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ABSTRACT

Visible Light Communication (VLC) has become a viable option for optical wireless
communication. Light emitting diode (LED) is one of the possible sources in VLC to
be used as transmitter, because it can provide white light for illumination and
simultaneously be used for high speed data communication. Potential applications of
VLC system are vehicle to vehicle communication, robot communication in hospitals,
Internet of Things (10T) applications, underwater communication, information display
on signboards and indoor communication. Present researchers are investigating the
possibility of increasing the data rate of VLC system to integrate with 5G network.
There are some techniques to increase the data rate of VLC system, such as utilizing
wavelength Division Multiplexing (WDM), high order modulation schemes,
Multilnput Multi Output (MIMO)-OFDM modulation, special pre and post
equalization schemes and ULED arrays. The aim of this research is to investigate and
develop methods to achieve gigabit class VLC. Initially, WDM system has designed
and experimentally verified with different modulation scheme using Red, Green,
Blue, Yellow (RGBY) LED. NRZ-OOK and 16 QAM based WDM-VLC system was
simulated and experimentally demonstrated, which could operate at a maximum speed
of 260 Mb/s using OOK and 1.04 Gb/s using 16QAM in the experiment. In contrast,
a simulation model was designed to validate the experimental results and maximum
data rate achieved 290 Mb/s by OOK and 1.16 Gb/s by 16 QAM. We proposed for
the first time coarse wavelength division multiplexing (CWDM)-visible-light
communication (VLC) system (channel spacing of 20 nm or 2.5THz within 400 nm
visible range) to increase the number of channels for high speed VLC and explored
the possibility of using narrow band LEDs with 7.85 GHz modulation bandwidth in
CWDM-VLC grid. Therefore, InGaN/GaN-based multiple quantum well (MQW)
LEDs coupled with and without nano-lens structure was designed and investigated all
of its optical properties to fit for the CWDM grid using its fixed HWHM. In this
simulation, the achievable modulation bandwidth is up to 7.85 GHz for 510nm and
this concept extends to 530nm and 550nm LEDs to establish the general method for
implementing CWDM-VLC. Finally, we developed a hybrid Radio over VLC (RoF-
VLC) communication model combined with 5G-mmWave and CWDM-VLC for
multi user gigabit class transmission in simulation environment. This model can help
to implement 5G mmWave-RoF backhaul in hybrid VLC network to improve its
uplink data rate. Maximum data rate 2.64 Gb/s and 6.58 Gb/s by 10 and 20 channels
off the shelf LED using 16 QAM and VLC uplink data rate 2.5 Gb/s fully recovered
at CO through mmW based RoF backhaul successfully. For reducing uplink
complexity of indoor VLC system, this mmW used to achieve high-speed full-duplex
communication and which makes more compatible to each other in 5G network
deployments.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

Visible Light Communication (VLC) has become a viable option for optical wireless
communication after the first time introduced in 1999. Light Emitting Diode (LED)
is one of the possible sources in VLC to be used as a transmitter because it can provide
white light for illumination and simultaneously be used for high-speed data
communication. Recently, there is an increased interest in the LED-based VLC system
due to the energy efficiency and durability of LEDs, and high security and high
modulation bandwidth provided by VLC systems (Rajbhandari et al., 2017). A VLC
system is enabled by modulating LEDs and transmitting the signal through the visible
light frequency range. At the receiver, the data is recovered by photodiodes (PDs).
The VLC system'’s potential applications are vehicle to vehicle communication, robot
communication in hospitals, Internet of Things (loT) applications, underwater

communication, information display on signboards and indoor communication.

Researchers are investigating the possibility of increasing the data rate of VLC to 10
Gb/s or beyond to integrate this with 5G network. There are some techniques to
increase the data rate of the VLC system such as utilizing wavelength division
multiplexing (WDM), high order modulation schemes, multiple-input multiple-output
(MIMO) modulation, special pre and post equalization schemes, and ULED
arrays. The aim of this research is to investigate and develop methods to achieve
gigabit-class VLC

1.2 Evaluation of Visible Light Communication

Rapid development of fibers based optical communication has started in the early
1970 and high-speed semiconductor lasers and Light Emitting Diodes (LED) based
VLC introduced after two decades in 1999 (Rajbhandari et al., 2017). The optical fiber



came to replace the present copper wires and changed the concept of data
communication using the speed of light. With the increasing demand of optical fiber,
the research is ongoing to increase the data rate and the new transmission concept, the
wavelength division multiplexing (WDM) technique, has been introduced. To
compete with the fiber-based communication structure, the wireless communications
system (RF) is upgrading itself to represent user-friendly, high-speed communication
technology. The next step revolution came in the middle of the 90s when Nakamura
et al. (Nakamura et al., 1994) produced high brightness blue LED for the first time. In
the following years, phosphor-coated blue LED was introduced to convert the blue
spectrum to the longer visible wavelengths as white light. After that, the LED revolt
influenced the whole lighting industry worldwide and took over exiting the business
opportunity of incandescent and fluorescent lamps (Dhoble & Nair, 2020). The LED
modulates the light intensity based on the electric signal amplitude level determined
by the bias tee. The transmitted light signal from LED propagate in the visible light
free space channel, and it is received by a suitable photo receiver known as photodiode
(PD). Optical color filters, lenses and amplifiers are used to improve the signal quality
when it strikes the PD, which converts the light signal to an electric signal. Lastly, the
demodulation of the received signal or offline process is performed to extract the
actual transmitted data bit. For the first time white LED-based VLC was introduced

to transfer audio data through LEDs by Pang et al. (Pang et al., 2002).

More recently, due to single-channel LED's fundamental limitations, Multiple Input
Multiple Output (MIMO) and Wavelength Division Multiplexing (WDM) system
have been introduced. These technologies mostly use in Radio Frequency (RF)
communication and Optical Fiber (OF) communication, and now use into VLC.
MIMO systems in VLC employ several LEDs as transmitters where each LED
transmits independent information, while an array of receivers are used to de-correlate
and isolate individual transmitters (C.-Y. Chen et al., 2013). WDM systems typically
employ red, green and blue LEDs, which appears white if each individual average
intensity is controlled appropriately. Up to date, the highest data rates in VLC have
been demonstrated using WDM systems, with data rates exceeding 15.73 Gb/s
reported (Bian et al., 2019). Early VLC systems typically employed simple single

carrier modulation schemes such as On-Off Keying (OOK) or Pulse Position



Modulation (PPM), which allow for limited system capacity due to low spectral
efficiency. Orthogonal Frequency Division Multiplexing (OFDM) has been shown to
have high spectral efficiency due to orthogonal subcarrier spacing in the frequency
domain (Zhou et al., 2019).

Li-Fi was the best invention by the Time Magazine in 2011 introduced by Harold
Haas at a TED Talk event (BBC, 2015). In 2015, Li-Fi enabled light bulb, which was
claimed that it could transmit 100 times faster data than the traditional wireless fidelity
(Wi-Fi). The fundamental aspects of Li-Fi technology are built around VLC by
considering link-level algorithms, networking protocols, and data security (Haas et
al., 2016). At present, VLC has become one of the most important communication
media in optical wireless communication due to its high bandwidth capacity.
Moreover, as a common transmitter of VLC, LEDs are used for data communication
regardless of illumination. With the increasing demand for VLC applications, such as
LiFi (light fidelity), robotics, intelligent lighting system, intelligent transport system
(ITS), visible light positioning (VLP), vehicle to wvehicle and underwater
communication, the demand of data rate has also increased up to gigabit range (Lifi
Application, 2020).

The development of wireless communication networks began in early 1970, and
within the last 30 years,’ technologies have changed the total communication strategy
in every aspect of human life. The progression of wireless technology started from
first-generation (1G) systems based on analog frequency modulation and mostly
operated in the 450 MHz frequency band. The second-generation (2G) systems were
based on digital modulation and mainly used for voice transfer over cellular phones.
In 2005, the third-generation (3G) system based on wideband CDMA facilitated
transferring more text, high-quality images, and videos, and operated in 900 MHz and
1800 MHz frequency bands (Hanzo et al., 2012). The maximum data rate of that
system was 2 Megabits per second (Mbps). For better speed, fourth-generation (4G)
wireless technology was introduced after 2010, transmitting data from 100 Mb/s up
to 1 Gb/s (S. Chenet al., 2014). The latest version of 4G technology is called 4G Long
Term Evolution (LTE) approved by the International Telecommunications Union

(ITU). Finally, 5G experimentally implemented in 2020, and the data rate from 1 Gb/s



up to 10 Gb/s with its high-frequency signal (Jastrow et al., 2008). Although there has
been progress in the Gigahertz frequency range (between RF and microwave
spectrum) for outdoor application, with new 5G infrastructure, visible light come to
the stage with 10,000 times larger unregulated spectrum (~ 400 THz) mostly for
indoor application as represented in Figure 1.1 and without additional cost (O’Brien
et al., 2008).
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Figure 1.1: Full electromagnetic spectrum

The early research efforts on the LED-based VLC system actuated from Keio
University, Japan. They proposed white LED as a transmitter for home access network
at Visible Light Communications Consortium (VLCC) in 2003 (O’Brien et al., 2008).
In 2009, the home Gigabit Access project (OMEGA) was started by the EU (Rahman
et al., 2020). They established visible light communication, which was more secured
and enhanced compared to RF communication network. Over 20 European countries
also started a research project regarding optical wireless communication named
‘OPTICWISE’ in 2015 (O. research Group, 2019). A research group of King Abdullah
University and Technology (KAUST) Saudi Arabia is working to improve transmitter
capacity, such as high-speed super luminescent diode with a high bandwidth (807
MHz (Alatawi et al., 2018) for gigabit-class VLC. They demonstrated an optical
receiver device, such as 15 pairs of InGaN/GaN MQW based micro photodetector
(PD), to achieve a 3.2 Gb/s VLC link (Ho et al., 2018).



Professor Nan Chi (and her group) from Fudan University is working to transmit
multi-Gigabit data per LED light and to overcome the technical difficulties of VLC
optical receivers (Tanaka et al., 2000). Sant’ Anna School and TCI LED professionals
demonstrated object detection system at the “LIGHT & Building 2018 event in
Germany. Istituto TeCIP (in Italy) established 3.4 Gb/s VLC link with the RGB LED.
They developed a communication system for an outdoor environment using an optical
wireless link for integrated VLC applications (Tanaka et al., 2000). Oxford University
has comprehensive research background on multi-Gb/s VLC systems, including
hybrid equalization method for modulated optical sources, LD-based VLC link, VLC
receiver for 10T applications, and GaN-based micro-LED fabrication (Chun et al.,
2016). Prof. Harald Haas (PureLiFi’s CSO) established a LiFi center at the University
of Edinburgh and is working on high-speed bidirectional VLC link (C. Chen et al.,
2019), LiFi mobility (Xiping Wu & Haas, 2019), Spatial Modulation (Yesilkaya et
al., 2019), micro-LED and improvement for optical wireless networks. Furthermore,
North Umbria University is working on applying polymer LEDs (PLEDs) for 5G
networks. Monash University is working on higher data transmission in VLC, LED
modeling, and modulation techniques. Special lighting quality effects and dimming
effect have been taken as an interesting research area by Keio University. University
of Boston and Yeungnam university are working for RF/VVLC hybrid methods, Nano
photonics, and LED fabrication (Islim et al., 2017). On the other hand, some
industries are involved with academic research to produce commercial VLC product
for future green communication and intelligent transportation system. The data rate of
the VLC system can be increased by adopting multi-channel LEDs/ULEDs as a
transmitter, high bandwidth photodiode (PD) array at the receiver side, high order
modulation scheme, wavelength division multiplexing (WDM), and Multiple-input

multiple-output (MIMO) techniques to compete with 5G technology.

1.3 Focus of the Thesis

In optical fibers, three different types WDM have been employed — (i) normal WDM,
which uses two predominant wavelengths (1310nm and 1550nm), (ii) Dense WDM



(DWDM), which uses C band (1530nm-1565nm), and (iii) Coarse WDM (CWDM),
which uses bands from O to U (1265nm-1665nm) (Al-Rubaye et al., 2009). Channel
spacing between individual wavelengths in DWDM and CWDM are different.
DWDM system generally has 20 channels at 200GHz (1.6nm) spacing, 40 channels
at 100GHz (0.8nm) spacing, and 80 channels at 50GHz (0.4nm) spacing as
standardized by ITU (ITU, 2020). According to ITU CWDM grid, channel spacing of
20nm (2.5THz) can be implemented within a multiband frequency range from 1270
nmto 1675nm (i.e., 400nm range) (Nebeling, 2002), and same concept of CWDM has
implemented in VLC system with its 400nm visible range from 380nm to780nm. A
baseline of WDM-VLC system was developed and explore the implementation of
CWDM in VLC for the first time.

The use of high bandwidth LED arrays can help to increase the data rate of VLC
systems. The possibility of using narrow-band LED arrays in the CWDM-VLC
system has been explored. The number of quantum wells (QWSs) in InGa/InGaN LEDs
has been varied and changed each layer's thickness to produce a narrow band LED for

achieving the wavelengths required for the CWDM-VLC system.

Considering data transmission capacity, energy, and spectral efficiency, 5G has more
advantages than the existing 4G network. 5G wireless technology is probably utilizing
an RoF network for data transmission between the central office (CO) to the customer
unit (CU). With the advancement of wireless communication, the demand for more
data capacity drives the technology to the millimeter-wave (mmWave) spectrum of
the microwave region. The mmWave band refers typically to the frequency range
from 3 GHz to 300 GHz with wavelengths ranging from 1mm to 100mm (C.-X. Wang
et al., 2014). Compared to mmWave, VLC has similar advantages such as high
bandwidth and the ability to support gigabit-per-second data rates due to its high
security, low co-channel interference, interference-free communications between
indoor and outdoor users. A.M. Khalid et.al., reported for the first time a hybrid
integrated system using of Radio over Fiber (RoF) and VLC. In that hybrid system,
optical fibers are used as a backbone to connect with radio communication and VLC
was used at the user end for indoor communication (Khalid et al., 2011). A new RoF

(5GmmWave)-VLC hybrid model has been proposed, where mmWave is generated



by optical multi-tone sending through the fiber connect to indoor VLC. Typically,
VLC links are good for downlink communication, but there is a performance problem
in the uplink. The desired mmWave signal at 60 GHz and 37.5 GHz with a baseband
are produced. At CO, an electrical BPF selects the tones at 37.5 GHz and 60 GHz to
transfer through a low pass filter (LPF) filter for adjustment with LED driver for
indoor VLC customer unit (CU). Other output goes to an optical band pass filter
(OBPF) for VLC uplink as frequency reuse and mmWave based uplink shows better

transmission quality.

1.4 Objectives of the Research

The aim of this project is to investigate and develop methods for Gigabit-Class visible

light communication systems. The objectives to achieve this aim are:

1.  Simulate and experimentally validate a multi-channel WDM-VLC system
using state-of-the-art RGBA LEDs with various modulation schemes such as
OOK and m-Quadrature Amplitude Modulation (QAM).

2. Investigate the CWDM-based multi-channel VLC system in order to increase
the VLC channels and compare the performance with WDM based VLC

system.

3. Develop high bandwidth narrowband InGaN/GaN MQWs LEDs with specific

requirements for CDWM implementation.

4. Develop a hybrid Radio over fiber VLC (RoF-VLC) communication model
combined with a CWDM-VLC downlink system and 5G-mmWave based
uplink for reducing uplink complexity and high-speed full-duplex

transmission.



1.5 Organization of Thesis

The thesis is organized based on the following chapters.

Chapter One: Introduction

This chapter is the introductory part of the thesis, which provides an overview of the

problem statements, objectives, research contributions, and chapter outline.

Chapter Two: Literature Review

This chapter provides an intensive summary of the VLC system and relevant literature
associated with all technologies which were used to achieve Gigabit link by LED-
based VLC system. High bandwidth LED modeling work, and fabrication process are
discussed in this chapter. Moreover, the multicarrier modulation scheme, WDM
systems for VLC application, equalization techniques and multiple input multiple
output (MIMO) are highlighted as mechanisms to increase data rate of VLC systems
in this chapter. Finally, hybrid Networks with VLC based downlink and uplink
systems, heterogeneous networks with VLC, and recent commercial advancements
are also explained elaborately. This chapter categorizes techniques used in the existing
literature to achieve high-speed VLC communication and identifies the gaps to justify

the objectives of this research.

Chapter Three: Wavelength Division Multiplexing (WDM-VLC) System
This chapter starts with existing WDM-VLC related work from the literature and

derives from that the benchmarking work for this thesis. It then provides analytical
model of WDM-VLC system and evaluates the effect of using RGBA LEDs with
modulation schemes NRZ-OOK and 16 QAM in a WDM-VLC system. It analyzes
the performance by considering line-of-side (LOS) and non-line-of-side (NLOS)
propagation effects on data rate and compares both simulation and experimental
results of indoor VLC. Moreover, the performance has been investigated by total

received power at the receiver by changing the field of view (FOV) concentrator



angle. Combination of multiplexing system with different modulation schemes can

provide data transmission rate at gigabit range with acceptable BER.

Chapter Four: Multi-Channel Gigabit Class CWDM-VLC System

In this chapter, the concepts of CWDM and VLC are explained using the literature
and based on that the possibility of using CWDM in VLC is explored. Then, for the
first time the concept of CWDM-VLC is introduced to increase the number of
channels in VLC and the performance of this system is evaluated using different
optical filters. Finally, the conventional WDM system performances with 10 channels

and 20 channels of CWDM-VLC system was compared in this chapter.

Chapter Five: FDTD Analysis of GaN/InGaN Based High Speed LED

In this chapter, the techniques to enhance the efficiency of GaN-LEDs are explored
based on the works in the literature. Using this as basis, novel high bandwidth
InGaN/GaN-based multiple quantum well (MQW) LEDs are designed coupled with
and without nano-lens on the top layer of the LED structure. Using the finite-
difference time-domain (FDTD) technique, three different peak wavelength LEDs
was designed and compared the performance using recombination lifetime, light
extraction efficiency (LEE), and beam divergence. The thickness of QWs is changed
within a fixed active area and the number of QWs are also changed to attain the desired
peak wavelengths in this chapter. Silicon dioxide (SiO.) parabolic lens array is used
on the top layer to reduce field divergence. With these designs, a proof-of-principle

of CWDM-VLC grid modeling was presented in this chapter.

Chapter Six: Hybrid Radio-over-Fiber mmWave VLC System

In this chapter, different types hybrid RoF-VLC systems from the literature are
highlighted. Then, a hybrid RoF-VLC system is proposed, producing 5G mmWave
signal with baseband in the RoF system as a backhaul and distribution to the VLC
access point for indoor communication link. With the help of different optical

multitoned signals, three different 5G signals are produced and one of them is re-used



as a carrier frequency for VLC uplink for the first time. The structure of the VLC
transmitter uses CWDM to increase the number of data channels for high-speed
indoor communication. How this system can incorporate with mmWave signal and
CWDM-VLC for gigabit-class downlink and uplink transmission is also explained in
this chapter.

Chapter Seven: Conclusion

This chapter summarizes the major outcomes from this thesis and outlines the future
work that can be followed in this area.

1.6 Contribution of Thesis

The contribution of each chapter in this thesis are summarized and explained below:

Chapter 2: A comprehensive literature survey is compiled looking into the relevant
areas associated with off the shelf LED-based VLC systems. This chapter provides
the foundation based on what the key contributions were identified for the subsequent

chapters. This chapter provides an intensive summary of the

a) Prospects of VLC system and relevant literature associated with all
technologies which were used to achieve Gigabit link by LED-based VLC

system.

b) Limitations of pc-LEDs and RGB LEDs compared to high bandwidth LEDs
in the gigabit class VLC systems and their modeling work and fabrication

approaches for better light extraction efficiency and bandwidth.

c) Impacts of multicarrier modulation scheme for data rate enhancement of VLC

systems.

d) Pros and cons of optical wireless receivers in WDM-VLC systems for

increasing the number of VLC channels.
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e) Comparison of pre (at the transmitter) and post (at the receiver) equalization
techniques for achieving gigabit class data rate, which can be based on

software or hardware.

f) Investigation of the non-imaging and imaging MIMO systems and their
performance to deliver high data rate.

g) Evaluation of hybrid networks with VLC based downlink and WiFi/IR based

uplink systems, and heterogeneous networks with VLC.

h) Recent commercial advancements.

i) Different applications of VLC such as Intelligent Transportation System
(ITS), underwater communication, indoor positioning, smart lighting and
implementation challenges such as mobility, modulation bandwidth,

nonlinearity and illumination constraints.

Chapter 3: This chapter provides an analytical model of WDM-VLC system and

evaluates its performance for indoor VLC application. Specifically,

a) Simulate the RGB/RGBA conventional four channel VLC system using

available LED bandwidth configuration.

b) Demonstrate the VLC system and compared both simulation and experimental
results of indoor VLC

c) Evaluate the WDM-VLC system performance with different modulation

schemes in both simulation and experimental setup.

d) Model and analyze the performance of the conventional WDM-VLC model
under LOS and NLOS conditions with different numbers of LEDs.
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e) Achieved 290 Mb/s using OOK and 1.16 Gb/s using 16 QAM using
simulation, and 260 Mb/s using OOK and 1.04 Gb/s using 16 QAM through
experimental work using RGBA LEDs, when the distance between transmitter

and receiver is 3 m.

Chapter 4: This chapter proposes for the first time a novel CWDM based VLC system

with:
1. Accurate characterization of CWDM grid with narrow LEDs spectrum for

high speed communication.

2. Development of 10 channel and 20 channel CWDM-VLC model.

3. Formulation of simulation framework for optical tunable filters at each
channel receiver to maximize signal performance while minimizing

crosstalk.

4. Enhancement of the communication capacity with the CWDM-VLC system
data rate compared to the traditional WDM-VLC system.

5. Achievement of 7.19 Gb/s data rate using 20 channel CWDM grid with
acceptable BER.

Chapter 5: This chapter proposes a high bandwidth GaN/InGaN MQW- LED

structure by finite-difference time-domain (FDTD) analysis. Specially,

a) Propose a model of InGaN/GaN-based multiple quantum well (MQW) LED

coupled with and without nano-lens on the top layer of the LED structure.
b) Optimize linewidth of LED to be used for CWDM using parabolic nano lenses.
c) Investigate the optical properties of highly polarized LED using FDTD

technique and compare the performance with different QWs and changing
thickness of the QW layer.

12



d)

Produced three different LEDs with peak wavelength 510nm, 530nm and
550nm with SiO2 lenses on the top layer to reduce field divergence to 20 nm,
and achieved maximum modulation bandwidths of 6.15GHz, 2.27 GHz and
0.18 GHz.

Chapter 6: This chapter proposes a hybrid Radio over fiber-VLC (RoF-VLC)

communication model using mmWave based uplink and CWDM-VLC for downlink.

Specifically,

a)

b)

d)

RoF-VLC heterogeneous network with millimeter-wave signal generated
using optical triple tone (heterodyning method) and extended through a 20 km
fiber optic link from the central office (CO) to customer unit (CU).

Self homodyning method to down-convert the signal at the VLC access point
and send it to a multi-color CWDM-VLC system for indoor downlink.

Compare the downlink VLC performance using different optical filters.

Analyze the signal quality for both downlink and uplink based on BER of

signals, power levels for different indoor link range and beam divergence.

1.7 Publications

During this PhD research work, the following journals and conference papers were

published. A few more manuscripts have been submitted for publication, which are

currently under review.

Journal Publications

1. M. T.Rahman, R. Parthiban, M. Bakaul (2020), Modeling and analysis of multi-
channel gigabit class CWDM-VLC system, IET Optoelectronics, 460, 125141.

2. M. T. Rahman, ASM Baki Billah, R. Parthiban, M. Bakaul (2020), A Review of
Advanced Techniques for Multi-Gigabit Visible Light Communication, IET
Optoelectronics, 460, 125141.
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3. M. T. Rahman, R. Parthiban, M. Bakaul (2020), FDTD Analysis of GaN/InGaN
Based High Speed LED with Different MQWSs, Optics Letters. [Under review]

4. M. T. Rahman, R. Parthiban, M. Bakaul (2020), 5G mmWave Communication
with Hybrid ROF-VLC System, IEEE Access. [Under review]

Conference Proceedings

5. M. T. Rahman, M.Bakaul, & R. Parthiban, (June 2020), Integration and
Evaluation of Hybrid RoF-VLC Network. Proc. International Conference on
Photonics (ICP2020), Kelantan, Malaysia.

6. M. T.Rahman (August 2019), Analysis of Multi-Channel Gigabit Class CWDM-
VLC System, Advanced Engineering Colloquium (AEC) 2019, Monash
University, Malaysia

7. M. T. Rahman, R. Parthiban, M. Bakaul, & P. Kumar, (March 2019, Published
in 2020), Approaches of Gigabit-Class Transmission for VLC with uLED-Based
WDM System, Proc. Optical and Wireless Technologies (OWT?2019), India.

8. M. T. Rahman, M.Bakaul, & R. Parthiban, (November 2018), Analysis of the
effects of multiple reflection paths on high speed VLC system performance, Proc.
28th International Telecommunication Networks and Applications
Conference (ITNAC), Sydney, Australia.
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CHAPTER TWO

TECHNIQUES TO ACHIEVE HIGH-DATA RATE FOR VYLC

2.1 Introduction

Visible light communication (VLC) is a promising candidate for future indoor
wireless communication. Light emitting diodes (LEDs) are popular choices as
transmitters for VLC, since they are energy efficient and have the ability to provide
illumination and data transmission simultaneously. Incandescent lamps started the
artificial lighting era in the late 19th Century, and the technology marginally
transmuted over a century. With the advancements of lighting technology, light
emitting diodes (LEDs) have become the most energy-efficient light source due to
high luminescence and long lifespan. Moreover, due to the rapid development of
optical fibers, which are capable of transmitting gigabit range data under low
attenuation condition, uses of high-speed semiconductor lasers and LEDs increased
after 1970. A breakthrough came in 1994 when Nakamura et al. developed the first
high energy-efficient gallium nitride (GaN) blue LED (Nakamura, 1997). In the
following years, integrated phosphor coating was used on a blue LED to convert a
part of the blue spectrum to longer wavelengths of light and produce white light. The
most prevalent ‘white’ LEDs turned from blue emission are attained from a solid state
device (SSD) by utilizing luminescent phosphor. White light also can also be
produced with the combination of red, green, and blue (RGB) LEDs. Additional
benefits of LED include tunable illumination, high data transmission, and prolonged
lifespan compared to conventional lighting. VLC is attractive for reasons such as
security, the ability to use a license free spectrum, and broad bandwidth. VLC network
algorithms, implementation challenges, system design, applications, VLC systems for
high-speed data communication in the gigabit range and the techniques to achieve
such high data rates, such as LED modelling and fabrication process, recent
commercial advancements of VLC products, and hybrid/heterogeneous networks to

achieve high data rate are highlighted in this chapter. These literatures also cover

15



recent advancements in commercialization of VLC technology, and recent progress

made by various research groups.

2.2 Economic Benefits of LEDs

Total lighting sector consumes 19% of the total world energy, and it is considered as
the principal source of greenhouse gas emissions. The economic demand for lighting
has grown by 87% from 1987 to 2007 and is expected to grow 80% more by 2030
(Penning et al., 2016). Recently, Navigant Consulting, Inc. (NYSE: NCI) has
published a research report on commercial lighting sector, which points to a dramatic
increase in global commercial LED sales until 2021. There will be a slight decrease
in LED revenue from 2019 to 2024 and a significant decrease in lamp revenue by
lamp sales, such as fluorescent lamps (T5, T8, and T12), compact fluorescent lamps,
and high-intensity discharge lamps as shown in Figure 2.1. From the McKinsey
Global Lighting Market Model, the total market share of LEDs will accelerate over
the next few years with high revenue (Guidehouseinsights, 2017). Figure 2.1 shows
that global revenues from the LED sales reached 52—-88 billion EUR from 2010 to
2020, which represents ~80% of the total lighting market.
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Figure 2.1: LED Lighting: Global Markets: 2015-2024 (Guidehouseinsights, 2017)
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At present, visible light communication (VLC) has become one of the most important
communication medium in the optical wireless communication field due to its high
bandwidth capacity. Moreover, as a common transmitter of VLC, LEDs are used for
data communication as well as illumination. With the increasing demand of VLC
applications, such as light fidelity (LiFi), robotics, intelligent lighting system,
intelligent transport system (ITS), visible light positioning, vehicle-to-vehicle and
underwater communication, the demand for data rate has also increased up to gigabit
range (Kadam & Dhage, 2016).

2.3 Research Trends of LED Based VLC

The early research efforts on LED-based VLC system actuated from Keio University,
Japan and they proposed white LED as a transmitter for home access network at
Visible Light Communications Consortium in 2003(O’Brien et al., 2008). In 20009,
the home Gigabit Access project (OMEGA) was started by EU (Javaudin et al., 2008),
and they established VLC, which was more secured and enhanced compared to radio
frequency (RF) communication network. Also, over 20 European countries started a
research project regarding optical wireless communication named ‘OPTICWISE’ in
2015 (OPTICWISE, 2010). A research group of King Abdullah University and
Technology (KAUST) Saudi Arabia is working to improve transmitter capacity, such
as high-speed super luminescent diode with high bandwidth (807 MHz (Shen et al.,
2016) (>400 MHz (Alatawi et al., 2018) for gigabit-class VLC. They demonstrated an
optical receiver device, such as 15 pairs of indium gallium nitride (InGaN)/GaN
multiple quantum well (MQW) based micro-photodetector to achieve 3.2 Gb/s VLC
link (Ho et al., 2018). Professor Nan Chi (and her group) from Fudan University is
working to transmit multi-Gigabit data per LED light and to overcome the technical
difficulties of VLC optical receivers (Tanaka et al., 2000). Sant'/Anna School and TCI
LED professionals demonstrated object detection system at the ‘LIGHT & Building
2018’ event in Germany. Istituto TeCIP (in Italy) established 3.4 Gb/s VLC link with
the RGB LED. They developed a communication system for an outdoor environment

using an optical wireless link for integrated VLC applications (Cossu et al., 2011).
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Oxford University has comprehensive research background on multi-Gb/s VLC
system including hybrid equalization method for modulated optical sources, LD based
white-light communications link, VLC receiver design for Internet of Things (1oT)
applications, and GaN-based micro-LED (uULED) fabrication (Chun et al.,
2016)(Rahaim et al., 2011). Prof. Harald Haas (PureLiFi's CSO) established a LiFi
center at the University of Edinburgh and is working on high-speed bi-directional
VLC link (C. Chen et al., 2019), LiFi mobility (Xiping Wu & Haas, 2019), spatial
modulation (SM) (Yesilkaya et al., 2019), pLEDs (Islim et al., 2017), and
improvement for optical wireless networks. Furthermore, North Umbria University is
working on the application of polymer LEDs for 5G networks. Monash University is
working on higher data transmission in VLC, LED modelling, and modulation
techniques. Special lighting quality effect and dimming effect have been taken as an
interesting research area by Keio University. The University of Boston and Yeungnam
University are working on RF/VLC hybrid methods, nano-photonics, and LED
fabrication (Cossu et al., 2011)(Borogovac et al., 2011). On the other hand, some
industries are involved with academic research to produce commercial VLC product
for future green communication and intelligent transportation system. To compete
with 5G technology, the communication data rate of the VLC can be increased by
adopting multi-channel LED/pLED at the transmitter and high bandwidth photodiode
(PD) array at the receiver side along with high-order modulation schemes, wavelength
division multiplexing (WDM), and multiple input multiple output (MIMO)

techniques.

2.4 Description of VLC System

A VLC system is enabled by a modulated light signal from an emitting device such
as an LED or a laser diode (LD). The modulated light propagates over the free space,
and the transmitted data is consequently recovered at the receiver using different
photodetectors, such as imaging sensors and non-imaging sensors. The transmitter
part based on semiconductor devices such as LEDs are connected to driver circuits to

drive the current and this intensity modulated signal is directly detected at the receiver
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by PIN photodiode or avalanche photodiode (APD). Figure 2.2 shows the basic
diagram of a VLC system, which is used to transmit data signals through LED. It
emits white light by combining emissions from multiple solid state device (SSDs) and
single-color emission with color converting material, where each emitter emits a
wavelength. The first approach to produce white light is to combine blue-emitting
LEDs with yellow coated phosphor (Ce: YAG) known as phosphor-coated (PC) LED.
Another approach to create white light is to combine three monochromatic color light
sources (red, green, and blue). The multi-color approach is quite costly, but offers
more flexibility of color tuning facility, which also gives the opportunity to implement
WDM in VLC.
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Figure 2.2: Basic Diagram of LED-based VLC System

The yellow phosphor-based illumination is cost-effective, has a long lifetime, and is
available in the market. However, it has bandwidth limitations of few MHz for VLC
applications (Steigerwald et al., 2002)(Le Minh et al., 2008). On the other hand, the
bandwidth of RGB LED is limited to 15-35 MHz only. Apart from PC-LEDs
(Steigerwald et al., 2002) and RGB LEDs (Pessa et al., 2002), there are other types of
LEDs such as, resonant cavity (RC) LEDs (Schubert et al., 1992), organic light
emitting diodes (OLEDs) (Oh et al., 2008)(Chun et al., 2012), and uLED (Islim et al.,
2017). Recently, some researchers have achieved data rate up to 11.28 Gb/s using p-
LEDs arrays (Pessa et al., 2002). Different types of LEDs with applications and
related bandwidth is given in Table 2.1.
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Table 2.1: Different LEDs and their Bandwidth and Applications

Type Bandwidth Application cost
OLED 1-5 MHz illumination Average
Pc LED 3-5 MHz [Hlumination+ Low

communication
RGB LED 15-35 MHz [llumination+ High
communication
Multichip 25-30 MHz Color channel Average
RC LED ~ 100 MHz Communication High
Micro 350~900 MHz Sensing + communication High
GaN nano ~1 GHz High-speed High
wire based communication

In a point-to-point link, a narrow beam transmitter is connected to the receiver using
a narrow field of view (FOV). This link supports a high-speed data transmission
because of low geometrical loss and offload inter-symbol interference (IS1) (Noshad
& Brandt-Pearce, 2013). Alternatively, diffused non-line-of-sight (NLOS) links use
wide angle transmitters and large FOV of receivers. Diffused paths are created by the
reflection of light from multi-type surfaces together with walls, ceiling, and floor.
Sometimes these multi-reflected paths can help to increase the signal strength at the
receiver. The total light measures received optical power from diffused paths, which
depends on room dimensions, the divergence angle, the length between transmitter
and receiver, and orientation of sources. Due to path variances in the diffused
channels, the received signal is affected by ISI (Ravinder Singh et al., 2013). The
optical receiver converts the received light into an electrical signal. Existing VLC
receivers consist of PDs, APDs or image sensors. Modern electronic devices like
smartphone, camera, and laptop are using complementary metal-oxide semiconductor
(CMOS) based image sensors as VLC receiver. Furthermore, the typical VLC receiver
consists of an amplifier, an optical filter, a concentrator, and different types of silicon
photodiodes (S. H. Lee et al., 2015). Silicon (Si) photodiodes are more appropriate for
high-speed VLC applications because of its high external quantum efficiencies
(EQEs) within the visible light range. Among the families of silicon photodiodes, PIN
PDs and APDs are commonly used for VLC applications. Figure 2.3 shows different
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VLC links such as direct line of side, non-line of side, diffuse link and quasi diffuse
links between the transmitter and the receiver.
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Figure 2.3. a) Direct Line-of-Side (LOS) Link, b) NLOS Link c) Diffuse Link and
d) Quasi-diffuse Link

Ambient light noise is one of the primary sources of noise in the visible light
communication. It is caused by sunlight or solar radiation from windows, or open part
of the room. Some shot noise and thermal noise arise in the photodetector when it
detects the light signal. When the ambient noise is filtered out, the SNR at PD can be

calculated using the combination of shot noise and thermal noise at the receiver as
PRIZE'

SNR = (2.1)

(Fshot)?+(Gthermat)?

where ashot and owermal are standard deviations of shot noise and thermal noise,
respectively. The shot noise is due to the number of photons collected by the
photodetector. The variance of shot noise is calculated as follows (Ghassemlooy et
al., 2019)

(Osnot)® = ZqPREB+2qu 1B (2.2)
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where B is the bandwidth of the photodetector, « is the Boltzmann’s constant, | is the
photocurrent due to background radiation, G is the open-loop voltage gain, Tk is the
absolute temperature, Cpq is the capacitance of the photodetector per unit area, # is the
channel noise factor, gm is the channel trans conductance, and 12 and Is are the noise-
bandwidth factors, respectively. Shot noise and thermal noise are dependent on some
external effects, such as room temperature, ambient light, etc (Komine & Nakagawa,
2004).

2.5  Techniques for High-Speed VLC Network

To compete with the next generation 5G communication technology, the data rate of
VLC system has to be increased. In this paper, the key methods for high-speed VLC
link have been classified and analyzed. There are several prospects to do further
research on system performance and transmission link of VLC to make it more robust

and error-free optical wireless network.

2.5.1 High Bandwidth LED

High bandwidth LED offers an opportunity to achieve gigabit VLC system due its
high modulation bandwidth, but the fabrication of pLED is still in the development
stage. Many methods have been reported to improve the modulation bandwidth of
LEDs such as multilayer restructuring within quantum wells (QWSs), changing the
thickness of LED active layer, injecting surface plasmon (SP) at interfaces or
changing the RC structure (Zhu et al., 2017). Increasing current density within the
active area can affect the carrier lifetime of an LED. In (Alatawi et al., 2018), a
modulation bandwidth of 440 MHz was achieved within 24 um diameter active area

of'a phLED, where current density was 17.7 kA/cm?2.

22



Another approach was used to decrease electron lifetime and modulation bandwidth
of LED by applying an external strain within MQW (Du et al., 2016). The
conventional vapor deposition techniques for hetero-structure can improve the
performance of nanowire LEDs, which help to make them as core—shell device
structures (Shunfeng Li & Waag, 2012). In 2010, 225 MHz blue-emitting uLED with
gallium-doped zinc oxide was reported by Liao et al. in (Liao et al., 2013), and 245
MHz bandwidth was measured with GaN pLED arrays in (Chun et al., 2016).
Subsequently, a green-emitting uLED with a bandwidth of ~463 MHz has been
reported by Maaskant et al. (Maaskant et al., 2013), and 400 MHz bandwidth was
demonstrated using cyan pLED by Wun et al. (Wun et al., 2012). Koester et al.
showed GHz bandwidth in their experiment using pLEDs (Koester et al., 2015). Table
2.2 shows some LED technologies and their related bandwidth and life time.

Table 2.2: GaN-based LEDs and their Lifespans and Bandwidth

LED Technology Lifespan Bandwidth (MHz)
High power broad area Commercial mass 20
LEDs production
GaN RCLEDs Academic prototypes 200
GaN micro-LEDs Last stage of R&D > 400
Non-polar GaN LEDs Academic and industrial ~ 1000
research
GaN Nano-wire LEDs Purely academic research 1100

2.5.1.1 Modeling Approaches

Group I1I-nitride materials, e.g. InGaN LEDs have different applications in solid-state
lighting, such as color displays, backlighting, and high-speed VLC links.
Conventional InGaN QW LEDs are developed on the surface of polar c-plane

orientation.

However, it suffers from quantum confined stark effect (QCSE) due to its significant
internal polarization field effects, which degrades radiative recombination rate and

efficiency. With the high polarized QW structure, the carrier lifetime of c-plane LEDs

23



can be increased, which significantly limits their performance for achieving high
modulation. Most of the LED modelling works have been proposed with different
techniques, such as flip-chip LEDs, metallic grating coated LEDs, and surface
roughening by chemical etching (Zhao & Zhao, 2012). Moreover, placing a photonic
crystal on the top layer (Liu et al., 2015), micro or nanostructure improvement, sub-
wavelength structure changing on the top layer of GaN (Son et al., 2015), reducing
Fresnel reflection, patterning sapphire substrates (Pan et al., 2013), and reducing far-
field divergence by implementing nano-lens (Demory et al., 2018) are also
considered. High bandwidth LED structure design literature are tabulated in Table
2.3. LED modelling by FDTD method was done to find the enhancement of external
and internal quantum efficiency (Ahsan et al., 2016), the angular distribution of light,
transmitted power distribution, recombination time, Purcell factor, and the modulation
frequency of the LED (H. Chen et al., 2016).

2.5.1.2 Fabrication Process

The development of GaN LEDs over the last 20 years has significantly improved
solid-state optoelectronic emitters. In the recent times, a different dimension of LED
research is being explored in industrial laboratories and academic research labs to
enhance light extraction efficiency and communication capacity. InGaN-based QWs
LED emits blue-violet spectrum coated by color conversion materials, and this color
mixing technique makes it more efficient over the incandescent and fluorescent light
sources (Castro et al., 2017). Currently, most of the GaN LEDs are fabricated by
metal-organic chemical vapor deposition machines, where the LED structure is
fabricated on a single crystalline substrate (D. Y. Kim et al., 2017). The shortage of
free carriers in an LED's P—N junction is known as depletion region, and some carriers

diffuse into the natural regions where recombination happens.

Extra thin functional layers have to be placed above and below the active region to
maintain the electron carrier injection. LED carrier lifetime in a typical bandgap

semiconductor is 1- 100 ns depending on the active region doping concentration and
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Table 2.3: Summary of LED Design based on Higher Modulation Bandwidth

Ref Methods Analyse Materials Structure Modulation Bandwidth
(Fattal et al., Optical pumping Intensity power, GaAso gs5P0.115 QW, Ag, surface plasmons (SPs) 10 GHz
2008) (Modelling work) recombination time AL 35Gag ssAS proc!uced by metallic
grating
(H. Chen et light LEE, IQE, EQE, Purcell  GaN/InGaN Metallic grating on top 5.4 GHz
al., 2016) polarization factor, Modulation surface
frequency of LEDs
(Rashidi Changing power dissipation and InGaN/GaN micro LED Metal ring on top layer 1.5 GHz
etal, 2018) current densities in the efficiency (ITO)
Y active layer
(Ferreira et Increasing current Carrier lifetime, junction  GaN-Based Micro-LEDs, 833 MHz
al., 2016) temperature palladium (Pd)
(Lan et al., Increasing current Effects of QW numbers ~ GaN blue micro LED Single and triple QWSs based 752 MHz
2018) densities on modulation epitaxial structure
bandwidth, Optical
power
(Rajabi et al., Reducing quantum- Recombination rate, Ultra-thick InGaN /GaN semi-polar substrates 536 MHz
2018) confined Stark effectin thickness of QWs, EQE
the active layers
(He et al., Highercurrentdensities Electrical, Optical, and AlGaN/ GaN Deep- UV-C pLEDs 438 MHz
2019) Modulatiqn _Bandwidth
Characteristics
(Zhu et al., Increasing current Heat dissipation, light GaN, Cr/AllTi/Au Flip-chip parallel pLED 227 MHz
2017) density extraction, the
modulation bandwidth
and optical power
(Zhu et al., Surface plasmon (SP) IQE, emission rate 18 pairs InGaN/ GaN, Ag  Nano rod array by HfO2, 15.1MHz (Nano rod)
2015) coupling with QW Nps Ag, SOG 29.8 MHz  (Ag Nps)
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the quality of materials. There are two alternative substrate materials, namely silicon
(Si) and bulk GaN/InGaN, to compete with the future commercial LEDs. Silicon
offers some advantages in terms of the lower price, convenience to find larger (200
mm diameter or more) substrates, and compatibility with current injection. The basic
structure of I11-Nitride LED is shown in Figure 2.4, where the P-type layer and MQW
regions have been fixed, allowing a lower electrical contact to the n-type layer
(Nakamura et al., 1994). The lower part of the LED structure contains sapphire

substrate that allows light extraction exclusively through the substrate.

Active region P-contact pad Grating A

; - N-contact pad
—d /

Gna/InGaN quantum well AgMirror v

Figure 2.4 A Simplified Cross-section View of a Typical I11-Nitride LED.

2.5.1.3 LEDs and Its Types

In 1907, Henry J.Round invented LED using silicon carbide to overcome its previous
lighting limitations such as structure, speed, size, life time, and efficiency. The LED
emits light when an excited electron (n-type) from conduction band falls back into the

valence band transition by recombining with the hole (p-type).

p="
h
A= 5 = c.h/W, (2.4)

Here c is speed of light, h is Plank constant, and Wy is energy bandgap (W¢-W,). This
energy bandgap of semiconductor materials effects on LEDs bandwidth, frequency

and wavelength. In addition, different semiconductor materials are showing different
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energy bandgap like Ga, Si, GaAs, GaAsP, GalnN are 0.7eV, 1.1 eV, 1.4 eV, 2.0eV,
2.9eV respectively (Milnes, 2012). In case of direct bandgap, the number of electron
and holes in the energy state of semiconductor are same, and for indirect bandgap
condition, electron and holes are not equal because of their momenta or piezoelectric
characteristics. So that recombination can’t perform without containing phonon in
their vibrational stage and for that results heat are generated. Therefore, carrier
recombination life time or electron life time of semiconductor materials such as
Gallium nitride (GaN)) have the most significant influences on the LED modulation
bandwidth. So, controlling the atomic ratio of GaN can change the operational
wavelength, piezoelectric efficiency and the carrier life time of the LED. Therefore,
Blue LED bandgap is 2.51eV and green LED is 2.30eV because of different quantum
efficiency. For the recombination process Blue LED shows faster electron life time
than green and red. VLC chip design and optimization of semiconductor material’s
strain at the fabrication time has a great effect on LED modulation bandwidth, so the
compensation of strain is one the method of improvement the bandwidth up to GHz.
Some of the key features of available LEDs are organized here with its VLC

application and performances.

a) pc-LEDs:

pc LED is Phosphor layer coated blue LED which produces white light. Most popular
wavelength-converter materials are phosphor which is doped by an inorganic and
optically active element - cerium named Yttrium aluminum garnet (YAG: Ce3+)
phosphor. The YAG phosphor can be made as a powder and put off in epoxy resin to
deposit on the LED die which emits the blue light. Because blue light is absorbed by
the YAG phosphor and emits white light. Shapes and thickness of the phosphor layer
causes for changing wavelength and Correlated Color Temperature as (CCT). These
LEDs are low cost but bandwidth is limited (only few MHz) because of the yellow
phosphor (Rao et al., 2012). Recently Cree has invented high brightness LED 231
Im/W in their lab, and available efficacy of the commercial white LEDs > 150 Im/W

are also available in the market.
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b) RGB LEDs

These LEDs are made up of multi LED chips with different colors. Most popular is
Red, Green and Blue (RGB) LED chip to produce white light. The main advantage of
RGB LED is the color and light intensity level can control by its driver circuit.
Therefore, three or more color LED chip can use as a different communication
channels, and each LED can provide approximately 45-60 MHz bandwidth.

c) Resonant Cavity LEDs

Resonant Cavity Light Emitting Diodes (RC LED) has some sort of improvement over
conventional LEDs because of its higher intensity, better emission pattern and better
quantum efficiencies. RC LED cavity is fabricated by multi-layer flat substrate within
the active region. Moreover, for the big difference in refractive index GaAs or other
semiconductor materials perform better than other commercial LEDs. The cavity also
has few dielectric mirror for high brightness to make it better applicant in VLC for
lighting aspects with very narrow line width. Moreover, for communication it can
modulate the data ~ 100MHz. The first time resonant cavity improved by Schubert et
al. in 1992 (Schubert et al., 1992) .

d) Organic Light Emitting Diodes (OLED)

An organic light-emitting diode (OLED) which is consists of the emissive
electroluminescent layer of organic compound between positive and negative carriers
that emits light from the active area. Ching W. Tang et.al built the first OLED in 1987
(Oh et al., 2008) using two-layer structure combined with hole and electron was used
in transporting layers. So the recombination and light emission can have occurred in
the middle of the organic layer. The frequency of the OLEDs is 100’s of kHz and
mostly used for television or computer screen and, mobile screen etc. OLED’s are

also used in multiple-input/multiple-output (MIMO) wireless optical channels. Red and
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green OLED have longer lifetimes than blue OLED which is about 230,000 hours (Chun et
al., 2012).

2.5.2 Modulation Schemes for VLC

Modulation schemes are used in VLC to control the intensity of light for
communication and have an impact on illumination. Demodulation depends on direct
detection of the light signal at the receiver. The light intensity can be controlled using
different LED driver circuits also (Rea, 2000). On—off keying (OOK), pulse position
modulation (PPM), and m-pulse amplitude modulation (PAM) are very useful single-
carrier modulation schemes for VLC. However, they suffer from unwanted effects
such as non-linear signal distortion from LED and ISI caused by frequency shifting in
dispersive optical wireless channels (Yiguang Wang, Wang, et al., 2014). To
overcome these effects and to facilitate for high-speed VLC network, multi-carrier

modulation (MCM) schemes are widely used.

2.5.2.1 On-Off Keying (OOK)

OOK is one of the well-known and simple modulation schemes, and it provides a
good trade-off between system performance and implementation complexity. The
implementation of OOK is comparatively easy, i.e. when LED is on, the data bit is
one, and when LED is off, the data bit is zero. LED is not completely turned-off for
zero bit, because of its tuning ability. OOK is the most popular modulation technique
for LED, which was proposed in (S. B. Park et al., 2007) and was used to demonstrate
a 10 Mbps VLC link. Similarly, the data rate can be increased to 125 Mbps (Vucic et
al., 2009) using OOK with an analogue equaliser at the receiver end. A combined data
rate of 477 Mbps was achieved using RGB LEDs with OOK, while maintaining
proper illumination levels by Singh et al. (Ravinder Singh et al., 2013).

29



2.5.2.2 Pulse Width Modulation

Pulse Width Modulation (PWM) is the best technique to control the intensity and
illumination of LEDs. Correlated Color Temperature (CCT), Color Rendering Index
(CRI), and light intensity are the key parameters to analyze the lighting aspects of
LED (D’Andrade & Forrest, 2004). The data rate of the transmitted signal could be
adjusted by changing the dimming level of LED. PWM, also is known as a digital
dimming pulse trains to drive the LED to maintain the constant current level. The
average duty cycle represents the equal analog signal level, and it varies
proportionally to the dimming percentage (O’Brien et al., 2008). The duty cycle can

be expressed as

D = ton/T (2.5)

where ton is the amount of time the pulse is on and T is the PWM symbol duration.
The main two parts of the PWM signal are duty cycle and frequency. The duty cycle
defines the amount of time for signal high (on) and low (off) state and the total time
to complete the full cycle. The frequency describes how faster or within 1 second how
many cycle can achieve by the PWM. For example, 1000 Hz means 1000 cycles per
second and changes its high and low states. By increasing switching capability (off
and on state) at a high rate with a specific duty cycle, the output seems like a constant
analog signal connected to devices (J. Huang et al., 2011). PWM is easy to implement
with digital circuits; a steady drive over a wide range of intensities can be ensured.
The display image has to be blinking anyway to avoid flickering when the motion
picture is rendered on screen, so the periodicity of PWM is in synergy with this

requirement (Galkin et al., 2011).

2.5.2.3 Color Shift Keying (CSK)

Color Shift Keying (CSK) is a modulation scheme for visible light intensity
introduced works with multi-colored LED sources drawn by IEEE 802.15.7 standard
(Rajagopal et al., 2012). It can transmit data invisibly through the variation of the
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color emitted by RGBY LEDs. Transmitted signal power is fixed in CSK, and the
main advantage is it controls the fluctuations in light intensity for the safety of the
human eye. CSK constellation points are placed on the CIE1931 chromaticity
diagram, where each channel can produce the constellation point. Under the IEEE
standard 802.15.7 maximum data rate of 96 Mb/s achieved and provided 4, 8, and 16
point CSK constellations for communications with 24 MHz clock pulse by (Rajagopal
et al., 2012). Therefore, some researchers have been done to enhance the performance
of CSK modulation. In (Drost & Sadler, 2010), a billiard algorithm is used to optimize
the CSK constellations at various target and the main weakness of this scheme is
limited distance capability among the symbols (D.-F. Zhang et al., 2020). CSK is a
more controlled version of CIM because of lower intensity fluctuations observed by
the human eye. Human health difficulties, such as biliousness or epilepsy, can cause
by CSK flickering effects. D.F. Zhang et.al., proposed multi-user joint constellation
(JC) to make an efficient multi-user communication by CSK (D.-F. Zhang et al.,
2020). By the divergence luminous fluxes of QLEDs, special CSK designed named
3-CSK was proposed at (Liang et al., 2017). To get better error performance
associated with other conventional CSK, a new 4-CSK scheme proposed adjusting
various constellation points (Tzikas et al., 2019). Quadri-chromatic LED (QLED)
cluster is consists of a four-color LED that is suitable for concurrent illumination and
communications. Its extra color quality provides not only one new WDM data channel
but also better color quality for lighting. This paper examined the constellation
diagram of CSK to maximize the pairwise Euclidean distance (MED) and optimized
data communication capability considering quality CRI and CCT (Liang et al., 2017).
CSK constellations are optimized by minimizing the symbol error rate (SER) via non-
uniform m signaling. The authors (Gao et al., 2015) presented a unique design with
adaptive DC-bias on WDM-VLC systems by getting advantage of color and frequency
domains. This way, the CSK constellation space can be increased the system’s SNR

gain, reduced power and reliability.
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2.5.2.4 Multi-carrier Modulation Scheme

MCM is introduced to make better use of LED's limited bandwidth with its orthogonal
subcarriers that can carry the modulated signal. This type of modulation can decrease
ISI. To address the bandwidth limitation of white LEDs and achieve high data rate in
VLC systems, a number of techniques, including higher order modulation techniques
are investigated in several research works. Orthogonal frequency division
multiplexing (OFDM) was proposed for the first time in (Armstrong & Schmidt,
2008) for indoor VLC applications. OFDM modulation divides the entire frequency
into many narrow-band flat-fading subcarriers suitable for high data rate
communication. The data is transmitted in parallel sub-carriers with low symbol rates
and efficient multipath propagation adaptability without complex equalization, and
this results in negligent ISI. For high-speed VLC, OFDM is the preferred modulation
scheme due to its high spectral efficiency, robustness against multipath reflections,
and simple equalizers. The major challenge to implement OFDM in a VLC system is
the non-linearity of LED (Kashani & Kavehrad, 2014), which is related to current and
voltage characteristics in a semiconductor. OFDM allows adaptive bit and power
loading techniques on each subcarrier to enhance the system performance.
Asymmetrically clipped optical OFDM (ACO-OFDM) (Burchardt et al., n.d.) is
another type of optical OFDM scheme, where Hermitian symmetry is applied.
Asymmetrically clipped direct current biased optical OFDM (ADO-OFDM) (T. Q.
Wang et al., 2016) is a combination of DC biased optical OFDM (DCO-OFDM) and
ACO-OFDM, where DCO-OFDM s used on even subcarriers, and ACO-OFDM is
used on odd subcarriers (Islim & Haas, 2019). A novel optical asymmetric modulation
scheme was proposed to outperform alternative modulation schemes without any
hardware complexity, when it was compared with OOK-based SMP and generalized
space shift keying (GSSK) modulation schemes in (Marshoud et al., 2018). A scaling
QAM modulation was considered to reduce signal noise in a real-time VLC system in
(D. Zheng et al., 2019) and geometrically shaped 8-QAM modulation was proposed
for underwater VLC application in (Xingbang Wu et al., 2018). Binary optical
orthogonal codes based on CDMA scheme using OOK modulation were demonstrated

to achieve high spectral efficiency for multiple user VLC model by Li et al. (Xingbang
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Wu et al., 2018). This orthogonal code frame structure outperformed conventional
Walsh—Hadamard code in increasing reliability in checking data redundancy in the
data interface between Ethernet and multi-user VLC system. Different modulation
schemes are used for VLC for different applications, and their performances can vary.
They are tabulated in Table 2.4.

When establishing high data rates in VLC networks, single carrier modulation
schemes such as OOK, PPM and PAM suffer from non-linear signal distortion and
ISI. On the other hand, GSSK scheme has a higher spectral efficiency than
conventional OOK and PPM techniques, but the main limitations of this scheme is
that its error performance depends on channel gain, which limits data rate and link
distance. CAP, OFDM and Hamdamard modulation schemes perform much better to
establish long distance VLC communication compared to single carrier schemes in

terms of data rate, long distance and spectral performance.

Table 2.4: Different Modulation Methods in VLC

Modulation Spectral Data rate Distance
Performance
OOK High Low Short
PPM Low Moderate Medium
PAM Moderate Moderate Medium
CAP High High Long
OFDM High High Long
CSK Moderate Low Short
GSSK High Low Short
Hadamard High High Long

2.5.2.5 Hadamard Coded Modulation

Hadamard coded modulation is an alternative to OFDM modulation for indoor VLC
to provide high-speed downlink communication that also requires high average
optical powers to satisfy illumination needs. Peak-to average power ratio (PAPR) can
cause high amplitude signals in higher-order modulation schemes to be clipped by the
peak power constraint of LEDs, which leads to high signal distortion (Noshad &

Brandt-Pearce, 2016). Hadamard coded modulation was introduced to achieve low
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error probabilities in LED-based VLC systems requiring high average optical powers.
This technique uses fast Walsh—Hadamard transform to modulate the data as an
alternative modulation technique to OFDM (Noshad & Brandt-Pearce, 2016).
However, OFDM is not normally ideal for VLC because of transmitted power for eye
safety issues (Dimitrov et al., 2012). It has also high PAPR which makes OFDM
signals penetrate to non-linear devices (Sheu et al., 2017). Compared to RF outdoor

channels, the indoor environment is generally more stable for channel fading.

2.5.3 Wavelength Division Multiplexing (WDM)

WDM permits higher data rates for indoor VLC combined with multiple modulated
colored light sources. Most of the experiments done with WDM use RGB LEDs. A
typical WDM system with RGB-LEDs is shown in Figure 2.5. However, further
channels by using amber (Cossu et al., 2015) or yellow (Yiguang Wang, Tao, et al.,
2015) can be used to increase the system data rates. Optical receivers and filters
corresponding to each WDM channel or color are used to isolate individual channels
with minimum interference. The WDM system'’s data rate depends on channel SNR,
signal power, channel crosstalk, and PD noise. By using 12 WDM channels with
different color LEDs, a combined data rate of 5.1 Gb/s was achieved by (Cui et al.,
2016). This is more than ten times of the data rate of a single LED channel system.
The maximum data rates achieved using WDM were 3.375 Gb/s (Yiguang Wang,
Huang, et al., 2015), 4.05 Gb/s (Yiguang Wang, Huang, et al., 2015), and 8 Gb/s

(Oubei et al., 2015) over 1 m indoor free space
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Figure 2.5: Simplified WDM-VLC System using RGBY LEDs (LED Bias Currents
are Ir, Ib, Ig, Iy)
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The highest data rates in VLC systems have been demonstrated using WDM
techniques. Spectrally narrow FWHM LED are also being looked at for enhancing
both channel bandwidth and the number of VLC channels.

2.5.4 Equalization Techniques

Equalization can be applied in VLC systems either at the transmitter (pre-
equalization), receiver (post-equalization) or both ends at the same time. Pre-
equalization targets to extend LED modulation bandwidth or correct the fast
deterioration of LED frequency response (Zhou, Liang, et al., 2016). Post-equalization
can focus on correcting either frequency-domain or time-domain characteristics of the
VLC system. Time-domain corrections reduce ISI, which is required for high-speed
data transmission. Some of the time-domain equalization methods include constant
modulus algorithm, cascade multi-mode algorithm (CMMA), modified-CMMA,
decision directed least mean square (DD-LMS) algorithm and recursive least square
(RLS) based algorithm (X. Huang, Shi, et al., 2015). Moreover, pre- and post-
equalization techniques can be based on software or hardware. Le Minh et al.(Le Minh
et al., 2009) enhanced the LED's modulation bandwidth from 14 to 50 MHz and
attained 100 Mbps link by an RC-network integrated first-order analogue post
equaliser. Burton et al. (Burton, Bentley, et al., 2014) increased 3 dB bandwidth of
the blue LED from 12 to 77 MHz using analogue pre-emphasis circuit. For PAPR
reduction, single-carrier frequency-domain equalization (SCFDE) was applied and
this resulted in 3.25 Gb/s data rate with pre and post-equalization. Liao et al. (Liao et
al., 2014) extended the modulation bandwidth of LED 50 times more and
demonstrated 340 Mbps VLC link using two passive and one active equaliser. Zhou
et al. (Zhou, Liang, et al., 2016) investigated the difference between software-based
equaliser and hardware equaliser and showed software equaliser could provide more
accurate equalization. Hybrid modulation approach combined with artificial neural
network (ANN) equaliser has been proposed in (Guan et al., 2018). A combination of
PAM and PWM was proposed using joint spatial and temporal equalization with an
ANN for MIMO-VLC system in (Rajbhandari et al.,, 2019) for increasing the
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transmission rate by four times compared to the traditional equaliser based system. In
a VLC network employing carrier less amplitude and phase (CAP) based 64 QAM
modulation, deep neural network and least mean square (LMS) linear equaliser were
used to achieve a data rate of 2.4 Gb/s (G. Liet al., 2019). Moreover, CAP32, CAP64,
and CAP128 modulation schemes have been demonstrated with three-stage hybrid
post-equaliser to increase the transmission rate of a high-speed LED-based VLC
system (Chi et al., 2018). Different equalization techniques for gigabit class VLC
system are tabulated in Table 2.5. (Zhou, Liang, et al., 2016)

Table 2.5: Comparison of equalization techniques for achieving Gb/s data rate

Ref. Data Rate Equalization Objectives Modulation Comments
(Yiguang 8Gh/s Post equalization Eliminate both CAP Modulation A Volterra series based
Wang, Tao, linear and nonlinear nonlinear equalizer, and
etal., distortions a DD-LMS equalizer.
2015).
(X. Huang,  4.22-Gb/s Post-equalization Improve data rate m-QAM OFDM Combination of FDE and
Shi, et al., decision directed least
2015) mean square (DD-LMS).
(M. Zhang 4.05 Gb/s Post-equalization Improve data rate PS-Manchester Nyaquist filter and hybrid
etal., 2017) coded Nyquist time-frequency
PAM-8 equalizer.
(Yuanquan 3.25 Gb/s Pre and post Improve spectral m-QAM SC-FDE Hybrid equalizer.
Wang etal., equalization efficiency .
2014)
(Zhou, 2.32 Ghls Pre and post Decrease low power  BPSK/QAM-OFDM  Two-staged linear
Zhao. et al equalization frequency software equalizer.
' ! components and
2016) increase high power
frequency
components.
(Zhou, 2.08Gb/s Pre equalization Improve the LED OFDM Compared with hardware
Liang ot bandwidth from 14 and software equalizer.
' to 50 MHz
al., 2016)
(X. Huang, 1.6 Gh/s Pre-equalization To improve data rate  m-QAM OFDM Constant-resistance
Wang, et symmetrical bridged-T
al., 2015) amplitude equalizer
circuit.

A novel phase-shifted (PS) Manchester coded Nyquist PAM-8 modulation with
hybrid time— frequency domain equalization scheme was proposed, and this was
experimentally demonstrated to achieve a data rate of 4.05 Gb/s (M. Zhang et al.,
2017). A hybrid post equaliser with CAP modulation was introduced in a VLC system
by Wang et al. (Yiguang Wang, Tao, et al., 2015). A hybrid time—frequency adaptive
algorithm was implemented with DD-LMS equaliser to attain 4.22 Gb/s in (X. Huang,
Shi, et al., 2015). Using four channels of RGBY LEDs, where Y refers to yellow color,

8 Gb/s data rate was achieved using a hybrid equaliser in (Yiguang Wang, Tao, et al.,
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2015). Table 2.6 shows recent research that used equalization to achieve Gigabit class

Table 2.6: Research in Gigabit-class Performance in Indoor VLC System

Year Tx Rx Modulation Equalization Multiplexing  Data Distance  Ref
rate
(Ghrs)
2019 RGBY PINPD DCO-OFDM Dichroic mirrors WDM 15.73 1.6m (Bian et al.,
2019)
2019 RGBY PIN 64QAM-DMT UVLC system WDM 15.17 1.2m (Zhou et al.,
C 2019)
2018 RGB PD m-QAM OFDM  Adaptive bit & power ~ WDM 10.2 50 cm (Bian et al.,
2018)
2015 RGBY PINPD CAP hybrid post-equalizer WDM-VLC 8 1m (Yiguang
Wang, Tao, et
al., 2015).
2014 RGBY APD DMT WDM 5.6 15 -4m  (Cossu,
Wajahat, et al.,
2014)
2019 RGBY APD 64QAM-DMT 2x2 MIMO with FFGA  WDM 5.0 2m (Shi et al,
2019)
2016 pLED PD DCOFDM N/A - 5 1m (Ferreira et al.,
2016)
2019 puLED PD 64QAM-OFDM  3x3 MIMO - 4381 Im (Koester et al.,
2015)
2015 RGB PINPD CAP RLS based adaptive WDM 4.8 15m (Oubei et al.,
equalization 2015)
2014 RGB PD 512QAM +  Decision-directed least WDM 4.22 1m (X Huang,
OFDM mean square (DD- Shi, et al,
LMS) post-equalizer. 2015)
2017 RGB PINPD PAM-8 PS-Manchester coded WDM 4.05 1m (M. Zhang et
Nyquist and Hybrid al., 2017)
Time-frequency
domain Equalization
2015 LDand PINPD 32QAM + N/A FDM+TDM 4 65cm (C. Lee et al.,
RGB OFDM 2015)
LED
2016 RGB PD PAM-8 PS-Manchester coding WDM 3.375 1m (Chi et al,
and S-MCMMA 2016)
equalization.
2014 RGB APD 512QAM + single carrier WDM 3.25 65 cm (Yuanquan
OFDM frequency domain Wang et al,
equalization (SC-FDE) 2014)
2013 RGB APD CAP Pre-compensation and EDM 3.22 25cm (F-M. Wu et
LED modulation decision feedback al., 2013)
equalization (DFE)
2019  Blue PIN 64QAM-DMT UVLC system WDM 3.08 12m (,:_ Wang et
LED al., 2019)
2014  pLED APD OFDM Pre-equalization and 3 5cm (Tsonev et al.,
adaptive bit and 2014)
energy loading.
2016 LED PD OOK High-sensitivity CMOS 25 12m (Fahs et al.,
integrated circuit (IC) Technology 2016)
receiver
2016 Pc PINPD BPSK-OFDM Two-staged quasi- 2.32 1m (Zzhou, Zhao,
LED linear software etal., 2016)
equalizer
2015  Micro APD DMT by adjusting input WDM 23 1.5m-4m (Manousiadis
RGB power and bias current etal., 2015)
LED of the LEDs
2016 Pc PINPD BPSK, PSK, software pre- 2.08 1m (Zhou, Liang,
LED 8/16QAM- equalization etal., 2016)
OFDM
2016  Pc PINPD 16QAM-OFDM  acascaded bridged-T 1.6 1m X. Huang,
LED amplitude pre- Wang, et al.,
equalizer 2015)
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performance in indoor VLC systems.

2.5.5 Multiple Input Multiple Output

MIMO systems are generally used in RF, such as 4G and LTE, to achieve higher data
rates. Multiple LEDs are used as multiple transmitters to get higher illumination, and
higher spectral efficiency in VLC systems and PDs, APDs or image sensors are used
in the receiver side to detect the light signal (Zeng et al., 2009). Individual PDs or
APDs fall under non-imaging receivers, which are a set of independent photodiodes,
which have individual light sensing points. These receivers have a very high gain
because of their narrow FOV, but very accurate alignment is needed between
transmitters and receivers for high capacity transmission. These receivers have to rely
on the MIMO decoding algorithm for detection of signals. The designs of imaging

and non-imaging optical MIMO systems are shown in Figure 2.6.
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Figure 2.6: a) Non-imaging Optics b) Imaging MIMO System

Since an image sensor contains a projection lens and a large matrix of photodiodes,
it has a higher potentiality to create a MIMO link. Slight miss-alignment is not
considered as a barrier for the received signal throughput due to its large FOV. In the
non-imaging MIMO, a separate focusing lens is required in front of each PD. A hybrid
VLC MIMO receiver combining imaging and non-imaging sensor has been shown to
achieve high data rate with broader FOV and lower path loss (O’Brien, 2009). Three
different popular VLC MIMO systems have been reported in the literature. The first
one is repetition coding MIMO, where equal signal is transmitted from each LED in

an array to increase overall gain (Fath & Haas, 2012). The second one is SMP, where
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each LED transmits different data (in this MIMO system multiple parallel single input
single output channels are created) (Takase & Ohtsuki, 2004). The third one is spatial
modulation (Chau & Yu, 2001), where a single LED transmits data to every PD at the
same time (Chau & Yu, 2001). The receiver estimates which LED is activated based
on the received signal because each LED is allocated a specific symbol and data.
Butala et al. (Butala et al., 2014) proposed a new framework to characterize the
performance using SM and SMP normalization under both imaging and non-imaging
receivers. Without Hermitian symmetry and using polar coordinate, an optical MIMO
special modulation scheme has been proposed to convert the complex signal to real
positive signal by Kim et al. (J. Kim et al., 2019). Generalized SM (denoted by
MGSM) transmission technique for multi-user VLC system is analyzed by Jha et al.
(Jha et al., 2019). They compare its performance with conventional MIMO and SMP
MIMO. In their work, generalized MIMO outperforms over conventional SM MIMO
and SMP MIMO. Moreover, dimming conditions are used to completely eliminate the
flicker effect on human eye using MGSM (Bui et al., 2018). To improve the spectral
efficiency of the O-OFDM signal for time/frequency domain, a fully generalized
index-spatial LED modulation scheme has been proposed in (H. S. Hussein & Hagag,
2019) and for 16 x 16 MIMO-OFDM in (Yesilkaya et al., 2019). In addition,
improvement of spectral efficiency by SM combined with space shift keying and
spatial pulse position modulation was investigated by Olanrewaju et al.(Olanrewaju
et al., 2018). PAM-based low low-complexity SM receiver algorithm was designed
for multi-channel VLC according to the polarity of LEDs (L. Wu et al., 2019) and to
reduce mode dependent loss of multi-mode optical fiber in (Damen & Othman, 2019).
Link capacity of the MIMO system is measured by Shannon’s channel capacity

formula as follows

C = Blog,(1 + SNR) (2.6)

where C is the channel capacity in bits/Hz, B is the bandwidth. The MIMO scheme
can increase the transmission speed with the minimum number of Tx and Rx. The

received signal at any discrete-time instance k for a MIMO system is given by

y(k) = Hy(k) + n(k) (2.7)
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where x(Kk) is an (n x1) vector of the transmitted signal, y(k) is an (n x1) vector of a
received signal, n(k) is an (nx1) noise vector, and H is a (n x m) channel matrix. The

channel H-matrix is given by

hy1 hiz him
H=|hy1 hy hop (2-5)
hnl hnZ hnm

where hij is a channel gain between Tx and Rx. The channel H-matrix must be full-

ranked for an optimum MIMO system.
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Figure 2.7: Individual Driver to Drive Multiple LEDs using (a) Ganging Method and
(b) MIMO System.

Figure 2.7 shows that this multiplexing capacity is proportional to the minimum of
transmitters M and receivers N. MIMO Visible Light Communication (MIMO-VLC)

is a promising broadband communication method because of its low power

consumption and high capacity.
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Figure 2.8: ICA based MIMO-OFDM System

The MIMO technique has been proposed to increase the data rates in (Collins et al.,
2015). Using special uLEDs, 4 x 4 imaging MIMO system has been demonstrated to
achieve a data rate of 920 Mb/s (Burton, Le Minh, et al., 2014). Multiband CAP (m-
CAP) modulation schemes are used to improve the MIMO transmission quality. A
numerical study has shown that SMP has a higher spectral efficiency than SSK (Butala
et al., 2014) using a system with four transmitters and one receiver. To reduce the
channel equalization complexity, independent component analysis (ICA) based
efficient blind source techniques were proposed in (Jiang et al., 2015) to separate the
mixed VLC MIMO signals. This system is shown in Figure 2.8. Least square (LS)
and minimum mean square error (MMSE) algorithms were used for channel
estimation, which reduce the computational complexity of the MIMO scheme. FPGA-
based universal software radio peripheral devices were used to allow adaptive
communication MIMO signals (P. Deng & Kavehrad, 2016). The authors used three
different MIMO systems spatial diversity, SMP, and SM (Di Renzo et al., 2013) to
maximize the spectral efficiency of a 2 x 2 MIMO system. Popoola et al. (Popoola et
al., 2013) studied GSSK scheme to increase spectral efficiency in MIMO. SSK is also
applied in a 3 x 3 imaging MIMO-OFDM system with commercial PC white LEDs
(ljaz et al., 2015). This application increased the modulation bandwidth of white LEDs
from 10 to 100 MHz (Hsu et al., 2016). Moreover, 3 x 3 non-imaging MIMO system

with a pre-equaliser circuit was used to extend the bandwidth of an LED from 14 to
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103 MHz in (Popoola et al., 2013). Andrew Burton et al. experimented 4 x 4 non-
imaging MIMO channel to get 50 Mbps data using NRZ-OOK (Burton, Le Minh, et
al., 2014). Zero forcing with pseudo-inversion, MMSE, and vertical Bell labs layered
space-time algorithms are popular to reduce the complexity of MIMO de-

multiplexers.

2.5 Hybrid VLC Network Architectures

dn a VLC network, downlink typically consists of LED transmitters for illumination
purposes. The uplink can be constructed using other transmitters and receivers. This
leads to hybrid systems. Two different versions of these hybrid systems are explained
in the sections below. After that, the integration of VLC systems with other types of

networks is discussed.

2.5.1 Hybrid Networks with VLC Based Downlink

LED based VLC system are using LEDs for downlink data and as a transmitter
technology. For up-link transmission, data quality degradation is the main concern for
the VLC system and most of the current studies are based on IR or RF system based
uplink (Basnayaka & Haas, 2015). Hybrid network based on IR LEDs and RF system

uplink are discussed here.

2.5.1.1 IR Based Uplink

IR light covers wavelength from 780 nm to 1 mm adjacent to the visible light range
between 380 and 780 nm. IR band is not licensed and can offer high-speed
connectivity. IR cannot penetrate objects, because of its high frequency range and
hence it is mostly used in indoor environments. The data rate of IR can reach up to 1
Gb/s and the signal can be carried over a distance of several meters (Boucouvalas et

al., 2015). IR communication can occur in defused mode, also known as scatter mode.
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The transmitter and receiver do not need to be in the line of sight (LOS) in this sort of
communication. However, the communication devices must be close to one another.
Otherwise, it would be difficult to establish an indoor wireless network. IR LEDs are
mainly used for uplink transmission in VLC networks. In (Alresheedi et al., 2017), a
fast adaptive beam steering IR (FABS-IR) system is proposed to reduce the channel
delay and enhance the received optical power signal in a high data rate
communication. A typical system that uses IR for uplink transmission and VLC for
downlink transmission is shown in Figure 2.9. The performance of the system is
enhanced by coupling FABS-IR with imaging receivers. It is found that data rate up
to 2.5 Gb/s is possible for the indoor environments using IR-VLC network.
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Figure 2.9: IR-VLC Communication Model using USB

Another research developed a VLC-IR system for passengers to access the internet in
airplanes. The VLC-IR system does not interfere with airline radio systems; thus, it
can provide personalized entertainment utilizing wireless media. Even in the presence
of other illumination sources, it can ensure good functional capability, good downlink
signal strength for receivers, and minimum error rate for a short distance (2 m)
communication. Moreover, the system is evaluated for live video streaming and

collaborative games.
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2.5.1.2 WiFi Based Uplink

Hybrid networks have high throughput with dense positioning of optical access points
(APs). It enhances the system performance, quality of service (QoS), and mobility
among users. This heterogeneous (VLC and RF) network can reduce interference
between these two systems and increase the combined throughput in the same area
network. Radio devices can operate under the main three center frequencies 2.4, 5,
and 60 GHz based on IEEE 802.11ad standard and commercially known as Wireless
Gigabit Alliance (WiGig).

LED and RF combined hybrid bi-directional network has been demonstrated to
communicate with the central unit (CU) with a data rate of 7 Gb/s (C. Lee et al., 2015).
The universal AP mechanism and the handover protocol are essential for this
heterogeneous integrated network to perform multitask in the mobile environment. As
a result, future wireless terminals are proposed as multi-standard supporting wireless
devices. In this regard, VLC can be a complementary technology with the existing
radio-based technology to provide service in indoor environments. Rahaim et al.
(Rahaim et al., 2011) proposed two different types of vertical handover (VHO)
schemes between radio and optical communications, such as immediate VHO, dwell
VHO, and fuzzy-logic-based VHO integrated algorithm for WiFi-IR LED system.
Horizontal handover and VHO protocols are presented to support VLC HetNet

(heterogeneous) model, especially for solving the multiuser mobility problems.

Figure 2.10: Heterogeneous (VLC and RF) Network
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Subsequently, each user is assigned to a CU through an AP. Figure 2.10 shows a
typical heterogeneous (VLC and RF) network hybrid model within a room condition
where WiFi and VLC networks are working together, and users can move from one
AP to another AP.

In between, if there is any low light signal or interruption, the user will automatically
connect to the Wi-Fi network. Shao et al. (Shao et al., 2015) designed and analyzed
an integrated system, which is Light Radio (LiRa) WLAN without any mobile devices
to emit light or infrared. The bi-directional Wi-Fi and VLC links are fully utilized in
this LiRa system to improve the achievable throughput and uplink channel network
controller. VLC uplinks will need narrow beam widths lighting sources for better
communication throughput, but need multiple LEDs to provide proper illumination
avoiding shadows connected to a single light source. To minimize VLC controller
latency and broadcasting Wi-Fi traffic for VLC downlink AP-Spoofed Multi-client
ARQ (ASMA) hybrid system was designed by Naribole et al. (Naribole et al., 2017).
Hybrid FSO and WiFi hybrid system based on optical femtocell architecture was used
to maximize mobility and to achieve a data rate of 50 Mbps over 3 m distance for each
femtocell by Liverman et al. (Liverman et al., 2018). This Wi-Fi system could perform
seamless handover from one AP to another, and a microcontroller was used to
handover from an FSO transmitter to a Wi-Fi supported optical receiver. Abdallah
Khreishah (Khreishah et al., 2018) demonstrated a hybrid RF-VLC system to reduce
the power consumption using VLC front-ends designed by Fraunhofer-HHI and Wi-
Fi with a dual Band Gigabit Wireless Router WNDR4500, while maintaining
acceptable level of illumination. Furthermore, Kashef et al. (Kashef et al., 2016)
investigated the energy efficiency of an indoor heterogeneous network constrained by
the required data rates consisting of RF and indoor VLC AP. Marwan Hammouda et
al. presented a cross-layer study of a hybrid RF/VLC system for sustainable QoS
constraints considering limitations of data overflow, delay probabilities, random user

location, and effective capacity in the main link.
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2.5.2 VLC Based Downlink and Uplink

VLC system used LEDs and LD for downlink data as a transmitter technology. These
two transmitter technologies sometimes use for up-link data transmission. So visible

light based downlink and uplink system are given below.

2.5.2.1 LED-PD Based Downlink and LD-PD Based Uplink

LD and LED-based hybrid VLC system is shown in Figure 2.11. The receiver consists
of both photo-sensors and LD. LD is used for uploading data to the hybrid AP. VLC
systems with LDs can achieve Gb/s data rates and they can be used for long-distance
communication.
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Figure 2.11: LD and LED-based Hybrid VLC Network

Janjua et al. (Janjua et al., 2015) demonstrated 4 Gb/s VLC link with RGB LD, where
red LD was used for communication, and blue and green LDs were used for
illumination. Hussein et al. verified 5 Gb/s data rate link by OOK based LD-VLC
systems with the modelling work (A. T. Hussein & Elmirghani, 2015).
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Figure 2.12: White Light Generation by Utilizing (a)Single Source Approach and (b) Multi
Source Approach

Figure 2.12 shows the techniques to generate white light by LD. The white light can
either be generated by using a blue LD with phosphor coating with a focusing lens or
by mixing three color (RGB) LD sources. However, LEDs have superior performance
for illumination and hence they are preferred for downlink communication (Bian et
al., 2019). However, the uplink communication can be designed without much
consideration for illumination. For this reason, this can be achieved through LD,
because of its superior modulation bandwidth. This hybrid solution has gained
attention for gigabit-class communication (see the “LD-LED VLC” column of Table
2.7).

2.5.2.2 LED-to-LED Based Downlink and Uplink

In a typical VLC system, the photodetector is used as a receiver, and LED is used as
a transmitter. Most of the experiment has been performed with a one-directional
(downlink) VLC scheme. In order to get full advantage of the large bandwidth of the
VLC system, it is preferable to use a bi-directional VLC system for uplink and
downlink communication. To implement a bi-directional VLC system, LED and
photodetector have to be used at both downlink and uplink (Schmid et al.,
2013)(Schmid, Ziegler, Corbellini, et al., 2014). However, an LED to-LED VLC
model has been demonstrated based on the theory presented in (Dietz et al., 2003).
The capacitance of the LED changes with receiving light intensity. In Zurich, Disney

Research center demonstrated a VLC link relayed to a toy car using a smartphone
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(Schmid, Ziegler, Gross, et al., 2014). The apparent disadvantage is that LED is less
sensitive to the light; thus, a high-intensity light is required. Multiple LEDs can be
used for transmitting and receiving of data for this purpose. This implies the necessity
of multiplexing techniques. Fine tuning is needed to maintain the LED illuminated
without any important data being transmitted, but it will reduce the maximum data
rate that could be achieved. In (Yiguang Wang, Chi, et al., 2014), a full fiber integrated
LED-to LED VLC system is proposed, where fiber-optic link is utilized to connect
each VLC AP (VAP). The authors designed a hybrid system protocol using frequency
division multiplexing (FDM) and time division multiplexing (TDM) for the uplink
and downlink in the fiber and bi-directional VLC transmission. Total data rate
achieved was 8 Gb/s using eight VAPs, each having a data rate of 500 Mb/s. It is
possible to extend the same network architecture to achieve up to 100 Gb/s for a
wireless access network. Li et al. (Shuai Li et al., 2016) suggested a scheme that
utilizes LED-enabled devices to interact on a di-directional VLC channel without
using a PD, while offering quality illumination at the same time. The authors
employed Manchester coding with OOK modulation to achieve the best trade-off
between lighting and data rates. In (Yeh et al., 2017), a 682 nm visible vertical-cavity
surface-emitting laser is used to attain 10.5 Gb/s downstream traffic and 2 Mb/s

upstream traffic using QAM-OFDM modulation scheme.

2.5.3 Heterogeneous Networks with VLC
mmWave for short haul communication and VLC for indoor communication can be
the most promising technologies in the 5G communications era to establish gigabit-

class data transmission link. These kind of heterogeneous VLC network discussions

are presented here.

2.5.3.1 PLC-VLC Hybrid Model

Typically, power line communication (PLC) is used to link all VAPs internally and

externally to the remainder of the network. VLC needs connectivity between VAPS
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and internal networks to provide a completely functional indoor system. Connecting
VAP using separate cables is the easiest solution. This simple VAP connection
through distinct cables is quite costly because of its cabling design, labor, and
installation process. PLC uses the electrical power lines which already exist for
broadband connection (1. 1901 W. Group, 2010). PLC has been effectively used for
over a decade to broadcast radio programs, home networking, home automation
(remote lighting and equipment control), web access, and automated meter reading
(Galli et al., 2011). PLC has the benefit of its reliable infrastructure like VLC, which
is easily accessible. A hybrid WiFi—VLC system called PLiFi is proposed that
provides low-cost internet connectivity, VAP inter-connectivity, and seamless WiFi
integration for uplink transmission (Hu et al., 2016) for better user mobility and
frequently changing device orientation. In order to resolve co-channel interference
owing to neighboring LEDs in a hybrid PLC-VLC system, a narrower and distributed
VAP together with a MAC protocol was proposed in (Ndjiongue et al., 2017), where
the authors analyzed the impact of PLC channel and VLC transmitters on signal
propagation. To determine the transfer function for channels characterizing over time,
the accessible channel frequency response was used. PLC-VLC's cascaded channel
route may have many impairment sources, but not restricted to attenuation and
unwanted noise. Their hybrid model pretends to analyze the attenuations of the
cascaded channel correctly. However, noise is ignored, which in the PLC-VLC
setting can be a cause of deficiency. Yan et al. conducted experiments with three-LED
lights to create a single frequency network to investigate the possibility of VLC-PLC
hybrid system for indoor communication (Yan et al., 2015). Their scheme ensures
high-speed communication and higher coverage of the signal with less alteration of
the current infrastructure. Similar research is proposed in (J. Song et al., 2016), where
a full-duplex hybrid PLC-VLC system uses marginal protocols to obtain a data rate
of 5 Mb/s, which can be extended up to 30 Mb/s.

2.5.3.2 5G mmWave-VLC Hybrid Model

Hybrid radio-over-fiber (RoF)-VLC system was demonstrated by Khalid et al.
(Khalid et al., 2011). For the first time, they reported hybrid RoF—VLC system where
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optical fiber was used as a backbone network to link user and main central office. 5G
systems have much higher capacity, data rate, spectral efficiency, and energy
efficiency compared to the existing 4G systems. mmWave spectrum has also become
a promising technology for 5G networks to enable gigabit-class transmission. The
mmWave band refers typically to the frequency range from 3 to 300 GHz with
wavelengths ranging from 1 to 100 mm (Rangan et al., 2014). Compared to mmWave,
VLC has similar advantages, such as broad spectrum, the ability to support gigabit-
class data rates, high security, license free, low co-channel interference, interference-
free communications, and so on (Feng et al., 2016). A probable bi-directional RoF-
VLC hybrid system, where mmWave 5G will be used for uplink and LED will be used
for downlink is shown in Figure 2.13. A large amount of traffic can be off loaded from

mmWave-based systems to VLC-based systems.
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Figure 2.13: 5G mmWave based RoF-VLC Communication Model
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Table 2.7: Different Hybrid-VLC Network Architectures

IR-VLC WiFi-VLC LD-LED LED-LED VLC PLC-VLC mmWave-VLC
VLC
Link Bidirectional WiFi & VLC
connectivity
Uplink Infrared link WiFi Laser diode LED WiFi AP+ Ethernet 5G antenna
PLC modem
Downlink LED LED LED LED PLC+LED via PLC mmWave
VLC modem signal+LED

Handover Coordinated multipoint Immediate vertical handover N/A N/A N/A Markov Decision
scheme transmission (CoMP) (I-VHO) scheme/ Fuzzy logic Process (MDP)

handover / Homogenous (FL)-based dynamic handover

Poisson point process

(HPPP)
Energy Highest Less High Low Medium
efficiency
backhaul Fiber Auto cell Wireless/ Wireless/Fiber Power line Supercell

Fiber

Signal Low high Low Low high Medium
attenuation
Frequency range 300 GHz and 430 THz 2.4 GHz > 300 GHz 400-790 THz ~30 MHz ~40 GHz
Frequency Terahertz waves RF waves Terahertz Terahertz waves millimeter-waves
brand waves
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2.6 Recent Commercial Advancements

One of the LED-based VVLC application is LiFi that holds different challenges to 5G
technology. LiFi system provides reliable and secure communication with high data
rate. Some commercial companies are trying to develop VLC solutions for end users
in the last few years, such as pureLiFi, Philips Lighting, Huawei, Velmenni,
OledComm, Firefly LiFi, Allnet GmBh, and Nextlifi. Their target is to provide smart
lighting and maximum data transmission under Global Light Communications
Standards 802.11bb. PureLiFi first demonstrated a Gigabit LiFi kit in a tiny chip,
where the data rate was 1 Gb/s. Moreover, they produced an integrated laptop, LiFi
enabled luminaire, photosensitive mobile casing, and silicon chip (data rate of 86.4
Mbps for maximum 16 users) (PureLifi, 2019). Oledcomm is a French company that
started in 2011 and works on LiFi technology. It provides complete LiFi solutions
using their microcontroller based modem, LiFi photo-receivers (dongles or bridges),
and dedicated LiFi Cloud for online and offline. Recently, they demonstrated a
product called LiFiMax that offers 100 Mb/s speed for 16 users within the range of
92 feet and an LED desk lamp with 23 Mb/s data rate. They are also working on
medical services like centralised intravenous additive services (Lifi Application,
2020). US-based VLC research company VLNComm developed a bi-directional Li-
Fi enabled USB adapter ‘LumiStick 2’ with a downlink speed > 108 Mb/s, an uplink
speed of 53 Mb/s and a FOV of 120°. In 2018, they offered a Li-Fi LED lighting panel
for industry applications that can be used for more than 500 users (VLNComm, n.d.).
Some other emerging companies, such as Signify, Velmenni (India), Nextlifi
(currently known as Diodar, Australia), Firefly LiFi (Germany) are trying to bring
new products for energy efficient lighting, 10T services, and smart city technologies
and infrastructure (Signifi, 2019).

2.7 Challenges in VLC

The usage of LEDs has been increasing in lighting and data communication, but there
are still some challenges that have to be noted for future research in VLC applications.

These are listed below:
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a. Mobility and coverage: High-speed VLC applications consider a narrow line-of-
side link that can be utilized for a solid state device of LEDs. There are some
fundamental challenges to achieve high-speed VLC, such as high spatial density
because of higher inter-carrier interference (ICI), small coverage area, and frequent
handover for mobility. ICI can be minimized using different wavelengths at adjacent
cells, but, for illumination, changing wavelengths is not permitted in VLC. Therefore,
a MIMO concept can be introduced where the receiver can solve the ICI problem. For
frequent hand-over, transmitter divergence angle and diffuse link coverage area have

to be minimized.

b. Modulation bandwidth of LEDs: The lighting industries are still using PC blue
LED to produce white light. However, it has a bandwidth limitation, because of the
slow responsivity of phosphor that causes a substantial barrier for gigabit-class
communication. If the industries realize the additional revenue that could be generated
by using different types of LEDs with better modulation bandwidth, this can influence
the market penetration of VLC.

c. Commercialization: Though VLC has prospective applications for high-speed
transmission and illumination, the business market expansion will take time. A survey
forecasts that the annual growth of VLC will be increased from 2014 to 2020 might
be over 87% (Ravi Singh, 2020). Few companies, such as Pure LiFi (UK), Disney
(Switzerland), Phillips (Netherlands), Huawei Communications (UK), OLED
Communication (France), AXRTEK (US), and HHI (Germany) are involved in the
development of VLC system, and they are also offering commercial solutions. VLC
business market depends on the progress of optical wireless eco-friendly green
communication in the future. One of the crucial challenges to implement VLC setup

is to offer a cheaper price product for mass users (Jovicic et al., 2013).

d. Non-linearity: The characteristic of voltage-current relationship of LEDs is non-
linear, and this non-linearity has a significant impact on the amplitude and phase
distortion. For higher order modulation schemes such as OFDM, the non-linearity
effect can result in high PAPR (Oubei et al., 2015). Nonlinearity can be minimized by

setting an optimized biasing point for LEDs using adaptive equalizers.
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e. Merging with existing systems: VLC has to compete with the current RF network
for high-speed secure data transmission. However, some innovative research is going
on to integrate the VLC with the existing wired and wireless infrastructure. Significant
work needs to be done in developing hybrid networks to help VLC penetrate in the

market.

f. Levels of illumination: In a high-speed VLC network, it is necessary to keep
satisfactory illumination levels with required CCT and CRI values. Different
illumination levels are needed for various conditions, e.g. street lighting, indoor
lighting in a big conference room, underwater, and so on. For a standard indoor
environment, the required illumination is around 300-1000 lux to get proper white
light. Maintaining this illumination level with high-speed VLC link is quite
challenging. At night time, the light also should be dimmed to minimum power to
minimize illumination. With this power, continuing communication simultaneously

can be even more challenging.

g. Receiver design: A PD or an imaging sensor is used as a VLC receiver. The use of
PD is more suitable than other receivers, because of its larger FOV, which can be
aligned with an LED to receive high optical power. Current imaging sensors show
slow performance in data communication, and they consume more energy. Thus, it is

challenging to design a receiver for better device movements and FOV alignment.

2.8 Applications of VLC

Flawless high-speed internet service is required for loT applications, human
interaction, and automated industrial machinery. Different applications have different
requirements, such as big storage for big-data, high-speed connectivity, security, an
uninterrupted connection between machines and a server. Considering all those
requirements, VLC could provide a better solution for all kinds of future applications
than RF communication. Some of the prospective applications of VLC are given

below:
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a. ITS: The lightning infrastructure is beginning to adopt LEDs for building lights,
street lamps, and automotive lights. VLC is now considered for communication
between vehicle-to-vehicle (Rihawi et al., 2016) and vehicle-to-central office (Arnon,
2010). To make VLC viable for ITS applications (Céilean & Dimian, 2017) in outdoor
environments, some other factors such as ambient light, fog, rain, and smoke have to
be considered.

b. Underwater communications: VLC has a strong capability for underwater
communication, specifically for high-speed aquatic transportations, underwater
communication, vehicle to vehicle, and vehicle to driver communication (Oubei et al.,
2015). RF signal is currently used for long distance underwater communication.
However, it suffers from low transmission rate and high latency due to the ocean's
salty water and high attenuation. Hence, LD based VLC is considered as a suitable
candidate for underwater transmission, which can effectively overcome the

limitations of microwave or sound waves also (Popoola et al., 2013).

c. Indoor positioning: Global positioning system (GPS) technology does not work
properly in indoor environments, but an indoor positioning system is crucial for
tunnels, coalmines, supermarkets, exhibition halls, and hospitals. VLC can be used
for indoor localization and navigation systems (Luo et al., 2017). VLC-based
positioning systems are less responsive to multipath transmission, and location

accuracy is much better than RF-based indoor positioning systems.

d. Intelligent lighting: Automated lighting systems can control the lighting based on
users’ needs. LED-based VLC systems can be used for intelligent lighting, because of
LEDs’ switching capability, low energy consumption, and color control ability.
Recently, Philips made an intelligent lighting control system that can control the color
and dimming using a smartphone (Philips Hue, 2017). An integrated sensor board was
used to control the smart home lighting infrastructure by Tang et al. (Tang et al.,
2017). Across the globe, most of the lighting industries are involved in producing
smart lighting services. There is an expectation that transportation networks and 10T

will be connected using VLC.
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e. Other applications: VLC system can be used in applications related to hospitals,
mines, and petrochemical plants (Cossu et al., 2011). Most of the medical equipment
requires isolation from radio frequency interference (RFI), and VLC is suitable for
providing communication between medical equipment and staff. An inbuilt
communication network can provide industrial lighting and safe communication

within the areas with igneous materials (Tang et al., 2017).

2.9 Summary

The limitations of the bandwidth in RF communication encourage the use of visible
light as a medium of communication in VLC. LEDs are commonly used as VLC
transmitters because of its energy efficient quality and duel capabilities for
communication and illumination simultaneously. All these literatures examined VLC
link structures for high-speed communication with transmitter, modulation and
receiver technologies. Some key advantages of LED technologies, types of LEDs,
their bandwidth capacity, fabrication process, and economic expectations in the near
future. In this chapter, the existing literature associated with the basic fundamental of
VLC network in terms of communication and the techniques used to achieve high data
rate VLC (i.e. in the range of Gb/s) are presented. The growing trend towards
replacement of traditional lighting infrastructures with energy efficient LEDs opened
up the scopes for concurrent data transmission and illumination industry. Advanced
research and innovative techniques that can push the data rate from Mb/s to Gb/s range

for VLC were also highlighted in this study.

Considering the high demands and growing number of wireless communication
devices, optical wireless communication is required at gigabit class range, which can
be effectively delivered utilizing WDM techniques in VLC. However, how the total
visible light frequency spectrum can be utilized for this purpose has not been explored
in the literature. Although, the of RGBY/RGBA LED-based VLC systems are already
implemented for WDM system, how the number of channels can be increased beyond

this systematically has been explained in the literature.
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InGaN/GaN based MQWs LED has the promising future in terms of communication
aspects, so proper modelling and fabrication process of this is necessary to increase
the number of channels for VLC. This can help to increase the data rate of VLC.

VLC can be used for downlink indoor communication with high data rates. For uplink,
different alternatives are being explored. This leads to hybrid or heterogeneous
networks. RoF-VLC system is one possible heterogeneous network. How this network
can be designed in such a way to accommodate high number of channels for VLC
downlink and high data rate for uplink is still an open question in the literature.

Recent commercial advancements in VLC and the challenges to overcome were also
highlighted in this review. Some of the prospective applications of VLC such as
intelligent transportation system, LD based underwater communication, indoor

positioning and intelligent lighting were also briefly explained in this review.
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CHAPTER THREE
GIGABIT WDM - VLC SYSTEM

3.1 Introduction

In the previous chapter, different types of techniques to improve the data rate in VLC
system such as WDM, high order modulation techniques, MIMO-OFDM, special pre
and post equalization methods and usage of high bandwidth LEDs were highlighted.
With the increasing demand for VLC in the applications of Lifi, vehicle to vehicle
communication (V2V), robotics, 10T, and underwater communication, the data rate
demand has increased further. In a WDM system, where LEDs transmit independent
data streams with different colors or channels, commercially available off the shelf
pc-LEDs are mostly used in VLC applications due to their cost and availability.
However, uLEDs or UV LEDs and LDs can also be used in VLC. It was also
discussed how a WDM system is implemented in LED based VLC system and their
ability to provide a high data rate. Based on this, the following research questions can
be asked:

e How do RGBA LEDs influence the aggregate data rate as individual WDM
channels under different modulation schemes?

e How do the multipath reflection constraints and FOV affect the data rate?

In this chapter, the effect of using RGBA LEDs with modulation schemes NRZ-OOK
and 16 QAM ina WDM-VLC system has been investigated. The results were obtained
using simulation and experiment. Mathematical model for a single VLC channel,
WDM -VLC system, and multipath reflection with LOS and NLOS propagation in
VLC system in Section 3.3. In Section 3.4, the simulation approach for WDM-VLC
and multipath system are described. After that, the experimental setup used for WDM-
VLC system is illustrated. Finally, the results from the simulation and experiments
are described and compared in Section 3.6. These WDM-VLC systems form as a

baseline work for the subsequent chapters.
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3.2 Wavelength Division Multiplexing (WDM) System

WDM system can transmit higher data rates due to multi-channel concept as each
colored LED use as an individual channel, which can be modulated separately. On the
receiver side, optical filters are used to recognize individual channel wavelength.
WDM helps to increase the aggregate data rate due to multiple parallel data streams.
Though multiple VLC channels can be considered by applying RGB LEDs or LDs,
the output should be a proper white light (Tanaka et al., 2003). The fundamental
operation of WDM systems using red, green, blue, and yellow channels is described

in Figure 3.1.
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Figure 3.1: WDM-VLC system using RGBY LEDs with biasing current Iy, Iy, lg, ly

The performance of each WDM channel will be different and depends on output
power, range of optical filters and photodetectors’ responsivities. Typical WDM-VLC
system demonstrations have used RGB LEDs (Vuci¢ et al., 2011). However,
additional channels using amber or yellow can be used to increase data rates further
and each LED can be controlled independently. The highest data rate in VLC system
has been demonstrated up to 15.73 Gb/s using off the shelf RGBY LEDs (Bian et al.,
2019).
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Table 3.1 shows the comparison difference between WDM-VLC system
performances using off-the-shelf LEDs. There are usually two types of photodetectors
used in VLC systems: PIN PD and avalanche PD (APD), which has comparatively
higher gain. Spectrum slicing or WDM technology is generally used in fiber-optic
communication, and it also implemented into the high-speed VLC system. RGB LEDs

Table 3.1: WDM-VLC system related research

TX Rx Modulation Equalization LED Datarate  Distance Reference
type
RGBY PIN DCO- Dichroic Off- 15.73Gb/s 1.6 m (Bian et al.,
PD OFDM mirrors the- 2019)
shelf
RGBYC PIN 64QAM- UvLC 15.17 1.2m (Zhou et al.,
DMT system Gbls 2019)
RGBY PIN OOK hybrid post-  Off- 477 Mb/ls 0.4 m (Ravinder
PD equalizer the- Singh et al.,
shelf 2013)
RGB APD OFDM Pre- Off- 410 Mb/s 09 m (Cossu et al.,
equalizer the- 2011)
shelf
RGBY PIN OOK N/A Off- 614 Gb/s 0.4 m (Fujimoto &
the- Yamamoto,
shelf 2014)
RGB PIN 16QAM Bidirectional 575 Mb/s  0.66 m (Yuanquan
link Wang et al.,
2013)
This PD OOK N/A Off- 240 Mb/s  3m Thesis
Research 16 QAM the- 1.10 Gb/s
(RGBY) shelf

are used as the optical source of the VLC system and the three or more colors are
considered as different channels of the visible light spot zone. The maximum data rate
of 15.73Gb/s, 15.17 Gb/s and 477 Mb/s have successfully achieved by the RGB and
RGBY-LED with different equalization, OFDM/DMT modulation scheme (Bian et
al., 2019), (Zhou et al., 2019) and (Ravinder Singh et al., 2013) simultaneously but
their distance was below 2m. In the research work, (Fujimoto & Yamamoto, 2014)
received 614 Mb/s data rate with RGBY LED, but the distance was only 0.4 m. In
other work, (Cossu et al., 2011) and (Yuanguan Wang et al., 2013) received data rate
about 410 Mb/s and 575 Mb/s with OFDM and 16 QAM modulation, but the distance

also were 0.9m and 0.66m only. In this work, the length has been extended to 3m and,
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without any offline processing or high order modulation scheme, received 240 Mb/s
data by OOK and 1.10 Gb/s data using 16 QAM signal.

3.3 Mathematical Model for Single LED WDM and Multipath System

In a WDM-VLC system, multichannel LEDs work as a separate channel, and optical
filters are mandatory to recognize them. However, channel crosstalk can be increased
because of the LEDs' overlap when additional channels are added. In this model.
Optical peak power is a function of an input current and the responsivity of the LED
which is calculated by

p=o.h f.% (3.1)

where ¢ is quantum efficiency, f is the emission frequency, h is the Planck’s constant,
and q is the electron charge, and i(t) is modulating current. Modulated current depends

on electron lifetime and the device of the diode as a transfer function, which is

1
1+j2.mf.(Tn+Trc)

H(f) = (3.2)

Where t,, is electron lifetime and t,. is RC constant. LEDs have Lambertian radiant
intensity emission, which can be explained using equation (3).
R;(®) = (m; + 1)cos™(0)/2n (3.3)
m; = —In2/In(cos(01)) (3.4)
2

where @ is irradiance angle, ml is the order of Lambertian emission, which relates to

the LED’s semi-angle at half power @: as shown in Equation (3.4). Luminance
2

expresses the brightness of an illuminated surface. Field of view (FOV) is one of the
important factors of LED-based transmission link. Color optical filters can change the
light propagation range, which affects the active region of the receiver or FOV. The

gain of the receiver photodetector is given by (Al-kinani et al., 2016).

P =H,(O)R (3.5)
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where Py is the received power, Py is the transmitted power by LED, and Hq(0) is
DC channel gain of the VLC link. If the direct line of sight (LOS) is considered,
then the equation of the DC gain in the (Sivabalan & John, 2003)

(m +dl)2A cos™ (O)T, (w)! (v) cos(y) (3.6)

Hd(O):
Oy <y.y>y,

where ¢ (y) is the gain of FOV concentrator, ¥c is the field of view at receiver, d is

the distance between LED and photodiode receiver and m is the Lambertian emission,
which is related to LED’s half-power semi angle

If the reflected path is considered, the DC gain is (Sivabalan & John, 2003)

A(m+1)

ref (0) = m A €08™ (6, ) cos(B,) Ts (w) £(w) cos(y) (3.7)

where d; is the distance between transmitter and reflected point, d> is the distance

between a reflected point and receiver PD. Awai is the reflective area of the wall, ¢,
is the irradiance angle from the reflected point, . is the incident angle at the reflected
point, and g is the angle of irradiance to the receiver, 4 _is the angle of incidence

from the transmitter. Ina VLC system, the received power at a point for both the direct

and the first-order reflected paths is given by (Miramirkhani & Uysal, 2015)
P =Y {RH,(0)+[RdH,, (O)f (38)

The total path delay can be calculated from multipath receive power levels. Total

delay spread is given by

D =16%-(5)° (3.9)

where the mean value of delay is

M N
Z |:)d.i + Z |:)ref,j
_ =1 j=1

PT

5 (3.10)
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The total data rate of the VLC link in the multi-channel reflection environment
depends on the delay of the propagation path. Furthermore, total power gain can be
increased by narrowing the angle of the FOV of the LED. The most significant noise
source in VLC systems is shot noise arising due to striking to the detector. Shot noise
Gaussian distribution of the detector is modeled as (Al-kinani et al., 2016)

020t = 2.q. (isig + inoise)- ENB (3.12)

where Gaussian distribution is a randomly generated value between 0 and 1. Another
significant noise source is thermal noise within the receiver front end of the PD, which

is calculated as follows (Sivabalan & John, 2003).

4.kg.T
O-tzhermal = Rlz .ENB (313)

T is the device's absolute temperature, Ry is the receiver load resistance, and kg is the
Boltzmann Constant, and ENB is receiver equivalent electrical noise bandwidth

(ENB). The total noise at the output up to pre-amplifier is then

G(f) = Gshot(f) t Othermai (f) (3.14)

Moreover, noise calculation such as thermal noise, shot noise, signal-ASE noise has

important effects on signal bandwidth and total bit rate of the system

3.4 Simulation Approach for WDM-VLC

To make the high-speed gigabit class VLC research baseline, a WDM-VLC system
with NRZ-OOK and 16 QAM modulation schemes was designed by optical simulator
Optisystem. The distance between transmitter and receiver was considered 3m. The
simulation model was fit according to the preliminary experimental results, and data
rates was achieved 290 Mb/s for OOK and 1.16 Gb/s for 1L6QAM using simulation.
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Figure 3.2. Model of NRZ-OOK based VLC system.

Figure 3.2 shows the simulation model for OOK-VLC model. Most of the VLC
research has been done using Red, Green, Blue, Yellow, or Amber (RGBYA). QAM-
VLC model was modeled in Optisystem, and the expected results were over 1 Gb/s.
A 16-QAM based VLC system was designed as an input signal and generated the
electrical constellation plot. Figure 3.3 shows the simulation model for the QAM-

VLC model.

QAM-Sequence QAM Optical Source:
Generator Modulator LED

_ FSO
BER Test kit Channel
QAM Optical Filter Photodiode

Amplifier

Demodulator

Figure 3.3: Simulation model of 16QAM-VLC

3.4.1 Multipath Reflection Analysis

To design the conventional multipath indoor communication, Barry et.al (Barry et al.,
1993) have proposed a multipath diffusing link. Recently, LED-based VLC has

attracted the attention of lighting industries, and academic researchers, because of its
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maximum transmission and illumination capability (Beshr et al., 2012). VLC channel
can have two different paths: line of site (LOS) and non-line-of-side (NLOS).

The main advantage of LOS is a high-speed communication capability. Still, it also
has some limitations such as shadowing effect and small coverage area (M. Beshr, C.
Michie, and I. Andonovic, 2015), which are not suitable for mobile users. The
mathematical derivation of the LOS and NLOS channel links with reflected path and
total receive power calculation is explained in section 3.4.1.2. VLC systems can be
investigated in a multi reflection environment using Optisystem simulation tools (Din
& Kim, 2014). When the distance between the transmitter and the receiver increases,
the data loss decreases. The transmitter and receiver of VLC system should be in line
of sight (LOS) condition for optimal signal quality, but the ambient light or reflected
light from surrounding walls for NLOS degrades the actual link performance. This
section analyzes visible light communication performance by considering LOS and
N-LOS propagations for data rate and the output power of the LEDs. In LOS
propagation, only the direct path with a single LED as a transmitter was considered.
For the NLOS case, both single LED and multiple LEDs are considered as
transmitters. Some key global parameters for multipath reflection analysis are given
in Table 3.2.

Table 3.2: Global and Major Parameters for the Simulation

Parameters Value

Transmitter Wavelength(nm) 550
Electron life time, Tn(ns) 4.5 ns
RC constant, Trc (ns) 4.5 ns
Slope efficiency (W/A)

Channel Distance 3m
FOV concentrator 45 deg
Tx half angle 60 deg
Irradiance angle 20 deg
Incident angle 20 deg

Receiver Modulation bandwidth 45 nm
Responsivity (A/W) 0.65
Thermal power density 100 g2
(W/Hz)
Noise distribution Gaussian
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3.4.1.1 Case 1: LOS/NLOS Propagation Model with Single LED

In this propagation model, both the direct and reflected paths of light was considered.
For LOS, direct path and for NLOS condition, two side (2D) multi reflection are
considered for the single LED. For multiple, propagation model considered is shown
in Figure 3.4. Three propagation scenarios was considered (i) Direct LOS using a

Bit NRZ-OOK signal

Generator Generator —[m]

——

Reflected
point

Reflected
point ?

NLOS Lin

Incident

angle L'_J,l

BER Analyzer

PIN Oscilloscope

Figure 3.4: Simulation model for multipath indoor VLC

single LED, (ii) Direct plus two reflected paths NLOS for a single LED (for 2D
environment) and (iii) Multi reflected propagating paths using multiple LEDs. After
3m in free space, desired light signal is received by photo detector (PD) and filtered
out unwanted ambient light using a low pass filter. For the reflected path calculation,
2~5 dB attenuation was added to account for the drop in signal quality in reflections.
The standard indoor condition was considered in this simulation, where the distance
between transmitter and receiver was 3m and consider that all light is coming from
LED.

Moreover, no interference was considered for point-to-point links, and incident and
irradiance angles were set based on practical experience. The LED radiates red light

with 550 nm wavelength, which carries the optical information and is passed through
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a diffuser lens. PIN photodiode is used to receive the light signal at the receiver end
and filtered through a low pass Bessel filter to remove the optical frequency
interference. This component converts an optical signal into electrical signal based on
device’s responsivity. Here silicon photodiode was used among Ga, InGaAs and other
user defines materials. The central frequency was followed the same as LED’s visible

range peak wavelength.

3.4.1.2 Case 2: Multi Reflection Propagation Model with Single LED

In the multi reflection propagation model, LOS path and other 4 reflected light signal
from 4 walls (3D environment) was considered as shown in Figure 3.5. Multi
reflection propagation model with a single LED which reflects from surrounding four
walls. All direct and reflected light signal received at PD and received signal degraded
by the reflected light.

Figure 3.5: Multi reflection NLOS propagation model using single LEDs.
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3.4.1.3 Case 3: Multipath Propagation Model with Multiple LEDs

In Case 3, multiple LEDs were considered for both LOS and NLOS links, where L1
and L4 are direct paths, and L2, L3, L4, and L6 are reflected paths, as shown in Figure
3.6. Incident angles, irradiance angles, received optical power, and BER is tabulated
in Table 3.7. BER for the signal from LED1 was 2.27x107 and, for LED2, was
1.83x10%% Average BER for both LEDs was around 2.17x10° and the related eye
diagram is shown in Figure 3.12.

LED

Figure 3.6: Multipath VLC propagation model using multi LEDs.

3.5 Experimental Setup of WDM-LED-VLC

A list of devices used for the experimental analysis is provided in Table 3.3 and the
experimental setup is in Figure 3.7 using the numbering specified in Table 3.3. The
complete VLC system used in this work is depicted in Figure 3.2. This experimental
setup investigates only Case | mentioned in Section 3.4.1.1. The line of sight (LOS)
VLC link uses an off the shelf RGBA LED (OSRAM LCW CP7P). The LED was
attached to a heat sink to ensure the effect of the junction temperature variation is
minimized during the experiments. Using blue filtering, the bandwidth of the RGBA
LED can be extended to ~ 60 MHz (Grubor et al., 2008).
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A low pass optical filter (Thorlabs FES500) was used to remove the slow component
and increase the system bandwidth. The modulated waveforms were generated using
ARB Rider Arbitrary Waveform Generator AWG-4022. It has two channels, each of
which can sample up to 2.5 GS/s, 2.5 GHz analog bandwidth, and 14-bit vertical
resolution. MATLAB ® was used to create the required waveforms with different
modulation schemes which were uploaded to the AWG. A power amplifier was used
to amplify the signal connected after photodiode. A wideband coaxial bias tee (Mini
Circuits ZFBT-4R2GW-FT) was used for biasing the LED at the operating region and
combine to the DC power supply with the high frequency modulated waveforms, and
it operates at 350 mA. A circular lens (15° beam angle) was fixed in front of the LED

to focus the light on the receiver.

Figure 3.7: VLC Experimental Link Setup

A Silicon PD (Thorlabs PDA-10A) was used as the receiver in this experiment which
has an active detection area of 0.8 mm2; wavelength sensitivity ranges 200-1100 nm,
with a peak responsivity of 0.45 A/W. Initially, NRZ-OOK signal was used for the
experiments. The sampling rate of the AWG was set as 10 MS/s, and the frequency
of the signal was defined up to 60 MHz. Each sample carries one bit for the

experiment, and initially it was 60 Mb/s.
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For the experiment, single carrier modulation scheme was implemented with available
RGBA LEDs. Using OOK, the aggregate data rate was 160 Mb/s, and using 16QAM
was around 1.04 Gb/s. This result is better than (H. Li et al., 2014) but also suggested
that it might be improved after applying equalization (Fuada et al., 2017).

Table 3.3: Equipment Lists for Experiments

1 ARB Rider AWG-4022 (2.5 GSIs, 14 bit)

2 LED Holder
3 Bias Tee (Mini circuits) ZFBT-4R2GW-FT DC power

4 LED Oslon NUWH CCT ~4000k (LED as a Transmitter)

Heatsink
DC Power supply

Oscilloscope Wave runner 8254 (2.5GHz , 20 GS/s)
Photodiode Thorlabs PDA 10A (VLC Receiver)
Optical lens (Thorlabs ACL4532U)

Optical rail (stage- Thorlabs)

Amplifier Mini circuit ZHL-6A+

PO N O ol

o

3.6 Results and Discussion

WDM-VLC system is demonstrated to establish the system's maximum transmission
rate using RGBA LED based on the simulation framework presented in Section 3.4,
and the findings from sections 3.5. Simulation approaches consist of WDM-VLC
model with OOK and 16QAM, Multipath reflection analysis for the VLC, and the
effects of FOV on the received power. Finally, a comparison of simulation work and

experimental results will be shown.

3.6.1 Simulation Results

The maximum data rate with related BER has been tabulated in Table 3.4. BER

analyzer is used to monitor the bit error rate of an electrical signal and eye diagram.
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System transmitter LED has been configured as off the shelf LED which has
recombination time was set to 4.9 ns Using 16QAM signal, the aggregate data rate
can increase 4 times higher than OOK. After transmitting data up to 3m, the
constellation diagram for 16 QAM was recorded, and the total data rate was 1.16 Gb/s
have shown in Figure 3.8.

Table 3.4: Total data rate from 4 channels of WDM-VLC systems by OOK

Peak BER Data rate
Wavelength (Mbfs)
3.29 x10® 78
2.35 x10°® 69
1.15 x10® 58
9.88 x10°® 85
¢ oo &
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Figure 3.8: Constellation plot of (a) Transmitter and (b) Receiver after demodulated

the signal.

3.6.1.1 Results for Case 1

The room dimensions have considered 3m x 3m x 3m. The simulation results for the
LOS model is shown in Figure 3.9, and it shows the input and output signals from the
oscilloscope and related eye diagram. BER observed was 1.42x10! and the received

optical power level was measured at receiver around -16.39 dBm.
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Figure 3.9: (a) input signal (b) output signal and (c) related eye diagram.

In the duel NLOS model with a single LED, one direct and two reflected paths were
considered. L1 is the LOS link, and L2, L3 are two NLOS channels as shown in Figure
3.10. The reflections degraded the overall BER from 10 to 107. Table 3.5 shows

the received power and BER after reflections.

PIN

Figure 3.10 Duel NLOS reflection propagation model using single LEDs.
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Table 3.5: Results and Parameters of the Single LED Model

LED 1
Path  Length (m) Oy 0r Rx Power BER
L1 3 22 25 -19.20
L2t 2.5 60 65 -23.38
L2 1.5 35 60 -71.16  3.36x107
L3t 1.5 50 45 -21.27
L32 2.5 38 52 -72.81

3.6.1.2 Results for Case 2

Figure 3.11 shows the output signal and eye diagram based on the LOS path and LOS
path including reflections. More reflections were added in the NLOS model with a
single LED, where L1 is the LOS link, and L2-L5 are four NLOS links. The received

powers, in this case, are shown in Table 3.6. The overall BER degraded to 10°®.

a 0.5 1
:L_
u a
o
=N a
3 "3
= 3
= .
23 B
£ aE
= o] NE
o
=1
al
SO0 RE00 R YOOmE00REa00n 1p 114 T e
Time (s)
(a)
;L- =1
-
3 3
] =
[ ] )
i+ A
£ ;
=1 - s
100n 200n 300n 400n SO0nM GOOn 7O0n 1 0 1
Time (=) -

Figure 3.11: (a) Output signal and related eye considering LOS paths (b) Output

signal and related eye for five propagating link paths
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Table 3.6: Results of four reflected path using single LED

LED 1
Path Length Oy 0r Rx Power BER

L1 3 22 25  -19.20

L2t 25 60 65  -23.38

L22 15 35 60  -71.16

L3t 15 50 45  -21.27

L32 25 38 52  -72.81 3.82x10°
L4t 25 55 35  -25.15

L42 2 50 40  -72.92

L5 25 43 48  -23.03

L52 2 40 60  -72.92

3.6.1.3 Results for Case 3

Most of the available VLC models have been designed based on LOS for its
simplicity. However, some reflected light from different surfaces and NLOS needs to
be considered at the receiver (Kahn & Barry, 1997). The LOS component has a flat
channel bandwidth, while the NLOS diffuse channel shows a much weaker response
and the magnitude drops off significantly with frequency. The overall combined
wireless channel shows a slight ripple due to the LOS and NLOS paths' frequency
components interfering. VLC system performance degrades with the surrounding

environment though surrounding reflections have a minor effect.
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Table 3.7: Results of multipath two LED’s NLOS model

LED 1 LED 2
Path Length 6y 6r RX Path  Length 0Oy O  Rx Power
(m) Power (m)
L1 3 15 15 -20.91 L4 3 22 22 -19.47
L2t 25 60 65 -24.66 L5 25 50 38 -23.47
L22 15 35 60 -76.52 L52 1.5 45 45 -73.92
L3t 15 50 45 -22.74 L6t 15 55 35 -22.03
L32 25 38 52 -76.55 L62 2.5 15 75 -81.79
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Figure 3.12 (a) Output signal (b) Output of Final eye diagram using two LEDs’
reflected Paths

Thus, a multipath model analysis is more appropriate, and NLOS components must
be included for accurate channel estimation in different environments. Considering
reflected light and time delay, Lee et.al. sowed the reflected power loss were only
about 6% of the total received power by plastic painted walls, whereas it was 39% in
the case of normal plaster walls (K. Lee et al., 2011). Due to the much stronger LOS
channel gain, the effect of the NLOS does not significantly hamper the optical

wireless channel transmission quality.
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3.6.2 Field of View (FOV) Effects on Received Power for Case |

The Field of View (FOV) is an important factor for defining the visible light range at
the receiver. The total received power performance at the receiver end was analyzed
by changing the FOV concentrator angle (Fuada et al., 2017). Narrower FOV can
increase the dominance of direct Line of Sight (LOS) path. In Figure 3.13, FOV was
varied from 35° to 75° to maintain standerd useable range. In this case, the receive
power varied around ~6 dBm. This means proper FOV adjustment is very important
for achieving good lighting and a higher data rate in a VLC link. Field of view (FOV)
is very closely related to gain, the received optical power of LEDs and the overall data
rate of the VLC system.
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Figure 3.13 Total received power vs. FOV concentrator (deg).

The optical signal receiving device in indoor VLC with concentrator is used to collect
surrounding light energy for the receiving surface of photodetector to improve the
optical gain (Hao et al., 2019). Wang et al (Hao et al., 2019) reported the performance
of the VLC optical receiving antenna. Figure 3.13 shows the average LED received
power in dBm vs FOV in degrees. When the FOV was set to 30° under LOS link, the
received power was -13.39 dBm. When the FOV was increased to 60° and 75°, the
received powers were -16.96 dBm and -18.97 dBm, respectively. When the FOV
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changes by 45° as shown in Figure 3.13, the received power decreased by 5.58 dBm.

Figure 3.14 shows the received power distribution for the two extreme scenarios —
FOV 30° and 75° - within the fixed area (length 3m x width 3m) of the room.
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Figure 3.14: Received power distribution for FOVs (a) 30° and (b) 75°

3.6.3 Experimental Results

The overall system performance of the WDM-VLC model was analyzed by changing
different data rates using OOK and QAM signals. Therefore, quality factors (Q) and
BER were considered the main parameters for checking signal quality. With the

increase of sampling rate by AWG, data rate also increased. As a result, the received
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Figure 3.15: BER Vs maximum data rate for available RGBA LED with OOK
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signal from PD output was distorted for the high data rate. Figure 3.15 shows the
maximum data rate using available off the shelf RGBA LED with OOK signal. Blue
LED can transmit a maximum of 78 Mb/s data, and the lowest data rate was using
amber LED, about 58 Mb/s. The other two Red and Green were 72 Mb/s and 62 Mb/s

data rate.

(@) (b)

(c) (d)

(@) (h)

Figure 3.16: Eye diagrams of the transmitted and received waveforms for different

data rate using (a) Blue LED input (b) Blue LED output (c)Red LED input (d) Red

LED output (e) Green LED input (f) Green LED output (g) Amber LED input (h)
Amber LED output
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Related eye diagram was recorded for Blue-Red-Green-Amber LEDs with OOK in
Figure 3.16 when obtained aggregate data rate was 260 Mb/s. Four peak wavelengths
are recorded by photometer CL-500A and related power distribution for RGBA LEDs
has shown in Figure 3.17, where peak wavelength was 461 nm, 505 nm, 525 nm and
629 nm. 16 QAM signal transmitter was used in the same model to increase the data
rate and constellation diagram of 16 QAM received signal, as shown in Figure 3.18.
The maximum data rate achieved 1.04 Gb/s using four all LED channels.
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525 Nm
529 NM
5.000E-01 461 nm
e 505 Nm
4.000E-01
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<
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=
2.000E-01
1.000E-01
0.000E+00

360nm 410nm 460nm 510nm 560nm 610nm 660nm 710nm 760nm

Wavelength(nm)

Figure 3.17: RGBA LED (inset) and its spectral power distribution

Figure 3.19 shows the maximum data rate using available off-the-shelf RGBA LED
with 16 QAM data mapped signals. Blue LED can transmit maximum 312 Mb/s data,
and the lowest data rate was using amber LED, about 208 Mb/s. The other two Red
and Green were 272 Mb/s and 248 Mb/s data rate.
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Figure 3.18: Constellation diagram of 16 QAM received signal.
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Figure 3.19: BER Vs maximum data rate for available RGBA LED with 16 QAM

3.6.4 Comparison Between Simulation and Experimental Work

To achieve the first objective and make the baseline of the high speed gigabit class
VLC research, a VLC experiment has been demonstrated in the university's intelligent

lighting lab.

Moreover, to match the experimental work, the VLC system with NRZ-OOK and 16
QAM modulation schemes was simulated in Optisystem. Finally, a comparison table
between simulation for Case | and experimental results are shown in Table 3.8, where
the data rate achieved were around 290 Mb/s for OOK and 1.16 Gb/s for 16QAM
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using simulation. Experimentally, data rates were 260 Mb/s using OOK and 1.04 Gb/s
using 16QAM with commercially available RGBA LEDs.

Off the self LEDs are used in the experiment and the same configurations were used
for the LEDs in Case | simulation model. The results for this case were quite similar
to the experimental results as shown in Table 3.8. The comparison between simulation

and experimental results indicate the robustness of the WDM-VLC simulation model.

Table 3.8: Comparison between simulation and experimental work

Transmitter OOK 16 QAM
RGBA LEDs 290 Mb/s 1.16 Gb/s Simulation (Case I)
RGBA LEDs 260 Mb/s 1.04 Gb/s Experiment

3.7 Summary

This chapter builds the foundation for the whole thesis to develop a high data rate
VLC system. In this chapter, the VLC system was developed utilizing off the shelf
LEDs. The overall objective was to demonstrate simulation and experimental based
WDM-VLC system capable of providing gigabit-class range Li-Fi access point for
indoor wireless communication. The OOK and 16 QAM modulation schemes were

used to encode data due to their flexibility and higher power efficiency.

The simulation was done using Optisystem v.16.1. The data rates achieved using
simulation were 290 Mb/s using OOK and 1.16 Gb/s using 16QAM. The aggregate
data rates achieved using experimental setup were 260 Mb/s with NRZ-OOK and 1.04
Gb/s using 16QAM.

Moreover, the performance of VLC was analyzed by considering LOS and NLOS
propagation effects on the data rate and the output power of the LEDs. Both direct and
multi-reflected paths of light was considered. Field of View (FOV) is an important

factor for defining the visible light range at the receiver. The total received power
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performance at the receiver end was analyzed by changing FOV concentrator angle
(Fuada et al., 2017). Narrower FOV can increase the dominance of direct Line of Sight
(LOS) path. Around ~6 dBm receive power variation was observed, when changing
FOV from 35° to 75°.

A combination of multiplexing systems with different modulation schemes can
provide data transmission rate at gigabit range with acceptable BER. In the next
chapter, extending WDM to CWDM in VLC is discussed.
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CHAPTER FOUR

MODELING AND ANALYSIS OF CWDM - VLC SYSTEM

4.1 Introduction

In the previous Chapter, conventional WDM system has been explained, increasing
VLC systems' data-rate. In WDM system, the spacing between the channels can be up
to 75 nmand data rates up to 1.97 Gb/s over 3m distance can be achieved using RGBA
LEDs. If the spacing between the channels can be decreased, this can increase the
number of channels in the WDM system. In this Chapter, the possibility CWDM-VLC

system has been explored.

This chapter is organized as follows: Concept of CWDM-VLC is explained in Section
4.2. In Section 4.3, a mathematical model for LED luminaire is described. The
simulation approach for CWDM-VLC is defined in Section 4.4. After that, the
simulation results to improve the VLC performance using the CWDM grid are

explained in Section 4.5.

4.2 Concepts of CWDM-VLC system

CWDM is a special type of WDM technology, maintaining channel spacing 20 nm
standardized by ITU-T G.694.2 and G695, for metropolitan area networks (Al-Rubaye
et al., 2009). In optical fibers, three different types WDM have been employed — (i)
normal WDM, which uses two predominant wavelengths (1310nm and 1550nm), (ii)
Dense WDM (DWDM), which uses C band (1530nm-1565nm) and (iii) Coarse WDM
(CWDM), which uses bands from O to U (1265nm-1665nm) (Nebeling, 2002).
Channel spacing between individual wavelengths in DWDM and CWDM are
different. DWDM system generally has 20 channels at 200GHz (1.6nm) spacing, 40
channels at 100GHz (0.8nm) spacing, and 80 channels at 50GHz (0.4nm) spacing as
standardized by ITU (ITU, 2020). According to ITU CWDM grid, channel spacing of

20nm (2.5THz) can be implemented within a multiband frequency range from
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1270nm to 1675nm (i.e. 400nm range)(ITU, 2020), and the same concept of CWDM
has implemented in VLC system with its 400nm visible range from 380nm to780nm.
A baseline of conventional WDM-VLC system has been developed in the previous
Chapter and explored the implementation of CWDM in VLC.

On the basis of latest knowledge, the conventional WDM VLC system uses a multi-
colors version (e.g., RGB, RGBA, RGBY, etc.), the combination of which can give
different shades of white or no white color as a result (Cui et al., 2016). A CWDM
grid for VLC was introduce and slice the whole visible spectrum (380nm-780nm) into
a maximum of 20 different channels. Moreover, performance of this CWDM with a
conventional WDM system was compared with a high number LED channels
(RGBYA) as reported in the literature (Zafar et al., 2015) using On-Off Keying
(OOK) modulation technique for simplicity. Fig 4.1 shows the model of the CWDM-
VLC system that was proposed in this chapter. This system model is explained

through mathematical equations below.
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Figure 4.1: CWDM-VLC grid model (20 Channels)

4.3 CWDM Luminaire Design

LEDs have Lambertian radiant intensity, which can be explained using an equation.
R;(®) = (m; + 1)cos™(0)/2n (4.1)
m; = —In2/In(cos(@1)) (4.2)
2
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where @ is irradiance angle, m; is the order of Lambertian emission, which relates to

the LED’s semi-angle at half power @:1 as shown in Equation (2). The luminous
2

intensity at angle ¢ can be given by:

1(p) = 1(0)cos ™ () (4.3)

The horizontal luminance Enor at point (x, y) is given by

Enor = 1(0)cos™ (@) /1% cos(¢p) (4.4)
where r is the line-of-side (LOS) distance in the free space between the LED and
photodiode (PD). Modulated output signal power from LED, Pq (t), can be described

as:

Po(t) = Prgp[1 +mx(t)] (4.5)
where Piep is the launched optical power of LEDs, m; is the modulation index, and
X(t) is the non-return-to-zero (NRZ) on-off-keying (OOK) signal. The modulated
signal depends on the electron lifetime, RC constant, and the materials of the diode.
After modulating the signal, the 3-dB modulation bandwidth of the LED can be

measured using the following equation (Chun et al., 2016)

V3

2 (T +Trc)

f3aB = (4.6)

where t,, is electron lifetime, and ,.. is the RC constant of parasitic capacitance. On
the other hand, if the calculated peak wavelength radiated power of the LED is 1W,

then the power factor can be described as follows (H. Huang et al., 2015)

1
P1W:\/E (/10 )+2 2 (\/3/10>

?A/lfwhm *[14+erfc p— —erfc m

NN

(4.7)
where erfc is the error function, A0 is the peak wavelength, and AL is the full width
half maximum (fwhm). The optical signal passes through the free space channel, and

the DC gain of this channel is measured by (H. Huang et al., 2015)

(m+1)Acos™(8) cos(9)Ts()
2nr?

H(0) = [¢ < YpFOV] (4.8)
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where A is the actual surface area of the photodiode (PD) at the receiver, r is the
distance between the LED and PD, Ts (i) is the gain of the optical filter at the receiver,
w is the angle of incidence, and yrov is the field of view (FOV) of PD. On the receiver

side, received optical power detected by PD can be given by

P.(t) = RP,(t)H(0) (4.9)

where R is the responsivity of PD, H (0) is the channel gain. The PIN Photodiode
device is used to convert an optical signal into an electrical current based on its
responsivity. The noise data is calculated from the signal data, whereas the noise and
sampled signal data are combined into a single output signal. The incoming light
signal and incoming noise bins are filtered by a rectangle filter to decrease the

sampling rate.

Optical Signal R Electrical Signal
Down Add shot Add thermal
o sampler
Noise bins
Electrical noise

Figure 4.2: Noise calculation type

If optical noise bins are detected at the PIN component's input, the resampled signal
bandwidth will be converted to white (Gaussian) noise, as shown in Figure 4.2. The

total mean square of receiver noise is calculated by

0totar = Ofnermar + 0not—s + 0nor—ase + 05-ase + Odse—ase (4.10)

Where thermal noise is generally explained by

__ 4kpT

atzhermal_ R .ENB (4-11)

T is the device's absolute temperature, RL is the receiver load resistance, kB is the
Boltzmann constant, and ENB is the equivalent noise bandwidth. The shot noise
a_Sghot = 2. q. (ishot)- ENB (4-12)
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where q is the electron charge (value is 1.60-19 C), igyo: IS Shot noise current.
02n0t—ase 1S shot amplified spontaneous emission (ASE) noise, 0Z_,qr is the signal

ASE noise and 93¢z _ 4 is the ASE-ASE beat noise within the gain medium of PD.

4.4 Optical Filter Effects on WDM-VLC and Optimization

Optical filters are important to produce a narrow LED spectrum for higher bandwidth
and reject the ambient light from the selected wavelength. For the Gaussian filter, the
frequency transfer function can be given as:

~in(y2) (9
H(f) = ae B (4.13)
where filter transfer function is H(f), « is the parameter for insertion loss, d is the
parameter depth, fc is the filter center frequency, B is the filter bandwidth, and f is the
frequency. Figure 4.3 shows the output spectral power density (SPD) using Gaussian
filter transfer function, where 3dB bandwidth of the LED is 19nm and the power level
achieved -14dBm. A guard band is introduced for reducing channel crosstalk.

Therefore, the transfer function used for a rectangular optical filter is

H(f) = {"" (=5 <f<fe+ g)} (4.14)
d

19 nm bandwidth

Powar (dBm)

=20
I

Central|{wavelength

440 n 450 0 460 n 470 n 4380 n
Wave kgt {m)

Figure 4.3: Spectral shape using Gaussian function
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For the Bessel filter, the transfer function is

(4.15)

where N is the parameter order, and d, is a normalizing constant and Bn(s) is the

filtering order, which can be defined as:

By(s) = ¥N_,d,S* (4.16)

(2N—-K)!
where dp = KRN (4.17)

and S=j (@) (4.18)

Here, B is the filter bandwidth, and W, denotes the normalized 3 dB bandwidth (for
N>10). Band pass filters are used to transmit electromagnetic radiation within a
selected spectral region, and filter order defines the amount of light passing through
the filters. Narrower emission spectra are more power-efficient than the wider full-
width half maximum (FWHM) ranges emission spectra, and these narrow FWHM
Filters permit less ambient light and interference from neighboring frequency channel.
Gaussian, Bessel, and rectangular filters was used for the receiving light signal, but to
observe the effect of filter order at the receiver, Gaussian and Bessel filter were used.

The BER of the received signal using NRZ OOK can be measured through

BER,,x = Q(./SNR) (4.19)

4.5 Simulation Process

A typical WDM-VLC system was simulated with 5 channels as a benchmark to
compare with the performance of 10 channels and 20 channels CWDM-VLC system.
All LED channels were modulated for transmitting data, producing standard white
light. At the receiver end, merged white light signal can be detected by a human eye.
This light is then separated into color signals and detected by a photodiode according

to the original sub-channels. This separation is achieved using specific optical filters,
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as shown in Figure 4.4. The distance has been considered of 3m between the LEDs
and PD. The attenuation was fixed at 0.19 dB/km, which is an acceptable international
attenuation for indoor applications (Nebeling, 2002)

Modulated

" oo

ey

Oscilloscope

.r'-.’|iz

Perceived
color by
human eye

Receiver

Figure 4.4: Concept of double functionality of LED-based VLC system

The optical attenuator is used at the receiver, which is required for different biasing
conditions and correlated color temperatures (CCTs). A pseudo-random bit sequence
(PRBS) generator was used to generate 10° bits, and then it is encoded by an NRZ
pulse generator. The LED, as an optical transmitter, transmits the light signal in free
space. The photodiode was designed based on the Thorlabs PD10A datasheet, where
the responsivities are different at different wavelengths. Frequency capturing range of
PIN PD is 350 to 900 nm, with a maximum responsivity of 0.65 A’W, as shown in
Figure 4.5. The channel capacity received optical power from an individual channel,
and BER was measured by Optisystem and MATLAB toolbox. System parameters
for the simulation of WDM or CWDM- VLC model have been tabulated in Table 1.
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Different types of optical filters were placed before PD to make a narrow spectrum
and an electrical amplifier is used to amplify the received signal.

0.7
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0.1 -

320 520 720 920
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Figure 4.5: Responsivity curve correspondent wavelength

The optical lens is used to collect more light onto the PIN active area, and filters are
used in front of each PD to separate each WDM or CWDM channels with the different
wavelengths. Multichip LEDs VLC system simulated using a Gaussian function and
spectral power distribution (SPD) of CWDM 10 channels and 20 channels were
modeled as shown in Figure 4.6 (a) and (b). For 20 channels VLC model, the visible
spectrum was considered from 390 nm up to 770 nm with FWHM 20 nm, and channel
spacing was considered ~1 nm between 2 consecutive peak wavelengths. The output

signals from the PIN diode are stored using a real-time oscilloscope for offline
demodulation.

90



A

350 400 450

500 550 600 650 70D 750
Wavelength {nm)
(a)

30 | | | I||'||I .
eal
Sl

st YA

650 700 750
Wavelength (nm)

(b)
Figure 4.6: (a): SPD for10 channels LED (b) and 20 channels
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Table 4.1: System parameters for VLC model

Parameters Value
Transmitter Wavelength (nm)
For 5 CH 460,525,560,610,645
For 10 CH 390, 430, 470, 510,550
590,630,670,710,750
For 20 CH 390,410, 430,450, 470,
490,510,530,550,570,
590,610,630,650,670,
690,710,730,750,770
Electron life time, Tn(ns) 1ns
RC constant, Trc (ns) 1ns
Transmitted power 32 dBm
Channel Distance 3m
FOV concentrator 45 deg
Tx half-angle 60 deg
Irradiance angle 20 deg
Incidence angle 20 deg
Receiver Dark current 10 nA
Responsivity (A/W) 0.65
Thermal power density 100x10* W/Hz
(W/Hz
Load resistance 50 Ohm
Absolute temperature 298 K

4.6 Results and Discussion

Bit Error Rates (BER) of each channel of the WDM system were investigated using
different types of filters, as mentioned before - Bessel, Rectangular, and Gaussian.
The result shows that the Low Pass Bessel filter has the lowest BER and adjacent
channel crosstalk. 3dB bandwidth of the LED spectrum and received power level are

shown in Figure 4.7.
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Figure.4.7: LED spectrum using a) Gaussian b) Bessel ¢) Rectangular filter.

The filter width was adjusted to 19nm, 18nm, 15nm, 10nm, and 5nm with properly
optimized filter spacing to improve the signals’ received power. As a result, a BER of
1071 was achieved by the corresponding Bessel filter with 19nm spacing. On the other
hand, when the wavelength spacing reduced up to 5 nm, the BER of the rectangular
filter decreased to 107 but still under FEC limit, which is explained in Figure 4.8. Bit
Error Rates (BER) of the VLC link was investigated using different types of filters
such as Bessel, Rectangular, and Gaussian filters for each channel of the WDM

system.
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Figure 4.8: Filter wavelength space Vs BER graph.

Bessel filter shows the best performance getting lower BER, which is more than
10 and rectangular filter shows the best performance when channel spacing 19 nm
its around 107 but it reduced it up to 10~ when channel spacing was 5nm and passed

more adjacent channel crosstalk. This system will allow an opportunity to fully utilize
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the available bandwidth of visible light range and this narrow band filter is required
to reduce the crosstalk between the LEDs. The filter factor states the multiplicative
amount of light into the filter blocks. It depends on the spectral response curve for
maintaining daylight color temperature (CCT). The filter order was considered from
1-10, which indicates the multiplicity of filter factors with current bandwidth. When
filter order was increased from 1 to 10 with Gaussian and Bessel optical filters, the
portion of light reduced gradually, as shown in Figure 4.9.
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Figure 4.9: Effects of filter order on BER performance

The BER increased with the related filter order. Different types of filter and filter
factors were investigated to measure the BER and proper communication signal

quality. Initially, Blue LED was considered for measuring the filtering effect.

WDM VLC system uses multi-colors version as Red, Green, Blue, Yellow, and
Amber (RGBYA) with a different full width half maximum of those LEDs. Different
color LEDs emits different spectral power and using five different wavelengths for
the conventional WDM-VLC model, and total data rate achieved 1.97 Gb/s. Related
BER for those channels have shown in Table 4.2. CWDM-VLC model has specific

channel spacing between different color LEDs. Using full visible spectrum, a total 20
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channel system was designed and measured the performance. BER analyzer was used
to calculate the BER, the Q factor, and the data rate, which is summarized in Table 3.

Table 4.2: Total data rate of conventional WDM-VLC systems

Peak Wavelength BER Data rate (Mb/s)
460 3.29 x10° 250
525 2.35x10°® 430
560 1.91 x10° 510
610 1.15x10°® 480
_ 9.88 x10°® 300

Initially, 10 channels are used for communication and other 10 channels keep on just
for illumination. The total data rate of 3.2 Gb/s was achieved for 10 channels CWDM-
VLC system. This data rate is relatively good with OOK modulation, maintaining the

bit error rate is below the FEC limit 3.8x1073. The variety of data rate depends on the

Table 4.3: Total data rate from 10 channels of CWDM-VLC systems

Peak BER Data rate (Mb/s)
Wavelength
390 1.50 x10°3 120
430 1.93 x10°3 180
470 1.04 x10°8 250
510 3.77 x10° 300
550 1.32 x107 570
590 2.21 x10°8 590
630 1.73 x10°8 430
670 3.06 x10° 300
710 7.45 x10* 260
750 5.51 x10° 200

SPD of a different wavelength. Table 4.4 shows the total aggregate data rate for 20
channels with full utilization of 400nm visible spectrum by the CWDM-VLC model.
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The data rate that could be achieved is 7.20 Gb/s, maintaining high power LED’s
configuration in the model. Within this visible range maximum of 20 channels can fit
in the LED-based VLC model. Each channel has a different BER and data rate,

because of the LED spectra and transmitted powers.

Table 4.4: Total data rate from 20 channels of CWDM-VLC systems

Peak Wavelength BER Data rate
(Mb/s)
390 3.29 x10° 120
410 2.35 x10° 150
430 1.91 x10° 200
450 3.85 x10° 250
470 7.88 x10* 260
490 7.81 x10* 270
510 1.09 x10* 310
530 5.75 x10°® 510
550 5.74 x10° 610
570 5.79 x10°® 600
590 9.87 x108 620
610 1.26 x10° 580
630 5.29 x10* 510
650 8.31 x10® 490
670 1.59 x10° 440
690 1.05 x10* 350
710 2.32 x10° 280
730 2.21 x10® 250
750 6.28 x10™ 220
770 3.28 x10* 180

The results for conventional WDM-VLC and CWDM-VLC (10 channels and 20
channels) systems are presented in Figure 4.10. This figure clearly shows the ability
the 20 channel CWDM-VLC model has in increasing the data rate.
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Figure 4.10: Data rate comparison among WDM, CWDM-VLC (10 Ch &20 Ch)

For the CWDM VLC model, 20 LEDs optical power was detected, and maximum
power differences between high and low-intensity levels were around 12 dB, as shown

in Figure 4.11.
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Figure 4.11: Optical power level of the 20 channels CWDM
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4.7 Summary

In this Chapter, a new CWDM-VLC system has been proposed for the first time with
the optimum number of channels to get the maximum data rate. The results indicate
that narrower emission spectra increased system performance by reducing channel
overlapping and crosstalk because narrower emission spectra permit less ambient light
and interference from the adjacent channel. Moreover, with the OOK modulation
scheme, the data rate achieved was 7.19 Gb/s using the total 20 channel CWDM grid
with acceptable BER and 3 m distance between transmitter and receiver. Besides,
three different optical filters (Gaussian, Bessel, and Rectangular) are analyzed at the
receiver. The amount of light received by the filters can be controlled using filter order
to get better BER. For comparison purposes, the data rate and total output power of
10 and 20 channels CWDM-VLC system were investigated within the indoor
environment. The system can have up to 10-20 channels, and channel spacing and
filter space can be modified to increase the data rate. If the spectra of each channel are
optimized using suitable filters and higher-order modulation techniques, the system's

total data rate may increase further in the future.

There could be concerns about whether it is possible to fabricate LEDs in the channels
required in the CWDM-VLC systems. This concern is addressed in detail in the next
Chapter.
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CHAPTER FIVE

FDTD ANALYSIS OF GAN/INGAN BASED MQW LEDs

5.1 Introduction

A new CWDM-VLC system has been proposed for the first time with the optimum
number of VLC channels to get the maximum data rate in the previous chapter. The
results indicate that narrower emission spectra increased system performance by
reducing channel overlapping and crosstalk because narrower emission spectra permit

less ambient light and interference from the adjacent channel.

In this chapter, the optical properties of highly polarized InGaN/GaN-based multiple
quantum well (MQW) LEDs coupled with and without nano-lens on the top layer of
LED structure has been investigate. Previous works have used either MQW or nano
lens, but this work examines the effect of combining these two to get desired peak
wavelengths for implementing coarse wavelength division multiplexing (CWDM)-
visible-light communication (VLC) grid. Using FDTD method, three different peak
wavelength LED 510nm, 530nm, and 550nm was produced and compare the
performance with recombination lifetime, light extraction efficiency (LEE), and beam
divergence of the LEDs. The outcome of changing the thickness of QWs within a
fixed active area and remaining constant of each layer thickness of QWs in the
adjustable active area has been investigated. A parabolic nano-lens array attached to
the LED's top layer reduces the narrow half-width half maximum (HWHM) to
increase the LED bandwidth. The performance with the nano lens array and without
lens for both conditions have been also measured. Far-field emission pattern is very
important to produce narrowband LED for high-speed VLC application, and SiO-
lenses are used on the top layer to reduce field divergence of 20 nm. The proof-of-
concept of a nano parabolic lens to control the light extraction angle to maintain the
CWDM-VLC grid modeling was presented (Rahman & Parthiban, 2020).

The rest of the chapter is organized as follows. Initially, the techniques to enhance the
efficiency of GaN based QWSs LED in Section 5.2. Therefore, Section 5.3 presents
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background of the simulation and comparison among the previous LEDs modeling
work and, FDTD analysis for LED modeling was studied in Sections 5.4 and 5.5
respectively. The methodology of this research work and MQW LED structure was
explained in Sections 5.6 and 5.7. Based on the simulation work, in detail results and
discussion was deliberated in Section 5.8. To conclude, a summary of the chapter and
key outcomes is presented in Section 5.9.

5.2 Techniques to Enhance the Efficiency of GaN LED

Group IlI-nitride materials GaN/InGaN LEDs can be used in different solid-state
lighting applications, such as color displays, car headlight, street lighting,
backlighting, smart lighting and VVLC applications. Conventional GaN-based quantum
well (QW) LEDs are developed using the surface of polar c-plane (0001) orientation.
However, it undergoes from strong quantum confined stark effect (QCSE) because of
its significant internal polarization field effects, which degrade emission efficiency
and quantum efficiency. With the polarization effect, the carrier lifetime of QW
structured LEDs can be decreased, which is a key parameter for achieving high
modulation bandwidth for LEDs. The amount of inserted charges (electrons and
holes) and the total excited photons determine the performance of the GaN LED. The
efficiency of GaN LEDs can be improved by increasing charge injection, reducing

recombination time, increasing IQE, and increasing LEE (B. Park et al., 2014).

Different methods have been introduced to improve the light efficiency of GaN LEDs
with modeling work, such as external surface roughing by chemical etching (Zhao &
Zhao, 2012) antireflection coating (Y. M. Song et al., 2010), using high-refractive-
index material(Chung et al., 2012), flip-chip LEDs, metallic grating, placing a
photonic crystal on GaN layer (Liu et al., 2015), micro or nanostructure improvement,
sub-wavelength structure changing on the top layer of GaN (Son et al., 2015),
reducing Fresnel reflection, patterning sapphire substrates (Pan et al., 2013), and
reducing far-field divergence by implementing nano lens (Demory et al., 2018).
Figure 5.1 explains four primary technigues to enhance the efficiency of GaN LEDs

such as in Fig 5.1 a) surface grating on the structure b) Pyramid structure on top &
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sapphire layer, ¢) SIN Lens on the top layer, and d) Nanotube structure on the LED's
top layer.

5.3 Background of Simulation

Grating

o d "’

d)

Figure 5.1: Primary techniques to improve the bandwidth of GaN/InGaN MQW
LED a) Polarized surface grating structure b) Pyramid structure on top &
sapphire layer ¢) SiN Lens on the top layer and d) Nanotube on top layer LED

FDTD is a numerical analysis tool for designing computational electrodynamics and
it covers a wide frequency range for nonlinear material properties. FDTD method
belongs to grid-based differential numerical modeling and it has the ability to model
light propagation, reflection, scattering, diffraction, and the device polarity. GaN
based LED emits light mainly in TE mode (H. Chen et al., 2016). The simulation was
done using a point dipole as a light source where the light comes out from the quantum
well region, and it emits most of the light in TE polarization mode due to piezoelectric
effects. A single dipole was used as a light source which was placed in the central
point of the MQW and emission spectrum set to Gaussian shape in the frequency axis.
The peak wavelength and FWHM of the spectrum was set to 510nm and 20 nm,
respectively. Boundary conditions are necessary because the entire simulation region
needs to be fixed to control computational resources and simulation time. In the

simulation, two kinds of boundary conditions need to be used, which are perfectly
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matched layer (PML) and periodic boundary conditions. PML boundary condition
was used as a numerical absorbing layer, which prevents the reflecting
electromagnetic field within the simulation region (Zhao et al., 2012). A power
monitor box was used to calculate the LEE improvement, and it was placed on a dipole
and at half of the distance from the top layer of p-GaN. Near field transmission
function was taken from the air above the structure, and far-field function used to get
far-field power radiation. Light extraction efficiency was measured by the total
transmitted power from the cavity over total radiated power from the dipole in the
simulation. The dispersion was taken lowest value in this simulation because of the

relative change of the refractive indices of GaN.

The theoretical background used in this simulation is explained in this section.
American physicist, Edward Mills Purcell, explained that spontaneous emission from
the materials can be improved by changing its dielectric status where Fp is the ratio
between total emission rate in the cavity structure and total emission rates in bulk
materials. In the FDTD simulation, Fp is the ratio between the released power from
the dipole in the cavity and the output power of dipole considered in the material,

which can be explained by this equation (Son et al., 2015).

e (5 (9= 6

where Jc is the central wavelength in vacuum, n is the refractive index of the selected
material, quality factor is defined by Q, and V is mode volume. Ry is the light
extraction rate using nano lens structure, and Ro is the natural emission rate for bulk
material without a lens. Relating with the Fp and LEE, It can be defined the IQE and
EQE of multi-layer QWs with metallic nano lenses as (H. Chen et al., 2016)

FpIQE
FplQEg—I1QEg+1

IQE, = (5.2)

Modulation speed is limited for QW LEDs, due to the strong cavity influence.

However, for a strong cavity effect in the simulated structure, the Q factor affects the
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device's photon lifetime and modulation speed. For the carrier lifetime ., inside the
MQW can be estimated by (Son et al., 2015).

1P, 1 (5.3)

Tc Tr  Tnr

where 1, is radiative carrier lifetime, = is the non-radiative recombination time, and
¢ IS the actual carrier recombination time. LED modulation bandwidth is one of the
main barrier for high-speed VLC system, and this bandwidth is related to the

recombination time, which can be measured by

1
2nT,

fzap = (5.4)

where tc is the recombination lifetime of the photons from the dipole. LEE is the ratio
of power extracted from the structure and concerning total power emitted power from
the dipole source(Choi et al., 2006)

LEE = tout (5.5)

PSouce

For the standard composition of indium with GaN composite, light polarization (TM
polarized) is comparatively weaker than TE polarized light, and here the composition
of GaN is chosen for radiating light at the desired wavelength of 510 nm. For QWs
LED on c-plane with medium polarized radiation, a classical dipole source is

simulated in the middle of the quantum wells.

5.4 Comparison of LEDs Modeling Work

Some of the benchmarking papers that explore LED performance using FDTD
analysis and compared with this research are tabulated in Table 5.1. Hao-Yu-lan et.al.
discussed the effect of a single quantum well and triple QWs in the active region of
the energy bandgap and modulation bandwidth achieved 1.6 times higher by single
QW (Lan et al., 2018). Therefore, the 3dB modulation bandwidth of the LED 3.6 GHz
was achieved using the optical pumping method. QW's effect on emission efficiency
was measured by rigorous coupled-wave analysis (RCWA) by D. Fattal.et.al (Fattal
et al., 2008). Peng Zhao.et.al. has been demonstrated Ultra-thin InGaN QWs(1nm)
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and GaN layer (3nm) on c-plane (0001) to handle QCSE of the LED by K. Rajabi et.al
and achieved a lower recombination time of 1.42ns which increased LED bandwidth
up to 536 MHz (Rajabi et al., 2018).

properties of InGaN LEDs which is attached with the metallic grating structure on the

Hong Chen.et.al investigated all optical

Table 5.1: Summary of LED Design based on Higher Modulation Bandwidth

Ref Methods Parameters Materials Structure Modulation FWHM/  MQW Nano
Bandwidth Peak A effects lens
(Demory integrating Far-field InGaN /GaN, Nano X
etal, parabolic emission Silicon nitride  pillars N/A (12.4°)
2018) nanolenses divergence, lens  (SiN), spin- uLEDs p k.
for HWHM collimation on-glass with Nano eak 495
reduction (SOG), SiN lens T
(Fattalet  Optical Intensity power,  GaASogssPo1is  metallic X X
al.,2008)  pumping recombination QW, Ag, grating 3.6 GHz
(Modelling time AL 35Gags5AS Peak 780
work) nm
(H.Chen Polarization LEE, IQE, Metallic X X
etal., control EQE, Purcell GaN/InGaN grating on 5.4 GHz
2016) factor, the top Peak 470
Modulation surface nm
frequency
(Zhao et Changing power AlGaN QWs Metal ring \/ X
al., 2012) current dis_si_pation and based UV on the top 1.5GHz (10nm)
densities efficiency LED layer (ITO) Peak 250
nm
(Lan et Increasing Effects of QW GaN blue Single and % \/
al., 2018)  current numbers on micro-LED triple QWs 752 MHz
densities modulation based Peak 440
bandwidth, epitaxial nm
Optical power structure
(Rajabi Reduce the Recombination Ultra-thick
etal., quantum- rate, the InGaN /GaN Semi-polar 536 MHz X \/
2018) confined thickness of substrates
Stark effect  QWs, EQE Peak 399
(QCSE) nm
(Zhu et Surface IQE, Photon 18 pairs Nano rod 15.1MHz X \/
al., 2015)  plasmon (SP)  emission rate InGaN/ GaN,  array (Nano rod)
coupling Ag Nps, SOG, 29.8 MHz Peak 525
with QW HfO,, (Ag Nps) nm
This MQWs Narrow 10 pairs MWQs
Research  efferects, spectrum, InGaN/ GaN,  LED with ~ ~
Nanolence recombination SiO, Nano Nano lens 6.15 GHz Peak 510
used for time, LEE lens nm

narrow band

top layer. They obtained a maximum 5.4 GHz modulation frequency and enhanced
quantum efficiency by tuning polarized emission control, and surface Plasmon (H.
Chen et al., 2016). Moreover, ZnO nanorod structures were used on top of the p-layer
to enhance the light extraction and demonstrated 6.7 times better performance than
available green LEDs. To reduce the micro-LED line width for micro pixel

application, a parabolic nano lens array attached to the nanopillar array and HWHM
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reduced ~2x times from 23.8° to 12.4° by Brandon Demory et.al. (Demory et al.,
2018).

5.5 Finite-Difference Time-Domain (FDTD) Method

Finite-Difference Time-Domain (FDTD) is a state-of-the-art method for modeling
micro or nano scale optical materials solving Maxwell’s equations without any
physical estimate. Being a time and space division problem, it offers the solution for
all types of problems in electromagnetics and photonics. FDTD solves Maxwell's curl
equations for semiconductor materials:

8§D -
E =VXH (56)

D(w) = && (w)E (w)

~LVUXE (5.7)
Ho

where H is magnetic, E is electric, and D are the displacement fields. e:(w) is a
dielectric constant. This method can calculate the effects of light scattering,
absorption, reflection, transmission using Fast Fourier Transform (FFT), and the
Discrete Fourier Transform (DFT). Especially in the LED structure, to measure total
light propagation, effects of refraction in device materials, total internal reflection,
FDTD method is being used (Gedney, 2011). To see the difference between the
epoxy/GaN/sapphire LED and the epoxy/GaN/SiC LED in the light propagation,
three-dimensional (3D) and two-dimensional (2D) FDTD methods are used (R. Zheng
& Taguchi, 2003).
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5.6 Methodology

The methodology implemented in this work for FDTD analysis of InGaN/GaN based
MQW LED and its optical properties of the LED such as LEE, FWHM of LED,
recombination time, far-field divergence and quantum efficiency. The working

process has been explained in Figure 5.2. InGaN/GaN based a MQW LED was

designed with peak wavelength 510 nm, 530 nm, and 550 nm where FWHM of the

LED was 20nm which essential for the implementation CWDM-VLC system.

Start with Ag Mirror substrate, n-GaN layer on top of that
MQWs and p-GAN layer at the very top layer of LED

[

|

h 4
Initiate with single MQW GaN/InGaN
layer in between N-GaN and p-GaN layers

>
-

Change the thickness for each layer of QWs
when the total MQW thickness is fixed

A4

Change the total MQW thickness, when the
thickness of each MQWs is fixed

Peak wavelength

510nm,530nm,550nm
and desired higher

modulation bandwidth

Can the desired result
be achieved by adding

S102 Nano lenses on top
layer of p-GaN ?

Figure 5.2: Methodology flow chart
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The simulation and comparison of the previous modeling work's theoretical
background have been explained in sections 5.3 and 5.5. Therefore, the effects of
using a nano lens and without nano lens were observed for two conditions: (i) when
the total MQW thickness is fixed with adjustable thickness for each layer of QWs,
and (ii) when the thickness of each MQWs is fixed with adjustable total MQW
thickness. Finally, desired consecutive three LEDs with 20 nm FWHM was designed
for the CWDM-VLC system.

5.7 MQW LED Structure

MQWs LED is made by GaN/InGaN composite materials that help to improve the
LED's luminescence. QWs are used to trap the injected charge carriers inside it, and
with the increasing number of QWSs, more charge carriers can be trapped to emit more
photons (Lopuszynski & Majewski, 2012). QW layered GaN/InGaN LED (4000 nm,
4000 nm, and 50 nm as for length, width, and thickness when each layer's thickness
is fixed) is set with a 30nm Ag mirror. Ag mirror is used just as a sapphire layer to
reduce the Fresnel reflection from the cavity, and a built-in palik model was chosen
for it. The thickness of the n-GaN and p-GaN layer is 250 nm and 200 nm,
respectively. Nanostructure SiO (Glass) lenses are set on the top layer of p-GaN with
radius 500nm and 50 nm thickness. SiO.-Quartz was chosen as the lens material with
the refractive index of 1.458 (extracted from refractiveindex.info) and 3D span x
1000, y 1000, and z 3650. N-contact consists of Al (Aluminium palik) pad with
dimensions 800 nm, 600 nm, and 75nm (for x,y, and z axis). P-contact Au (gold) pad
with thickness 62.5nm is used on the top layer of MQW. To measure the output power
from the cavity, power transmission 3D box (span x 4000, y 3000, z 1000) is used. To
measure the source dipole's power, a 3D transmission box (50x50x10) nm was used
from the analysis group. The light emission was simulated as a linear dipole inside the
InGaN active region 250 nm below the p-GaN. Refractive indices of vacuum, InGaN
and GaN were fixed as 1, 2.521 and 2.47, respectively. InGaN/GaN based five and
nine MQWs were introduced between the n-GaN and the p-GaN layer, shown in

Figure 5.3(a) and (b). Figure 5.3 (a) shows the structure with nano lens array, and
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Figure 5.3 (b) shows the same set up with 9 MQWs without nano lens. A classical
dipole simulates the light source, and its orientation represents the QW's polarized
radiation (Lin et al., 2013). Figure 5.3(c) shows the light extraction with the nano lens,

P-contact pad

SiOz nano lenses

I'e
o
e

N-contact pad
m; % 7 & 4

Ag Mirror (Sapphire substrate)

P-contact pad Mam

InGaN/GaN
10x(50nm)

i N-contact pad

Ag Mirror (Sapphire substrate)

Active region

(a) (b)

nSh

Figure 5.3: (a) 5 MQWs based GaN/InGaN micro LED with nano lens (b) 10
MQWs based LED structure (c) light extraction from nano lens LED (d) light
extraction using 5 QWs without nano lens (e) light extraction using 10 QWs

(c)

and that structure produces a narrow spectrum. This dipole spectrum is centered at a
wavelength of 510 nm, and span is 20 nm from 500 to 520 nm. Figure 5.3(d) and 5.3
(e) show the light extraction from 5 QWs, and 9 QWs, respectively, without nano lens
and a perfectly matched layer (PML) has been used to enclose the entire simulated

cavity to absorb outgoing electromagnetic waves avoiding non-physical reflections.

5.8 Results and Discussion

Figure 5.4(a) shows the approximate line width of 510nm peak wavelength LED.

Figure 5.4 (b) shows electric field intensity in the near field, and xy-view of intensity
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level is 6.4 x 107 cd. Figure 5.4 (c) shows the far-field distribution from the top view
of the cavity. In this case, the direction of propagation is visible. The source is a
highly focused beam with plane waves at many angles but centered at 30 degrees. The
box monitor measures the amount of power emitted by the dipole and the power
emitted to the far-field. In the simulation, the dipole is located in the middle of the
QWs and maintain a peak wavelength at 510 nm. The maximum modulation
bandwidth achieved was 6.15 GHz with a nano lens. Lower recombination carrier
lifetime leads to faster switching capability and increases spontaneous emission rate
from the LED.

The same procedure was repeated to design another two LED, which has peak
wavelengths 530 nm and 550nm to check the feasibility to implement CWDM based
VLC grid. For 530nm, 7 MQW:s were used, and xyz layer dimensions of nGaN were
4000nm,4000nm and 1000 nm, and of p-GaN were 3989, 3938, and 200. Nano lens

—Re(spectrum)

480 490 500 550 540

510 550
Wawelength{nm)

X0

y(nm)

-7.8 71 -6.4 57 -5.0 3
x(nm) x10 ux

Figure 5.4: (a) LED narrow spectrum with SiO2 lenses (b) Electric field in
near field and (c) Far-field pattern for nano lens LED.
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radius was 500nm, and InGaN/GaN layer thickness was 50nm. The internal
transmitted power from the dipole is 1.1 mW, and the output power of LED was 0.98

184 —Re(spectrum)

T T T T T T T
500 310 520 30 540 50 50
Wavelength (nm)

8 /
200 810 520 530 50 30 500 570 580 %0 000 010 ux
Wavelength (nm)

Figure 5.5: LED spectrum and related Far field divergence for peak wavelength
530nm (up), 550nm (down) for CWDM-VLC grid.

mW. For 550 nm peak wavelength, the LED structure required 9 MWQs with 150 nm
GaN/InGaN layer concentration. The internal dipole transmitted power was 0.92 mW,
and the LED's output transmitted power was 0.88 mW. The performances for 530nm
and 550nm are shown in Figure 5.5. The lower electric field results in better
recombination of electron and hole and better carrier confinement in the band gap
structure and blue-LED peak spectrum shifting by decreasing thickness of the GaN or
AlGaN (Lin et al., 2013).

To keep the same material quality, the single well is fixed 50 nm, and the thicknesses

of total active region was changed according to the number of QWSs, which are 250
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nm for 5 QWSs, 350nm for 7 QWs and 450nm for 9 QWSs. The effects on recombination
time with the QW structure change using nano lens and without nano lens have been
explained in Figure 5.6. LED modulation bandwidth for both with and without a nano
lens were observed. Modulation bandwidth 6.15GHz for the wavelength of 510nm,
2.27 GHz bandwidth for wavelength of 530nm and 0.18 GHz for wavelength 550nm
LED where the number of MQW were 5,7, and 9 sequentially with a nano lens.
Without nano lens bandwidth was 1.31 GHz, 0.11GHz, and 0.07GHz for 5, 7 and 9
MQWs. Therefore, to keep 20 nm FWHM, SiO2 nano lens and without lens, results
are shown in Figure 5.7, where FWHM has increased from 45 nm to 64 nm.

—+— Without nano lens

—i— With nano lens

e
'_L

< 350nm =
< 250nm > |

P
e

Carrier lifetime (ns)
=]
o

< 450nm = ‘

! —— MQWsthickness —————»

i | 4
5 6 7 8 9

a3

4 10

Mumber of (YWs

Figure 5.6: Carrier life time vs number of QWs
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Figure 5.7: Emitted wavelength vs FWHM of the LEDs with and without nano

lens

Moreover, another approach has been done to keep constant MQWs thickness about

300nm where each layer thickness changed from 50nm to 42.85nm and 33.33 nm with

the increase of QWSs and found that the peak wavelength was shifted which has shown

in Figure 5.8.
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Figure 5.8: Wavelength shifting trend with MQWs

10

With this condition (fixed QW area), FWHM without nano lens is wider than with the

nano lens, as shown in Figure 5.9. With the change of QW number with and without

nano lens, the electron carrier lifetime measured in Figure 5.10 where the minimum
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value is 0.82ns using lens and maximum is 1.72 ns without a lens. New peak
wavelength was 510nm, 518nm, and 522nm with nano lens and without nano lens.
The 3dB bandwidth was maximum of 9.37GHZ, 6.14GHz, and 0.17GHz for three
different QWSs number using the nano lens. Without lens, the bandwidth was
2.27GHZ,0.35GHZ, and 0.086GHz simultaneously.

Remaining total area of QWs, In the FDTD simulation, dipole source is responsible
for light emission in the QWSs in xy plane temperature when re-growing n-GaN
microstructure inner side of InGaN/GaN MQW:s (Yang et al., 2016). In the FDTD
simulation, dipole source is responsible for light emission in the QWs in xy plane
(Shakya et al., 2005) and desired peak wavelength was set as a central wavelength in
the spectrum of the dipole.
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Figure 5.9: FWHM vs Wavelength with fixed QW area

The nano parabolic lens emission was simulated to capture the near-field emission in
the air above and converted to control or collimate the far field pattern that is coming

out from the dipole source located at the GaN/InGaN active region.
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Figure 5.10: Carrier life time vs number of QWs (Thickness is fixed)

5.9 Summary

In this chapter, InGaN/GaN-based multiple quantum well (MQW) LEDs coupled with
and without nano-lens on the top layer of LED structure has been designed and
investigated. Previous works have used either MQW or nano lens, but this work
examines the effect of combining these two to get desired peak wavelengths for
implementing coarse wavelength division multiplexing (CWDM)-visible-light
communication (VLC) grid. Using FDTD technique, three different peak wavelength
LED have been produced at 510nm, 530nm, and 550nm and compared the
performance. The single well is fixed 50 nm and the thicknesses of the total active
region were changed according to the number of QW increases from 250 nm for 5
QWs, 350nm for 7 QWs, and 450nm for 9 QWSs and the effects on recombination time
with the change of QW structure using nano lens and without nano lens. Modulation
bandwidth 6.15GHz, 2.27 GHz, and 0.18 GHz were for 5,7, and 9 QWSs with a nano
lens and desired wavelength 510nm,530nm and 550nm were achieved
simultaneously. Without nano lens bandwidth was 1.31 GHz,0.11GHz and 0.07GHz
for 5,7 and 9 MQWs. Another approach was used, where the MQWSs thickness was
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kept at 300nm and each layer thickness was changed from with the increase of QWs.
For this case, the peak wavelengths shifted. New peak wavelength was 510nm,
518nm, and 522nm with nano lens and without nano lens. The 3dB bandwidth was a
maximum of 9.37GHZ, 6.14GHz and 0.17GHz for three different QWSs numbers using
a nano lens. Without a lens, the bandwidth was 2.27GHZ,0.35GHZ, and 0.086GHz

simultaneously.

The concept was extended to other LED spectrum to establish that the general method
can be developed to the CWDM-VLC grid. This method proposed an idea that can
contribute to LEDs' design for high-speed VLC applications and solid-state lighting.
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CHAPTER SIX

HYBRID ROF-VLC SYSTEM FOR 5G NETWORKS

6.1 Introduction

5G wireless technology utilizes RoF network for data transmission between center
office (CO) and base stations (BSs) or customer end as a backhaul. There is a vast
amount of available spectrum from 3-30 GHz and 30-300 GHz, known as super-high
frequency (SHF) and extremely high-frequency millimeter wave (mmWave) ranges.
The mmWave band normally refers to the frequency range from 5 GHz to 300 GHz
with wavelength spacing from 1mm to 100mm (Sharma et al., 2020). The major
challenges in RoF systems are an optical signal generation at mmWave range and

connecting backhaul to an indoor customer unit in a spectrally efficient way.

Both mmWave and VLC have similar advantages considering high bandwidth (Feng
et al., 2016), but both have a high dependency on line-of-sight (LoS) to achieve good
performance. For indoor downlink communication, LED is one of the possible sources
for VLC as a transmitter. Because, it can provide white light for illumination and high-
speed data rate for transmission. A combination of multi-color red, green, blue, and
yellow (RGBY) LEDs is mostly used for high speed data communication as a WDM-
VLC system to increase channel number (Chaudhary et al., 2019). Recently, CWDM-
VLC was proposed by (Rahman & Parthiban, 2020) to increase the higher data rate
for indoor communication utilizing the full visible spectrum. In this chapter, a hybrid
system combined with mmWave RoF and VLC has been proposed. The performance
of VLC downlink is measured by different optical filters such as Bessel, Trapezoidal,
Gaussian, and Fabry Perot. This results are presented based on the BER of the signal,
the power level for different indoor link range, and beam divergence of VLC channels.
A maximum data rate of 2.64 Gb/s and 6.58 Gb/s was achieved with 10 and 20
channels off the shelf LEDs using 16 QAM with a reasonable of BER 3.8x1073
Moreover, compared to other works, 2.5 Gb/s VLC uplink data using OOK
modulation was down converted at Central Office (CO) through mmWave based RoF

backhaul successfully.
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6.2 Hybrid VLC System

Different types of sources have been proposed to improve the uplink communication,
i.e. Radio Frequency (RF)(Basnayaka & Haas, 2015), IR LED (850nm) (Alresheedi
etal., 2017), Laser Diode (LD)(Janjua et al., 2015), and UV LED (375nm) (He et al.,
2019).

Table 6.1: Comparison table for hybrid VLC system for indoor communication

Name, year Hybrid VLCrange Datarate UP/DW link Modulation
link (VLC link type)
(Khalid et al., 2011) 1 km RoF 1-3m 54 Mb/s UP+DW link 64 QAM

Simarpreet Kaur,2019 50 km 150 cm IR 1.87 Gb/s UP|DW link OFDM-WDM
(Kaur et al., 2019) SMF LED

(R. Deng et al., 2016) 100 km 6 m VLLC 2.65Gb/s Downlink 16QAM-OFDM
SMF (LD)
(Z.Huangetal., 2017) 430-mFSO 1.0-m VLC 450-Mb/s  Downlink OOK
(Pavan & Jeyachitra, 30kmSMF  80cm VLC  600Mb/s Downlink 16/64QAM-
2018) +150m OFDM
MMF
(Mandal et al., 2018) 50 km SMF  10m 2.5 Gb/s UP |IDW link OOK
FSO/LD

(Chia-Ti Chen,2013)  20kmSMF 15m (LD)  2.5Gb/s  UP [DW link 16QAM-OFDM

Table 6.1 compares different existing works that use RoF-VLC hybrid network model.
Using simulations, the highest data rate achieved is 600 Mb/s over 80cm VLC link,
where they used 30 km SMF and 150 m MMF as a backhaul (Pavan & Jeyachitra,
2018). IR LED was used for uplink which was connected 50 km optical fiber link
getting data rate 1.87 Gb/s. especially, WDM CO-OFDM-PON employed in this by
bidirectinal VLC model (Kaur et al., 2019). Experimentally, a hybrid RoF-VLC
system has been demonstrated to transmit 54 Mb/s over a visible distance range (3 m
free space) (Khalid et al., 2011). The highest data rate achieved using LED-based
VLC is 450 Mb/s over 1m indoor link (Z. Huang et al., 2017). A bidirectional WDM
hybrid fiber-wired/fiber, wireless/fiber, VLC/fiber, IVLC transmission system based
on quantum dash-laser diode (QD-LD) have been demonstrated with 10 Gb/s 10 GHz
and 100GHz mmWave signal over 50-km SMF and 40 m optical free space downlink
and 10 m free space considered for uplink with 2.5 Gb/s data rate (Mandal et al.,
2018). A data rate of 2.5 Gb/s was achieved using 16 QAM-OFDM signals with two
Laser Diodes (LD) both at transmitter and receiver ends with 20 km SMF and 15 m
indoor VLC link range (C.-Y. Chen et al., 2013).WDM system was used in a hybrid
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RoF-VLC link using passive optical network (WDM-PON) in (Zhong et al., 2015).
They achieved data rates of 150 Mb/s with 2PAM and 600 Mb/ by 8PAM,
respectively. Optical Wireless Communication (OWC) channel performance can be
analyzed with different optical filters (e.i, Bessel, Trapezoidal, Gaussian and Fabry

Perot optical filters) (Murugan & Sumathi, 2019).

A hybrid RoF-VLC system was propose using 5G mmWave wireless backhaul
connected to an indoor CWDM-VLC grid to increase data-rate for the first time. BER
performance has been improved using different optical filters (i.e., Bessel,
Trapezoidal, and Rectangle). Millimeter-wave frequency reuse is also proposed for

the first time for uplink communication.

6.3 Comparison Between mmWave and VLC

VLC and mmWave both have similar advantages such for wide spectrum (wider
bandwidth), capability to transmit few gigabit/second data, higher security for LOS
communication, lower interference, and license free etc. There are crucial factors that
allow VLC to be more appropriate for indoor communication and to be a desirable
complement of mmWave for 5G networks. The major differences between VLC and
mmWave are shown in Table 6.1 captures (Feng et al., 2016). First, the VLC band has
a higher spectrum at THz than the mmWave (GHz). Wavelength range in the VLC
from 380nm to 780nm and a frequency range in the vicinity of 385 THz to 790 THz
and which is completely license-free and low cost for implementation in the exiting
setup. Secondly, VLC is based on the lighting infrastructure realized by white light-
emitting diodes (LEDSs), which will capture nearly 55 percent of indoor illuminations
by 2020, and almost 100 percent by 2030 (Holland & Alliance, 2014). Considering
exiting infrastructure VLC needs no additional costs and half of power consumption

in indoor lighting.
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In contrast, mmWave communication needs to be packed by CMOS chips and high-
gain antennas at both the user end and the base station, mandating avoiding hardware
complexity and costs. Both are subject to very strong penetration loss, which makes

them rather comparable to each other in indoor arrangements.

Table 6.2: mmWave and VLC comparison

Spectrum License  Safety Power Cost Range
mmWave 3-300GHz Partly Medium  High  Medium 100-200m
free
VLC 385-790 THz  Free High Low Low <10m

6.4 mmWave Based Uplink Communication

In the existing VLC model, an indoor uplink's capacity is lower than its downlink; it
can cause a problem for sending request and subsequent acknowledgments. Most of
the literature highlight three different possible instruments such as RF
communication, infrared (IR) LED and LD for uplink transmissions in indoor VLC
(Alresheedi et al., 2017), (Janjua et al., 2015). Furthermore, suppose a large number
of users are lodged in a single room and visible light uses as a transmitter for the
uplink which will affect the indoor lighting with discomfort to people’s eyes in the
room. Compared to visible light based uplink schemes, radio frequency-based uplink
transmission is more viable because of its wide applications (Cossu, Corsini, et al.,
2014). Among radio frequency spectrum, mmWave has great prospect to implement
as an uplink communication in VLC because it operates in a different spectrum from
VLC, which prevents co-channel interference and has longer bandwidth capacity for
frequency re-use as uplink. Though mmWave signal was used in fiber link, it also can
use in wireless environment with lower electromagnetic interference because of its

small size of antennas and less expensive radio frequency devices.
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6.5 Optically mmWave Signal Generation

To simplify the hybrid network and remove VLC uplink complexity, a new method
of full duplex transmission using the concept of frequency re-use. A configuration is
depicted in Figure 6.1 consists a triple tone mmWave generation. Three independent
continuous wave (CW) laser diodes (LDs) produce light waves at A1, A2 and A3, set
to 1550.2, 1550.016 and 1549.715 nm. The frequency spacing of 22.5 GHz exists
between A1 and A2 and 37.5 GHz offset between A2 and A3. The optical light from the
first laser is modulated by the random sequence of data mapped with NRZ OOK
modulation using an MZM. The modulator's output is shown in Figure 6.1(a), which
illustrates the data on top of the optical carrier. The other two CW lasers are un-
modulated and coupled with the modulated tone to produce atriple tone spectrum, as
shown in Figure 6.1(b).

Central Office

Off line process

225

e 375
(l M (cm LL l
A1 AL A2 A3 AL

A1-A2  A2-A3 AL-A3 A3

0ssB+C

Figure 6.1: Triple tone mmWave hybrid system for wavelength reuse

The signal then enters an optical circulator port 1 with low insertion loss and high
isolation loss between port 1-3. After the emission of light from port 2 the light passes
through 20 km standard single-mode fiber (SMF) and arrives at the receiver end in a
similar circulator. The light exits from port 3 and is divided by an optical coupler. One
output of the coupler is connected to a PIN PD with responsivity of 0.8 A/W. The
output of the PD is shown in subset Figure 6.1(c). where the electrical self

homodyning method is used to down-convert to the baseband signal. The desired
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mmWave signal at 60 GHz with modulated data is produced by the biting modulated
light wave (A1) and free-running tone of A3. Another mmWave signal with an
unmodulated tone at 37.5 GHz and a baseband replica that is also produced for
frequency reuse. At this point, an electrical BPF selects the tones at 60 GHz transfer
to VLC access point (VAP) through an LPF filter for adjustment with LED driver to
drive this signal into LED for indoor VLC (CU). Other output 37.5 GHz signal goes
to an optical bandpass filter (OBPF) for carefully chosen out to be used as VLC uplink
which is shown in inset Figure 6.1 (d). This tone is amplified and used as the carrier
for the uplink data. Once again, the uplink optical transmission is in an optical
suppressed carrier OSSB. The modulated signal is then sent back through SMF via
port 3-1 of the circulator and passes through port 2-3 in CO.

6.6 Hybrid System Architecture

User Unit

N\
= A

%

mmW Fiber Backhaul

/
// User Unit

Customer Unit

Figure 6.2: Proposed hybrid 5G mmWave -WDM-VLC model fiber
backhaul from CO to VAP and CWDM-LED network for indoor.

Considering a successful and efficient wireless broadband network, the challenges
would be generating 5G mmWave signal in the RoF system and distribution to the
VLC access point for the indoor communication link. Figure 6.2 shows the overview
of hybrid RoF-VLC system with 5G mmWave backhaul. In the central office (CO),
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an array of laser modules produce optical tones separated by specific frequencies,
corresponding to the desired triple tone mmWave signal based on optical
heterodyning. Three independent continuous wave (CW) LDs produce three different
light waves. Out of these tones, one is modulated using a standard Mach-Zehnder
modulator (MZM) with electrically coded data. CO is connected to the VLC customer
unit using 20 km fiber link, and a photodetector receives mmWave signal with a
baseband signal. With the help of a BPF, the desired mmWave signal and baseband
signal are separated. Electrical self homodyning is used in order to convert the signal
to baseband down. After detecting baseband signal, it goes to an indoor VLC access
point and converted to visible light signal through LED. A VLC transmitter’s structure
consists of CWDM techniques to increase more data channels for high-speed indoor
communication, and PD received this light signal at the VLC receiver. After receiving
downlink data, it retransmits back to RoF backhaul through the mmWave 5G signal
as a VLC uplink, and finally, the uplink data is received at CO.

6.7 Integration of CWDM-VLC at Customer End

The proposed method for CU in this project is shown in Figure 6.3. In this model, the
downlink data is first received at the PD (VLC access point). Self homodyning is an
electrical detection method that produces the baseband data illustrated in Figure
6.3(b), and this received baseband signal transmits to the LED through bias tee and
this multi colors LED combined with CWDM-VLC system gives superior
performance for indoor link. It uses 10/20 different wavelengths as a separate channel.
This visible light signal passes through the optical wireless channel, and channel range
is set to 3 mas standard indoor length and different channel parameters to get optimum
performance and fiber to VLC link quality. Four different optical filters, such as
Gaussian, Bessel, Trapezoidal, and Rectangle, are used to increase the transmission

bandwidth and indoor link performance.

The other output of the power divider is connected to another OBPF, which filters out

the free-running tone of £2 — £3 which is shown in Figure 6.3(c). This tone is
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Figure 6.3: Integration of CWDM-VLC at Customer unit

unmodulated and can be used as an uplink transmitter. Therefore, it is used as a carrier
of an electrical mixer determined by 2.5 Gb/s NRZ signal, as shown in Figure 6.3(d).
The up-converted signal is amplified and passed through port 1-2 of the circulator and
sent to RoF backhaul for transmission. A hybrid VLC system has been designed based
on the principle of mmWave based VLC uplink and CWDM based VLC downlink.
With the mmWave uplink, the bidirectional VLC system performs better.

6.8 Mathematical Model

This system model is explained through mathematical equations below. The electric

fields of three independent laser signals have shown as,

Eiexpj(2rfit + ¢4) (6.1)
E; exp j(2mfyt + @3) (6.2)
E;expj(2mfst + @3) (6.3)

where E is the peak amplitude of the electric field of each laser. f1, f2 and f3 are
optical frequencies, and ¢1, ¢ and ¢s are distinct phase characteristics of three lasers.

In this scheme, the optical signal from LD is modulated (Figure 6.1), which is
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achieved by applying Taylor series expansion and combined with two unmodulated
signals from LD> and LDs, which can be represented by

A(t) = A, (1) + Ay (t) + As(t) (6.4)

A (t) = expj2ufit + @1)[1 + jmcosmfp,t)]
A,(t) = expj2nfit + @1) + A,(t) + A3(t)
As(t) = expj2rfit + @1) + A (1) + A3(t)

After passing through SMF, the overall signal is called A¢(t). This received signal

gets distorted by the SMF and is shown as

Ar, (t) = [expj2mfit + By + @o) +-exp jQRu(fy + f)t + 01 + ¢1) +

%eij(Zﬂ(fl + fm)t + 01 + ;)] (6.6)
Ap, (t) = exp j(2nfot + @, + @3) (6.7)
Ap () = expj2nfst + O3 + @4) (6.8)

where @0, @1, 92, 3 and ¢4 are spectral phase delays suffered by SMF transmission.
The signal is then received at the CU, the optical signal is received and undergo
various structural procedures. Since a wavelength re-use structure is used, the optical
light signal from equation 6.8 is separated from the signal using an optical bandpass
filter for uplink carrier usage. Other two signals are detected by PD and sent through
down-conversion path this path uses the same self homodyning method as CU to

produce baseband data.

The down-converted uplink data is used as the modulation data and is fed to a MZM
which uses the signal at Equation (6.8) as optical carrier. Using Taylor series

expansion, the outcome of the MZM (B1(t)) can be expressed as

By(t) = exp j(2mfst + B3) [1+j S exp(2mf,t)]
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= exp j(2mfst + B5) [1 + S exp j2nfyt + expj — 27f,t)]

=expj(2nfit + @3) + %expj(annt + 2mf3t + @3) + expj(2mf3t + O3 —
21 fnt)]

= exp j2ufyt + B5) + > exp jQut(fy + f;) + 03) + > expjut(fy — f;) + 03)]
(6.9)

which shown the optical signal at center frequency of f3 with data bandwidth of f7,
carrying the laser phase of ¢3. This signal is sent back through the SMF to the CO.
After transmission, the signal can be expressed as

By, (t) = exp j(2mfst + @3 + @g) +gexp j@r(fs + fut) + 03 + @) +

%exp j@r(fs + )t + O3 + @10)] (6.10)

where @8 , ¢9 and ¢10 are the phase noise induced by fiber dispersion. At CO, the

optical signal is detected using a direct PD which outputs
ip(t) = R x By, (t) X B*f, (t) (6.11)
where R is responsivity of the PD and B*, (t) is the complex conjugate of e.q 6.10.

At the VLC access point, optical self-heterodyning produces signal at baseband which

is known as baseband replica shown as
ip(t) = R X [(Ar, (6) + Ap, () + A3(0)) X ((4" (O) + (A" (8) + (A", (£))] (6.12)

Here A", (t), (A", (1), (A, (t) are complex conjugates of the equations (6.6-6.8) and

R is the responsivity of PD. At the Customer Unit (CU), the received mmWave signal
arrives with desired data carrying tone and mixed with itself as a self-homodyne

detection method to make baseband and which as shown below
mcos{2n(fy)t + 4} (6.13)

Which has a center frequency of fq and has a phase noise of ¢,. This signal is used
for indoor communication through LEDs which has Lambertian radiant intensity,

which can be explained as

R;(®) = (m; + 1)cos™(0)/2m (6.14)
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m; = —In2/In(cos(@1)) (6.15)

where @ is irradiance angle, ml is the Lambertian emission, that relates to the LED’s

semi-angle at half power @1 as shown in Equation (9). The horizontal luminance Ehor
at point (x, y) is given by
Enor = 1(0)cos™ (@) /r2cos(p) (6.16)

where r is the line-of-side (LOS) distance in the free space between the LED and
photodiode (PD). Modulated output signal power from LED, Pq (t), can be described
as

Py(t) = Prpp[1 + m;x(t)] (6.17)

where Piep is the launched optical power of LEDs, m; is the modulation index, and
X(t) is the non-return-to-zero (NRZ) on-off-keying (OOK) signal. The modulated
signal depends on the electron lifetime, RC constant, and the materials of the diode.
3dB bandwidth of the LED can measure using the following equation (Chun et al.,
2016).

V3

faas = 5 s (6.18)

where T, is an electron lifetime, and 7, is the RC constant of parasitic capacitance.
The light signal passes through the wireless free space channel, and the DC gain of
this channel is measured by (H. Huang et al., 2015).

(ml+1)Acosml(9) cos(@)Ts(Y)
2mr?

H(0) =

[p < YFOV] (6.19)

where A is the physical surface area of the photodiode (PD), r is the distance between
the LED and PD, Ts () is the gain of the optical filter at the receiver, v is the angle
of incidence, and yrov is the field of view (FOV) of PD. Optical filters are important
for higher bandwidth and rejecting the ambient light. For the Gaussian filter, the
frequency transfer function can be given as:

~in(y2) ({2
H(f) = ae z (6.20)

126



where H(f) is the filter function, « is the insertion loss, d is the parameter depth, f. is
filter’s center frequency, B is the filter bandwidth, and f is the frequency. Therefore,
the transfer function used for a rectangular optical filter is

H(f) = {“' (=3 <df <[+ g)} (6.21)

For the Bessel filter, the transfer function is

H(f) = a -2 (6.22)

Bn(s)

where N is the parameter order, and d, is a normalizing constant, and Bn(s) is the
filtering order, which can be defined as:

By(s) = X¥_,d,S* (6.23)
—k)!

where d, = #%N)—k)' (6.24)

and § = j (A2 (6.25)

Here, B is the filter bandwidth, and W, denotes the normalized 3 dB bandwidth (for
N>10). Bandpass filters are used to transmit electromagnetic radiation within a
selected spectral region, and filter order defines the amount of light passing through
the filters.

6.9 Simulation Setup

Three independent CW LDs used to produce 3 different light waves at LD1 are 1550.2
nm, LD2 is 1550.016 nm and LD3 is 1549.715 nm to generate a triple tone. The
frequency spacing has been set 22.5 GHz between LD1 and LD2 and 37.5 GHz offset
between LD2 and LD3. The optical signal from the first laser is modulated by NRZ
OOK and 16 QAM or 4 bits per symbol. In that case of 16 QAM, gray code differential
coding is applied to the input binary bit sequence for better BER. The other two CW

lasers are un-modulated and coupled with the modulated tone to produce a triple tone
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spectrum by optical heterodyning. The desired mmWave signal at 60 GHz with
modulated data is produced by the biting modulated light wave (LD1) and free-
running tone of LD3. Another mmWave signal with an unmodulated tone at a
frequency difference of 37.5 GHz and a baseband replica that is also produced. Then
the signal goes to 20 km long standard single-mode fiber (SMF) through an optical
circulator. Then light signal arrives at the customer end, entering into a similar
circulator. The light exits from the circulator and is divided by an optical coupler. One
output of the coupler is connected to a PIN PD and using electrical self homodyning
to down-convert the signal to baseband. At this point, an electrical BPF selects the
tones at 37.5 GHz and 60 GHz to transfer through an LPF filter for adjustment with
an LED driver to drive this signal into LED for indoor VLC (CU). Another output
goes to an optical bandpass filter (OBPF) for the signal to be carefully chosen out to
be used as the mmWave signal theme OSSB+C for the VLC uplink, which is
explained in Figure 6.4.

The received baseband signal transmits to the LED through bias tee and this multi
colors LED combined with CWDM-VLC system gives superior performance for an

indoor link.

; (c)

PD  DOWNLINK

LD1 DATA
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LD3 CWDM-VLC
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0 ® o e |
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Figure 6.4: Layout of central office and customer unit of proposed RoF-VLC system ((a)
MZM modulated signal from LD1, (b) triple tone spectrum from combined three lasers,
(c) received 60GHz modulated data signal, (d) VLC uplink data, (€) VLC uplink signal

combined with mmWave signal, (f) signal at circulator after fiber backbone link (g)
received signal from CU at the CO

It uses 10/20 different wavelengths as a separate channel. This visible light signal

passes through the optical wireless channel where channel range is set to 3 m as
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standard indoor length. Each LED has 20 nm of FWHM to make whole visible
spectral slicing into 20 channels considering the CWDM grid. Four different optical
filters such as Gaussian, Bessel, Trapezoidal, and Rectangle are used to increase the
modulation bandwidth of LEDs and the performance-wise Bessel filter is used for the
final indoor link. After receiving the downlink data, the user sends the uplink data to
the central office through the same RoF backbone link with another mmWave
frequency. With the mmWave uplink, the bidirectional VLC system performs better.
All numerical parameters associated to the system permanence for this proposed
hybrid RoF- VLC model have been tabulated in Table 6.3.

Table 6.3. Simulation Parameters

Component Parameter Value
Global Parameter Bit rate 2.5 Gb/s
Samples per bit 64 samples
Time window 5.12e-006s
Sequence length 64 bits
Customer Unit (CU) Wavelength
Transmitter 10 CHs 390, 430,470,510,550,
(LED) 590,630,670,710,750
20 CHs 390,410, 430,450, 470,

490,510,530, 550,570,
590,610,630, 650,670,
690,710,730, 750,770

Carrier lifetime 3.95e-09s
RC content 3.95e-09s
Modulation BW 50MHz
Slope efficiency 0.8W/A
Free space Channel Beam divergence 1-10(mard)
Tx aperture dia 10mm
Rx aperture dia 25mm
Range 1m-10m
Receiver Responsivity 0.65A/W
APD Bandwidth 2.5GHz
Dark current 10 nA
Load resistance 50 Ohm
Base Station (BS)
SMF Length 20 km
Ref Wavelength 1550.2nm
Attenuation 0.2dB/km

Central Office (CO)

CO LDs

LDs frequencies

1550.2, 1550.016,

1549.715
Prefix points 8
Modulation type 16 QAM
Gray code Yes
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6.10 Results and Discussion

Results are obtained from the proposed RoF-mmWave-VLC hybrid system, and this
model which is tested with several iterations to achieve the best results. mmWave
based optical fiber backhaul is considered, which is connected to an indoor visible
light access point (VAP) 9m? (3mx3m) room condition. mmWave generation is based
on a multi-tone optical ROF methodology at CO. In the first phase of the result, apply
the proposed method of mmWave signal generation. Figure 6.5 (a) shows transmitter
modulated data on the LD1 at a wavelength of 1550.2 nm using a single drive MZM.
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Figure 6.5 (a) Transmitted laser spectrum, (b) Optical Spectrum of the triple tone signal.
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This modulated optical signal is then coupled with the other two un-modulated signals
at 1550.014 nm and 1549.715 nm, which is shown in Figure 6.5 (b) constituting a
triple tone optical spectrum. All three tones are adjusted to transmit -10 dBm power.
Due to short-haul connection, not much optical power is required, and avoiding fiber
non-linearity is also important. As expected, when optical signals at different
wavelengths are detected, the resulting spectrum generates several tones. These
include a mmWave signal which carries the baseband data at 60 GHz, an unmodulated

tone at 37.5 GHz, and another data-carrying signal at 22.5 GHz. An electrical BPF
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Figure 6.6: Generated mmWave signal at 60 GHz, 22.5GHz
and 37.5 GHz

selects the tones at 37.5 GHz and 60 GHz to transfer to CU from Figure 6.6. This
optical signal is filtered from the receiving signal using an OBPF of Bessel type with
center wavelength of 1552.524 nm wavelength reuse to be used for uplink
transmission. The electrical amplifier of gain 30 dB is used to boost the power. At this
point, an electrical BPF selects the tones at 37.5 GHz and 60 GHz to transfer through
an LPF filter for adjustment with an LED driver to drive this signal into LED for
indoor VLC (CU). Figure 6.7 (a) shows the baseband signal at the customer unit with
2.5 GHz which will transmit to an LED driver at the customer unit for an indoor VLC

access point (VLC-AP). The initial LED bandwidth was 50 MHz for the end-user

131



10
i

Powsmer (dBm)
. 0
.p'/

10
"~
e

7\
b \
‘ | ol i
1] "/
44 ‘1 \ /""\\
‘1 : —- . i / N
"e‘;"m o 20 30 0 100M 200

Freauency (Hz)

Figure 6.7(a): Indoor baseband signal 1 GHz, (b): Downlink: 50 MHz LED bandwidth

controlled by the driver, shown in Figure 6.7 (b). LED bandwidth can be extended up
to 70 MHz using Bessel, Trapezoidal, Rectangular, and 100 MHz using Gaussian
optical filter. Each LED can transmit up to 80 Mbps data using Bessel, Trapezoidal,
Rectangular and 100 Mbps with a Gaussian filter to maintain FEC limit 3.8x10 using

OOK modulation scheme from Figure 6.8.

Transmitted original data bit from CO, received OOK bit stream at VLC receiver, and

16QAM constellation diagram at the user receiver point has been shown in Figure 6.8
(inside).
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Figure 6.8: BER vs Maximum data rate with different optical filters
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To decrease the signal BER, beam divergence of the free space channel is set to 1
mard, shown in Figure 6.9. Lowest BER 10 have achieved, which can increase the
data rate at the receiver end. Beam divergence is a part of FSO link, and it is an angular

measurement of LED collimator even in the transmitter aperture.
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Figure 6.9. Maximum BER versus beam divergence for short
range applications.

The total optical power distribution was measured from each VLC access point within
9 m? room size, and it was 2.9 mW explained in Figure 6. 10. Illumination contrast,
which is well enough to accommodate proper lighting. VLC model has specific
channel spacing between different color LEDs. Using full visible spectrum, a total 20
channel system was designed and measured the performance. BER analyzer was used
to calculate the BER, the Q factor, and the data rate for 10 channels by OOK, which

is summarized in Table 6.4.
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Figure 6.10: Optical power level at VAP in the 9 m? room

Table 6.4: Total data rate from 10 channels of CWDM-VLC systems

Peak BER Data rate (Mb/s)
Wavelength
390 1.50 x10~ 55
430 1.93x10° 60
470 1.04x10° 70
510 3.77x10" 65
550 1.32x10" 85
590 2.21x10" 90
630 1.73x10" 70
670 3.06 X10" 60
710 7.45x10" 55
750 551 x10" 50

Initially, 10 channels are used for communication and other 10 channels keep on just
for illumination. The total data rate of 660 Mb/s by OOK and 3.2 Gb/s by 16 QAM
was achieved for 10 channels CWDM-VLC system. This data rate is relatively good
with OOK modulation, maintaining the BER below the FEC limit 3.8x107. Table 6.5
shows the total aggregate data rate by OOK for 20 channels with full utilization of
400 nm visible spectrum by the CWDM-VLC model. The data rate that could be
achieved 6.58 Gb/s by 16QAM, maintaining high power LED’s configuration in the

model.
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Table 6.5: Total data rate from 20 channels of CWDM-VLC systems

Peak Wavelength BER Data rate
(Mbls)
390 3.29x10° 55
410 2.35x10° 65
430 1.91x10° 80
450 3.85x10° 90
470 7.88x10" 100
490 7.81x10" 110
510 1.09 x10™ 95
530 5.75 x10° 90
550 5.74 x10" 95
570 579 x10° 100
590 9.87 x10° 105
610 1.26 x10° 80
630 5.29 x10™ 10
650 8.31x10° 90
670 159 x10° 100
690 1.05x10" 90
710 2.32x10° 80
730 2.21x10° 75
750 6.28 x10" 75
770 3.28 x10" 60

For uplink, users send 2.5 Gb/s data from indoor receiver point to the central office
through unused mmWave frequency and the same ROF link. Figure 6.11 shows the
baseband signal transmitted from the customer unit, which is 2.5 GHz, and using OOK
modulation 2.5 Gb/s data received at the CO. This signal is modulated with another
single drive MZM to carry the uplink data that is returned from CU. After 20 km of
optical fiber transmission and photo detection at CO, the resulting RF spectrum shows
a signal power of -20 dBm in Figure 6.11 (a), and signal side mode suppression ratio
(SMSR) is 26 dBm. Transmitted bit and received bit for uplink transmission is
included in Figure 6.11 (b) where BER was recorded 10, The 2.5 Gb/s uplink data
with NRZ pattern is also added to the input. As a result of multiplication, the mixer's

output would be an active mmWave signal 37.5 GHz carrying 2.5 Gb/s OOK data.
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This signal is then amplified with 30 dB electrical amplifier to mitigate losses in the

mixer and sent to down-converts at CO.

RF Power (dBm)
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Figure 6.11: (a) Received 1 GHz RF spectrum for uplink signal at the
CO (b) transmitted bit from the indoor user and received bit.
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Figure 6.12: The Eye diagram of (a) downlink and (b) uplink data

The eye diagram of this uplink received signal is shown in Figure 6.12 (b), indicating
good opening and clear height exhibiting BER of 10'® and shows robust
communication link. Uplink signal is showing slight distortion because of two-way

channel optical channel noise.

6.11 Summary

mmWave and visible light communication are two promising technologies for future
5G network implementation in outdoor and indoor communications. This chapter
focuses on mmWave signal generation and is based on radio over fiber (ROF)
backhaul connectivity to VLC link for indoor communication. Heterodyning of
optical carriers was used for the generation of 5G mmWave signal with link range,
beam divergence, received power, and BER of the signal analyzed at the VVLC receiver
point. CWDM-VLC model was used to increase the data rate of LED access point at
the indoor visible link with acceptable BER. BER performance was measured using
different optical filters, and Gaussian optical filter performed better than others (i.e
Bessel, Trapezoidal, and Rectangle). To improve the VLC uplink performance,
mmWave signal was used for uplink to send data from the customer end through RoF

backhaul to the central office. The results show reasonable system performance and
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similar data rate for downlink and uplink in this hybrid system. Moreover, a novel
method of remote uplink mmWave generation was proposed in this work. It is evident
that performance of downstream link is more than uplink only when 16 QAM is used.
mmWave based wired system uplink exhibits better performance than optical wireless

communication with OOK system with 2.5 Gb/s data rate and acceptable BER of
10717 for hybrid VLC network.
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CHAPTER SEVEN

CONCLUSION

7.1 Introduction

In the last two decades, enormous growth in wireless communication along with
increasing demands of wireless data traffic is shrinking the availability of RF
spectrum. This has increased the interest in complementary optical wireless
communication technologies. VLC is an emerging technology for indoor wireless
communication, which can be integrated with the existing lighting infrastructure.
However, there are many constrains in implementing high speed VLC systems.
Several techniques have been proposed to increase the VLC data rate. In this thesis,
some of these techniques have been investigated and new techniques are proposed for

this purpose.

7.2 Key Contributions

This section highlights the key contributions of this research. All major contributions
and working procedures are explained in Figure 7.1. RGB-LEDs can increase the
aggregate data rate using the wavelength division multiplexing (WDM) method. In
this work, initially, the WDM VLC system was designed and experimentally verified
with different modulation schemes such as NRZ-OOK and 16 (QAM) using Red,
Green, Blue, Amber (RGBA) LEDs. This system could operate at maximum data rates
up to 260 Mb/s using OOK and 1.04 Gb/s using 16QAM in the experimental setup.
On the other hand, this simulation model could achieve a maximum data rate of 290
Mb/s using OOK and 1.16 Gb/s using 16 QAM. For the first time Coarse Wavelength
Division Multiplexed (CWDM)-VLC system has been proposed to increase the
number of channels. The maximum data rate achieved was 7.19 Gb/s using 20
channels and 3.2 Gb/s using 10 channels with acceptable BER and 3 m distance

between transmitter and receiver.
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Figure 7.1: Major contributions and working flow chart of the research

Modulation bandwidth limitation is one of the main challenges for high-speed VLC.
InGaN/GaN based high bandwidth multiple quantum well (MQW) LED can be a
solution to tackle this problem. Here the feasibility of developing the narrowband high
bandwidth LEDs based on CWDM-VLC grid has been investigated. To achieve this,
InGaN/GaN-based multiple quantum well (MQW) LEDs coupled with the nano-lens
structures were designed and investigated through simulation. With this, LEDs with a
maximum modulation bandwidth of 6.15 GHz was designed at the peak wavelength
of 510nm and using band structural engineering, another two LEDs with 530nm and

550nm has been produced.

In the existing VLC architecture, the indoor uplink communication performance is
very much lower than the downlink. To improve the uplink communication speed, a
hybrid Radio over VLC (RoF-VLC) communication model was proposed combined
with 5G-mmWave and CWDM-VLC for multi-user indoor environment. This hybrid
set up achieved data-rates of up to 2.64 Gb/s and 6.58 Gb/s for 10 and 20 channel
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CWDM-VLC system using off the shelf LEDs. The uplink data rate achieved was 2.5

Gb/s using mmWave communication.

7.3 Future Research Direction

This section gives a brief overview regarding the different research directions for
further advancement of this project

7.3.1 Performance enhancement of Multi-Channel WDM-VLC Schemes

Current VLC system has a limitation in terms of distance between transmitter and
receiver. Three or more channels of the RGB links could be segmented into multiple
channel VLC system enabling greater number of parallel channels to increase the
aggregate data rate and distance. Proper equalization techniques and adaptive higher
order modulation schemes can also be used to increase data rate. Optical lenses and
filters could be used at the receiver side to identify particular channels. In addition,
large FOV concentrator could be used to increase the received signal strength into the

small photo detector area and collect large visible light.

7.3.2 Fabrication of GaN/InGaN Based High bandwidth LED

Modulation bandwidth restriction is one of the main challenges for commercial LEDs.
Recent micro LEDs offer much higher bandwidth, better contrast, response times and
energy efficiency. GaN/InGaN based MQWs LED is a good candidate for high speed
VLC application, but a proper procedure is needed for fabrication using adjustable
QW thickness, polarization control in the active area and applying nano lens on the

top layer of LED to collimate the light extraction for better VLC performance.

7.3.3 Implementation of CWDM-VLC System

Experimental implementation of CWDM-VLC conceptual model can be a big

achievement for future high speed VLC research.
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7.3.4 Hybrid RoF-VLC System using mmWave uplink Communication

Similarly, to the above proposal, experimental implementation of the RoF-VLC
system proposed in this thesis can be a major step towards integrating VLC with 5G
networks.
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