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GORUNUR ISIK HABERLESMESINDE ACISAL CESITLEME ILE SISTEM
PERFORMANSININ EN IYILENMESI

OZET

Telsiz baglantilar giinlimiizde hayatimizin onemli bir parcasi haline geldi. Telsiz
cihazlarin sayis1 yiiksek veri hizlarina olan talep ve siirekli baglantida olma talebi her
gecen giin artmaktadir. Nesnelerin Interneti (Internet of Things, IoT) ve Yapay Zeka
(Artificial Intelligence, Al) ile ilgili hizmetlerin ortaya ¢ikmasiyla birlikte, yiiksek veri
hiz1 ve mutlak baglant1 ihtiyaci gelecekte daha da artacaktir. Ancak bdyle bir artig, tiim
yeni kullanicilar birlikte yer alabilecegi etkin bir yontem gerektirir. Radyo frekans
spektrumu suan cok sikisik durumdadir. Arastirmacilar, sézkonusu bu yeni kullanicilari
iletisim sistemine dahil edebilmek icin, lisanssiz bandlar1 ve kaynaklar1 heniiz
isletilmeyen goriiniir 151k spektrumunu kullanmaya karar verdiler, boylece Goriiniir Isik
Iletisim (Visible Light Communication, VLC) sistemlerinin temelini olusturdular. VLC
sistemi, elektromanyetik spektrumunun bir pargasi olan goriiniir 151k ile iletisimin
gerceklestirildigi bir sistemdir ve ¢oklu Isik Yayan Diyotlardan (Light Emitting Diodes,
LEDs) ve Fotodetektorlerden (Photodetectors, PDs) olusur. Bunlarin i¢inde iletisim
elektromanyetik spektrumun goriiniir kismu aracifiyla gercklesir. VLC, ozellikle i¢
mekan ortamlarinda ¢ok sayida uygulamaya sahiptir. VLC i¢in mevcut optik bant
genigligi birka¢ THz’dir, ancak elektrik bant genisligi sadece birkagc MHz ile sinirhdir.
Yiiksek veri hiz1 gereksinimini karsilamak i¢in Cok Girigli Cok Cikigli (Multiple-Input
Multiple-Output, MIMO) teknikleri benimsenmistir.

Ic mekan MIMO-VLC sistemleri i¢in kritik zorluklardan biri kanal korelasyonudur. I¢
ortam nedeniyle, Ozellikle goriis hatti sahip (Line of Sight, LoS) senaryolar
diisiiniildiigiinde soniimleme bilesenleri yoktur. Sonug olarak, i¢ mekan MIMO-VLC
kanallar1 yiiksek derecede korelasyona girerek sadece diisiik cesitlilik kazanci saglar.
Benzer sekilde, bir MIMO-VLC sistemindeki ¢oklu veri akiglarinin bagarili bir sekilde
coziilmesi de yiiksek kanal korelasyonu tarafindan onlenir ve bu da diisiik performansa
neden olur. Bu nedenle, iliskili kanal matris girislerinin bu zorlugunun {iistesinden
gelmek icin bir mekanizma mevcut olmalidir. Kanal ilintisini en aza indirmek i¢in,
Acisal Cesitlilik Alic1 (Angular Diversity Receiver, ADR) yapisi kullanilabilir. Bir
ADR’de, kanal matrisinin elemanlart1 PD’lerin normal vektorlerine baghidir. ADR
tabanli bir MIMO-VLC sistemi, PD’lerin normal vektorlerinin farkli yonlere
yonlendirilecegi bir sekilde tasarlanir. Ilgili normal vektorler PD’lerin Yiikseklik
Acilarina (Elevation Angle, EA) baglidir, bu nedenle EA’larin degistirilmesi ile ilgili
normal vektorler degistirilebilir. EA tiim PD’ler i¢in ayn kabul edilir, dolaysiyla sabit
bir EA icin, MIMO-VLC sisteminde sabittir.

Bu tezde, Piramit Alici (Pyramid Receiver, PR) adi verilen 6zel bir ADR tiirii ele
alinmistir. De8isken EA’ya sahip bir i¢ mekan MIMO-VLC sistemi Oneriyoruz.
Degisken EA MIMO-VLC sisteminde, PD’lerin EA’lar1 birbirinden bagimsiz olarak
degisir. Boyle bir MIMO-VLC sisteminde, her PD’nin kendi 6zgiin optimum EA degeri
vardir, bu da kanal ilintisinin diisiik olmasina neden olur. Yapilan benzetimlerde, sabit
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ve degisken yiikselme acilarina sahip 4x4, 4x5 ve 5x5 MIMO-VLC sistemleri ele
alinmis, performanslar1 kapasite ve Bit Hata Oranmi1 (Bit Error Rate, BER) ol¢iitleri
cinsinden karsilastirilmistir. Ayrica, bir¢cok i¢ mekan MIMO-VLC sistemleri icin
optimum veri hiz1 performansi saglayacak sekilde uygun alici konumlar1 belirlenmistir.
I¢c mekan MIMO-VLC sistemlerinin BER performansini belirlemek icin Tekrarh
Kodlama (Repetition Coding, RC) ve Uzamsal Cogullama (Spatial Multiplexing, SMP)
gibi iletim semalar1 da ele alinmis ve performanslart kargilastirilir. ADR tabanh
MIMO-VLC sisteminin performansi, Acisal Olmayan Cesitlilik Alic1 (Non-angular
Diversity Receiver, N-ADR) tabanli MIMO VLC sistemi ile de karsilastirilmistr.

Sonuglar, 6nerilen yontemin tiim i¢ mekan MIMO-VLC sistemleri i¢in daha yiiksek
veri hiz1 elde ettigini gostermektedir. Onerilen yontemin BER sonuclar1 da diger
sistemlerin BER sonuglarindan daha iyidir. Ayrica, Goriis Alan1 (Field-of-View, FoV),
LED verici dizi uzunlugu ve alicinin yatay yonlendirme acist gibi faktorlerin ele alinan
sabit ve degisken EA MIMO-VLC sistemlerinin performansin iizerindeki etkisi de bu
tezde incelenmis ve tartigilmistir.

Anahtar Kelimeler: Cok-Girdili Cok-Ciktili (MIMO), Gériiniir Isik Iletisimi (VLC),
Optik Kablosuz Iletisim (OWC), Yiikselme Agisi (EA) .
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OPTIMIZING THE PERFORMANCE OF VISIBLE LIGHT
COMMUNICATION SYSTEM WITH ANGULAR DIVERSITY

ABSTRACT

Wireless connectivity is becoming an essential part of our life nowadays. The number
of wirelessly connected devices and the demand for high data rates and continuous
connectivity is increasing day by day. With the emergence of the Internet of Things
(IoT) and Artificial Intelligence (Al) associated services, the need for high speed
and absolute connectivity would only grow in the future. Such an increase, however,
requires an efficient mechanism to accommodate all the new users. The Radio Frequency
(RF) spectrum is already very congested. In order to accommodate these new users,
researchers decided to harness unlicensed and mostly unexploited resources in the
visible light spectrum for communication, thus, becoming the foundation for Visible
Light Communication (VLC) systems. A VLC system is composed of multiple Light
Emitting Diodes (LEDs) and Photodetectors (PDs) in which communication takes
place via visible part of the Electromagnetic (EM) spectrum. VLC has numerous
applications specifically in indoor environments. The available optical bandwidth for
VLC is several THz, however, the electrical bandwidth is limited to only several MHz.
In order to accommodate the high data rate requirement, Multi-Input Multi-Output
(MIMO) techniques are adopted.

One of the critical challenges for the indoor MIMO-VLC systems is the channel
correlation. In an indoor MIMO-VLC system, Line of Sight (LoS) links exist between
an LED-based transmitter and a PD based receiver. Due to the indoor environment, there
are no fading components present, especially when LoS scenarios are considered. As
a result, indoor MIMO-VLC channels become highly correlated resulting in only
small diversity gain. Similarly, successful decoding of multiple data streams in a
MIMO-VLC system is also prevented by a high channel correlation, resulting in poor
performance. Therefore, a mechanism must be in place to overcome this challenge
of correlated channel matrix entries. In order to minimize the channel correlation, an
Angular Diversity Receiver (ADR) can be employed. In an ADR, the channel matrix
entries depend on the respective of normal vectors of the PDs. An ADR based MIMO-
VLC system is designed in such a way that the normal vectors of PDs are directed in
different directions. The respective normal vectors depend on Elevation Angles (EAs)
of the PDs, thus, by varying the EAs, the respective normal vectors can be changed. The
EA is assumed the same for all the PDs resulting in a fixed EA MIMO-VLC system.

In this thesis, we consider the work of a special type of ADR called Pyramid Receiver
(PR) and propose a new variable EA based indoor MIMO-VLC system. In the variable
EA MIMO-VLC system, the EA of the PDs is varied independently of one another.
In such a MIMO-VLC system, each PD has its own unique optimum EA value which
results in a further reduction in channel correlation. In the simulations, 4x4, 4x5 and 5x5
MIMO-VLC systems with fixed and variable EAs were handled and their performances
were compared in terms of capacity and Bit Error Rate (BER). Furthermore, suitable
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receiver positions resulting in optimum throughput performance have been highlighted
for multiple considered indoor MIMO-VLC systems. In order to determine the BER
performance of the indoor MIMO-VLC systems, transmission schemes like Repetition
Coding (RC) and Spatial Multiplexing (SMP) are considered and compared. The
performance of the ADR based MIMO-VLC system is also compared with the Non-
Angular Diversity Receiver (N-ADR) based MIMO-VLC system.

The results show that the proposed method achieves higher throughput for all the
considered indoor MIMO-VLC systems. The BER results of the proposed method also
show improvement for some respective receiver positions. Furthermore, the impact of
factors including Field-of-View (FOV) angle, LED transmitter array length, and the
horizontal orientation angle of the receiver on the performance of the considered fixed
and variable EA MIMO-VLC systems have also been investigated and discussed in this
dissertation.

Keywords: Multiple-Input Multiple-Output (MIMO), Visible Light Communication
(VLCO), Optical Wireless Communication (OWC), Elevation Angle (EA).
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INTRODUCTION

Wireless connectivity has become an absolute necessity nowadays. It is no more regarded
as a luxury but as an utter need of time. Due to technical developments, the cost
of handheld devices has become relatively lower over the years, due to which their
availability is no more an issue. According to the Wireless World Research Forum
(WWREF), it is projected that by 2020, 7 billion people will be served by 7 trillion
devices. Similarly, it is also expected that the number of wireless connected devices

will reach 1000 times of the human population in the coming years [1].

Moreover, the scope of communication is also expected to shift from human to human
and human to machine mode to the Machine to Machine (M2M) mode in the coming
years. In a similar manner, the Internet of Things (IoT), where every device is connected
to a virtual network, will bring a massive surge of connected devices providing humans
with new prospects of corporate businesses and consumer services. As the number of
devices connected online increases, it also results in a significant increase in the amount

of traffic generated by these devices.

Recent studies have projected that by 2022, 77 exabytes of traffic will have to be
transported via mobile networks every month and forecast a Compound Annual Growth
Rate (CAGR) of 46 percent for the period 2017-2022 [2]. This high volume of data
traffic certainly leads to a greater need for spectrum to support wireless services provided
by these devices. The best propagation conditions to meet the need of wireless devices
can be found in the Radio Frequency (RF) spectrum. But the RF spectrum is already
very congested, therefore, to accommodate these new devices and meet the ever-growing
demand for connectivity, researchers have started looking for new alternative solutions.

In this process, Visible Light Communication (VLC) caught the eye of the researchers.

VLC is gaining much attention from academia and industry over recent years. The
research in VLC is being conducted in different directions. Most of the research is
focused on the improvement of the performance metrics including data rate, capacity,

and reliability of the VLC systems. Different technologies such as Orthogonal Frequency



Division Multiplexing (OFDM) and Optical Multiple-Input Multiple-Output (O-MIMO)
have been introduced to enhance the data rate of VLC systems. Similarly, heterogeneous
networks composed of VLC and RF or Infrared (IR) networks along with Power Line
Communication (PLC) have also been recently investigated by many researchers. An
indoor wireless VLC system is one of the exciting fields of VLC. An indoor wireless
VLC can be used for simultaneous data transmission and localization. In such a system,
illumination is the primary function followed by communication. So any indoor wireless
VLC system must obey the standards and principles of illumination and must be jointly

optimized with illumination.

An indoor VLC system is generally composed of several Light Emitting Diodes (LEDs)
and Photodetectors (PDs). The spectral efficiency of an indoor VLC system can be
increased by adopting MIMO techniques. MIMO can increase the data rate without any
additional bandwidth expansion. However, due to an indoor environment, the channel
matrix of the indoor MIMO-VLC system may become highly correlated. As a result, a
rank deficient channel matrix is obtained affecting the throughput and Bit Error Rate
(BER) performance of the system. To improve the performance of an indoor MIMO-
VLC system, it is therefore of utmost importance to have uncorrelated entries in the

channel matrix.

Different methods have been explored by researchers to obtain uncorrelated channel
matrix for an indoor MIMO-VLC system. An aperture based receiver for an indoor
MIMO-VLC system is investigated in [3]. It is shown that a well-designed receiver
can receive signals from different directions with low multi-stream interference. This
results in a well-conditioned channel matrix. A MIMO system may employ a special
type of receiver called “Angular Diversity Receiver (ADR)”. In ADRs, the entries in
the channel matrix depend on the respective normal vectors PDs. The PDs are arranged
in such a manner that the normal vectors of the PDs point in different directions from
one another. As a result, a highly uncorrelated channel matrix is obtained [4]. A special
type of ADR called “Pyramid Receiver (PR)” is demonstrated in [5]. In PR, the PDs are
arranged in such a way that the receiver resembles a pyramid. The Elevation Angles
(EAs) of PDs were varied so that normal vectors would point in different directions.

Thus, highly uncorrelated channel matrix was obtained for PR. However, in [5], the



EAs for the PDs were assumed the same, resulting in a fixed EA MIMO-VLC system.

However, certain aspects regarding ADR were not addressed in the literature. This
thesis is designed to explain and discuss those aspects in detail and provide convincing
conclusions regarding the performance of an indoor MIMO-VLC system for ADRs.
One of the aspects that this thesis is going to address is the independent variation of
EA for all the PDs and its effects on the VLC system’s capacity and BER performance
for indoor MIMO-VLC systems. In a similar manner, different factors and their impact
on the performance of multiple considered MIMO-VLC systems are also explored in
this thesis. These factors include the Field-of-View (FOV) angle, LED transmitter array
length, and horizontal orientation of the receiver. The proposed methodologies and
obtained results will provide very important insight regarding the performance of indoor
MIMO-VLC systems. This will help us to understand the role of different factors in the
performance of indoor MIMO-VLC systems.

The thesis is organized as follows: In Chapter-1, the background and development of
VLC technology along with the motivation behind this thesis is provided. In Chapter-
2, the basic characteristics of optical transceiver along with noise characteristics are
provided. Different types of link topologies and propagation models adopted in VLC
systems are also elaborated. Chapter-3 provides a detailed description of the system
model. Different types of receivers and transmission mechanisms adopted in this thesis
are also explained in this chapter. In Chapter-4, the performance of different considered
MIMO-VLC systems is elaborated and compared. This chapter provides insight into
different factors and their effect on the performance of the MIMO-VLC systems.

Chapter-5 concludes this thesis and provides future directions.



1. BACKGROUND AND MOTIVATION

Several campaigns have been launched over the past few years to reduce the emission of
carbon dioxide (CO,). The CO, emission has caused a rise in the earth’s temperature. A
prominent example of such initiatives is the Paris Agreement in 2015. In this agreement,
196 nations came together and set a goal of limiting the global mean increase of
temperature below 2° Celsius. As a result, carbon emission can be reduced by 60% by
2050 [6]. In the same way, the European Commission (EC) has also planned to reduce
CO; emission by 40% by 2030. As the number of internet-connected devices increases,
so does the volume of data traffic increasing the carbon footprint of mobile networks.
Global Greenhouse Gas (GGHG) emission data shows that electricity production is the
leading contributor to GGHG i.e. 29% of which 8% originates from computers, network
equipment, data centers, and other Information and Communication Technologies
(ICT) devices excluding smartphones. Similarly, it has been shown that mobile devices
production, Radio Access Networks’ (RANs) operation, and the operation of data center
and data transport accounts for 30%, 29% and 19% of the total carbon footprint of

mobile communications, respectively [7].

Artificial lighting constitutes one of the major sources of electricity consumption,
estimated to be 19% of total electricity usage. This poses the challenge of making
the light sources more energy-efficient. The benefits of using LEDs based lighting are
twofold i.e. being more energy efficient and reduction in carbon footprint. In [6], it has
been shown that fluorescent light and LED technologies can reduce the life-cycle of
GGHG emissions by 60-85% as compared to incandescent lights. Over the past few
years, Solid State Lighting (SSL) sources such as white LEDs (WLEDs) have started to
replace traditional sources of lighting e.g. fluorescent light sources. It has been predicted
that the LED lighting market scale will reach US$ 98.5 billion by 2023 from US$ 69.7
billion in 2017. Similarly, LED lighting market penetration will reach 63% in 2022
from 22% in 2017. With the technical advancements and mass production of LEDs in

markets, prices have become more reasonable over the years. An LED lamp can be



bought at a cost of US$ 3-5. Similar price trends are also observed in Europe and North
America [8, 9]. According to [6], by 2050, 90% penetration of LED lighting, along with
the expected future advances in LED efficiency, would result in the reduction of the
total amount of energy consumed for lighting. The LEDs based lighting technology will
revolutionize the lighting techniques and replace the traditional means of illumination

globally in the near future.

1.1. Visible Light Communication (VLC)

Optical Wireless Communication (OWC) is a form of optical communication that
utilizes visible, IR, or Ultraviolet (UV) light for communication. In VLC, the visible
part of the spectrum in the range around 390 nm to 750 nm as shown in Figure 1.1
adopted from [10], is exploited for communication between an LED-based transmitter
and a PD-based receiver. Air acts as a medium between source and destination. Such
a network is also called Light Fidelity (Li-Fi). In VLC, we have around 400 THz of
optical bandwidth, however, the electrical bandwidth is limited to several MHz due to

the limitations of the electrical technology [11]. Some of the key attributes of VLC are:

1.  Low design complexity transceivers,

2. Energy efficient,
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3. More economical,
4.  Greater life expectancy (as LEDs are employed),

5. No electromagnetic interference to RF or electric-based equipment.

The purpose of simultaneous illumination and wireless communication can be realized
by building light transceivers in LED light fixtures. In recent years, research has been
conducted on multiple wireless and wired systems for backbone technologies of VLC.

Some of the backbone technologies for VLC network architecture include [12—15]:

1. Broadband PLC (IEEE 1901, ITU-T G.9960/61),
2. 60 GHz Millimeter (mm) wave,

3. Low-cost Plastic Optical Fibre (POF)-based backbone technology.

As a result of these backbone technologies, the range of the VLC network can be

extended throughout the building instead of just a single room.

1.1.1. Development history of VLC standards

The first VLC system based on LED technology was demonstrated by the researchers
in the year 1999 [16]. After the first system was successfully demonstrated, VLC
became a topic of interest from all the researchers around the globe. Researchers
started to investigate possible applications, range of transmissions, data rates, and
mobility levels of VLC. The researchers from Japan were the leaders in manufacturing
blue LEDs and they established the first Visible Light Communications Consortium
(VLCC) in 2003. This consortium brought together researchers from industry and
academia to conduct further research in this green technology. By 2007, VLCC
proposed a further two standards i.e. VLC system standard and Visible Light ID
System (VL-ID) standard [17]. The Japan Electronics and Information Technology
Industries Association (JEITA) later accepted these standards as CP-1221 and CP-1222,
respectively. The VL-ID system can be used for the applications of location-based
services and digital signage. In 2013, CP-1223 was introduced as a VLC beacon

system. These systems have a very low data rate i.e. up-to 4.8 kbps [18].

To further enhance the research activities and expand the commercialization of VLC,

the Institute of Electrical and Electronics Engineers (IEEE) standardized VLC and
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published as IEEE 802.15.7. This standard is defined for both the physical and Media
Access Control (MAC) layer for short-range OWCs. The modulation techniques of
On-Off Shift Keying (OOK), Variable Pulse Position Modulation (VPPM), and Color
Shift Keying (CSK) are proposed in this standard. The maximum data rate that can be
achieved for indoor communication can be up to 96 Mb/s according to the standard
[19]. However, data rates can be significantly improved by the applications of MIMO
systems and different modulation schemes. In May 2014, the Visible Light
Communication Association (VLCA) replaced VLCC to further expand the research,

plan the development process, and standardized the advanced VLC systems [17, 20].

1.1.2. VLC applications

With the advent of the IoT, the seamless network connectivity for billions of users
comprising people and machines is one of the biggest challenges of time. The
requirement of different IoT based applications is very diverse from one another. Some
applications require very high data rates whereas some require ultra-reliable and secure
communication. VLC technology can accommodate the requirements of those
applications as VLC can offer high data rates and secure communication. Not to
mention the ease of availability (as LEDs have already been employed for illumination

purposes), thus making VLC an ultimate choice for future wireless applications.

One of the many applications of VLC is in the Intelligent Transport System (ITS). Most
of the accidents occur due to slow response or inability to make the right decision at the
right time of the driver. Approximately 1.2 million people die and 50 million people are
injured as a result of road accidents every year [21, 22]. To ensure the safety of drivers
and others, Vehicle to Vehicle (V2V) and Infrastructure to Vehicle (I12V) are proposed
under the ITS domain. As ITS require robust and secure communication between
vehicles and infrastructures, VLC is an ideal candidate to replace or complement the
existing congested RF-based ITS systems [23, 24]. Further, a heterogeneous network
consisting of VLC and RF-based communication schemes could present a more reliable

system for Vehicular Communications (VC).

VLC can also be used in smart cities in which the government, people, infrastructure,

and economy are seamlessly connected. VLC can provide us with reliable and high



data rate links to connect all the enablers. Already employed lighting technology in the
shape of street lights, billboards, and park lights can be used for high speed and
energy-efficient network connectivity for applications like utility services. It will help
us free the congested RF spectrum for other applications. Similarly, street lights and
other lighting infrastructures can be used as hot-spots for high data rate connectivity of

users [25].

Another application of VLC can be in advertisement billboards. Those large
advertisement billboards could be made of hundreds of high-intensity LEDs and can
serve as a hotspot to provide outdoor high-speed network connectivity for users. The
nanometer wavelength of VLC cannot penetrate objects, rendering it safe to be used in
environments like hospitals where we want to minimize the health risks associated with
RF radiations. VLC can be used for monitoring patients, M2M communications, and all

other networking applications.

1.2. Motivation

After the first successful representation of the VLC system in 1999, researchers have
directed their efforts in improving the performance of the VLC systems. Different
techniques including equalization, pre-equalization, post-equalization, OFDM, and O-
MIMO have been explored by researchers in the literature. MIMO techniques have been
used extensively in indoor environments as it offers system performance improvement
without any surplus bandwidth extension. In an indoor MIMO-VLC system, Line of
Sight (LoS) component is usually present between an LED-based transmitter and a
PD-based receiver. No fading components are present in an indoor environment results
in making the channel entries highly correlated. As a result, a rank deficient channel
matrix is obtained. The performance of an indoor MIMO-VLC system highly depends

on the rank of the channel matrix.

Different approaches have been adopted by the researchers to avoid rank deficient
channel matrices for indoor MIMO-VLC systems. One of the approaches is to use a
specifically designed receiver i.e. ADR to avoid rank deficient channel matrices. In

such a receiver, uncorrelated channel matrix is obtained by placing PDs in such a way



that normal vectors of PDs point in different directions [4]. A similar approach was
adopted in [5], where a special receiver based on the principles of ADRs called PR was
explored by the authors. In PR, every PD was assigned with a fixed EA. As a result
of the positions of the PDs, the respective normal vectors would be different from one

another. Such an arrangement results in an uncorrelated channel matrix.

In this dissertation, a modified PR model is proposed. In the modified model, the
PDs are allowed to have different independent EAs as compared to fixed EAs. We
investigate the effects of the independent EAs on the rank of the channel matrices and
the resulting performance of the different indoor MIMO-VLC schemes. In a similar
way, the performance of different considered MIMO-VLC systems is determined for
different FOV angles. Similarly, the role of LED transmitter array length and the
horizontal orientation of the receiver in the performance of MIMO-VLC systems is
also investigated. This gives us an insight into the role of the different factors on
the performance of the MIMO-VLC systems. A comparison is provided in terms of
throughput and BER for fixed and variable EA systems for different considered MIMO-
VLC systems.

1.3. Literature Review

The Bells Photophone, developed in 1880, became the foundation of the first OWC
system and resulted in the discovery of the fiber optic communication system. The first
fiber optic communication system was developed in 1975 and it could achieve the data
rate of 45 Mbps [26]. VLC is a form of OWC in which no guided media such as a fiber
optic cable is used. It is a wireless communication that uses air as a medium suitable for
distances up to 2-3 meters. The VLC systems mostly employ WLED-based transmitters
whose modulation bandwidth is very limited. As a result, the performance of the VLC
systems is not very efficient. Therefore, many researchers have conducted their research
on improving the VLC system performance and presented different methodologies for

improving the performance.

In [27], a simple equalization method is explored, improving the performance of the

VLC system. It has been shown that the data rate is nearly doubled when an equalizer



is used as compared to an unequalized channel. A maximum data rate of 32 Mbps
is achieved with Non-Return Zero-On-Off Keying (NRZ-OOK) for a BER of 107°.
Similarly, the performance of the VLC system can be improved by the application of the
pre-equalization technique. In [28], researchers have achieved a data rate of 80 Mbps

by applying this technique to expand the modulation bandwidth.

In [29], the authors reported a data rate of 513 Mbps Point-to-Point (P2P) VLC link with
the application of Discrete Multitone (DMT) modulation. The same group continued
their efforts to improve the performance of a VLC system and achieved a data rate of
803 Mbps for Red-Green-Blue-LEDs (RGB-LEDs). Wavelength Division Multiplexing
(WDM) along with DTM was considered by the authors [30]. Similarly in [31], high
data rates of 1 Gbps and 2.1 Gbps at usual illumination level were reported for single-
channel and WDM based transmission respectively. Similarly, the FOV angle is also a
very important factor in determining the performance and coverage of a MIMO-VLC
system. With the application of a wide FOV angle, a data rate of up to 100 Gbps has
been recorded in [32]. For indoor communications, the challenge of complete coverage

can be tackled by employing wide FOV communication systems.

In a similar way, to improve the optical efficiency of the MIMO-VLC system, different
methods have been proposed in the literature [33—35]. In [33], OFDM has been shown
a suitable scheme for VLC for achieving high data rates because of combating Inter-
Symbol Interference (ISI) and utilizing spectrum more efficiently. As traditional OFDM
results in polar (complex) and both positive and negative valued signals, however, in
VLC the signal must be real and positive all the time as negative signals cannot be
modulated using Intensity Modulation Direct Detection (IM/DD) technique. Due to this
limitation, in [34] three different types of Optical-OFDM (O-OFDM) techniques named
Asymmetrically Clipped Optical OFDM (ACO-OFDM), DC biased Optical OFDM
(DCO-OFDM) and Asymmetrically Clipped DC biased Optical OFDM (ADO-OFDM)
specifically designed for IM/DD systems are compared and analyzed. To improve the
performance of the MIMO-VLC system, channel correlation must be reduced. Power
imbalance and pre-coding techniques have been explored by the researchers to reduce
channel correlation. In [36], the effect of the power imbalance between transmitters and

link blockage on channel correlation has been explored.
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Similarly, the channel correlation can also be minimized by employing aperture-based
receivers. In [3], the authors have shown that by the application of aperture based
receivers, the channel correlation can be reduced resulting in a well condition channel
matrix. Similarly, the MIMO channel correlation can also be reduced by changing the
physical orientation of the receiver, or the angles of the PDs in the receiver. The authors,
in [4, 5], have shown that by the application ADRs, the resulting channel matrix entries
can be made highly uncorrelated. An uncorrelated MIMO-VLC system results in better

performance.

1.4. Scope of the Thesis

The main objective of this thesis is to investigate the effect of EA along with different
factors including the FOV angle, LED transmitter array length and horizontal orientation
of receiver, on the performance of multiple considered indoor MIMO-VLC ADR based
systems. Capacity and BER are the chief performance metrics considered in this thesis.
In this respect, we consider three different VLC systems i.e. four transmitters and four
receivers (4 x 4), four transmitters and five receivers (4 x 5), and five transmitters and
five receivers (5 x 5) MIMO schemes and evaluate system performance for each system.
The 4 x 4 MIMO-VLC system serves as a benchmark for performance comparison
and provides an insight on how the performance of different considered MIMO-VLC
systems changes when a PD or LED is added to the MIMO-VLC system. Some of the

key features of the thesis are mentioned:

1. Capacity across the entire indoor available area has been evaluated and the
optimum receiver position resulting in maximum capacity (Cpax) has been
calculated,

2. A new approach of independent variation of EA has been introduced. In this
method, the PDs are allowed to have different EAs from one another,

3. Performance comparison between fixed and variable EA systems has been
recorded in terms of capacity and BER,

4.  The effect of FOV angle, LED transmitter array length and horizontal orientation

of receiver on the performance has also been demonstrated and evaluated.
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2. VLC SYSTEM AND CHANNEL CHARACTERISTICS

This chapter is intended to introduce the basic building blocks of a VLC system along
with the channel characteristics, different types of noise, and interference present in a
VLC system. According to [6], with around 90% saturation in the worldwide market
by 2050 would make the LED lighting the most common source of illumination. In
OWC, many SSL sources can serve the purpose of transmitters and receivers. Incoherent
WLEDs and coherent Laser Diodes (LDs) are the most commonly employed sources
in the VLC system whereas Positive Intrinsic Negative (PIN) diode and Avalanche
Photodiode (APD) are among the most commonly employed receivers. The generation
of white light with LEDs along with some basic properties of LEDs is elaborated in this
chapter. Different types of link topologies that can be faced in a VLC environment is
also a part of this chapter. The various types of noise and interference encountered in a
VLC system along with its impact on the performance of the system is also mentioned

in this chapter.

2.1. Transmitter Sources in VLC

The conventional sources of light such as incandescent and fluorescent light bulbs can
be used as transmitter sources in VLC. However, SSL devices e.g. LEDs, Organic-LEDs
(O-LEDs), and LDs are preferred to be used in VLC because they can be flickered at
a much greater rate as compared to other conventional light sources. This makes SSL
sources ideal for the scenarios at which a high data rate is desired. Some of the key

attributes of the light sources adopted for communication are mentioned below:

1. High bandwidth and appropriate wavelength,

2. Fast response time,

3. Energy-efficient, cost-effective and a long lifetime,

4.  Linear power-current characteristics,

5. Direct modulation ability by varying the driving current.
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The LEDs and LDs are fabricated in such a fashion that the light emitted from them
covers the IR and visible part of the EM spectrum [37]. LEDs and LDs have the
properties of small size, stability, lower forward voltage, and drive current, ability to
transmit light at a single particular wavelength, and secure data transmission. Moreover,
the power supplied by both devices is of equal magnitude (10-50 mW) [38]. For
applications in which very high throughput and optical power are required, LDs are
preferred over LEDs. Data rates of the order Gbps can be achieved by the application
of high power LDs. However, high power LDs have some associated risks for human
eye safety and care must be taken while employing LDs in an indoor environment.
Moreover, LDs are not considered very suitable for the purpose of illumination, thus
rendering LDs not desirable in an indoor environment. The choice of whether using an
LED or LD as a transmitter depends upon the application at hand and its salient features
including beam profile, optical power, and current properties and switching speed. A
comparison between some of the basic LED and LD characteristics is provided in Table

2.1.

2.1.1. White light generation with LEDs

Every color in the visible spectrum can be produced with LEDs, however, white light,
in the 480-750 nm range of the visible spectrum, is the most commonly used for the
purpose of illumination. At the same time, WLEDs are the most commonly employed
sources 1.e., transmitters in VLC systems as white light provides higher energy efficiency
(up to 85%) and a higher switching rate as compared to other sources, which is a well-
desired trait in VLC systems. White light discharge from an LED can be obtained by the
combination of phosphorous with blue/UV LEDs or by the application of a mixture of
multi-color LEDs. There are generally two methods that can be adapted to manufacture
WLEDs. Different types of WLEDs are available among which some are mentioned

below:

1. UV-based WLEDs: In this method, a UV LED is precoated with red/blue/green
phosphors to emit white light [39, 40].
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Table 2.1. Basic characteristics of LEDs and LDs

Characteristics

LED

LD

Optical output power

Low Power

High Power

Optical spectral width

From 25 to 100 nm

From 0.01 to 5 nm

Electrical-Optical
conversion efficiency

From 10% to 20%

From 30% to 70%

Modulation bandwidth

From tens of KHz to
hundreds of MHz

From tens of KHz to tens
of GHz

Human eye safety

Considered safe for the
human eye

Must be made safe for the
human eye

Reliability High Moderate

Cost Low Moderate to high

Directionality Beam is broader and | Highly directional with low
dispersal beam divergence

Noise No noise present Relative light intensity

noise present

2. White Phosphors LEDs: In this method, the phosphor is incorporated in the body
of a blue LED. As a result, some of the blue light-emitting from LED is converted
into yellow light. White light is emitted from the LED when the remaining blue
light diffuses with yellow light [39-41].

3. RGB-LEDs: In this method, light from a mixture of LEDs is mixed to emit white
light from the LED. Here red, green and blue lights are mixed together to emit
white light from the LED. RGB-LEDs consist of multiple emitters and combining

optics enclosed in a single package [42].

It can be seen that white phosphors LEDs (WPLEDs) are a simpler choice but RGB-
LEDs can result in performance enhancement with the potential of WDM. It can
provide higher data rates utilizing the individual bandwidths of RGB-LED components.
However, as individual LEDs are switched on at arbitrary intervals, it makes the process

of providing white color balance a more challenging task [37].
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2.1.2. Basic properties of an LED

In this section, some of the basic properties of an LED will be discussed.

2.1.2.1. Luminous intensity and efficiency

Luminous intensity is often used to describe the brightness of an LED whereas luminous
efficiency describes an LED’s radiation pattern in the visible spectrum. Luminous
intensity is mathematically calculated by taking a derivative of luminous flux (Py,x)
with respect to spatial angle (Qsp) i.e., d / d Qgp (Pfyyx). Luminous flux is defined as
the total emitted flux weighted or scaled appropriately to reflect the varying sensitivity
of the human eye to different wavelengths of light and can calculated from energy flux

De_flux as:

DPpux = Lmax / V(A) De_frux(A) dA, (2.1)

where V(A) and Liax are relative eye sensitivity and maximum visibility, respectively.
The value of Lyax is calculated to be 683 Im/W at a wavelength (A1) of 555 nm. The
transmitted total optical power can be calculated by integrating ®,_g,,x in all the possible

directions and is given as [37]:

Amax 27
Ptot—0p=Lmax Ami 0 q)e—ﬂux(k) de da, (2.2)
min

where the values of A);, and Amax can be determined from the photodiode sensitivity

curve. Hence, the Equation (2.1) can also be represented as:

Pfyx = Lmax / V(A) Piotop(A) dA. (2.3)

Luminous efficiency is defined as the ratio of luminous flux to the applied input electrical
power and is given by [37]:

— q)ﬂux — Lmax f V(/’L) cDe_ﬂux(ﬂ«) dA
M Pelec v

Im/W. (2.4)

The radiation intensity at the receiving plane for an LED lighting with Lambertian

radiation pattern is given by:

Int(&) = Int(0) cos™ (), (2.5)
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where & and Int(0) are irradiance angle and luminous intensity center, respectively.
Lambertian emission order is represented by m in Equation (2.5). A standard for full
illumination with a mean level of 350 lux for home and office environments is set by

international lighting standard organization [26].

2.1.2.2. Power efficiency

Power efficiency is simply the ratio of optical output power Pgp to the electrical input
power Pgjec given by [37]:

Pop  Next—ph < hf
Mpow = P -

= 2.6
elec NC&XqXV’ (&6)

where Nex_ph represents number of photons emitted externally, & = 6.626 x 10734 Js is
the Planck’s constant, f denotes frequency, N¢, represents number of carriers passing
through the PN junction, q = 1.69 x 10~1? C is the charge on an electron, and V is the

voltage.

2.2. Wireless Optical Receiver

In the VLC system, the PD is used to convert the light energy incident upon it and
generate electrical current at its output. The generated electric current is proportional to

the square of the received optical power and is given by:
qPrecv—
Ip = Nge~—a—2 (1-eM), 2.7)
hf

where ¥ is the absorption coefficient which depends on the PD’s medium, Precy—op 18
the received optical power, and 1is the length of PD’s active region. The 1ge represents
quantum efficiency which is defined as the number of electron-hole pair generated by a
PD to the incident photons in a certain amount of time and can be represented as [43]:

Number of electrons out

= . 2.8
Mae Input number of photons 28)

The photo-current I, can also be represented as I, = RP; where R is called responsivity

of PD and is calculated as:

A

R =7 AA 5
hc 1.24 '9°
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where A is the wavelength of the incident light on the PD. Several factors affect the

performance of a PD or a VLC system as a whole. These factors are:

1.  Large detection surface area of PDs,

2. High sensitivity and responsivity,

3. Low noise resulting in better Signal-to-Noise Ratio (SNR) performance,
4. Small size and fast response time,

5. High values of reliability and a lower cost.

Two types of PDs are most commonly used in VLC systems, meeting all the

requirements mentioned above. They are:

° PIN PD,
° APD.

The APD provides an inherent current gain as a result of repeated electron ionization
process which results in higher sensitivity of APD as compared to PIN PD. PIN PD has
shown better results at high optical wavelengths whereas APD is preferred for shorter

wavelengths.

2.2.1. Elements of an optical receiver

The receiver in most OWC determines the performance of the system rather than
the transmitter. The receiver in a VLC system is composed of multiple components
including a concentrator, an optical filter, a photodiode, and an amplifier as shown in
Figure 2.1 adopted from [26]. VLC systems are prone to noise. Both the natural and
artificial sources of light act as noise sources in a VLC environment. It is therefore
of significant importance to employ both electrical and optical filters to remove the
unwanted DC noise components in the recovered data. The scattered sunlight can be
very easily removed by the application of an electrical filter [44]. The optical filters
are employed to remove the noise components resulting from artificial lighting sources.
The current generated by PDs is proportional to the amount of light incident on the
PDs. This current is converted into the voltage by the application of a trans-impedance

amplifier [37].
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Incident Light Optical Filter Photodetector Amplifier

Figure 2.1. Components of an optical receiver

2.3. VLC Link Topologies and Characteristics

The optical path loss and multipath interference are the two most important factors that
are associated with the performance of a link in a VLC system. It is very important to
understand the characteristics of the link between a transmitter and a receiver in a VLC
system so that an efficient VLC system can be designed and implemented. Numerous
considerations must be take into account while designing a high-speed VLC link as
OWC is a very challenging medium. In an indoor scenario, the light may reflect off
many surfaces including ceiling, furniture, and walls but will not penetrate through
opaque objects. In an outdoor environment, light is dispersed and absorbed as a result
of atmospheric conditions. Links in a typical indoor VLC system can be classified into

four types [37]:

1. Directed LoS (DLoS) link topology,

2. Non-directed LoS (NDLoS) link topology,
3. Diffused link topology,
4. Tracked link topology.

This classification is mainly based on the presence of a LoS link and degree of

directionality between a transmitter and a receiver.

2.3.1. Directed LoS link topology

DLoS links are mostly employed for P2P communication in a VLC based indoor system.

DLoS link does not suffer from multipath induced signal distortion. Similarly, ambient
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sources of light have very little impact on the performance of the DLoS link when used
in conjunction with a narrow FOV receiver [45]. Furthermore, DLoS links can provide
very high data rates for links covering a distance from a few meters to kilometers [46].
However, there are some disadvantages associated with the DLoS links as well. As
the coverage provided by a single link is very small, it gives rise to the problem of
coverage for mobile users. In DLoS links, the transmitter and receiver must remain in

close alignment and thus it restricts free mobility of users.

2.3.2. Non-directed LoS link topology

This type is of link topology is considered most suitable for indoor applications, more
specifically for point-to-multipoint broadcast applications. A wide beam transmitter
along with a wide FOV receiver is commonly employed. In addition to the LoS link,
multiple signal reflections resulting from the surfaces within a room are also present
as shown in Figure 2.2 adopted from [37]. This results in achieving a greater coverage

area. As observed in DLoS link topology, the NDLoS link does not require alignment

_— N1/ \V/ NI/

(b) (d)

Figure 2.2. VLC link topologies a) DLoS Link b) NDLoS Link c) Diffuse Link d)
Tracked Link
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between transmitter-receiver pair, thus excellent mobility can be achieved with this
type of topology. High-proportions of the transmitted signal are detected at the PD as a
result of reflections from the surfaces of the objects within the room, thus overcoming
the problem of blocking. However, the NDLoS links result in a high optical path loss.
Similarly, as the PD receives the transmitted signal after reflections from the surfaces
of objects within the room, it may result in inducing multi-path dispersion. However,
for indoor applications, as the size of PD is comparatively bigger as compared to the
wavelength of the light, ISI is produced [47, 48]. ISI results in limiting the data rate in a

room to only several hundreds of Mbps.

2.3.3. Diffuse link topology

In this topology, a wide FOV transmitter emits visible light directly at the ceiling of the
room, whereas a wide FOV receiver receives the reflected light from the ceiling [49,
50]. This link is also called a non-directed non-LoS link as there is no LoS component
present in this type of topology. As no LoS path is required to be maintained between
a transmitter and receiver, diffuse links are immune to shadowing and blockage and
supports a greater mobility. However, diffuse links result in a high optical path loss
i.e., about 50-70 dB for a meagre horizontal separation of 5 m between transmitter and
receiver [51]. As the PD receives the reflections from the ceiling and objects within a
room, the diffuse links can also suffer from multipath induced dispersion and ISI. As
a result, the performance of diffuse link is further degraded and higher optical power

values are required to maintain acceptable BER performance.

2.3.4. Tracked link topology

In this type of link topology, diffuse, and tracked directed links are used in conjunction
to achieve high-speed communication links. The connectivity is achieved via the diffuse
link whereas a tracked directed link is employed to achieve high data rates. High
bandwidth is available as a result of employing a narrow beam transmitter and a narrow
FOV receiver, reducing the number of multipath signals. Similarly, by pointing a
directive receiver towards the transmitter as shown in Figure 2.2, the interference from

the sun can also be reduced resulting in improved system performance.
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Figure 2.3. LoS propagation model between an LED and a PD

2.4. LoS Propagation Model

An indoor VLC system uses an LED/LD as a transmitter whereas PD is used as a

receiver. The radiation intensity for the propagation model depicted in Figure 2.3 can

be represented as:

Q(@) = PiransRo (@), (2.10)

where Pyrans and Rq(or) represent the transmitted power and Lambertian radiation
intensity pattern, respectively. The Lambertian intensity pattern can be represented as:

Ro(a0) = % cos™ (a0) @.11)

where m; represents the Lambertian emission order expressing the directivity of the
source beam and is given by:

In(2)

= In(cos Qip)’

(2.12)
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where Q1 is the semi-angle of the LED calculated at half power. It can be clearly seen

that R () is the combination of two angles:

1. The LED’s half power semi-angle (£21/2),

2. The angle of incidence (o).

In a VLC system, the role of the PD is to collect all the incident light for all the angles

¢ that falls under the FOV angle. Therefore, the effective PD area is given as:

App cos(¢) 0< ¢ < 90°
A - = 2.13
effective (@) 0 0 > 90°, ( )

where App is the PD’s area and ¢ < 90° is the FOV. A larger PD area is more suitable

for an indoor VLC system. However, a larger PD area also results in the following

problems:

1. A reduction in receiver bandwidth because of the increased junction capacitance,
2. Assignificant increase in noise levels received at the receiver,

3. Increase in manufacturing and implementation costs.

The DC gain Hy 5 (0) for a LoS link for a receiver at a distance of d from the transmitter

and with an incidence angle (&) can be calculated and given by:

App (m;+1) m; o
oo ) B cosT(@) Ty(@) cosg. 0 9 < 90 010
0 elsewhere,

where App is the PD area, and T (@) is the signal transmission of the optical filter. For

the LoS link, the power received at the receiver is represented as:

Precv-1os = Hros (0) Ptrans. (2.15)
2.5. Non-LoS Propagation Model

For NDLoS and diffuse link topologies, the estimate of the received power at the
receiver is more complex as compared to the LoS propagation model. The optical path
loss in the NLoS propagation model depends on many variable factors. Some of the

factors that play a vital role in optical path loss are listed below:

1. The dimensions of the room,
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2. The reflectivity of the ceiling, room, and walls,
3. The presence of the objects in the room,

4.  The respective position and orientation of the LED/LD and PD.

The received power has two components as shown in Figure 2.4, and is represented as:

(Hpos (0) + HNpos (0)) Prrans = ..

(2.16)
(HLOS (0) + X Reflect HReflect (0)) Ptrans,

Precv-NLoS =

where Hgeflect (0) represents the DC channel gain on reflection points.

The optical power associated with two or more reflections is very small in magnitude.
Similarly, the arrival time of the signal undergoing two or more reflections is greater as
compared to the signal undergoing only one reflection. Therefore, for the high-speed
NLoS links, generally signals with only one reflection are considered. Thus the received
power depends on the LoS link component and the first reflected NLoS component. The

HRgeflect (0) DC channel gain can be mathematically expressed as [26]:

First Reflection

Figure 2.4. NLoS propagation model
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m;+1 e AppAA .
( 5 )ngf d2PD cos™i (a) cos(Pge) --
T R AR

HReflect (00 =9 ... cos(dre_r) Ts(9) cos(¢), 0< ¢ < 90° (2.17)
0 ¢ >90°.

In Equation (2.17), d;_gy represents the distance from the transmitter to the reflective
point whereas dr¢_, is the distance from the reflective point to the receiver. Similarly,
@Rt 1s the angle of incidence to the reflecting point whereas @rs_, 1s the irradiance
angle to the receiver. The prs represents the reflectivity factor whereas AA is the small

portion of the area considered as a reflecting point.

2.6. Noise in a VLC System

The performance of a VLC link highly depends on the types and level of noise present
either in the optical link or in the receiver. Various types of noises including shot
noise, photodetector dark current shot noise and excess noise, background radiation
and relative intensity noise, and thermal noise can occur in a VLC system. However, in
this thesis, we will only discuss shot and thermal noises as they are the most dominant

sources of noise in a VLC system.

2.6.1. Shot noise

In VLC systems, the shot noise is the dominant noise as compared to the thermal noise.
The shot noise arises in environments where ambient light is also present along with
the transmitted signal. For a constant optical-power transmitter, the mean number of
photons generated by the transmitter remains the same. However, the number of photons
generated per second varies and follows a Poison distribution which results in the shot or
quantum noise. The shot noise is normally present in all PDs because of the difference
in the rate of arrival of photons from data transmitters and background radiation [37].

The shot noise is represented mathematically as [26]:

030t = 2qRPy, (2.18)

where q represents electron charge, R represents PD’s responsivity and Py, denotes the

average power of the ambient source of light.
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2.6.2. Thermal noise

The thermal noise is present in all the receivers consisting of active and resistive
elements. Electrons in a conducting material are in a constant state of motion and moves
freely. They continuously collide with the atom or molecules of the substance. As a
result of this random motion, thermal noise is produced. The thermal noise is labeled
as white noise, as the Power Spectral Density (PSD) of thermal noise is frequency
independent. However, the thermal noise depends on the temperature. The mathematical
expression of thermal noise can be divided into two parts [26]. The first part describes
the mathematical expression for feedback resistor (Rfeedback) @s given by:
2 4kpTy

G ey, 2.19
th-Rfeedback Rfeedback 2 | |

where Ty represents absolute temperature, kg = 1.3807 x 10723 J/K is the Boltzmann’s

constant and I, is the noise bandwidth factor. The second part shows the thermal noise

expression from Field Effect Transistor (FET) channel resistance and is given by [26]:
16m%kg T

OF _ppT = g—kr(cd +Co)*13R3, (2.20)

m

where I' represents FET channel noise factor, g, and Cg represents FET’s
trans-inductance and gate capacitance respectively. Cq is the capacitance of PD and
whereas I3 is the noise bandwidth factor with a value of 0.0868. The total thermal noise

can be calculated by adding Equation (2.19) and Equation (2.20) i.e.,
2 2 2
Gth = Gth_Rfeedback + Gth—FET' (221)

Similarly, the total noise in a VLC system can be calculated as a sum of shot noise and
thermal noise and can be expressed as:

2 _ 2 2
Otot-noise = Oshot T Oth- (2.22)

2.7. Baseband Model and System Characteristics of an OWC System

An indoor OWC system does not suffer from multipath propagation, however, they
are prone to ISI that can lead to affect the system’s performance. The equivalent
baseband model of an IM/DD modulated OWC system is shown in Figure 2.5 and can

be mathematically represented as:
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y(® =Rs(®)@h(t) +w(0). (2.23)

In Equation (2.23), the ® symbol represents convolution between the instantaneous
optical power of signal s(t) and baseband channel impulse response h (t). Similarly, w (t)

is the signal independent link noise and R is the responsivity of the PD.

It is important to note that an OWC system is different from the traditional RF system. In
an OWC system, the instantaneous optical power is directly proportional to the current
generated at the PD, whereas, the instantaneous power represents the amplitude of the
signal in the RF domain. As a result, there are certain constraints on the instantaneous

optical power in an OWC system.

One of the constraints is that s(t) should remain positive at all times i.e.,
Pinmax = s(t) = 0, (2.24)
where Pj,_max represents the maximum value of the transmitter’s optical power.

Similarly, the average power value of the s(t) should not exceed the power threshold

value Pyyeqn that ensures eye safety. This can be mathematically expressed as:

. 1 T
Pthresh = ,}E}}” T /—TS(t) dt (2.25)

where Pyyreqh 15 the determined value of the maximum permissible power ensuring eye

safety. In a similar manner, the SNR in traditional RF channels depends on the average

(1) ) [ GRINT) | oy 9—} 1)

(1)

Figure 2.5. A baseband model of an OWC system
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power received at the receiver i.e., PRp_recy. However, in OWC, SNR is proportional
to the square of the average received optical signal power i.e., Poprecy. This can be
expressed as:
2172 2
_ R7H (O)Pop—recv

SNR = , 2.26
RoNg (2.26)

where N and H (0) represent the noise spectral density and DC channel gain whereas

Ry, represents the bit rate. The channel DC gain is given by:

H©O) = /_ooh(t) dt. (2.27)
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3. SYSTEM MODEL FOR INDOOR MIMO-VLC SYSTEMS

This chapter provides the basic idea of the system model adopted in this dissertation. In
this chapter, we discuss the basic properties of Non-ADRs (N-ADRs) and ADRs. This
chapter also provides insight into the coordinate system adopted for different MIMO-
VLC systems along with the adopted simulation parameters. Mathematical relationships
for determining the capacity and BER performance of multiple MIMO-VLC systems

are also a part of this chapter.

3.1. MIMO-VLC System

In indoor environments, multiple LEDs are normally used to achieve uniform
illumination. These LEDs can be used to transmit data to a single or multiple receivers,
thus, resulting in a Multiple-Input Single-Output (MISO) or a MIMO system. The
usage of a MISO or a MIMO system results in decreasing the probability of a complete
link blockage. It also helps in achieving the desired rate of mobility in an indoor
environment. In a MIMO system, separate independent data streams can be sent from
the LEDs resulting in high data speed and multiplexing gain as compared to the MISO
system. The application of MIMO techniques along with its impact on the system
performance has been investigated by many researchers for the RF domain. In the RF
domain, the interference and scattering make the channel uncorrelated and independent,
allowing MIMO systems to attain better performance. The MIMO techniques applied
for the RF domain are of the same significance for optical communications and can be

adopted to improve the performance of the VLC systems.

A typical M x N MIMO-VLC system model is shown in the Figure 3.1 ' In the
system model, 4 LEDs are used to achieve simultaneous illumination and
communication. The receiver is also composed of 4 PDs to receive the incident photons.
The vertical and horizontal distance between the LEDs is represented by dix. In a

similar manner, the distance between the PDs is represented by drx, which is much

'In Figure 3.1, the circles with cross sign within represent LEDs whereas simple circles represent PDs.
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Figure 3.1. Indoor MIMO-VLC model

smaller as compared to dix. As the geometric orientation of the PDs in the receiver is

different from one another, every PD receive a signal with different strength depending

on its position and distance from the LEDs. The signal received at the receiver can be

represented as:

y = Hs + w,

3.1

where s represents the transmitted signal, w is the encountered Additive White Gaussian

Noise (AWGN) noise signal whereas y is the received signal. The channel matrix H is

of the order (N x M) and can be represented as:

hyy

hnp

The Equation (3.1) can be expanded and represented as:

Vi hy
V2 hy;
N | _hM1

him

hnm

hyp
hpy

hyvio

X1

X2

XM
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where the Channel State Information (CSI) i.e., hyy, between a n'" LED and mth PD

can be represented as:

App (mi+1) cos™i (0gmn) cos(Bmn), 0 < <
hmn= Zﬂdrznn mn an = ﬁmn = ¢ (34)

0 ¢ > Pmn.
where ¢ is the FOV angle, App is the area of the PD, m; is the Lambertian emission

order and dpy is the distance between the m receiver and n transmitter.

The jth received signal can be expressed as:

1 —
= RPtrans thn M+ GI%IJ" (3.5)
1=1

where R is the responsivity of the PD, Pyans is the average transmitted optical power

and 01%”. represents the mean-square noise current.

In literature, various equalizers for MIMO-VLC systems have been investigated by

researchers. These algorithms include:

1. Zero forcing (ZF) equalizer,

2. Minimum mean square error (MMSE) equalizer,

3. Maximum likelihood (ML) equalizer,

4. Vertical bell labs layered space-time (V-BLAST) equalizer.

The ZF equalizer inverts the frequency response of the channel. The inverted frequency
response is applied to the received signal vector to remove the channel effects. The
ZF forces the ISI to be 0 in a noise-free case. However, the ZF algorithm also tends
to amplify the noise greatly for the cases in which the channel matrix (H) has a small
magnitude. To remove the channel effects, we need a matrix such that when combined
with H will produce the identity matrix i.e., PH=I. For ZF, P can be mathematically

expressed as [5]:
p={H"H} 'HY, (3.6)
where HH represents Hermitian transpose of H. Similarly, an MMSE equalizer adopts

the approach to minimize the Mean Square Error (MSE) which is an important aspect to

determine the estimator quality. MMSE does not eliminate IST components completely
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like the ZF equalizer. However, MMSE minimizes the noise power and ISI components
in the output. In order to do that, the MMSE approach tries to find a matrix P which

minimizes the criterion,
E:{[Py—s] [Py—s]H}, (3.7)

where s and y are transmitted and received signal vectors whereas P can be expressed

as [37]:

P = {H'H+w1} 'HY, (3.8)

where w is the noise vector. When compared with Equation (3.6), the only difference is
the wl term. For the cases in which no noise is present i.e., w = 0, the MMSE equalizer
reduces to ZF equalizer. The computational complexity of these equalizers varies with
ZF equalizer being the least computational complex and ML equalizer being the most
complex. In [52], authors have observed that only a negligible gain can be achieved by

adopting a more complex decoding algorithm for MIMO-VLC systems.

3.2. System Model

In this dissertation, we consider an indoor M x N MIMO-VLC system composed of M
number of white LEDs and N number of PDs where M = {4, 5} and N = {4, 5}. The

values of M and N are selected in such a way that M < N. This gives us the possibility

- igh Sq(0) LED
Input Data S Elect. q Digital to q e
Stream m— | \odulation| ™ —p Analog s |LED Driver | mum—) ~
Scheme converter
Intensity
Modulation Optical
Channel
Direct
Detection |
o Yo Analog to Yp(t) PD
gurput Data 4 [Demodulation | e Di«itaig | Amplifier f— ] */,//
tream =
converter

Figure 3.2. Block diagram of a VLC system
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of having three different indoor MIMO-VLC systems i.e., 4 x4,4 x5 and 5 x 5. IM/DD
is employed as optical modulation and demodulation scheme respectively. Shot and
thermal noises are modelled as AWGN and added at the receiver in the electrical domain.
In our system model, we have only considered LoS signal components. The different

stages of a VLC system are shown in Figure 3.2.

At first, the signal to transmit is modulated using unipolar K-PAM for its output being
real and positive. The gy, modulated signal is represented as sq € [0, ....,(K—1)] where
K is modulation size of the constellation alphabet. This modulated signal is grouped
into a vector of length M which is denoted by s = [s, 51,52, ----» SM_1 1T. The Sq signal
is sent to Digital to Analog Converter (DAC) to form sq(t) and is sent to the optical
transmitter. In the optical transmitter, optical modulation i.e., IM is performed and
data is sent to the optical receiver via the optical channel. The receiver is generally
composed of the components given in Figure 2.1. The current generated at PD as a
result of incident photons is sent to an amplifier. The amplified signal is sent to the
Analog to Digital Converter (ADC) to generate yj, to form a receive vector of length N
asy =1[yp.¥1.¥2s ....,yN_l]T. The transmitted data is recovered by performing electrical

"

demodulation on the received digital signal "y

The overall system can be represented similarly as given in Equation (3.1). In Equation
(3.1), the s represents the message signal and is a column vector of the order (M x 1)
where M is the number of LEDs. The y is the received signal whereas w is the noise
signal encountered. Both y and w are column vectors of the order (N x 1) where N
is the number of PDs. The noise vector i.e., w = [Wo,wl,wz,....,wN_l]T, indicates
Independent Identically Distributed (i.i.d) samples of AWGN with wp ~ .4 (0,Ny/2)
where N is the PSD of one sided noise power [37]. The sum of shot noise variance o2

shot
and thermal noise variance 62

thermal 1S €qual to the total noise variance 02 = Np/2.

tot—noise

The channel matrix H is of the order (N x M) as given in Equation (3.2). The entries of
the channel matrix H for a specific LED i.e., n and PD i.e., m for both N-ADRs and

ADRs can be given as:
App (m;+1) .
himn = PD—z‘ cos™ (0mn) cos* (Brun) - (3.9)
2rds,
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Figure 3.3. The geometry of transmitter-receiver pair: a) N-ADR b) ADR

where Qmp and Byp must be within range of [-90°, 90°], otherwise hiyy = 0. In Equation
(3.9), App represents the active area of PD, oyyy is the irradiance angle at LED n with
respect to PD m, By is the incident angle at PD m with respect to LED n, dpyy is the
distance between LED n and PD m, k represents the FOV coefficient, whereas my; is the

Lambertian emission order given by the Equation (2.12).

For a single particular link between an LED and a PD, we have three vectors of interest

as shown in Figure 3.3. These vectors are:

1. A, 1s the normal vector in the direction of irradiance from LED n,

—
2. Omn 1s the vector from the LED n to the PD m,

_>
3. Bpm is the normal vector in the direction of incident light from the of the PD m.

By using these vectors amp and Bmy can be calculated as [S]:

—

_ An : Omn
cos (Omn) = e ——— (3.10)
[[An]|[|Omnl|

— —
_ Omn - Bm
COS(an) e (311)
[Omn[[[Bml|
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Figure 3.4. Normal vectors representation of PR for (a) 4 x 4 MIMO-VLC system (b)
4 x5 &5 x5MIMO-VLC system

In our system model, we have assumed that perfect CSI is present at the receiver i.e.,
CSI-R. Similarly, we have allocated the same power to each LED ensuring equal power
allocation. The estimated received signal can be calculated by the application of the
ML-MIMO detection technique at the receiver. The decoder selects a signal as received
signal by comparing the received signal y with all the possible potential received signal
vectors. A signal vector resulting in minimum Euclidean distance is selected as the
actual received signal S. The process of ML decoding can be expressed mathematically

as [36]:

S=arg max Py (yIs,H)=arg msin||y—Hs||12:. (3.12)

In Equation (3.12), py (y | s,H) represents the conditional probability density function
whereas H. ||.|| represents the Frobenius norm. The channel capacity of MIMO-VLC

system assuming equal power allocation is given by [5]:

Ry SNR
Cap = ) log, {1+—elecﬂq} (3.13)
i

M

In Equation (3.13), A; represents i eigenvalue of (H*H) whereas Ry represents the
rank of MIMO channel matrix. The average electrical power per transmit antenna is

. A . . .
given by SNR¢jec = Pejec/Np, whereas Pgje. 1s the constraint on the transmit power.
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3.3. Angular Diversity Receivers (ADRSs)

In ADRs, the PDs are arranged in such a manner that the resulting normal vectors of
the PDs would point in different directions. In this way, although very closely packed,
different entries in the channel matrix are generated for the Angle Oriented Receiver
(AOR) [4]. In this dissertation, we are considering a special ADR called PR. The PR got
its name due to the fact that PDs on it are pointing in different directions just like the
faces of a triangle except for its base. There are different ways in which this objective
can be reached. One way is to arrange the PDs in the form of a pyramid with N-gon
base for 4 x 4 MIMO-VLC system and (N-1)-gon for 4 x 5 and 5 x 5 MIMO-VLC
systems as the N PD is located at the center of the receiver as shown in Figure 3.4.
As the normal vectors from PDs depend on the EA of the PDs, there are generally two

methods in which PDs can be arranged.

1. Fixed EA system: In this method, we assume that the EA of all the PDs, resulting
in an optimum performance at different considered positions of the receiver, is the
same for all the PDs. As a result, we have a single optimum EA for a considered
position of the receiver [5]. As the position of the receiver varies, so does the
optimum EA value depending on the distance between LEDs and PDs and the
respective FOV angle.

2. Variable EA system: In this method, we assume that the EA of all the PDs
resulting in optimum performance can be different from one another for the
considered position of the receiver. As a result, we have a different optimum EAs
for different PDs for a considered position of the receiver [11]. The EA values for

PDs depends on the respective position of the receiver, along with the FOV angle.

3.3.1. The coordinate system for ADRs

The position and orientation of LEDs and PDs are specified by their respective normal
vectors in [X, y, z, 0, @] format. The originating position of a vector is represented by
(X, y, z) in the Cartesian coordinate, 0 represents the EA from the positive z-axis
whereas ¢ represents the azimuth angle from the positive x-axis as shown in Figure 3.5.

0 and ¢ should be in range [0, 180°) and [0, 360°) respectively.
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The m" PD placed at (xBl, y&,z0) has its normal vector By specified by
[XB5. Yis 2P, 6ph, ¢pL] for 1 <m < N as shown in Figure 3.5. As for the 4 x 5
and 5 x 5 MIMO-VLC systems, the N PD is considered to be at the center of the
receiver. Its normal vector is represented as [ng, y11§ID, ZII;ID, QII)\ID, (I)II)\ID} =
(ng, ygD, ZED, 0, 0). For the remaining PDs i.e., | < m < (N-1), the normal vectors

are represented in a similar fashion as that of 4 x 4 MIMO-VLC system.

In a similar manner for 4 x 4 and 4 x 5 MIMO systems, the LED placed at
(xep>  Y'gp» Zl'gp) has its  normal  vector A, specified by
[X'ep YIED> ZEDs O ED: 9'Ep] for 1 < n < M using the same coordinate system
as depicted in Figure 3.5. For 5 x 5 MIMO-VLC system, the MM LED is located at the
center of the room. Its normal vector is  represented  as
M M M M M _ (<M M M g
[X'Ep- YLED: Z'ED> OLED: $LED] = (XUED> YTED- ZUED- 0> 0)- For the remaining
LEDs i.e., 1 <n < (M-1), the normal vectors are represented in a similar fashion as

that of 4 x 4 and 4 x 5 MIMO-VLC systems.

(x™pp » Y pp , Z"pp) e

Figure 3.5. The coordinate system for PDs placement
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(@) (b)

Figure 3.6. PD placement in PR for (a) Y= N (b) Y= (N-1), where Y denotes number of
PDs

3.3.2. PDs placement in PR

The PDs are arranged uniformly in a circle of radius r for 1 < m < Y where Y =
{N,N-1,N-1} for 4 x4, 4 x5 and 5 x 5 MIMO-VLC systems, respectively. The
coordinates for PDs are given by:

rcos2(m-1)x rsin2(m—1)7r, hPD), (3.14)

m . m my_ T +
(XPD- YPD- ZPD) (XPD % YPD Y
where (XPD, yPD) represents the (x, y) coordinates of the center of PR and hpp is the
height of the receiver from the ground’s surface [5]. As EAs of PDs can be same or

different from one another, therefore, the orientation of PD m is defined as:

1. The EA 6pr can be same or different from one another,

2. Inorder to have all the azimuth angles symmetrically assigned, the azimuth angle

should be arranged such that @5, = w

For all the considered scenarios of MIMO-VLC systems, the PR’s horizontal orientation
can be varied by ¢y resulting in azimuth angle to be equal to ¢p, + ¢y. The horizontal
orientation can be introduced intentionally to improve the performance of MIMO-VLC
system or it can arise from random orientation of the PR. Although the PDs in a PR are

placed very close to each other, the orientation of PDs in each case is very different from
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one another as shown in Figure 3.4, resulting in different entries in channel matrix. As
mobility, orientation and small size are very important factors of modern day handheld

devices, the PR is small, compact and suitable for handheld devices.

3.4. Non-Angular Diversity Receivers (N-ADRs)

In N-ADRs, the normal vectors of the PDs point straight up towards the LEDs. The
receiver is assumed to be placed along with the surface of the ground or the table. The
distance between the PDs i.e., dix is very small and the distance of all the PDs from
the LEDs can be assumed almost equal. As the normal vectors of all the PDs point in
the same direction along with almost the same distance from LEDs, the channel matrix
entries become highly correlated. The PDs normal vector representation is shown in

Figure 3.3, where the normal vectors of LEDs and PDs point in opposite directions.

3.4.1. The coordinate system for N-ADRs

The position and orientation of LEDs and PDs are specified by their respective normal
vectors in [X, y, z, 0, ¢] format. However, 6 and ¢ are always O as the normal vectors
of the PDs are always in the same direction i.e., upwards. For all the considered
MIMO-VLC systems, the PD placed at (XE’D, YpD» Zpp) has its normal vector B
specified by [xI, yl, zl, 0, 0] for 1 <m < N. Similarly, the LED placed at
(x'ep» YIEDs ZLEp) has its normal vector A, specified by [X'eps YEED ZPEDs 05 O]

forl1 <n <M.

The PDs in the N-ADR is arranged as shown in Figure 3.7. The horizontal orientation
angle of the N-ADR is considered to be 0°.

3.5. Optical MIMO Transmission Schemes

In this section, we will introduce Repetition Coding (RC) and Spatial Multiplexing
(SMP) O-MIMO transmission schemes along with their respective Spectral Efficiency
(Rspec)- This will provide us with a foundation to compare the BER performance of
multiple MIMO-VLC systems. This will also provide us with opportunity to compare
the BER performance of fixed and variable EA MIMO-VLC systems.
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() (b)

Figure 3.7. PD placement in N-ADR for (a) Y= N (b) Y= (N-1) where Y denotes
number of PDs

3.5.1. Repetition coding

The simplest transmission technique that can be adopted for MIMO-VLC systems is
RC. In RC, the same symbol information is sent from all the LEDs such that sy = s; =
So =... = s\, thus, resulting in a transmit-diversity gain. The application of RC results
in better performance as the intensities coming from different LEDs constructively add
up at the receiver, enhancing the received optical power. In our system model, we have
considered a unipolar K-PAM for which RC achieves a Rgpec of log;(K) bit/s/Hz. The
intensity levels for K-PAM is given by [36]:

. 21 . .
1K PAM=E1for1 =0,1,...,(K-1), (3.15)

where I represents the mean emitted optical power. Similarly, the mean emitted electrical

energy i.e., Eg of the optical signals can be represented as [36]:

Es = (top-eD)? Ts. (3.16)
In Equation (3.16), rop-e represents the optical-to-electrical coefficient, whose value is
chosen as 1 Av/Q/ W without the loss of generality. T is the symbol duration. To keep

the mean optical power emitted from all LEDs constant, the values of intensities given

in Equation (3.15) is divided by the total number of LEDs.

As the intensities from different LEDs add up at the receiver, the received optical power

for PD "m" can be calculated as [36]:
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M

Irecy-m = Z — hmp. (3.17)
n=1 M

At the receiver, Maximum Ratio Combining (MRC) is employed for combining the N
received signals. The electrical SNR after MRC is given by [36]:

Erecv Ts 3 ( 3 ! 2 Eg N M 2
_ s i hmn) - ( hmn> . (3.18)
No No m=1 ng‘i M N0M2 mzz"l ng"l

The equations for the lower bound of BER and BER of an RC employed MIMO-VLC

system are given in Equations (6) and (7) of [36], respectively.

3.5.2. Spatial multiplexing

Another important transmission mechanism that is commonly employed in a MIMO-
VLC system is SMP. RC results in enhanced reliability. However, that reliability comes
at a cost of Rgpec as the same information is sent from all the LEDs. To have a more
spectral efficient MIMO-VLC system, SMP is adopted as a transmission technique.
In SMP, independent data streams from all the LEDs are simultaneously used for the
data transmission. Therefore, SMP results in a better Rgpec of M log, (K) bit/s/Hz as
compared to RC’s Rgpec of log, (K) bit/s/Hz.

In our system model, we have kept the modulation scheme and mean transmission
power the same for RC and SMP. The available optical power is divided equally among
all the LEDs such that all LEDs have the same optical power. For the calculation of
BER for SMP employed MIMO-VLC system, a Pairwise Error Probability (PEP) is
considered. PEP is defined as the probability when the decoder mistakes the actually

transmitted signal vector s ) as s_,2) and is given by [36]:

2
I5p—e 1
PEPgMp = PEP (s 1) = s,,2) = Q (\/ OZI\?O > [H (500 ~ %@))H%)- (3.19)

The BER for a SMP employed MIMO-VLC system is given in Equation (10) of [36].
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4. CAPACITY AND BER PERFORMANCE OF INDOOR MIMO-VLC
SYSTEMS

In this chapter, a comprehensive performance comparison is presented for fixed and
variable EA indoor MIMO-VLC systems. The performance of the ADR based MIMO-
VLC is also compared with N-ADR (classical receiver) based MIMO-VLC system. The
impact on the performance of the considered MIMO-VLC systems by different factors
including the FOV angle, LED transmitter array length, and horizontal orientation angle
of the receiver has also been discussed in this chapter. A comparison in terms of BER
performance for RC and SMP transmission schemes have also been discussed and

elaborated in this chapter.

4.1. Simulation Setup and Parameters

In order to determine the performance of the considered MIMO-VLC systems, we have
considered a room with 4 m x 4 m x 2.7 m dimensions. The LEDs are placed in a square
form in the ceiling of the room such that the center of the square and the room coincide
with each other. LED’s downward normal angle is considered the same for all LEDs i.e.,
Bpr =[0°, 180°). The LEDs are separated from one another by a distance called LED
transmitter array distance i.e., dix. Similarly, we have considered 7 receiver positions
across the room in accordance with the reference study [5]. The PDs in the receiver
are arranged in a circular fashion with a radius of 0.5 cm, which makes the separation

between the PDs equal to 1 cm as shown in Figure 4.1 and Figure 4.2.

' In reference study [5], we are presented with a fixed EA MIMO-VLC system in
which the EA is considered the same for a specific receiver position. However, we
are interested to find the effect of a variable EA on the performance of MIMO-VLC
systems. To find the optimum values of EAs, we vary the EA of PDs in the range

0° to 90° and note down the values resulting in an optimized capacity performance.

'In Figures 4.1 and 4.2, the red circles represent the receiver composed of 4 PDs (not the individual PD),
the yellow circle with a cross sign within represent LED position whereas the green circle with a cross
sign within represent the case where the LED and the receiver is located at the same location.
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Figure 4.1. LED’s placement and considered receiver positions for 4 x 4 MIMO-VLC
system

A combination of different optimum EAs is achieved for all the considered receiver
positions. To conduct a fair comparison between the capacity performance of a fixed
and variable EA MIMO-VLC system, we have kept the modulation size constant i.e.,
4-PAM. Similarly, we are also interested in finding suitable receiver positions, other
than the considered receiver positions, across the entire room. To achieve the capacity
coverage of a MIMO-VLC system, we have considered a step size of 0.4 m along the
length and width of the room. As the receiver consists of 4 PDs with a separation of
1 cm between PDs, we can only consider the possible receiver positions in length and

width up-to 3.6 m. The positions (4.0, X, 0.8) and (X, 4.0, 0.8), where X represents

F 3
® = ®
(1.0, 3.0) (3.0, 3.0) g
-+
Il
(2.0,2.0) @ ro 2
. .. =
15,15  (2.0,15) ® LED &
(039) (] () R PD &LED
@ o010 (15,1.0)  (2.0,1.0) (3.0.1.0) ® kel
(05 ['5) e same
IR position
B i
h Length = 4m

Figure 4.2. LED’s placement and considered receiver positions for 4 x5 & 5 x 5
MIMO-VLC systems
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the respective width and length values, cannot be considered because they represent
the boundary of the room. Moreover, the receiver is assumed to be at a height of 0.8 m

from the surface of the ground throughout this dissertation.

In a similar manner, to determine the BER performance of the 4 x 4 and 5 x 5 MIMO-
VLC systems, we have considered RC and SMP as transmission schemes. To present
a fair comparison between the BER performance of RC and SMP employed MIMO-
VLC systems, we have considered the Rgpec of 4 bit/s/Hz and 8 bit/s/Hz for 4 x 4
MIMO-VLC system whereas for 5 x 5 MIMO-VLC system we have considered Rgpec
of 5 bit/s/Hz and 10 bit/s/Hz. As a result, we have adopted different modulation sizes
for both the transmission schemes in accordance with the reference study [36]. As
we are interested to explore the effect of different parameters such as FOV angle,
LED transmitter array length, and horizontal orientation angle of the receiver on the
performance of MIMO-VLC systems, we have considered the below-mentioned factors

in our simulations:

1.  The effect on the performance of fixed and variable EA MIMO-VLC systems
by different FOV angles is explored. For this purpose, we have considered FOV
angles of 60° and 90°,

2. The LED transmitter array length plays a very important role in generating
uncorrelated channel matrix entries. Therefore, it is varied from 0.5 m to 3.5 m
and its impact on the performance of the MIMO-VLC system is determined,

3. The horizontal orientation angle of the receiver is varied between 0° and 180°

for fixed and variable EA MIMO-VLC systems and the respective changes in the

Table 4.1. Parameters for MIMO-VLC System

Parameter Value
Number of LEDs (M) {4,5}
Number of PDs (N) {4,5}
Mean emitted optical power (I) 1'W
Semi Angle at half power Q/, 60°
Active Area of PD (App) 15 mm?
FOV Coefficient (k) 1.4738
Height of LEDs (hy gp) 2.7 m
Height of PDs (hpp) 0.8 m
SNRgec 160 dB
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capacity performance are examined.

The rest of the simulation parameters adopted in this dissertation are listed in Table 4.1.

4.2. Capacity Performance of a 4x4 MIMO-VLC System

In this section, we will compare the capacity performance of fixed and variable EA
indoor MIMO-VLC systems. The performance of ADRs is also compared with N-ADRs.
Similarly, the variation in the capacity performance of the MIMO-VLC system with
respect to the FOV angle, LED transmitter array length and horizontal orientation angle

of the receiver has also been explored in this section.

4.2.1. Capacity variation with respect to EA and fixed EA MIMO-VLC system

The capacity performance of ADR based indoor MIMO-VLC system depends on the
EA of the PDs. In order to explore the variation in capacity performance with respect to
EA, we vary the EA in the range from 0° to 90° for each PD separately. The respective
capacity graph is plotted for all the considered receiver positions for a FOV angle of 90°
and LED transmitter array length of 2 m. The capacity performance of position 6 (2.0,
2.0, 0.8) is better as compared to other considered receiver positions as shown in Figure
4.3. As position 6 (2.0, 2.0, 0.8) is located at the center of the room, it achieves a Cyax
value of 38.16 bit/s/Hz whereas position 0 (0.5, 0.5, 0.8), being located at the corner of

the room, results in a throughput value of only 25.04 bit/s/Hz. For all the considered

45 o T T T ]
—>—Position 0 (0.5, 0.5, 0.8)

Position 1 (1.0, 1.0, 0.8)
40 |~=Position 2 (1.5, 1.0, 0.8)
—Position 3 (2.0, 1.0, 0.8)
Position 4 (1.5, 1.5, 0.8)
35 Position 5 (2.0, 1.5, 0.8) o ettt o
—o—Position 6 (2.0,2.0,0.8)| 0227554 as

Channel Capacity (bit/s/Hz)

1 1 1 1 1 1 1 |
0 10 20 30 40 50 60 70 80 90

Elevation Angle (in Degrees)

Figure 4.3. Capacity variation with EA for considered receiver positions
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Table 4.2. Optimum fixed EAs that result in Cpyax for considered receiver positions for
FOV angle of 90°

Considered Positions of Cmax of the fixed Optimum EAs (in Deg)
the Receiver EA system of the fixed EA system
(X,Y,2) (bit/s/Hz) [6m1 Om2 Om3 Oma]
Position 0 (0.5, 0.5, 0.8) 25.04 [40 40 40 40]
Position 1 (1.0, 1.0, 0.8) 31.86 [49 49 49 49]
Position 2 (1.5, 1.0, 0.8) 34.20 [53 53 53 53]
Position 3 (2.0, 1.0, 0.8) 34.99 [54 54 54 54]
Position 4 (1.5, 1.5, 0.8) 36.58 [56 56 56 56]
Position 5 (2.0, 1.5, 0.8) 37.37 [56 56 56 56]
Position 6 (2.0, 2.0, 0.8) 38.16 [58 58 58 58]

receiver positions, the capacity initially rises with the EA angle as shown in Figure 4.3.
The capacity curve depends on the respective EA value. The EA value determines the
entries in the channel matrix, which in turn, determines the rank of the channel matrix.
For every respective receiver position, there is an optimum EA value resulting in Cpyax.
This optimum EA is considered the same for all the PDs i.e., 6; = 6. Such a system
results in a fixed EA MIMO-VLC system. After the optimum EA value, the capacity
value drops until the FOV limit is reached. The optimum EAs along with Cax values

for considered receiver positions are given in Table 4.2.

4.2.2. 4x4 Variable EA MIMO-VLC system

To find the optimum variable EA for each PD resulting in an overall optimum capacity
performance, we vary the EA of each PD from 0° to 90°. The optimum EA values for
individual PDs are recorded which results in Cyax. The Cmax for the fixed and variable
EA MIMO-VLC systems along with optimum variable EA values for a FOV angle of
90° is given in Table 4.3.

As can be seen from the values of Cyyax in Table 4.3, that variable EA MIMO-VLC
system performs better as compared to a fixed EA MIMO-VLC system, specifically at
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Table 4.3. Optimum variable EAs that result in Cyax for considered receiver positions
for FOV angle of 90°

Considered Cmax of the | Cphax of the | Optimum EAs
Positions of fixed EA variable EA | (in Deg) of the
the Receiver system system variable EA system
(X,y,2) (bit/s/Hz) (bit/s/Hz) [9m1 Om2 Om3 9m4]
Position 0 (0.5, 0.5, 0.8) | 25.04 26.44 [74 68 1 68]
Position 1 (1.0, 1.0, 0.8) | 31.86 32.50 [64 68 16 68]
Position 2 (1.5, 1.0, 0.8) | 34.20 34.46 [56 69 25 64]
Position 3 (2.0, 1.0, 0.8) | 34.99 35.08 [60 61 50 51]
Position 4 (1.5, 1.5, 0.8) | 36.58 36.66 [55 66 34 65]
Position 5 (2.0, 1.5, 0.8) | 37.37 37.38 [63 56 57 52]
Position 6 (2.0, 2.0, 0.8) | 38.16 38.16 [58 58 58 58]

positions near the corners of the room. A maximum gain in the capacity of approximately
6% 1is achieved at position 0 (0.5, 0.5, 0.8) for the variable EA system as compared
to the fixed EA system as shown in Figure 4.4. The maximum gain at position 0 (0.5,
0.5, 0.8) is achieved because of its position. By having variable optimum EAs for all

the PDs, the PDs are in a better position to receiver the incident photons. The channel

. Fixed EA MIMO VLC
°® |-~ Variable EA MIMO VLC
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Figure 4.4. Maximum channel capacity for considered positions of fixed and variable
EA MIMO-VLC systems
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correlation is reduced as compared to fixed EA MIMO-VLC system. As we move
towards the center of the room, the performance of fixed and variable EA systems
gradually becomes identical. At position 6 (2.0, 2.0, 0.8), the optimum EA for PDs
becomes equal for variable and fixed EA systems. As a result, the capacity of both the
systems also becomes identical. However, the improvement in capacity comes at a cost

of receiver’s design complexity.

4.2.3. Maximum channel capacity comparison of 4x4 ADR and N-ADR based
MIMO-VLC systems

The capacity performance of the indoor MIMO-VLC system depends on the rank of the
channel matrix. A rank deficient channel matrix results in a poor capacity performance.
ADRs are employed to generate a rank-full channel matrix and improve the performance
of the MIMO-VLC system. For N-ADR, the horizontal orientation along with EA for
PDs is assumed to be 0°. The rest of the parameters are assumed to be the same for
both N-ADR and ADR based MIMO-VLC systems. The behavior of the N-ADR based
MIMO-VLC system is the same as that of the ADR based MIMO-VLC system. The
position 6 (2.0, 2.0, 0.8) results in the best performance resulting in a capacity of 21.41
bit/s/Hz whereas position 0 (0.5, 0.5, 0.8) can only attain a capacity of 13.77 bit/s/Hz.
A comparison in terms of Cpax values for the considered receiver positions is presented

in Table 4.4.

--N-ADR MIMO VLC
Fixed EA MIMO VLC
-8 Variable EA MIMO VLC

30

Channel Capacity (bit/s/Hz)
\ .

1oL I I I I I |
0 1 2 3 4 5 6

Considered Receiver Positions

Figure 4.5. Maximum channel capacity comparison for 4x4 N-ADR and ADR based
MIMO-VLC systems

47



Table 4.4. Maximum channel capacity for 4x4 N-ADR, fixed EA and variable EA
MIMO-VLC systems

Considered Positions Cmax of the Cg;g’iloélihe VE:;:’;)& f]i:lll:
of the Receiver N-ADR system

(x,3.2) (bit/s/Hz) (EinZfI?z) (g;)yii/t:/r:lz)
Position 0 (0.5, 0.5,0.8) | 13.77 25.04 26.44
Position 1 (1.0, 1.0, 0.8) | 17.55 31.86 32.50
Position 2 (1.5, 1.0, 0.8) | 19.38 34.20 34.47
Position 3 (2.0, 1.0, 0.8) | 19.96 34.99 35.08
Position 4 (1.5, 1.5, 0.8) | 20.88 36.58 36.66
Position 5 (2.0, 1.5, 0.8) | 21.22 37.37 37.38
Position 6 (2.0, 2.0, 0.8) | 21.41 38.16 38.16

It can be very clearly observed that the ADR based MIMO-VLC systems result in a
higher capacity as compared to the N-ADR based MIMO-VLC system. The difference
in throughput between N-ADR and fixed and variable EA based MIMO-VLC systems
at position 0 (0.5, 0.5, 0.8) is 11.27 bit/s/Hz and 12.67 bit/s/Hz, respectively. This
difference shows an increasing trend in throughput values towards the center of the
room as shown in Figure 4.5. At position 6 (2.0, 2.0, 0.8), a maximum difference of

16.75 bit/s/Hz is observed for fixed and variable EA MIMO-VLC systems.

4.24. Factors influencing the performance of 4x4 MIMO-VLC system

In this section, we will explore the impact on the performance of N-ADR and ADR based
MIMO-VLC systems by different factors including the FOV angle, LED transmitter
array length, and horizontal orientation of the receiver. We will change one of the factors
at a time, by keeping the remaining parameters constant. This will provide us an insight
into how the respective factor modifies the performance of the considered MIMO-VLC

system.
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4.24.1. FOV angle

The FOV angle is defined as the angle of receivable signal rays from LED to the
receiver. FOV angle plays a very vital role in the performance of a MIMO-VLC system.
Therefore, the selection of a suitable FOV angle is very vital for the performance of
indoor MIMO-VLC system. In our simulations so far, we have used a FOV angle
of 90°. However, now we will observe the performance of N-ADR and ADR based
MIMO-VLC systems for a FOV angle of 60°. It has been observed that changing the
FOV angle changes the capacity performance of the MIMO-VLC systems. For both
fixed and variable EA MIMO-VLC systems, the respective optimum EA values also
change resulting in a new optimized MIMO-VLC system. As can be seen from Figure
4.7, N-ADR based MIMO-VLC system shows no change in capacity performance.
However, ADR based MIMO-VLC system i.e., fixed and variable EA systems have
shown improvement in the capacity performance when the FOV angle is changed from
90° to 60°. The respective capacity values along with new optimum EA values for
considered positions of the receiver are given in Table 4.5. This increase in capacity
results from the fact that a smaller FOV angle allows data transmission at higher rates

and reduces ISI interference. On the other hand, a smaller FOV angle also results in

IR

- - - l-+

Figure 4.6. FOV angle for a VLC system
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N-ADR, FOV=90"
O N-ADR, FOV=60"
~*Fixed EA, FOV=90"
~&-Fixed EA, FOV=60"
Variable EA, FOV=90"
Variable EA, FOV=60"

Channel Capacity (bit/s/Hz)

Considered Receiver Positions

Figure 4.7. Maximum channel capacity comparison for FOV angles of 60° and 90°

Table 4.5. Capacity performance for fixed EA and variable EA MIMO-VLC systems
when FOV= 60°

Considered Optimum EA Optimum EAs
oy Cmax of . Cmax of .
positions the fixed (in Deg) of the variable (in Deg) of
of the the fixed the variable
. EA system EA system
receiver (bit/s/Hz) EA system (bit/s/Hz) EA system
(X,y,2) 91111 = 0p [Gml Om2 Om3 9m4}
Position 0 | 25.31 [21212121] | 2648 [56 22 8 22]
(0.5, 0.5, 0.8)
Position 1 | 34.55 [31313131] | 3543 [56 36 18 36]
(1.0, 1.0, 0.8)
Position 2 | 36.28 [47 47 4747] | 37.27 [52 47 27 29]
(1.5, 1.0, 0.8)
Position 3 | 36.40 [40 4040 40] | 37.70 [64 48 24 38]
(2.0, 1.0, 0.8)
Position 4 | 39.07 [42424242] | 39.32 [48 42 32 42]
(1.5, 1.5,0.8)
Position 5 | 39.00 [45454545] | 39.75 [58 43 37 45]
(2.0, 1.5,0.8)
Position 6 | 40.17 [52525252] | 4048 [37 52 37 52]
(2.0, 2.0, 0.8)
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uneven optical power distribution across the room, which is undesirable for an indoor

MIMO-VLC system.

The capacity values for the FOV angle of 60° follows the same trend as observed for the
FOV angle of 90°. The performance of the variable EA MIMO-VLC system is better
as compared to the fixed EA system. The position 6 (2.0, 2.0, 0.8) presents the most
suitable receiver position resulting in a capacity of 40.17 bit/s/Hz and 40.48 bit/s/Hz for
fixed and variable EA MIMO-VLC systems, respectively. Similarly, as the position 0
(0.5, 0.5, 0.8) is very close to the corner of the room, the performance of position 0 (0.5,
0.5, 0.8) is worst among all the considered receiver positions, resulting in a capacity
of 25.31 bit/s/Hz and 26.48 bit/s/Hz for fixed and variable EA MIMO-VLC systems,

respectively.

4.2.4.2. LED transmitter array length

In order to explore the effect on the capacity performance of MIMO-VLC systems, we
have considered position 1 (1.0, 1.0, 0.8) and position 6 (2.0, 2.0, 0.8) as our reference
positions along with their respective optimum EA values. The position 0 (0.5, 0.5, 0.8) is
located very close to the corner of the room, which always results in poor performance.
Therefore, to have a fair comparison, we have selected position 1 (1.0, 1.0, 0.8) as a
reference as compared to position 0 (0.5, 0.5, 0.8). Starting from the center of the room,

we start varying the dix in a step size of 10 cm as shown in Figures 4.1 and 4.2. We

50 |8~ N-ADR Position 1 (1.0, 1.0, 0.8)
—&-Fixed EA Position 1 (1.0, 1.0, 0.8)
—&-Variable EA Position 1 (1.0, 1.0, 0.8)
45| %~ N-ADR Position 6 (2.0, 2.0, 0.8)
Fixed EA Position 6 (2.0, 2.0, 0.8)
40 Variable EA Position 6 (2.0, 2.0, 0.8) 1

30 -

25

Channel Capacity (bit/s/Hz)

20 -

0 0.5 1 1.5 2 25 3
LED Transmitter Array Length (in meters)

Figure 4.8. Capacity variation of a 4x4 MIMO-VLC system with dix when FOV= 90°
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record the respective capacity performance of N-ADR and ADR based MIMO-VLC
systems. As it can be seen from the Figure 4.8 that the throughput for N-ADR and ADR
based MIMO-VLC system initially increases by increasing the dix until a maximum
point i.e., dix-opt is reached. This increase in throughput is the result of reduced channel
correlation. However, a further increase in dix beyond dix-opt results in reducing the
received signal power. As a result of reduced signal power, the benefit of reduced
channel correlation is lost and the capacity performance drops after dix-opt 1 reached.
The resulting capacity and dix-opt values for N-ADR and ADR based MIMO-VLC
systems is given in Table 4.6. As it can be seen from Table 4.6 that for the receiver
positions near the corners of the room, a larger dix results in a better performance.
However, for the receiver positions towards the center of the room, smaller d¢x values

result in better capacity performance.

Table 4.6. Capacity variation of a 4x4 MIMO-VLC system with dix when FOV=90°

Considered Cmax Cmax d Cor-of
positions of the dix-opt | Of the tx-opt | max™ dix-opt
of the N-ADR values | fixed EA s | Higggriable values
) system | EA system
receiver system (m) system (m) (bit/s/Hz) (m)
(X,y,2) (bit/s/Hz) (bit/s/Hz)
Position 0| 14.60 3.0 25.80 2.7 27.01 2.6
(0.5, 0.5, 0.8)
Position 1] 17.57 1.9 31.86 2.0 32.5 2.0
(1.0, 1.0, 0.8)
Position 2 | 19.87 1.5 34.3 1.8 34.62 1.8
(1.5, 1.0,0.8)
Position 3120.8 1.4 35.2 1.7 35.25 1.8
(2.0, 1.0, 0.8)
Position 412275 1.2 37.03 1.6 37.23 1.6
(1.5,1.5,0.8)
Position 5 123.89 1.1 38.03 1.6 38.00 1.6
(2.0, 1.5,0.8)
Position 6| 25.12 1.0 38.94 1.5 38.94 1.5
(2.0, 2.0, 0.8)
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4.2.4.3. Horizontal orientation of the receiver

The horizontal orientation of the receiver can be varied to decrease channel correlation.
In our simulations, we have assumed the position of N-ADR along the surface of the
table i.e., at a height of 0.8 m from the surface of the ground. Similarly, the horizontal
orientation angle of N-ADR is also assumed to be 0° as shown in Figure 3.7. However,
for ADR based MIMO-VLC system, the horizontal orientation of the receiver can be
varied to explore the impact on the capacity performance of the system. In order to
demonstrate the impact of horizontal orientation on the performance of ADR based
MIMO-VLC systems, we have considered position 1 (1.0, 1.0, 0.8), position 4 (1.5,
1.5, 0.8), and position 6 (2.0, 2.0, 0.8) as reference positions along with their respective

optimum EA values given in Tables 4.2 and 4.3.

As the LEDs are arranged symmetrically, the horizontal rotation is symmetric for every
45°. Therefore, the horizontal orientation is varied from 0° to 180°. As the horizontal
rotation is symmetric for every 45°, the capacity initially rises with the horizontal
orientation angle until Cp,x is reached at a horizontal angle of 45°. After 45°, the
capacity decreases to a minimum capacity (Cp,;,) Which occurs at a horizontal angle of
90°. The cycle is repeated again from 90° to 180° as shown in Figure 4.9. The position
1 (1.0, 1.0, 0.8) of the variable EA based MIMO-VLC system does not follow the same

trend in the second half i.e., from 90° to 180°. This behavior is caused by the respective

28 [-a~Fixed EA Position 1 (1.0, 1.0, 0.8)
—¥— Variable EA Position 1 (1.0, 1.0, 0.8)
26 Fixed EA Position 4 (1.5, 1.5, 0.8)
—¥— Variable EA Position 4 (1.5, 1.5, 0.8)
24 Fixed EA Position 6 (2.0, 2.0, 0.8)
# Variable EA Position 6 (2.0, 2.0, 0.8) | |

0 20 40 60 80 100 120 140 160 180
Horizontal Orientation (in Degrees)

Channel Capacity (bit/s/Hz)

Figure 4.9. Capacity variation with respect to the horizontal orientation angle of the
receiver
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normal vectors resulting from different EAs of the MIMO-VLC system for position 1
(1.0, 1.0, 0.8).

4.2.5. Suitable receiver positions across the room

The room considered for simulation has 4 m x 4 m x 2.7 m dimensions. In our
simulations, we have so far considered specific receiver positions across the room.

However, in this section we provide the capacity distribution across the entire room for

an FOV angle of 60°.

As can be seen from Figure 4.10 that the center of the room provides the best result in
terms of capacity i.e., 40.48 bit/s/Hz. In the capacity variation around the center of the
room, symmetry can be observed. The positions close to the corners of the room results
in a comparatively poor capacity performance as compared to the positions close to the
center of the room because of the LEDs placement i.e., dx is kept constant at 2 m. A
meager capacity of around 26.48 bit/s/Hz is attained at the corners of the room. Thus,

position 6 (2.0, 2.0, 0.8) presents an ideal position for the receiver.

T T T 20
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0.5

0

Figure 4.10. Capacity variation across entire room for the FOV angle of 60°

4.3. Capacity Performance of a 4x5 MIMO-VLC System

In this section, we will compare the capacity performance of a 4 x 5 fixed and variable
EA indoor MIMO-VLC systems. The performance of ADRs is also compared with N-
ADREs. Similarly, the variation in the capacity performance of the MIMO-VLC system
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with respect to the FOV angle, LED transmitter array length and horizontal orientation

angle of the receiver has also been explored in this section.

4.3.1. Capacity variation with respect to EA and fixed EA MIMO-VLC system

In order to explore the effect of EA on the capacity performance of a 4 x 5 MIMO-VLC
system, we vary the EA in the range from 0° to 90°. As the position 6 (2.0, 2.0, 0.8)
is located at the center of the room, the PDs are able to receive the incident photons
from all the respective LEDs. As a result, the capacity performance of position 6 (2.0,
2.0, 0.8) is better as compared to other considered receiver positions achieving a Cpax
value of 39.18 bit/s/Hz as shown in Figure 4.11. The capacity performance deteriorates
towards the corner of the room, where position 0 (0.5, 0.5, 0.8) results in a throughput
value of only 26.42 bit/s/Hz. It can be seen from Figure 4.11 that at each respective
receiver position, an optimum Cpyax value is achieved resulting in an optimum EA. This
optimum EA is considered the same for all the PDs 1.e., Orin = 0. The optimum EAs
along with Cpyax values and percentage gain when compared with 4 x 4 MIMO-VLC

system are given in Table 4.7.

As it is evident from Table 4.7 that the maximum percentage gain in capacity is achieved
at position 0 (0.5, 0.5, 0.8) when compared with 4 x 4 MIMO-VLC system. As we
move away from the corner of the room, the percentage gain decreases until a minimum

percentage gain of 2.66% is achieved at position 6 (2.0, 2.0, 0.8). Thus, placing an extra
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Position 1 (1.0, 1.0, 0.8)
-&-Position 2 (1.5, 1.0, 0.8)
—Position 3 (2.0, 1.0, 0.8)
Position 4 (1.5, 1.5, 0.8)
Position 5 (2.0, 1.5, 0.8)
-©-Position 6 (2.0, 2.0, 0.8)
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Figure 4.11. Capacity variation with EA for considered receiver positions
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Table 4.7. Optimum fixed EAs that result in Cy3x & percentage gain for considered
receiver positions for FOV angle of 90°

Considered Posiions | (w200 GPDE e [ it dnd e EA
(x.3.2) EA system | fixed EA system MIMO-VLC
(bit/s/Hz) | [6m1 Om2 Om3 Omd] system
Position 0 (0.5, 0.5, 0.8) | 26.42 [70 70 70 70] 5.53
Position 1 (1.0, 1.0, 0.8) | 32.96 [53 53 53 53] 3.46
Position 2 (1.5, 1.0, 0.8) | 35.37 [58 58 58 58] 3.42
Position 3 (2.0, 1.0, 0.8) | 36.17 [59 59 59 59] 3.38
Position 4 (1.5, 1.5, 0.8) | 37.69 [60 60 60 60] 3.02
Position 5 (2.0, 1.5, 0.8) | 38.44 [60 60 60 60] 2.86
Position 6 (2.0, 2.0, 0.8) | 39.18 [61 6161 61] 2.66

PD in the receiver can help us improve capacity performance at the corners of the room.

4.3.2. 4xS Variable EA MIMO-VLC systems

The capacity performance of the variable EA system is better as compared to fixed EA

MIMO-VLC system as shown in Figure 4.12. At position 0 (0.5, 0.5, 0.8), a maximum

40

—&-4x4 Fixed EA MIMO VLC
—&-4x5 Fixed EA MIMO VLC
4x4 Variable EA MIMO VLC

—¥-4x5 Variable EA MIMO VLC

Channel Capacity (bit/s/Hz)

3 4
Considered Receiver Positions

Figure 4.12. Maximum channel capacity comparison for considered positions of 4x4
and 4x5 MIMO-VLC systems
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Table 4.8. Optimum variable EAs that result in Cyax & capacity gain(%) for considered
receiver positions for FOV angle of 90°

Considered Positions Cimax OF (.)ptlmum EAs Capacity gal.n (%)

of the receiver the variable | (in Deg) of the w.r.t 4x4 variable

(x,¥,2) EA system | variable EA system | EA MIMO-VLC

” (bit/s/Hz) | [6m1 Om2 Om3 Oma) system

Position 0 (0.5,0.5,0.8) | 27.44 [74 68 1 68] 3.78
Position 1 (1.0, 1.0, 0.8) | 33.52 [68 65 41 64] 3.14
Position 2 (1.5, 1.0,0.8) | 35.56 [66 64 48 61] 3.19
Position 3 (2.0, 1.0,0.8) | 36.24 [64 65 55 55] 3.31
Position 4 (1.5,1.5,0.8) | 37.73 [64 62 54 62] 2.94
Position 5 (2.0, 1.5,0.8) | 38.44 [62 62 59 59] 2.85
Position 6 (2.0,2.0,0.8) | 39.18 [61 61 60 61] 2.66

capacity gain of 4% is achieved for the variable EA 4 x 5 MIMO-VLC system. The
maximum gain at position 0 (0.5, 0.5, 0.8) results because of a lower channel correlation
as compared to fixed EA MIMO-VLC system. As we move towards the center of the
room, the respective fixed and variable EA becomes the same resulting in a similar
capacity performance at the center of the room i.e., position 6 (2.0, 2.0, 0.8). The
performance of 4 x 5 MIMO-VLC system is better as compared to 4 x 4 MIMO-VLC
system as shown in Figure 4.12. As compared with the 4 x 4 variable EA MIMO-VLC
system, a maximum gain in the capacity of 3.78% is achieved at position 0 (0.5, 0.5,
0.8) whereas a minimum gain in capacity of 2.66% is attained at position 6 (2.0, 2.0,
0.8). The capacity performance of the 4 x 5 variable EA MIMO-VLC system along
with optimum EA values for individual PDs and capacity gain% as compared to 4 x 4

variable EA MIMO-VLC system is given in Table 4.8.

4.3.3. Maximum channel capacity comparison of 4x5 ADR and N-ADR based
MIMO-VLC systems

For a4 x 5 N-ADR based MIMO-VLC system, the simulation parameters are considered

to be the same i.e., EA and horizontal orientation angle assumed to be 0°. The capacity
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performance with respect to the position of the N-ADR based MIMO-VLC system is
similar to the ADR based MIMO-VLC system and is given in Figure 4.13. The position
6 (2.0, 2.0, 0.8) being located at the center of the room, attains a maximum throughput
of 21.73 bit/s/Hz. The position 0 (0.5, 0.5, 0.8) attains the lowest capacity of 14.09
bit/s/Hz.

When compared with 4 x 4 N-ADR based MIMO-VLC system, a maximum gain of
2.35% is achieved at the corner of the room 1i.e., position 0 (0.5, 0.5, 0.8). As we move
towards the center of the room, the gain in capacity decreases with only a capacity gain
of 1.50% at the center of the room i.e., position 6 (2.0, 2.0, 0.8). Thus, the capacity
performance at the corners of the room can be improved by employing an extra PD at
the center of the receiver. The respective throughput values for N-ADR and ADR based
MIMO-VLC systems are represented in Table 4.9.

The capacity performance of the 4 x 5 ADR based MIMO-VLC system is much better
as compared to the 4 x 5 N-ADR based MIMO-VLC system. A difference of 12.33
bit/s/Hz and 13.35 bit/s/Hz is recorded for fixed and variable EA MIMO-VLC systems,
respectively. This difference in capacity increases towards the center of the room
resulting in a difference of 17.45 bit/s/Hz and 17.45 bit/s/Hz at position 6 (2.0, 2.0, 0.8)
for fixed and variable EA MIMO-VLC systems, respectively.
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—$-N-ADR MIMO VLC
Fixed EA MIMO VLC
—8- Variable EA MIMO VLC
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Figure 4.13. Maximum channel capacity comparison for 4x5 N-ADR and ADR based
MIMO-VLC systems
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Table 4.9. Maximum channel capacity for 4x5 N-ADR, fixed EA and variable EA
MIMO-VLC systems

Considered Positions Cmax of the Cg;g’iloélihe VE:;:’;)& f]i:lll:
of the Receiver N-ADR system system system
(xy2) (bit/s/Hz) (bit/s/Hz) (bit/s/Hz)
Position 0 (0.5, 0.5, 0.8) 14.09 26.42 27.44
Position 1 (1.0, 1.0, 0.8) 17.88 32.96 33.52
Position 2 (1.5, 1.0, 0.8) 19.70 35.37 35.56
Position 3 (2.0, 1.0, 0.8) | 20.28 36.17 36.24
Position 4 (1.5, 1.5,0.8) | 21.20 37.69 37.73
Position 5 (2.0, 1.5,0.8) | 21.55 38.44 38.45
Position 6 (2.0, 2.0, 0.8) | 21.73 39.18 39.18

4.3.4. Factors influencing the performance of 4x5 MIMO-VLC system

The performance of a 4 x 5 MIMO-VLC system depends on many factors including
the FOV angle, LED transmitter array length, and horizontal orientation of the receiver.
To completely understand the impact on the performance of the MIMO-VLC system
by a specific factor, we will change one factor at a time and keep the remaining factors
unchanged. In this way, we will be able to explore the impact of the factor on the

performance of the system.

4.3.4.1. FOV angle

The optimum capacity and EA values for 4 x 5 MIMO-VLC system recorded so far
correspond to the FOV angle of 90°. However, the capacity performance of the N-ADR
and ADR based MIMO-VLC systems changes as the FOV angle is changed from 90° to
60°. Similarly, the respective EA values of fixed and variable EA MIMO-VLC systems
also change with the FOV angle. A very small decrease in capacity values has been
observed for N-ADR based MIMO-VLC system. A maximum difference of 0.34% at
position 6 (2.0, 2.0, 0.8) is observed for the new value of the FOV angle as shown in
Figure 4.14.
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Figure 4.14. Maximum channel capacity comparison for FOV angles of 60° and 90°

Table 4.10. Maximum channel capacity for 4x5 fixed and variable EA MIMO-VLC
systems when FOV= 60°

Considered Optimum EA Optimum EAs
oy Cmax of . Cmax of .
positions the fixed (in Deg) of the variable (in Deg) of
of the the fixed the variable
. EA system EA system
receiver (bit/s/Hz) EA system (bit/s/Hz) EA system
(%,¥,2) 6m = 6a [eml Om2 Om3 9m4}
Position 0 | 25.72 [20202020] | 27.07 [8126 8 26]
(0.5, 0.5, 0.8)
Position 1 | 35.08 [35353535] | 36.22 [60 40 18 40]
(1.0, 1.0, 0.8)
Position 2 | 37.52 [49 49 49 49] | 38.05 [5147 21 49]
(1.5, 1.0, 0.8)
Position 3 | 37.46 [43 4343 43] | 38.61 [64 47 38 24]
(2.0, 1.0, 0.8)
Position 4 | 39.97 [42 4242 42] | 40.18 [49 42 32 42]
(1.5, 1.5,0.8)
Position 5 | 40.07 [58 58 58 58] | 40.87 [66 66 45 45]
(2.0, 1.5,0.8)
Position 6 | 41.90 [52525252] | 41.90 [52 52 52 52]
(2.0, 2.0, 0.8)
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The capacity values along with new optimum EAs for fixed and variable EA MIMO-
VLC systems are given in Table 4.10. The capacity values for the FOV angle of 60°
follow the same pattern. At position 0 (0.5, 0.5, 0.8), the performance of 60° employed
FOV angle MIMO-VLC system is slightly poor as compared to 90° employed FOV
angle MIMO-VLC system. However, for the rest of the considered positions, the
performance of 60° employed FOV angle system is better than its counterpart as shown
in Figure 4.14. The gain in channel capacity is achieved because a smaller FOV angle
allows faster data transmission and low levels of ISI. The performance of the variable
EA MIMO-VLC system is better as compared to the fixed EA MIMO-VLC system.
The position 0 (0.5, 0.5, 0.8) presents the worst receiver position resulting in only 25.72
bit/s/Hz and 27.07 bit/s/Hz for fixed and variable EA MIMO-VLC systems, respectively.
The position 6 (2.0, 2.0, 0.8) being located at the center of the room, exhibits the
maximum throughput values of 41.90 bit/s/Hz for fixed and variable EA MIMO-VLC

systems as shown in Figure 4.14.

4.3.4.2. LED transmitter array length

In this section, we have chosen two positions i.e., position 1 (1.0, 1.0, 0.8) and position
6 (2.0, 2.0, 0.8) as our reference positions to explore the impact on the capacity
performance of N-ADR and ADR based MIMO-VLC systems. These positions are

selected to have a fair comparison in terms of capacity. We start off from the center of

~8-N-ADR Position 1 (1.0, 1.0, 0.8)
50 |2 Fixed EA Position 1 (1.0, 1.0, 0.8)
—&-Variable EA Position 1 (1.0, 1.0, 0.8)
—#¥-N-ADR Position 6 (2.0, 2.0, 0.8)
Fixed EA Position 6 (2.0, 2.0, 0.8)
Variable EA Position 6 (2.0, 2.0, 0.8)

Channel Capacity (bit/s/Hz)

0 0.5 1 1.5 2 2.5 3
LED transmitter array length (in meters)

Figure 4.15. Capacity variation of a 4x5 MIMO-VLC system with dix when FOV=90°
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Table 4.11. Capacity variation of a 4x5 MIMO-VLC system with dix when FOV= 90°

Considered Cmax Cmax d Co of
positions of the dix-opt | Of the tx-opt | "max’ dix-opt
of the N-ADR values | fixed EA values | the variable values
. system | EA system
receiver system (m) system (m) (bit/s/Hz) (m)
(X,y,z) (bit/s/Hz) (bit/s/Hz)
Position 0 | 14.92 3.0 27.01 2.6 28.00 2.7
(0.5,0.5,0.8)
Position 1|17.90 1.9 32.96 2.0 33.52 2.0
(1.0, 1.0, 0.8)
Position 2 | 20.20 1.5 35.53 1.8 35.71 1.8
(1.5, 1.0, 0.8)
Position 3 | 21.12 1.4 36.50 1.7 36.55 1.7
(2.0, 1.0, 0.8)
Position 4 | 23.07 1.2 38.31 1.6 38.34 1.6
(1.5,1.5,0.8)
Position 5 | 24.21 1.1 39.32 1.5 39.31 1.5
(2.0, 1.5, 0.8)
Position 6 | 25.44 1.0 40.23 1.5 40.23 1.5
(2.0, 2.0, 0.8)

the room and vary the di in a step-size of 10 cm. We increase dix until 0.5 m is left
from all sides of the room. The variation in capacity with the varying d is plotted in
Figure 4.15. The capacity of N-ADR and ADR based MIMO-VLC systems initially
increases with dix until Cpax 18 achieved at dix-opt. Till dix-opt, the improvement in
capacity results from the fact that channel decorrelation is the prominent factor as
compared to the reduction in signal strength. Beyond dx-opt, the reduction in signal
strength becomes the prominent factor. As a result, the improvement resulted from the
channel decorrelation is lost and the capacity starts dropping. As it can be seen from
Table 4.11 that the positions near the corner of the room require comparatively larger
dix values for improved performance as it minimizes the channel correlation. However,
the positions towards the center of the room need smaller dix values for improved

performance.
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4.3.4.3. Horizontal orientation of the receiver

For the ADR based MIMO-VLC system, the horizontal orientation of the receiver can
be varied to improve the capacity performance of the system. We have chosen three
different positions i.e., position 1 (1.0, 1.0, 0.8), position 4 (1.5, 1.5, 0.8), and position
6 (2.0, 2.0, 0.8), as our reference positions to have a fair comparison. The position 0
(0.5, 0.5, 0.8) is not chosen as it always results in poor performance as it is located at
the corner of the room. For the said positions, the remaining parameters along with
optimum EA values are kept unchanged. The horizontal rotation for a 4 x 5 MIMO-VLC
system is symmetric for every 45°, just like 4 x 4 MIMO-VLC system. The channel
capacity also varies symmetrically as shown in Figure 4.16. The capacity rises with
the varying horizontal orientation angle until Cphax is achieved at 45°. After that, the
capacity drops and attains C,;, at 90°. The capacity again rises to Cpax at 135° and
drops back to C;,, at 180°. The capacity values for positions 1 and 4 of variable EA
MIMO-VLC systems are slightly higher than their respective counterparts in the first
cycle i.e., from 0° to 90°. However, for the second cycle i.e., from 90° to 180°, the fixed
EA capacity performance is better than the variable EA MIMO-VLC system. Thus, we
can say that fixed EA MIMO-VLC systems follow perfect symmetry whereas variable
EA MIMO-VLC system does not follow perfect symmetry because of having different
EAs for the PDs.
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Figure 4.16. Capacity variation with respect to horizontal orientation angle of the
receiver
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4.3.5. Suitable receiver positions across the room

The suitable positions with respect to the capacity performance of the 4 x 5 MIMO-
VLC system for a FOV angle of 60° are given in Figure 4.17. The positions near the
corners of the room exhibit a poor capacity performance of 21.61 bit/s/Hz. The positions
towards the center of the room present more suitable receiver positions, with the center
of the room the most suitable receiver position with a capacity of 41.59 bit/s/Hz. A
symmetry in the capacity performance of the 4 x 5 MIMO-VLC system can be observed
around the center pointi.e., x =y = 2m. However, due to the presence of the 5t PD, the
capacity performance of 4 x 5 MIMO-VLC system at corners of the room is better as

compared to 4 x 4 MIMO-VLC system.
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Figure 4.17. Capacity variation across entire room for the FOV angle of 60°

4.4. Capacity performance of a 5x5 MIMO-VLC system

The capacity performance of the 5 x 5 MIMO-VLC system is explored in this section.
The difference in capacity performance for fixed and variable EA MIMO-VLC systems
have also been highlighted in this section. Similarly, the impact on the performance
of the 5 x 5 MIMO-VLC system by factors such as FOV angle, LED transmitter array
length, and horizontal orientation angle of the receiver has also been explored and

discussed in this section.
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4.4.1. Capacity variation with respect to EA and fixed EA MIMO-VLC system

The EA for 5 x 5 MIMO-VLC system is also varied from 0° to 90°, just like its
counterparts i.e., 4 X 4 and 4 x 5 MIMO-VLC systems. The FOV angle and transmitter
array length are considered to be 90° and 2 m, respectively. The position 6 (2.0, 2.0, 0.8)
being located at the center of the room, receives the information from all the LEDs. As
a result, the capacity performance of position 6 (2.0, 2.0, 0.8) is better than the rest of
the considered receiver positions. The position 6 (2.0, 2.0, 0.8) attains a Cyax value of
45.44 bit/s/Hz. As we move away from the center of the room, the capacity performance
degrades for the remaining positions. The position 0 (0.5, 0.5, 0.8) performs the worst
of all the considered positions with a Cpax value of 27.35 bit/s/Hz. For each respective
position of the receiver, a Cpax and EA value is attained as shown in Figure 4.18. This
optimum EA value is assumed the same for all the PDs, which constitutes the fixed
EA MIMO-VLC system. The respective Cpyax and optimum EA values are given in
Table 4.12. When compared with a 4 x 4 fixed EA MIMO-VLC system, a maximum
percentage gain in capacity is seen at position 6 (2.0, 2.0, 0.8) 1.e., 19.07%. As we

move towards the corner of the room, the percentage gain decreases for the respective

Table 4.12. Optimum fixed EAs that result in Cpax & percentage gain for considered
receiver positions for FOV angle of 90°

Considered Posiions | w2 0y GPDE e [t dnd e EA
(x,3,2) EA system | fixed EA system MIMO-VLC
(bit/s/Hz) | [6m1 Om2 Om3 Omd] system
Position 0 (0.5, 0.5, 0.8) | 27.35 [70 70 70 70] 9.22
Position 1 (1.0, 1.0, 0.8) | 35.49 [58 58 58 58] 11.40
Position 2 (1.5, 1.0, 0.8) | 39.18 [61 61 61 61] 14.54
Position 3 (2.0, 1.0, 0.8) | 40.56 [64 64 64 64] 15.93
Position 4 (1.5, 1.5, 0.8) | 42.91 [66 66 66 66] 17.28
Position 5 (2.0, 1.5, 0.8) | 44.18 [68 68 68 68] 18.22
Position 6 (2.0, 2.0, 0.8) | 45.44 [70 70 70 70] 19.07
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Figure 4.18. Capacity variation with EA for considered receiver positions

positions. At position 0 (0.5, 0.5, 0.8), a percentage gain of 9.22% is observed. As the
Mt LED is placed at the center of the room i.e., (2.0, 2.0, 2.7), the maximum channel

capacity improvement is observed for the position 6 (2.0, 2.0, 0.8).

4.4.2. 5x5 Variable EA MIMO-VLC system

The variable EAs for 5 x 5 MIMO-VLC system is found by varying the EA of individual
PDs in the range from 0° to 90°. The performance of the variable EA MIMO-VLC
system is better as compared to the fixed EA MIMO-VLC system as shown in Figure

4.19. The maximum gain in capacity is attained at position 0 (0.5, 0.5, 0.8). However,
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Figure 4.19. Maximum channel capacity comparison for considered positions of 4x4
and 5x5 MIMO-VLC systems
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Table 4.13. Optimum variable EAs that result in Crpax & capacity gain(%) for considered
receiver positions for FOV angle of 90°

Considered Positions Cimax OF (.)ptlmum EAs Capacity gal.n (%)
of the receiver the variable | (in Deg) of the w.r.t 4x4 variable
(x,¥,2) EA system | variable EA system | EA MIMO-VLC
” (bit/s/Hz) | [6m1 Om2 Om3 Oma) system
Position 0 (0.5, 0.5,0.8) | 28.53 [71 69 37 69] 7.91
Position 1 (1.0, 1.0, 0.8) | 36.63 [73 70 49 69] 12.74
Position 2 (1.5, 1.0,0.8) | 39.64 [73 72 56 66] 15.03
Position 3 (2.0, 1.0, 0.8) | 40.68 [73 73 61 61] 15.98
Position 4 (1.5, 1.5,0.8) | 43.03 [73 70 61 70] 17.38
Position 5 (2.0, 1.5,0.8) | 44.21 [72 72 66 66] 18.26
Position 6 (2.0,2.0,0.8) | 45.44 [70 70 70 70] 19.07

as we move towards the center of the room, the gain in performance decreases. At
position 6 (2.0, 2.0, 0.8), the capacity of the fixed and variable EA MIMO-VLC systems
becomes equal as the EA values become the same. For each respective receiver position,
the Cmax value along with optimum variable EA is given in Table 4.13. The channel
capacity of 5 x 5 MIMO-VLC system is better as compared to 4 x 4 MIMO-VLC
system as shown in Figure 4.19. The percentage gain in capacity performance of 5 x 5
variable EA MIMO-VLC system when compared with 4 x 4 variable EA MIMO-VLC
system is also provided in Table 4.13. The maximum capacity gain is achieved at the
position 6 (2.0, 2.0, 0.8). Towards the corner of the room, the gain in capacity decreases

resulting in only a meager capacity gain of 7.91%.

4.4.3. Maximum channel capacity comparison of 5x5 ADR and N-ADR based
MIMO-VLC systems

The simulation parameters are kept constant in order to determine the performance of
5 x5 N-ADR based MIMO-VLC system. The horizontal orientation angle and EA are
assumed to be 0° as shown in Figure 3.7. The capacity performance of the 5 x 5 N-ADR
based MIMO-VLC system follow the same trend as 5 x 5 ADR based MIMO-VLC
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Figure 4.20. Maximum channel capacity comparison for 5x5 N-ADR and ADR based
MIMO-VLC systems

system as shown in Figure 4.20. As the position 0 (0.5, 0.5, 0.8) is located very close
to the corner of the room, it performs the worst among all the considered receiver
positions. Only a throughput of 13.94 bit/s/Hz 1s recorded for position 0 (0.5, 0.5, 0.8).
The position 5 (2.0, 1.5, 0.8) performs the best and attains a capacity of 22.71 bit/s/Hz.
When compared with 4 x 4 N-ADR MIMO-VLC system, a minimum capacity gain
of 1.24% is attained at position 0 (0.5, 0.5, 0.8). Towards the center of the room, the
capacity gain increases, and maximum capacity gain of 9.64% is attained at position
3 (1.5, 1.0, 0.8). After position 3 (1.5, 1.0, 0.8), the capacity gain decreases slightly
and a capacity gain of 4.11% is attained at position 6 (2.0, 2.0, 0.8). The variation in
gain depends on the respective position of the receiver and channel correlation. The
capacity values of N-ADR and ADR MIMO-VLC systems are given in Table 4.14.
The performance of the 5 x 5 ADR based MIMO-VLC system is much better than
5 x 5 N-ADR based MIMO-VLC system as shown in Figure 4.20. A difference of
13.41 bit/s/Hz and 14.59 bit/s/Hz is observed for position 0 (0.5, 0.5, 0.8) of fixed and
variable EA MIMO-VLC systems, respectively. As we move away from the corner of
the room and towards the center of the room, the difference in capacity between ADR
and N-ADR MIMO-VLC systems increases. At position 6 (2.0, 2.0, 0.8), the difference
in the capacity of 23.17 bit/s/Hz is recorded for fixed and variable EA MIMO-VLC

systems.
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Table 4.14. Maximum channel capacity for 5x5 N-ADR, fixed EA and variable EA
MIMO-VLC systems

Considered Positions Cmax of the Cg;g’iloélihe VE:;:’;)& f]i:lll:
of the Receiver N-ADR system system system
(xy2) (bit/s/Hz) (bit/s/Hz) (bit/s/Hz)
Position 0 (0.5, 0.5, 0.8) 13.94 27.35 28.53
Position 1 (1.0, 1.0, 0.8) 18.77 35.49 36.63
Position 2 (1.5, 1.0, 0.8) 20.98 39.18 39.64
Position 3 (2.0, 1.0, 0.8) | 21.88 40.56 40.68
Position 4 (1.5, 1.5,0.8) | 22.30 4291 43.03
Position 5 (2.0, 1.5, 0.8) | 22.71 44.18 44.21
Position 6 (2.0, 2.0, 0.8) | 22.29 45.44 45.44

4.4.4. Factors influencing the performance of 5x5 MIMO-VLC system

In this section, the impact of different factors on the performance of 5 x 5 MIMO-VLC
system has been explored. One of the factors including the FOV angle, LED transmitter
array length, and horizontal orientation angle is varied at a time and its impact on the

performance of the MIMO-VLC system is explored accordingly.

4.44.1. FOV angle

The performance of the MIMO-VLC system is dependent on the FOV angle. The
performance of the 5 x 5 MIMO-VLC system varies as the FOV angle is changed from
90° to 60°. As the capacity performances change with the FOV angle, so does the
values of optimum EA values for fixed and variable EA MIMO-VLC systems. The
performance of the N-ADR based MIMO-VLC system shows a slight change when
the FOV angle is changed. However, the Cyax value of the fixed and variable EA
MIMO-VLC system improves as the FOV angle is changed from 90° to 60° as shown
in Figure 4.21. The channel capacity performance improves as a narrow FOV angle

results in a low ISI and a more direct beam from LEDs to PDs.
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Table 4.15. Maximum channel capacity for fixed EA and variable EA MIMO-VLC
systems when FOV= 60°

Considered Optimum EA Optimum EAs
oys Cmax of . Cmax of .
positions the fixed (in Deg) of the variable (in Deg) of
of the the fixed the variable
. EA system EA system
receiver (bit/s/Hz) EA system (bit/s/Hz) EA system
(X,y,2) Om = 6A [6m1 Om2 Om3 Oma]
Position 0 | 29.29 [49 49 49 49] | 32.50 [81 46 11 46]
(0.5,0.5,0.8)
Position 1 | 38.89 [52525252] | 40.80 [72 52 24 52]
(1.0, 1.0, 0.8)
Position 2 | 41.00 [49 49 49 49] | 43.52 [63 76 31 45]
(1.5, 1.0,0.8)
Position 3 | 42.00 [48 48 48 48] | 45.24 [79 79 38 38]
(2.0, 1.0, 0.8)
Position 4 | 45.80 [58 58 58 58] | 47.49 [81 58 40 58]
(1.5,1.5,0.8)
Position 5 | 46.79 [70 70 70 70] | 48.65 [70 70 49 49]
(2.0, 1.5,0.8)
Position 6 | 49.82 [60 60 60 60] | 49.82 [60 60 60 60]
(2.0,2.0,0.8)

The modified capacity values along with new optimum EA values for fixed and variable
EA MIMO-VLC systems is given in TABLE 4.15. The performance of 60° employed
ADR MIMO-VLC system is better than its counterpart i.e., 90° employed ADR
MIMO-VLC system and follows the same trend. The performance of the variable EA
MIMO-VLC system is better than the fixed EA MIMO-VLC system. At position 6
(2.0, 2.0, 0.8), the EA for fixed and variable EA MIMO-VLC systems becomes equal,
resulting in a capacity of 41.82 bit/s/Hz. The position 6 (2.0, 2.0, 0.8) presents the most
suitable location of the receiver in terms of capacity performance whereas position 0
(0.5, 0.5, 0.8) presents the worst position and attains a channel capacity of only 29.29
bit/s/Hz and 32.50 bit/s/Hz for fixed and variable EA MIMO-VLC systems, respectively.
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Figure 4.21. Maximum channel capacity for FOV angles of 60° and 90°

4.4.4.2. LED transmitter array length

We have selected position 1 (1.0, 1.0, 0.8) and position 6 (2.0, 2.0, 0.8) as our reference
positions for performance comparison. We start varying the dix from the center of the
room. The dix is varied in a step-size of 10 cm until we arrive close to the boundary of
the room i.e., 0.5 m away from the boundary. The capacity variation with d¢x for the
5 x5 MIMO-VLC system is given in Figure 4.22. The pattern of the capacity variation
of 5 x5 MIMO-VLC systems is the same as its counterparts. The capacity initially
increases with the dix until dix-opt is reached at which Cmax is attained. After the dix-opt

any further increase in the dix results in a drop in the value of Cyyax. The respective
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Figure 4.22. Capacity variation of a 5x5 MIMO-VLC system with dix when FOV=90°
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Table 4.16. Capacity variation of a 5x5 MIMO-VLC system with dix when FOV= 90°

Considered Cmax Cmax d Co of
positions of the dix-opt | Of the tx-opt | "max’ dix-opt
of the N-ADR values | fixed EA values | the variable values
. system | EA system
receiver system (m) system (m) (bit/s/Hz) (m)
(X,y,z) (bit/s/Hz) (bit/s/Hz)
Position 0 | 15.60 3.0 29.21 3.0 30.48 3.0
(0.5,0.5,0.8)
Position 1| 18.90 2.3 35.99 24 36.91 2.3
(1.0, 1.0, 0.8)
Position 2 | 21.01 1.9 39.23 2.1 39.67 2.1
(1.5, 1.0, 0.8)
Position 3 | 21.99 1.8 40.56 2.0 40.68 2.0
(2.0, 1.0, 0.8)
Position 4 | 23.15 1.4 42.94 1.9 43.07 1.9
(1.5,1.5,0.8)
Position 5 | 24.10 1.2 44.30 1.8 44.33 1.8
(2.0, 1.5, 0.8)
Position 6 | 25.02 1.0 45.68 1.7 45.68 1.7
(2.0, 2.0, 0.8)

Cmax values along with dx-opt for the considered receiver positions are given in Table
4.16. The values located towards the center of the room requires comparatively smaller
dix values as compared to the receiver positions near the corners of the room. Thus, by
adjusting the dix values, the performance of the MIMO-VLC system can be improved

accordingly.

4.4.4.3. Horizontal orientation of the receiver

The performance of the ADR based MIMO-VLC system can be improved by selecting a
suitable horizontal orientation angle with respect to the position of the receiver. We have
considered the horizontal orientation and EA for N-ADR based MIMO-VLC system as
0° throughout this dissertation. We have selected position 1 (1.0, 1.0, 0.8), position 4

(1.5, 1.5, 0.8), and position 6 (2.0, 2.0, 0.8) for the purpose of performance comparison
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Figure 4.23. Capacity variation with respect to horizontal orientation angle of the
receiver

for the ADR based MIMO-VLC system when the horizontal orientation angle is varied
from 0° to 180°. Due to the symmetry of the MIMO-VLC system, the 5 x 5 MIMO-
VLC system is symmetric for every 45°. The capacity of 5 x 5 MIMO-VLC system
initially rises with the horizontal orientation angle to an angle of 45° at which Cpyax is
attained. The capacity drops in the region 45° to 90° where C,,;, is reached at 90°. A
similar trend is repeated in the second cycle for the ADR based MIMO-VLC system.
A Chax is attained at an angle of 135° and a C,y;,, is attained at an angle of 180° as
shown in Figure 4.23. The fixed EA MIMO-VLC system follows a perfect symmetry
whereas the variable EA MIMO-VLC system does not follow a perfect symmetry. The
performance of variable EA is better as compared to the fixed EA MIMO-VLC system
in the first cycle. However, in the second cycle. the performance of the variable EA
MIMO-VLC system becomes worse than the fixed EA MIMO-VLC system as shown

in Figure 4.23.

4.4.5. Suitable receiver positions across the room

The suitable positions in terms of channel capacity across the entire room for 5 x 5
MIMO-VLC system for a FOV angle of 60° is plotted in Figure 4.24. The center of
the room presents an ideal position for the receiver, resulting in a Cypax value of 49.69
bit/s/Hz. As we move away from the center of the room, the capacity performance

slowly degrades. The corners of the room present the worst position for the receiver
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resulting in a channel capacity of only 24.46 bit/s/Hz. However, across the entire room,
the capacity performance of 5 x 5 MIMO-VLC system is much better as compared to
4 x4 and 4 x 5 MIMO-VLC systems.

Channel Capacity (bit/s/Hz)

w
=]

L 25
0 0.5 1 1.5 2 2.5 3
X (m)

Figure 4.24. Capacity variation across entire room for the FOV angle of 60°

4.5. An overview of channel capacity for ADR and N-ADR 4x4, 4x5, and 5x5
MIMO VLC systems for FOV angle of 60° and 90°

In this section, we will provide an overview and comparison for channel capacity
between N-ADR and ADR based different MIMO VLC systems. As it is very clear that
by increasing the number of LEDs and PDs, the channel capacity of the MIMO-VLC
system can be improved. The position 0 (0.5, 0.5, 0.8) always results in comparatively
poor performance with respect to other receiver positions. Therefore, to have a fair
comparison in terms of channel capacity, we have chosen position 1 (1.0, 1.0, 0.8),
position 4 (1.5, 1.5, 0.8), and position 6 (2.0, 2.0, 0.8) for ADR and N-ADR based
MIMO-VLC systems.

At first, we observe the channel capacity curve with EA for ADR-MIMO VLC systems.
For N-ADRs, the horizontal orientation and EA is 0°. As we can see from the Figure
4.25, the channel capacity of the 5 x 5 MIMO-VLC system is better for all the considered
receiver positions as compared to 4 x 4 and 4 x 5 MIMO-VLC systems. The channel
capacity of position 4 (1.5, 1.5, 0.8) of the 5 x 5 MIMO-VLC system is better than
position 6 (2.0, 2.0, 0.8) of the remaining considered MIMO-VLC systems. Similarly,
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Figure 4.25. Channel capacity variation with respect to elevation angle of the receiver

the channel capacity of the 4 x 5 MIMO-VLC system is better as compared to the
4 x 4 MIMO-VLC system for all the considered positions of the receiver. Therefore,
by the addition of a single PD and LED to a MIMO-VLC system, the channel capacity
performance is improved significantly. The behavior of the channel capacity curves with
EA is the same for all the MIMO-VLC systems. The channel capacity curve initially
increases with EA until Cpax is achieved at an optimum EA. After the optimum EA is

achieved, the channel capacity starts dropping as shown in Figure 4.25.

A comparison in peak channel capacity of N-ADR and ADR based MIMO VLC systems
for a FOV angle of 90° is shown in Figure 4.26. The ADR based MIMO-VLC system
outperforms N-ADR based MIMO VLC system for all the considered receiver positions.
Moreover, the channel capacity of a lower order i.e., 4 x 4 ADR MIMO-VLC system is
better than a higher-order i.e., 5 X 5 N-ADR based MIMO VLC systems.

Similarly, for positions 1 and 4, the channel capacity of the variable EA MIMO-VLC
system is always better than the fixed EA MIMO-VLC system. However, as the variable
and fixed EAs become the same at the center of the room i.e., position 6 (2.0, 2.0, 0.8),

the channel capacity values also become the same.

In a similar manner, the channel capacity for N-ADR and ADR based MIMO VLC
systems are evaluated and given in Figure 4.27 for FOV angle of 60°. The ADR based
MIMO-VLC systems outperforms the N-ADR MIMO-VLC system as shown in Figure
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Figure 4.26. Peak channel capacity (bit/s/Hz) values of N-ADR, fixed and variable EA
MIMO VLC system when FOV 90°

4.27. Similarly, the variable EA MIMO-VLC system results in a better performance
than the fixed EA MIMO-VLC system. However, this channel capacity gain is achieved

at the cost of the receiver design complexity.

The ADR based MIMO-VLC system results in higher peak values for FOV 60° as

compared to FOV 90°. This gain in channel capacity results from the fact that a
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Figure 4.27. Peak channel capacity (bit/s/Hz) values of N-ADR, fixed and variable EA
MIMO VLC system when FOV 60°
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narrow FOV angle allows us to achieve a higher transmission rate and lower levels of
ISI. However, a narrow FOV angle also results in uneven optical power distribution.
Moreover, a narrow FOV angle may also result in limiting the viewing area of the PD,
thus, creating blind spots. Therefore, it is important to select an optimal FOV angle to

improve system performance.

The performance of the N-ADR based MIMO-VLC system remains the same for both
FOV angles. The channel matrix entries for N-ADR MIMO VLC systems almost
remains the same for both FOV angles, resulting in an almost similar performance. The
channel capacity gain (%) for ADR based MIMO VLC system when FOV is varied
from 90° to 60° is shown in the Figure 4.28.

The respective channel capacity gain (%) depends upon the position of the receiver
and the respective channel capacity values. The 4 x 4 MIMO-VLC system shows a
decreasing trend as we move from position 1 (1.0, 1.0, 0.8) to position 6 (2.0, 2.0, 0.8)
for fixed and variable EA MIMO-VLC systems. Similarly, for the 5x5 variable EA
MIMO-VLC system, a maximum gain (%) is observed at position 1 (1.0, 1.0, 0.8). For
the rest of the considered position, maximum gain (%) is observed at position 6 (2.0,

2.0, 0.8).
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Figure 4.28. Channel capacity gain(%) when FOV angle is changed from 90° to 60°
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4.6. BER Performance of MIMO-VLC Systems

In this section, we will evaluate and compare the BER performance of 4 x 4 and
5 x5 MIMO-VLC systems. We have considered two transmission mechanisms i.e.,
RC and SMP. In order to conduct a fair comparison between the BER performance
of the MIMO-VLC systems, we have considered the I and Rgpec constant for both the
transmission schemes. For the RC, the Rgpec does not depend upon the number of LED
transmitters i.e., logy(K) whereas the Rgpec of SMP depends on the number of LED
transmitters i.e., M log,(K) where M and K represent number of LED transmitters and

signal constellation size, respectively.

4.6.1. 4x4 MIMO-VLC system

As explained in the Chapter 3, for a 4 x 4 MIMO-VLC system, we have considered
Rgpec of 4 bit/s/Hz and 8 bit/s/Hz. In order to keep the Rgpec same, we have used
16-PAM and 256-PAM for RC employed MIMO-VLC systems whereas 2-PAM and
4-PAM are used for SMP employed MIMO-VLC systems.

We have selected three positions i.e., position 1 (1.0, 1.0, 0.8), position 4 (1.5, 1.5, 0.8),
and position 6 (2.0, 2.0, 0.8) for BER performance comparison of fixed and variable EA
MIMO-VLC systems. The BER performance of fixed and variable EA RC employed
MIMO-VLC system is given in Figure 4.29. As it can be seen from Figure 4.29 that the
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Figure 4.29. BER performance of RC employed MIMO-VLC system for Rgpec = 4
bit/s/Hz
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Figure 4.30. BER performance of SMP employed MIMO-VLC system for Rgpec = 4
bit/s/Hz

BER performance of position 1 (1.0, 1.0, 0.8) is better as compared to position 4 (1.5,
1.5, 0.8) and position 6 (2.0, 2.0, 0.8). The performance of the fixed EA MIMO-VLC
system is slightly better than the variable EA MIMO-VLC system. Similarly, the BER
performance of the SMP employed MIMO-VLC system is given in 4.30. Position 6
(2.0, 2.0, 0.8) results in the best performance in an SMP employed MIMO-VLC system.
For the SMP employed MIMO-VLC system, the performance of fixed and variable EA
MIMO-VLC systems is almost the same.

A BER performance comparison between RC and SMP employed MIMO-VLC systems
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Figure 4.31. BER performance comparison of RC and SMP for Rgpec = 4 bit/s/Hz
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for Rgpec of 4 bit/s/Hz is presented in Figure 4.31. The BER performance of the SMP
employed MIMO-VLC system is much better as compared to RC employed MIMO-
VLC system. For RC employed MIMO-VLC systems, we require a larger constellation
size to attain the same Rgpec as that of SMP employed MIMO-VLC systems. As a result
of which RC employed MIMO-VLC systems performs worse than SMP employed
MIMO-VLC systems.

In a similar manner, the BER performance of RC and SMP employed MIMO-VLC
system is analyzed and compared for Rgpec of 8 bit/s/Hz. The BER plot of RC employed
MIMO-VLC is given in Figure 4.32. The BER performance of fixed and variable
EA MIMO-VLC systems is almost identical. Moreover, the BER performance of
position 1 (1.0, 1.0, 0.8) for RC employed MIMO-VLC system is better as compared to
other considered positions. Similarly, the BER graph for SMP employed MIMO-VLC
system is presented in Figure 4.33. In an SMP employed MIMO-VLC system, the
BER performance of position 6 (2.0, 2.0, 0.8) is better than position 4 (1.5, 1.5, 0.8),
which in turn, is better than position 1 (1.0, 1.0, 0.8). Just like its counterpart, the BER

performance of fixed and variable EA MIMO-VLC systems is identical.

A comparison plot between RC and SMP employed MIMO-VLC systems for a Rgpec
of 8 bit/s/Hz is given in Figure 4.34. In order to meet the Rgpec requirement, the RC

employed MIMO-VLC systems require larger constellation sizes as compared to SMP
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Figure 4.32. BER performance of RC employed MIMO-VLC system for Rgpec = 8
bit/s/Hz
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Figure 4.33. BER performance of SMP employed MIMO-VLC system for Rgpec = 8
bit/s/Hz

employed MIMO-VLC systems. That’s why we have used 16-PAM and 256-PAM for
RC whereas 2-PAM and 4-PAM are used for SMP employed MIMO-VLC systems.
Due to larger constellation sizes, the BER performance of RC is worse than SMP. A
maximum difference of approximately 12.5 dB is observed for position 6 (2.0, 2.0, 0.8)
of RC and SMP employed MIMO-VLC systems for the Rgpec of 4 bit/s/Hz. Similarly, a
maximum difference of 25 dB has been observed for position 6 (2.0, 2.0, 0.8) for the

Rgpec of 8 bit/s/Hz i.e., for RC to attain the same BER performance, an additional 25
dB is required.
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Figure 4.34. BER performance comparison of RC and SMP for Rgpec = 8 bit/s/Hz
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4.6.2. 5x5 MIMO-VLC system

For a 5 x 5 MIMO-VLC system, in order to have the same Rgpec for performance
comparison between RC and SMP employed MIMO-VLC systems, we have
considered Rgpec of 5 bit/s/Hz and 10 bit/s/Hz. We have used 32-PAM and 1024-PAM
for RC employed MIMO-VLC systems whereas 2-PAM and 4-PAM are used for SMP
employed MIMO-VLC systems.

To evaluate and compare the performance of 5 x 5 MIMO-VLC system, we have
chosen position 1 (1.0, 1.0, 0.8), position 4 (1.5, 1.5, 0.8), and position 6 (2.0, 2.0, 0.8)
as our reference positions. The BER performance of the RC employed MIMO-VLC
system is shown in Figure 4.35. The BER performance of RC employed fixed and
variable EA MIMO-VLC systems are very similar. position 6 (2.0, 2.0, 0.8) performs
the best, followed by position 4 (1.5, 1.5, 0.8) and then position 1 (1.0, 1.0, 0.8). The
maximum difference between BER performance of fixed and variable EA MIMO-VLC
systems exists for position 1 (1.0, 1.0, 0.8) i.e., approximately 1 dB. For position 4 (1.5,
1.5, 0.8), the difference is extremely small whereas position 6 (2.0, 2.0, 0.8) results in
the same performance. Similarly, the plot for the BER performance of SMP employed
MIMO-VLC system is given in Figure 4.36. For a 5 x 5 SMP employed MIMO-VLC
system, the BER performance of the variable EA is better for position 1 (1.0, 1.0, 0.8)
as compared to the fixed EA MIMO-VLC system with a difference of 1 dB. For the rest
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Figure 4.35. BER performance of RC employed MIMO-VLC system for Rgpec of 5
bit/s/Hz
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Figure 4.36. BER performance of SMP employed MIMO-VLC system for Rgpec of 5
bit/s/Hz

of the considered positions i.e., position 4 (1.5, 1.5, 0.8) and position 6 (2.0, 2.0, 0.8),
the BER performance of the fixed and variable EA MIMO-VLC systems is identical.

A comparison between the BER performance of RC and SMP employed MIMO-VLC
systems for a Rgpec of 5 bit/s/Hz is given in Figure 4.37. The performance of the SMP
employed MIMO-VLC system is better as compared to RC employed MIMO-VLC
system because of the fact that a smaller constellation size was required for SMP to

attain the same Rgpec.
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Figure 4.37. BER performance comparison of RC and SMP for Rgpec = 5 bit/s/Hz
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Figure 4.38. BER performance of RC employed MIMO-VLC system for Rgpec of 10
bit/s/Hz

Similarly, the BER performance of the RC and SMP employed MIMO-VLC systems is
explored for a Rgpec of 10 bit/s/Hz. The BER performance of RC employed
MIMO-VLC system is given in Figure 4.38. The BER performance of the fixed EA
MIMO-VLC system is slightly better than the variable EA MIMO-VLC system for
position 1 (1.0, 1.0, 0.8). The rest of the considered positions exhibits almost the same
BER performance. Similarly, the BER plot for SMP is shown in Figure 4.39. A similar
pattern is exhibited for the BER performance of SMP employed MIMO-VLC system.
Position 6 (2.0, 2.0, 0.8) results in the best BER performance. The BER performance of
fixed and variable EA MIMO-VLC systems for position 1 (1.0, 1.0, 0.8) and position 4
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Figure 4.39. BER performance of SMP employed MIMO-VLC system
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(1.5, 1.5, 0.8) is very close to one another as shown in Figure 4.39.

For Rgpec of 10 bit/s/Hz, the BER performance of RC and SMP is compared and
displayed in Figure 4.40. The SMP employed MIMO-VLC systems outperform the RC
employed MIMO-VLC systems. A maximum difference in SNR required to attain the
same BER performance is around 14 dB which is observed for position 6 (2.0, 2.0, 0.8)
for a Rgpec of 5 bit/s/Hz. Similarly, a maximum difference of around 33 dB is observed
between position 6 (2.0, 2.0, 0.8) of RC and SMP employed MIMO-VLC systems for a
Rspec of 10 bit/s/Hz. Due to larger constellation sizes adopted for RC i.e., 32-PAM and
1024-PAM as compared to 2-PAM and 4-PAM for SMP, the RC employed MIMO-VLC
systems require an additional 14 dB and 33 dB to achieve the same BER performance

for Rgpec of 5 bit/s/Hz and 10 bit/s/Hz, respectively.
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Figure 4.40. BER performance comparison of RC and SMP for Rgpec = 10 bit/s/Hz
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S. CONCLUSIONS AND FUTURE DIRECTIONS

The VLC has emerged as one of the most promising developments toward
accommodating new users and provides seamless connectivity at very high data rates.
The applications of VLC in the indoor environment has numerous advantages over
traditional RF-based applications. However, channel correlation in an indoor
MIMO-VLC system is one of the critical challenges of VLC, which degrades the
overall performance of the MIMO system. Therefore, an appropriate mechanism is

required to deploy and improve the performance of the indoor MIMO-VLC systems.

In this thesis, we focus on a special type of ADR called PR, to reduce the effects of
channel correlation and improve the overall performance of the MIMO-VLC systems.
In PR, the PDs are arranged in such a fashion that the normal vectors of the PDs point
in different directions. The normal vectors depend upon the EA of PDs. Hence by
carefully adjusting the EAs of PDs in an indoor MIMO-VLC system, channel
correlation can be reduced. The performance of 4 x 4,4 x 5, and 5 x 5 MIMO-VLC
systems are compared for both fixed and variable EA for considered receiver positions.
Similarly, the performance of the ADR based MIMO-VLC system is also compared
with N-ADR based MIMO-VLC system.

Simulation results show that the variable EA based MIMO-VLC system outperforms
the fixed EA based MIMO-VLC system for all the considered MIMO-VLC systems in
terms of throughput. Moreover, the throughput performance of both, fixed and variable
EA MIMO-VLC systems, is better for all the considered MIMO-VLC systems and
receiver positions as compared to N-ADR based MIMO-VLC systems. Simulation has
also shown that the capacity performance of the 4 x 5 MIMO-VLC system is better as
compared to the 4 x 4 MIMO-VLC system. The maximum channel capacity gain of
5.53% and 3.78% is obtained for fixed and variable EA 4 x 5 MIMO-VLC system near
the corners of the room. Thus, by adding an extra PD, the capacity performance near

the corners of the room can be improved. Similarly, the channel capacity of the 5 x 5
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MIMO-VLC system is better than both, the 4 x 4 and 4 x 5 MIMO-VLC systems. As
the additional LED and PD is located at the center of the room, the maximum channel
capacity gain of 19.07% is obtained with respect to 4 x 4 MIMO-VLC system at the
center of the room. Thus, by the addition of an extra PD and LED, the channel capacity

performance can be significantly improved.

It has also been observed that the FOV angle of 60° results in a better performance in
terms of peak channel capacity values as compared to the FOV angle of 90°. As the
FOV of the receiver is changed, the respective channel matrix entries are also changed
resulting in a reduced channel correlation and ISI. As a result, the performance of 60°
FOV employed MIMO-VLC system is better than its counterpart i.e., 90° FOV
employed MIMO-VLC system. However, a narrow FOV angle results in uneven optical
power distribution across the room, resulting in the creation of blind spots across the
room. These blind spots result in degrading the performance of MIMO-VLC systems

drastically and are undesirable in an indoor MIMO-VLC system.

Similarly, for each receiver position, an optimum LED transmitter array length exists,
which results in Cpax. It has been observed that the positions located closer to the
center of the room requires a smaller LED transmitter array length as compared to the
positions towards the corner of the room. The performance of all the considered
MIMO-VLC systems is evaluated when the horizontal orientation angle of the receiver
is varied from 0° to 180°. The capacity plots are evaluated for every receiver position
and it has been observed that the fixed EA based MIMO-VLC system follows a perfect
symmetry. However, the variable EA based MIMO-VLC systems do not follow the
same symmetric cycle. In the first cycle i.e., 0° to 90°, the performance of the variable
EA MIMO-VLC system is better. For the second cycle i.e., 90° to 180°, the variable
EA MIMO-VLC system deviates from the symmetry and the performance of the
variable EA MIMO-VLC system becomes slightly worse than the fixed EA
MIMO-VLC system.

For the BER performance two different transmission schemes i.e., RC and SMP are
considered. For performance comparison, the Rgpec of both the transmission schemes is

kept the same. As the Rgpec 0f RC does not depend on the number of transmitters, a
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larger constellation size has to be used to achieve the same Rgpec as that of SMP. Due to
a small constellation size, the performance of the SMP based MIMO-VLC system is
much better than the RC based MIMO-VLC system. The BER performance of variable
EA based MIMO-VLC systems is almost similar to the fixed EA MIMO-VLC systems.
For the position away from the center of the room, the difference in the BER
performance of fixed and variable EA is comparatively larger than the position near the
center of the room. At the center of the room, as the fixed and variable EA values are
the same, so does the BER performance. The BER performance depends on the LED
transmitter array length. For very small values, the BER performance of RC becomes
better than SMP. However, in our simulations for the BER performance analysis, we
have kept the location of the LEDs fixed i.e., dix is kept 2 m. Therefore, an SMP
employed MIMO-VLC system always outperforms an RC employed MIMO-VLC

system.

This thesis essentially focuses on the performance of indoor MIMO-VLC systems. In
this thesis, we have only considered LoS components. This system model can be
extended to consider reflections from the walls of the room. By considering reflections,
the channel capacity for the receiver positions close to the walls of the room can be

improved.

In an indoor environment, RF sources are readily available. A VLC system can work in
conjunction with an RF system resulting in a hybrid VLC/RF network. Such a network
can result in significant improvement in throughput and coverage without any
additional expenditure. In the future, this system can be extended to work in
conjunction with RF. By adjusting the EAs of the PDs coverage can be provided to the

parts of an indoor environment in which RF is not available.
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