Nakagami(mbl,ΩM), hln ∼ Nakagami(mln,Ωln)

The outage probability (P p
out) for a passive Reconfigurable Intelligent Surface (RIS)-

Aided system is given by the cumulative distribution function (CDF) of the effective

channel gain hblhln, evaluated at a threshold related to the target SINR γth [67]. The

expression is:

P p
out = (YBSYNγthN

)mln

Γ(mbl)Γ(mln)(N2ζN)mln
G2,1

1,3

YBSYNγthN
|

0

0,mln,−mln

 , (III.21)

where:

• G2,1
1,3(·): Meijer-G function with order (2,1;1,3) [62].

• YS = mbl

Ωbl
, YN = mln

Ωln
. Normalized fading parameters, with mbl,mln as integer

Nakagami-m fading parameters, and Ωbl,Ωln as average channel powers.
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• γthn : SINR threshold, typically γth = 2Rth − 1, where Rth is the target rate.

• ζN : Transmit SNR (ζN = P
σ2

N
, where P is transmit power and σ2 is noise variance).

• N : Number of RIS reflecting elements.

• Γ(m) = (m− 1)!: Gamma function.

III.8.2 Far Users

The outage probability for the far user is expressed as:

P p
OUTf

= Pr[γf < γthf
] (III.22)

γf = afζF |HF |2

anζF |HF |2 + 1 (III.23)

|HF |2 <
γthf

ζF (af − γthf
an) (III.24)

P p
OUTf

= Pr
[
|HF |2 <

γthf

ζF (af − γthf
an)

]
(III.25)

The parameters YBS = mbl

Ωbl
, YF = mlf

Ωlf
, with integer mbl,mln, simplify the outage prob-

ability (OP) computation in RIS-NOMA by yielding a closed-form Gamma CDF with

a finite sum [62]. The OP for user F is expressed as a function of the effective channel

gain’s CDF, which is computationally efficient due to the integer fading parameters

[75].

Where: hbl ∼ Nakagami(mbl,Ωbl), hln ∼ Nakagami(mlf ,Ωlf )

The outage probability (P p
out) for a passive Reconfigurable Intelligent Surface (RIS)-

Aided system is given by the cumulative distribution function (CDF) of the effective
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channel gain hblhlf , evaluated at a threshold related to the target SINR γth [67]. The

expression is:

P p
out =

(YBSYFγthf
)mlf

Γ(mbl)Γ(mlf )(N2ζF )mlf
G2,1

1,3

YBSYFγthf
|

0

0,mlf ,−mlf

 , (III.26)

where:

• G2,1
1,3(·): Meijer-G function with order (2,1;1,3) [62].

• YS = mbl

Ωbl
, YF = mlf

Ωlf
. Normalized fading parameters, with mbl,mlf as integer

Nakagami-m fading parameters, and Ωbl,Ωlf as average channel powers.

• γthf
: SINR threshold, typically γth = 2Rth − 1, where Rth is the target rate.

• ζF : Transmit SNR (ζF = P
σ2

F
, where P is transmit power and σ2

f is noise variance).

• N : Number of RIS reflecting elements.

• Γ(m) = (m− 1)!: Gamma function.

III.9 Bit Error Rate (BER)

The Bit Error Rate (BER) for the near user and far user in a Passive Reconfigurable

Intelligent Surface (PRIS) system is derived using the general BER expression (equa-

tion III-27). Below are the final closed-form BER expressions, obtained by evaluating

the integral involving the Meijer G-function [84].

The general expression for the Bit Error Rate (BER) in a communication system is

given by:

BER =
∫ ∞

−∞
Pe(x)f(x) dx (III.27)

where:

• Pe(x) is the conditional error probability given the received signal.

• f(x) is the probability density function (PDF) of the received signal.
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For AWGN channels, the BER for BPSK modulation is:

BER = Q

(√
2Eb

σ

)
(III.28)

where:

• Q(x) = 1√
2π

∫∞
x e−t2/2dt is the Q-function.

• Eb is the energy per bit.

• σ is the noise standard deviation.

III.9.1 Near Users

In Nakagami-m fading, the channel power gains Hn and Hf follow a Gamma distribu-

tion with PDF [61]:

fHi
(x) = mmi

i xmi−1

Γ(mi)Ωmi
i

e
− mix

Ωi , x ≥ 0, i ∈ {n, f} (III.29)

For the near user, γn = anζNHn. Let γ̄n = anζNΩn be the average SNIR. The instan-

taneous SNIR is proportional to Hn, so:

γn = γ̄n
Hn

Ωn

(III.30)

The BER is:

Pb,n =
∫ ∞

0
Q

(√
2γ̄n

x

Ωn

)
· m

mn
n xmn−1

Γ(mn)Ωmn
n

e− mnx
Ωn dx (III.31)

Substitute z = mnx
Ωn

, so x = Ωnz
mn

, dx = Ωn

mn
dz, and the PDF becomes:

fHn(x)dx =
mmn

n

(
Ωnz
mn

)mn−1

Γ(mn)Ωmn
n

e−z · Ωn

mn

dz = zmn−1

Γ(mn)e
−zdz (III.32)
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The argument of the Q-function becomes:

√
2γ̄n

x

Ωn

=
√

2γ̄n
z

mn

(III.33)

Thus:

Pb,n =
∫ ∞

0
Q

(√
2γ̄nz

mn

)
· z

mn−1

Γ(mn)e
−zdz (III.34)

This integral can be evaluated using the moment-generating function (MGF) approach.

The MGF of the Q-function for Nakagami-m fading is [84]:

Pb,n = 1√
πΓ(mn)

∫ π/2

0

(
mn sin2 θ

mn sin2 θ + γ̄n

)mn

dθ (III.35)

For integer mn, this can be expressed in closed form using finite sums, or special

functions. Alternatively, it can be represented using the Meijer G-function for general

mn:

Pb,n = 1√
πΓ(mn)G

2,1
2,2

 γ̄n

mn

|
1 −mn, 1

0, 1/2

 (III.36)

III.9.2 Far Users

For the far user, the SNIR is:

γf = afζFHf

anζFHf + 1 (III.37)

Let γ̄f = afζF Ωf , γ̄′
n = anζF Ωf . Then:

γf =
af ζF

Ωf
·Hf

anζF

Ωf
·Hf + 1

Ωf

=
γ̄f

Ωf
·Hf

γ̄′
n

Ωf
·Hf + 1

Ωf

(III.38)
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The BER is:

Pb,f =
∫ ∞

0
Q


√√√√√ 2γ̄f

x
Ωf

γ̄′
n

Ωf

x
Ωf

+ 1
Ωf

 ·
m

mf

f xmf −1

Γ(mf )Ωmf

f

e
−

mf x

Ωf dx (III.39)

Substitute z = mf x

Ωf
, so x = Ωf z

mf
, dx = Ωf

mf
dz:

Pb,f =
∫ ∞

0
Q

(√
2γ̄fz

γ̄′
nz +mf

)
· z

mf −1

Γ(mf )e
−zdz (III.40)

This integral is more complex due to the fractional SNIR. It can be evaluated numeri-

cally or approximated using the MGF approach for the transformed variable [84]. For

high SNIR, approximate:

γf ≈ af

an

, if anζFHf ≫ 1 (III.41)

This integral is challenging due to the fractional term. For integer mf , it can be

approximated or evaluated using the Meijer G-function after variable substitution [84].

Assuming the user’s context (Meijer G-function for SER), we approximate the inner

integral:

Pb,f ≈ 1√
πΓ(mf )

∫ π/2

0
G2,1

2,2

 γ̄f

γ̄′
n sin2 θ +mf

|
1 −mf , 1

0, 1/2

 dθ (III.42)
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III.10 Ergodic Capacity (EC)

III.10.1 Near User

The SNIR for the near user is:

γn = anζNHn (III.43)

The ergodic capacity is:

Cn = E [log2 (1 + anζNHn)] (III.44)

To compute this, we use the PDF of Hn [78]:

Cn =
∫ ∞

0
log2 (1 + anζNx) · m

mn
n xmn−1

Γ(mn)Ωmn
n

e− mnx
Ωn dx (III.45)

This integral can be evaluated using the following result for the expectation of a loga-

rithmic function over a Gamma distribution. For a Gamma-distributed random vari-

able X ∼ Gamma(m, θ) (where θ = Ωn

mn
), the ergodic capacity is [78]:

Using the PDF of Hn:

Cn =
∫ ∞

0
log2 (1 + anζNx) · m

mn
n xmn−1

Γ(mn)Ωmn
n

e− mnx
Ωn dx (III.46)

Converting to natural logarithm for convenience (log2(x) = ln(x)
ln(2) ):

Cn = 1
ln 2

∫ ∞

0
ln (1 + anζNx) · m

mn
n xmn−1

Γ(mn)Ωmn
n

e− mnx
Ωn dx (III.47)

For integer mn, a closed-form expression exists using the exponential integral E1(z) =∫∞
z

e−t

t
dt [78]:
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Cn = 1
ln 2

mn∑
k=1

(
mn

k

)
(−1)mn−k

(
mn

anζNΩn

)mn−k

E1

(
mn

anζNΩn

)
(III.48)

For non-integer mn, the integral can be evaluated numerically or expressed using the

Meijer G-function, but numerical integration is often preferred [78]:

Cn = 1
ln 2

∫ ∞

0
ln (1 + anζNx) · m

mn
n xmn−1

Γ(mn)Ωmn
n

e− mnx
Ωn dx (III.49)

III.10.2 Far User

The SNIR for the far user is:

γf = afζFHf

anζFHf + 1 (III.50)

The ergodic capacity is:

Cf = E
[
log2

(
1 + afζFHf

anζFHf + 1

)]
(III.51)

This can be rewritten as:

Cf = E
[
log2

(
1 + (af + an)ζFHf

1 + anζFHf

)]
(III.52)

= E [log2 (1 + (af + an)ζFHf )] − E [log2 (1 + anζFHf )] (III.53)

Using the PDF of Hf
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Cf =
∫ ∞

0
[log2 (1 + (af + an)ζFx) − log2 (1 + anζFx)] ·

m
mf

f xmf −1

Γ(mf )Ωmf

f

e
−

mf x

Ωf dx (III.54)

This splits into two integrals, each similar to the near user case [78]:

Cf = 1
ln 2

[∫ ∞

0
ln (1 + (af + an)ζFx) fHf

(x)dx−
∫ ∞

0
ln (1 + anζFx) fHf

(x)dx
]

(III.55)

Each term can be evaluated similarly to the near user case, using the Meijer G-function

or numerical methods. For integer mf [78]:

Cf = 1
ln 2

mf −1∑
k=0

(−1)k
(

mf −1
k

) [
E1
(

mf

(af +an)ζF Ωf

) (
mf

(af +an)ζF Ωf

)mf −k
− E1

(
mf

anζF Ωf

) (
mf

anζF Ωf

)mf −k
]

(
mf

Ωf

)mf −k

(III.56)

III.11 System Model for Simulation

Figure III.3 presents a downlink NOMA-Aided RIS system model. The considered

system consists of a base station (BS), one RIS, and two users, namely a strong user

(n) and a weak user (f). We assume that the direct links do not exist between the BS

and users due to the obstacles. Therefore, users receive their signal only through RIS

[80]. The Nakagami-m fading channel is assumed in all nodes [61].
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Figure III.3: NOMA-Aided RIS system model

The BS transmits a superposition coding (SC) signal consisting of Near User (n) and

Far User (f) to the users through RIS with different power levels based on the channel

gain |hb,l|2Φ|hl,f |2 < |hb,l|2Φ|hl,n|2 [71]. The received signal at users is given by:

yi =
√
PS

(√
anXn +

√
afXf

)
hb,lΦhl,i + w, i = n, f (III.57)

Where PS is the total transmitting power by BS. an + af = 1. an < af . an and

af are the power allocation coefficients of (n) and (f), respectively [71]. Xn and

Xf are the signals of the (n) and (f), respectively. hb,l is the Nakagami-m fading

channel between BS-RIS, where hb,l ∈ CN×1 ∼ CN(0, σ2
l ), hl,n ∈ CN×1 ∼ CN(0, σ2

n),

hl,f ∈ CN×1 ∼ CN(0, σ2
f ). σ2

l = d−α
l , σ2

n = d−α
n , σ2

f = d−α
f , where dl, dn, df denote the

distances between the BS-RIS, RIS-n, and RIS-f , respectively, and α is the path loss

exponent [59]. w is the additive white Gaussian noise (AWGN), where w ∼ CN(0, σ2).

Φ = diag(ejΘ1 , ejΘ2 , . . . , ejΘN ) is the RIS phase shift matrix [73]. N is the number

of RIS elements. To simplify calculations and simulations, we assume that the white

Gaussian noise w ∼ CN(0, σ2) is equal for both the near and far users, as well as for the

channel, which means that the σ2
f=σ2

n=σ2 value is the same for all parties, facilitating

mathematical analysis and improving the accuracy of system performance evaluation.

The f decodes Xf first without SIC. The SINR at the f is given by:

γRIS
f = afPb|hb,l|2Φ|hl,f |2

anPb|hb,l|2Φ|hl,f |2 + σ2 (III.58)
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The n decodes Xf first without SIC. Then, it uses the SIC to decode Xn. The SINR

at the n are given by:

γRIS
n = afPb|hb,l|2Φ|hl,n|2

anPb|hb,l|2Φ|hl,n|2 + σ2 (III.59)

γRIS
n = anPb|hb,l|2Φ|hl,n|2

σ2 (III.60)

III.11.1 Benchmark: Cooperative NOMA

Figure III.4 presents a DF cooperative NOMA system as a benchmark to NOMA-

Aided RIS [60]. The considered system consists of a BS, one relay, and two users, as

follows: strong user (n) and weak user (f). We assume that the direct links do not

exist between the BS and users due to the obstacles. Therefore, the users receive their

signal through relay only [68]. The Nakagami-m fading channel is assumed in all nodes

[61].

Figure III.4: Cooperative NOMA system model

The BS transmits an SC signal consisting of n and f to the relay with different power

levels based on the channel gain an < af [71]. The received signal at relay is given by:

yrelay =
√
Pb

(√
anXn +

√
afXf

)
hb,r + w, (III.61)

Where hb,r is the Nakagami-m fading channel between BS-relay such that, where m = 1
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and hb,r ∼ CN(0, σ2
b,r), σ2

b,r = d−α
b,r , where db,r denotes the distances between the BS-

relay and α is the path loss exponent [59]. w is the additive white Gaussian noise

(AWGN), where w ∼ CN(0, σ2), and σ2
b,r = σ2.

The relay decodes Xf first without SIC. Then, it uses the SIC to decode Xn. The

SINR at the relay are given by:

γrelay
f = afPb|hb,r|2

anPb|hb,r|2 + σ2 (III.62)

γrelay
n = anPb|hb,r|2

σ2 (III.63)

The relay re-encodes the Xn and Xf in an SC signal as in BS with different power

levels based on the channel gain |hf |2 < |hn|2 [71]. The received signal at users is given

by:

yi =
√
Pr

(√
anXn +

√
afXf

)
hr,i + w, i = n, f (III.64)

Where Pr is the relay transmitting power. an + af = 1. an < af . an and af are the

power allocation coefficients of n and f , respectively [71]. Xn and Xf are the signals

of the n and f , respectively. hr,n and hr,f are the Nakagami-m fading channel between

relay-n and relay-f , where hr,n ∼ CN(0, σ2
n), hr,f ∼ CN(0, σ2

f ). σ2
n = d−α

n , σ2
f = d−α

f ,

where dn, df denote the distances between the relay-n, and relay-f , respectively, and α

is the path loss exponent [59]. w is the additive white Gaussian noise (AWGN) where

σ2
f = σ2

n = σ2.

The f decodes Xf first without SIC. The SINR at the f is given by:

γr,f = afPr|hr,f |2

anPr|hr,f |2 + σ2 (III.65)

The n decodes Xf first without SIC. Then, it uses the SIC to decode Xn. The SINR
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at the n are given by:

γSIC
r,n = afPr|hr,f |2

anPr|hr,n|2 + σ2 (III.66)

γSIC
r,n = anPr|hr,n|2

σ2 (III.67)
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III.12 Simulation and Results

In this section, simulation focuses on the comparative analysis of the performance of

two systems: Reconfigurable Intelligent Surface Non-Orthogonal Multiple Access (RIS-

NOMA) and Decode-and-Forward (DF) Relay NOMA, specifically in a Nakagami-m

fading channel with m = 1, which is equivalent to a Rayleigh fading channel [61], [68].

The analysis will cover three essential performance metrics: Bit Error Rate (BER)

[84], Outage Probability (OP) [62], [75], and Ergodic Capacity (EC) [78], all of which

will be evaluated as functions of the Signal-to-Noise Ratio (SNR).

III.12.1 Simulation Parameters

In the simulations, we use the following parameters:

Table III.1: Simulation Parameters.

Parameters Notions Values
Distance between BS and RIS db,l 1 m
Distance between RIS and n dl,n 1 m
Distance between RIS and f dl,f 2 m
Exponent of the path loss α 1
Power allocation coeff of n an 0.2
Power allocation coeff of f af 0.8

Transmission rate of n Rn 0.5 bps/Hz
Transmission rate of f Rf 1 bps/Hz

Number of RIS elements N 16, 32, 64
Channel Nakagami-m m 1

Monte Carlo ite 105

III.12.2 Capacity of System

In this subsection, we perform the capacity simulation of downlink NOMA-Aided RIS.

we compare the capacity of our system with downlink cooperative NOMA. The ca-

pacity is the quantity of information that the channel can transmit, according to our

system it is given by the following forms: The capacity of n and f for NOMA Aided

RIS are given by:
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CRIS
n = log2(1 + γRIS

n ) (III.68)

CRIS
f = log2(1 + γRIS

f ) (III.69)

The capacity of n and f for cooperative NOMA are given by:

CRL
f = 1

2 log2

(
1 + min

(
afPb|hb,l|2

anPb|hb,l|2 + σ2 ,
afPr|hl,f |2

anPb|hl.f |2 + σ2

))
(III.70)

CRL
n = 1

2 log2

(
1 + min

(
anPb|hb,l|2

σ2 ,
anPr|hn|2

σ2

))
(III.71)

Where Pr is the relay power in case of cooperative relay NOMA system model. The

sum capacity is given by:

CSystem = Cn + Cf (III.72)

III.12.2.1 Simulation Results of Ergodic Capacity

Figure III.5 compares the ergodic capacity of Near and Far users in RIS-NOMA and

DF Relay NOMA systems as a function of SNR. The x-axis represents SNR (dB),

ranging from 0 to 30 dB, and the y-axis represents capacity (bits/sec/Hz), ranging

from 0 to 12 bits/sec/Hz.

Figure III.5: Capacity of n and f for NOMA with RIS and DF cooperative NOMA.
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1)-Key Observations for (Ergodic Capacity vs. SNR)

• User n with RIS (strong user, solid blue line)

- For N = 16, the capacity starts at around 2 bits/sec/Hz at 0 dB SNR and

increases steadily, reaching approximately 11 bits/sec/Hz at 30 dB SNR.

- For N = 32, the capacity is higher, starting at around 2.5 bits/sec/Hz at 0 dB

SNR and reaching around 12 bits/sec/Hz at 30 dB SNR.

• User f with RIS (weak user, solid red line):

For N = 16, starting at around 2.1 bits/sec/Hz, the capacity is relatively flat,

staying around 2.2 bits/sec/Hz across the SNR range.

For N = 32, starting at around 2.2 bits/sec/Hz, the capacity is relatively flat,

staying around 2.2 bits/sec/Hz across the SNR range.

• User n with DF (strong user, dashed blue line):

The capacity starts at around 0.2 bit/sec/Hz at 0 dB SNR and plateaus at around

4 bits/sec/Hz beyond 30 dB SNR.

• User f with DF (weak user, dashed red line): The capacity starts at around

0.5 bit/sec/Hz at 0 dB SNR and plateaus at around 1.5 bits/sec/Hz beyond 30

dB SNR.

2)-Inset Graph (Zoomed View):

The inset graph zooms in on the capacity of the weak user (f), It highlights that

the weak user’s capacity in the RIS system (2.1–2.3 bits/sec/Hz) is consistently

higher than weak users in the DF system (0.5–1.5 bits/sec/Hz).

3)-Analysis and Interpretation of Results

• Effect of Number of RIS Elements (N):

– Increasing the number of RIS elements from N = 16 to N = 32 significantly

improves the capacity for the strong user (n) in the RIS system, as seen in

the steeper blue solid line for N = 32.

– The weak user (f) in the RIS system sees a modest capacity increase (from

2.1 to 2.3 bits/sec/Hz) with more RIS elements, indicating that RIS benefits

the strong user more prominently.
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• Comparison of RIS vs. DF Cooperative NOMA:

– The RIS system outperforms the DF cooperative NOMA system for both

users across all SNR values.

– For the strong user (n), the RIS system’s capacity (blue solid lines) is sig-

nificantly higher than the DF system (blue dashed line), especially at higher

SNRs and with more RIS elements (N = 32).

– For the weak user (f), the RIS system (red solid lines) achieves a capacity

of around (2.1–2.3) bits/sec/Hz, which is much higher than the DF system’s

capacity of around (0.5 to 1.5 bits/sec/Hz) (red dashed line).

• Superiority of RIS System:

– The NOMA-Aided RIS system significantly outperforms the DF cooperative

NOMA system in terms of capacity for both the strong and weak users. This

is primarily due to the RIS’s ability to optimize the channel through phase

shifts (Φ), enhancing the effective channel gain (|hb,l|2Φ|hl,i|2).

– The single-hop nature of the RIS system avoids the spectral efficiency loss

(1
2 factor) inherent in the two-hop DF cooperative NOMA system, as seen in

the capacity equations

– RIS : CRIS
n = log2(1 + γRIS

n ), CRIS
f = log2(1 + γRIS

f )

– DF: Cn = 1
2 log2(1 + min(γrelay

n , γSIC
r,n )), Cf = 1

2 log2(1 + min(γrelay
f , γsic

r,f ))

• Impact of N :

– Increasing the number of RIS elements (N) from 16 to 32 enhances the capac-

ity of the strong user (n) dramatically, as more elements allow better beam-

forming and signal reflection, improving the SINR (γRIS
n = NanPb|hb,l|2Φ|hl,n|2

σ2 ).

– The weak user (f) benefits less from the increase in N , as its SINR (γRIS
f =

Naf Pb|hb,l|2Φ|hl,f |2
anPb|hb,l|2Φ|hl,f |2+σ2 ) is limited by interference from the strong user’s signal

(anPb|hb,l|2Φ|hl,f |2).

• Weak User’s Performance:

– The weak user (f) in the RIS system maintains a relatively stable capacity

(2.1–2.3 bits/sec/Hz) across SNR, which aligns with its SINR being interference-

limited rather than noise-limited at higher SNRs.
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– In contrast, the weak user in the DF system has a very low capacity (around

0.5 bits/sec/Hz), likely due to the two-hop transmission and the relay’s lim-

ited ability to mitigate interference.

III.12.2.2 Simulation Results of Sum Capacity

• In Figure III.6, a Sum Capacity vs. SNR is shown, the x-axis represents SNR (dB),

ranging from 0 to 30 dB, and the y-axis represents sum capacity (bits/sec/Hz),

ranging from 0 to 16 bits/sec/Hz.

Figure III.6: Sum Capacity of NOMA with RIS and DF cooperative NOMA with different
number of RIS elements (N=16, 32, 64).

1)-Key Observations for (Sum Capacity vs. SNR)

• RIS System (red lines):

Three curves are shown for the RIS system in Figure III.6, corresponding to

different numbers of RIS elements (N = 16, 32, 64):

– For N = 16, the sum capacity starts at around 3.5 bits/sec/Hz at 0 dB SNR

and increases to approximately 13 bits/sec/Hz at 30 dB SNR.
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– For N = 32, the sum capacity starts at around 4.5 bits/sec/Hz at 0 dB SNR

and reaches around 14 bits/sec/Hz at 30 dB SNR.

– ForN = 64, the sum capacity is the highest, starting at around 5.5 bits/sec/Hz

at 0 dB SNR and reaching approximately 15 bits/sec/Hz at 30 dB SNR.

• DF Cooperative NOMA System (blue line):

– The sum capacity starts at around 1 bit/sec/Hz at 0 dB SNR and increases

gradually, plateauing at around 5 bits/sec/Hz beyond 30 dB SNR.

2)- Analysis and Interpretation of Results

• Effect of Number of RIS Elements (N):

– Increasing the number of RIS elements (N) from 16 to 64 significantly boosts

the sum capacity of the RIS system.

– The gap between the curves for N = 16, N = 32, and N = 64 widens as

SNR increases, indicating that more RIS elements provide a greater capacity

advantage at higher SNRs.

• Comparison of RIS vs. DF Cooperative NOMA:

– The RIS system consistently outperforms the DF cooperative NOMA system

across all SNR values and for all values of N .

– At 30 dB SNR, the sum capacity of the RIS system with N = 64 (15

bits/sec/Hz) is nearly three times that of the DF system (5 bits/sec/Hz).

– Even with N = 16, the RIS system’s sum capacity (13 bits/sec/Hz at 30 dB

SNR) is significantly higher than the DF system’s (5 bits/sec/Hz), suggesting

a limitation due to the DF two-hop transmission and interference constraints.

• Superiority of RIS System:

– The NOMA-Aided RIS system achieves a much higher sum capacity than the

DF cooperative NOMA system, primarily due to its ability to enhance the

effective channel gain through the phase shift matrix Φ. The sum capacity

for RIS is the sum of the individual user capacities: CRIS
System = CRIS

n + CRIS
f ,

where CRIS
n = log2(1 + γ1

n) and CRIS
f = log2(1 + γ2

f ).

– In contrast, the DF system’s sum capacity is limited by the two-hop trans-

mission: CDF
System = Cn + Cf , where Cn = 1

2 log2(1 + min(γn
relay, γ

n
r,n)) and
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Cf = 1
2 log2(1 + min(γf

relay, γ
f
r,f )). The 1

2 factor reflects the spectral efficiency

loss due to the two-phase transmission (BS to relay, relay to users).

• Impact of N :

– The number of RIS elements (N) has a profound impact on the sum capacity.

More elements allow better beamforming and signal reflection, increasing the

SINR for both users (γn
RIS and γf

RIS) and thus boosting the overall capacity.

– The capacity gain from increasing N is more pronounced at higher SNRs,

as the RIS can more effectively mitigate interference and noise, leading to a

steeper capacity curve.

III.12.3 Outage Probability

The outage defined the action that happened when the receiver cannot successfully

decode the received signal. The outage is expressed when the capacity is less

than the transmission rate. In this subsection, we perform the outage probability

simulation of downlink NOMA Aided RIS. We compare the outage probability of

our system with downlink DF cooperative NOMA. In case of NOMA Aided RIS,

the OP of f is defined as own capacity Cf , which is less than the rate Rf :

P f
out = P (γRIS

f < 2Rf − 1) ; when γf
th = 2Rf − 1 (III.73)

The OP of n is defined as the sum of: When Xf is detected erroneously and

correctly. Then, the OP of n signal can be expressed by:

P n
out = P (γRIS

n < γf
th, δ

RIS
n < γf

th) (III.74)

Likewise, in the DF cooperative NOMA system, the outage probability of n and

f are defined as:

P f
out = P

(
min

(
afPb|hb,r|2

anPb|hb,r|2 + σ2 ,
afPr|hr,f |2

anPr|hr,f |2 + σ2

)
< 22Rf −1

)
(III.75)

P n
out = P (ψn < 22Rf −1, ψf < 22Rn−1) (III.76)

Where ψn = min
(

af Pb|hb,r|2
anPb|hb,r|2+σ2

r
,

af Pr|hr,n|2
anPr|hr,n|2+σ2

n

)
and ψf = min

(
anPb|hb,r|2

σ2
r

, anPr|hr,n|2
σ2

f

)
<

22Rn−1. Rn and Rf are the target rate of n and f, respectively, the outage proba-
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bility of the system is given by:

P Sys
out = 1 − (1 − P n

out)(1 − P f
out) (III.77)

III.12.3.1 Simulation Results of Outage Probability:

Analyze Figure III.7, which presents the outage probability of near user n and

far user f for NOMA with RIS and DF cooperative NOMA systems as a function

of SNR (dB). The figure uses a logarithmic scale for outage probability (y-axis,

ranging from 10−5 to 100) and SNR (x-axis, ranging from 0 to 30 dB). The curves

compare four scenarios: User n with DF (strong user), User f with DF (weak

user), User n with RIS (strong user), and User f with RIS (weak user), with the

number of RIS elements set to N = 16 and N = 32.

Figure III.7: outage probability of n and f for NOMA with RIS and DF cooperative
NOMA.

1)- Key Observations for Outage Probability vs SNR

• User n with RIS (strong user, solid blue line):

– For N = 16, the outage probability starts at around 10−1 at 0 dB SNR and

decreases steadily, reaching approximately 10−3.8 at 30 dB SNR.

– For N = 32, the outage probability improves, starting at around 10−1.4 at 0

dB SNR and dropping to around 10−4.2 at 30 dB SNR.

80



Chapter III: Performance Analysis of RIS-Aided NOMA Systems

• User f with RIS (weak user, solid red line):

– For N = 16, the outage probability starts at around 10−1.5 at 0 dB SNR and

decreases to approximately 10−4.2 at 30 dB SNR.

– For N = 32, the outage probability is better, starting at around 10−1.7 at 0

dB SNR and reaching around 10−4.6 at 30 dB SNR.

• User n with DF (strong user, dashed blue line):

– The outage probability starts at around 100 (1) at 0 dB SNR and decreases

gradually, reaching around 10−4 at 30 dB SNR.

• User f with DF (weak user, dashed red line):

– The outage probability starts at around 100 (1) at 0 dB SNR and decreases

slowly, reaching around 10−4.5 at 30 dB SNR.

2) - Analysis and Interpretation of Results

• Effect of Number of RIS Elements (N)

Increasing the number of RIS elements from N = 16 to N = 32 significantly

reduces the outage probability for both the strong user (n) and weak user (f). For

the strong user, the outage probability improves from 10−3.8 to 10−4.2 at 30 dB

SNR, while for the weak user, it improves from 10−4.2 to 10−4.6. This enhancement

is due to better beamforming and signal reflection capabilities enabled by addi-

tional RIS elements, as described in Section III.5 (Page 53) with the phase shift

matrix Φ. The stronger improvement for the weak user (a 0.4-log-unit decrease

vs. 0.4 for the strong user) suggests that increasing N is particularly beneficial

for mitigating the distance-related channel impairments (dl,f = 2 m).

• Comparison of RIS vs. DF Cooperative NOMA

At low SNR (0 dB), DF starts with a higher outage probability (100) for both users

compared to RIS (10−1 to 10−1.7), indicating RIS’s initial advantage due to passive

reflection in NLoS conditions (Page 48). At 30 dB SNR, the strong user with DF

(10−4) performs similarly to RIS with N = 16 (10−3.8) but is outperformed by RIS

with N = 32 (10−4.2). The weak user with DF (10−4.5) is comparable to RIS with

N = 32 (10−4.6), but RIS with N = 16 (10−4.2) is slightly better than DF at lower

N . DF’s performance benefits from active relaying and SIC (γrelay
n = anPb|hb,r|2

σ2 ),

while RIS leverages scalable channel optimization (P n
OUT, P f

OUT).
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• Superiority of RIS System

The RIS-NOMA system demonstrates scalability with N , achieving outage prob-

abilities as low as 10−4.2 for the strong user and 10−4.6 for the weak user at

N = 32. This aligns with (Page 75-76’s) sum capacity analysis, where increasing

N enhances effective channel gain (|hb,lΦhl,i|2). DF’s two-hop transmission (Page

68) limits its ability to scale as effectively, with outage probabilities stabilizing

at 10−4 and 10−4.5 for strong and weak users, respectively, due to relay-induced

noise and interference.

• Impact on Weak User (f)

The weak user’s outage probability (10−4.2 to 10−4.6 with RIS, 10−4.5 with DF) re-

mains higher than the strong user’s, reflecting its greater distance (dl,f = 2 m) and

lower power allocation (af = 0.8).The improvement with N = 32 indicates RIS’s

ability to mitigate interference (γRIS
f ), though it is still constrained by channel

conditions.

III.12.3.2 Simulation Results of the Outage Probability in NOMA Sys-

tems:

Analyze the previously attached image, Figure III-8, which presents the outage proba-

bility of the NOMA-Aided RIS system compared to the DF cooperative NOMA system

with different numbers of RIS elements (N = 16, 32, 64). The figure uses a logarith-

mic scale for outage probability (y-axis, ranging from 10−5 to 100) and SNR (x-axis,

ranging from 0 to 30 dB).
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Figure III.8: Outage Probability of NOMA with RIS (16,32,64) elements and DF
cooperative NOMA

1)- Key Observations for Outage Probability vs. SNR

• RIS System (Red Lines):

– For N = 16, the system outage probability starts at around 10−0.8 at 0 dB

SNR and decreases steadily, reaching approximately 10−3.8 at 30 dB SNR.

– For N = 32, the outage probability improves, starting at around 10−1.2 at 0

dB SNR and dropping to around 10−4.2 at 30 dB SNR.

– For N = 64, the outage probability is the best among the RIS configurations,

starting at around 10−1.4 at 0 dB SNR and reaching approximately 10−4.4 at

30 dB SNR.

• DF Cooperative NOMA System (Blue Line):

– The system outage probability starts at around 100 (1) at 0 dB SNR and

decreases gradually, reaching around 10−3.8 at 30 dB SNR.

2)- Analysis and Interpretation of Results

• Effect of Number of RIS Elements (N)

Increasing the number of RIS elements from N = 16 to N = 64 significantly

reduces the system outage probability. At 30 dB SNR, the outage probability

drops from 10−3.8 (for N = 16) to 10−4.4 (for N = 64), a notable improvement

83



Chapter III: Performance Analysis of RIS-Aided NOMA Systems

of nearly 0.6 log units. This enhancement aligns with the principles outlined in

Section III.5 (Page 53), where the phase shift matrix Φ of the RIS optimizes the

effective channel gain (|hb,lΦhl,i|2) by adjusting the phase shifts of the reflected

signals. More RIS elements enable finer beamforming and better signal reflection,

which collectively enhance the SINR for both users (γRIS
n and γRIS

f ), as seen in

the SINR formulations (Pages 54-55). This results in a lower likelihood of outage,

particularly at higher SNRs where noise becomes less dominant compared to

interference.

• Comparison of RIS vs. DF Cooperative NOMA

The RIS-NOMA system consistently outperforms the DF cooperative NOMA

system across all SNR values and for all values of N . At low SNR (0 dB), the

RIS system starts with a lower outage probability (10−1 to 10−1.5) compared

to DF (100), reflecting the advantage of RIS’s passive reflection in non-line-of-

sight (NLoS) scenarios (Page 48). At 30 dB SNR, the RIS system with N = 64

achieves an outage probability of 10−4.4, which is better than DF’s 10−3.8. Even

with N = 16, the RIS system (10−3.8) still slightly underperforms DF at high SNR

(25 dB-30 dB), but the gap narrows as N increases. The DF system benefits from

active relaying and successive interference cancellation (SIC), as seen in its SINR

equations (γrelay
n = anPb|hb,r|2

σ2 ), (Page 69), but it is constrained by the two-hop

transmission, which introduces a spectral efficiency penalty and additional noise

at the relay.

• Superiority of RIS System

The superiority of the RIS-NOMA system is evident in its scalability with N .

The outage probability of the system is defined as P Sys
out = 1 − (1 −P n

out)(1 −P f
out)

(Page 78), and the improvement with increasing N reflects the enhanced effective

channel gain for both near and far users. As noted in the sum capacity analysis

(Page 75), the RIS system avoids the spectral efficiency loss inherent in DF’s two-

hop transmission (a factor of 1
2 , as seen in DF capacity equations on Page 74).

Furthermore, the RIS’s ability to create a virtual line-of-sight (LoS) link in NLoS

environments (Page 52) provides a significant advantage, especially for the far

user, who suffers from greater path loss (dl,f = 2 m). The DF system, while effec-

tive in decoding and forwarding, cannot match the RIS’s ability to dynamically

optimize the propagation environment, leading to higher outage probabilities at
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all SNRs.

• Impact of SNR and System Design

At low SNRs, the outage probability is high for both systems due to the dominance

of noise (σ2) in the SINR denominators (γRIS
f = af Ps|hb,l|2Φ|hl,f |2

anPs|hb,l|2Φ|hl,f |2+σ2 ) (Page 56).

However, as SNR increases, the RIS system benefits more significantly due to

its ability to scale with N , reducing the outage probability to as low as 10−4.4.

The DF system, despite improvements at higher SNRs, plateaus around 10−3.8,

limited by the relay’s inability to mitigate interference as effectively as RIS. The

power allocation strategy (an = 0.2, af = 0.8), (Table III-1, Page 71) also plays a

role: the far user benefits from higher power allocation, but the interference term

(anPs|hb,l|2Φ|hl,f |2) in the far user’s SINR limits further improvements, which RIS

mitigates better through phase optimization.
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III.12.4 Bit Error Rate:

BER is used to calculate errors that occur in a transmission system, BER is a key

parameter used to evaluate systems that transmit digital data from one location to

another. In this subsection, we perform the BER simulation of downlink NOMA

Aided RIS we compare the BER of our system with downlink DF cooperative NOMA.

The BER is obtained by the following formula:

BER = Number of erroneous bits
Number of total bits transmitted (III.78)

III.12.4.1 Simulation Results of Bit Error Rate:

Figure III.9 the Bit Error Rate (BER) of near user n (strong user) and far user f (weak

user) for both NOMA with RIS and DF cooperative NOMA systems as a function

of Signal-to-Noise Ratio (SNR) in dB. The y-axis uses a logarithmic scale for BER,

ranging from 10−5 to 100, and the x-axis represents SNR from 0 to 30 dB. The curves

compare four scenarios: User n with DF, User f with DF, User n with RIS, and User f

with RIS, with the number of RIS elements set to N = 16 and N = 32.

Figure III.9: BER of n and f for NOMA with RIS and DF cooperative NOMA.
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1)- Key Observations for Bit Error Rate (BER) vs SNR

• User n with RIS (strong user, solid blue line):

– For N = 16, the BER starts at around 10−1 at 0 dB SNR and decreases

steadily, reaching approximately 10−4.1 at 30 dB SNR.

– For N = 32, the BER improves, starting at around 10−1.3 at 0 dB SNR and

dropping to around 10−4.3 at 30 dB SNR.

• User f with RIS (weak user, solid red line):

– For N = 16, the BER starts at around 10−1.4 at 0 dB SNR and decreases to

approximately 10−4.3 at 30 dB SNR.

– For N = 32, the BER is better, starting at around 10−1.5 at 0 dB SNR and

reaching around 10−4.6 at 30 dB SNR.

• User n with DF (strong user, dashed blue line):

– The BER starts at around 10−0.4 at 0 dB SNR and decreases gradually, reach-

ing around 10−2.4 at 30 dB SNR.

• User f with DF (weak user, dashed red line):

– The BER starts at around 10−0.5 at 0 dB SNR and decreases slowly, reaching

around 10−2.9 at 30 dB SNR.

2)-Analysis and Interpretation of Results

• Effect of Number of RIS Elements (N): Increasing the number of RIS ele-

ments from N = 16 to N = 32 significantly reduces the BER for both the strong

user n and weak user f. For the strong user, the BER improves from 10−4.1 to

10−4.3 at 30 dB SNR, and for the weak user, it improves from 10−4.3 to 10−4.6.

This improvement stems from the enhanced beamforming and signal reflection ca-

pabilities of the RIS, as additional elements allow better phase alignment (Section

III.5, Page 53), increasing the composite channel gain |hb,iΦhi,n|2.
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• Comparison of RIS vs. DF Cooperative NOMA:

– At low SNR (0 dB), the DF system exhibits a higher BER (10−0.4) for strong

user, is also outperformed compared to the RIS with N = 16 (10−1) and

N = 32 (10−1.3)., for the weak user in (0 dB), the DF system exhibits a

higher BER (10−0.5) is also outperformed compared to the RIS with N = 16

(10−1.4) and N = 32 (10−1.5). highlighting the RIS’s advantage in non-line-

of-sight (NLoS) conditions through passive reflection (Page 53).

– At 30 dB SNR, the strong user with DF (10−2.4) is outperformed by RIS with

N = 16 (10−4.1) and N = 32 (10−4.3). The weak user with DF (10−2.9) is also

outperformed by RIS with N = 16 (10−4.3) and N = 32 (10−4.6). The RIS

system benefits from scalable channel optimization, while DF’s performance

is limited by two-hop transmission and relay-induced noise (Page 72).

III.12.4.2 Simulation Results of the Bit Error Rate in NOMA Systems:

Analyze the figure, which corresponds to Figure III-10; This figure presents the Bit

Error Rate (BER) of the NOMA-Aided RIS system compared to the DF cooperative

NOMA system with different numbers of RIS elements (N = 16, 32, 64). The figure

uses a logarithmic scale for BER (y-axis, ranging from 10−5 to 100) and SNR (x-axis,

ranging from 0 to 30 dB).

88



Chapter III: Performance Analysis of RIS-Aided NOMA Systems

Figure III.10: BER of NOMA with RIS and DF cooperative NOMA with different number
of RIS elements (N=16, 32, 64).

1)- Key Observations for BER vs. SNR

• RIS System (Red Lines):

– For N = 16, the BER starts at around 10−1 at 0 dB SNR and decreases

steadily, reaching approximately 10−3.9 at 30 dB SNR.

– For N = 32, the BER improves, starting at around 10−1.2 at 0 dB SNR and

dropping to around 10−4 at 30 dB SNR.

– For N = 64, the BER is the best among the RIS configurations, starting at

around 10−1.5 at 0 dB SNR and reaching approximately 10−4.8 at 30 dB SNR.

• DF Cooperative NOMA System (Blue Line):

– The BER starts at around 10−0.3 at 0 dB SNR and decreases gradually, reach-

ing around 10−2.5 at 30 dB SNR.

d) Analysis and Interpretation of Results

• Effect of Number of RIS Elements (N) Increasing the number of RIS el-

ements from N = 16 to N = 64 significantly reduces the system BER. At 30

dB SNR, the BER improves from 10−3.9 (for N = 16) to 10−4.8 (for N = 64), a

notable enhancement of nearly 0.9 log units. This improvement is consistent with
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the principles outlined in Section III.5 (Page 53), where the phase shift matrix

Φ of the RIS optimizes the effective channel gain (|hb,lΦhl,i|2) by adjusting the

phase shifts of the reflected signals. More RIS elements enable finer beamform-

ing and better signal reflection, which enhance the SINR for both near and far

users (γRIS
n and γRIS

f ), as derived in Sections III.6 (Pages 54-55). A higher SINR

directly correlates with a lower BER, as the probability of erroneous bit detection

decreases with improved signal quality.

• Comparison of RIS vs. DF Cooperative NOMA The RIS-NOMA system

consistently outperforms the DF cooperative NOMA system in terms of BER

across all SNR values and for all values of N . At low SNR (0 dB), the RIS system

starts with a lower BER (10−1 to 10−1.5) compared to DF (10−0.3), reflecting the

advantage of RIS’s passive reflection in non-line-of-sight (NLoS) scenarios . At

30 dB SNR, the RIS system with N = 64 achieves a BER of 10−4.8, significantly

better than DF’s 10−2.5. Even with N = 16, the RIS system (10−3.9) outperforms

DF, highlighting the scalability of RIS with increasing N . The DF system benefits

from active relaying and successive interference cancellation (SIC), as seen in its

SINR equations (γrelay
n = anPb|hb,r|2

σ2 ), (Page 69), but it is limited by the two-

hop transmission, which introduces additional noise and interference at the relay,

degrading its BER performance compared to the single-hop RIS system.

• Superiority of RIS System The RIS-NOMA system demonstrates superior

BER performance due to its ability to dynamically optimize the propagation

environment. The BER is defined as BER = Number of erroneous bits
Number of total bits transmitted (Page

60), and the analytical expressions for BER in Section III.9 (Pages 60-61) show

that it is heavily influenced by the SINR. For the near user, the BER is derived

as Pb,n = 1√
πΓ(mn)G

2,1
2,2

 γ̄n

mn

∣∣∣∣∣ 1 −mn, 1

0, 1/2

, where γ̄n = anζNΩn (Page 62), and a

similar approach applies to the far user. The RIS system’s ability to enhance

the effective channel gain through the phase shift matrix Φ (Page 53) directly

improves γ̄n and γ̄f , leading to a lower BER. In contrast, the DF system’s two-

hop transmission (Page 72) introduces a spectral efficiency penalty and additional

noise, as reflected in its capacity equations , which indirectly impacts its BER

performance by limiting the SINR.

• Impact of SNR and System Design At low SNRs, the BER is high for

both systems due to the dominance of noise (σ2) in the SINR denominators
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(γRIS
f = af Ps|hb,l|2Φ|hl,f |2

anPs|hb,l|2Φ|hl,f |2+σ2 ), (Page 67). However, as SNR increases, the RIS sys-

tem benefits more significantly due to its scalability with N , reducing the BER to

as low as 10−4.8. The DF system, despite improvements at higher SNRs, plateaus

around 10−2.5, limited by the relay’s inability to mitigate interference as effec-

tively as RIS. The power allocation strategy (an = 0.2, af = 0.8, Table III-1,

Page 71) also influences BER: the far user benefits from higher power allocation,

but the interference term (anPs|hb,l|2Φ|hl,f |2) in the far user’s SINR limits further

improvements, which RIS mitigates better through phase optimization.
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III.13 Conclusion

This chapter has provided a comprehensive performance analysis of RIS-aided NOMA

systems, demonstrating their potential to significantly enhance wireless communica-

tion in challenging propagation environments. Through the development of a detailed

system model incorporating Nakagami-m fading channels, we derived closed-form ex-

pressions for outage probability, sum system capacity, and bit error rate, validated by

extensive computer simulations. The results reveal that the RIS-NOMA system consis-

tently outperforms the benchmark DF cooperative NOMA system across all evaluated

metrics, particularly as the number of RIS elements increases. The ability of RIS to op-

timize the propagation environment through phase shift adjustments enables substan-

tial improvements in effective channel gain, leading to lower outage probabilities (down

to 10−4.4 for N = 64 at 30 dB SNR), higher sum capacities (up to 15 bits/sec/Hz), and

reduced bit error rates (down to 10−4.8). The scalability of RIS with increasing elements

highlights its advantage over traditional relaying techniques, which are constrained by

spectral efficiency losses in two-hop transmissions. However, challenges such as succes-

sive interference cancellation complexity, optimal power allocation, and practical RIS

deployment remain critical areas for further investigation. These findings underscore

the transformative potential of RIS-NOMA systems in improving coverage, connectiv-

ity, and energy efficiency, paving the way for their adoption in next-generation wireless

networks. Future research should focus on optimizing beamforming techniques, inte-

grating multi-antenna configurations, and developing energy-efficient RIS solutions to

ensure scalable and practical deployments.
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General Conclusion

This dissertation provided a comprehensive exploration of the technical evolution of

mobile networks, tracing their progression from the rudimentary analog systems of the

first generation (1G) to the sophisticated, AI-driven architectures of the fifth generation

(5G), while also delving into the transformative potential of emerging sixth-generation

(6G) and visionary seventh-generation (7G) networks. Through a systematic analysis,

the study elucidated the advancements in key performance indicators (KPIs) such as

data rates, latency, spectral efficiency, connection density, and reliability across each

generation, highlighting the pivotal role of technological innovations in shaping modern

wireless communications.

Chapter I meticulously chronicled the historical development of mobile networks, de-

tailing the transition from analog voice-centric 1G systems to the high-speed, low-

latency, and IoT-enabled 5G networks. It further provided an in-depth examination of

6G technologies, including terahertz (THz) communications, reconfigurable intelligent

surfaces (RIS), integrated sensing and communication (ISAC), and advanced multi-

ple access techniques such as non-orthogonal multiple access (NOMA). The chapter

also offered a forward-looking perspective on 7G, envisioning quantum communication,

molecular signaling, and neuromorphic computing as cornerstones of future networks.

This chronological analysis underscored the relentless pursuit of enhanced connectivity

and the challenges that accompany each generational leap, such as spectrum manage-

ment, infrastructure costs, and energy efficiency.

Chapter II focused on the theoretical underpinnings of RIS, NOMA, and statistical

fading models, emphasizing their significance in addressing the challenges of spectrum

scarcity and signal propagation in complex environments. The exploration of metama-

terials and their electromagnetic properties provided a foundation for understanding
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RIS, which emerged as a transformative technology for optimizing signal propagation

through dynamic phase adjustments. The integration of RIS with NOMA was ana-

lyzed, highlighting its potential to enhance spectral efficiency and connectivity in next-

generation networks. Statistical fading models, such as Nakagami-m, were examined

to provide insights into the stochastic nature of wireless channels, further enriching the

theoretical framework. Chapter III presented a rigorous performance analysis of

RIS-aided NOMA systems, employing Nakagami-m fading channels to derive closed-

form expressions for outage probability, sum system capacity, and bit error rate (BER).

The results demonstrated that RIS-NOMA systems consistently outperformed decode-

and-forward (DF) cooperative NOMA systems across all evaluated metrics. Notably,

increasing the number of RIS elements significantly enhanced channel gain, reducing

outage probabilities to as low as 10−4.4 and BER to 10−4.8 at 30 dB SNR for N = 64,

while achieving sum capacities up to 15 bits/s/Hz. These findings underscored the

scalability and efficacy of RIS in mitigating interference and optimizing propagation

environments, particularly in non-line-of-sight (NLoS) scenarios.

In conclusion, this dissertation highlighted the transformative impact of RIS and

NOMA in advancing wireless communication systems, offering substantial improve-

ments in performance metrics critical to next-generation networks. The study also

illuminated the challenges that remain, including the complexity of successive inter-

ference cancellation, optimal power allocation, and practical RIS deployment. These

findings pave the way for future research into scalable, energy-efficient solutions and

the integration of multi-antenna configurations to realize the full potential of 6G and

beyond. By providing a holistic understanding of mobile network evolution and the

role of emerging technologies, this work contributed to the academic discourse on in-

telligent, immersive, and globally connected communication systems.
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