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CHAPTER 1

INTRODUCTION

1.1 Background

Visible light communication (VLC) is an ancient method that utilizes visible light for
the transmission of messages between different locations. In ancient China, the use of
flames for communication proved to be an efficient means of relaying signals from border
sentry stations to remote command offices along the Great Wall. Similarly, lighthouses
were strategically positioned along coastlines and islands to guide cargo ships navigating
the seas. The Romans employed polished metallic plates to reflect sunlight for long-
distance signaling purposes. Optical communication systems based on semaphore lines
were pioneered in the 1790s. The initial visual telegraphy system, established by Claude
Chappe in 1792 in France, facilitated information exchange between cities [1].

During the late 19th and early 20th centuries, the heliograph, a wireless solar telegraph
developed by the US military in the early 1800s, relied on Morse code flashes produced by
reflecting sunlight with a mirror [2]. These flashes were generated through the interruption
of the light beam using a shutter or momentarily pivoting the mirror. In 1880, Alexander
Graham Bell introduced the photophone, a device that transmitted voice signals via a light
beam [3]. The voice signals were directed towards a mirror, causing vibrations that were
then reflected by sunlight; upon reception, the sunlight vibrations were converted back
into a voice signal. Bell’s experiment involved modulating the voice signal onto sunlight,
enabling information transmission over a distance of approximately 213 m. However, a
significant drawback of this device was its poor performance in cloudy weather. Although
this experiment did not lead to a commercial product, Bell regarded this optical technology
as his most significant invention, surpassing even his invention of the modern telephone
which uses electricity to transmit voice. This breakthrough paved the way for illustrating
the fundamental principle of optical wireless communication (OWC).

The inception of optical communication garnered substantial attention following the

emergence of light amplification by stimulated emission of radiation (LASER) and the
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laser diode (LD) during the 1960s. This progress continued with the introduction of low-
loss optical fibers as a means of information transmission utilizing light in the 1970s, the
invention of the optical fiber amplifier in the 1980s, and the development of the in-fiber
Bragg grating in the 1990s. These technological advancements laid the foundation for the
telecommunications revolution of the late 20th century and established the infrastructure
for the Internet. Consequently, research largely shifted its focus toward optical fiber
transmission rather than free-space transmission [4].

Despite their high data transmission rates and reliable performance, fiber optics have
several limitations. A key drawback is the necessity for physical cabling, which can result
in high costs and labor-intensive installation and maintenance procedures. This infrastruc-
ture constraint also limits the flexibility and scalability of fiber optic networks, especially
in dynamic environments where frequent changes or expansions are necessary. In addition,
fiber optic systems are vulnerable to bending losses and physical impairment, leading to
signal degradation and necessitating repairs. Furthermore, fiber optics encounter diffi-
culties in penetrating buildings and other obstructions. In contrast, VLC offers wireless
connectivity without extensive cabling, providing a versatile and cost-effective solution
for modern communication needs.

In the 1980s, the emergence of high-efficiency red and yellow light emitting diodes
(LEDs) spurred the idea of using solid-state lighting for the purpose of illumination. The
inception of the first white LED for commercial purposes occurred in 1996, marking a
significant milestone in the lighting industry [5]. LED lights are recognized for their high
energy efficiency, minimal carbon emissions, absence of mercury, long-lasting durability,
and production of superior quality illumination. Comparative studies have shown that
LED lights consume 75% less power and have a lifespan that is 25% longer than traditional
incandescent lamps [6].

In the early 1990s, mobile phones were primarily utilized for voice calls and text mes-
saging. Nowadays, smartphones are equipped with a variety of sensors and applications
aimed at facilitating health monitoring, video conferencing, online media streaming, as
well as financial transactions and utilization of cloud services. Additionally, the prolifera-
tion of Internet of Things (IoT') devices, such as smart home systems, wearable technology,
industrial sensors, and autonomous vehicles [7]. Expanding wireless communication neces-
sitates a wider bandwidth to ensure uninterrupted connectivity and increased data rates.
Nevertheless, the frequency spectrum below 6.5 GHz is currently heavily utilized, leaving

no space for allocating additional spectrum for mobile applications and IoT services.
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This challenge has prompted researchers to explore novel wireless technologies capa-
ble of meeting the requirements for higher data rates at a reduced cost. One promising
solution in this regard is the utilization of the visible light spectrum, which offers ad-
vantages such as the availability of LED lights, enhanced security, greater bandwidth,
and the potential for frequency reuse. The advancement of cost-effective optoelectronic
devices, such as LEDs, LDs, photodiodes (PDs), and various optical components, has led
to significant improvements in VLC systems. Moreover, the demand for data is partic-
ularly high in indoor environments, given that individuals spend approximately 80% of
their time indoors [8]. Therefore, employing VLC in indoor environments for high data
rate applications could potentially alleviate strain on the limited radio frequency (RF)
spectrum, thereby paving the way for other applications like smart cities and autonomous
vehicles. In 2003, the term VLC was initially introduced by Nakagawa Laboratory. A
series of foundational investigations were conducted by S. Haruyama and M. Nakagawa
at Keio University in Japan. They explored the potential of using white LEDs to provide

simultaneous illumination and communication in VLC systems [9], [10].

Despite the numerous advantages of VL.C, several factors impose significant challenges
to fully realizing its potential. One of the primary challenges is the line-of-sight (LOS)
requirement for optimal communication, as physical obstructions can severely degrade
signal quality. Additionally, ambient light interference can introduce noise and reduce the
reliability of VLC systems. The limited coverage area of LED transmitters necessitates a
dense deployment of transmitters to ensure seamless connectivity. Moreover, the modu-
lation bandwidth of LEDs is typically constrained to a few MHz, potentially limiting the
achievable data rates. Addressing these challenges is crucial for the widespread adoption
and efficient operation of VLC systems [11]-[13].

Despite the aforementioned challenges, the integration of advanced technologies such
as Multiple-Input Multiple-Output (MIMO) and Non-Orthogonal Multiple Access (NOMA )
presents promising solutions to enhance the performance of VL.C systems. MIMO technol-
ogy, by utilizing multiple LED transmitters and PD receivers, can increase both system
capacity and reliability. This approach helps mitigate the limitations imposed by the
narrow coverage area and the LOS requirement, as it enables more robust communication

in dynamic environments [14], [15].

On the other hand, NOMA improves spectral efficiency by allowing multiple users to
share the same frequency and time resources through power-domain multiplexing. By

allocating power based on the users’ channel conditions, NOMA enhances the system’s
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capacity and user fairness, addressing the limited bandwidth of LEDs. In this thesis, we
focus on leveraging MIMO and NOMA to overcome the constraints of VLC, investigating

their combined impact on enhancing overall system performance [16], [17].

User Pairing

Figure 1.1 — The main directions of the thesis.

1.2 Thesis Contributions

The primary objective of this thesis is to offer reliable solutions to the aforementioned
challenges of VLC. Figure 1.1 shows the main directions considered in the thesis. In

summary, the key contributions of this thesis are listed as follows:

1. Power allocation plays a crucial role in the performance of NOMA. For the practical
implementation of MIMO-NOMA-VLC systems, it is essential to employ efficient
power allocation methods with low computational complexity. The performance of
various low-complexity power allocation techniques such as: fixed power allocation
(FPA), gain ratio power allocation (GRPA), normalized gain difference power allo-
cation (NGDPA) is investigated in MIMO-NOMA-based VLC systems. Moreover,
We evaluated the value of the power allocation coefficient that attains the best

achievable rate for the FPA technique.
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2. User pairing algorithms: Two low complexity user pairing algorithms, uniform
channel gain difference (UCGD) and next largest difference user pairing algorithm
(NLUPA), are utilized to manage the complexity of NOMA’s successive interference
cancellation (SIC) process in MIMO-NOMA-VLC systems. These algorithms are

crucial in grouping users in a way that maximizes overall system performance.

3. Evaluation of achievable rate: this thesis provides a comprehensive assessment
of the achievable rate in MIMO-NOMA-VLC systems employing the suggested
power allocation techniques and user pairing algorithms. Comparative analyses
are conducted to demonstrate the superiority of NOMA utilizing different power
allocation techniques over orthogonal frequency division multiple access (OFDMA).
Additionally, the performance of user pairing algorithms is evaluated in scenarios
with even numbers of users, as well as in odd-numbered user scenarios where two

different strategies are applied.

4. Assessment of bit error rate (BER): The error rate performance of two efficient
user-pairing algorithms in conjunction with three low-complexity power allocation
techniques in MIMO-NOMA-VLC systems, utilizing various diversity combining
techniques, is investigated. An analytic expression for the BER is derived for an

arbitrary number of users, assuming perfect channel state information (CSI).

1.3 Thesis Organization

This thesis includes the presented research work in five chapters. First, the state-of-
the-art techniques and a literature review are covered in Chapter 2. Chapter 3 presents
the achievable rate performance of MIMO-NOMA-VLC system. The evaluation of the
BER performance of the system is discussed in Chapter 4 and the conclusions with the

future work are drawn in Chapter 5. In particular, this thesis is organized as follows:

Chapter 2 reviews the state of the art in VLC communication systems, covering key
technologies, the features and architecture of VLC systems, and their applications. It also
discusses the motivation behind VLLC and the major challenges it faces. Furthermore, this
chapter introduces offered solutions, including various multiple access techniques, NOMA

with different power allocation strategies, MIMO, and diverse user grouping algorithms.
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Chapter 3 presents an achievable rate analysis of MIMO communication systems in a
NOMA-based indoor VL.C environment. Three low-complexity power allocation techniques
are examined alongside two efficient user-pairing algorithms for NOMA-VLC, consider-
ing scenarios with both even and odd numbers of users. The system’s performance is
compared to NOMA without user pairing and to OFDMA, demonstrating significant en-

hancements in achievable rate.

Chapter 4 discusses the BER performance of MIMO-NOMA-VLC systems, incorporating
various diversity combining techniques and the derivation of the corresponding analytical

expression.

Chapter 5 provides the conclusions of the presented research work and gives some prospects

for further investigations related to the scope of the thesis.



CHAPTER 2

STATE OF THE ART

2.1 Introduction

This chapter delves into a key technology of modern wireless communication. Indeed,
visible light communication (VLC) has emerged as a promising solution by leveraging the
visible light spectrum. However, to fully harness the potential of VLC, several challenges
must be addressed, which motivates the need for advanced techniques and strategies.
We also explore critical and essential aspects for overcoming challenges in VLC systems.
We begin by discussing multiple access techniques, focusing on non-orthogonal Multiple
Access (NOMA). Next, we discuss power allocation techniques, which are crucial for
enhancing the performance of NOMA-based VLC systems. Following this, we investigate
the integration of multiple-input multiple-output (MIMO) technology with VLC. Lastly,

we study user pairing algorithms, essential for managing the complexity of NOMA.

2.2 Radio Communications

Wireless communication is essential in the modern era of information technology, sup-
porting many everyday applications, such as: cellular telecommunications and global
positioning system (GPS) localization [18]-[20]. The COVID-19 pandemic, along with
measures like curfews, teleworking, and remote education, has increased internet traffic
and strained wireless local area networks (LANSs) [21], [22]. Additionally, the exponential
growth of multimedia applications and wireless connected devices, driven by mobile appli-
cations and the Internet of Things (IoT), has created an extraordinary demand for high-
data-rate wireless connectivity [17], [23]. In this respect, next generations (beyond 5G)
of wireless networks are expected to provide high system capacity, high quality of service
(QoS), massive device connectivity, low latency, and high energy efficiency. Unfortunately,
radio frequency (RF) communication in wireless networks suffers from limited spectrum

resources, defined globally by the International Telecommunication Union (ITU), and
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licensed locally by regulatory bodies as the Agence Nationale des Fréquences (ANFR) in
France. Most of the applications and services are congested in traditional RF bandwidth
sub 6.5 GHz [24], [25]. Figure 2.1 highlights the wideness of the electromagnetic spectrum
that can be utilized effectively. Several features and technologies have opened up many
possibilities to fulfill the anticipated requirement of 5G and beyond wireless networks
[26], [27]. To address the growing demand for wireless data traffic, the main approaches
include: (i) improving the spectral efficiency of existing RF solutions; (ii) utilizing the
entire RF bandwidth from 3 kHz to 300 GHz; and (iii) exploiting the available spectrum
beyond 300 GHz [28]-[30].

The first approach involves enabling techniques such as advanced multiple access meth-
ods, new modulation schemes, and massive multiple-input multiple-output (MIMO) to
enhance the spectral efficiency of conventional RF communication. The second approach
leverages the wide spectrum of millimeter-wave (mmWave) bands (20-100 GHz) to meet
capacity requirements and alleviate spectrum shortages [31], [32]. However, mmWave
communications face challenges due to their sensitivity to blockages and high propaga-
tion loss at high carrier frequencies [33]. Spectrum extension by utilizing unoccupied
frequency bands, as proposed in the second and third approaches, provides a direct so-
lution for wireless mobile networks, with global mobile data traffic expected to reach up
to 5 zettabytes by 2030 [34], [35]. The frequency band (95 GHz—-3 THz) has been desig-
nated for sixth-generation (6G) research to meet future data traffic demands according
to the Federal Communications Commission (FCC) [36], [37]. However, deploying 6G
systems presents technical challenges, such as overcoming the high propagation and at-
mospheric absorption of THz frequencies, which requires new transceiver designs [38], [39].
By considering the third approach, many researchers are exploring optical wireless com-
munication (OWC), including ultraviolet (UV), infrared (IR), and visible light (VL), as
a promising complementary and alternative technique to RF. Utilizing optical frequency
bands for wireless data transmission is an attractive solution due to its vast unlicensed
bandwidth and advancements in solid-state optical technology [40]-[42]. OWC systems
encompass outdoor systems such as free space optical (FSO), ultraviolet communication
(UVC), and underwater communications [43], [44]. Additionally, IR communication and
visible light communication (VLC) systems are widely used in indoor environments [45]—
[49].
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Figure 2.1 — Electromagnetic spectrum [24].

2.3 Free Space Optical Communication

As a subset of OWC, FSO is generally operates using the near IR spectrum. It can
also utilize VL and UV spectra, though IR is preferred due to its lower attenuation levels.
FSO commonly employs laser diodes (LDs) rather than light-emitting diodes (LEDs) for
transmission. LDs produce narrow beams that facilitate high data rate communication
between two fixed points over distances ranging from a few nanometers to several thousand

kilometers [50], [51]. Figure 2.2 illustrates various application scenarios of FSO systems.
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Despite its many advantages across a broad range of applications, FSO faces challenges
with link reliability, especially in long-range communications. This is due to its high
sensitivity to several factors, including weather conditions (e.g., fog, rain, haze, snow,
and scintillation), atmospheric turbulence (which causes fluctuations in air density and
changes in the air’s refractive index), and physical obstructions (e.g., flying birds, trees,

and tall buildings that can temporarily block the signal beam) [52], [53].
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Figure 2.2 — Various application scenarios of FSO systems [54].

2.4 Ultraviolet Communication

As a form of OWC, UVC utilizes the UV spectrum, specifically the solar blind wave-
band in the wavelength range of 200 to 280 nm [55]. This technology leverages the
unique properties of UV light to enable non-line-of-sight (NLOS) communication, making
it highly effective in environments where direct line-of-sight (LOS) cannot be maintained.
UVC is particularly advantageous in outdoor and harsh conditions as it can penetrate
through dust, fog, and smoke, providing robust and reliable communication links. Addi-
tionally, due to the strong atmospheric scattering and absorption characteristics of UV
light, UVC offers inherent security and resistance to eavesdropping, as the signals do not
travel far and are difficult to intercept [56], [57]. Applications of UVC include secure mil-
itary communications, disaster recovery operations, and sensor networks in environments
with obstacles or particulate matter. Despite its benefits, UVC faces challenges such as
limited transmission range and potential health hazards due to prolonged exposure to UV

light, necessitating careful consideration in its deployment [58].

10



2.5. Underwater Optical Wireless Communication

2.5 Underwater Optical Wireless Communication

Seawater exhibits low absorption for blue-green light, making underwater optical com-
munication (UOC) superior to RF or acoustic alternatives in terms of data rate and
transmission bandwidth. High-speed connections are achievable by utilizing optical wave-
lengths in the blue-green spectrum (typically between 450 to 550 nm) [59], [60]. UOWC
systems are applicable in disaster precaution, offshore exploration, environmental moni-
toring, autonomous underwater vehicle (AUV) operations, as well as military operations.
However, UOWC systems are susceptible to absorption and scattering caused by under-
water channels, which lead to severe attenuation of optical waves and eventually hinder

system performance [61], [62].

2.6 Infrared Communication

As a form of OWC, IR communication utilizes the infrared spectrum, typically within
the wavelength range of 700 nanometers to 1 millimeter, for transmitting data. It offers
several advantages, including high data rates, low power consumption, and immunity to
electromagnetic interference. It is widely used in various applications such as remote con-
trols, short-range communication devices, and secure data links [63], [64]. The LOS nature
of IR communication enhances its security, making it difficult for unauthorized users to
intercept the signal. However, IR communication is sensitive to physical obstructions
and requires a clear path between the transmitter and receiver. Additionally, ambient
light and weather conditions can impact the performance of IR communication systems.
Despite these challenges, IR remains a valuable technology for indoor and short-range

communication applications due to its high bandwidth and reliability [65], [66].

2.7 Visible Light Communications (VLC)

Using VLC to transmit information through visible light is an emerging approach in
optical wireless data transmission that utilizes white or colored LEDs. Operating within
the frequency range of 400 THz (750 nm) to 789 THz (380 nm), as shown in Figure 2.1,
VLC transmits data by intensity modulating light sources faster than the persistence
of the human eye [67], [68]. As a subset of OWC, VLC stands out because the signal

carrier is visible to the human eye. Unlike traditional OWC, which focuses solely on
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communication, VLC can provide dual functionality of communication and illumination.

VLC systems must adhere to eye safety constraints and ensure communication even when

the illuminating light is dimmed or turned off [69], [70]. Moreover, the investment already

devoted to providing illumination is reused to facilitate high data rate communication

between light sources and users. LED luminaires act as network access points, making

VLC a direct competitor to broadband radio technologies such as Wireless Fidelity (Wi-
Fi) and 5G systems.

2.7.1 Features of VLC

Hereinafter, we highlight some distinguishing features and important aspects of VL.C

[71]-[75].

Unlicensed Spectrum: Visible light operates in an unrestricted, very large spec-
trum (389 THz wide) available worldwide. This contrasts with RF technology,
limited and has restricted bands; many RF frequencies are reserved for specific
applications, such as: military or aviation.

Health Safety: Wavelengths corresponding to VL frequencies are safe for the
human body, which makes it possible in some applications to transmit with high
power, compared to RF and IR which have power constraints for skin and eye
safety.

Electromagnetic Interference (EMI): The invulnerability of VLC to RF in-
terference makes it suitable for places that are susceptible to EMI as hospitals,
aircraft, mines and petrochemical plants.

Security and Quality of Service (QoS): VLC mainly requires a LOS commu-
nication, the nature of VL does not penetrate walls that provide small cells with
high spatial reuse, high QoS and a secure system that hide data from potential
eavesdroppers.

Ubiquitous Computing: VLC is well-suited for ubiquitous computing, as light-
producing devices, such as: indoor lamps, commercial displays, traffic lights, and
outdoor lamps are omnipresent.

Compatibility with other technologies: VLC is not supposed to replace RF,
but rather complement it where VLC networks can be connected to the existing

optical fiber networks and integrated as part of 5G wireless communication systems
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2.7.2 VLC architecture

Leveraging the widespread presence of LED lighting infrastructure for both illumina-
tion and data transmission positions VLC as a green and energy-efficient technology [76],
[77]. Typical VLC systems use relatively simple and off-the-shelf components, LED as
a transmitter and photodiode (PD) as a receiver, which constitute inexpensive systems
[73]. The block diagram of the end-to-end VLC system is illustrated in Figure 2.3. In an
intensity modulation (IM) process, LEDs can transmit data by varying the light intensity
at a very high frequency without being observed by the human eye [78], [79]. PDs or im-
age sensors at the receiver end, in a process known as direct detection (DD), are used to

generate an electrical current proportional to the variation in the received optical power
[80].
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Figure 2.3 — VLC architecture [81].

2.7.3 VLC applications

The VLC technology is still in its early stages and requires significant development
before being widely adopted for practical applications. Nonetheless, various large-scale
applications are expected to emerge in the coming years across several research areas, as
outlined below [82]-[86]:

13
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— Aviation and Hospitals: Radio waves should not be used by passengers in air-
craft, especially during landing and takeoff. LED-based lights, which are already
used in aircraft cabins, could function as VLC transmitters, providing both illu-
mination and media services for passengers. In hospitals, some equipment is sus-
ceptible to interference from radio waves, making VLC particularly advantageous
in these settings.

— Smart Lighting: Smart buildings require both aesthetic and functional lighting.
Smart lighting with VLC offers infrastructure for both lighting and communication,
reducing the need for additional circuitry and lowering energy consumption within
the building.

— Hazardous Environments: In environments such as petrochemical plants and
mines, RF communication poses explosion risks. VLC, being a safer alternative,
can be used for both illumination and communication in these hazardous settings.

— Underwater Communications: VLC supports high data rates underwater,
where other technologies like RF are limited to distances of less than a meter. This
capability enables communication between divers or remote-operated vehicles.

— Vehicle and Transportation: Intelligent transportation systems (ITS) use LED-
based lights in traffic lights and vehicles to communicate with each other, prevent-
ing accidents and ensuring road safety.

— Positioning: While outdoor location-based services rely on GPS, its accuracy de-
grades indoors and in dense urban areas. Using white LEDs in indoor environments
can effectively estimate user location. For example, indoor spaces illuminated by

LEDs with unique IDs can assist visually impaired people in navigating buildings.

Figure 2.4 illustrates several examples of VLC applications platform. VLC can be
exploited in different communication environments, such as indoors, outdoors, under-
water, and underground. Extensive research has been conducted on visible light com-
munications and Figure 2.5 presents the number of VLC publications on different envi-
ronments from highly reputed journals in various organizations such as: TEEE Xplore
(https://ieeeplore.ieee.org/, accessed on 28 July 2024), MDPI (https://www.mdpi.com/,
accessed on 28 July 2024), ScienceDirect-Elsevier (https://www.elsevier.com/, accessed
on 28 July 2024) and OSA (https://www.osapublishing.org/, accessed on 28 July 2024).
It is notable that approximately 79% of the research focuses on indoor environments.
Consequently, this thesis primarily addresses indoor VLC system models, challenges, and

solutions.
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Figure 2.4 — Example of VL.C applications platforms [84].
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Figure 2.5 — Number of publications on different VLC environments from several organi-
zations (IEEE, MDPI, Elsevier and OSA) from 2000 to 2023.
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2.7.4 Light-emitting diode

In recent years, advancements in LED switching speed, brightness, and large-scale dif-
fusion have drawn significant attention from both industry and academia towards VLC.
Researchers have started to view visible light as an effective complement to traditional
RF communications, which are becoming increasingly congested [87]. High-power LED
devices offer numerous advantages, including long lifespan, energy efficiency, low mainte-
nance costs, low heat generation, improved visibility, and superior illumination compared
to incandescent and fluorescent lighting. The dual functionality of LEDs for lighting and
switching holds substantial innovative potential and is expected to lead to significant

applications [88].
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Figure 2.6 — Schematic of two main White LED architectures (a) phosphor-based, (b)
RGB.

LEDs are preferred over LDs when the application requires both illumination and
communication, as is the case with VLC [89]. There are two primary types of visible
LEDs: single-color LEDs (e.g., red, green, or blue) and white LEDs. White light is the
most commonly used form of illumination in typical communication applications [90].
Currently, there are two technologies for generating white light using LEDs, as illustrated
in Figure 2.6. The more popular method for illumination, which is low in complexity,
energy-efficient, and cost-effective, involves using a blue LED with a yellow phosphor
coating. However, due to the slow relaxation time of the phosphor coating, the modula-
tion bandwidth is limited to the range of 2-5 MHz [91]. Another more attractive method
involves using separate red-green-blue (RGB) emitters. The RGB LED is the most com-
mon multi-chip LED, consisting of three jointly packaged LED chips (red, green, and
blue) to produce white light [71]. By adjusting the light intensities of the different chips,
the color of the output light can be modified. Since this type of LED does not use
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phosphor and its associated slow relaxation time, it achieves a higher modulation band-
width of 10-20 MHz, making it more suitable for communication. However, multi-chip
LEDs still have drawbacks, such as a more complex structure and higher costs compared
to traditional phosphor-based LEDs [92].

2.8 Challenges and Motivation

VLC faces several challenges that need to be addressed to fully realize its potential.
Adverse weather conditions like rain, fog, and snow can severely attenuate the light sig-
nals, further complicating reliable communication. However, since this thesis focuses on
indoor environments, one primary challenge is the requirement for a LOS between the
transmitter and receiver, which can be easily disrupted by obstacles or device mobility,
leading to communication interruptions [93]. Moreover, the major challenge to develop-
ing VLC systems with high achievable data rates, is the limited modulation bandwidth
of LEDs, typically constrained to a few MHz depending on the type of LED [94]. Ad-
dressing these challenges is crucial for the widespread adoption and deployment of VLC
technology in practical applications. To overcome the modulation bandwidth issue, ef-
ficient development of high-order modulation techniques, frequency reuse, MIMO, and
advanced multiple access schemes are proposed.

Visible Light Communication (VLC) is emerging as a promising solution for next-
generation wireless communication systems, offering high data rates, enhanced security,
and energy efficiency by leveraging the visible light spectrum. However, to fully realize the
potential of VLC, it is essential to address the aforementioned challenges. Incorporating
advanced multiple access schemes such as non-orthogonal multiple access (NOMA) into
VLC systems presents a significant advancement, as NOMA can enhance system capacity
and user fairness by allowing multiple users to share the same frequency resources. Addi-
tionally, effective power allocation strategies are crucial for optimizing the performance of
NOMA-based VLC systems, ensuring efficient utilization of available power, and improv-
ing overall system performance. The integration of MIMO technology further augments
VLC by enhancing spatial diversity and mitigating interference. Finally, user pairing al-
gorithms play a vital role in managing the complexity of NOMA’s successive interference
cancellation (SIC) process, ensuring that users are grouped in a manner that maximizes
system performance. By combining these advanced techniques, we can significantly en-
hance the performance of VLC systems, making them a viable and efficient option for

future wireless communication networks.
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2.9 Multiple Access Techniques in VLC

Several orthogonal and non-orthogonal RF multiple access techniques have demon-
strated the effective sharing of network valuable resources among a large number of users.
Multiple access techniques used in VLC systems are adopted from their counterparts in
RF communication systems [95]. For example, time division multiple access (TDMA),
used in second-generation (2G) cellular technology, allows multiple users to share the
same frequency band by dividing it into different time slots. Conversely, third-generation
(3G) cellular technology implemented code division multiple access (CDMA), allocating
frequencies and time intervals to different users with distinct codes to prevent interfer-
ence. In fourth-generation (4G) networks, orthogonal frequency division multiple access
(OFDMA) is used, assigning different frequency subcarriers to different users [96], [97].
Similarly, several orthogonal multiple access (OMA) techniques are studied in VLC sys-
tems, such as optical TDMA (OTDMA), optical CDMA (OCDMA), wavelength division
multiple access (WDMA), and OFDMA. In the aforementioned OMA techniques, different

users are allocated orthogonal resources such as frequency, time, and code [98].

Code
N
Power

Time Time

Figure 2.7 — Comparison between TDMA, CDMA, OFDMA, and NOMA techniques con-
cerning time, frequency, and power domains, for a 3-user example.
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On the other hand, 5G networks and beyond need to provide services for a large
number of high-data-rate users [99], [100]. Unlike OMA, non-orthogonal multiple access
(NOMA) allows multiple users to share the same frequency band simultaneously, thereby
significantly increasing the system’s spectral efficiency. NOMA comprises two main types:
power-domain NOMA and code-domain NOMA (CD-NOMA) [101], [102]. power-domain
NOMA, the more widely adopted and less complex system, is a promising candidate
for beyond 5G networks. In power-domain NOMA, multiple users transmit and receive
over the entire available frequency and time resources using different power levels [103],
[104]. Figure 2.7 illustrates a comparison between different multiple access techniques

concerning the time, code, frequency, and power domains.

2.9.1 Time division multiple access

In OTDMA, the temporal resources of the channel are shared among users by assigning
each a specific time slot. While indoor applications typically involve relatively low user
mobility, the need for precise synchronization at user terminals and LEDs as access points
(APs) can become challenging due to very high data rates, especially with an increased
number of users [105]. Furthermore, TDMA suffers from inter-cell interference (ICI)
in multicell scenarios at overlapping areas between cells, which can lead to significant

degradation in VLC system performance [106].

2.9.2 Code division multiple access

Simultaneous transmission over the available spectral resources at the same time by
allocating a unique code to each user can be achieved using CDMA. Each user correlates
the received signals with its assigned code to suppress inter-user interference (IUI) [105].
The concept of OCDMA is similar to RF-based CDMA, but it uses optical codes called
optical orthogonal codes (OOCs). The performance of OCDMA is greatly affected by
the choice of high-rate signature sequences (SS). At the receiver, each SS code must
be distinguishable from a shifted version of itself as well as a possibly shifted version
of every other sequence in the set to provide optimal recovery. However, generating
these codes becomes more challenging with a larger number of users. Although random
optical codes (ROCs) are simpler to generate than OOCs [107], they provide sub-optimal
performance. Generally, to accommodate a larger number of users, longer OOCs are
required, which impacts achievable data rates and increases system complexity [108].
This can be a significant disadvantage for a relatively dense VLC network in a typical

large-space scenario.
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2.9.3 Wavelength division multiple access

To enhance data transmission efficiency by assigning distinct wavelengths to individual
data streams, WDMA is employed in wireless communication. This technique is similar to
frequency division multiple access (FDMA), but it leverages the optical spectrum rather
than radio frequencies. The primary advantage of WDMA is its ability to significantly
increase the capacity and efficiency of data transmission. By facilitating the simultane-
ous transmission of multiple data streams across different wavelengths, WDMA has the
potential to elevate the overall throughput and reduce latency [109].

Nevertheless, WDMA also presents several disadvantages in wireless communication.
The implementation of WDMA systems requires advanced and often costly equipment, in-
cluding wavelength-specific transmitters and receivers. Additionally, managing and main-
taining these systems can be complex due to the need for precise wavelength control and

potential interference issues between closely spaced wavelengths [110].

2.9.4 Orthogonal frequency division multiple access

Orthogonal frequency division multiplexing (OFDM) has been presented as a key
enabler for high data rate communications [111]. In the context of VLC systems, as
data rates increase, the limited bandwidth of LEDs leads to inter-symbol interference
(IST) [112], [113]. This can be minimized using effective equalization-enabled techniques.
OFDM is efficient in terms of ISI reduction, as it uses a large number of low-rate or-
thogonal subcarriers to acquire increased throughput. OFDM-based receivers require
only a simple one-tap equalizer, which reduces system complexity [114]. However, there
are certain limitations in realizing OFDM within VLC systems. Specifically, conven-
tional OFDM generates complex and bipolar waveforms, which are incompatible with
the IM/DD schemes employed in VLC. This issue can be effectively resolved by exploit-
ing Hermitian symmetry on the subcarriers in the frequency domain to produce a real
OFDM signal suitable for VLC systems. Figure 2.8 illustrates the transceiver structure
of a typical OFDM system. Firstly, at the transmitting end, a group of transmitted bits
are mapped to corresponding constellation points. The serial and complex-mapped data
are then converted into several low-rate parallel data streams using a serial-to-parallel
(S/P) converter. The utilization of Hermitian Symmetry serves the purpose of deriving
signals with real values, thereby discarding the complex component of an OFDM signal,

which cannot be transmitted through a single LED. The output of Hermitian Symmetry
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is passed through the inverse fast Fourier transform (IFFT) to generate the time-domain
signal, which is then subjected to parallel-to-serial (P/S) conversion. A cyclic prefix (CP)
is then added to eliminate ISI. The output from the CP block is fed directly into a digital-
to-analog converter (DAC), translating the discrete IFFT sample points into continuous
time-varying signals. To ensure the OFDM time-domain signal is both real and positive,
DC biasing is introduced. Subsequently, double-sided clipping is applied to fit the signal
within the dynamic range of the LED. The resulting signal is then used to modulate the
LED intensity.

( N

Transmitted
bits Hermitian P/S DC bias
—>| Mapping = S/P —» symmetry [ IFFT > and > DAC —» and
Add CP Clipping
LED
\ Transmitter
Wireless
Optical
Channel
Received
bits CP removal Filter /
<+— Demapping P/S (e Equalizer = FFT |&— and e=— and [e— -
S/P ADC
Receiver )

Figure 2.8 — Block diagram of optical OFDM transmitter and receiver.

At the receiver, the optical signals received through the channel are converted to
proportional electrical signals by the PD. These signals are then filtered and processed
by an analog-to-digital converter (ADC). The CP extension of each OFDM symbol is
removed after series-to-parallel (S/P) conversion. Next, the fast Fourier transform (FFT)
algorithm is applied, followed by one-tap frequency domain equalization to compensate
for channel effects. Finally, P/S conversion and demapping are conducted to retrieve the
originally transmitted bits.

Several new schemes that provide unipolar and real time-domain OFDM signals have
been proposed to ensure compatibility with VLC systems. Direct-current biased optical
OFDM (DCO-OFDM) and asymmetrically clipped optical OFDM (ACO-OFDM) were
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developed to generate real unipolar OFDM signals. In DCO-OFDM, a DC bias is added
to the signal before clipping to obtain a unipolar signal [115], [116]. For ACO-OFDM,
only odd-numbered subcarriers are modulated before zero-level clipping, which does not
result in any loss of information [117]. Owing to employing Hermitian symmetry in optical
OFDM to obtain real signals, there is a loss in spectral efficiency by a factor of two for
DCO-OFDM and a factor of 4 for ACO-OFDM [118]. Therefore, DCO-OFDM remains
particularly advantageous in terms of spectral efficiency. While multipath propagation is
negligible in VLC systems due to their predominantly LOS nature, OFDM still plays a
significant role in combating channel impairments such as the low-pass effect caused by
the limited modulation bandwidth of LEDs [119]. Moreover, OFDM’s adaptive bit loading
allows efficient utilization of the channel by assigning higher-order modulation schemes
to subcarriers with better SNR. Additionally, OFDM enables high spectral efficiency by
transmitting multiple orthogonal subcarriers simultaneously, making it suitable for high-
data-rate VLC systems. Hermitian symmetry ensures the OFDM signal is real-valued,
which is necessary for intensity modulation in VLC. However, this comes at the cost of a
reduction in throughput caused by reducing the effective number of subcarriers available
for data transmission. However, this limitation can be mitigated through techniques like
MIMO systems or advanced modulation schemes, which improve overall data rates and
spectral efficiency [120]. Tt is worth noting that OFDMA is essentially an extension of
OFDM, where each user is assigned a group of subcarriers within each time slot based
on their specific traffic requirements and channel conditions [121]. Among these OMA
techniques, researchers have focused on OFDMA as an efficient scheme for VLC networks
due to its distinct advantages such as low implementation complexity and high spectral

efficiency.

2.9.5 Space division multiple access

Space division multiple access (SDMA) involves separating users in the spatial domain.
In addition to OMA, various NOMA techniques are applied to VLC systems. Optical
SDMA (OSDMA) is a NOMA technique that uses multiple directional optical beams at
the transmitter to separate users in the spatial domain [122]. However, this approach
requires either special LEDs or specialized optics with off-the-shelf LEDs, which increases
the implementation complexity of the system, making OSDMA less practical for VLC
networks in general. Nonetheless, combining TDMA with SDMA has been shown to
significantly improve network performance compared to the simple TDMA approach [122].
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2.9.6 Non-orthogonal multiple access

Power-domain NOMA (simply referred to as "NOMA") significantly enhances the ca-
pacity and efficiency of 5G networks, making it a promising candidate for meeting the high
data rate and connectivity demands of future wireless communication systems. NOMA
utilizes the power domain to serve multiple users simultaneously in the same frequency
band and time slot using the same code. To ensure fairness and effective resource distri-
bution, NOMA allocates higher power to users with a lower signal-to-noise ratio (SNR)
[103]. Unlike OFDMA, which maintains the transmitted power of all users at a certain
level and divides the available resource blocks (RBs), NOMA assigns different power levels
to each user while all users share the available RBs. Therefore, OFDMA has a frequency
constraint on subcarrier separation for orthogonality, whereas NOMA utilizes the entire
bandwidth without separations [123]. At the transmitter end, superposition coding is
applied, and a multiuser detection algorithm such as SIC is performed at the receiver
end. Several features of NOMA are outlined below [124]-[128]:

— Massive connectivity: While OMA is limited by the number of orthogonal re-
sources, NOMA does not face such limitations. Theoretically, can accommodate a
considerable number of users. However, it is limited to the performance of SIC.

— Lower latency: OMA waits for available resource blocks to transmit, which re-
quires waiting for an access grant. In contrast, NOMA supports flexible scheduling
and grant-free transmission.

— High spectral efficiency: Spectral efficiency is a critical performance metric in
wireless systems. Every NOMA user can utilize the entire bandwidth, whereas an
OMA user can utilize only a limited amount. Properly grouped NOMA users can
achieve higher data rates compared to OMA.

— Good compatibility: Theoretically, NOMA can be integrated with any existing
OMA technique due to its novel power dimension.

— Fairness: A key attribute of NOMA is assigning higher power to users with lower
SINR. Consequently, NOMA can ensure an excellent trade-off between user fairness
and system throughput.

In addition, optical NOMA has recently gained significant attention as a promising tech-
nique capable of addressing key challenges in VLC systems and outperforming conven-
tional multiple access techniques. Simultaneous communication of information from one
transmitter to different receivers in a downlink broadcast channel is known as superposi-
tion coding [129].
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The main concept of a two-user NOMA in a VLC system with superposition coding
at the transmitter and SIC at the receivers is illustrated in Figure 2.9. The transmitter
applies superposition coding to the signals of both users and compares the channel gains
to determine the required power coefficients. User 1, who has a weak received signal,
is farther from the LED (weak user with worse channel gain), while User 2, who has a
strong received signal, is closer to the LED (strong user with better channel gain) [130],
[131]. The transmitter assigns higher power to the weak user’s signal compared to the
strong user’s signal, then superimposes both signals and conveys them simultaneously.
The concept of superposition coding can be applied to a large number of users, with
power allocation based on each user’s channel gain. At the receiver end, NOMA employs
SIC for detection. User 1 can directly detect its message from the superimposed received
signal, treating interference from User 2’s signal as noise. In contrast, User 2 must apply
SIC by first detecting User 1’s signal, subtracting it from the received signal, and then
detecting its own signal. For a large number of users, each user (except the farthest one)

needs to apply SIC to all stronger signals before detecting its own signal [132].
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Figure 2.9 — An illustration of a two-user downlink NOMA scheme in the VLC system
with superposition coding and SIC.

Although the NOMA scheme offers several benefits in RF, the unique characteristics
of VLC networks further enhance NOMA’s performance compared to RF for the following
reasons [133]-[135]:

1. NOMA performance is enhanced at high SNR levels, which is typical in VLC
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networks that consist of small cells with short propagation distances and strong
LOS. NOMA is particularly efficient in multiplexing a small number of users, which

is advantageous in indoor VLC systems.

2. Accurate channel state information (CSI) at the transmitter can enhance the power
allocation for each user in NOMA. The quasistatic nature of the channel due to

low mobility in indoor VLC systems allows for more reliable CSI estimation.

3. Adjusting the semiangles of the LEDs and the FoVs of the PD can improve NOMA

performance in VLC by controlling the channel gain difference between users.

2.9.7 Comparison of multiple access techniques

Following the above discussions, OFDMA and NOMA are the most suitable schemes
for high-rate VLC networks [106]. Table 2.1 provides a brief comparison of the multiple
access schemes discussed earlier, focusing on three key features of large-space scenarios:
inter-cell interference (ICI), the potential for a large number of users, and the requirement

for high data rates. A more detailed performance comparison between OFDMA and
NOMA will be discussed later.

Table 2.1 — Comparison between different multiple access techniques [106].

OTDMA | SDMA | OFDMA | NOMA
ICI v v v
Large no. users v v
High data rate v v

2.10 Power Allocation Techniques in NOMA-based
VLC Systems

Power allocation involves assigning different power levels to users sharing the same
resources. As previously mentioned, the NOMA concept relies on allocating higher power
to users with poorer channel gains and lower power to users with better channel gains.
Therefore, selecting an effective power allocation technique is crucial to ensure appropriate

power levels for each user, thereby enhancing the performance of the NOMA system [136],
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[137]. In the realms of RF and VLC, the power distribution in NOMA broadens the
scope of research objectives significantly. This expansion includes considerations such as
allocation of channel resources [138], [139], fairness among users [140], [141], improving
energy efficiency [142], [143], user scheduling [139], [144], sum rate [145], [146], and meeting
QoS requirements [147], [148].

Power allocation techniques in NOMA can generally be classified into static power
allocation (SPA) and dynamic power allocation (DPA) methods. SPA assigns a fixed
power level to each user for every connection. Conversely, DPA techniques adjust the
power level for each user based on the instantaneous channel state information (CSI).
While DPA techniques are more effective in mobile environments due to their adaptability,

SPA techniques are simpler to implement [149].

DPA techniques fall into two main categories: numerical search techniques and strate-
gic design techniques. Numerical search techniques aim to find an analytical solution to
the optimization problem but are computationally intensive and not suitable for real-time
processing. Conversely, strategic design techniques provide simple closed-form solutions

that are more suitable for real-time processing [150], [151].

There are a limited number of SPA techniques in literature. The first SPA tech-
nique proposed was the user’s index-based fixed power allocation (FPA) [133]. Moreover,
equal power allocation (EPA) was presented and compared to FPA [152]. Another FPA
technique, arbitrary power allocation (APA), was proposed without direct comparison to
previous SPA methods [153]. Additionally, an FPA technique was developed to maximize
the minimum Euclidean distance (MED) of the resultant constellation in both uplink and
downlink scenarios [154], [155].

Conversely, there are numerous DPA strategic design techniques in the literature. The
first DPA strategic design method, fractional transmit power allocation (FTPA), was pro-
posed to mimic the channel power allocation in LTE [156]. In [157], the authors proposed
CSlI-based power allocation (CSIPA) where power allocation is inversely proportional to
the state of the channel. Motivated by cognitive radio, general power allocation (GPA),
is another DPA strategic design method that seeks to achieve better spectrum efficiency
than FPA [158]. Furthermore, in [135], the authors proposed a gain ratio power allocation
(GRPA) technique, particularly for NOMA-based VLC systems.

Recently, new DPA strategic design techniques have been introduced to enhance the
performance of previous strategies. The improved fractional transmit power allocation

(IFTPA) technique was introduced and compared with FTPA, allowing independent
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power control parameters for each user in a NOMA-based multicarrier system [159]. In
[151], the authors proposed an improved fractional strategy (IFS), a modified version of
GRPA, and compared it with GRPA from the perspective of sum-rate capacity. Without
a control parameter a similar DPA technique, the improved power law strategy power allo-
cation (IPLSPA), was proposed and compared with FTPA in terms of sum-rate capacity
[160]. An adjusted version of GRPA, named normalized gain difference power alloca-
tion (NGDPA), was also presented and compared with GRPA from a sum-rate capacity
perspective [161], [162]. Lastly, anormalized logarithmic gain ratio power allocation (NL-
GRPA) was developed and compared with both GRPA and NGDPA in terms of sum-rate
capacity [163]. The most widely used power allocation schemes in NOMA-based VLC

systems will be discussed in the following subsections.

2.10.1 Static power allocation (SPA)

The benefit of SPA lies in its low computational complexity at the transmitter side,
whereas its drawback is that it neglects the channel quality of the users, leading to unsat-
isfactory performance in mobile environments compared to DPA techniques [164], [165].
Only a few SPA techniques have been outlined in the literature. APA, the simplest SPA
technique, allocates power without any specific logic. There is no established mechanism
for assigning power to users, but the requirement that the total power assigned to users
equals the total transmit power is mandatory. However, as the number of users increases,

APA becomes increasingly intricate [153], [166].

Fixed power allocation (FPA)

The FPA technique, widely recognized as the most popular SPA scheme, is renowned
for its straightforward nature and suboptimal power allocation approach. This technique,
which is channel-independent, involves assigning predetermined power ratios to individual
users. In a scenario involving two users, a portion of the overall power is designated to one
user, while the residual power is allocated to the second user [167]. Despite its simplicity,
FPA is considered inefficient, especially in dynamic mobile settings, due to its lack of
consideration for channel conditions during power allocation. The allocation of power to

the nth can be expressed as

Pn = OPn+1 (21)
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where 0 < a < 1 is the power allocation coefficient, while p,,_; represents the static power
allocated to the user positioned prior to the nth selected user in accordance with the
decoding process [135]. The power allocation coefficient plays a crucial role in overseeing

the efficiency of the system and ensuring fairness among users.

2.10.2 Strategic design techniques

In this subsection, the strategies for dynamic power allocation (DPA) are presented,
encompassing both strategic design techniques and numerical search techniques. The

discussion begins with an overview of the strategic design methods.

Gain ratio power allocation (GRPA)

This allocation technique was proposed as an efficient power allocation technique
aimed at improving the throughput and user fairness of the VLC system [135]. As per
GRPA, the allocation of power is influenced by the gain of each user in relation to the
gain of the user sorted first, along with the decoding order n. The power designated to

the n-th user in the sorted sequence is given as in [135]

hl n+1
Pn = (h) Pn+1 (2.2)

Therefore, the power allocated diminishes as the channel gain of the n-th user, denoted as
h,, increases. This is because users with favorable channel conditions require lower power
levels to successfully decode their signals, especially after eliminating the signals from users
with lower decoding priority. Additionally, the ratio Z—i is raised to an exponent related
to the decoding order to ensure fairness. Users with lower decoding orders will necessitate

significantly higher power levels due to the substantial interference they encounter.

Power law strategy (PLS)

As a power allocation technique based on GRPA, PLS was developed to address the
challenge posed by the similarity of channel gains among users and to support a dynamic
range of users in a MIMO-VLC system [147]. Several studies on the GRPA strategy

design are mostly based on the inverse ratio, with an increasing order of channel gain
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distribution. The power allocation factor based on PLS is expressed as in [151]

L 16
(1 (5))

where N is the total number of users. The power counting of % is subject to the user’s

(2.3)

order, which varies exponentially.
An enhanced version of the PLS, known as the inverse power law strategy (IPLS),
was introduced in [150], [160]. The power allocation coefficient of the n-th in a group

employing the IPLS technique is expressed as [150]

1
- —,n=1
QIPLS — +(h;>;+<hi) (2.4)
" - (E) - 2<n< N
1 (2 )+ (72)

Fractional Transmit Power Allocation (FTPA)

This power allocation strategy assesses users’ power ratios based on each user’s chan-
nel qualities. The power allocation coefficient of the nth user utilizing FTPA can be
represented as [15]1]

rrea_ (hR)7"
(hi)~

=1

«

where 0 < o < 1.

The revised FTPA introduced in [151] is referred to as the improved fractional strategy
(IFS). Under this power allocation scheme, the channel proportions are reframed, and the
constraint of (0 < a < 1) is eliminated. The power allocation coefficient of the n-th user
is given by [151]

(&)’
IFS _ hn

n N B
hy

In this technique, 8 is not confined to the range [0, 1], and is not only relevant to the

(2.6)

users’ order. Moreover, the authors proved that it is possible to attain a locally optimum
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solution for the system throughput in NOMA-based VLC systems by imposing a specific

B > 0 in the aforementioned equation.

Simplified gain ratio power allocation (S-GRPA)

The authors of [168] introduce a low complexity power allocation scheme for NOMA-
based indoor VLC systems, referred to as the simplified gain ratio power allocation (S-
GRPA) scheme. The S-GRPA scheme employs look-up tables instead of calculation meth-

ods to allocate power, addressing the challenge of incomplete CSI.

Normalized gain difference power allocation (NGDPA)

The NGDPA was presented in [162] to improve the sum rate of MIMO-based multi-
user indoor VLC systems. Simulation results have demonstrated that employing NGDPA
in NOMA-enabled MIMO-VLC setups leads to a notable increase in the sum rate com-
pared to the traditional GRPA technique. Similarly, a corresponding framework utilizing
NGDPA was presented in [169] with the aim of improving the achievable data transmis-
sion rate and throughput under lower BER conditions and peak-to-average power ratio
(PAPR).

For the 2 x 2 MIMO-NOMA-VLC system using NGDPA for power allocation, the
electrical power assigned at the i-th LED to the user n and user n + 1 is expressed as
[162]

hiig + hain — hiing1 — Poing1 |
pi,n:< e T el ] 2’+1> Dint1 (2.7)

hiii 4 hoia
where hy; 41, hoint+1 are the channel gains of the user n + 1, associated to the i-th LED,
at its PDs 1 and 2, respectively, while hq;1, he;1 are the channel gains of the first sorted
user, corresponding to the ¢ LED, at its PDs 1 and 2, respectively.

Furthermore, the authors of [170] proposed a QoS-guaranteed optimal power allocation
(OPA) strategy to enhance the energy efficiency and outage probability of NOMA-VLC
systems. It has been demonstrated that NOMA with OPA results in superior energy
efficiency compared to NOMA with GRPA and NGDPA schemes.

Normalized logarithmic gain ratio power allocation (NLGRPA)

For MIMO-VLC networks, a normalized logarithmic GRPA technique, referred to as

NLGRPA, was introduced in [163] as an efficient technique to improve the achievable sum
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rate of NOMA-based indoor MIMO-VLC systems. This scheme is particularly efficient
for systems with a large number of users, offering low computational complexity. The
NLGRPA scheme has yielded significant improvements in the sum rate for indoor NOMA-
based VLC systems compared to GRPA and NGDPA. In particular, for the I x J NOMA-
aided MIMO-VLC networks, the relationship between the power allocated to the nth user
and (n+1)th user in the i-th LED can be described as [163]

J
log (Z hji,n+1>

j=1
J 2 7 2

%log ( hji,l) - (Z hji,n—i—l)
j=1 j=1

2.10.3 Numerical search techniques

Pin = Dint1 (2.8)

Numerical search techniques can be viewed as optimization problems with various ob-
jective functions, such as maximizing sum-rate capacity or energy efficiency. Numerous
studies have suggested various optimization techniques for enhancing the performance
of NOMA-VLC networks [171]-[176]. Nevertheless, the enhancement in performance
achieved through the optimization of power allocation is accompanied by a rise in network
complexity. In [171], the Cuckoo Search (CS) meta-heuristic optimization algorithm was
employed to address a multi-objective optimization issue concerning the users’ received
power and achievable rate. The optimized approach demonstrated a superior sum rate
compared to the FPA in the NOMA-VLC system. An iterative algorithm was employed
to select the optimal NOMA pairs and subsequently, determine their allocated powers
utilizing the majorization-minimization (MM) technique in [172] to maximize the sum
rate for NOMA-VLC with steerable beams. In [173], the authors suggested the parti-
cle swarm optimization (PSO) applied to the power allocation coefficients in multi-cell
NOMA-VLC networks. The performance was compared with the non-optimized power
allocation NOMA scenario and the results showed improved performance in terms of sum
rate and fairness. In [174], the nonlinear marine predator algorithm (NMPA) was utilized
for addressing the fair power allocation problem, optimizing the sum rate efficiently. More-
over, an intelligent user association approach for multi-user scenarios in the NOMA-VLC
system was proposed in [175] along with an adaptive optimal power allocation scheme.

This strategy takes into account the error propagation at the receiver, seeking maximiza-
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tion of the system throughput. Various optimization techniques that are applied to the
power allocation schemes to improve the overall system performance are summarized in

Table 2.2 (all references in the next tables are sorted chronologically).

Table 2.2 — A summary of power allocation optimization in NOMA downlink VLC systems.

System Optimization L . .
Maximization Contribution Ref.
Model Method
) A power allocation scheme under
Gradient ] _
4 VLC AP o Sum rate + QoS constraint and user grouping
projection _ _ [176]
+ N users User rate that achieves a higher sum rate per-

GP) algorith
(GP) algorithm formance than OMA

An optimal power allocation that
1 VLC AP . Sum rate + | outperforms the OMA scheme tak-
GP algorithm ) o ) . ) [146]
+ 2 users Fairness ing into consideration practical op-

tical power and QoS constraints

The sum rate performance of the
4 VLC AP Analytical proposed enhanced power allocation
Sum rate _ [177]
+ N users method (EPA) algorithm outperforms the

FPA and GRPA in terms of sum rate

Propose optimal power allocation

1 VLC AP ) ) ) schemes for both static and mobile
) Interior-point Achievable .
with I LEDs . users and derived a closed form ex- | [178§]
algorithm rate ) ) ]
+ N users pression for achievable rates of static
users

Introduce an adaptive power allo-
cation scheme that chooses between
GRPA or inverse power allocation
(IPA) and the optimal power allo- | [179]

cation factor to increase the achiev-

1 VLC AP Analytical Achievable

+ N users method rate

able rate using multi-attribute deci-
sion making (MADM)
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System Optimization oL . .
Maximization Contribution Ref.
Model Method
KKT Introduce a joint power line commu-
1 VLC AP . nications (PLC)-VLC power alloca-
conditions for Sum rate ' [180]
+ N users o tion scheme that outperforms FPA
optimality i
and NGDPA in terms of sum rate
The sum rate performance of the
1 VLC AP Interior-point proposed multi-factor control opti-
. Sum rate ' [181]
+ N users algorithm mal power allocation (MFOPA) out-
performs FPA and GRPA
Present an optimal power alloca-
KKT tion for a downlink hybrid power
4 VLC AP . ]
LN conditions for Sum rate line VLC (HPV) system that max- | [182]
users
optimality imizes sum rate compared to FPA
and GRPA
) ) Verify the superiority of two pro-
Differential ]
i posed power allocation schemes over
1 VLC AP | evolution (DE) ' '
. Sum rate the conventional FPA and GRPA in | [183]
+ N users based heuristic )
] terms of sum rate and user fairness
algorithm ) i _
using simulation

Table 2.3 — Comparison of different power allocation methods.

SPA Strategic design techniques | Numerical search techniques
Scheme’s nature Fixed Dynamic Dynamic
Channel Gain | Independent Dependent Dependent
Solution Suboptimal Suboptimal Optimal
Complexity Low Low - Intermediate Computationally Complex

The aforementioned power allocation methods, including SPA, strategic design tech-

niques, and numerical search techniques, exhibit varying performance across metrics such

as sum rate, fairness, BER, etc. Moreover, the effectiveness of power allocation is primarily

influenced by system model parameters, such as the distance between users, LED posi-

tions, etc. Table 2.3 provides a general comparison of different power allocation methods.
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Due to their low implementation complexity, DPA-based strategic design methods and
SPA techniques are more appropriate for the practical implementation of NOMA-VLC
systems. Therefore, this thesis focuses on DPA-based strategic design and SPA methods.

2.11 MIMO in VLC Systems

It has been assumed that the aforementioned VLC system consists of a single trans-
mitter and receiver. Nevertheless, a typical room in a home or office contains several
LEDs to provide adequate lighting. Accordingly, MIMO can be implemented in VLC
scenarios due to the presence of multiple transmitters [90]. Introducing MIMO in VLC
systems can enhance both the reliability and bit rate, which are currently constrained
by the bandwidth of the transmitters [184]. Unlike RF MIMO systems, which have mul-
tiple distinct channels between the transmitter and receiver, VLC systems often exhibit
high channel correlation due to the similarities of the channels and the confinement of
transmitters and receivers to a single room [90]. To address this, the angular diversity
receiver has been introduced in some studies to improve VLC-MIMO system performance
by decorrelating the optical channels [185]-[188]. An angular diversity receiver consists
of a set of narrow FoV detectors pointing in different directions [187]. Two designs of an-
gle diversity receivers: pyramid receivers and hemispheric receivers are proposed in [185].
These proposed receivers outperformed the spatially separated photodiode array. In [186],
the authors demonstrated the operation of a distinct topology, the generalized angular
diversity receiver, which consists of a central detector surrounded by multiple adjustable
inclined detectors. Additionally, several techniques have been studied to ameliorate the
channel correlation problem and enhance the performance of VLC-MIMO systems. These
techniques are based on those used in RF-MIMO systems, including Repetition Coding
(RC), Spatial Multiplexing (SMP), and Spatial Modulation (SM) [189].

The primary advantage of the first method is its simplicity, as the same data stream is
transmitted by all transmitters, thereby enhancing system robustness [188], [190], [191].
In [191], the authors analyzed the performance of RC and simple Orthogonal Space-Time
Block Codes (OSTBCs), such as the Alamouti scheme. They concluded that a multiple-
input single-output (MISO) system with RC outperforms OSTBCs because the signal
power from the transmitters adds constructively at the VLC receiver. Consequently, they
determined that OSTBCs are not necessary for VLC. Furthermore, the performance of

RC in a VLC-MIMO system using angular diversity receivers under imperfect CSI is
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investigated in [188]. The analytical results indicated that this system exhibits better
error performance than a MISO VLC system, across different receiver locations and semi-
half angles.

In contrast, SMP increases the spectral efficiency of the system by employing differ-
ent signals at each transmitter [192], [193]. In [192], the authors introduced an adaptive
bit and power loading algorithm for a DCO-OFDM VLC MIMO system, which selects
between RC and SMP MIMO modes and applies bit- and power-loading techniques to
enhance the data rate for a given target BER. An innovative superposed 64QAM constel-
lation scheme for a 2x2 VLC-MIMO system utilizing the SMP approach is proposed in
[193]. Experimental results demonstrated that this superposed constellation, combined
with the SMP technique, achieves multiplexing gains in highly correlated VLC channels,
outperforming the traditional superposed 64-QAM constellation.

Finally, only one transmitter is active during each time slot in SM. Each VLC trans-
mitter is linked to a specific symbol in the constellation. Thus, when there’s a need to
transmit a particular symbol, only the corresponding transmitter is activated while others
remain inactive. This simplifies the receiver’s task of identifying which transmitter sent
the received symbol. The key advantage of this approach is that it encodes information in
two dimensions. Alongside the signal-encoded information, there’s modulation in spatial
dimensions, thereby enhancing the system’s spectral efficiency. Moreover, it ensures that
only one transmitter is active at any given time, preventing cross-channel interference
and simplifying receiver complexity [67]. In [189], the authors conducted a comparison of
three MIMO techniques using various 4x4 MIMO configurations, altering the positions of
transmitters and receivers. The RC technique demonstrated the lowest spectral efficiency
because it utilizes the same signal across all transmitters while offering easier system
alignment. In contrast, SMP requires low channel correlation between transmitters and
receivers but achieves the highest data rates. On the other hand, SM offers enhanced
spectral efficiencies even under low SNR conditions and operates effectively in scenarios

with high channel correlation.

2.12 MIMO in NOMA-VLC Systems

Most indoor environments use multiple LEDs to provide sufficient illumination, which
motivates the implementation of MIMO in VLC systems. Employing MIMO techniques in

VLC systems can increase spectral efficiency by overcoming the narrow modulation band-
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width limitation of the LEDs [189], [194]. Moreover, tuning the field of views (FoVs) and
transmission angles in VLC systems provides the opportunity for two additional degrees
of freedom, leading to enhancements in the system’s overall performance. Consequently,
the integration of MIMO in NOMA-VLC systems introduces supplementary degrees of
freedom, thereby boosting the performance of the system [195]. The block diagram of the
2 x 2 MIMO NOMA-based VLC system is shown in Figure 2.10.
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Figure 2.10 — Block diagram of 2 x 2 MIMO-based NOMA-VLC system with N users.

In [196], a VLC system based on MIMO-NOMA was experimentally validated using
FPA which offers a low peak-to-average power ratio, a good balance between throughput
and fairness, and a higher system capacity for a larger number of users. Several research
studies have investigated the performance of incorporating NOMA in MIMO-VLC sys-
tems, attributing to the advantages mentioned earlier. An overview of NOMA-based
MIMO-VLC systems is provided in Table 2.4.
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Table 2.4 — An overview of MIMO-based NOMA-VLC systems.

System Design . .
L. Contribution Ref.
Model Objective
. Evaluate the power allocation ratio for the best BER
X
MIMO performance and propose minimum mean square error
b N BER (MMSE) and intra symbol frequency averaging (ISFA) | [196]
i
v as efficient channel estimation methods to eliminate the
users
inter-user interference effectively.
2 x 2 Propose the offset quadrature amplitude modulation
MIMO BER (OQAM)-OFDM based MIMO-NOMA and compare its 197]
with NV performance with conventional OQAM based MIMO-
users OFDM
4 x 2
) Propose the low computational complexity normal-
MIMO Achievable _ ] ] ) _ ]
. ized logarithmic gain ratio power allocation (NLGRPA) | [163]
with N sum rate )
which outperforms NGDPA and GRPA methods
users
2 x 2
MIMO Achievable | Propose the low complexity NGDPA method and com- 161]
with V sum rate pare it with GRPA
users
2 %2 Evaluate the percentage gain of sum rate for both (LOS)
MIMO and (LOS + non-LOS) in a single reflection environment
_ Sum rate _ [198]
with V and calculate the delay spread using NGDPA and GRPA
users methods
M x L Propose an algorithm for grouping the users into clus-
X
ters based on the correlation among their channel gains
MIMO Spectral .
] ) and the proposed algorithm has better performance than | [199]
with N efficiency ) . o
zero forcing (ZF) and block diagonalization (BD) pre-
users
coding schemes
2 x 2 Formulate an analytical model for system capacity and
MIMO Achievable | evaluate the performance of GRPA and NGDPA and 1200]
with NV capacity compare them in terms of system coverage, user density,
users and user location
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System Design . .
Contribution Ref.
Model Objective
2 x 2
MIMO BER Analyze MMSE equalizer with SIC and results show it 201]
with NV outperforms the ZF equalizer with SIC
users

2.13 User Pairing in NOMA-VLC Systems

Certainly, NOMA presents superior outcomes for VLC systems compared to existing
OMA strategies; however, the implementation of NOMA on all users jointly may not
be feasible due to the escalating computational complexity of the SIC decoding process
as the number of users rises. Furthermore, the additional signaling overhead associated
with channel feedback management and error propagation may increase the deployment
complexity of NOMA. Consequently, in order to address this issue, the concept of user
pairing has emerged as an effective approach to reduce the decoding complexity of the
SIC process [202]. User pairing involves dividing users into distinct pairs within a cell,
with each pair being served using NOMA techniques [127]. Depending on performance
requirements, user deployment scenarios, and implementation complexity, various user
pairing schemes are utilized in NOMA-based VLC systems. Within all user pairing tech-
niques, a distinction is made among weak users, located far from the transmitter and
experience poor channel conditions, and strong users, located in close proximity to the
transmitter and benefit from better channel conditions [160]. In the NOMA literature,

there are different proposed user-pairing algorithms, such as:
1. Random user-pairing algorithm

Next-largest-difference user-pairing algorithm (NLUPA)

Divide and-NLUPA (D-NLUPA)

Distributed-NOMA (D-NOMA)

Uniform channel gain difference (UCGD)

SR

User pairing that utilizes various algorithms such as the exhaustive search (ES)

and genetic algorithms

These algorithms will be further detailed below.
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2.13.1 Random user pairing

Random user pairing is perceived as one of the simplest and most convenient algo-
rithms for user pairing. In this algorithm, the transmitter randomly selects users from a
set of users and creates pairs. It is worth mentioning that the pairing in this case does
not take into consideration the users’ channel conditions and demonstrates suboptimal
total rate performance [203]. Furthermore, the computational complexity of the random
pairing algorithm is significantly reduced. The general concept of random user pairing is

illustrated in Figure 2.11.

LED

Figure 2.11 — Random user pairing.
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Figure 2.12 — NLUPA pairing.

2.13.2 Next-largest-difference-based user pairing algorithm

The enhancement in performance of NOMA over OMA becomes more significant when
the difference in the channel gains between users, under consideration for pairing, increases

[124]. Based on this observation, the authors in [124] have introduced a user pairing
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algorithm known as next-largest-difference-based user pairing algorithm (NLUPA). In
this algorithm, the user with the highest channel gain is paired with the user possessing
the lowest channel gain, resulting in the highest capacity sum rate gain. Subsequently,
the user with the next highest channel gain is paired with the corresponding user with
the next lowest channel gain to achieve the subsequent highest capacity sum rate gain.
This process continues until all pairs are established. The NLUPA pairing algorithm is
illustrated in Figure 2.12.
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Figure 2.13 — D-NLUPA pairing.

2.13.3 Divide-and-NLUPA

The algorithm for user pairing that has been previously discussed is typically rooted
in user grouping. To guarantee a minimal sum rate performance for each group, an
enhanced NLUPA scheme known as divide-and-NLUPA (D-NLUPA) was introduced in
[203]. In NLUPA, for N users, the initial pair experiences the highest gain as a result

of a large difference in channel gains; however, the N/2-th pair’s gain is not significant.
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Consequently, there is a chance that certain user pairs may not witness a substantial
increase in the sum rate. The distance between two users in a pair is proportional to
the difference in their respective channel gains [204]. The ’divide’ phase in D-NLUPA is
implemented to establish a minimum range, thereby raising the minimum value of the
distance accordingly. Through this 'divide’ phase, user pairs with near-zero gains can be
addressed, enabling each user pair to experience a minimum sum rate enhancement.
The user pairing algorithm example illustrated in Figure 2.13, for (N = 16) users,
arranges all users based on their channel gains in ascending order and divides them into
(N/g) groups, where (9 = 4) denotes the number of users in each group. Specifically,
the first and third groups are combined as set A, while the second and fourth groups are
combined as set B. Subsequently, NLUPA is applied within set A and set B respectively
for user pairing implementation. Consequently, each set possesses a minimum range value
along with a corresponding minimum distance value. D-NLUPA ensures a minimum sum

rate gain for each user pair by eliminating pairs with negligible gain.
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Figure 2.14 — D-NOMA pairing.
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2.13.4 Distributed-NOMA

In spite of the division step in D-NLUPA, pairs with low gain differences still do not
achieve maximum performance benefits, as the scheme cannot completely avoid zero chan-
nel gain differences. Consequently, a novel user pairing strategy, known as distributed-
NOMA (D-NOMA), has been introduced in [205], representing a modified version of
D-NLUPA. This particular strategy serves to enhance the overall performance through-
put of pairs characterized by minimal differences in channel gain, while simultaneously
ensuring favorable data rates among various pair groupings. The underlying assumption
in this user pairing algorithm is that the number of strong users equals the number of weak
users, thereby facilitating the pairing of all users. Consequently, this approach effectively
mitigates performance deterioration among pairs with low differences in channel gain, ul-
timately leading to a controlled throughput advantageous to low gain users. Figure 2.14

illustrates the concept of D-NOMA pairing for four distinct user groups.

2.13.5 Uniform channel gain difference

In NOMA-based VLC systems, the relationship between channel gains of users and
the powers allocated to them is inversely proportional, leading to substantial interference
when the powers assigned to cell mid users in close proximity are similar. The drop
in capacity for these cell mid pairs can be ascribed to two primary factors: increased
noise affecting users with lower channel gains and imperfections in SIC affecting users
with higher channel gains. The cause of these issues is the close correlation between
channel gains and assigned powers. The uniform channel gain difference (UCGD) pairing
is designed to serve users located in the middle of a cell by maintaining a consistent
channel gain difference among paired users. By categorizing the channel gains of the cell’s
users into two distinct groups and pairing them accordingly, the UCGD approach ensures
effective service for mid-cell users [206]. This user pairing algorithm involves sorting all
users based on the median channel gain value, which then acts as a dividing point to
create two groups: group I comprising users with lower channel gains than the median,
and group II consisting of users with higher channel gains. Unlike traditional pairings
between central and edge users, the UCGD scheme focuses on pairing mid-cell users with
those in the central or edge areas of the cell, offering the benefits of NOMA’s enhanced
capacity gains while addressing issues related to successive interference cancellation (SIC)

performance. The UCGD pairing algorithm is illustrated in Figure 2.15.
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Figure 2.15 — UCGD pairing.

In contrast to NLUPA| the primary benefit of UCGD pairing lies in the enhancement
of data rates for users with high channel gains. This occurs because users characterized
by high channel gains are paired with middle users within the cell who need lower power
levels, as opposed to users at the cell edge, who demand higher power resources. Conse-
quently, users with high gains experience a relatively higher power allocation, leading to

a boost in their capacity gains.

2.13.6 Hybrid user pairing

The hybrid user pairing algorithm, combining NLUPA and UCGD pairing, has been
introduced in [207]. This algorithm is based on the principle of pairing distant users with
nearby users through NLUPA. However, when a group of N users is close to the center of
the cell and cannot be paired, (INV/2) users from each side are utilized for accommodating
these users through UCGD pairing. The decision to transition from NLUPA to UCGD
pairing is made when similar-gain users in the central area cannot be paired together.
The hybrid pairing algorithm is illustrated in Figure 2.16, showcasing the pairing of two
nearby users, U, and Us. In this scenario, the immediate neighboring users, Us and Ug,
come together to facilitate the pairing: Us is paired with Us, and Uy is paired with Us,
employing UCGD pairing, while the remaining users are paired using the straightforward
NLUPA algorithm.

OIOIOIOIOIO

Figure 2.16 — Hybrid pairing.
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2.13.7 User pairing optimization algorithms

In addition to the aforementioned schemes, various user pairing optimization algo-
rithms are proposed to enhance the NOMA-VLC systems’ performance. The exhaustive
search (ES) method, which considers all possible combinations of user pairing, can be
utilized to find an optimal solution. Nonetheless, the time complexity of ES grows ex-
ponentially with the increasing number of users [208]. To address this issue, novel user
grouping algorithms have been introduced [209]-[211]. The authors of [209] introduced the
bipartite matching-based user-pairing (BMUP) algorithm aimed at finding the optimal
user grouping solution to minimize the outage probability in hybrid VLC/RF systems. In
[210], an optimal user pairing algorithm was proposed to maximize system throughput,
with a closed-form global optimal solution derived for general NOMA networks. How-
ever, these algorithms are constrained to scenarios with an even number of users, which
limits their practicality. Therefore, a dynamic user grouping algorithm based on a genetic
algorithm was proposed in [211], which not only addresses scenarios with an odd number
of users but also enhances system throughput. Nevertheless, the genetic algorithm may

encounter challenges in converging to a local optimal solution.

2.14 Summary

In this chapter, a review of the state of the art for visible light communication (VLC)
systems has been discussed. We introduced VLC systems, highlighting their potential in
providing high-speed wireless communication. Among various multiple access techniques
we explored, non-orthogonal multiple access (NOMA) stands out due to its ability to
enhance system capacity and user fairness. Furthermore, we discussed different power
allocation techniques within NOMA-VLC systems, emphasizing both strategic design ap-
proaches and numerical search methods. Power allocation significantly impacts system
performance, influencing metrics such as sum rate, fairness, and bit error rate (BER).
In addition, we explored multiple input multiple output (MIMO) technology, which fur-
ther enhances the performance of VLC systems. MIMO leverages multiple transmitting
and receiving antennas to increase data rates and improve reliability. The combination
of MIMO with NOMA can significantly boost spectral efficiency and user capacity in
VLC systems. We also discussed various user pairing algorithms, which are crucial for
improving NOMA-VLC performance.

These discussions underscore the importance of efficient power allocation and user
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pairing strategies in leveraging the full potential of NOMA within VLC systems, ensuring

optimal performance and resource utilization.
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CHAPTER 3

ACHIEVABLE RATE PERFORMANCE OF
NOMA-MIMO-VLC SYSTEMS

3.1 Introduction

In this chapter, we evaluate the performance of multiple-input multiple-output (MIMO)
communication systems applied with a non-orthogonal multiple access (NOMA )-based in-
door visible light communication (VLC). We present two efficient user-pairing algorithms
for NOMA in VLC, aiming to enhance achievable data rates effectively. Our investigation
involves the application of three low-complexity power allocation techniques. Compara-
tive analysis reveals performance enhancements when employing the presented schemes,
especially when contrasted with NOMA without user pairing and orthogonal frequency
division multiple access (OFDMA). Additionally, we explore the performance of both
algorithms in scenarios with both even and odd numbers of users. Simulation results
demonstrate the superiority of NOMA in comparison to OFDMA.

3.2 System and Channel Models

We model a multi-user VLC system based on NOMA-MIMO. In our study, we inves-
tigate a 2 x 2 MIMO downlink VLC indoor system featuring two light-emitting diode
(LED) transmitters located on the room’s ceiling, utilizing NOMA to serve N users. Each
user is equipped with two photodiodes (PDs) oriented towards the ceiling, capable of uti-
lizing the entire modulation bandwidth of the LEDs. Figure 3.1 shows the downlink 2 x 2
MIMO-VLC system which utilizes NOMA to serve N users.
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Figure 3.1 — The downlink 2 x 2 NOMA-MIMO-VLC system serving N users: D is the
distance between user 1 and user N, L is the distance between user 1 and the room’s edge.

The VLC channel model primarily focuses on the LOS component. Although the VL.C
channel includes a diffusive part, it is often considered negligible due to the significantly
lower energy of the reflected signal compared to the LOS signal [212]. Figure 3.2 illustrates
how a simple channel model of a single LED serves a user with a single PD. The direct
current (DC) channel gain between the jth PD (j = 1, 2) of the nth user (n =1,--- , N)
and the ith LED (i = 1, 2) can be expressed as provided in [213]

L[ SEEIT)g(n) cos™ (Bn) costn), 0 < < 0 .
Jt,n O’ ¢n > ¢C .
where A represents the PD’s detection area, m = % denotes the order of Lam-

bertian emission !

and @/, stands for the LED’s semi-angle at half power, dj;,, is the
distance between the ith LED and the jth PD of the nth user. Field of view (FoV) is
denoted by 1., while the angle of incidence and the angle of irradiance are denoted by 1,
and ¢, respectively. T(1,) denotes the gain of the optical filter used at the receiver and

g(1y,) is the gain of the optical concentrator, which is given by [214]

1. The order of Lambertian emission defines the angular distribution of light emitted from a surface,
where higher orders correspond to more focused, directional light beams.
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n2
Sin2 (90 0 < 9n < e
07 ,l/bn > wc

where n, represents the corresponding refractive index of the optical concentrator. The

g(thn) = { (3'2)

noise produced at the PDs follows a Gaussian distribution of zero mean and has the
following variance:
02, = o, + i, (3.3)

Zn

where 02, and o7, are the variances of the shot and thermal noises, respectively. The

shot noise variance at the nth receiver is given by [215]
U?hn = QQB(R;DPT” + [ngQ) (34)

where ¢ = 1.6 % 107 Coulombs is the charge of an electron, R, is photodetector respon-
sivity, P, is the received optical power for the nth user, B is the equivalent bandwidth,
Ity is the photocurrent due to background radiation and I is the noise bandwidth factor.
Thermal noise is generated within the transimpedance receiver circuit. If the noise effect

from the gate leakage current is neglected, thermal variance is represented by [216]

1 2w

02 = 8akT}CyyAB? ( Tt WOpdA13B> (3.5)
ol 9m

which consists of feedback-resistor noise and FET channel noise, where k£ = 1.38 x 10723 J/K

is the Boltzmann’s constant, T} is the absolute temperature, G; is the open-loop voltage

gain, ) is the fixed capacitance of the photodetector per unit area, I" is the FET channel

noise factor, g,, is the FET transconductance and I3 = 0.0868 is a weighting function that

depends on the input optical pulse shape [216].
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User n

Figure 3.2 — VLC channel model: ¢, is the angle of irradiance, ®;/, is the LED’s semi-
angle at half power, d,, is the distance between the LED and the nth user, v, is the angle
of incidence, 1), is the field of view.

DC-biased optical OFDM (DCO-OFDM) modulation is employed as the transmitted
signal must be real and positive. The 2 x 2 NOMA-MIMO-VLC system’s schematic using
DCO-OFDM is illustrated in Figure 3.3. The superimposed input signal to the ith LED,

following modulation and power domain multiplexing, is expressed as

N
T = Z VDinSin + IpC (3.6)
n=1

where p; ,, is the electrical power allocated at the ¢th LED (i = 1, 2) for the nth user with
N

overall electrical power pee. = Z Din, signal s; , is modulated in the ith LED for the nth
n=1
user, and Ipe stands for the DC bias current provided for each LED. Without any loss of

generality, we assume that pee. = 1 and N users are ordered based on the sum of their
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optical channel gains as follows

hiii 4+ hoix > > hijn+ hoin >+ > hiin + hoin (3.7)
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Figure 3.3 — Schematic of a 2 x 2 NOMA-MIMO-VLC system with N users.
The electrical signal vector received at the nth user is represented as
yn = R,(P,H,x + 2z, (3.8)

where ( is the modulation index, P, is the LED’s output optical power, H,, is the channel
gain matrix relative to the nth user, x = [z; x5]7 is the transmitted electrical signal

vector where [-]7 is the transpose operation, z, is an additive white Gaussian noise vector
2

with zero mean and variance o?.

To successfully recover the transmitted data, zero-forcing (ZF)? MIMO receiver em-
ploying basic channel inversion is employed [162]. The normalized estimated electrical
signal vector obtained by the ZF-based MIMO demultiplexing at the nth user is given by

[217)
1

" R(P,

Xnp,

H 'y, =x+ H. 'z, (3.9)

1
(P,

2. The ZF MIMO receiver, a linear detection technique, separates signals from multiple transmitters
by inverting the channel matrix. It is chosen for its computational simplicity, making it more feasible
for NOMA-MIMO-VLC systems compared to minimum mean squared error (MMSE) and maximum-
likelihood (ML). Although ZF may enhance noise, it effectively eliminates interference, making it practical
for scenarios where optimal bit error rate (BER) performance is not critical.
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where H; ! is the inverse of H,. To enable successive interference cancellation (SIC) at the
receiver, the sequence for decoding users concerning the ith LED needs to be established

[218]. The decoding order, in relation to the ith LED, is arranged as follows
Oi,l < - <Oi,n< <Oi,N (310)

When employing SIC at the nth user, message signals directed to users with weaker
channel conditions are effectively eliminated. However, the message signal intended for
users with stronger channel conditions remains present but is treated as noise in the
system [219]. Consequently, the received signal-to-interference plus noise ratio (SINR)?
received by the nth user from the ith LED can be described as [220]

SINR,, — — TwClo) P (3.11)

n—1

(RPCPO)Q Z Dig + %’%n
=1

where ; ,, is the ith element of vector v,, = H,,'z,,. Since the OFDM signal generally fol-
lows a Gaussian distribution, the combined interference and noise also exhibit a Gaussian
distribution [221]. The achievable data rate for the nth user is given by [222]

%Blogg(l—kS]NRi,n), n=2,...,N
Rin: )
) %B 1092 (1 + (RPC%)QPz,n> , n = 1

i,n

(3.12)

The scaling factor of 1/2 is due to the Hermitian symmetry. We assume that perfect
SIC can be performed in the decoding as the nth user can successfully detect the message
for the kth user (n+1 <k < N).

3.3 Power Allocation Techniques and User-Pairing

Algorithms

Efficient power allocation techniques ensure the optimal distribution of available power
resources among users, thereby maximizing the system’s performance. Moreover, user

pairing where users are effectively grouped together is essential as it affects how well

3. The SINR is a metric used in wireless communications to quantify the quality of a signal in the
presence of both interference from other signals and noise. It is defined as the ratio of the power of the
desired signal to the sum of the power of interference signals and the power of noise.
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NOMA can be realized. In this section, we discuss different efficient power allocation
techniques and user-pairing algorithms that can improve the system’s throughput and

fairness.

3.3.1 Power allocation techniques

We depict various low-complexity power allocation methods recognizing their crucial
role in enhancing NOMA performance by appropriately assigning power levels to users
[223]. Our study primarily focuses on evaluating, in terms of achievable rates, the perfor-
mance of NOMA-MIMO-VLC systems using prevalent low-complexity power allocation
techniques fixed power allocation (FPA), gain ratio power allocation (GRPA), and nor-

malized gain difference power allocation (NGDPA).

Fixed power allocation

The fixed power allocation (FPA) is a simple approach that allocates power levels to
users based on their order of decoding, regardless of the actual values of their channel gain
[167]. The electrical power assigned at the ith LED to users n and n + 1 is represented
by

Pijn = QinPint1 (3.13)

where «;, is the power allocation factor (0 < a;, < 1).

Gain ratio power allocation

This allocation technique was introduced in [135] as an effective power allocation
technique for NOMA-VLC systems. The power assigned in gain ratio power allocation
(GRPA) depends on the channel gain ratio. However, the GRPA equation in [135] is
modified to be suitable for 2 x 2 NOMA-MIMO-VLC systems with decoding order in
Equation(3.10) where the electrical power assigned to users n and n + 1 at the ith LED

is given by

Piimt1 + hoing1 nH
in — : ’ n 3.14
B ( hii1 + hoiy Pinia ( )

Normalized gain difference power allocation

The normalized gain difference power allocation (NGDPA) was proposed for enhanc-
ing the achievable data rate of NOMA-MIMO-VLC systems [162]. Assigning power in
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NGDPA depends on channel gain difference where the electrical power assigned at the
ith LED to n and n + 1 users is represented as [162]

hiix + hoin — hiint1r — hoingr |
in : : . : in 3.15
i, ( T o Pimt1 (3.15)

3.3.2 User-Pairing Algorithms

The user pairing concept has been proposed to group users into multiple pairs with
the aim of maximizing the channel gain difference among users, thereby enhancing the
performance of NOMA [224]. A hybrid NOMA and orthogonal multiple access (OMA)
scheme can be employed to accommodate multiple user pairs effectively. To clarify, NOMA
is used for the two users within each user pair, while OMA is applied for different user pairs
[225]. Hereinafter, we explore two distinct user-pairing algorithms designed to efficiently
group N users into N /2 pairs. Furthermore, we study the performance of both algorithms

in even and odd numbers of user scenarios.

Even Number of Users

Both algorithms, uniform channel gain difference (UCGD) and next largest difference
user pairing algorithm (NLUPA), adopt identical approaches for user grouping when the
number of users is even. This process commences with the users being initially arranged
in ascending order according to their individual channel gains. Subsequently, the users
are categorized into two groups denoted as ¢g; and g, which have users with high and
low channel gains, respectively. Group ¢; encompasses the first half of sorted users,
commencing from U; to Uyy/,, while group g, includes the second half of users, commencing
from Un/2)4+1 to Un. The UCGD algorithm aims to achieve an almost uniform channel
gain difference between in-pair users of all pairs. To facilitate user pairing, one user is
chosen from each group, and they are paired together*. Therefore, pairing using the
UCGD algorithm can be defined as U;,, = {gi1(m), gi2(m)}, where U, ,, is the mth user
pair U, ,, for the ith LED. In this case, g;1(m), g;2(m) denote the mth user for the ith
LED in groups ¢; and gs, respectively, with 1 < m < N/2. On the other hand, the

user with the highest channel gain is paired with the user with the lowest channel gain

4. The optimal number of users within each pair depends on several factors, such as the power allo-
cation techniques and user pairing algorithms. However, pairing two users is generally the most common
approach, particularly for systems with low computational resources or real-time constraints, as it reduces
SIC complexity and decoding latency [124], [206].
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to achieve maximum channel gain difference within paired users in NLUPA. By following
the same pattern of arranging and dividing users into two groups, user pairing can be
accomplished in the following manner: U;,, = {g;1(m), gi2((N/2) + 1 —m)}. However,
the users with medium channel gains are paired with each other, which leads to lesser

channel gain difference.

Odd
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Figure 3.4 — Hlustration of user grouping and pairing for even and odd number of users
using NLUPA and UCGD.

Odd Number of Users
When the number of users is odd, IV, after sorting the users in ascending order accord-
ing to their channel gains, the users are categorized into three groups. The first group

g1 consists of users ranging from U; to Un41)/2)-1, g2 includes users from Uy n1)/2)41 to
Un, and g3 contains U(n41)/2), the middle user. Two strategies can be adopted for user
pairing in the case of an odd number of users for both NLUPA and UCGD algorithms.
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These strategies are illustrated using NLUPA as follows:

— First Strategy: Consider that all users have to be paired. The first pair consists of
three users: g;1(1), gi2((N —1)/2) and g;3(1), which correspond to the first user
from group g; (nearest to the LED), the last user from group ¢, (farthest from the
LED) and the middle user from group g3, respectively.

— Second Strategy: Employs a different pairing approach in which the middle user is
left unpaired, while the remaining users are paired in the same manner as NLUPA
with an even number of users.

Figure 3.4 demonstrates the user grouping and pairing for even and odd numbers of

users using NLUPA and UCGD. Moreover, an identical bandwidth allocation ® is assessed

B_ for an even number of users and

for different user pairs, in all scenarios equal to 7

ﬁ for an odd number of users.

3.4 Numerical Results and Discussions

This section investigates the performance of an indoor 2 x 2 NOMA-MIMO-VLC
system employing three power allocation schemes and two user-pairing algorithms through
numerical simulations. We chose not to employ any optimization technique in this study to
investigate and maintain a low-computational-complexity system suitable for the practical
implementation of NOMA-VLC MIMO. This objective guided our selection of power
allocation schemes and user-pairing algorithms. The detailed simulation parameters of
the system are shown in Table 3.1. We analyzed the achievable rate performance using
Equation (3.12) based on the model depicted in Figure 3.1, where U; remains stationary
and centered between both LEDs. The distance between U; and Uy is denoted by D,

while the gap between U; and the room’s edge is L = 2 m. We defined ) = % as the
(n—1)D
(N-1)L
U, relative to U;. In the obtained simulation results, we calculate the achievable rate

normalized offset of Uy with respect to Uy, whereas is the normalized offset of
performance for each () value over a total of 500 iterations.

First, we studied the achievable data rate performance of two users. Furthermore,
we conducted a performance comparison between OFDMA with a uniform power allo-
cation and NOMA. Finally, to accommodate a greater number of users, we investigated

the achievable rate performance of the system using NLUPA and UCGD user-pairing

5. Equal bandwidth allocation is a straightforward method that has proven effective and is widely
used in most hybrid NOMA/OMA systems [103].
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algorithms, comparing their performance for scenarios with both odd and even numbers
of users. We chose five users for the odd-numbered scenarios and six users for the even-
numbered scenarios as reasonable numbers to compare the performance of the presented
techniques. However, it is important to note that our investigation was not limited to

these scenarios, and any number of users can be explored for further analysis.

Table 3.1 — Simulation parameters [162].

Description Symbol Value
PD detection area A 1 cm?
Transmitter semi-angle Py /9 60°
Modulation bandwidth B 10 MHz
Output optical power P, 10 W
Responsivity R, 0.53 A/W
Optical filter gain Ts(1n) 0.9
Optical concentrator gain () 2.5
Modulation index ¢ 0.5
Distance between PDs of each user dpq 4 cm
Vertical spacing between the users and
LEDs dy, 2.15 m
Spacing between the LEDs d; 1m
FoV of PD VY 72°

3.4.1 Two-User Scenario

Initially, we demonstrate the achievable rate performance using the three power al-
location techniques in two-user scenarios to elucidate the specific characteristics of each
method. However, before comparing these techniques, we first analyze the impact of the
value of «;,, in Equation (3.13) on the achievable data rate performance, aiming to de-
termine the value of «;, that attains best achievable rate for the FPA technique. The
achievable data rate of each LED versus the normalized offset () for a 2 x 2 NOMA-
MIMO-VLC system serving 2 users, where the data rate that each LED can achieve is
the aggregate of the achievable data rates for two users served by that LED is shown in
Figure 3.5. Table 3.2 presents the user order of LED 1 and LED 2 at each ) for the

two-user scenario. A higher order indicates more power is assigned to the user’s signal.
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Figure 3.5 — Achievable rate vs. normalized offset based NOMA using FPA with two users
(N =2): (a) LED 1, (b) LED 2.

Table 3.2 — User ordering of two-user scenario for both LEDs at different () values: O,, is
the user’s order.

0.1 U | Uy | Uy | Uy
02| Uy | Uy | Uy | Uy
03| U | Uy | Uy | Uy
04 Uy | Uy | Uy | Uy
05| Uy | Uy | Uy | Uy
06| Uy | Uy | Uy | Uy
07 Uy | Uy | Uy | Uy
08| Uy | Uy | Uy | Uy
09| U, | Uy | Uy | Uy

For LED 1, U; is the near user and U, is the far user. The results indicate that the
worst rate is achieved at a = 0, where the entire power is allocated to Us, and at a = 1,
where the power is equally distributed between both users which has a bad impact on the
performance of NOMA. For other values of «, the achievable rate remains nearly constant
at 56.6 Mbit/s in the range from @ = 0.1 to Q = 0.5, before it begins to decrease as the

normalized offset increases. Similarly, for LED 2, the worst achievable rate performance
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occurs at & = 0 and a = 1. However, the behavior of the achievable rate differs from that
of LED 1 between @) = 0.1 and ) = 0.5, where U, is the far user and U, is the near user.
From () = 0.6 onwards, the user order reverses, and the behavior starts to resemble that
of LED 1, with a higher achievable rate as U, is closer to LED 2 than LED 1. Despite the
similarity of channel conditions for Us; with respect to LED 2 at () = 0.1 and 0.4 due to
geometry, LED 2’s achievable rate degrades due to the decreases of user 2’s SINR as the
(@ increases from 0.1 to 0.4. It is noted that the best achievable data rate of both LEDs
can be reached at a = 0.9; where the data rate of LED 1 and LED 2 achieved at ) = 1
are 53.2 and 55.3 Mbit/s, respectively. We consider @ = 0.9 for FPA in the following

results.

60 T T T T T T T T 60
S
50;‘_$\§< 4 4 4 4 4 < 501 “@*'—@,,_ Q“&\\Q 4
hah TBe / O-—6_
—=a
@ g FPAU, @ / <¢-FPAU, B
F a0 > -FPAU, 5 404 > FPAU, 1
= =
~q—; —8—NGDPA U, ;' / —B5—NGDPA U,
® ol —=—NGDPA U, b a0l // —5—NGDPA U,
o —-©—-GRPAU o / — .- -GRPAU
8 GRPA u‘ € GRPA u1
s 7 oromas s / —7 oromas
z OFDMA U, | | 22 ]/EF // OFDMA U, | |
< e OFDMA U, < OFDMA U,
- \Q\\ g 10} oo
B B R At L SR S
0 L L L L L L L L T 0 L L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized offset, Q Normalized offset, Q
(a) (b)

Figure 3.6 — Achievable rate vs. normalized offset-based NOMA and OFDMA with two
users (V = 2) (a) LED 1, (b) LED 2.

Figure 3.6 illustrates the achievable rate for each user for both LEDs versus the nor-
malized offset ) using OFDMA and NOMA with different power allocation techniques
in the 2 x 2 NOMA-MIMO-VLC system, serving two users (N = 2). For LED 1, U;
represents the nearby user, and U, is the far user, as depicted in Figure 3.1. In the case
of FPA, U, achieves a consistently high data rate of 51.2 Mbit/s due to its high SINR
according to Equation (3.12). However, Us achieves a constant data rate of 5.2 Mbit/s
in the range from () = 0.1 to Q = 0.7, which is due to significant interference from Uj.
Then, as U; moves farther from the LED, the rate gradually decreases to 1.9 Mbit/s at
@ = 1 due to the increasing noise, as depicted in Figure 3.6a.

On the other hand, the GRPA strategy aims to achieve fairness among users by initially
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distributing power almost evenly between them. As U, moves farther away from the LED,
more power is allocated to the distant user while reducing the power assigned to the nearby
user. This explains why the data rate of U; decreases from 50.8 Mbit /s to 33.2 Mbit/s as
@ increases. Simultaneously, the data rate of U, increases in the range from @) = 0.1 to

@ = 0.8, but then decreases as the noise level increases.

Conversely, the NGDPA strategy is designed to improve the system’s overall achievable
rate. It begins by allocating more power to the far user and less power to the near user.
As U, moves farther away from the LED, more power is gradually assigned to the near
user, eventually reaching 49.8 Mbit /s at the edge of system coverage. Simultaneously, the
power allocated to the far user decreases, resulting in a data rate of 2.1 Mbit/s at ) = 1.
This dynamic allocation of power enhances the total achievable rate of the system. It is
important to note that in the context of NOMA, the far user consistently obtains more
power than the near user. The distinction between the aforementioned techniques lies in
the specific amount of power allocated to each user, but the principle of favoring the far

user with higher power remains consistent.

While in the OFDMA scenario, each user operates in a different frequency subband
and the achievable rate of U; remains constant at 28.3 Mbit/s, as it has a fixed position.

Meanwhile, the rate of U, decreases as the normalized offset () increases, eventually
reaching 1.9 Mbit/s at @) = 1.

For LED 2, the analysis differs because U; is considered the far user and U, is the near
user in the range from ) = 0.1 to @ = 0.5, and vice versa in the range from ) = 0.6 to
@ = 1 as shown in Figure 3.6b. This change in the roles of users affects the interference
levels for each user and achievable data rates accordingly. In FPA, U; has a fixed low
data rate of 5.4 Mbit/s due to the interference from U, in the range from @ = 0.1 to
() = 0.5. Then, the rate suddenly increases to 51.2 Mbit/s and remains fixed from Q) =
0.6 to @ = 1. Meanwhile, U, starts with a rate of 51.8 Mbit /s, which gradually decreases
due to increasing noise as Uy moves farther from the LED. When the roles change, and U,
becomes the far user, the rate drops to 5.4 Mbit/s at ¢ = 0.6 and continues to decrease
till 4 Mbit/s at @ = 1.

The performance of GRPA is quite similar to that of FPA in the range from @ = 0.1
to Q = 0.5. However, from ) = 0.6 to () = 1, as Us moves farther from the LED, the rate
of Uy decreases, while the rate of Uy increases. This aligns with the concept of GRPA,

which aims to enhance the performance of the far user.

In the NGDPA scheme, given that U; maintains the same channel gain at Q = 0.1
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and Q = 0.4 and U, is stationary between both LEDs, the achievable rates are equal in
these specified positions. However, there is a slight degradation in U,’s rate as its SINR
decreases with increasing distance from the LED. The same scenario applies to the @)
= 0.2 and Q = 0.3. At Q = 0.5, both users have identical channel gains. Following
Equation (3.15), this implies that all the power is allocated to Us, leaving U; with no
power allocation. Consequently, U;’s rate becomes zero. Starting from Q = 0.6, the
power allocation pattern shifts, with more power being assigned to the near user (U;) and
less power to the far user (Us). This results in U; achieving 44.9 Mbit/s and U, achieving
7.7 Mbit/s at the end of system coverage.

It can be seen that the OFDMA performance for U; is consistent with what was
discussed for LED 1, with no significant changes. However, there is an improvement in

Us’s performance because it is always closer to LED 2 than to LED 1.
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Figure 3.7 — Achievable rate vs. normalized offset based NOMA using NGDPA, GRPA
and FPA with two users (N = 2).

To facilitate a clear comparison between the different power allocation techniques, we
examine the achievable sum rate of both LEDs using NGDPA, GRPA, and FPA as shown
in Figure 3.7. It is noted that the achievable sum rate of LED 1 for the three techniques
is almost constant at 56.6 Mbit/s in the range 0.1 < @ < 0.6; while the rate of LED
2 experiences variation as @) increases, reaching the lowest rate of almost 50 Mbit/s at
@ = 0.5 for both NGDPA and GRPA. The reason behind this is the low performance of

NOMA when both users are equidistant from LED 2, i.e., same channel conditions, which
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renders the achievable rate to decrease due to distributing the same amount of power for
users in GRPA according to Equation (3.14). Furthermore, in NGDPA, LED 2 assigns the
entire power to user 2 according to Equation (3.15). It is noted that FPA does not suffer
performance degradation at ¢ = 0.5 and achieves a rate of 56.6 Mbit/s as it relies on
user ordering rather than the exact value of the channel gains. Moreover, the achievable
rate of LED 1 decreases significantly with increasing @) using GRPA. It reaches a data
rate of 37 Mbit/s at Q = 1 while the NGDPA and FPA experience a slight reduction and
achieves rates of 51.9 Mbit/s and 53.2 Mbit/s at @) = 1, respectively. Furthermore, the
achievable rate of LED 2 at ) = 1 using FPA outperforms NGDPA and GRPA which
reaches 55.2 Mbit /s compared to their rates of 52.6 Mbit/s and 52.7 Mbit /s, respectively.
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Figure 3.8 — Sum rate vs. normalized offset based NOMA using NGDPA, GRPA and
FPA with two users (N = 2).

Figure 3.8 illustrates the sum rate for two users using OFDMA and NOMA with
FPA, GRPA, and NGDPA. The sum rate is the aggregated achievable rate of the two
users served by both LEDs. As we can see, OFDMA achieves the lowest sum rate at
the system coverage edge compared to NOMA with different power allocation schemes.
Moreover, FPA surpasses both NGDPA and GRPA at the system’s edge, i.e., Q = 1, and

when both users have the same channel gain at ) = 0.5.
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Figure 3.9 — Sum rate gain vs. normalized offset based NOMA using NGDPA, GRPA
and FPA with two users (N = 2).

Figure 3.9 demonstrates the system’s percentage difference in the sum rate perfor-
mance using NGDPA, GRPA and FPA techniques. The results show that NGDPA out-
performs GRPA in the range () > 0.7 and achieves at the edge of the room a sum rate gain
of 15.2%. However, FPA outperforms both NGDPA and GRPA by achieving a sum rate
gain of 3.7% and 18.7%, respectively. Furthermore, FPA overcomes the performance re-
duction experienced by NGDPA and GRPA at () = 0.5, as explained above, by achieving

a sum rate gain of 6.7%.

It is worth noting that despite NGDPA achieving a better sum rate than GRPA when
aggregating the rates of the users, as demonstrated in [162], in scenarios where both users
have the same channel gain, NGDPA performs worse. Furthermore, when the users move
far from the LED, NGDPA relies on increasing the power to the near user to achieve a
high system sum rate. However, this increase in power allocation to the near user may not
be necessary for decoding its data and comes at the expense of the far user. Furthermore,

even a simpler technique, FPA, can achieve a better sum rate than NGDPA.
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Figure 3.10 — Achievable rate vs. normalized offset-based NOMA with five users (N = 5)

for LED 1 using (a) FPA, (b) GRPA, (c) NGDPA, and for LED 2 using (d) FPA, (e)
GRPA, (f) NGDPA.

3.4.2 Five-User Scenario

We selected five users to represent the odd number user scenario, as it is the min-
imum odd number required to evaluate the two strategies of user pairing discussed in
Subsection 3.3.2. We initially evaluate the achievable rates of five users utilizing NOMA
with FPA, GRPA, and NGDPA without user pairing, as illustrated in Figure 3.10.

Table 3.3 summarizes the user order of the five-user scenario without pairing for both
LED 1 and LED 2 at each value of ). It demonstrates the change in power distribution

order at each ) and the corresponding interference experienced by each user. Each user
treats those with a lower order as interference.
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Table 3.3 — User ordering of five-user scenario for both LEDs at different ) values.

LED 1 LED 2

Q | 01|02 03| 0405|010y | O3] 04|05
01| U |Up |Us | Uy | Us | Us | Uy | Us | Uy | Uy
02| U |Ua |Us | Uy |Us | Us | Uy | Us | Ug | Uy
03|U, | U |Us |Uy |Us | Uy | Us | Us | Uy | Uy
041U, (U |Us | Uy |\ Us | Uy | U3 | Us | Ug | Uy
05| UL |Ux | Us | Uy |Us | Us | Uy | Uy | Us | Uy
06 | U, |Up | U3 | Uy |Us | Uz | Uy | Uy | Uy | Us
0.7 UL |Uy | Us | Uy |Us |Ug | Us | Ug | Uy | Us
08| UL | Uy | U3 | Uy |Us | Uy | Uz | Uy | Uy | Us
09 VU, | U | U3 | Uy |Us | Ug | U3 | Uy | Uy | Us
10VUL (U | Us |Uy | Us | Uy | Us | Uy | Uy | Us

In Figure 3.10a—c, the achievable rates of LED 1 are depicted, with U; to Us repre-
senting the order of users from the nearest to the farthest. In the case of FPA, despite
U; having the lowest assigned power, it attains the highest rate of 43.4 Mbit /s due to the
absence of interference from other users. The rates of the remaining users follow their
order, with Us experiencing the lowest rate of 2 Mbit/s, showing degradation at the end
of the coverage area due to elevated noise levels, as depicted in Figure 3.10a.

Meanwhile, the achievable rate of U; decreases, while the rates of the other users
increase as they move farther from the LED. This is because GRPA assigns more power
to the far users as () increases, as shown in Figure 3.10b. Additionally, it is worth noting
that the reduction in the achievable rate at () = 1 is due to the increase in noise.

In contrast, NGDPA, at low () values, allocates high power to far users Uy and Us
and very low power to near users U; and Us. As @ increases, NGDPA reduces the power
assigned to far users and increases the power assigned to near users. Consequently, the
rate of far users decreases due to power reduction and increased interference from near
users. The impact on U; is relatively slight, given its initial low power, while Us achieves
a higher rate with increasing (). The rate of Us, the middle user, increases at low () and
then decreases as interference, particularly from U,, rises.

In Figure 3.10d-f, the achievable rates of LED 2 are illustrated, featuring a distinct
order of users based on the value of ). The same concept employed for LED 1 in FPA

is also applied for LED 2, where the achievable rates of users follow their order, with
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the highest rate for the nearest user and the lowest for the farthest. Furthermore, the
performance of GRPA closely aligns with FPA, particularly at low @ values. However,
GRPA aims to improve the performance of the far users as () increases. This behavior
is evident starting from @) = 0.7 onward, where the rate of Uy (farthest user) increases,

while Us’s (nearest user) rate decreases after reaching its peak.

On the other hand, NGDPA allocates high power to the farthest users at low ) and
high power to the nearest users at high (). For instance, at low @ values, U; (farthest
user) receives very high power, while other users are allocated very low power, resulting
in low interference and consequently high data rates. As the user order changes, the data
rate of U; decreases to zero at () = 0.7, then rises as U; becomes the middle user. It
is noteworthy that the utilization of NGDPA may lead certain users to achieve a zero

data rate, as it concentrates most of the power on one or a few users, leaving others with
insufficient power.
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Figure 3.11 — Achievable rate vs. normalized offset-based NOMA with five users (N = 5)
with Strategy 1 NLUPA/UCGD user pairing of LED 1 using (a) FPA, (b) GRPA, (c)
NGDPA, and of LED 2 using (d) FPA, (e) GRPA, (f) NGDPA.
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Table 3.4 — User ordering of five-user scenario with Strategy 1 NLUPA /UCGD user pairing
for both LEDs at different () values.

LED 1 LED 2
Group 1 Group 2 Group 1 Group 2
Q | 01|02 0301|002 | 01| Oy] O3 01| Oy
01| U, |Us | Us | Uy | Uy | U5 | Us | Uy | Uy | Uy
02| U, |Us | Us | Uy | Uy | Us | Uz | Uy | Uy | Uy
03| U, |Us | Us | Uy | Uy | Uy | Us | Uy | Us | Uy
04U, |Us | Us | Uy | Uy | Uy | Us | Uy | Us | Uy
05U, |Us | Us | Uy | Uy | Uz | Us | Uy | Uy | Us
06| U, |Us | Us | Uy | Uy \Us | Uy | Us | Uy | Uy
0.7 |U, |Us | Us | Uy | Uy | Uy | Uy | Us | Us | Uy
08| U, |Us | Us | Uy | Uy | Uy | Uy | Us | Us | Uy
09| U, |Us | Us | Uy | Uy | Uy | Uy | Us | Us | Uy
101U | Us |Us | Uy | Uy | Uy | Uy | Us | Us | Uy

In the following analysis, we assess the achievable rates of five users employing NOMA
with FPA, GRPA, and NGDPA coupled with NLUPA and UCGD using Strategy 1 user-
pairing algorithm, as depicted in Figure 3.11. Remarkably, for the five-user scenario only,
NLUPA and UCGD exhibit identical performance as they share the same pairing strat-
egy. The division of users into two groups proves advantageous, enabling more effective
power allocation among users in comparison to the without pairing scenario. For instance,
the performance of U, (nearest user in go) for LED 1 demonstrates significant data rate
improvement across all three power allocation techniques, as more power is allocated to
its signal and there is no interference from Uj, unlike in the without pairing scenario.
Although more power is assigned to U; compared to the without pairing scenario, the
reduction in bandwidth has a greater effect, resulting in a decrease in the achievable rate
across all three power allocation techniques. Moreover, as more power is allocated to
the signals of Us, Uy, and Us with reduced interference compared to the without pairing
scenario, their performance exhibits a noticeable enhancement in achievable rate. The
degree of enhancement varies depending on the power allocation technique, with FPA
yielding slight improvements and GRPA and NGDPA providing more substantial en-
hancement. Furthermore, in NGDPA, the occurrences of users achieving zero data rate
at various () values are substantially reduced for both LEDs compared to the without

pairing scenario. Table 3.4 summarizes the user order of the five-user scenario with Strat-
egy 1 NLUPA/UCGD user pairing for both LED 1 and LED 2 at each value of (). The
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variations in achievable rates for LED 2 across all users are attributed to the distinct user

order at each value of ). The power allocation and interference levels change according
to the user order, as illustrated in Table 3.4.

Figure 3.12 shows the achievable rate performance of five users using NOMA with
FPA, GRPA, and NGDPA associated with the NLUPA Strategy 2 user-pairing algorithm.
Notably, the performance of the unpaired user (Us in LED 1) experiences a significant
enhancement as it does not share power with other users compared to the NLUPA /UCGD
Strategy 1 user-pairing, as shown in Figure 3.12a-c. Similarly, the unpaired user in LED
2 also shows performance improvement; however, in this case, the unpaired user varies
depending on the user order at each @) value. It is worth mentioning that this strategy
resolves the NGDPA issue seen in the without pairing and Strategy 1 scenarios, as none
of the users experience zero data rate at any () value for either LED as shown in Figure
3.12c and f. Table 3.5 summarizes the user order of the five-user scenario with Strategy
2 NLUPA user pairing for both LED 1 and LED 2 at each value of Q).
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Figure 3.12 — Achievable rate vs. normalized offset-based NOMA with five users (N = 5)
with Strategy 2 NLUPA user pairing of LED 1 using (a) FPA, (b) GRPA, (c) NGDPA,
and of LED 2 using (d) FPA, (e) GRPA, (f) NGDPA.
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Table 3.5 — User ordering of five-user scenario with Strategy 2 NLUPA user pairing for
both LEDs at different () values.

LED 1 LED 2
Group 1 | Group 2 | Group 3 | Group 1 | Group 2 | Group 3
Q | O1| O Oy O1] Oy | O | Oy Oy O1 | Oy
0.1 | Uy | Us Us Uy | Uy | Us | U Us Us | Uy
02U, | Us Us Uy | Uy | Us | U Us Us | Uy
03| U, | Us Us Uy | Uy (U | U, Us Us | Uy
04| U | Us Us Uy | Uy | Ug | U Us Us | U,
05| |Us | U | Ux| U [, U | Us
0.6 | U, | Us Us Uy | Uy | Us | Us Uy Uy, | Uy
0.7 /Uy | Us Us Uy | Uy | Us | Us Uy Us | Uy
0.8 | U, | Us Us Uy | Uy | Ug | Us Uy Us | Uy
09| U, | Us Us Uy | Uy | Us | Us Uy Us | Uy
1.0 | Uy | Us Us Uy | Uy | Us | Us Uy Us | Uy

Figure 3.13 depicts the achievable rate performance of five users using NOMA with
FPA, GRPA, and NGDPA associated with UCGD strategy 2 user-pairing algorithm. The
performance of FPA aligns with NLUPA Strategy 2 in both LEDs, exhibiting consistent
results even as the pairs change, i.e., g1 (U; and Uy) instead of (U; and Us), but with
identical power distribution, as shown in Figure 3.13a and d. In contrast, GRPA’s per-
formance in both LEDs shows slight variations in this strategy compared to the NLUPA
Strategy 2, as changes in the paired users lead to adjustments in the power assigned to
each user, as depicted in Figure 3.13b and e. This occurs because GRPA’s power dis-
tribution depends on the channel gain value. Similarly, NGDPA’s performance in this
strategy follows the same trend, showing differences compared to NLUPA Strategy 2, as
shown in Figure3.13c and f. Table 3.6 summarizes the user order of the five-user scenario
with Strategy 2 UCGD user pairing for both LED 1 and LED 2 at each value of Q).

It is noteworthy that for both NLUPA and UCGD, Strategy 2 involves fewer appli-

cations of SIC compared to Strategy 1. Specifically, Strategy 2 applies SIC % times,

while Strategy 1 applies it (%) + 1 times. On the other hand, both NLUPA and UCGD

apply SIC % times for an even number of users.
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Figure 3.13 — Achievable rate vs. normalized offset-based NOMA with five users (N = 5)
with Strategy 2 UCGD user pairing of LED 1 using (a) FPA, (b) GRPA, (c) NGDPA,
and of LED 2 using (d) FPA, (e) GRPA, (f) NGDPA.

Table 3.6 — User ordering of five-user scenario with Strategy 2 UCGD user pairing for
both LEDs at different () values.

LED 1 LED 2

Group 1 | Group 2 | Group 3 | Group 1 | Group 2 | Group 3
Q | 01| O O1 O1| 0z | O1 | Oy O1 O1| Oy
01| U | Uy Us; Us | Us [ Us | Us Us; Uy | Uy
02| U | Uy Us Us | Us Us | Us Us Uy, | Uy
03| U | Uy Us Us | Us Uy | Us Us Us | Uy
04| U | Uy Us; Us | Us [ Uy Us Us Us | Uy
05U | Us| U U, Us U | U
06| U | Uy Us Uy | Us Us | U U, Us | Us
07U | Uy Us; Uy | Us Uy | Uy Uy Us | Us
08| U | Uy Us Uy | Us Uy | Uy Uy Us | Us
09| U, | Uy Us Uy | Us [ Uy | Uy Uy Us | Us
1.0 Uy | Uy Us; Uy | Us Uy | Uy Uy Us | Us
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Figure 3.14 — Achievable rate vs. normalized offset-based NOMA with six users (N = 6)
for LED 1 using (a) FPA, (b) GRPA, (c¢) NGDPA, and for LED 2 using (d) FPA, (e)
GRPA, (f) NGDPA.

3.4.3 Six-User Scenario

In this subsection, we present the system’s performance with six users, providing an
example of an even number of users. We evaluate the achievable rates of six users utilizing
NOMA with FPA, GRPA, and NGDPA without user pairing, as illustrated in Figure 3.14.

The pattern remains consistent with the five-user scenario, where FPA yields data
rates in descending order based on the users’ ordering from near to far. However, with
GRPA, as @) increases, the achievable rate of the near user decreases, while that of the
far users increases. In contrast, NGDPA increases the achievable rate for the near users
as () increases and decreases it for the far users. Moreover, increasing the number of
users increases instances of users reaching zero data rate with NGDPA, as observed when
comparing the scenarios with five and six users. The user order of the six-user scenario

without pairing, for both LED 1 and LED 2 at each value of @), is summarized in Table 3.7.
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Table 3.7 — User ordering of six-user scenario for both LEDs at different ) values.

LED 1 LED 2
Q Ol 02 03 04 05 06 Ol 02 03 04 05 06
01| UL |Uy |Us |Uy |Us | Ug | Ug | Us | Uy | Us | Uy | Uy
02U, |Uy |Us |Uy |Us |Ug | Ug | Us | Uy | Ug | Uy | Uy
03| UL Uy |Us | Uy | Us (U | Us |Ug | Uy | Us | Uy | Uy
041U, |Uy |Us |Uy |Us |Ug | Uy | Us | Us | Ug | Uy | Uy
05 |U |Uy |Us | Uy | Us | Ug | Uy | Us | Us | Uy | Ug | Uy
06 | Uy | Uy U3 U, U5 Ue. Us | Uy | Uy | Us | Uy | Ug
0.7 VU, |Uy |Us | Uy | Us | Ug | Us | Us | Uy | Uy | Us | Ug
08 U, |Uy |Us | Uy | U5 | Ug | Us | U | Uy | Uy | Us | Ug
09| UL |Uy | Us | Uy |Us | Ug | Uy | Us | Uy | Uy | Us | Us
10U (U | Uz | Uy | Us | Ug | Uy | Us | Uy | Uy | Us | Ug
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Figure 3.15 — Achievable rate vs. normalized offset-based NOMA with six users (N = 6)
with NLUPA user-pairing of LED 1 using (a) FPA, (b) GRPA, (c) NGDPA, and of LED
2 using (d) FPA, (e) GRPA, (f) NGDPA.
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Table 3.8 — User ordering of six-user scenario with NLUPA for both LEDs at different
() values.

LED 1 LED 2
Group 1 | Group 2 | Group 3 | Group 1 | Group 2 | Group 3
Q|01 02|01 Oy |O1] Oz | O] Oy |O1| Oy | O1 | Oy
011U, |Us |Us | Us |Us | Uy [ Ug | Up | Us | Uy | Uy | Us
02\U, | Us |Us | Us |Us | Uy [ Ug | Up |\ Us | Uy | Uy | Us
03|U, | Us |Uy | Us |Us | Uy POV Uy |\ Ug | Uy | Uy | Us
041U, | Us |Us | Us | Us | Uy BOg PO Us | Uy | Us | Us
05 |0, | Us | U | Us | Us | Uy BOg PO Us | Ug | Us | Us
06 |\U, |Us |Uy | Us |Us | Uy (U3 | Ug | Uy | Uy | Uy | Us
0.7 VU, | Ug |Us | Us |Us | Uy |Us | Ug | U | Us | Uy | U
08 U, |Us |Us | Us |Us | Uy (U3 | Ug | U | Us | Uy | Uy
09 |\U, |Us |Us | Us |Us | Uy |Uy | Ug | U3 | Us | Uy | Uy
10U | Ug |Uy | Us |Us | Uy [Uy | Ug |Us | Us | Uy | Uy

In contrast to the case of an odd number of users, all users are paired, eliminating the
need for Strategy 1 and Strategy 2 classification. Figure 3.15 demonstrates the beneficial
impact of considering NLUPA user pairing, where pairing the users enhances the achiev-
able rate performance of most users, especially in the NGDPA technique, compared to the
without pairing scenario. Although NLUPA reduces the occurrences of users experiencing
zero data rates with NGDPA, it can still happen, as demonstrated by Us at () = 0.5, as
shown in Figure 3.15f. The user order of the six-user scenario with NLUPA user pairing,
for both LED 1 and LED 2 at each value of @), is summarized in Table 3.8.

Figure 3.16 shows the achievable performance rates of six users using NOMA with
FPA, GRPA, and NGDPA combined with the UCGD user-pairing algorithm. It is worth
mentioning that UCGD improves the achievable rate performance, as no user experiences
a zero data rate, unlike with NLUPA in the NGDPA technique, as shown in Figure 3.16f.
The user order of the six-user scenario with UCGD user pairing, for both LED 1 and LED

2 at each value of @), is summarized in Table 3.9.
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Figure 3.16 — Achievable rate vs. normalized offset-based NOMA with six users (N = 6)
with UCGD user-pairing of LED 1 using (a) FPA, (b) GRPA, (¢c) NGDPA, and of LED
2 using (d) FPA, (e) GRPA, (f) NGDPA.

Table 3.9 — User ordering of six-user scenario with UCGD user pairing for both LEDs at
different () values.

LED 1 LED 2

Group 1 | Group 2 | Group 3 | Group 1 | Group 2 | Group 3
Q [O1| 02 O1| Oz |O1| Oy | O1| Oy | Or | Oy | O1 | Oy
01|\ U, |Uy |Uy | Us Us | U [Ug | Ug | Us | Uy | Uy | Uy
021U, | Uy |Uy | Us Us | Us Ug | Us | Us | Uy | Uy | Uy
03| U, | Uy |Uy | Us Us | U [Us | U3 |\ Ug | Uy | Uy | Uy
04|\ U, | Uy |Uy | Us Us | Ug Uy | Usg |Us | Uy | Ug | Uy
05| U, | Uy | Uy | U5 Us | Usg Us | Ug | Us | Uy
06 | U, |Uy |Uy | Us Us | Ug Us| Us | Uy | Uy | Uy| Us
07 U, | Uy | Uy | U5 Us | Us Uy | Us | Uy | Us
08| U, | Uy |Uy | U5 Us | Us Uy | Us | Uy | Us
09 |U, |Uy | Uy | Us Us | Ug Uy | Uy |Us| Us | Uy | Ug
10U, | Uy | Uy | Us Us | Ug Uy | Uy | Us | Us | Uy | Ug
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3.4. Numerical Results and Discussions

3.4.4 Performance Comparison

For the purpose of a clear comparison between the different power allocation tech-
niques with and without the suggested user-pairing algorithms, we compare the sum rate
performance for both five and six users scenarios. The sum rate is the aggregated achiev-
able rate of the users served by both LEDs.
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Figure 3.17 — Sum rate vs. normalized offset-based OFDMA and NOMA with five users
(N =5) (a) without grouping, (b) NLUPA/UCGD Strategy 1, (c) NLUPA Strategy 2,
(d) UCGD Strategy 2.

Figure 3.17 illustrates the sum rate for five users using OFDMA and NOMA with FPA,
GRPA, and NGDPA with and without user-pairing NLUPA and UCGD algorithms. As
we can see in Figure 3.17, OFDMA consistently achieves the lowest sum rate at the sys-

tem coverage edge compared to NOMA with different power allocation schemes. It is
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crucial to explore the suitable user-pairing algorithm for each power allocation scheme.
In the five-user scenario, GRPA achieves a better sum rate using NLUPA Strategy 2, with
a marginal difference with NLUPA /UCGD Strategy 1, while NGDPA witnesses signifi-
cant improvement using UCGD Strategy 2. On the other hand, FPA without grouping
demonstrates the best sum rate performance, primarily contributed by the near user,

while grouping allows other users to achieve better rates.
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Figure 3.18 — Sum rate vs. normalized offset-based OFDMA and NOMA with six users
(N = 6) (a) without grouping, (b) NLUPA, (c) UCGD.

The sum rate for six users using OFDMA and NOMA with FPA, GRPA, and NGDPA
with and without user-pairing NLUPA and UCGD algorithms is shown in Figure 3.18.
OFDMA consistently reaches the lowest sum rate at the system coverage edge, as the
five-user scenario, compared to NOMA with various power allocation schemes, except for
GRPA in the six-user scenario without grouping. Additionally, in the six-user scenario,
GRPA achieves its best sum rate using UCGD, while NGDPA shows substantial im-
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provement using NLUPA. In contrast, FPA, as the five-user scenario, performs optimally
without grouping. It is essential to note that while FPA demonstrates the highest sum
rate on the system level, it does not necessarily imply the optimal distribution of power

among users based on their individual requirements.

3.5 Summary

In this chapter, we explored the performance of two efficient user-pairing algorithms,
NLUPA and UCGD, in conjunction with three low-complexity power allocation tech-
niques (FPA, GRPA and NGDPA) in indoor 2 x 2 MIMO-NOMA VLC systems. The
investigation covered achievable rate performance in scenarios with both odd and even
numbers of users. We evaluated the value of the power allocation coefficient that attains
the best achievable rate for the FPA technique. The numerical results showed a significant
improvement in the achievable rate performance of GRPA with user pairing. Moreover,
utilizing user pairing with NGDPA notably reduced instances of users reaching a zero
data rate. Furthermore, the findings indicate that NOMA outperforms OFDMA in terms
of sum rate. Although FPA achieved the best performance without user grouping, it does
not necessarily indicate the optimal distribution of power among users based on their

individual requirements.
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BT ERROR RATE PERFORMANCE OF
NOMA-MIMO-VLC SYSTEMS

4.1 Introduction

This chapter delves into the bit error rate (BER) analysis of multiple-input multiple-
output (MIMO)- non-orthogonal multiple access (NOMA )-based visible light communica-
tion (VLC) systems, focusing on the impact of various power allocation techniques, user
pairing strategies, and diversity combining methods on system performance. Through
detailed analysis, comparisons are made between the diversity combining techniques: se-
lection combining (SC), equal gain combining (EGC), and maximum ratio combining
(MRC) to assess their influence on the BER in different configurations. Moreover, we
derived an analytical expression for BER under the assumption of perfect channel state
information (CSI) and validated the results through simulations. Overall, this chapter
offers a comprehensive examination of the factors affecting BER in MIMO-NOMA-VLC

systems and demonstrates how performance can be enhanced through various approaches.

4.2 System Model

We adopt a system model for a multi-user NOMA-MIMO-VLC system. Hereinafter,
we explore a J x [ downlink VLC indoor system based NOMA-MIMO considering on-off
keying (OOK)! modulation. Illustrated in Figure 4.1, this setup showcases the downlink
MIMO-VLC system, leveraging NOMA to accommodate N users. Each user is equipped
with J photodiodes (PDs) and and has access to the entire modulation bandwidth of the
light-emitting diode (LED). The channel gain modeling primarily considers the LOS, with

1. On-off keying (OOK) is a digital modulation scheme where a binary "1" is represented by the
presence of a signal, and a binary "0" by its absence. It is commonly used in optical communication
systems due to its simplicity and low power consumption.
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multipath delays deemed negligible, as defined in Equation 3.1. The multi-user NOMA-
MIMO-VLC downlink system is demonstrated in Figure 4.2. The N users are ordered
based on the sum of their optical channel gains, as expressed in Equation 3.7. After the
modulation and power domain multiplexing, the input signal to the ith LED is expressed

as

N
Ti = Y \/PinSin + InC (4.1)
n=1

where p; ,, is the electrical power allocated at the ith LED for the nth user, signal s, ,, is
modulated in the ¢th LED for the nth user, and Ip¢ is the DC bias current provided for
each LED.

LED 1 LED 2
S —/

A
Q
v

q

User 1 User n User N

Figure 4.1 — Hlustration of a downlink NOMA-MIMO-VLC system accommodating N
users.

Repetition coding (RC) is employed at the transmitter to acquire transmit diversity
benefit. The transmission of signals occurs simultaneously from all LEDs in RC [191].
Hence, the transmitted signals from the LEDs are represented as s, = So, = ... = S1.

The transmitted optical power from the LEDs is constructively combined at the receiver.
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Figure 4.2 — Multi-user NOMA-MIMO-VLC downlink system.

4.3 Diversity Combining Techniques

At the receiver, we employ various diversity combining techniques to leverage receiver

diversity, thereby improving the reliability of the received data.

4.3.1 Selection combining

Observing multiple signal paths, the receiver in selection combining (SC) selects the
PD with the highest received signal-to-noise ratio (SNR). Suppose that the jth PD at the
nth user is selected after SC then the SC output can be expressed as [2206]

I
Yn = pCPO Z hi,nxi + Zn (42)
=1

where I, denotes the responsivity of the PD, ( is the modulation index, P, represents the
LED’s output optical power, and z, is additive white Gaussian noise with zero mean and

variance o2, comprising thermal and shot noises, as detailed in Chapter 3 section 3.2.
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4.3.2 Equal gain combining

Prior to combining the received optical signal at each PD, equal gain combining (EGC)
co-phases and allocates equal weights to each one. The EGC output signal at nth user

can be expressed as [227]

J 1
Yn = RpCPy Y > hjin®i + 2jy (4.3)

j=1i=1

4.3.3 Maximum ratio combining

After co-phasing the received signals in maximum ratio combining (MRC), weights
are allocated to each signal and added. The weights are determined based on the knowl-
edge of channel gain of the respective PD’s at nth user to maximize the output SNR.

Consequently, the output of the MRC combiner at nth user is represented as [227]

J I
Yn = RpCP, Y > hjinw; i + i (4.4)

j=1li=1

where w;,, = hj; is the allocated weight at jth PD at the nth user.

4.4 BER Analytical Expression

In this section, we derive an analytic expression for the BER of MIMO-NOMA-
VLC systems utilizing OOK under perfect CSI. For simplicity, the equivalent chan-
J

nel gain at the nth user terminal is defined as h;, for SC, h;, = Zhjm for EGC
j=1

J J
and h;, = Zhji,nwjyn = Zh?m for MRC. At the nth receiver, the decoder, using a
i=1 j=1

maximum-likelihood (ML) detector, decodes and subtracts the signals intended for all

users Uy, where (n+ 1 < k < N). Additionally, each detection stage accounts for inter-
I k-1

ference from the signals of all users with higher decoding order i.e., Z Z DimSm. Con-
i=1 m=1

sequently, the detection threshold of the ML detector must account for the interference

terms present in the received signal. With OOK modulation considered, the interference
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generated by si,..., S, 1 is represented as
21 k-1
> > pnTum, (4.5)

t=1 m=1

where the matrix 7' comprises the elements

Tl 1 Tl 2 s Tl k—2 Tl k—1
T2 1 T2 2 s T2 k—2 T2 k—1
T = T34 Tz ... T34 T3 51
L Tzn—l 1 Tzn—l 2 A Tznfl k—2 Tanl k—1 ]
i i (4.6)
00 0 0
00 ... 01
=100 1 0
11 .1 1)

This matrix reflects the potential interference combinations depending on the trans-
mitted OOK vectors. Hereinafter, the Gaussian distribution with a probability density
function (PDF) having mean u and variance o2, is denoted as N (i, 0?). Therefore, the
PDF of the received signal s at the nth user, under the interference p,,T},,, which follows
a Gaussian distribution, is represented as

{ fYnISk (yn | Sk = O) = Nyn (Rpgpohi,npi,mﬂmv Ug) (4.7)
fYn|Sk Wn | sx=1) = Nyn (Rpcpohi,n (pi,k + pi,mTtm) ,0721)

The threshold of the ML detector at U, for detecting the kth user’s signal can be
defined as the mid-point between the minimum and maximum possible received signal

values, which is given by

I k—1
R,(F, Z i (Dige + Z Pim)
=1 m=1

2

Pny, = (48)

The error probability at nth user for detecting the signal s, depends on the state of

sg. Particularly, when s, = 0, the conditional probability of error can be expressed as
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1

foe) k—1
Pen—m\sk:O = / N n(RPCPO Z hi,n Z pi,msm7 Un)dyn
Pny, i

=1 m=1

This expression can be rewritten using ()-function as

k—1
Dik + Z Dim oy

I
% Z hi,n #Zl - Zl PimSm
i=1 m=

€n—k|s; =0 = Q
Isk on

and
Q)2 = [Te5a
T) = — e
27T x Y

(4.10)

(4.11)

where @(-) is the Gaussian @Q-function. Conversely, when s, = 1 is transmitted, the

conditional probability of error can be represented as

I k—1
Pny
Penﬁk‘skzl = / Nyn (RpCPO Z hi,n(pi,k + Z pi,msm)a Un)dyn
oo i=1 m=1

This expression can be rewritten using ()-function as

k—1
R,(P, L Dik + lei,m o1
i p o m=
ot = 17 ¢ o ;h" B 2 B le b

Using the identity Q(—z) = 1 — Q(x), the expression can be rewritten as

k—1
R,(P, L Dik + lei,m b1
P o m=
en—>k\sk:1 = Q Z hi:n 2 + Z pz,msm
On =1 m=1

Hence, the expression for the error probability can be represented as
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k-1

ne ik T Z Di,m _
1 gn—1 R Po I pvk — ) k—1
O | oY [ o VS [N R, . o
2 =1 On i=1 2 m=1
- / (4.15)
on—1 I Dik + Z Dim k—1
R,CP, o
T DYe) LTS gV PRSI 5 P i
t=1 On =1 2 m=1

The decoding process for the farthest user does not require successive interference
cancellation (SIC) involvement, Therefore the error probability for this user can be de-
termined by substituting n = k = N in Equation 4.15. For all other users, SIC must be
implemented during decoding. Consequently, the output signal at the nth user, where

n # N , is represented as

I N
@\n =UYn — RpCPo Z Z hi,npi,vgv (416)
=1 v=n+1
where 3, represents the decoded symbol corresponding to the vth user (n +1 < v < N).

The error probability for the nth user is expressed as

2N7n

Pen = Z P (6; | e£1+17 efz+27 v 7€IN) (417)
=1

where [ represents all potential error combinations at the nth user, including errors in

self-decoding as well as those arising during the implementation of SIC from the (n+ 1)th

l

to the Nth user. Moreover, e;,

is a Bernoulli random variable that takes on two possible
values to represent either an error or a correct outcome in self-decoding. A self-decoding
error at the nth user occurs when 3, # s, which is represented as el = 1. Conversely,
the self-decoding is correct when 3, = s, which is indicated by €', = 0. To further solve

Equation 4.17, two decoding scenarios can be considered: perfect SIC and imperfect SIC.

4.4.1 Perfect SIC

Perfect SIC decoding occurs when §, = s, where (n +1 < v < N). In this sce-

nario, the error probability for the nth user can be expressed by substituting [ = 1 into
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Equation 4.17 as

N N
Pe”per =P (6711 = 1) H P (611] = O) = PGnHHn:k H (1 — Penv) (418)
v=n+1 v=n+1
where P, _, represents the error probability associated with self-decoding, n =k, at

the terminal of the nth user and P, denotes the error probability of the vth user, as

decoded at the terminal of the nth user.

Further analysis of Equation 4.18 can be achieved by substituting the corresponding

values from Equation 4.15.

4.4.2 Imperfect SIC

For the scenario of imperfect SIC , when 8, # s, for (n +1 < v < N), the error
probability at the nth user is determined by substituting 2 < I < 2V~ into Equation
4.17 as

2N7n
Penim = Z P (eln | ef1+17 €f1+27 R elN> (419)
1=2
where P <ef1 Ll q,elia ., eﬂ\,) represents the error probability for the [th error combi-

nation at the nth user, which is expressed as

P<eln|€ln+17eln+27"‘7 ) Z

(yn#8n|817827"'78n7 n+17"‘)SCN)

(& (& C
# Sp | 51,82,...,sn,sn+1,...,sN)

P
( n+1 7é Sn+1 | 817827 < 732753—4-17 SR ’ch) (420)
(
P (s

VP (s3)--P(sy) - P (sy)

where ¢ denotes all the possible symbol combinations. The overall error probability

for the nth user can be derived by utilizing Equations 4.17, 4.18, and 4.20 as

P, =P, + P,

n Enper nim

(4.21)
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4.5 Numerical Results and Discussions

We investigate the performance of an indoor 2x2 NOMA-MIMO-VLC system employ-
ing three power allocation schemes and three diversity combining techniques. The derived
BER analytical expressions are utilized to analyze the considered setups, with simulations
conducted to verify the accuracy of the presented results. In the obtained simulation re-
sults, we calculate the BER for each transmit SNR value over a total of 500 iterations.
We study the BER performance according to the model described in Figure 4.1, where
user 1 remains stationary and positioned equidistant between both LEDs. The distance
between user 1 and user N is denoted by D; whereas, the gap between user 1 and the
room edge is L = 2 m. The output optical power and the spacing between the LEDs are
1 W and 0.5 m, respectively. The normalized offsets of user N relative to user 1 and user
n relative to user 1 are represented by @) = 12 and ((Jrif_—ll))l;f

provides the detailed configuration and simulation parameters for the system.

respectively. Table 3.1

4.5.1 Two-User Scenario

First, we investigate the impact of the power allocation factor in the FPA scheme for
both LEDs, as described in Equation 3.13, on the system’s BER performance. It is worth
mentioning that as the value of channel gain is in the order of 1075, the corresponding
transmit SNR results exhibit an offset of about 100 dB with respect to the received
SNR [130], [228].

The BER versus power allocation factor a for FPA is depicted at a transmit SNR of
125 dB for a 2 x 2 NOMA-MIMO-VLC system utilizing SC, EGC and MRC, serving 2
users, in Figure 4.3. Here, user 2 is positioned at the room edge, i.e., ) = 1. The results
indicate that the BER of U, increases as the power allocation coefficient « rises across
all diversity combining techniques, due to the decreasing amount of power allocated to
Us. Moreover, as « increases from 0.1 to 0.5, the BER of U; decreases. This inverse
BER behavior between U; and U, results from the corresponding increase and decrease in
allocated power as « rises. However, when the power allocated to U; increases in the range
beyond o > 0.5, the BER of U; begins to rise due to the reduction in power allocated to
Us, which leads to an increase in errors during the SIC process of decoding U,’s signal at
U;. Notably, the best average BER performance for all considered diversity techniques is
achieved at o = 0.3. Additionally, MRC exhibits better performance compared to EGC
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and SC for both users in terms of BER across all « values. It is important to highlight

that our analysis is applicable to any number of users.
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Figure 4.3 — BER vs. power allocation factor («) of FPA.
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Figure 4.4 — BER vs. transmit SNR utilizing SC with NGDPA, GRPA and FPA with
two users (N = 2).

We evaluate the BER performance of SC, EGC and MRC employing NGDPA, GRPA
and FPA. We consider o« = 0.3 for FPA in the following results. Figure 4.4 illustrates
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the BER performance of SC utilizing NGDPA, GRPA and FPA techniques. The derived
analytical results are demonstrated to be in excellent agreement with the corresponding
simulation results. It is noted that the BER performance of U, using GRPA outperforms
NGDPA and FPA due to GRPA assigning 91% of the total power to the data of Us,
achieving a BER of 107° at 116.7 dB, compared to 67% and 77% using NGDPA and
FPA, respectively. On the other hand, the BER of U; using GRPA demonstrates the
poorest performance, reaching a BER of 107> at 136.2 dB, as it allocates only 9% of the
total power to U; data, compared to 33% and 23% using NGDPA and FPA, respectively.
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BER
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Figure 4.5 — BER vs. transmit SNR utilizing EGC with NGDPA, GRPA and FPA with
two users (N = 2).

The BER versus transmit SNR for EGC employing NGDPA, GRPA and FPA tech-
niques is presented in Figure 4.5. The BER arrangement in EGC for both users mirrors
that of SC, as the power distribution for each user remains unchanged across all three di-
versity combining techniques. It is noted that U, using EGC demonstrates superior BER
performance compared to U, using SC with GRPA reaching 107> at 113.8 dB. Further-
more, it is worth mentioning that EGC achieves approximately a 3 dB lower SNR value
at a BER of 107° compared to SC, for both users and across all three power allocation

techniques.
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Figure 4.6 demonstrates the BER versus SNR for MRC employing NGDPA, GRPA
and FPA schemes. The findings indicate that MRC achieves a marginally improved
performance of approximately 0.4 dB lower SNR value at BER of 107° compared to EGC
across all three power allocation techniques. However, for U; using NGDPA, it achieves a

more substantial improvement, with a 1.1 dB lower SNR value at a BER of 10~° compared
to EGC.
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Figure 4.6 — BER vs. transmit SNR utilizing MRC with NGDPA, GRPA and FPA with
two users (N = 2).

4.5.2 Three-User Scenario

To apply user pairing techniques to our system, we selected scenarios with three and
four users to represent cases with odd and even numbers of users. These were chosen
because they are the minimum numbers required to implement user pairing and provide
a clear comparison between the different user pairing techniques and the without-pairing
scenario applying the three diversity combining techniques.

In this subsection, we present the system’s performance with three users, providing
an example of an odd number of users. Figure 4.7 demonstrates the BER performance of
SC, EGC and MRC employing NGDPA, GRPA and FPA techniques. For all the power
allocation techniques across the three diversity combining techniques, Us is the farthest
user, has the highest power, and can decode its data directly. U; must apply SIC to
decode the data of Us before decoding its own data, while U; has to apply SIC twice
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to decode its own data. The power distribution for each power allocation technique is

presented in Table 4.1.
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Figure 4.7 — BER vs. transmit SNR employing NGDPA, GRPA and FPA with three users
(N = 3) using (a) SC, (b) EGC, (c) MRC.

Table 4.1 — The power distribution in three-user scenario: p, is the power assigned to the
nth user.

Power allocation D1 Do D3
NGDPA 4.2% | 39.3% | 56.5%
GRPA 10.6% | 20.4% | 69%
FPA 6.5% | 21.6% | 71.9%

91



Partie , Chapter 4 — Bit Error Rate Performance of NOMA-MIMO-VLC Systems

It can be noted that FPA achieves the best BER performance for Us, reaching a BER
of 107 at 120.8 dB, compared to 122.7 dB and 129.6 dB using GRPA and NGDPA,
respectively, as shown in Figure 4.7a. NGDPA provides the best BER performance for
Us,, with 39.3% of the total power allocated to its signal, showing performance close to that
of Us starting from a SNR of 120 dB. This is attributed to the larger power allocated to U,
and the relatively high power allocated to Us, which improves the SIC performance at Us,.
Notably, employing EGC can improve BER performance to varying degrees depending
on the user and the power allocation technique used, in comparison to SC, as illustrated
in Figure 4.7b. On average, EGC achieves about 2.2 dB lower SNR at a BER of 107°
across all three power allocation techniques for the three users. Furthermore, the findings
indicate that MRC achieves an improved performance of approximately 0.9 dB lower SNR
on average at BER of 107° compared to EGC across all three power allocation techniques,
as shown in 4.7c. Table 4.2 summarizes the SNR values at a BER of 107° for SC, EGC,
and MRC employing NGDPA, GRPA, and FPA techniques in a three-user scenario.

Table 4.2 — Summary of SNR values at a BER of 10~° for SC, EGC, and MRC employing
NGDPA, GRPA, and FPA techniques in a three-user scenario.

SC
Power allocation U; Us Us
NGDPA 141.5 dB | 130.4 dB | 129.6 dB
GRPA 134.4 dB | 133.8 dB | 122.7 dB
FPA 138.2 dB | 133.3 dB | 120.8 dB
EGC
NGDPA 1385 dB | 129 dB | 128.4 dB
GRPA 131.5dB | 131.1 dB | 120.8 dB
FPA 135.6 dB | 130.6 dB | 118.5 dB
MRC
NGDPA 138.5dB | 127.4 dB | 126.7 dB
GRPA 131.2 dB | 130.8 dB | 119.8 dB
FPA 135.1 dB | 130.3 dB | 117.9 dB

In the following analysis, we evaluate the BER of three users employing NOMA with
FPA, GRPA, and NGDPA in conjunction with the user pairing algorithm, as depicted in
Figure 4.8. Notably, in the three-user scenario, NLUPA and UCGD demonstrate identical
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performance since U; remains unpaired in both strategies. The power distribution for each
power allocation technique is detailed in Table 4.3.
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Figure 4.8 - BER vs. transmit SNR employing NGDPA, GRPA and FPA with three users
(N = 3) applying user pairing using (a) SC, (b) EGC, (c) MRC.

It is observed that U, experiences a significant enhancement in performance across

the three diversity combining techniques, as it does not share power with other users.

Additionally, the BER performance of U; and Uz shows improvement for all the power

allocation techniques across the three diversity combining techniques compared to the

scenario without pairing. EGC, in particular, enhances BER performance to varying

degrees depending on the user and the power allocation technique used, with an average

improvement of 2.8 dB at a BER of 10~° compared to SC, as illustrated in Figure 4.8b.
Moreover, the results indicate that MRC achieves approximately 0.5 dB lower SNR on
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average at a BER of 107° compared to EGC across all three power allocation techniques,
as shown in 4.8c. Table 4.4 provides a summary of the SNR values at a BER of 107°
for SC, EGC, and MRC utilizing NGDPA, GRPA, and FPA techniques in a three-user

scenario with user pairing.

Table 4.3 — The power distribution in three-user scenario with user pairing.

Power allocation D1 D3
NGDPA 32.6% | 67.4%
GRPA 8.7% | 91.3%
FPA 23.1% | 76.9%

Table 4.4 — Summary of SNR values at a BER of 10~° for SC, EGC, and MRC employing
NGDPA, GRPA, and FPA techniques in a three-user scenario with user pairing.

SC
Power allocation U, Us Us
NGDPA 121.4 dB | 119.7 dB
GRPA 133.4dB | 113.8 dB | 112.3 dB
FPA 124.4 dB | 116.7 dB
EGC
NGDPA 118.2 dB | 116.6 dB
GRPA 130.5 dB | 110.9 dB | 109.8 dB
FPA 121.5dB | 114.4 dB
MRC
NGDPA 117.6 dB | 116.1 dB
GRPA 130.1 dB | 110.4 dB | 109.3 dB
FPA 121.1 dB | 113.9 dB

4.5.3 Four-User Scenario

In this subsection, we present the BER performance of the system with four users as an
example of an even number of users. Initially, we evaluate the BER of SC, EGC and MRC
with four users utilizing NOMA with FPA, GRPA, and NGDPA without user pairing,
as depicted in Figure 4.9. The power distribution for each power allocation technique is
detailed in Table 4.5.
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Figure 4.9 — BER vs. transmit SNR employing NGDPA, GRPA and FPA with four users
(N = 4) using (a) SC, (b) EGC, (c) MRC.

It is observed that U; has a constant BER of approximately 0.5, meaning it is unable to
decode its data across the three diversity combining techniques when NGDPA is employed,
due to the low power allocation of only 0.15% of the overall power. Moreover, It can be
noted that utilizing EGC enhances BER performance to varying degrees, contingent upon
the user and the power allocation technique, compared to SC, as shown in Figure 4.9b.
On average, EGC attains approximately 1.75 dB lower SNR at a BER of 10™° compared
to SC across all three power allocation techniques for the four users. Additionally, MRC
demonstrates an improvement of around 1 dB lower SNR on average at BER of 107°
compared to EGC across all three power allocation techniques, as illustrated in Figure
4.9c. The SNR values at a BER of 107° for SC, EGC, and MRC employing NGDPA,

GRPA, and FPA techniques in a four-user scenario are summarized in Table 4.6.
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Table 4.5 — The power distribution in four-user scenario.

Power allocation P1 Do D3 Dy
NGDPA 0.15% | 8.35% | 37.4% | 54.1%
GRPA 4.8% | 6.5% | 20.1% | 68.6%
FPA 1.9% | 6.4% | 21.1% | 70.6%

Table 4.6 — Summary of SNR values at a BER of 10~° for SC, EGC, and MRC employing
NGDPA, GRPA, and FPA techniques in a four-user scenario.

SC
Power allocation U, U, Us U,
NGDPA - 136.2 dB | 130.6 dB | 129.9 dB
GRPA 148 dB | 141.4 dB | 135.5 dB | 122.5 dB
FPA 148.9 dB | 140.8 dB | 134.9 dB | 121.1 dB
EGC
NGDPA - 134.5dB | 129.1 dB | 128.3 dB
GRPA 146 dB | 140.2 dB | 133.4 dB | 120.8 dB
FPA 146.6 dB | 139 dB | 133.1 dB | 119.5 dB
MRC
NGDPA - 133.5dB | 128 dB | 127.2 dB
GRPA 144.9 dB | 139.1 dB | 132.5 dB | 119.8 dB
FPA 145.7dB | 137.9dB | 132.1 dB | 118.4 dB

In the following analysis, the BER performance of SC, EGC and MRC employing
NGDPA, GRPA and FPA in conjunction with NLUPA is presented, as shown in Figure
4.10. Unlike the three-user scenario, all users are paired in this case. The detailed power
distribution for each technique is presented in Table 4.7. It is worth mentioning that U
experiences a significant improvement in performance across the three diversity combining
techniques, as it is able to decode its own data. Furthermore, the BER performance of
Uy, Us and U, shows considerable improvement for all power allocation techniques and
diversity combining methods, with an average enhancement of approximately 12.5 dB
at a BER of 107° compared to the scenario without pairing. It is observed that EGC
improves BER performance with an average improvement of 2.4 dB at a BER of 107°

compared to SC, as depicted in Figure 4.10b. Moreover, MRC results indicate an average
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SNR reduction of approximately 0.5 dB at a BER of 107® compared to EGC across all
three power allocation techniques, as illustrated in Figure 4.10c. Table 4.8 presents the
SNR values at a BER of 107° for SC, EGC, and MRC employing NGDPA, GRPA, and
FPA techniques in a four-user scenario with NLUPA.
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Figure 4.10 - BER vs. transmit SNR employing NGDPA, GRPA and FPA with four users
(N = 4) applying NLUPA using (a) SC, (b) EGC, (c) MRC.

Table 4.7 — The power distribution in four-user scenario with NLUPA.

Power allocation

y41

D4

D2

b3

NGDPA

33%

67%

11.8%

88.2%

GRPA

9%

91%

28.8%

71.2%

FPA

23.1%

76.9%

23.1%

76.9%
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Table 4.8 — Summary of SNR values at a BER of 10~° for SC, EGC, and MRC employing

NGDPA, GRPA, and FPA techniques in a four-user scenario with NLUPA.

SC
Power allocation Uy Uy U, Us
NGDPA 121.3dB | 120 dB 131 dB | 114.2 dB
GRPA 133.6 dB | 113.6 dB | 122.4 dB | 119.1 dB
FPA 124.5 dB | 116.8 dB | 124.5 dB | 116.8 dB
EGC
NGDPA 119dB | 117.5dB | 128.6 dB | 111.7 dB
GRPA 131dB | 111.4dB | 119.8 dB | 116.5 dB
FPA 122dB | 114.2dB | 122dB | 114.2 dB
MRC
NGDPA 1184 dB | 117 dB 128 dB | 111.1 dB
GRPA 130.5dB | 110.8 dB | 119.3dB | 116 dB
FPA 121.5dB | 113.8 dB | 121.5dB | 113.6 dB

Figure 4.11 demonstrates the BER performance of SC, EGC and MRC employing
NGDPA, GRPA and FPA in conjunction with UCGD. The power distribution for each
power allocation technique is presented in Table 4.9. It is worth mentioning that the
BER performance shows improvement for all power allocation techniques and diversity
combining methods, with an average enhancement of approximately 1 dB at a BER of 107°
compared to the scenario with NLUPA. Additionally, it is observed that EGC enhances
BER performance by an average of 2.5 dB at a BER of 107° compared to SC, while
MRC achieves an additional SNR reduction of approximately 0.6 dB at a BER of 107°
compared to EGC across all three power allocation techniques, as depicted in Figures
4.11b and 4.11c. Table 4.10 summarizes the SNR values at a BER of 10~° for SC, EGC,
and MRC employing NGDPA, GRPA, and FPA techniques in a four-user scenario with
UCGD.
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Figure 4.11 — BER vs. transmit SNR employing NGDPA, GRPA and FPA with four users
(N = 4) applying UCGD using (a) SC, (b) EGC, (c) MRC.

Table 4.9 — The power distribution in four-user scenario with UCGD.

Power allocation

P

P3

b2

Y2

NGDPA

17.6%

82.4%

29.4%

70.6%

GRPA

22.8%

77.2%

11.2%

88.8%

FPA

23.1%

76.9%

23.1%

76.9%
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Table 4.10 — Summary of SNR values at a BER of 10~° for SC, EGC, and MRC employing
NGDPA, GRPA, and FPA techniques in a four-user scenario with UCGD.

SC
Power allocation Uy Us U, U,
NGDPA 126.8 dB | 115.1 dB | 122.2 dB | 118.8 dB
GRPA 124.9dB | 117.4 dB | 130.9 dB | 114.2 dB
FPA 124.5dB | 116.9 dB | 124.5 dB | 116.9 dB
EGC
NGDPA 124.5dB | 112.7dB | 119.9dB | 116.5 dB
GRPA 122.4 dB | 114.8 dB | 128.7dB | 111.8 dB
FPA 122dB | 114.3dB | 122dB | 114.3 dB
MRC
NGDPA 124 dB | 112.1dB | 119.4 dB | 115.9 dB
GRPA 122dB | 1144 dB | 128.1 dB | 111.3 dB
FPA 121.5dB | 113.8 dB | 121.5dB | 113.8 dB

4.6 Summary

In this chapter, we explored the BER performance of three low-complexity power
allocation techniques in conjunction with two efficient user-pairing algorithms in indoor
2 x 2 MIMO-NOMA VLC systems. The system performance is compared utilizing three
diversity combining techniques to enhance the reliability of the received signal. we derived
an analytical expression for the BER for MIMO-NOMA-VLC and the accuracy of the
derived analytical results was confirmed through comparisons with the corresponding
simulation outcomes. The results indicate that the BER performance of the system
utilizing user pairing algorithms significantly improves compared to scenarios without
pairing in both three and four-user setups. Furthermore, in the four-user scenario, UCGD
demonstrates an average enhancement of about 1 dB at a BER of 10™° compared to

NLUPA across all power allocation techniques and diversity combining methods.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Visible Light Communication (VLC) offers several advantages, making it a promising
technology for future wireless communication systems. Its use of the unlicensed visible
light spectrum provides abundant bandwidth, helping to alleviate the congestion in radio
frequency (RF) communication systems. Additionally, VLC ensures high energy efficiency
by leveraging existing lighting infrastructure, particularly light-emitting diodes (LEDs), to
provide both illumination and communication. Its inherent security benefits, stemming
from the fact that visible light cannot penetrate walls, make it ideal for environments
where confidentiality is crucial. Moreover, the absence of electromagnetic interference
makes VLC suitable for sensitive environments such as hospitals and aircraft.

However, VLC faces several challenges. The primary disadvantage is its dependency
on line-of-sight (LOS) transmission, where physical obstructions can degrade signal qual-
ity. The coverage area is limited by the relatively small illumination footprint of LEDs,
requiring dense deployment for continuous connectivity. Furthermore, the main challenge
lies in the limited modulation bandwidth of LEDs.

To address these challenges, advanced techniques such as power domain non-orthogonal
multiple access (NOMA), multiple-input multiple-output (MIMO), and user pairing al-
gorithms were investigated in this thesis.

NOMA improves spectral efficiency by allowing multiple users to share the same time
and frequency resources, while MIMO enhances spatial diversity by simultaneously uti-
lizing multiple LED transmitters and photodiode (PD) receivers. User pairing algorithms
help manage the complexity of NOMA’s successive interference cancellation (SIC) pro-
cess, enhancing resource allocation among users with varying channel conditions. These
techniques, when combined, offer robust solutions to the limitations of VLC, enabling
better utilization of its bandwidth and improving overall system performance.

In this study, we applied NOMA to a MIMO-based VLC system, utilizing three low-
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complexity power allocation techniques: Fixed Power Allocation (FPA), Gain Ratio Power
Allocation (GRPA), and Normalized Gain Difference Power Allocation (NGDPA). The
achievable rate performance was evaluated for 2 x 2 MIMO-NOMA-VLC systems with
different efficient user pairing algorithms, such as: next largest user pairing algorithm
(NLUPA) and uniform channel gain difference (UCGD) algorithm. The study also ex-
plored the achievable rate performance in scenarios with both odd and even numbers of
users. Furthermore, comparative analyses revealed significant performance enhancements
with the presented schemes, especially when contrasted with NOMA without user pairing
and orthogonal frequency division multiple access (OFDMA).

Moreover, we evaluated the bit error rate (BER) performance of the three power al-
location techniques in conjunction with the two user pairing algorithms in indoor 2 x 2
MIMO-NOMA VLC systems utilizing three diversity combining techniques to enhance
the reliability of the received signal. A detailed analysis was conducted to compare the
diversity combining techniques: selection combining (SC), equal gain combining (EGC),
and maximum ratio combining (MRC), assessing their impact on the BER under different
configurations. An analytical expression for the BER in MIMO-NOMA-VLC systems was
derived, and its accuracy was validated by comparing it with simulation results. Our anal-
ysis of different diversity combining techniques revealed that MRC consistently achieved
the best BER performance across all power allocation schemes. EGC also demonstrated
significant improvements over SC, particularly when paired with efficient power allocation
techniques and user pairing algorithms. Our results demonstrate that the improvement
in BER performance varies significantly, ranging from approximately 0.4 dB to 20 dB,
depending on the power allocation technique and diversity combining method employed,

as well as whether user pairing is implemented and which user pairing algorithm is used.

5.2 Recommendations for Future Work

The results of this dissertation suggest several intriguing paths that can be explored

in future work.

1. Practical implementation of the system: A crucial aspect of future work is the
practical implementation of the presented MIMO-NOMA-VLC system. Conduct-
ing real experiments to validate the theoretical models and optimize system pa-
rameters under practical constraints such as hardware imperfections, deployment

complexity, and scalability would provide valuable insights for real deployment.
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5.2. Recommendations for Future Work

. Effect of user mobility: In dynamic indoor environments, user mobility is a critical
factor that affects the performance of MIMO-NOMA-VLC systems. Future work
should analyze the impact of mobility on system performance and investigate the
system’s limitations, particularly regarding the maximum number of users it can

handle in terms of achievable rate and BER.

. Study of imperfect CSI: The current analysis assumes perfect channel state infor-
mation (CSI). Future studies should focus on the effects of imperfect CSI on the
performance of MIMO-NOMA-VLC systems, especially in practical settings where

errors in channel estimation can degrade system performance.

. Power allocation and user pairing optimization: Although the low-complexity
power allocation techniques and user pairing algorithms applied in this thesis have
demonstrated significant performance gains, more advanced methods, including

deep learning techniques, could further enhance the system’s efficiency.

. VLC-RF/IR systems for bidirectional communication: Exploring hybrid VLC and
RF or infrared (IR) systems for bidirectional communication presents a promising
area of investigation. This approach enables bidirectional transmission by utilizing

visible light for downlink communication and RF or IR for the uplink.

. Enhancing modulation techniques: Future research could focus on developing
higher-order modulation techniques to increase data rates and address bandwidth

limitations in VLC systems, ultimately improving spectral efficiency.
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Résumé : La communication par lumiére vi-
sible (VLC) est une technologie prometteuse pour
la connectivité sans fil en intérieur, offrant une
transmission de données a haute vitesse tout
en atténuant la congestion du spectre. Cette
thése explore l'intégration de I'accés multiple non-
orthogonal (NOMA) et des techniques a entrées
multiples et sorties multiples (MIMO) pour amélio-
rer I'efficacité des systemes VLC. Nous examinons
différentes techniques d’allocation de puissance,
notamment I'allocation de puissance fixe (FPA), se-
lon le ratio de gain (GRPA) et selon la différence de
gain normalisée (NGDPA), afin d’optimiser la ré-
partition des ressources entre les utilisateurs. Di-

vers algorithmes de couplage dutilisateurs, tels
que l'algorithme de couplage a différence la plus
proche (NLUPA) et celui de la différence de gain
uniforme (UCGD), sont également étudiés. Le dé-
bit total réalisable dans des scénarios avec un
nombre pair et impair d’utilisateurs est évalué et
comparé aux performances du NOMA sans cou-
plage et de TOFDMA. De plus, I'analyse du taux
d’erreur binaire (BER) est réalisée sous différentes
techniques de diversité (SC, EGC, MRC). Nous
dérivons également une expression analytique du
BER pour un nombre arbitraire d’utilisateurs, four-
nissant des informations précieuses sur les perfor-
mances des systemes NOMA-MIMO-VLC.

Title: Enhancement of Optical Wireless Communications Using Hybrid and Multiple Access Techniques

Keywords: Visible light communication (VLC), non-orthogonal multiple access (NOMA), power alloca-

tion techniques, user pairing algorithms

Abstract: Visible light communication (VLC) is a
promising technology for indoor wireless connec-
tivity, offering high-speed data transmission and
alleviating spectrum congestion. This thesis ex-
plores the integration of non-orthogonal multiple
access (NOMA) and multiple-input multiple-output
(MIMQ) techniques to improve VLC system effi-
ciency. We investigate various power allocation
techniques, including fixed power allocation (FPA),
gain ratio power allocation (GRPA), and normalized
gain difference power allocation (NGDPA), to en-
hance resource distribution among users. Differ-
ent user pairing algorithms, such as next-largest-
difference user-pairing algorithm (NLUPA) and uni-
form channel gain difference (UCGD), are also

examined. The achievable sum rate for NOMA-
MIMO-VLC systems is analyzed in scenarios with
even and odd user numbers, and results are com-
pared with NOMA without pairing and orthogo-
nal frequency division multiple access (OFDMA).
Furthermore, we assess the bit error rate (BER)
performance under diversity techniques, such as
selection combining (SC), equal gain combining
(EGC), and maximum ratio combining (MRC). Fi-
nally, we derive an analytic expression for BER
for an arbitrary number of users. Overall, our
comprehensive study provides valuable insights
into NOMA-MIMO-VLC systems for indoor wireless
communication.
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