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ABSTRACT

Recently, visible light communication networks have emerged as a possible option for data ac-
cess, primarily for indoor environments. The very high data rates, free from radio frequency
interference, and low implementation cost behavior make them attractive for the next generation
of indoor networking. But visible light communication technology supports only short-range
data transmission, and hence the achievable data rate decreases rapidly with increasing distance
between the transmitter and receiver. Additionally, developing a high data rate link in VLC
system is difficult due to the narrow modulation bandwidth of LEDs. So that, it is essential to

apply MIMO and Non-orthogonal Multiple Access to overcome such problems.

In this thesis, a low complexity and efficient power allocation strategy was proposed for in-
door downlink MIMO-based visible light communication systems. Non-Orthogonal Multiple
Access was applied on MIMO-VLC system to improve performance of edge users. Gener-
ally, the performance of the total sum rate of 4 x 4 MIMO VLC of k number of users were
analyzed. Specifically, the sum rate, the sum rate gain, and the achievable rate of uniformly
distributed users were analyzed for different power allocation techniques. MATLAB simula-
tion results depicted that the effectiveness of the proposed power allocation strategy than gain
ratio power allocation schemes and normalized gain difference power allocation schemes for
the large number of users. The proposed NOMA, NGDPA, and GRPA achieved a sum rate of
261.89 Mbit/s, 235.28 Mbit/s and 152.27 Mbit/s respectively at the edge of the system for six
users. More specifically, the proposed NOMA attained an achievable sum rate of 18.36% and
65.98% as compared with the NGDPA approaches, and GRPA approaches in the 4 x 4 MIMO
based visible light communication networks with eight uniformly distributed users. The future
works can focus on finding the optimal user grouping and allocating power to each group. Ad-
ditionally, allocating the power according to quality of service is an open research problem in
MIMO-NOMA-based VLC networks.

Key Words: Non-Orthogonal Multiple Accesses, Multiple Input Multiple Output,Visible

Light Communication, Power allocation strategy, Achievable sum rate
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Introduction

CHAPTER 1

1 Introduction

1.1 Introduction

As demand for wireless data services exponentially increased in recent years, it has posed sev-
eral challenging issues to the existing wireless technologies. In the last few decades, we have
seen an abrupt increase in the number of mobile users requiring access to high data rate wireless
services everywhere over the world. This ultimate growth motivates mobile operators and stan-
dardization bodies to continuously find and develop new transmission technologies, network
infrastructure solutions, protocols, and standards to enhance and achieve mobile subscriber de-
mand. Future wireless technologies including, cognitive networks, wireless sensor networks,
vehicular communications networks, and delay tolerant networks will require reliable and high
data rate connections. Obviously, in such networks, spectral efficiency is an important perfor-
mance metric related to the quality of service (QoS) and it has attracted significant attention

from the research community and becomes one of the major concerns.

Different research groups forecasts by 2023, the total number of mobile terminals which are
internet-connected will be around 29.3 billion [2]. A number of cloud based and different
multi-media services operated through those terminals, for example, watching high definition
online streams, enormous data throughputs that consume cloud storage, and different voice-over
internet services. Forecasts show that around 77 Zeta bytes of data size will be generated by
2023 [1]-[3]. Mobile devices begin to support high data consumed applications, including aug-
mented reality, virtual reality, and real time video communication accessing mobile terminals
increasing nowadays [4, 5]. Such rapidly growing mobile user’s data traffic raises a signifi-
cant question on the current radio frequency communication networks, i.e., the 4G, Wireless
Fidelity, and even 5G mobile networks, and many scholars agree that such technologies cannot
satisfy those user’s data rate demands [6, 7]. Organizations and industries have begun a new

mobile technology generation called 6G mobile wireless networks to solve this situation.
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Activities linked with high data rate wireless traffic are stationary and typically occurred in fixed
wireless access scenarios. Reported data demonstrate that a more significant part of IP traffic
service happens an indoor environments (80% indoors and only 20% of the traffic is served
outdoors) [2]. The 59% of the cellular network will be offloaded to Wi-Fi by 2022. It is ex-
pected that more of the organizations would switch cellular providers by 2022 for better indoor

coverage [1, 2]. This status leads to giving attention for visible light communication systems.

Visible Light Communication technology is part of the optical wireless communications. A vis-
ible light communication system transfers information through radiation over the visible light
spectrum range. A visible light communication channel is not the same as radio frequency or
any other communication technology in view of its properties. Its optical signal is modulated
through the intensity of the signal without conveying any information in phase or frequency.
The transmitted signal is real and positive. The visible light communication networks consist of
a transmitter, propagation channel, and receiver. The light emitting diode lamp is an appropriate
transmitter used for both illumination and communication purposes. The photodetector is used
as a receiver. It is a diode device, which is sensitive to the light intensity that can convert the
received light into a current modulated by the intensity of the received light. The space located

between the light-emitting diode and the photodetector is considered as a propagation channel.

Nowadays, visible light communication becomes a promising technology complementary to RF
spectrum roughly (3kHz -300 GHz), which operates in the visible light spectrum band roughly
(400 THz -780 THz) for future indoor networking available bandwidth of visible light is 10,000
times larger than that of the microwave RF band [50]. Radio Frequency spectrum resources are
limited and need national regulation and authorizations for usage purpose. The rapid growth
of wireless communication applications and demand make the radio frequency spectrum to be
crowded. To alleviate such spectrum shortage in the radio frequency band, we need to take

advantage of the ubiquitous capacity of the visible light spectrum as a viable solution.

The basic limitation of visible light communication is that the narrow bandwidth modulation of
LEDs. Additionally, data transmission rate decreases with increasing of distance between trans-

mitter and receiver. Multiple-Input Multiple-Output is used in radio frequency-based communi-
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cation to provide higher data rates. As in RF communication, in order to increase data rate VLC
uses multiple LEDs as transmitters and multiple photodetectors as receiver. Non-Orthogonal
Multiple Access enables multiple users to utilize the similar spectrum resource simultaneously
by applying interference cancellation at the receiver. Therefore, it is very important to apply
MIMO systems in VLC networks to obtain high data rates and apply NOMA systems to make

users to utilize entire bandwidth.

1.2 Statement of the Problem

Visible light communication networks have emerged as a possible option for data access, pri-
marily for indoor environments in recent years. Practically, VLC networks are realized by using
the light-emitting diodes as the transmitters. However, developing a high data rate in the visible
light communication system is difficult due to the narrow modulation bandwidth of the light-
emitting diode. Furthermore, the data rate achieved by employing OFDMA in the VLC system
is reduced due to spectrum partitioning. On the other hand, applying power domain NOMA to
MIMO-VLC networks can achieve high data rates using the entire available modulation band-
width of LEDs. However, the conventional power allocation approach GRPA and NGDPA can’t
improve the performance of edge users. Therefore, it is crucial to analyze and enhance the per-
formance of MIMO-NOMA-based VLC networks by developing and investigating better power

allocation strategies that can improve achievable data rates.

1.3 Significance of the Study

In the last decades, the rapid increase in data traffic exposes the limitation of using only radio
frequency-based mobile communications whose spectrum becomes congested and scarce. Sev-
eral technologies have been studied and developed to solve such spectrum congestion problems.
Furthermore, advances in LED technologies make visible light communication systems supple-
ment RF-based communication systems. However, due to the small bandwidth modulation of
LEDs achieving a high data rate is problematic. By applying power domain NOMA to MIMO-
VLC, we can achieve a high data rate. But, a better power allocation approach is essential to
improve the performance of edge users. This study will enhance the performance of edge users

by proposing new power splitting techniques in MIMO-NOMA-based VLC networks.
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1.4 Objectives of the Study

1.4.1 General Objectives

To analyze and enhance the performance of downlink MIMO-NOMA-based visible light com-

munication systems.

1.4.2 Specific Objectives

To analyze the sum rate of Non-Orthogonal Multiple Access in downlink MIMO visible

light communication system.

e To compute the achievable rate of the far user and the near user.

To compare the sum rate gain achieved by different power allocation techniques of NOMA

in visible light communication networks.

To propose a new power splitting approach that improves the performance of edge users.

1.5 Methodology

Firstly, different research reports, journal articles, and other published and unpublished docu-
ments are reviewed regarding power domain non-orthogonal multiple access and MIMO-based
visible light communication systems. The appropriate power allocation scheme of NOMA 1is
crucial to VLC networks. In the power domain NOMA, fair power allocation plays a vital role
in enhancing visible light communication networks. Secondly, a new power splitting scheme
that exploits user channel conditions was proposed to improve the performance of edge users.
Performance metrics like sum rate, average sum rate, and sum-rate gain of proposed NOMA
and other conventional power allocation schemes NGDPA and GRPA are studied. Finally, the
performance of those power allocation schemes in indoor MIMO-based visible light communi-

cation networks was analyzed and validated using Matlab software.

1.6 Scope and Delimitation of the Study

The primary intention of this thesis was to concentrate on analyzing and enhancing the perfor-

mance of MIMO-based visible light communication systems through integrating with the power

4
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domain NOMA in indoor downlink communications. A new power splitting scheme of NOMA
that can enhance the performance of edge users was proposed and analyzed. The performance
of the proposed NOMA, GRPA, and NGDPA was investigated and compared with each other.

Additionally, the study had covered the following points:
e Studying the main limitations of LED used for both illumination and data transmission.
e Studying the impact of MIMO techniques in a visible light communication system.
e Integrating power domain NOMA with visible light communication technology.
Delimitations of the study were:
e Only a downlink indoor communication system is considered.

e In visible light communication systems, LEDs are fixed on the ceiling for data trans-
mission in indoor communication. In such communication system, user mobility is not

significant. Therefore, the impact of user mobility is not considered.

e Due to characteristics of visible communication channels, only line-of-sight is taken into

consideration.

1.7 Thesis Organization

The rest of this thesis is organized in the following manner. Chapter 2 is a literature study that
explains a detailed background for visible light communication and revises the related litera-
ture and studies on MIMO-NOMA-based VLC systems. Chapter 3 gives a brief overview of
optical wireless communication, visible light communication, IEEE standards for visible light
communication, comparisons between optical wireless communication, visible light commu-
nication and radio frequency technologies, MIMO application in VLC system, and essential
features of non-orthogonal multiple access, and its principles. Chapter 4 discusses the over-
all system model of downlink MIMO-NOMA-based Visible Light Communication Systems.
Chapter 5 describes the simulation scenarios, results, and detailed discussions. Finally, Chapter

6 concludes the thesis and puts some recommendations as a future direction.
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CHAPTER 2

2 Review of Related Literature

2.1 Related Literature

Visible Light Communications was conceived in Japan [10, 11], and there is increasing inter-
est in Europe, including work in a European Commission Framework 7 project OMEGA [12].
Standardization work is also underway within the IEEE. The lighting industry increasingly em-
ploys white LED devices for illumination and signaling applications. It is thought that such
solid-state lighting will eventually replace existing conventional lighting sources due to their
reliability and predicted high efficiency. Such sources can also be modulated to provide simul-

taneous illumination and communication.

The critical components of visible light communications are the light-emitting diode, photo-
diode, physical layer (PHY), and media access control (MAC). The light-emitting diode changes
an electrical signal to optical energy that gives illumination as well as communication. Infor-
mation is line encoded and modulated by the PHY and then conveyed on the optical signal by
modulating the amplitude or some other feature of the LED light. At the receiver, the photode-
tector changes the received optical power into an electrical signal, and then it is demodulated
and decoded by the PHY layer to recover the user message bits. The MAC is the second layer
in the Open Systems Interconnection seven-layer models to support a color packet scheme and

media access control, depending on the applications [12].

Developing large capacity visible light communication system is difficult due to the small mod-
ulation bandwidth of light-emitting diodes. To solve such problems, different kinds of literature
have been proposed various techniques to boost the capacity of visible light communication

systems. Some of them are discussed below.

Applying the MIMO methods accomplishes a high data rates in VLC [13]. Achieving a high
data rate is challenging due to the low modulation bandwidth of the sources (several MHz),

but the illumination levels specified for occupation ensure that a very high signal-to-noise ratio
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is available. The availability of many high signal-to-noise ratio channels with low bandwidth

makes MIMO techniques an appealing option for achieving high data rates.

Orthogonal frequency division multiple access (OFDMA) has been applied in VLC systems
[14]. It has been shown that proposed OFDMA based VLC system can effectively use the band-
width of the available LED sources. However, the achievable data rate by employing OFDMA

is reduced due to the spectrum partitioning.

In [15], the design principles, key features, benefits, and weaknesses of existing dominant
NOMA schemes are examined and compared. In conventional orthogonal multiple access
(OMA) schemes, multiple users are allocated with radio resources that are orthogonal in time,
frequency or code domain. Theoretically, it is understandable that OMA cannot always accom-
plish the sum-rate capacity of multi-user wireless systems [10]. Aside from that, in conventional
OMA schemes, the maximum number of supported users is restricted by the total amount and

the scheduling granularity of orthogonal resources.

Non-orthogonal multiple accesses via power domain multiplexing have been proposed for 5G
systems due to their superior spectral efficiency [14]. NOMA allows multiple users to share
time and frequency resources in the same spatial layer via power domain or code domain mul-

tiplexing.

In [16], it has been shown that NOMA performs much better in high signal-to-noise ratio sce-
narios. Visible Light Communication systems need high signal to noise ratios due to the short
distance between the transmitter and the receiver. From this fact, it is beneficial to apply NOMA

in downlink VLC systems.

In [17]-[20], the performance of NOMA-based VLC has been investigated. In [18], NOMA
is suggested as a potential candidate for high-speed visible light communication systems and
furthermore a gain ratio power allocation method is proposed. More advanced power allocation
techniques for NOMA-based visible light communication systems were proposed in [19], how-
ever, with relatively high computational complexity. In [20], a phase pre- distortion approach

was proposed to improve the error rate performance of uplink NOMA-based visible light com-
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munication systems.

In [20], the author proposes MIMO techniques to increase system capacity and extend indoor
visible light communications coverage. In [21], a MIMO-NOMA-based VLC system was ex-
perimentally verified. The authors experimentally investigated a system with a single carrier
mode of transmission, using the frequency domain successive interference cancelation, but
without considering the power allocation problem. When applying MIMO, the power allocation
method of the single LED NOMA-VLC systems cannot be directly adopted in MIMO-NOMA-
based VLC systems.

Most recently, in paper [22], the author proposed a power allocation algorithm called normal-
ized gain difference power allocation approach aimed at reducing the complexity and increas-
ing the efficiency of 2 x 2 MIMO-NOMA-VLC systems with multiple users.The author applied
NGDPA techniques for a low number of users. Only two (2) and three (3) users are considered,

which is not practically applicable.

To the best of my knowledge, it is essential to have better power allocation techniques which
can improve performance of edge user. As the number of users increases in indoor visible light
communication systems, the performance of NGDPA and GRPA will decrease. Along these
lines, to improve the performance of edge users, a new power allocation strategy is proposed

for a larger number of users in the considered area.
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CHAPTER 3

3 Overview on Optical Wireless Communication

3.1 Optical Wireless Communication

Nowadays, better data rate capacity is required to address the demand for extensive volume mo-
bile data. The upcoming wireless generations (5G and 6G) provide several new and additional
services with massive connectivity, ultra-large system capacity, low latency, and ultra-minimal
energy consumption. There is a great challenge on future 5G and beyond wireless communi-
cation systems to address the higher volume data rate demand. Hence, the rapid mobile user
data demand increment needs an efficient solution to guarantee and satisfy their quality of ser-
vices. Radio frequency communication-based networking is well established and becomes more
congested and restricted since they have limited spectrum size. Due to such problems, many
scholars currently study and find out different investigations on license-free Electro-Magnetic
(EM) spectrums (especially on the optical spectrum) to support the exponentially growing data
rate demands. Light-emitting diode-based optical wireless communication becomes a promis-

ing candidate for such high data rate demand.

Optical wireless communication uses visible light spectrum as a propagation medium, and it
provides efficient networking features such as higher energy efficiency, better security, and EM
interference-free. Using OWC, we can achieve up to 100 Gbps data rate in standard indoor
communication and illumination levels. Moreover, optical wireless communication technolo-
gies provide and support energy-efficient communication, and most of these technologies re-
quire easy implementation with small infrastructure [25]-[27]. There are different optical wire-
less communication technologies that realize the wireless communication data delivery. Those

technologies are light fidelity and visible light communication.

Optical wireless communication uses visible light, infrared radiation, or ultraviolet spectra
as a communication media [28]-[31]. Figure 3.1 shows different application platforms of

optical wireless communication. All of those communication technologies, such as user-to-
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machine/device, device-to-device, machine-to-machine, vehicle to- vehicle, point-to-point, point-

to-multipoint, and multipoint-to-point, need higher data rates [32].

Several optical wireless communication systems are designed and developed with different op-
tical bands. Some of those OWC technologies are: visible light communication, light fidelity,
free-space optical communication, and optical camera communication. The communication
protocol, application scenario, architecture, and propagation media for these optical wireless
communication technologies are different. Fundamental limitations of optical communication
systems are: highly dependence on the line-of-sight (LOS), sensitivity to small blockages, lim-

ited coverage area, outdoor atmosphere degrades the system performance and corrupted by
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Figure 3.1: Application platforms of OWC[32].

In the early stage of wireless generations, mobile phones were used only for voice commu-
nication and text messaging. However, a new era of mobile technologies started after the
introduction of iPhone smartphones by 2007. Nowadays, smart mobile phones are used for
multi-purpose applications to provide video chatting, health monitoring, cloud services, online
streaming, and so on. To support and provide such a higher data rate required unlimited users
need, we need to allocate large bandwidth. However, there is no free spectrum on the current

radio frequency range to support such complete user data rate requirements. This problem led
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researchers to investigate new communication technologies to fully address user’s need with

higher data rates and low costs.

Table 3.1: Comparison of different optical wireless communication technologies [29].

Issue VLC Li-Fi FSO
Transmitter LED or LD LED or LD LD
Receiver PD or camera PD PD
e 10 Gbps using LED e 10 Gbps using LED
Data Rate 40 Gbps
e 100 Gbps using LD ¢ 100 Gbps using LD
Comm. Distance || 20 m 10 m > 10,000 km
Spectrum VL IR/VL/UV IR/VL/UV
Mobility Support || Not mandatory Mandatory No
e Bidirectional
e Wide spectrum ¢ Point-to-multipoint
comm.
e Support both comm. comm.
Advantages e Support long
and illumination e Wide spectrum
range comm.
e High security e High security
e High security
e Mobility support not
guaranteed e Small coverage area
o Affected by fog,
e Small coverage area | e Poor performance in
o snow and dust
Limitations e Poor performance in outdoor applications
e Only support
outdoor applications | e Limited to NLOS
LOS comm.
e Affected by external comm.
condition

Due to dramatically growing broadband mobile subscriber numbers (which is expected, by 2022
around 9.4 billion) [2] and the emergence of the Internet of Technology (IoT), the growth of the
demand for traffic becomes unprecedented. So that, future wireless network generations should

satisfy such change by addressing related technical challenges for minimizing data transmis-
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sion latency and improving spectral efficiency. The main directions of the ongoing, visible light

technology research efforts are:

e Investigating the potential capacities of the unlicensed IR spectrum (300 GHz—430 THz)
and VL spectrum (430 THz-790 THz).

e Improving the available radio frequency spectrum efficiency by finding and adopting ad-
vanced multiple access schemes and new modulation techniques. In this respect, visible
light communication has an emerged and promising technology for small cell wireless

networking.

3.2 Visible Light Communication

Visible light communication is emerging as a promising candidate means to overcome the
crowded RF spectrum for highly localized communication systems. It supports data communi-
cation and illumination in indoor environments where new energy-efficient light-emitting diode
materials and devices will replace old incandescent and fluorescent lighting. According to re-
ports, indoor environment data’s demand is higher than the outdoor environment. This is be-
cause 80% of the whole time, people were staying in an indoor environment. Such phenomena
make visible light communication the most attractive and a promising candidate for future wire-

less technologies [33].

Visible light communication is a subset of optical wireless communication technologies in
which data exchanges use visible light and widely uses commercial light-emitting diodes as
a transmitter. Visible light communication is a fusion network technology between wireless
communication and light-emitting diode illumination. Wireless technologies are designed for
efficient data rate transmission, higher security, and higher reliability. Light-emitting diode
technologies are designed and fabricated as a power-efficient device with long-life lighting tech-

nology.

Visible light communication provides new services through developed light-emitting diode light
sources. We can use visible light-based wireless communication within a restricted environ-

ment because visible light-based wireless communication systems do not interfere with any
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electric equipment that has a restricted frequency spectrum. Light-emitting diode-based intelli-
gent transportation technologies can provide and gives specific information to man or vehicles
to guide drivers for safe driving. Every application and service of a visible light communica-

tion system support reliability and security since light cannot travel through buildings and walls.

The main challenge of visible light communication systems was that they were corrupted by
external light sources like computer screens or the sun. Such light sources degrade the signal-
to-noise ratio of visible light communication networks. To minimize such impact, we need to
carefully design and install the communication system, including the optical concentrators, di-
rectionality and lenses, electrical signal processing, and optical filtering. Another challenge on
visible light communication is finding the best modulation strategy suitable for different kinds of
visible light communication applications. To enable high data rate transmission, we need to use
off-the-shelf standard LEDs, and apply intensity modulation with direct detection (IM/DD) to
realize the modulation and demodulation process. Since visible lights cannot penetrate through
walls and objects, we can easily install them in small cells and achieves high-quality accesses

with minimum inter-cell interference.

One of the main drawbacks of VLC systems is that the modulation bandwidth of VLC access
points (LEDs) is limited and restricts users’ achievable data rate. To use the benefits of VLC
systems fully, we need to use and study further advanced multiple access schemes, multiple
input multiple output, and optical modulation techniques [34]. Critical features of visible light

communications are:

I KHz 300 MHz 300 GHz 430 THz T90 THz 30 PHz J0EHz Frequency
Radio Microwave Infrared Visible Ultrawobet Heray -
105 m Tm 1 mm Tﬂ]:nm BBD?'Im 10 nm 001 nm Wavelength
.d L

Red Crange Yellow Gresn Blue Wiolet

Figure 3.2: VL frequency range on Electromagnetic Spectrum[48].
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Low cost: The VLC system implementation is relatively simple. Instead of planning and
designing the hole wireless communication system, we can reuse the ubiquitous lighting

infrastructure by adding few additional modules to the existing lighting system.

Big capacity and spatial reuse: VLC working frequency is in the order of terahertz.

Hence, it provides a bigger capacity than that of RF spectrum communication.

Immune to electromagnetic interference: Low interference from existing RF communica-

tion technology due to the VLC working in unlicensed spectrum.

Easy implementation: Since VLC modules can make small and compact size, we can
easily implement and install into the existing lighting infrastructure. The digital to analog

converter, modulation unit, and driving circuit can be integrated into LEDs.

Enhance security: Unlike RF signals, light cannot pass through walls, and thus the chance

of eavesdropping is virtually nonexistent.

Energy Efficient and Cost-Effective: The transmitter (LED) needs minimum level energy
for processing. Only a few upgrades of existing lighting infrastructure are required rather
than the initial set up cost of an entire communication system. LEDs are easily control-
lable, and energy-efficient light sources roughly use one-twentieth of conventional light

source energy.

Provide supplementary service: Because VLC uses LED as a transmitter, VLC gives

lighting service while providing communication service.

Visible light communication technologies are new communication technologies in which sig-

nals are transported through modulated visible light beams. Such systems take advantage of

LEDs that can be pulsed at very high speeds without noticeable impact on the lighting output

and the human eye. Visible light communication can be applicable in various applications, in-

cluding wireless personal area networks, wireless local area networks, and vehicular networks.

Visible light communication channel characteristics are different from any other wireless com-

munication technologies, including RF communication. In VLC systems, the optical input sig-

nal is modulated through signal intensity without carrying information in frequency or phase,
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the optical signal power is proportional to the input signal power (not square of the amplitude of
the signal), the transmitted optical signal is real and positive, the peak power of the transmitted

optical signal is constrained by the illumination requirements and the dynamic range of LEDs.

Visible light-based wireless communication poses several challenges. Among such problem:s,
dimming support and flicker mitigation are some of the main challenges. Dimming support is
a problem related to energy efficiency and power saving challenges in visible light communi-
cation. To minimize such issues, we need to address an arbitrary dimming demand of visible
light communication users as a light source. The fluctuation of light brightness (flickering) is
another crucial issue in visible light communication. Since flicker causes harmful/negative and
noticeable physiological or behavioral changes in humans, we need to potentially mitigate any
flickers resulting from the light source modulation of communication. To avoid such fluctuation
problems, we need to use the maximum period. The optimal and accepted period is greater than
200 Hz (maximum period < 5 ms), which is safe [36]. As a result, we can remove any notice-
able flickering occurrence during the VLC modulation process by applying such a maximum

period.

3.3 Standards of Visible Light Communication

Functioning of visible light communication standalone system is regulated by IEEE 802.15.7
standard for interoperable visible light-based communication systems. By 2009, the Task Group
of IEEE 802.15.7 Visible Light Communication develops a PHY and MAC standard for visible
light communications. The standards developed by the task group define a PHY and MAC layer
for short-range OWC using visible light. The spectral wavelength for visible light extends from
380 nm to 780 nm.

The standard is liable of delivering sufficient data rates for supporting video and audio mul-
timedia services and also considers the mobility of the visible data link, compatibility with
VL infrastructures, impairments due to interference and noise (from ambient light and other
environmental effects), and a media access control layer that accommodates VL links. Its ba-
sic potential applications are: secure point-to-point communication, secure point-to-multipoint

communication (office, airplane, hospital), and indoor location-based service. IEEE 802.15.7
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Figure 3.3: Visible light communication networks [29].

VLC standard further defines and divides the PHY layer for different applications. Those de-

fined physical layers are explained below.

1. PHY I: Such standard envisioned for the outdoor environment with minimum data rate
applications, and it uses on-off keying and variable pulse position modulation with data

rates in the range from tens to hundreds of kbps.

2. PHY II: Such standard envisioned for indoor environment with moderate data rate appli-
cations, and it uses on-off keying and variable pulse position modulation with data rates

in the tens of Mbps.

3. PHY III: Such standard envisioned for applications that have multiple light sources with

detectors, and it uses color shift keying with data rates in the tens of Mbps.

PHY I standard also provides Reed Solomon and convolutional coding for error correction since

it is designed for short frames with minimum data rates. PHY II and PHY III support only Reed
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Table 3.2: IEEE 802.15.7 VLC standard summary [39].

Entity Characteristics Entity Characteristics

e Infrastructure

e 16 - bit
Addressing Device Classification e Mobile
e 64 - bit
e Vehicle
e Star
e Multiple on the range
MAC Supported Topology e P2P Clock Rate Selection

200 kHz to 120 MHz
e Broadcast

e Color Function

e Visibility
e Slotted random
e Dimming
access with coll-
Collision Avoidance Scheme MAC Specifications e Visual Indication
ision avoidance
e Device Security
e Scheduled

e Reliable Link
e Mobility
¢ OOK
e Contention Free Period
Modulation Scheme e VPPM Contention Period
e Contention Access Period
e CSK
Acknowledgment e Yes Multiple Channel Usage | o Supported

Solomon coding. PHY I and PHY II also support a run-length limited code to provide clock
recovery, DC balance, and flicker mitigation. In addition to coding and modulation, different
optical rates are provided for all physical layer types to support a broad class of optical trans-

mitters (LEDs) for various applications [12].

A new working group (called IEEE 802.15.7r1) formed in 2014 revised the previous visible
light communication standards [38]-[40]. This group specifies three main application scenarios

related to different data capacities and communication devices. Those scenarios are:

I. Light Emitting Diode Identification (LED-ID): A low data rate photodiode-based commu-
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nication sends identification signals through multiple LEDs.

I. Optical Camera Communication (OCC): Which is an image-sensor-based communication
that offers localization and message broadcasting. Accordingly, there are three source
types specified, those are: surface source (on the range of 90 bps - 8 kbps), discrete source

(on the range of 15 bps- 4 kbps), and 2D screen source (on the range of 40 bps - 64 kbps).

Il. Light Fidelity (LiFi): Which is a photodiode-based communication that supports high data
rate streams in the order of Gbps, handover, mobility, and bidirectional multiple access. Its
technical specifications are focusing on coding, bandwidth, optical clock rate, and modu-

lation.

Generally, the primary purpose of such visible light communication standard is that to put a
global guideline for short-distance optical wireless communication for providing services on

several unlicensed bands.

3.4 MIMO Visible Light Communication

The capability of LED used as a transmitter will facilitate the design and implementation of
optical MIMO for visible light communication. As in RF-MIMO systems, optical MIMO uses
multiple LEDs to improve the performance of visible light communication systems. This per-
formance is enhancement achieved when transmitters with multiple LEDs are used in con-
junction with receivers with multiple photo detectors. Therefore, performance enhancement
comes about the utilization of spatial multiplexing, which increases the systems throughput or
spatial diversity, decreasing the bit error rate (BER) [47]. The spectral efficiency is enhanced
due to the establishment of a parallel communication platform. But, spatial multiplexing for
optical MIMO is not an an effective technique for improving the data transmission rates for

non-imaging receivers [13].

The design and implementation of optical MIMO for VLC systems are not easy due to limited
spatial diversity compared to RF-MIMO systems [48]. This issue is predominant in indoor
applications where the paths taken by the transmitted signals from the transmitter to the receiver

are diverse as opposed to naturally various paths in RF MIMO systems. The design of optical
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MIMO system receiver is designed as either non-imaging or imaging receiver. For a non-
imaging receiver, a group of the photodetector is arranged without any independence on each
other, and each of them has their optical concentrator [47]. This kind of receiver is essential for
high gain, which can be provided due to the narrow field of view of individual photo detectors.

In imaging receivers, the image sensors are employed as constituents of the receiver.

3.5 Non-Orthogonal Multiple Access

In a non-orthogonal multiple access schemes, users are multiplexed in the power-domain or
code domain (CD). In PD non-orthogonal multiple access, users are multiplexed in the power
domain by assigning distinct power levels to different users, while CD non-orthogonal multi-
ple access utilizes user-specific spreading sequences to multiplex the users in the code domain,
such as the well-known code division multiple access techniques [35]. The Power domain
non-orthogonal multiple accesses uses superposition coding on the transmitter side and suc-
cessive interference cancellation at the receivers. Its basic principles are; the receiver detects
one signal from the received composite signal while treating other signals present in the same
composite signal as noise. Then, the detected signal is subtracted from the received compos-
ite signal to detect the other signals. If we assume that a user experience a deep fading with
poorer channel gain, applying conventional orthogonal multiple access is inefficient, since the
bandwidth allocated to such user is wasted. But by using NOMA, the bandwidth is allocated to
other users; hence the bandwidth efficiency is improved significantly [41]. The key features of

non-orthogonal multiple access schemes are as follows [42].

e Utilization of the power domain for user multiplexing: In NOMA, the power domain,
which has not been used for multiple access in conventional cellular networks, is used for

user multiplexing.

e Utilization of different channel conditions: In contrast to conventional OMA schemes, the
diverse channel conditions among users are utilized in the NOMA scheme. Let us take
a scenario with a single antenna node as an example. The power allocation coefficients,
which are the combination coefficients for superposition coding, are determined by the

user’s channel conditions. Specifically, a message for a user with a strong channel gain is
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allocated less transmission power, and a message for a user with poor channel conditions

allocates more power.

Currently, all the wireless cellular network systems are implemented with orthogonal multi-
ple access techniques. However, none of these OMA techniques can meet the high user data
demands of future cellular network systems. In TDMA, the signal for each user is sent in non-
overlapping time slots, and accurate timing synchronization becomes challenging, especially in
the uplink transmission. In FDMA, signals for every user are appointed to a subset of subcar-
riers, and CDMA performs codes to isolate the users over a similar channel. Non-orthogonal
multiple access is essentially different from these multiple access schemes, which provide or-
thogonal access to the users either in time, frequency, code, or space, and each user operates in

the same band where they are distinguished by their power levels.

3.6 Principles of Non-Orthogonal Multiple Access

The primary and valuable principle of non-orthogonal multiple access is to enhance spectrum
sharing between end-users, instead of allocating them to fixed orthogonal blocks. If we apply
power domain non-orthogonal multiple access, the user signals first superimposed by the access
point and broadcast such mixed signals to the whole users, and hence all users are allocated and
served at the same time/frequency/code with distinct power levels. These different power level
allocations are decided through power allocation coefficients. Since non-orthogonal multiple
access ensures to serve all users with better rate fairness, we need to use an efficient power allo-
cation strategy. As a result, such power domain non-orthogonal multiple access allocates more
power level for users who have poorer channel gain conditions than users with better channel
conditions [43, 44]. Assigning more power for users who have stronger channel conditions
may enhance the throughput, but it may disconnect poorer channel condition users from the
network. At the receiving end, there are different detection policies based on the user’s channel

conditions.

In a PD non-orthogonal multiple access based network, strongest channel condition users de-
code and filter out their partner’s signal first and then decode their messages through a well-

known procedure called successive interference cancellation. On the other hand, poorer users
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treat others signal as noise and then decode their message directly, which is logical since the
poorer channel condition user’s information was transmitted at a higher power level than the rest
users [45]. The main reason behind applying successive interference cancellation for users with
stronger channel conditions in PD non-orthogonal multiple access-based networks is that their
own signals were buried below their partner’s signal during superimposed signals transmitted
from the access points. To provide the same spectrum for all users, we need to apply super-
position coding at the transmitter side and successive interference cancellation at the receiver
side. The transmitter should split the power between the user signal waveforms and superim-

pose them accurately. This method of downlink power splitting strategy is different for uplink

channels.
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Figure 3.4: PD multiplexing for N users downlink NOMA [45].
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CHAPTER 4

4 System Model

4.1 System Model

In this study, the downlink of an indoor MIMO-NOMA-based Visible Light Communication
network with multiple LEDs simultaneously serving K users was considered. Assume that the
LED transmitter is installed on the ceiling, which has i down confronting LEDs and communi-
cates with K users; every user has j up confronting photo-detectors. As done in [22], the 2 x 2
MIMO-VLC has been extended to the 4 x 4 MIMO-VLC networks. Therefore, without loss of
generality, assume that there are four LEDs (i = 1,2,3,4) on the ceiling serving K number of
users and each user is equipped with four PDs (j = 1,2,3,4). The parameters of all LEDs and
PDs are assumed to be identical. Therefore, the system considered represents a typical MIMO
Visible Light Communication system model. Multiple PDs are equipped with each NOMA user
who can utilize the entire available modulation bandwidth of LEDs. The block diagram of such

a system is shown below in figure 4.1.
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Figure 4.1: System Block Diagram.
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According to power domain multiplexing NOMA principle, the i transmitter LED simultane-
ously transmits the message data s; to all K users by using all the bandwidth through a superpo-

sition coding technique at the transmitter side.

4.2 DC-biased optical OFDM Modulation

Orthogonal Frequency Division Multiplexing is broadly considered a modulation technique for
the Intensity Modulated/Direct Detection optical wireless system because of its capacity to
transform the entire bandwidth channel into smaller sub-channels, each with a flat response
within their sub-band. It can avoid Inter Symbol Interference (ISI) and subsequently provides
resistance to the dispersive channels. OFDM is proposed for Optical Wireless Communication
in the ITU-T g.9991 (g.vic), the IEEE 802.15.7m and the IEEE 802.11bb, and other standards
[37].

In the Intensity Modulated/Direct Detection optical system, light intensity can neither be com-
plex nor negative. Therefore, the input feeding the Inverse Fast Fourier Transform (IFFT) during
the OFDM generation flow is constrained to have a Hermitian symmetry to deliver a real-valued
signal. A DC bias is usually applied to ensure a positive output, called DC-biased Optical
OFDM (DC-OFDM) [49].

In this study, the downlink MIMO-NOMA-based Visible Light Communication 4 QAM-based
DC biased optical OFDM modulation was considered. After DC biasing optical OFDM modu-
lation, the transmitted signal of the i'" LED is the combination signals of K users, which can be

expressed as [22]:

K
Xig = Y /Pisik(t) +1Ipc (4.1)
k=1

Where s; ¢ (1) is the modulated message signal intended for the k"(k=1,2,...,K) user from the
i LED, pi«is the electrical power allocated for the k™ user in the i"" LED, and Ipc is the DC
bias provided to each LED to ensure that the instantaneous transmitted signal remains to be

positive.
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4.3 LOS Propagation Channel Model for VLC

The summed-up Lambertian radiation pattern model was applied to find the LED’s line-of-sight
irradiance. The geometric model of LOS transmission is shown in figure 4.2. As compared to
non-line-of-sight (NLOS), the line-of-sight provides much higher intensity of light in visible
light communication system [13]. Therefore, in this study only line-of-sight transmission was
taken into consideration. The line-of-sight channel gain of the optical link between the i/ LED

and the j'" PD of the k' user is given by [18, 22]:

LED

Figure 4.2: Geometric model of LOS transmission.
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Where d is the LOS distance between the i/ LED and the j PD of the k' user, m is the
Lambertian emission order and @ ; is the semi angle at half power of the LED, App is an active
area of PD, ¢ is the transmitter viewing angle (also referred to as irradiation angle), y is the

angle of incidence with respect to the receiver axis, Y, is the concentrator field of view (FOV),
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n is the internal refractive index of the concentrator, 7;(y) denotes the gain of the optical filter
adopted at the receiver and g(y) represents the gain of the non-imaging concentrator, which is
given by [17]:

2
~n—7 O S W S WC
g(y) = s (w) (4.4)

0, V> Y,

After going through a free-space optical wireless channel, the optical intensity signal is con-
verted at the PD receivers of the k' user into a current signal via photo-electric conversion,
and further, the constant DC-offset Ip¢ is removed in the electrical domain. In general, noise
1s assumed to be introduced in the electrical domain. After transmission, the electrical signal

received at the j PD of the k' user is expressed as:
4
Vik = URPop Z hjixxi(t) +njk 4.5)
i=1

Where R is responsivity of PD, P, is optical output power, i is modulation index, n; is the
Additive Gaussian Noise with zero mean and variance GJZ « - It is composed of thermal noise
and shot noise. The received electrical signal of k' user can be expressed in matrix form as

(22, 23, 24]:

Y = .ugtPoptHkX + N (4.6)

Where X = [x1x2x3X4]T is transmitted electrical signal vector, Hj, is channel gain matrix and N,

is Additive White Noise vector. The channel gain matrix can be given as:

hir hia hiz his

har hypy hys hog
H, = 4.7)

h31 hzy h3z hzg

hayr hay haz hyy

4.4 Zero Forcing (ZF) MIMO Receiver

Zero Forcing detection is a simple and viable technique for recovering multiple data streams

at the receiver. But it needs knowledge of channel state information. In this study, ZF-MIMO
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de-multiplexing was used to retrieve the transmitted data with primary channel inversion due to
its low complexity [51]. The normalized estimated electrical signal vector at the output of the

ZE-MIMO receiver of the k' user is given as [23]:

- 1

X, = H.N, 4.8
k LRP,, Nk (4.8)

YN, =X+

URPyp

Where A, 2 (H[ Hy) - H is the is the pseudo inverse of Hj and (.)" denotes transpose oper-
ation. In Visible Light Communication channels, the diversity gain is severely limited because
of the high correlation between signal paths; hence conventional MIMO-VLC systems are sym-
metric (i.e., [t is 4 x 4 in this case). Therefore, the pseudo inverse is simplified to FIk A H_ Iand

the above equation (4.8) is reduced to [22, 23]:

Xk:X—i—

W, 4.9
LRE,, k “4.9)

Where W, 4 H_ N . As the results, the estimated signal received by k™" user from i LED is

[24]:
K

1
Bk(t) =Y /Pigsi(t) + —gip Wik +Inc (4.10)
k=1 UNEopt

Where w; i is the i'" element of the vector W;.. From the above equation (4.10), the researcher has
observed that the estimated signal contains a message signal from all users. In order to extract
the desired message signal, successive interference cancellation is applied at the receiver. To
apply SIC, the decoding order of the users must be determined for every LED. Sorting the
users is done by finding the optical channel’s sum of every user for every LED. Without loss of
generality, it is assumed that K users for the i/ LED are sorted in descending order of their sum

optical channel gains as follows:
i1 +hoin+h3in+hain > hyio+hoio+hsio+haio > ... > hyg g+ hoi g + hzi k + ha f(4.11)
With reference to the i LED, the decoding order is then set to be [22]

0,’71 < 0,'72 <.. < 0,‘7]( (4.12)

Finally, at k& user, the estimated message signal from i LED can be expressed as [24]:

K
1
Sik(t) = /Pigesip(®) + Y /Pisix(t) + Wik (4.13)
URP,

k=k+1

26



System and Channel Model

4.5 Power Allocation Strategy

Due to the difficulty of achieving higher throughput and minimizing the fairness problem among
end users, optimal power allocation is critical in non-orthogonal multiple access systems. Dif-
ferent power allocation strategies have been proposed for VLC networks. Some of them are:
fixed power allocation (FPA), gain ratio power allocation, normalized gain difference power

allocation. The main target behind these different power allocation strategies are:

e Since the minimum power level is enough to decode signals for good channel condition

users, we need to assign a small fraction of power for those users.

e Allocating a large fraction of power for bad channel condition users to filter out and

decode their information’s from the superimposed signal.

4.5.1 Gain Ratio Power Allocation (GRPA)

In the power domain NOMA, a gain ratio power allocation scheme, which considers user chan-
nel conditions to guarantee equal and efficient allocation, can boost the overall device perfor-
mance [34]. Because of its simplicity and effectiveness, GRPA has been proposed as a power
allocation for many NOMA-based VLC systems. In the GRPA techniques, optical power de-
pends upon any optical channel of the device. Specifically, for the GRPA approach proposed in
[15], the power allocation technique is determined by the optical channel gains of users com-
pared to the gain of the first sorted user. According to decoding order in the equation (4.12), the
relationship between electrical powers allocated to user k and (k+ 1) following the i LED is

given as [22, 15]:

(4.14)

i = <h1i,k+1+h2i,k+1+h3i7k+1+h4i7k+l)k+1 -
| hiit + hoist +h3i+ hai ikt

4.5.2 Normalized Gain Difference Power Allocation (NGDPA)

In order to improve the achievable sum rate of NOMA-based MIMO-VLC networks, an efficient
power allocation approach called Normalized Gain Difference Power Allocation is proposed in
[22] . In NGDPA, the optical channel gain difference is used to allocate power. According to

the decoding order presented in the equation (4.12), the relationship between electrical powers
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assigned to user k and (k+ 1) by the i’ LED is described as [22]:

B (hli,k + hoik + h3i k4 haig — M g1 — Moi g1 — h3ig1 — hai g
ik =

k
; 4.15
hiig +hoi1 +h3ig + hai g ) Pikr1  (4.15)

4.5.3 Proposed Power Allocation

In this study, a new power splitting strategy is proposed to enhance the power allocation effi-
ciency among end-users. Based on the channel gain order presented in the equation (4.12), the
relationship between electrical powers allocated to user k and (k + 1) in accordance with the i'"

LED is given in the following relationship.

( hiig +hoi1 +h3ig + hai g
Pik =

k
[ k41 (4.16)
hiig + hoit +h3in + hain + 1 e +hoieen +h3i +h4i7k+1) Pkt

To maintain overall electrical power for the i transmitter LED to be constant, the power allo-

cation should satisfy the following constraint [22].
K
k=1

Where Pe is total electrical power. When applying SIC decoding at the receiver, the users with
lower decoding order should handle higher values of interference and also encounter poorer
channel conditions. Therefore, to ensure fairness among users, the users with lower decoding
order are allocated higher power. The relationship between power allocated to successive users

for (k > 1) is given by:
Pik = O kPik—1 (4.18)

Where 0 < o;x < 1 is the power allocation coefficient of the k™" user at the i* LED. Thus,
depending up on the above constraint in equation (4.17), the power allocated to the first user
(k=1) is given by:

Pe

= - (4.19)
L+ XK1 dim

Pi1

From (4.18) and (4.19) equations, power allocated to the k&’ user (k > 1) can be generalized as:
_ Pe e
= —

1+ 25'(:2 H,Jn 1 Oi.m

Pi k (4.20)
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4.6 Signal to Noise Ratio and Achievable Sum Rate

4.6.1 Signal to Noise Ratio

The Signal to Noise Ratio is a parameter defining the strength of the signal carrying the informa-
tion and comparing it to that of an unwanted signal. In the visible light communication system,
since the noise vector is composed of the shot noise and the thermal noise, it is expected that
the total noise is dominated by the White Gaussian component [52]. Shot noise is mainly gen-
erated by LED lights and the ambient light in the PIN tube. Thermal noise is generated by the
amplifier and loaded into the receiver. It is primarily caused by free electrons or charge carriers
inside the resistor for irregular thermal motion. The noise generated has Gaussian distribution

of zero mean and variance of [52]:

O = Oy, + Op (4.21)

Where 63k 18 total noise variances, Gszh 1s shot noise variances and Gtzh is thermal noise variances.

The shot noise variances at k' user is determined by [51, 52]:

02, =2xqx (RX Pu+Ipg x 1) x Bw (4.22)

Where ¢ is the electronic charge, R is the photodetector responsivity, Py, is the received optical
power for k' user, Bw is the equivalent bandwidth, Iy is the photocurrent due to background
radiation and I, is the noise bandwidth factor. The thermal noise variances at k' user is deter-
mined by [51]:

Gt2h=8><n><l(><T><n ><APD><BZ>< (%+2><n><y><n ><APD><I3><B—W> (4.23)

m

Where K is Boltzmann constant, 7 is Temperature in Kelvin, G is Open-loop Voltage Gain,
n is Fixed Capacitance, 7y is Field Effect Transistor (FET) channel noise factor and g, is FET

Transconductor. Signal to Noise Ratio is determined as follows [25]:

(RP.,)?

2

SNR; = p
nk

(4.24)
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4.6.2 Achievable Sum Rate

The sum rate of 4 x 4 MIMO-VLC system of K user is given by:

(4.25)

K 24 B%1og, (1+SNR;
SRK:Re<ZZ 2 o8y (1 - SVRix)

106

Where Bw is the transmission bandwidth, SNR;  is the signal-to-noise ratio for each link be-
tween the i/ LED and the k" user. Re operator is to evaluate the real part. That means the

equation output only contains real values, not imaginary values.

4.6.3 Achievable Rate

The achievable data rate of k' user get from all i/ LED is determined as follows:

4 BYlog, (1+SNR; ;)
R.—R 2 1982 b 4.26
k e<i=z1 106 (4.26)

4.6.4 Sumrate Gain

The following equation gives sum rate gain of proposed NOMA over NGDPA and GRPA.

(4.27)

SR —SR

SR gainNOMA/NGDPA _ NOMA /Proposed NOMA/NGDPA % 100
SRNoMA/NGDPA

Where SR gainyopa /NGDPA is sum-rate gain of proposed NOMA over NGDPA, SRy oma /Proposed

is sum-rate of proposed NOMA and SRyop4/nGppa 18 sum-rate of NGDPA.

(4.28)

SRNOMA /Proposed — SR Noma /GRPA « 100
SRNOMA/GRPA

SR gainyoya/GrPA = <

Where SR gainyopa/Grea 1s sum-rate gain of proposed NOMA over GRPA, SRyowma/proposed

is sum-rate of proposed NOMA and SRyop4/Grpa 18 sum-rate of GRPA.
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CHAPTER 5

5 Simulation Results and Discussions

5.1 Simulation Scenario

The performance of the total sum rate, sum rate gain, and achievable rate of different power
allocation techniques for NOMA-based MIMO-VLC system were analyzed. In the simulations,
the system is set up as four LED on the ceiling used as transmitter, and each user are equipped
with four PD inside a typical room as shown figure 5.1 . The normalized offset has been defined
for system coverage. The distance from user one (k = 1), which has the largest channel gain
sum, to the user K, which has the smallest channel gain sum, is fixed as r(m). The maximum
distance from the user (k = 1) to the edge of the system is R(m). All users are uniformly
distributed over system coverage. The normalized offset of user K with respect to the user
(k= 1) is defined as %, and the normalized offset of user k with respect to the user (k = 1) is
(k—1)r

defined as K=DR" The parameters used during simulation analysis are given in table 5.1.

LED 1 LED 2 LED3  LED4

Userl User k User K

Figure 5.1: Illustration of a 4 x 4 MIMO-NOMA based VLC system with K users.
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Table 5.1: System and channel model parameters.

Simulation Setup || Value Transmitter parameter Value
Number of LEDs || 4 Transmitted power 10 W
System Coverage || 0.2 —4m (Variable) Modulation index 0.5
Number of User 2 — 10 (Variable) Transmitter semi angle 60°
Receiver height 0.85m Separation between LED || 1m
(a) Simulation setup (b) Transmitter Parameter

Noise parameter Value

Reciever parameter Value
Electronic charge 1.6 x e~ 1C

Receiver field of view 72°
Noise bandwidth factor 0.562

Total bandwidth 10 MHz
Boltzmann constant 1.38 x ¢=23

Photodiode responsivity || 0.53 A/W
Absolute temprature 300K

Refractive index 1.5
Fixed capacitance 112¢7 12 /1e=*(F /m)

Separation between PD || 4cm
Open loop voltage gain 10
Gain of optical filter 0.9
FET transconductance 30e73S

Physical area of a PD 1 cm?

FET channel noise factor || 1.5

(d) Reciever Parameter

(c) Noise Parameter

5.2 Results and Discussions

5.2.1 Power Allocation Coefficient

Table 5.2 shows how power is allocated from LED 1 by using GRPA, NGDPA, and proposed
NOMA techniques for five users in the considered system coverage. The power allocation

coefficient is calculated according to constraint explained in equation (4.17).
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Table 5.2: Power Allocation Coefficient for five users from LED 1

Power Allocation Coefficient

User No || GRPA NGDPA Proposed NOMA
1 2.4415%xe~7  0.0050 0.0288
2 43278xe”7  0.0201 0.0505
3 3.4052xe"®  0.0815 0.1140
4 32713xe™*  0.2587 0.2619
5 0.9996 0.6345 0.5447

5.2.2 Sum rate of Proposed NOMA vs. OFDMA

According to the simulation setup and simulation parameter given above, to validate the effec-
tiveness of the proposed NOMA, Orthogonal Frequency Multiple Access has been taken into
consideration. Figure 5.2a shows the performance superiority of the proposed NOMA over
OFDMA for three users (k = 3) uniformly distributed in a coverage area. It has been clear
that the sum-rate utilized by OFDMA is decreased continuously as normalized offset value
increases. For example, the user located at the border of the system obtained 187 Mbit/s by
employing OFDMA. However, by using the proposed NOMA, the user at the border got 266.4
Mbit/s. At the edge of system coverage, the user utilized a sum rate of 253.1 Mbit/s and 222
Mbit/s by applying NGDPA and GRPA, respectively. Generally, the proposed NOMA has su-

perior performance than OFDMA and even than the other conventional power allocation.

Figure 5.2b illustrates sum rate utilized by proposed NOMA, NGDPA, GRPA, and OFDMA for
five users (k = 5). Sum rate achieved by GRPA decreased significanltly for 0.5 < r/R <1. Also,
sum rate obtained by OFDMA declined continuously. Here again, proposed NOMA performed

better than the other techniques.

Figure 5.2c¢ shows the achievable sum rate utilized by proposed NOMA, NGDPA, GRPA, and
OFDMA for six users (k = 6). The proposed NOMA and NGDPA achieved a sum rate of 261.9
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Mbit/s and 235.3 Mbit/s at the border of system coverage. The OFDMA utilized a sum rate of

198.9 Mbit/s while GRPA achieved a sum rate of 152.3 Mbit/s at the system’s edge.
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Figure 5.2: Achievable Sum rate of Proposed NOMA over NGDPA, GRPA and OFDMA vs.

Normalized offset

5.2.3 Achievable Sum Rate vs. Normalized Offset

The achievable sum rate of different users has been simulated by using parameter given in the

table 5.1 according to geometric setup defined in figure 5.1.
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Figure 5.3: Achievable Sum rate of Proposed NOMA over NGDPA and GRPA vs. Normalized

offset

Figure 5.3a shows the achievable sum rate of proposed NOMA, NGDPA, and GRPA versus

normalized offset for user five (k = 5) and user six (k = 6). In both cases, proposed NOMA

utilizes a higher sum rate. The proposed NOMA achieves a sum rate of 264.89 Mbit/s and

261.89 Mbit/s for (k =5) and (k = 6), respectively at the edge of the system. NGDPA achieves
a sum rate of 254.45 Mbit/s and 235.28 Mbit/s for (k =5) and (k = 6), respectively at the edge

of the system. GRPA achieves a sum rate of 156.59 Mbit/s and 152.27 Mbits/s for (k = 5) and

(k= 6), respectively at the edge of the system.
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Table 5.3: Achievable sum-rate comparison of proposed NOMA, NGDPA, and GRPA (k=7 &
k=8).

Achievable Sum rate (Mbit/s)

r/R GRPA GRPA NGDPA NGDPA Proposed Proposed
(k=7) (k=8) (k=7) (k=8) NOMA NOMA
(k=7) (k=8)

0.1 268.94 268.94 265.67 265.65 267.17 266.64
0.2 268.93 26890  261.12 260.72 265.11 263.54
0.3 268.70 26790  256.69 255.48 263.23 259.97
0.4 265.18 257.68 251.31 249.83 261.10  256.33
0.5 249.74 243.48 246.44 243.28 261.70  253.07
0.6 233.17 229.36 244.18 238.47 263.63 251.90
0.7 215.52 213.52 240.32 232.66 263.38 250.45
0.8 198.26 197.79 232.71 223.17 259.27 246.34
0.9 178.72 171.84 229.57 207.13 257.53 236.53

1 148.30 137.88 223.49 193.36  252.55 228.85

Figure 5.3b illustrates the achievable sum rate of proposed NOMA, NGDPA, and GRPA versus
normalized offset for seven (k = 7) and eight (k = 8) users. In both cases, proposed NOMA
utilizes a higher sum rate. The proposed NOMA achieves a sum rate of 252.55 Mbit/s and
228.85 Mbit/s for (k = 7) and (k = 8) respectively at the edge of the system. NGDPA achieves
a sum rate of 223.49 Mbit/s and 193.36 Mbit/s for (k = 7) and (k = 8) respectively at the edge
of the system. GRPA achieves a sum rate of 148.30 Mbit/s and 137.88 Mbits/s for (k = 7) and

(k = 8) respectively at the edge of the system.

Figure 5.3c shows the achievable sum rate of proposed NOMA, NGDPA, and GRPA versus
normalized offset for nine (k = 9) and ten (k = 10) users. In both cases, proposed NOMA

utilizes a higher sum rate. The proposed NOMA achieves a sum rate of 208.03 Mbit/s and
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182.19 Mbit/s for (k =9) and (k = 10) respectively at the edge of the system. NGDPA achieves
a sum rate of 181.80 Mbit/s and 165.44 Mbit/s for (k =9) and (k = 10) respectively at the edge
of the system. GRPA achieves a sum rate of 143.34 Mbit/s and 138.77 Mbits/s for (k =9) and

(k = 10) respectively at the edge of the system.

Table 5.4: Achievable sum rate comparison of proposed NOMA, NGDPA and GRPA (k=9 &
k=10).

Achievable Sum rate (Mbit/s)

r/R GRPA GRPA NGDPA NGDPA Proposed Proposed
(k=9) (k=10) (k=9) (k=10) NOMA NOMA
(k=9) (k=10)

0.1 268.94 269.33 265.65 265.65 266.33 266.15
0.2 268.84 268.78 260.63 260.62 262.68 262.11
0.3 265.18 261.39 254.57 254.15 258.24 257.08
0.4 252.60  250.64 248.57 247.42 253.27 251.32
0.5 241.07 239.67 241.55 240.22 248.04 245.00
0.6 227.17 226.08 235.30  233.26 244.25 239.68
0.7 212.88 212.83 225.83 222.98 237.47 231.33
0.8 197.66 195.04 216.80  209.02 231.76 21941
0.9 171.13 173.56 199.85 194.82 219.53 207.89

1 143.34 138.77 181.80 165.44 208.03 182.19

Tables 5.3 and 5.4 show a comparison of the achievable sum rates of different user numbers
for the proposed NOMA, GRPA, and NGDPA. We can understand that the proposed NOMA is
more effective than other power allocation techniques from both tables. Mainly, as normalized
offset become increases, the GRPA techniques perform poorly. In addition, the sum rate utilized
by NGDPA also becomes lower than the proposed NOMA. Therefore, generally, the proposed
NOMA acts more effectively than the other.
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From table 5.3 it is understandable that for 0.1 < r/R < 0.4, the sum rate utilized by the GRPA
approach for user seven (k = 7) and eight (k = 8) is greater than the sum rate used by the
proposed NOMA. However, for 0.5 < r/R < 1, the sum rate utilized by GRPA schemes con-
tinuously declined. Therefore, it has poor performance at the edge of the system coverage.
Also, from table 5.4 for 0.1 < r/R < 0.3, GRPA achieved a greater sum-rate than NGDPA and
proposed NOMA. Generally, it has been clear that as normalized value increases, the sum rate

obtained by both NGDPA and GRPA decreased compared to the proposed NOMA.

5.2.4 Achievable Average Sum Rate vs. User Number

As explained above, ten users are uniformly distributed over system coverage. The average sum

rate of different power allocation techniques was calculated over given system coverage R.
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Figure 5.4: Achievable Average Sum Rate vs. User Number

The numerical result shows that as number of users increases in the given area, the total sum
rate decreases. When we compare power allocation strategies versus user number, the pro-
posed NOMA improves the average sum rate of edge users as the number of users increases.
Specifically, proposed NOMA has the significant improvement of sum rate over GRPA strate-

gies. Especially when a number of a user is greater than four (k > 4), the proposed NOMA has
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a greater average sum rate than both GRPA and NGDPA, as shown in figure 5.4. Therefore,
the proposed NOMA has improved the performance of edge users than the other conventional
power allocation techniques GRPA and NGDPA. For six users (k = 6), the utilized sum-rate by
GRPA declined fastly from 268.2 Mbit/s to 152.3 Mbit/s between 0.4 < r/R < 1. However, the
sum rate achieved by the proposed NOMA is nearly constant over the entire normalized offset.
As a result, the achievable average sum rate utilized by the proposed NOMA is 267 Mbit/s,
while the sum rate of GRPA is 233.4 Mbit/s which is a huge difference.

5.2.5 Sum Rate Gain vs. Normalized Offset

Sum rate gain of proposed NOMA over NGDPA and GRPA techniques are analyzed numeri-
cally. Figure 5.5a shows sum-rate gain vs. normalized offset of proposed NOMA over NGDPA
for user numbers five, six, and seven (k = 5,6, and 7). It has been clear that sum-rate gain in-
creases significantly for large value of the normalized offset. This shows that the performance of
edge users is improved. The achievable sum rate gain is 4.097%, 11.31%, and 13% for k =5, 6,

and 7, respectively.

Figure 5.5b illustrates sum-rate gain versus normalized offset of proposed NOMA over NGDPA
for user numbers eight, nine, and ten (k = 8,9, and 10). The achievable sum rate gain is 18.36%,

14.43%, and 10.12% for k = 8,9, and 10, respectively.

Figure 5.5¢ shows sum-rate gain vs. normalized offset of proposed NOMA over GRPA for user
numbers five, six, and seven (k = 5,6, and 7). The achievable sum rate gain is 69.16%, 71.99%,

and 70.3% for k =5, 6, and 7, respectively.

Figure 5.5d shows sum-rate gain vs. normalized offset of proposed NOMA over GRPA for
users number eight, nine and ten (k = 8,9 and 10). The achievable sum rate gain is 65.98%,
45.13%, and 31.29% for k =8, 9, and 10, respectively. Generally, we can undestand that lower

percentage of sum rate gain for a larger number of users.
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5.2.6 2x2MIMO-VLC

A 2 x 2 MIMO-VLC has been simulated according to simulation setup in figure 5.1 and simu-
lation parameter given in table 5.1 to show the impact of proposed NOMA over other conven-
tional power allocation strategies of NOMA and OFDMA. The transmitter, receiver, and noise
parameters are identical to the 4 x 4 system except for the number of LEDs and PDs. Figure
5.6a shows the achievable sum rate of proposed NOMA, NGDPA, GRPA, and OFDMA versus

normalized offset for four (k = 4) users. The proposed NOMA utilized a higher sum rate. The
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proposed NOMA, NGDPA, GRPA, and OFDMA achieve a sum rate of 108.17 Mbit/s, 105.88

Mbit/s, 61.63 Mbit/s, and 76.04 Mbit/s, respectively at the system’s edge. Here, even if the

sum-rate obtained by OFDMA decreased continuously over normalized offset, it can achieve a

higher sum rate than GRPA at the border.
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Figure 5.6: Achievable Sum rate of Proposed NOMA over NGDPA, GRPA and OFDMA vs.

Normalized offset

Figure 5.6b illustrates the achievable sum rate of proposed NOMA, NGDPA, GRPA, and OFDMA

versus normalized offset for five (k = 5) users. Again, the proposed NOMA achieved a higher
sum rate. The proposed NOMA, NGDPA, GRPA, and OFDMA achieved a sum rate of 107.86
Mbit/s, 99.12 Mbit/s, 59.74 Mbit/s, and 77.54 Mbit/s, respectively at the system’s border.
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Figure 5.6¢ shows the achievable sum rate of proposed NOMA, NGDPA, GRPA, and OFDMA
versus normalized offset for five (k = 6) users. Comparing to NGDPA, GRPA, and OFDMA ap-
proaches, the proposed NOMA achieved a higher sum rate. For example, the proposed NOMA,
NGDPA, GRPA, and OFDMA achieved a sum rate of 103.05 Mbit/s, 85.87 Mbit/s, 54.90 Mbit/s
73.06 Mbit/s, respectively at the system’s border.

5.2.7 System Complexity

The overall 4 x 4 MIMO-NOMA-based VLC is complex because four transmitters and four re-
ceivers are in the systems. As a result, there are sixteen possible routes to be evaluated between
LEDs and PDs. In addition, the receiver faces complexity as the number of users increased in
the coverage area. According to the principle of NOMA, the user with the best channel con-
dition should decode another’s signal before decoding his/her signals. As a result, this creates

delay and complexity in the overall system.
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CHAPTER 6

6 Conclusions and Recommendations

6.1 Conclusions

In this thesis, the performance of a 4 X 4 downlink MIMO-NOMA-based visible light com-
munication system for a multi user indoor network was studied. The performance was studied
through MatLab simulation. Performance metrics like achievable sum rate, sum rate gain, and
achievable average sum rate of different users were analyzed. A different power allocation strat-
egy of NOMA in visible light communication systems was considered and compared. In order

to enhance the performance of edge users, a new power splitting strategy was also proposed.

The numerical results of simulations show that NOMA will enhance the sum rate of the overall
system. Comparison of different power allocation techniques, including GRPA, NGDPA, and
proposed NOMA, shows that among the three methods, newly proposed NOMA utilized a
higher sum rate for a higher number of users. The proposed NOMA, NGDPA, and GRPA
achieved a sum rate of 261.89 Mbit/s, 235.28 Mbit/s, and 152.27 Mbit/s, respectively at the
edge of the system for six users. The proposed NOMA attained an achievable sum rate of
18.36% and 65.98% as compared with the NGDPA approaches and GRPA approaches in the
4 x 4 MIMO-based Visible Light Communication networks with eight uniformly distributed
users. Generally, as the number of users increases in the considered system coverage, the total
sum rate declines. But, the proposed NOMA has superior performance than GRPA and NGDPA.
In conclusion, the results implied that MIMO-NOMA was promising for multi-user visible light

communication system.

6.2 Recommendations

Having many users in the MIMO-NOMA-based visible light communication system and as-
signing all users to a similar resource block can be problematic. The user with the best channel
condition must decode signals of all users before decoding his/her own signal. This makes de-

lays in decoding and results in high complexity. As a result, future works can focus on finding
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optimal user grouping and allocating the power to each group.

Additionally, not all users require the same amount of data rates. Some users need a high
data rate, and others may not. Some users may use data for video, and others may use it for
exploring websites. Therefore, allocating the power according to quality of service needs is an

open research problem in MIMO-NOMA-based visible light communication networks.
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