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I-Section One

Abstract:

White LED offers advantageous properties such as high brightness, reliability, lower
power consumption and long lifetime. White LEDs are expected to serve in the next
generation of lamps. In the proposed system, these devices are not used only for illuminating
rooms but also for an optical wireless communication system.

The solid-state lighting is revolutionizing the indoor illumination. Current
incandescent and fluorescent lamps are being replaced by the LEDs at a rapid pace. Apart
from extremely high energy efficiency, the LEDs have other advantages such as longer
lifespan, lower heat generation and improved color rendering without using harmful
chemicals. One additional benefit of LEDs is that they are capable of switching to different
light intensity at a very fast rate. This functionality has given rise to a novel communication
technology (known as Visible Light Communication - VLC) where LED luminaires can be
used for high speed data transfer. This paper provides this technology overview in general
and some applications based on VLC system in order to gain so much more speed & a larger
bandwidth that can fit the 5G and its uses .

Imagine a world when light becomes data Li-Fi is a simple, but powerful. We all
know how a light pomp works when an electronic current is applied to an LED light bulb, a
constant stream of light is emitted from the bulb, which we see as illumination. Since LED
bulbs are electronic devices, the current and therefore the light can be modulated at
extremely high speeds, this can be detected by a photo-detector, and converted back to
electrical current therefore carrying data. This is the nervous system of an internet revolution.

Li-Fi doesn't replace your internet service provider, you also need them to get your
internet to your home and office via wires, however, once you have that high speed
connection, you can deploy your fast secure Li-Fi network using power over Ethernet (POE)
or power line communication. Li-Fi offers a greater density than many other radio frequency
solutions. For example if you have an average Wi-Fi in your office that provides 150Mbps per
second, and 15 people are connected to it, that means you might be able to access 4Mbps,
however, with Li-Fi network of lights applied that offers 42 Mbps per light even if you have
only 8 lights in your room, those same 15 people could share more than 300 Mbps, that's
dense and fast wireless communication.

Li-fi is also bi-directional full duplex and high speed , data is transmitted and received
at the same time resulting a really fast reliable user experience especially when doing things
like skype calls, video streaming and virtual reality , and also Li-Fi is fully networked that
means all the lights in your Li-Fi network can speak to each other and handover as you move
around the space each light even has its own IP address which means you can offer location
tracking and geo-fencing within your network.



1-Introduction:

Current wireless networks that connect us to the internet are very slow when
multiple devices are connected. As the number of devices that access the internet increases,
the fixed bandwidth available makes it more and more difficult to enjoy high data rates and
connect to a secure network. Therefore, there’s many options in wireless communications
one of them is the Visible Light Communication (VLC) which is an optical communication
technology that use visible light rays, these rays locate between 400 THz (780 nm) and 800
THz (375 nm), as optical carrier for data transmission by illumination. It uses fast pulses of
light, which cannot be detected by the human eye, to transmit data. It includes any use of the
visible light portion of the electromagnetic spectrum to transmit information.

3 KHz 300 MHz 300 GHz 430 THz 790 THz 30 PHz 30 EHz Frequency
Radio Microwave Infrared Visible Ultraviolet X-ray
10°m im 1 mm 750 nm 380 inm 10 nm 0.01 nm Wavelength
- 4 S -
Red Orange Yellow Green Blue Violet

Fig.1 Human eye can perceive the electromagnetic signals between the frequency range of 430 THz and
790 THz which is referred as the visible light spectrum. [2]

Optical communication is any form of telecommunication that uses light as a
transmission channel , whether its is visible or invisible, wired or wireless.

Wireless optical communication has evolved to a high-capacity complementary
technology to radio frequency (RF) communication. Wireless optical communication is
considered as the next frontier for high-speed broadband connection due to its unique
features that are highly required for the 5G and above,it has an extremely high bandwidth,
ease of deployment, free bandwidth allocation, low power (1/2 of radio-frequency (RF)
systems), less mass (1/2 of RF systems), small size (1/10 the diameter of RF antenna), and an
improved channel security. It has emerged a good commercial alternative to existing radio-
frequency communication as it supports larger data rates and provides high gain due to its
narrow beam divergence. It is capable of transmitting data up to 10 Gbps and voice and video
communication through the atmosphere/free space. WOC have two broad categories,
namely, indoor and outdoor wireless optical communications.

indoor wireless optical communication links provide a flexible interconnection
within a building where setting up a physical wired connection is cumbersome. It consists of
lasers or light-emitting diodes as transmitter and photodetectors as the receiver. These
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devices along with their drive circuits are much cheaper as compared to radio-frequency
equipment or existing copper cables. Further, indoor WOC is inherently secure technology
since the optical signals do not penetrate walls unlike electromagnetic waves which can
cause interference and thus provides a high degree of security against eavesdropping. These
optical waves are either in the visible light spectrum or in the IR spectrum which is able to
provide very large (THz) bandwidth. Since these devices consume very little power, they are
also suitable for mobile terminal systems. Besides many advantages, indoor optical wireless
system is influenced by various impairments that impact the performance of the
communication system. Some of the factors that lead to these impairments are (i) limiting
speed of optoelectronic devices; (ii) large path loss; (iii) noisy indoor environment due to
incandescent, fluorescent lighting or sunlight that contributes to noise in the detector; (iv)
multipath dispersion; and (v) interference due to artificial noise sources. The range of the

system is restricted as the average transmitted power is limited due to eye safety regulations
[14].

In this paper we're going to talk about the VLC ( Visible Light communication )
which is basically the indoor OWC or what it’s called Li-Fi ( Wireless Fidelity ) and discuss
its features and applications and the advantages and disadvantages ; and if it’s capable of
replacing the Wi-Fi and if it can satisfact the needs of high rates communication channels
like in 5G .

2-Advantages of OWC:

In the last two decades, unprecedented spread of wireless communication systems
has been witnessed. While at the beginning these systems were only able to provide voice
service and some rudimentary data services, they have now matured to high-speed packet
data networks which allow Internet browsing at the same speed as is achieved with fixed
line connections [36]. However, there is still the need to increase data throughput and,
consequently, data rates [37]. With the increasing popularity of smartphones, the wireless
data traffic of mobile devices is growing exponentially. There have been many independent
warnings of a looming “RF spectrum crisis” [38] as mobile data demands continue to
increase, while the network spectral efficiency saturates despite newly introduced standards
and great technological advancements in the field. By 2015, it is expected that total wireless
data traffic will reach 6 exabytes per month, potentially creating a 97% gap between the
traffic demand per device and the available data rate per device in the mobile networks [39].
In addition, it is estimated that by 2017 more than 11 exabytes of data traffic will have to be
transferred through mobile networks every month [40]. Recently, the Wireless Gigabit
Alliance has proposed the utilization of the mm-waves in the license-free 60 GHz band,
where the availability of 7 GHz bandwidth enables 7 Gbps short-range wireless links [41].
The 60 GHz band has also been considered as a part of the IEEE 802.11ad framework for very
high throughput data links in wireless local area networks (WLANSs) using MIMO
techniques [42]. However, due to the high path loss of the radio waves in this spectrum
range, 60 GHz links are highly directional, and, therefore, require sophisticated digital
beamforming and tracking algorithms for application in mobile wireless networks. Since the



RF spectrum is limited and expensive, new and complementary wireless transmission
techniques are currently being explored that can relieve the spectrum utilization. One such
promising emerging alternative approach is OWC, which offers many advantages over RF
transmission. Most recently, VLC has been identified as a potential solution for mitigating
the looming RF spectrum crisis. VLC is particularly enticing as lighting is a commodity that
has been integrated into virtually every inhabited environment, and sophisticated
infrastructures already exist. The use of the visible light spectrum for high-speed data
communication is enabled by the emergence of the LED, which at the same time is at the
heart of the next wave of energy-efficient illumination. In that sense, the concept of
combining the functions of illumination and communication offers the potential for
tremendous cost savings and carbon footprint reductions. First, the deployment of VLC
access points (AP) becomes straightforward as the existing lighting infrastructure can be
reused. Off-the-shelf technologies, such as power line communication (PLC) and power-
over-Ethernet (PoE), are viable backhaul solutions for retrofit installations and new
installations, respectively. Second, because lighting is on most of the time in indoor
environments even during day time, the energy used for communication is significantly
reduced as a result of the piggybacking of data on illumination. However, even if illumination
is not required, energy-efficient IM/DD techniques exist that allow data communication, even
if the lights are visually off [43]. These are already compelling benefits, but the case does not
end there. In OWC, the signal can occupy license-free wavelengths in the visible light
spectrum from 380 nm to 750 nm, and/or the NIR spectrum from 750 nm to 2.5 pm. The total
available bandwidth resource amounts to approximately 670 THz, which is a factor of 10, 000
larger than the RF spectrum including the 60 GHz band. In addition to being a
complementary noninterfering solution alongside the RF technology, OWC has the
advantage of licensefree operation over a huge spectrum resource. In addition, very high data
rates can be realized by the use of low-cost front-ends with commercially available LEDs and
PDs [20]. Furthermore, it is free of any health concerns as long as eye safety regulations are
fulfilled [44]. This constraint is much less severe when using incoherent LEDs rather than
laser diodes. With the advent of highly efficient high-power incoherent LEDs and highly
sensitive PDs, OWC has become a viable candidate for medium-range indoor data
transmission that can contribute to the cause of solving the spectrum deficit.

3-Application areas:

OWC is generally realized in a line-of-sight (LOS) or a non-line-of-sight (NLOS)
communication setup [20, 21]. LOS links can be generally employed in static communication
scenarios such as indoor sensor networks, where a fixed position and alignment between the
transmitter and receiver are maintained. In mobile environments such as commercial offices,
mechanical or electronic beam steering [4] can be used to maintain an LOS connection. Such
techniques, however, increase the cost of the optical frontends. Therefore, in a mobile OWC
network, where LOS links are likely to be blocked, transmission robustness can be facilitated
through NLOS communication. Single-carrier pulse modulation techniques such as pulse
width modulation (PWM), pulse interval modulation (PIM), pulse position modulation
(PPM), and pulse amplitude modulation (PAM) experience inter-symbol interference (IST) in
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the dispersive NLOS channel, and they therefore exhibit limited data rates unless
computationally expensive equalizers are used [4, 20, 45]. Because of its inherent robustness
to multipath fading, OFDM with multi-level quadrature amplitude modulation (M-QAM) is
envisaged to enable NLOS communication, and therefore high-capacity wireless networking
[8, 46, 47]. In addition, due to the fact that light does not propagate through opaque objects
and walls, optical wireless signals can be confined within a room. This feature inherently
eliminates concerns over the intercepting and eavesdropping of the transmission, resulting in
secure indoor data links and networks. The same feature can be exploited to eliminate
interference between neighboring cells. Furthermore, OWC is free of any health concerns as
long as eye safety regulations are fulfilled [44]. Since optical radiation does not interfere with
other electromagnetic waves or with the operation of sensitive electronic equipment, OWC
enables safe data transmission in areas where RF communication and electromagnetic
radiation are prohibited or refrained to avoid interference with critical systems. These
include aviation, homeland security, hospitals, and healthcare, as well as petrochemical and
nuclear power plants. Last but not least, radio waves are strongly attenuated in water,
disallowing underwater RF transmission. However, since light propagates through water,
OWC can be employed for underwater communication.

4-Challenges for OWC:

The following challenges are relevant for the implementation of an OWC system in
practical single-link and multi-user communication scenarios. First, optical transmitter
front-ends based on off-the-shelf LEDs exhibit a strong non-linear transfer of the
information-carrying signal. Therefore, the optimum conditioning of the time-domain signal
within the limited dynamic range of the transmitter front-end is essential in order to
minimize the resulting non-linear signal distortion and to maximize the system throughput.
In order to formulate this optimization problem, the mathematical details of the optical-to-
electrical (O/E) signal conversion of the unipolar optical signals are required. Since the
energy efficiency of the system is measured by the amount of electrical power required for a
given quality of service (QoS), a relationship with the output optical power needs to be
established. Through pre-distortion of the signal with the inverse of the non-linear transfer
function, the dynamic range of the transmitter can be linearized between levels of minimum
and maximum radiated optical power. While single-carrier signals can fit within the
linearized dynamic range of the transmitter without distortion, in an OFDM system the non-
linear distortion for a given signal biasing setup needs to be analyzed. Therefore, the
achievable information rates of the OFDM system for a practical linear dynamic range of the
transmitter under average electrical power and average optical power constraints are to be
established. Currently, OWC systems with IM/DD cannot fully utilize the entire available
optical spectrum, because of the small electrical modulation bandwidth compared to the
optical center wavelength of the optical front-ends. Therefore, system designers often resort
to increasing the signal bandwidth beyond the 3-dB electrical bandwidth of the optical
elements for the sake of increasing the system throughput. However, such an approach
requires channel equalization techniques such as linear and non-linear equalization for
single-carrier signals, and bit and power loading for multi-carrier signals. This requires
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channel knowledge at the receiver and the transmitter. As a result, the spectral efficiency and
electrical SNR requirement of single-carrier and multi-carrier modulation schemes need to be
compared in a flat fading channel and a dispersive channel under an average electrical power
constraint and minimum, average, and maximum optical power constraints. Moreover, this
comprehensive comparison needs to take into account the equalization penalties and the
total invested electrical signal power, i.e. alternating current (AC) power and DC power.
Finally, the system model and the optimum front-end biasing setup are often tailored only to
a single-link OWC scenario. Capacity enhancing techniques, where multiple LEDs are
employed at the transmitter and multiple PDs are employed at the receiver, are still an open
issue. The mechanisms that increase the probability of detection of the individual signals and
the associated diversity techniques need to be investigated further in the context of MIMO
systems. In addition, studies of the OWC systems are to be expanded with the simulation
and optimization of multiple access scenarios in a network of mobile users. Because of the
fact that the center wavelength is significantly larger than the modulation bandwidth of the
optical front-ends, wavelength reuse in cellular OWC systems can be performed without a
perceivable reduction of capacity as opposed to RF cellular systems. Therefore, a larger
insight is to be gained into the maximization of the capacity of cellular OWC networks with
a transition towards autonomous self-organizing interference-aware networks.

5- Some Issues With Radio Waves (Wi-Fi):

First of all the Radio waves are limited ,expensive, and they consume massive amount
of energy most of this energy is not used for transmission only, but for cooling down the base
stations. RF only have a certain range [ 0:4x10"10] Hz , with the advent of the new generation
technologies like 2.5G, 3G, 4G and so on we are running out of spectrum. Secondly RF are
not advisable to use mobiles at places like petrochemical plants, petrol pumps and in aero
planes, and in some cases radio waves might be another cause of concern. Plus radio waves
can be intercepted If someone has knowledge and bad intentions then he may misuse it. Plus
Wi-Fi can only reach the speed of 300 Mbps,400 in some cases [2]. Actually, there are
numbers of technologies that provide realistic and applicable solutions to these issues. One of
them is the Li-Fi. It is a new sort of wireless communication which is based on VLC.its
transmission of data uses visible light illumination which are very high frequency.



6- Definition of Li-Fi:

Indoor wireless optical communication links provide a flexible interconnection
within a building where setting up a physical wired connection is cumbersome. It consists of
lasers or light-emitting diodes as transmitter and photodetectors as the receiver. These
devices along with their drive circuits are much cheaper as compared to radio-frequency
equipment or existing copper cables. Further, indoor WOC is inherently secure technology
since the optical signals do not penetrate walls unlike electromagnetic waves which can
cause interference and thus provides a high degree of security against eavesdropping. These
optical waves are either in the visible light spectrum or in the IR spectrum which is able to
provide very large (THz) bandwidth. Since these devices consume very little power, they are
also suitable for mobile terminal systems. Besides many advantages, indoor optical wireless
system is influenced by various impairments that impact the performance of the
communication system. Some of the factors that lead to these impairments are (i) limiting
speed of optoelectronic devices; (ii) large path loss; (iii) noisy indoor environment due to
incandescent, fluorescent lighting or sunlight that contributes to noise in the detector;(iv)
multipath dispersion; and (v) interference due to artificial noise sources. The range of the
system is restricted as the average transmitted power is limited due to eye safety regulations

[4].

LiFi is a mobile wireless technology that uses light rather than radio frequencies to
transmit data. The technology is supported by a global ecosystem of companies driving the
adoption of LiFi, the next generation of wireless that is ready for seamless integration into
the 5G core. [2] Radio frequency communication requires radio circuits, antennas and
complex receivers, whereas LiFi is much simpler and uses direct modulation methods similar
to those used in low-cost infrared communications devices such as remote control units. LED
light bulbs have high intensities and therefore can achieve very large data rates. Figure 2
show a basic way of how Li-Fi works.

Fig 2. How Li-Fi works | 2]
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Li-Fi is a new technology for short range wireless communication system; which is
suitable for data transmission via LEDs by illumination. It uses the visible light, a part of the
electromagnetic spectrum that is still not greatly utilized, instead of RF part. It is possible to
encode data in the light by varying the rate at which the LEDs flicker on and off to give
different strings of 1s and Os, it’s very simply, if the LED is on, you transmit a digital 1, if its off
you transmit a 0, they can be switched on and off very quickly, which gives nice
opportunities for transmitting data. The LED intensity is modulated so rapidly that the
human eye cannot notice, so the output appears constant; also more sophisticated techniques
could dramatically increase Li-Fi data rates such as using array of LEDs, where each LED
transmits a different data stream, to provide parallel data transmission. Other ideas are using
mixtures of red, green and blue LEDs to alter the light frequency encoding different data
channels. [3].

The way Li-Fi works is simple but powerful. When a constant current is applied to an
LED light bulb, a constant stream of photons are emitted from the bulb which is seen as
illumination. LED bulbs are semiconductor devices, and therefore the illumination can be
modulated at extremely high speeds which can be detected by the photo-detector (light
sensor) The photo detector registers a binary one when the LED is on; and a binary zero if the
LED is off. Using this technique allows for high-speed information can be transmitted from
an LED light bulb. [3].
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7-LIFI VERSUS VLC:

VLC uses LEDs to transmit data wirelessly by using intensity modulation (IM). At
the receiver the signal is detected by a photodiode (PD) and by using the principle of direct
detection (DD). VLC has been conceived as a point-to-point data communication technique —
essentially as a cable replacement. This has led to early VLC standardisation activities as part
of IEEE 802.15.7 [6]. This standard, however, is currently being revised to include Li-Fi. Li-Fi
in contrast describes a complete wireless networking system. This includes bidirectional
multiuser communication, i.e. point-to-multipoint and multipoint-to-point communication.
Li-Fi also involves multiple access points forming a wireless network of very small optical
attocells with seamless handover. This means that Li-Fi enables full user mobility, and
therefore forms a new layer within the existing heterogeneous wireless networks. The fact
that LEDs are natural beamformers enables local containment of Li-Fi signals, and because of
the blockage of the signals by opaque walls, CCI can effectively be managed and physical
layer security can be enhanced. Fig. 4 illustrates the principal techniques that are needed to
create optical attocell Li-Fi networks. At the core are novel devices such as gallium nitride
(GaN) micro-LEDs and single photon avalanche diodes (SPADs). These are embedded in
optical front-ends and subsystems which include adaptive optics and also the analogue
circuitry to drive the LEDs and shape the signals obtained from the PDs at the receivers. In
order to correctly model link margins, establish the coherence bandwidth of the channel and
correctly model CCI, precise channel models are required which take the spectral
composition of the signal into account [7]. Link level algorithms are required to optimally
shape the signals to maximise the data throughput. In this context, due to the positivity of
the power signals in IM, a new theoretical framework is needed to establish the channel
capacity since the traditional Shannon framework is not strictly applicable [8]. In order to
enable multiuser access, new medium access control (MAC) protocols are required that take
the specific features of the Li-Fi physical layer into account. Similarly, interference mitigation
techniques are needed to ensure fairness and high overall system throughput. Lastly, the
optical attocell network should be integrated into software defined networks governed by
the separation of the control and data planes as well as network virtualisation [9]. This
requires the development of novel Li-Fi agents. There has been significant research activity
around the inner two layers which form VLC, but little research in remaining areas including
channel modelling where recently, however, significant activity has been seen.
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8-Li-Fi System Overview:

8.1 -System setup:

The geometry of a wireless communication scenario is defined by the position and
radiation/detection characteristics of the transmitters and receivers in an indoor or outdoor
environment, with certain reflection properties of the objects in the setup. Based on the
propagation path of the light radiated by the transmitter and detected by the receiver, there
are two general link arrangements, i.e. LOS and NLOS communications [32]. In addition, a
cellular network can be deployed in order to maximize the coverage and capacity over the
area of the OWC setup [34, 35, 36]. the building blocks of the transmitter and receiver front-
ends are introduced, and the general communication setup arrangements are discussed. A
generalized OWC link is illustrated in Fig. 5. The transmitter consists of a digital signal
processor (DSP) with a digital-to-analog converter (DAC), which cater for the modulation of
the digital information bits and their transformation into an analog current signal. The
current drives the optical emitter, i.e. an LED or an array of LEDs. Here, the information-
carrying current signal is transformed into optical intensity. The optical signal can be passed
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through an optical system in order to further shape the transmitted beam. Here, an optical
amplifier lens, a collimator, or a diffusor can be employed to concentrate or broaden the
beam. The optical signal is then transmitted over the optical wireless channel. A portion of
the optical energy is absorbed by the objects in the environment, and the rest is reflected
back in a diffuse or specular fashion [34]. LOS and NLOS signal components arrive at the
receiver. An optical filter can be applied to select a portion of interest in the optical spectrum.
In addition, the optical filter greatly reduces the interference from ambient light. Thereafter,
the optical signal is passed through a system of optical elements, e.g. collimator lenses, to
amplify the signal and to align the impinging light for optimum detection [36, 37]. At the
photodetector, i.e. a PD or an array of PDs, the optical signal is converted back to electrical
current. The current signal is electronically pre-amplified by means of a transimpedance
amplifier (TTA). A DSP with an analog-to-digital converter (ADC) is employed for
transformation of the analog current signal into a digital signal and demodulation of the
information bits.

Fig 5.Transmission link in OWC. The general building blocks of the transmitter and receiver [36]

8.2-LI-FI Components:

A key to the commercial adoption of Li-Fi in applications such as the Internet-of-
Things (IoT), 5G and beyond, light as a service (LaaS) in lighting, car-to-car communication,
security and defence, underwater communication and wireless interconnects in data centres,
is the availability of low cost and low power miniaturised transceiver technology. It is
therefore essential to develop Li-Fi ASICs. In this section, to the authors’ best knowledge, a
first transmitter ASIC and receiver ASIC based on complementary metal oxide
semiconductor (CMOS) technology are presented. Both chips have recently been developed
as part of the UK Engineering and Physical Sciences Research Council (EPSRC) ultra-
parallel visible light communication (UPVLC) project.
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VLC Transmitter: The transmitter in a visible light communication system is an LED
luminaire. An LED luminaire is a complete lighting unit which consists of an LED
lamp, ballast, housing and other components. The LED lamp (also referred as an LED
bulb in simpler terms) can include one or more LEDs. The lamp also includes a driver
circuit which controls the current flowing through the LEDs to control its brightness.
When an LED luminaire is used for communication, the driver circuit is modified in
order to modulate the data through the use of emitted light. For example, in a simple
On-Off Keying modulation, the data bit “0” and “1” can be transmitted by choosing
two separate levels of light intensity. A crucial design requirement for VLC system is
that illumination, which is the primary purpose of the LED luminaries, should not be
affected because of the communication use. Hence, performance of the VLC system is
also affected depending on how the LED luminaires are designed. White light is by far
the most commonly used form of illumination in both indoor as well as outdoor
applications. This is because colors of objects (also known as color rendering) as seen
under the white light closely resemble the colors of the same objects under the natural
light. In solid-state lighting.

Fig 6. Li-Fi LED lamp

VLC Receiver: the photodetector is a semiconductor device that converts the
received light into current. The current commercial photodetectors can easily sample
the received visible light at rates of tens of MHz. This is made of semi-conductor
material and containing a PIN junction. The current is propagated in the photodiode
when photons are absorbed and a very less amount of current is also propagated when
there is no existing light. Accompanied by the increase of the surface area,
photodiodes have lingering 3 response times. Photodiode technology has been
victorious and widely used due to its normal and low-cost rugged structure.
Photodiodes have two apart operation modes, firstly rarely photovoltaic mode and
secondly photoconductive mode. In photovoltaic mode, credence in light is non-linear
and the dynamic range achieved is justly small and highest speed is also not acquire in
photovoltaic mode. In photoconductive mode, the credence on the light is very linear
and opposite voltage has no significant impact on light, but has a weak impact on
dark current (current achieved without light). The Photodiodes is comprehensively
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used in the electronics industry, especially in detectors and wide bandwidth optical
telecommunications systems.

Fig 7. PIN photodiode

8.3 Types of Link Configurations:

The classification of an indoor optical link depends upon two major factors: (i)
transmitter beam angle, i.e., degree of directionality, and (ii) the detector’ s field-of-view
(FOV), i.e., whether the view of the receiver is wide or narrow. Based on this, there are
mainly four types of link configuration, i.., directed line-of-sight (LOS), non-directed
LOS, diffused, and multi-beam quasi diffused links.

1. Directed LOS Link: In this type of link, the beam angle of transmitter as well as FOV
of receiver are very narrow. The transmitter and receiver are directed toward each
other. This configuration is good for point-to-point link establishment for indoor
optical communication. The advantages and disadvantages of directed LOS link are as
follows:

Advantages:

® Improved power efficiency as path loss is minimum
® Reduced multipath distortion

® Larger rejection of ambient background light

® Improved link budget

Disadvantages:

® Links are highly susceptible to blocking (or shadowing), and therefore, they cannot
provide mobhility in a typical indoor environment.

® Reduced flexibility as it does not support point-to-multipoint broadcast links.
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® Tight alignment between transmitter and receiver is required making it less
convenient for certain applications.

Figure 8 shows the pictorial representation of the link. This configuration has been
used for many years at low data rate for electronic appliances using remote control
applications like television or audio equipment. It provides point-to-point connectivity
between portable electronic devices such as laptops, mobile equipment, PDAs, etc.
Depending upon the degree of directionality, there is another version of LOS link called
hybrid LOS. In this case, transmitter and receiver are facing each other, but the divergence
angle of transmitter is much larger than FOV of receiver. This configuration provides larger
coverage area than directed LOS, but at the cost of reduced power efficiency, and it also
suffers from blocking problems.

Fig 8. Directed LOS link. [5]

2. Non-directed LOS Link: In this type of link, the beam angle of transmitter and
detector FOV is wide enough to ensure the coverage throughout the indoor
environment. Such links do not require tight pointing and alignment as compared to
directed LOS. However, in this case, the received irradiance is reduced for a given link
distance and transmitted power. This link is suited for point-to-multipoint broadcast
applications since it provides the desired high degree of mobility. In case of larger
room dimensions, the entire room can be divided into multiple optical cells, and each
cell is controlled by a separate transmitter with controlled beam divergence. The
advantages and disadvantages of this link configuration are as follows:

Advantages:

® Allows high user mobility

® Increased robustness against shadowing

® Alleviate the need of pointing

® Well suited for point-to-multipoint broadcast applications

Disadvantages:

® The received signal suffers from multipath distortion as the beam gets reflected
from walls or other objects in the room due to wider beam divergence

® Less power efficient
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Fig 9. Multi-beam non-directed LOS link [ 5]

3. Diffused Link: In this type of link, the transmitter is facing the ceiling/roof, and it
emits a wide beam of data energy toward the ceiling. The signal after it undergoes
multiple reflections from walls or room objects is collected by a receiver placed on the
ground with wider FOV. Its advantages and disadvantages are as follows:

Advantages:

® There is no requirement of alignment between transmitter and receiver as the
optical signal is uniformly spread within the room by making use of reflective
properties of walls and ceilings.

® This link is most robust and flexible as it is less prone to blocking and shadowing.

Disadvantages:
® Severe multipath distortion
@ High optical path loss typically 50-70 dB for a link range of 5m

Fig 10. Diffused link [5]

4. Multi-Beam Quasi Diffused Link: In this type of link, a single wide beam diffuse
transmitter is replaced by multi-beam transmitter, also known as quasi diffused
transmitter. The multiple narrow beams are pointed outward in different directions.
These optical signals are collected by angle diversity receiver [16, 5] placed on the
ground. Angle diversity of the receiver can be achieved in two ways: First is to employ
multiple non-imaging receiving elements oriented in different directions, and each
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element is having its own lensing arrangement/concentrators. The purpose of the
lensing arrangement or the concentrators is to improve the collection efficiency by
transforming the light rays incident over a large area into a set of rays that emerge
from a smaller area. This allows the usage of smaller photodetectors with lesser cost
and improved sensitivity. However, this approach is not a good choice as it will make
the receiver configuration very bulky. Second is by using the improved version of
angle diversity, also called “fly-eye receiver” [5]. It consists of imaging optical
concentrator with a segmented photodetector array placed at its focal plane. In both
the cases, the photocurrent generated by the individual receiver is amplified and
processed using various combining techniques. Various advantages and disadvantages
of this link are [5]:

Advantages:

® Provides high optical gain over wide FOV

® Reduced effect of ambient light source

® Reduced multipath distortion and co-channel interference
® Immunity against blockage near receiver

® Reduced path loss
Disadvantages:
® Complex to implement
® Costly
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8.4-Multipath Propagation with Reflected Paths:

Typically there are more than one LED in a luminaire. The receiving photodetector can
simultaneously receive (intensity modulated) signals from multiple LEDs. The received
optical power of the receiver can be calculated by summing the received power of each LOS
link within receiver’s fieldof-view (FOV) can be expressed as

Ppg(total) Z Pr(i)
(11)

where N is the total number of LEDs and PR(i) is the received optical power from LOS link of
(i) th LED.

Since the majority of the indoor surfaces are more or less reflective of visible light, it is
necessary to understand the impact of reflected paths on the performance of communication.
Spectral reflectance (p(A)) represents reflectivity of a surface (such as wall, ceiling etc.) as a
function of wavelength. It was noted in [10] that reflectivity of Infrared signal is higher
compared to the visible band. The spectral reflectance of commonly used building materials
like plaster wall, ceiling etc. was measured in [10] using a spectrophotometer. Fig. 12 shows
the results of measured reflectivity. It can be observed that plastic wall has the least
reflectivity while the plaster wall has the highest reflectivity. Because of the reflections, the
receiver receives signal from many different paths. Such multipath propagation can be
characterized using Power Delay Profile. The PDP gives the distribution of received power as
a function of propagation delay. A non-LOS signal can be bounced from many surfaces before
it reaches the receiver photodetector as shown in Fig. 13.
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8.5-Receiver Noise and SNR:

There are three major sources of noise in indoor visible light optical link ambient light
noise due to solar radiation from windows, doors etc. and noise due to other illumination
sources such as incandescent and fluorescent lamps, shot noise induced in the photodetector
by the signal and the ambient light and electrical pre-amplifier noise (also known as thermal
noise) of the photodetector. The ambient noise of solar radiation and artificial illumination
sources such as lamps results in ambient noise floor which is a DC interference. The effect of
such noise can be mitigated by using a electrical high pass filter at the receiver. Most of the
previous studies assume that this ambient noise floor remains stationary over space and time,
however, no systematic evaluation is present in the literature. For example, the indoor solar
radiation changes at different places depending on windows and doors. The radiation also
changes depending on the time of the day (and year) and orientation of the windows/doors.
Radiation from other illumination sources will also remain an unavoidable source of noise
until we completely transition to LED technology. It is required that exhaustive indoor
measurements are carried out to accurately account for such noise. Once the noise due to
solar radiation and artificial illumination sources is filtered, the SNR at the receiver can be
calculated based on the shot noise and the thermal noise of the photodetector circuitry as

Pg .2
SNR = £
(O'shot)z + (Jthef"mczﬂ)Q

(12)

where oshot and othermal are the standard deviation of shot noise and thermal noise
respectively. The shot noise is due to inherent statistical fluctuation in the amount of
photons collected by the photodetector. It is known that the photon counting follows a
poisson distribution which means that if the mean of number of photons collected by the
photodetector in a unit time is x, then the standard deviation of number of photons collected
is v x. This also results in poisson distributed variation in photoelectrons generated by the
photodetector.

The noise existing in VLC systems can be classified into two categories: noise from the light
including the quantum noise (or photon fluctuation noise) from the optical signal itself and
the background radiation noise from ambient light, and noise from the receiver devices such
as dark current noise, thermal noise, and 1/f noise. Many types of noise can be regarded as
shot noise in the wireless optical link, such as dark current noise, quantum noise, and
background radiation noise. Specifically, dark current noise is due to random generation of
electrons and holes within the depletion region without photon-induced excitation, which is
signal-independent. Quantum noise is produced by the random arrival rate of photons from
the optical source, which is signal-dependent. On the other hand, background radiation noise
is caused by the reception of the photons from ambient light, which is signal-independent
and can be modeled as being additive, white, and Gaussian due to its high intensity. For many
application scenarios, the received signal-to-noise ratio (SNR) is limited by the background
radiation noise, which is much stronger than the quantum noise from the optical source as
well as other noise sources. Next, various noise types in VLC systems are detailed as below.
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A. Quantum noise: Quantum noise or photon fluctuation noise is caused by the discrete
nature of the photons from the optical source. When the optical power from the light
source is kept unchanged, the number of arrival photons is statistically constant
during a long period. However, in a short time interval, the number of photons follows
a Poisson distribution.

Pn=k)=—e ", k=1,2---
(13)

where A is the average number of arrival photons per interval and n is the number of arrival
photons in a given time interval. Since intensity modulation is usually employed in VLC
systems, the quantum noise always appears to be shot noise, which has a one-sided power
spectral density in unit of A%2/Hz as

02 = 2qipy.
(1.4)

where ¢ is the electronic charge, ipc denotes the photocurrent and we have ipc = RPLED,
where R is the photodiode responsivity and PLED is the light source power.

B. Background radiation noise: Background radiation noise or ambient light
noise is caused by the reception of the photons from the environment. Ambient light
sources include the sun, the sky, incandescent lamps, and fluorescent lamps.
Background radiation noise is signal independent and can be modeled as being
additive, white, and Gaussian due to its high intensity. In the NLOS link case where a
wide FOV receiver is employed, the received SNR is limited by the background
radiation noise that is much stronger than the quantum noise from the optical source
as well as other noise sources even with the adoption of the optical filters.

When the spectral radiance Le (W m™2 'sr~1"Hz™1) is assumed to be independent of
the wavelength, the received background noise power can be expressed as [18]
COS
Pbg - LCQSATOg(w)Boptﬂ
cos(f)

(15)

where Qs is part of the FOV subtended by the background source at the receiver, To is the

transmittance of the atmosphere, and Bop is the bandwidth of the optical filter, the

background noise power strongly depends on the FOV and the optical bandwidth of the
receiver, and its variance is given by

2
or, = 2qB, RE
R

where Bpa is the electrical bandwidth of the photodiode
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C. Thermal noise: Thermal noise or Jonson-Nyquist noise is caused by the random
fluctuation of the charge carriers (usually electrons) in any conducting medium at a
temperature higher than the absolute zero temperature. The power spectral density of
thermal noise remains constant (“white”) in a wide frequency range up to the near-
infrared frequency. Considering the independent agitation of massive charge carriers,
the thermal noise obeys Gaussian distribution according to the central limit theorem.
The variance of the thermal noise in the noisy resistor in A% - Hz"! is given by

) AKT

Othermal —

Rr (L7)

where Rr is the resistance. Thermal noise in the noisy resistor can be modeled as a voltage
source (Veq = v4KTRE) in series or a current source (leq =0 thermal) in parallel with a
noiseless resistor with a resistance Rr. In both cases, the sources generate the Gaussian white
noise.

D. 1/f noise: 1/f noise is an intermediate between white noise and Brownian noise caused
by Brownian motion, whose power spectral density is given by

Sl/f(f) - f%(18)

where c is a constant and o denotes the exponent satisfying 0 <a< 2 (usually close to 1). 1/
noise is not white and becomes strong at low frequencies.

E. Dark current noise: Dark current is an electric current, which exists in the
photodiode even when there is no incident light. The dark current in the p-n junction
based devices consists of the surface and bulk currents which are caused by the
random generation of the electron-hole pairs thermally or tunneling between the
conduction band and the valence band. Thus, it is related to the loaded bias voltage
and photodiode temperature. The dark current can be divided into two categories: the
surface dark current and the bulk current. The surface current contains the surface
generation-combination current and the surface leakage shunt current, while the bulk
current is made of the bulk diffusion current, the bulk generation-combination
current and the bulk tunneling current. Since the dark current causes random
fluctuations of the average photocurrent, it usually exhibits as shot noise with a
variance of

2 .
04 qDpdld (19)

where iq is the dark current.
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8.6 ~-Multiple access:

A seamless all-optical networking solution can only be realized with a suitable multiple
access scheme that allows multiple users to share the communication resources without any
mutual cross-talk. Multiple access schemes used in RF communications can be adapted for
OWTC as long as the necessary modifications related to the IM/DD nature of the modulation
signals are performed. OFDM comes with a natural extension for multiple access — OFDMA.
Single-carrier modulation schemes such as PPM and PAM require an additional multiple
access technique such as frequency division multiple access (FDMA), time division multiple
access (TDMA), or code division multiple access (CDMA). OFDMA has been compared with
TDMA and CDMA in terms of the electrical power requirement in a flat fading channel with
additive white Gaussian noise (AWGN) and a positive infinite linear dynamic range of the
transmitter [27]. FDMA has not been considered due to its close similarity to OFDMA, and
the fact that OWC does not use superheterodyning. In addition, due to the limited
modulation bandwidth of the front-end elements, FDMA would not present an efficient use
of the LED modulation bandwidth. CDMA demonstrates the highest electrical power
requirement, since the use of unipolar signals creates significant ISI. TDMA is shown to
marginally outperform OFDMA in this setup. The increased power requirement of OFDMA
comes from the higher DC-bias level needed to condition the OFDM signal within the
positive dynamic range of the LED. However, in a practical VLC scenario, where the
functions of communication and illumination are combined, the difference in power
consumption between OFDMA and TDMA would diminish as the excess DC-bias power
would be used for illumination purposes. Furthermore, TDMA and CDMA systems
experience low-frequency distortion noise due to DC wander in electrical components or
flickering of background illumination sources, as well as severe ISI in the practical dispersive
and frequency selective channel. Therefore, the design complexity of TDMA and CDMA
systems increases as suitable techniques to deal with these issues need to be implemented. In
OWC, there exists an additional alternative dimension for achieving multiple access. This is
the color of the LED, and the corresponding technique is wavelength division multiple access
(WDMA). This scheme can reduce the complexity of signal processing at the expense of
increased hardware complexity. This is because each AP would require multiple LEDs and
PDs with narrow-band emission and detection spectra. Alternatively, narrow-band optical
filters can be employed. However, the variation of the center wavelength generally results in
variation of the modulation bandwidth, the optical emission efficiency of the LED, and the
responsivity of the PD. This corresponds to a variation of the signal-to-noise ratio (SNR) and
capacity in the different multiple access channels, which complicates the fair distribution of
communication resources to multiple users.
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8.7 ~Uplink:

Until now, research has primarily focused on maximizing the transmission speeds over
a single unidirectional link [30,31]. However, for a complete Li-Fi communication system, full
duplex communication is required, i.e. an uplink connection from the mobile terminals to the
optical AP has to be provided. Existing duplex techniques used in RF such as time division
duplexing (TDD) and frequency division duplexing (FDD) can be considered, where the
downlink and the uplink are separated by different time slots or different frequency bands,
respectively. However, FDD is more difficult to realize due to the limited bandwidth of the
front-end devices, and because superheterodyning is not used in IM/DD systems. TDD
provides a viable option, but imposes precise timing and synchronization constraints similar
to the ones needed for data decoding. However, TDD assumes that both the uplink and the
downlink transmissions are performed over the same physical wavelength. This can often be
impractical as visible light emitted by the user terminal may not be desirable [28]. Therefore,
the most suitable duplex technique in Li-Fi is wavelength division duplexing (WDD), where
the two communication channels are established over different electromagnetic wavelengths.
Using IR transmission is one viable option for establishing an uplink communication channel
[28]. A first commercially available full duplex Li-Fi modem using IR light for the uplink
channel has recently been announced by pureLi-Fi [29]. There is also the option to use RF
communication for the uplink [28]. In this configuration, Li-Fi can be used to off-load a large
portion of data traffic from the RF network, thereby providing significant RF spectrum relief.
This is particularly relevant since there is a traffic imbalance in favor of the downlink in
current wireless communication systems.

8.8-The Attocell:

In the past, wireless cellular communication has significantly benefited from reducing
the inter-site distance of cellular base stations. By reducing the cell size, network spectral
efficiency has been increased by two orders of magnitude in the last 25 years. More recently,
different cell layers composed of microcells, picocells, and femtocells have been introduced.
These networks are referred to as heterogeneous networks [38, 39]. Femtocells are short-
range, low transmission power, low-cost, plug-and-play base stations that are targeted at
indoor deployment in order to enhance coverage. They use either cable Internet or broadband
digital subscriber line (DSL) to backhaul to the core network of the operator. The
deployment of femtocells increases the frequency reuse, and hence throughput per unit area
within the system, since they usually share the same bandwidth with the macrocellular
network. However, the uncoordinated and random deployment of small cells also causes
additional inter- and intra-cell interference which imposes a limit on how dense these small
base stations can be deployed before interference starts offsetting all frequency reuse gains.
The small cell concept, however, can easily be extended to VLC in order to overcome the high
interference generated by the close reuse of radio frequency spectrum in heterogeneous
networks. The optical AP is referred to as an attocell [40]. Since it operates in the optical
spectrum, the optical attocell does not interfere with the macrocellular network. The optical
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attocell not only improves indoor coverage, but since it does not generate any additional
interference, it is able to enhance the capacity of the RF wireless networks. Li-Fi attocells
allow for extremely dense bandwidth reuse due to the inherent properties of light waves. The
coverage of each single attocell is very limited, and walls prevent the system from
experiencing co-channel interference (CCI) between rooms. This precipitates the need to
deploy multiple APs to cover a given space. However, due to the requirement for illumination
indoors, the infrastructure already exists, and this type of cell deployment results in the
aforementioned very high, practically interference-free bandwidth reuse. Also a byproduct of
this is a reduction in bandwidth dilution over the area of each AP, which leads to an increase
in the capacity available per user. The user data rate in attocell networks can be improved by
up to three orders of magnitude [41]. Moreover, Li-Fi attocells can be deployed as part of a
heterogeneous VLC-RF network. They do not cause any additional interference to RF macro-
and picocells, and hence can be deployed within RF macro-, pico-, and even femtocell
environments. This allows the system to vertically hand-off users between the RF and Li-Fi
subnetworks, which enables both free user mobility and high data throughput. Such a
network structure is capable of providing truly ubiquitous wireless network access.
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II-Section Two

1-Multiuser Access in LIFI:

As a wireless broadband technology, Li-Fi can provide multiple users with simultaneous
network access. In previous research [11], optical space division multiple access (SDMA) has
been studied by using an angle diversity transmitter. When compared with the optical time
division multiple access (TDMA) technique, it has been shown that optical SDMA can
achieve more than tenfold increase in the system throughput within a Li-Fi network.
However, such performance enhancement requires careful design of the angle diversity
transmitter and time-consuming user-grouping algorithms based on exhaustive search.
OFDM provides a straightforward method for multiuser access, i.e. orthogonal frequency
division multiple access (OFDMA), where users are served and separated by a number of
orthogonal subcarriers. However, unlike RF systems, no fast fading exists in Li-Fi systems
and the indoor optical wireless channel shows the characteristic similar to the frequency
response of a low-pass filter. Hence, subcarriers with lower frequencies generally provide
users with high SNR statistics. Therefore, it is important in OFDMA to use appropriate user-
scheduling techniques to ensure that fairness in the allocation of resources (subcarriers) is
maintained. In order to enhance the throughput of cell edge users, non-orthogonal multiple
access (NOMA) was proposed in [12] for RF communication systems. By utilizing the
broadcasting nature of LEDs, it was shown in [13] that the performance of a Li-Fi network
can be efficiently enhanced with the application of NOMA. Different from conventional
orthogonal multiple access technologies, NOMA can serve an increased number of users via
non-orthogonal resource allocation, and it is considered as a promising technology for 5G
wireless communication [14]. There are various multiplexing schemes for NOMA, however,
in this paper the focus is on a single variant, namely power-domain multiplexing. In this
scheme, successive interference cancellation (SIC) is used at the receiver side to cancel the
inter-user interference.
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2-. Multiuser access in single Li-Fi attocell:

The basic principle of downlink NOMA is shown in Fig.I1.2 where the LED broadcasts a
super-positioned version of the messages intended for a group of users of interest. Based on
power-domain multiplexing, the super-positioned signal is given as a summation of signals,
with each multiplied by a weighing factor. Due the fact that the indoor LoS channel is
deterministic and strongly related to the Euclidean distance of the transmission link, the
channel qualities or the signal-interference-plus-noise ratios (SINRs) may fluctuate
significantly among users. For this reason, the interfering signal is detected and canceled in a
descending order of the SINR at each receiver (excluding the user with the worst channel
quality). Furthermore, in the process of signal detection, the interfering signals whose power
are smaller than the useful signal power are treated as noise. Consider the downlink Li-Fi
transmission in a single attocell, in which the optical access point (AP) is located in the
ceiling and K mobile users are uniformly scattered within a disc underneath. Without loss of
generality, all of the users are first indexed based on their channel conditions, so that hy < -+ <
hi ¢ - < hg, where hi represents the optical channel gain between the k-th user and the Li-Fi
AP. In order to balance user data rate regardless of their geographical locations, the power
partition parameters, denoted by ay, are set so that users with poorer channel equalities are
allocated more signal power (a1 2 * - - 2 ax 2 " - - 2 ak), at the same time satisfying the total
power constraint. Assuming perfect knowledge of the channel state information (CST) and
SIC signal processing at the receiver side, the Shannon limit on spectral efficiency for each
user, denoted by Tk, can be found as:

log, | 1 (hyar)® k
gQ + K 1 7£ K

> (hkai)?+5
i=k+1

logy (1+ p(hiar)?), k=K

Tk

(IL1)

where p represents the transmitted SNR at the Li-Fi AP. As shown in Fig. 6, the performance
of NOMA is simulated in a Li-Fi attocell setup with two users. The parameters listed in Table
[ are used. It can be seen from Fig. I1.2 that, when compared with the conventional TDMA
technique, NOMA can always increase the sum throughput of Li-Fi networks. Also, from the
slope of the curves, it is indicated that NOMA can further enhance the performance of users
at the cell edge, without significantly deteriorating the performance of other users with
better channel qualities.
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Fig. I1.2 Shannon spectral efficiency comparison between NOMA and TDMA in a Li-Fi attocell setup (two-user
example): (a) two users with similar channel conditions; (b) two users with distinctive channel conditions.
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3-Multiuser access in Li-Fi attocell network:

Due to the overlapping coverage area of adjacent Li-Fi APs, the cell edge users will
experience increased interference from neighbouring attocells. As shown in Fig.I1.3, cell edge
user 1 in Li-Fi attocell 1 also receives the unwanted signal transmitted from the AP in LiFi
attocell 2. Therefore, directly using NOMA in a Li-Fi network cannot efficiently mitigate
interference transmitted from adjacent attocells. This inter-cell interference can be efficiently
reduced or mitigated through intelligent frequency planning techniques, however, with the
disadvantage of reducing the frequency utilisation efficiency. One promising and effective
solution to enhance the performance of cell edge users in a Li-Fi network is the combination
of NOMA and SDMA. Unlike [11], where SDMA is realised with the use of an angle diversity
transmitter, in this paper SDMA is based on a coordinated multi-point (CoMP)-aided joint
transmission technique. Specifically, users at different locations are served simultaneously
with the use of transmit pre-coding (TPC). After the signal propagating through the optical
channel to the receiver side, inter-user interference is mitigated aided by TPC and SDMA.
Take Fig. I1.3 as an example, since user 1 and user 3 can receive signals from both LED 1 and
LED 2, their ‘spatial signatures’, i.e. optical channel gains, are exploited for designing the TPC
vector. As a result, transmission links from both LEDs are added constructively to help
enhance the performance of user 1 and user 3 at the cell edge. CoMP-aided SDMA requires
the Li-Fi APs to have knowledge of both the message data and CSI of user 1 and user 3. Note
that in such a Li-Fi network, only the cell edge users are coordinated for joint transmission.
Therefore, the added signaling overhead and complexity in exchange for enhanced system
performance are not significant. Different from Fig. I1.1, where only user 2 needs to cancel the
interfering signal for user 1, in Fig. I1.3 user 2 needs to cancel the pre-coded version of the
signals intended for both user 1 and user 3. As shown in Fig. 8, the performance of NOMA in
combination with SDMA is simulated in a Li-Fi network with two neighbouring attocells.
The setup for Li-Fi APs and users is similar as the one shown in Fig. 16, where the locations of
user 1, 3 and 4 are fixed while user 2 is moved from the cell edge (Fig. I1.4 (a)) to the cell
center (Fig. IL.4 (b)). The theoretical Shannon spectral efficiency is computed for both users
in attocell 1. As shown in Fig. 17, if no intelligent interference management techniques are
used, the performance of TDMA in a typical Li-Fi network is severely affected by inter-cell
interference. On the other hand, the throughput of a Li-Fi network can be greatly increased
by using NOMA and SDMA techniques.
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while user 2 is near the cell center. [15]
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4. Modulation schemes:

4.1-Introduction:

The data transmission in optical wireless communication (OWC) with incoherent light
sources is realized through intensity modulation and direct detection (IM/DD). For this
purpose, the transmitted signal needs to be real-valued and non-negative. In practice, this is
achieved by single-carrier modulation techniques, such as multi-level pulse position
modulation (M-PPM) and multi-level pulse amplitude modulation (M-PAM), and through
multi-carrier modulation such as multi-level quadrature amplitude modulation (M-QAM)
optical orthogonal frequency division multiplexing (O-OFDM). Conventionally, the average
optical power is defined as the first moment of the transmitted signal, while the average
electrical power is defined as the second moment of the transmitted signal. In practice, the
dynamic range can be linearized through pre-distortion only between levels of minimum and
maximum radiated optical power. In addition, eye safety regulations [15] and/or design
requirements also impose an average optical power constraint. Because of these constraints,
there is a fixed relation between average electrical power and the average optical power of
the single-carrier and multi-carrier signals which varies with the change in the biasing setup,
i.e. a combination of direct current (DC) bias and signal variance. The optical-to-electrical
(O/E) conversion of the optical signals is investigated in this chapter. In this study, the
electrical energy consumption of the OWC system is considered, and therefore the average
electrical power carries the information [16]. Here, the received electrical signal-to-noise ratio
(SNR) is presented as a function of the channel equalization penalty, the DC-bias penalty,
and the nonlinear distortion parameters. The analytical framework is verified by means of a
Monte Carlo bit-error ratio (BER) simulation [17, 18, 19].

VLC Modulations

Schemes
|
SCM MCM Other
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—p OOK
OFDM CSK
e  PWM
ey VLC: visible light OFDM: orthogonal frequency
' : communication modulation
SCM: single carrier modulation M-PPM: M-ary pulsc position
"  M-PPM OOK: on-off-keying modulation
PWM: pulse width modulation VPAPM: variable pulse amplitude
PPM: pulse position modulation position modulation
— YOOK VOOK: variable on-off keying PWM: PPM: pulse position
modulation
VPAPM ‘ CSK: Color shift keying

Fig IL.5. Different Modulation schemes [16]
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4.2-Modulation schemes

With comprehension of signal loss due to the distance range occurred is considered as
path-loss, environmental noises, and signal to noise ratio (SNR). Various modulation
schemes are used in VLC. The most prominent difference in VLC and RF technology is the
VLC could not be encoded over phase and amplitude [3]. It implies that phase and amplitude
encoding can’t be employed in VLC. In VLC system encoding is done through the intensity of
light waves. The demodulation relies upon the direct detection of the data receiver. VLC
achieved higher data rates and convene the necessities of visible light to humans. The
prerequisites about recognize light can be portrayed under below techniques.

4.2.1-Dimming:

It was proposed in [4] that various levels of lighting intensities are needed while
performing different types of actions. The light intensity is measured in Lux and illuminance
range of 30-100 Lux is sufficient for diminishing the darkness to perform the visual task in
open spots. Conversely, a higher level of light intensity required for offices and residential
applications in the range of 300 - 1000 Lux. The advancement in LED driver circuits day by
day, it has turned out to be promising to dim an LED to a random level contingent upon the
application needs to save energy source. It is necessary to understand the impact of random
level of LED light intensity which is visible to human eye. It is shown in [20] that the
nonlinear response has been observed between the measured and perceived light as shown in
Fig. I1.6. The human eye is able to acclimatize to the low level of illumination through
expanding the pupil to permit more light to enter the eye. The calculated [20] perceived light
from the measuring light as in Equation (1)

d light(%)
00

Perceived light (%) =100 x \j Measur;:

(11.2)
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Fig. IL.6 The human eye perceives the actual measured light differently due toenlargement/contraction of the

pupil. [20]

It has been observed that the lamp is darkened 1% of its measured light but human eye
perceived it with an increase of 9% and overall light intensity is 10%. The users have an
authentication to select the arbitrary level depending on the application and required energy
saving but dimming could not impact the communication. The modulation is deployed on the
data which supports the dimming level for receiving complete information without affecting
the data transmission.

4.2.2-Flicker mitigation:

The extra requirement for VLC modulation schemes are that it should not bring human
eye perceive fluctuations in the intensity of light. It has been observed in [21] that
fluctuations can cause genuine unfavorable physiological changes in humans. Therefore, it is
important that fluctuations in the light intensity should occur faster than the human eye can
perceive it. IEEE 802.15.7 standard [22] proposes that the flickering in the intensity of light
should be faster than 200 Hz to escape any unsafe impacts. It was noted that the modulation
schemes for VLC should alleviate the fluctuations while offering higher data rate for
communication. The most prominent reason for flickering is the long run of 0s and 1s which
can decrease the rate at which light intensity changes and cause the fluctuation. Long run of
Os and Is can be alleviated by using the Run Length limited (RLL) codes. It guarantees that
the output sequence has balanced reiterations of Os and 1s. Manchester, 4B5B, and 8BIOB are
commonly used for RLL codes. In Manchester coding “0” is substituted with “down”
transition (“10”) and “1” is denoted “up” transition (“01”). The mapping of 4B6B is done
through 4 bits symbol to 6-bit symbol that has to adapt the duplications. In the same way,
the 8-bit symbol is mapped into 10 bits symbol in 8B10B. The number of extra data bits are
included is required in Manchester coding make it a reasonable and suitable choice for low
data rate services that require better control of the Os and 1s balance. The poor performance
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of 8BI0B has been observed in the DC balancing and it removes the additional bits added for
high data transmission. The discussion of modulation schemes is deliberated and used for
VLC communication (1) OnOff Keying (2) Pulse Modulation (3) Orthogonal Frequency
Division Modulation (OFDM) and (4) Color Shift Keying modulation. The mentioned above
schemes will be discussed and also how they help in VLC communication to dimming factor.

4.2.3-On-Off Keying (OOK):

In OOK, the data bits 1 and 0 are represented by LED on-off respectively. In off state, the
intensity of light decreased not completely turned off. The main feature of OOK is its
simplicity and easy implementation. It is mostly adopted by the wireline communication. In
early work, the majority of the researchers have used OOK modulation for VLC using White
LED. It produces the blue emitter with a yellow phosphor. The significant limitation of white
LED is its restricted transfer speed (few megahertz [23]) because of the slow response time of
yellow phosphor. It is proposed by [24] to utilize NRZ (Non-Return-to-Zero) OOK with the
white LED and VLC link was demonstrated with the data rate of 10 Mbps. The blue filter is
used to remove the slow response rate of the yellow component resulting in a data rate of 40
Mbps [23]. Thus, [25] and [26] has proposed to consolidate the blue filtering with simple
equalization at receiver to confine and achieve data rates of 100 Mbps and 125Mbps
respectively. The performance can be enhanced through suitable photodiode selection. The
authors in [42] demonstrated that the avalanche photodiode works well rather than the P-I-
N photodiode at the receiver side. Through avalanche photodiode, the data rate was achieved
up to 230 Mbps. The white light is produced by the combination of RGB frequencies. The
main factor of the white LEDs is that they have not the slow response time. RGB white LEDs
needs three separate driving circuits to escape the white light. In this paper [43] a distinctive
approach is used and it has been observed that the RGB white LED was utilized but only the
red LED is modulated by the data transmission while remaining to provide illumination. The
authors have used P-I-N photodiode and achieved a data rate of 477 Mbps but could not
provide the range of distance. The two methods were proposed in IEEE Standards in [22] as
IEEE 802.15.7 which offers dimming support OOK is used as a modulation scheme.

1) Redefine ON and OFF levels: To accomplish the desired level of dimming, the
different levels of light intensity are allocated to the ON and OFF levels. The benefit of
this technique is that desired level of dimming can be acquired without adding an
overhead bit. It retains the data rate which is same as NRZ-OOK modulation,
similarly, the communication range reduces at low dimming levels. The noticeable
drawback is utilizing lower intensities of light for ON/OFF makes the LEDs be
worked at low power driving circuits which is, in turn, has shown to acquire changes
in rendering ( radiated shade of LED changes) [44].

2) Compensation periods: The solution of the problem is the additional compensation
periods are added with the same ON and OFF level of modulation when the LED fully
turned on is known as ON periods or off ( OFF periods). The term duration of
compensation periods is determined based on the desired level of dimming. In
particular, if the required dimming level should be more than 50% the ON periods are
added otherwise the OFF periods are added. In [45] authors have presented a
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calculating method of dimming level based on the percentage time of active data
transmission (y ) within the transmission interval T to obtain a dimming level of D as
_[(2-2D)x100 :D>0.5
y‘{ 2Dx100  :D<0.5
(IL.3)
When the desired dimming level is D with OOK, the maximum communication efficiency ED
can be calculated [15] using information theoretic entropy as

E,=-Dlog, D~(1-D)log, (1-D)
(1L4)

It implies that communication system efficiency is a triangular function of the dimming level
with maximum proficiency at dimming level of 509%. The efficiency drops linearly when the
dimming level decrease in between 0% to 100%. The data rate is reduced due to
compensation periods used in dimming. The ON/OFF modulations have unchanged intensity
property and also the range of communication is unchanged. To mitigate this problem of low
data rate with compensation periods, in [46] suggested using inverse source coding to
preserve high data rate while achieving the desired level of dimming.

4.2.4-Pulse Modulation Methods:

Pulse Modulation Methods: OOK offers different features such as simple and feasible
implementation; the main restriction is its lower data rates particularly when maintaining
various dimming levels. It is the motivation for design alternative modulation schemes based
on pulse width and position which are expressed as follows: Pulse Width Modulation
(PWM): A proficient method of accomplishing modulation and dimming through the use of
PWM. In this scheme, the width of pulses is balanced based on the required dimming level
while the pulses themselves take modulation signal in the form of a digital pulse. The data is
transmitting when the brightness of the LED light is full. Based on dimming requirement data
rate can be accommodated and adjusted. In [47] authors observed that the higher data rates
can be achieved through any dimming level 0% to 100% with the modulation technique of
PWM frequency. One of the most important advantages of PWM is that it achieves the
dimming without changing light intensity; therefore it does not require any color shift like
redefine on and off levels in the LED. PWM has a limited data rates up to 4.8kbps [47]. To
cater this restriction, in [48] intended to consolidate PWM with Discrete multi-tone for
jointing dimming control and communication. On transmitter-side communication based on
DMT disjointed with dimming based on PWM. The Quadrature Amplitude Modulation
(QAM) is bit-streamed and mapped to symbols as shown in Fig IL.7
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Fig. IL.7 Transmitter block diagram of DMT transmitter with dimming control (top). An example of how 50%
PWM -controlled dimming signal can be combined with a DMT signal [48]

Pulse Position Modulation (PPM): In visible light communication another modulation
depends upon the pulse position. The symbol duration is segmented into t time slots of equal
duration in PPM technique. In one time slot, the pulse is transmitted. The transmitted pulse
is recognized through the position of the pulse due to its simplicity and numerous early
designs [48], [49] of optical wireless communication adopt the PPM as a modulation. PPM is
used for infrared communication in earlier work, in this work [50] has recommended the use
of rate adaptive transmission schemes where redundancy coding is used to elegantly reduce
data throughput in presence of poor channel condition. Researchers have proposed in [51] a
rate variable penetrated convolution coded PPM applied in infrared communication systems
and it adopts modulation order with the channel conditions through Convolution codes. For
higher data rates both rate adaptive techniques were used. One is the repeated and another
one is punctured convolution coded PPM [52]. Because of the restrictions of lower spectral
efficiency and data rate of PPM (only one pulse per symbol duration), a different variation of
pulse position based modulation has been suggested over time. The overlap PPM (OPPM)
which enables the more symbols duration transmitted through one pulse [50] and the
different symbols can be seen in Fig. 11.8. [54] Demonstrated that OPPM not only acquired
higher spectral efficiency but also a wide range of dimming levels can be achieved along with
higher data rates. The other type of PPM was proposed by [55] which is known as Multi-
pulse PPM (MPPM). OPPM, it enables numerous pulses to be transmitted amid the single
symbol duration, however, the pulses within symbol duration do not need to be consistent as
shown in Fig. 4. It has been observed and shown in [50] that MPPM can acquire a higher
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spectral efficiency contrasted to OPPM. In [56] authors have suggested with introducing
variation in PPM through a combination of OPPM and MPPM schemes is known as
Overlapping MPPM (OMPPM). In this technique, more than one pulse position represents a
single optical signal. It was observed that the OMPPM can improve the spectral efficiency of
MPPM without the extension of data transfer capacity in noiseless photon tallying channel.
Additional noisy channel performance analysis is demonstrated in [57]. In [58] OPPM with a
low number of time slot and more number of pulses per symbol has better cut-off rate
performance. In presence of background noise, the effectiveness in terms of direct detection
addressed in Trellis-coded OMPPM [59]. [60], including other modulation schemes for VLC
is differential PPM (DPPM) was proposed in [61] which is similar to PPM but the OFF
symbol was removed and next symbol starts right after the pulse of the previous symbol. The
DPPM requires low power than PPM for given bandwidth in the optical communication
channel. Authors in [62] have proposed differential overlapping PPM (DOPPM) where
differential cancellation of OFF symbols is used to OPPM and presents that it accomplish
better spectral and cut-off performance than PPM, DPPM, and OPPM. This paper [61] has
proposed EPPM (Expurgated PPM) where the symbol of MPPM are purged to maximize the
inter-symbol distance. The number of pulses per symbol and length of symbols is changed to
support dimming support through EPPM rather than PPM [62]. The flickering can be
mitigated by EPPM as with the PPM modulation technique.

t0 1
PWM
t 0 1
PPM
t 0 1
VPPM
t S1 S2 S3 S4
OPPM
t S1 S2 s3
MPPM D D B

Fig 11.8 Schematic diagram showing the difference between Pulse Width Modulation (PWM), Pulse Position
Modulation (PPM), Variable Pulse Position Modulation (VPPM), Overlapping Pulse Position Modulation

(VPPM) and Multi-pulse Pulse Position Modulation (MPPM); Sn refers to the nth symbol. [54]

Multi level EPPM (MEPPM) broadens the EPPM design with support to multiple amplitude
levels in order to increase the constellation size and spectral efficiency [63]. IEEE 802.15.7
[22] standard proposed a pulse modulation scheme call it a variable PPM (VPPM) which is
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the consolidation of PPM and PWM. In this, different position of pulses is encoding with
bits. The width depends on the requirement. VPPM holds that simplicity and heftiness of
PPM while permitting distinctive dimming levels by change the pulse width.

4.2.5-Color Shift Keying (CSK) :

To overcome the lower data rate and limited dimming support issues of other modulation
schemes, IEEE 802.15.7 standard [63] proposed CSK modulation which is specifically
designed for visible light communication. CSK has attracted increasing amount of attention
from research community in last couple of years [64]-[65]. As we discussed before,
generating white light using blue LED and yellow phosphorus slows down the fast switching
ability of LED and hinders high data rate communication. An alternative way to generating
white light which is recently becoming more and more popular is to utilize three separate
LEDs - Red, Green and Blue (RGB). This combined source with RGB LEDs is often referred
as Tri-LED (TLED). CSK modulates the signal using the intensity of the three colors in the
TLED source. CSK modulation relies on the color space chromaticity diagram as defined by
CIE 1931 [66] Fig 11.9.The chromaticity diagram maps all colors perceivable by human eye to
two chromaticity parameters - x and y. The entire human visible wavelength is divided into
seven bands as shown in Table II.1 and their centers are marked in Fig. I1.9 Based on the
diagram, the CSK modulation [63], [65] is performed as follows:

1) Determine RGB constellation triangle: The constellation triangle is decided based
on the center wavelength of the three RGB LEDs used in the TLED source. Tablell.1
shows the valid color band combinations as proposed by [65] that can be chosen as
the constellation triangle depending on the central wavelength of the RGB LEDs. For
the purpose of illustration, let us assume that we choose the CSK constellation
triangle to be (110, 010, 000) as shown in Fig. 16a (example adapted from [65]).
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Fig. I1.9. CIE 1931 Chromaticity Diagram; The seven color codes correspond to the centers of seven
bands dividing the visible spectrum as shown in Table IL1; reproduced from [67].
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Band (nm) | Code | Center (nm) (x, y)
380-478 000 429 (0.169, 0.007)
478-540 001 509 (0.011, 0.733)
540-588 010 564 (0.402, 0.597)
588-633 011 611 (0.669, 0.331)
633-679 100 656 (0.729, 0.271)
679-726 101 703 (0.734, 0.265)
726-780 110 753 (0.734, 0.265)

TABLE IL 1: The seven bands used in CSK and their code, center and chromaticity coordinates.

Band i | Band j | Band k
1 110 010 000
2 110 001 000
3 101 010 000
4 101 001 000
5 100 010 000
6 100 001 000
7 011 010 000
8 011 001 000
9 010 001 000

TABLE I1.2: Valid color band combinations that can be chosen for building the constellation triangle for CSK.
[65]

2) Mapping data bits to chromaticity values: Depending on 4CSK, 8CSK or 16CSK
being used, the chromaticity values of symbols can be derived from the constellation
triangle. For our example, Figs. 23b, 23c and 23d show how data bits can be
represented using the symbols for 4CSK, 8CSK and 16CSK. Determining the position
of the symbols in the constellation design requires solving an optimization problem
where the distance between the symbols should be maximized to minimize the inter-
symbol interference. Note that there is an additional constraint in the problem which
ensures that the symbols should be equally distributed in the triangle so that the
combined light emitted when transmitting different symbols is perceived by the
human eye to be white light only. The optimization problem has been studied in [68]-
[69] as we discuss next. Once the symbol coordinates are decided, each symbol is
assigned a bit sequence (e.g. in 4CSK, the 4 symbols are assigned 00, 01, 10 and 11
respectively), which is then used to map the incoming bits to the symbols.

3) Determine the intensities of RGB LEDs:
The symbols are transmitted by varying the intensities of the RGB LEDs. The
individual intensities of the three LEDs (Pi, Pj and Px) for each symbol is calculated
by solving the following equations (I1.5):
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rs = Pix; + Pjx; + Prxy
ys = Piyi + Pjy; + Pryx

P; + Pj + P =1
(IL5)

where x; and ys are the chromaticity values of the symbol (Fig. I1.10), and (xi, yi), (Xj,
yj ) and (xk, yk) are the chromaticity values of the central wavelength of the RGB LEDs
being used (three points of the constellation triangle). The receiver uses the R, G and
B intensities to decode the transmitted signal. Dimming support in CSK is simply
amplitude dimming where the driving current of the LEDs is varied to change the
brightness of resultant white light. Also, different from OOK and pulse modulations,
flickering is not a problem with CSK since no amplitude variation is employed. Due to
these advantages, researchers have recently attempted to improve the CSK scheme of
IEEE 802.15.7 by designing its generalized forms with arbitrary constellation. Authors
in [68] presented a CSK constellation design technique based on Billards equivalent
disk packing algorithm. Similarly, [70] and [71] developed similar techniques with the
use of different optimization algorithms such as interior point methods. All the
constellation design techniques are designed to meet the color balance requirement
where the TLED source is required to produce any desired color for illumination. The
use of four LEDs (blue, cyan, yellow and red) was suggested in [69]. With four LEDs,
it is possible to achieve a quadrilateral constellation shape that allows QAM-like
constellation design. The presented system is shown to be more energy efficient as
well as reliable (less inter-symbol noise) compared to the conventional CSK with 3
LEDs. The RGB tri-LED can also be used to implement Wavelength Division
Multiplexing (WDM) - a multiplexing technique commonly used in fiber optics
communication. Authors in [72] proposed modulating separate data streams on three
colors which together multiplex to white light. With the use of DMT, an aggregate
data rate of 803 Mbps was shown to be achievable using single RGB LED in [72].
Authors in [73] proposed the use of carrier-less amplitude and phase modulation on
WDM VLC system with RGB LED to achieve a data rate of 3.22 Gbps.
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4.2.6- Orthogonal Frequency Division Multiplexing (OFDM):

Multicarrier modulation schemes can be more efficient than the baseband modulation
schemes. The VLC has two main challenges: the limited bandwidth of the LEDs and the
multipath propagation. The typical modulation bandwidth of LEDs is around couple tens of
MHz. In order to achieve a higher data rate, complex modulation schemes such as phase shift
keying (PSK), quadrature amplitude modulation (QAM), or OFDM modulations can be used.
The most popular and applicable choice in VLC systems is OFDM, since it offers improved
spectral efficiency than PSK, QAM and it has a strong robustness against the ISI airing from
multipath propagation or limited system bandwidth [74-75]. The use of OFDM was noted
first in [76] and its popularity increased significantly as the OFDM is robust against
multipath propagation [74]. The multipath propagation causes linear distortion in the
channel and it leads to ISI. In order to reduce the linear distortion of the dispersive channel, a
cyclic prefix can be inserted to the OFDM symbols. Therefore, the symbol period of an
OFDM symbol should be increased. This growth of the symbol period which is called guard
interval needs to be higher than the impulse response of the channel [77,78]. The multipath
propagation can also cause frequency selective fading in the RF system, and it leads to ISI as
well [77]. However, by dividing the channel to N parallel parts, the bandwidth of each
channel part is smaller than the coherence bandwidth of these parts. Thus, the linear
distortion of the channel may be avoided; therefore, the OFDM system can reduce dispersion
effect compared to the single carrier system [77]. The multicarrier systems like OFDM have
an added advantage: unmodulated pilot tones can be used for characterizing the dispersive
channel. The effect of the characterized dispersive channel can be equalized at the receiver
[75]. The capacity of a multicarrier system can be increased by partly overlapped subcarriers.
In this case, the subcarriers are orthogonal, hence, the nearby channels do not disturb each
other. As OFDM does not need to apply guard bands, thus the capacity of the link is as large
as the capacity of the single carrier system [77]. The comparison of the spectral efficiency of
different modulation types is shown in Figure IL11.

Baseband Subcarrier
modulation modullation

Frequency\ Frequency\

L]

[_I_\ r_lj _V+V+V_ Saving of
Multicarrier OEDM bandwidth
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[
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Fig. IL11 Spectral efficiency of different modulation types.
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So, the OFDM is capable of combining the high channel capacity with the protection against
multipath propagation, frequency selective fading. All of these reasons make the OFDM
scheme a suitable modulation type of VLC system [79]. The traditional OFDM signal widely
applied to RF system is complex and bipolar. Due to IM/DD, the signaling for VLC system
must be a real and unipolar [80,81]. Therefore, the traditional OFDM signal is modified to
make them real-valued and unipolar. There are a number of variations of the unipolar OFDM
that are proposed for VLC system such as DC-biased optical OFDM (DCO-OFDM),
asymmetrically clipped optical OFDM (ACO-OFDM), unipolar OFDM (U-OFDM), pulse-
amplitude-modulated discrete multitone modulation (PAM-DMT), and Flip-OFDM.

A) DC-biased optical OFDM: DCO-OFDM is the easiest way to ensure the non-negativity
of OFDM signals. DCO-OFDM adds a DC bias to the bipolar OFDM signal. The required
DC bias to satisfy nonnegativity is equal to the maximum negative amplitude of the
OFDM signal [36]. The time samples of the bipolar OFDM and DCO-OFDM are

compared in Figure

In conventional RF OFDM schemes, the data are transmitted in parallel on multicarriers.
The orthogonality of subcarriers ensures that the symbols in the same OFDM block do
not interfere with each other. Because OFDM is capable of mitigating ISI effectively, it is
an ideal modulation scheme for VLC for high-rate transmission. The optical OFDM
scheme inherits the basic attributes from its RF counterparts but also exhibits several
differences. Most of all, optical OFDM is directly modulated on the intensity of emitted
light and constrained to be real-valued and nonnegative. Modification is embedded in
optical OFDM to satisfy this constraint. In this subsection, a representative multicarrier
scheme, referred to as DCO-OFDM [82], is introduced .Figure 11.12 depicts the
architecture of DCO-OFDM transceiver. Assuming that total N subcarriers are allocated
in a single OFDM block, where N is typically a large even number. At the transmitter, the
serial bit stream is first converted to a parallel sequence and then mapped to the N/2 - 1
complex-valued symbols according to the specific modulation constellation X such as
quadrature amplitude modulation (QAM) [83]. The modulated OFDM block X = [Xo Xi
Xn-1], where subscript number denotes the associated subcarrier index, is constructed as
follows: X0 = 0 and X; to Xny2-1carry the N/2 - 1 information symbols, while Xx/2to Xn-1
satisfy the Hermitian symmetry as

Xp=X5 o k=N/2, ..,N—1,
(1L6)

mitter to generate real-valued timedomain signals. The OFDM symbol vector X is fed to the
processor of inverse fast Fourier transform (IFFT) and converted to discrete time-domain

samples
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Fig.IL12 The block diagram of DCO-OFDM transceiver for visible light communications.

After IFFT, a CP of length Lcp, which is the copy of the last Lcp samples of each time-domain
DCO-OFDM block, is appended in its front. CP provides guard interval without destroying

the orthogonality of subcarriers. When Lcp exceeds the maximum delay of the dispersive

channel, IST is totally discarded .Then the discrete samples are converted into a serial
sequence and fed to a digitalto-analog converter (DAC). The converted electrical signal x (t)
is still bipolar and is not feasible for intensity modulation. A DC bias Bpc should be added to
x (t). In DCO-OFDM, After biasing and clipping, the electrical DCO-OFDM signal xpco (t) is
used to drive the LED and to be modulated on the intensity of illumination. According to the
central limit theorem, x (t) approximates a Gaussian distribution with zero mean when N >
64 [82] Therefore, the optical power of DCO-OFDM is BDC , BDC is set to :

Bpc = py/ E {2 (1)}, ay)

At the receiver, the photodiode (PD) component captures the optical signal from the VLC
channel and transforms it into the electrical signal y (t). A lens can be placed in front of the
PD to filter the background light. In the PD, the thermal noise and shot noise interfere with
the received signal. These two types of noise can be both modeled as additive white Gaussian
noise (AWGN) [84]. Thus, for the dispersive VLC channel with the impulse response h (t),
the received signal y (t) is expressed as:

y(t) =h(t) xxpco () +w(t),

(11.8)

where the notation “*” denotes the convolution operation and w (t) is the AWGN with zero

mean. After analog-to-digital converter (ADC), the received DCO-OFDM discrete sample

block is acquired with the CP removed and then is reshaped as the parallel sequence {y,,n =0,

1L,N-1}.

To recover the transmitted data symbols, the N-point FFT component converts the time-

domain samples into the frequency-domain symbols { Yi, k=0,1, ..., N -1} . For each

subcarrier, the associated channel is flat. Hence, simple one-tap equalization method is
imposed. The equalizer divides the received symbols {Yk, k=1, 2, ..., N/2 - 1} on the used
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subcarriers by the associated channel state information (CST) Hi, which can be estimated
according to the pilot embedded in DCO-OFDM signals.

The DCO-OFDM is a simple solution to get unipolar OFDM signal, but the main
disadvantage is the lower power efficiency.

DC bias 0

Y

Y

QAM :

Y

N2 IFFT

\ 4

QAM*

Y

Fig.I1.13 Block diagram of DCO-OFDM. [84]
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B) Asymmetrically Clipped Optical OFDM (ACO-OFDM) : The block diagram of ACO-
OFDM is similar to its DCO-OFDM counterpart. The major difference is the allocation
of data symbols. In the ACO-OFDM scheme, the data symbols are only placed on the odd
subcarriers of the first N/2 subcarriers and hence, an ACO-OFDM block of N subcarriers
can only accommodate N/4 information symbols. Considering the constraint of real-
valued amplitude, the Hermitian symmetry constraint of (II.1) is also imposed on the
(N/2)th to (N - 1)th subcarriers.

In order to improve the power efficiency of the unipolar OFDM modulation format,
negative signal clipping at zero level is applied. The ACO-OFDM can be expressed
mathematically as [81]:

S ~ {SOFDM(t) if sorpm(t) 20}
AcO-0rpM\E) =1 if sorpm(t) <0 '(11.9)

The clipped signal is shown in Figure I1.16 When the DC bias is set to zero, the hard
clipping might be avoided by applying ACO-OFDM [86]. It is shown in [85,87] that the
clipping noise can be avoided by encoding information symbols on only the odd
subcarriers as shown in Figure I1.15 [80]. Since only odd subcarrier is modulated, the
ACO-OFDM has only the half the spectral efficiency of DCO-OFDM. However, there is
no information loss when the signal is clipped, because of the antisymmetry of the
modulated signal.
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[ I I = - C_“YN"? = [F:FT > momnm

L] CN.-'?—I >
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Fig I1.15 .Modulation scheme of ACO-OFDM. [80]
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C) Pulse-Amplitude-Modulated Discrete Multi-tone (PAM-DMT):
PAM-DMT is similar to ACO-OFDM, but the subcarriers are modulated by PAM.
Furthermore, the mathematical expression of PAM-DMT is equal to the mathematical
expression of ACO-OFDM (Equation I1.9), as it applies asymmetrical clipping. The figure
of the clipped signal is also the same for PAM-DMT (Figure 11.18). According to [88], if
the data are modulated using PAM only on the imaginary components of the subcarriers,
clipping noise does not affect the system performance since noise is a real value signal, so
it is orthogonal to the modulation [85]. The modulation scheme of PAM-DMT is shown
in Figure I1.17 [80]. In a PAM-DMT system, there is no DC bias. All of the subcarriers are
modulated, but the modulation uses only the imaginary part of the subcarrier, thus the
spectral efficiency is the same as ACO-OFDM [85]. Although it has a limited spectral
efficiency, it is more power efficient than DCOOFDM, because it has also an
antisymmetry (Hermitian symmetry). It is described in [79,89]

0 G
Cl
j.PAM .
CN.I"Z—I -
C By »~
. wa LEIN IFET > sas
CN.I"Z—I >
-j.PAM -
C,

Fig I1.17.Modulation scheme of PAM-DMT. [85]

Similar to ACO-OFDM, the clipping of the negative signals does not lead to the information
loss, because the clipped signal components can be reconstructed by using this anti-
symmetry [76]. The clipping noise is also orthogonal to the modulation, as the data have only
imaginary part, but the clipping noise is a real value [86]. The next equation describes the
clipped PAM-DMT according to [79] is given by:
. Dy s
Im{X.(k)} = ==, Re{Xc(k)} =Re{X[(k)},
2 (IL10)
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where Dy is chosen from PAM symbols. The original PAM-DMT is X ()= j*Dx [76]. The
imaginary part of the clipped signal is half of the original signal, the real part of the signal
is only the clipping noise.
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D) Unipolar OFDM (U-OFDM) : The U-OFDM was introduced in [88], and an almost the
same concept named Flip-OFDM was suggested in [45]. In U-OFDM (or Flip-OFDM)),
the negative and the positive part of the real bipolar OFDM signal are extracted. Hence,
the Hermitian symmetry is preserved. The polarity of the negative parts of the symbol is
inverted before the transmission of both positive and negative parts in a consecutive
OFDM symbol [88]. The bipolar OFDM symbol and the U-OFDM symbol are compared
in Figure I1.19 and also Figure I1.20.

The mathematical formula of the U-OFDM symbol can be expressed as [45] :

sul] = s i +571 i~ ~=C),

(1L11)

At the demodulator side, the original OFDM can be recombined by subtracting the
negative frame [89].

Figure 11.19 exemplifies the encoding procedure in U-OFDM. The eight-point bipolar
sequence is the original OFDM signal ,this sample sequence is extended into a 16-point
sample signal. The first half of the U-OFDM signal, denoted by the blue circle, allocates
the positive part of the original OFDM signal and sets the negative sample as zero. In the
second half with the legend of red circle, the absolute values of the original negative
samples are placed.

Fig 11.19 Unipolar optical OFDM signal encoding. [89]
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5-Multiple Input Multiple Output (MIMO):

In order to provide sufficient illumination, most of the luminaires typically contain
multiple LEDs. These multiple LEDs can be treated as multiple transmitters that can enable
visible light MIMO communication. In RF communications, MIMO systems are commonly
used (in IEEE 802.1In, Long-Term Evolution - LTE) to obtain higher data rates. Similarly,
multiple LEDs can be used for higher spectral efficiency in VLC.MIMO systems in VLC are
difficult to realize compared to RF communications. In RF MIMO systems, the throughput
gains are largely attributed to spatial diversity (existence of multiple spatial paths that are
diverse in nature). However, such diversity gains are limited in VLC MIMO because paths
between the transmitter and receiver are very similar (less diverse) especially in indoor
scenarios. This limits the available spatial diversity of VLC MIMO systems. The other
challenge in VLC MIMO is the design of the receiver.

5.1-MIMO Receiver:

There can be two types of receivers in VLC MIMO systems - photodiode and image sensor.
The performance of the system depends on whether imaging (image sensor) or non-imaging
(photodiode) receiver is used [90].

A) Non-imaging receiver in a MIMO system is a set of independent photodiodes each
with its individual concentrator optics. The advantage of such a receiver is that a very
high gain can be achieved due to narrow FOV of each photodiode. The disadvantage,
however, is that such a receiver requires careful alignment with the transmitters
because of the narrow FOV, and the capacity can reduce dramatically even with
minor misalignment.

B) Imaging Receiver: Since an image sensor contains a projection lens and a large matrix
of photodiodes, it has the potential to create a high data-rate MIMO link. The
projection lens ensures a large FOV which nearly eliminates the alignment
requirement. The disadvantage of such as a receiver is that individual photodiodes
have limited gain and advance image processing is required to create an efficient
MIMO channel. Also, the sampling rate of the image sensor is comparatively lower
further reducing the achievable throughput. The channel models of both imaging and
non-imaging receiver MIMO, and their relative benefits and limitations were
presented in [90]. It was shown in [91] that an “ideal” MIMO receiver can be a hybrid
of imaging and non-imaging sensors which can achieve high gains of LOS paths using
narrow FOV like photodiodes and can be robust by leveraging non-LOS paths
whenever needed like an image sensor. Authors in [92] proposed the design of a
spherically-shaped receiver that is made of a large number of photodiodes. Each of the
photodiode has a narrow FOV and points in different direction in the room. The
photodiodes pointing to transmitter LED can receive the signal with high gain while
other photodiodes pointing to other directions can establish non-LOS channels to
increase spatial diversity. However, using such a receiver incurs cost for additional
hardware. Instead, authors in [93] proposed a way to improve the lower sampling rate
of the image sensor. A token-based pixel selection method was proposed where
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instead of conventional row-scanning approach, only the pixels of interest are
selectively scanned to improve the sampling rate.

. Optical FEC
MCS | Modulation | RLL code clo!:)k rate | Outer code (RS) | Inner code (CC) Data rate (kbps)
0 (15,7) 1/4 11.67
1 (15,11) 1/3 2444
2 00K Manchester | 200 KHz (15,11) 2/3 48.89
3 (15,11) none 73.3
4 none none 100
5 (15,2) none 35.56
6 (15,4) none 71.11
> VPPM 4B6B 400 KHz ot s i
8 none none 266.6

TABLE I1.3: 802.15.7 PHY I operating mode specifications and achievable throughput. [90]

. Optical Data rate
MCS | Modulation | RLL code clock rate FEC (Mbps)

16 RS(64,32) 125
17 3.75 MHz ' —15160,128) 2

18 VPPM 1B6B RS(64.32) 75
19 75MHz | RS(160.128) 1

20 none 5

31 RS(64,32) 3

» I5MHz - —r560.128) 96
3 RS(64.32) v
21 30MHz - —15(160,128) 19
25 OOK $B10B RS(64.32) 21
26 60 MHz ' —2560-128) 384
7 RS(64.32) 18
28 120 MHz | RS(160.128) 768
29 none 96

TABLE I1.4 802.15.7 PHY I operating mode specifications and achievable throughput [90]
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5.2-VLC MIMO Techniques:

There are three types of VLC MIMO techniques proposed in literature [94]:

A) Repetition Coding (RC): This is the simplest technique where the same signal is
transmitted from all the transmitters. The transmitted signal from all LEDs meet
constructively at the receivers increasing the overall gain.

B) Spatial Multiplexing (SMP): In SMP, different data is transmitted from each
transmitter to a receiver photodiode. With multiple transmitters and receivers, this
type of MIMO creates multiple parallel SISO streams. The challenge is that receiver
photodiodes have to be accurately aligned to the transmitters to avoid any inter-
channel interference. SMP MIMO for optical channels has been studied in some of the
early works [97]-[92]. In [95], [97], authors proposed optical wireless MIMO
communication with subcarrier multiplexing where zero forcing was utilized to
cancel the interference from other transmit antennas. It was shown that for the
transmitter semi-angle more than 200 , the transmitter-receiver separation should be
more than 15 meters for lower BER. The impact of optical beat interference on
OMIMO scheme of [95] was studied in [96]. Optical beat interference is the signal
degradation caused by multiple transmitters transmitting simultaneously on nearby
wavelengths.

C) Spatial Modulation (SM): This MIMO technique was proposed by [98]-[99] where
only one transmitter transmits data at any point of time. The constellation diagram is
extended to include the spatial dimension. Each transmitter LED is assigned a specific
symbol and when data bits to be transmitted matches the symbol, the LED is
activated. The receiver estimates which LED was activated based on the received
signal, and uses this to decode the transmitted data. Since the data is encoded in both
spatial and signal domain, SM achieves much higher spectral efficiency compared to
other techniques.

A comparison of all the three MIMO techniques were provided in [94]. It was shown that
RC is less restrictive in terms of its requirement for transmitter-receiver alignment but
provides only a limited spectral efficiency. SMP, on the other hand, requires more careful
alignment of transmitter-receiver but also provides higher data rates compared to RC. SM
achieves the best of both worlds by being robust to correlated channels and providing higher
spectral efficiency. Also, it was shown in [100] that imaging receivers can obtain much higher
SNR when using SM or SMP technique compared to the non-imaging receivers.

Due to its advantages over other MIMO techniques, SM has been studied further in recent
years. It was shown in [101], [102] that power imbalance between the transmitter LEDs can
improve the performance of spatial modulation especially when optical paths between the
transmitter and receiver are highly correlated. Authors in [103] studied the performance of
spatial modulation using an implementation of 4 x 4 MIMO system and showed that the
challenge in achieving higher throughput with SM is to maintain symbol separation in the
constellation from the receiver’s perspective. Researchers investigated the performance of
spatial modulation in [101] when only partial channel state information (CSI) is available and
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concluded that highly accurate CSI estimation is necessary to realize the full potential of SM.
The use of generalized spatial modulation was proposed in [105], [106]. Such modulation
extends the original scheme by allowing more than one transmitter to be active during a
symbol duration. It was shown that due to additional flexibility of activating multiple LEDs,
the generalized scheme can achieve higher spectral efficiency compared to the conventional
scheme, however, at the cost of additional complexity in constellation design. Optical MIMO
for non-LOS diffuse links has not received much attention. Authors in [107] showed how
backward spatial filter can be used for optical wireless MIMO in diffuse channels (no precise
alignment of transmitter and receiver). With user movements, such diffuse channel are more
likely in practical scenarios and optimizing MIMO performance for such channels should be
investigated further.

5.3-Optical Beamforming:

Beamforming allows multiple transmitters to concentrate their signal in a specific
direction based on the receiver location. Figure I1.21 .This type of transmit beamforming is
well studied in RF communication and also utilized by recent WLAN standards such as IEEE
802.1lac. Similar to RF beamforming, emitting light from multiple LEDs can be focused
towards the receiver to create optical beamforming. Recently, it was shown in [108] how
light emitted from a single LED can be focused in a specific target direction using Spatial
Light Modulator (SLM). SLM is an additional device that is required to modulate the phase
or amplitude of the visible light signal. It was shown that significant SNR improvements can
be achieved by using the optical beamforming with any modulation technique. Authors in
[109] derived the transmit beamforming vectors when multiple LEDs are used to perform the
optical beamforming. Optical beamforming can improve the performance of a visible light
communication link significantly, however, there is only a limited amount of research done
towards this. Performing optical beamforming while meeting the illumination constraints is
an important direction for research in VLC MIMO systems.

User 2

LB\ Z

Fig I1.21 Optical Beamforming in MIMO illustration [108]
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6-Link Layer:

When there exists multiple transmitter LEDs and receiver devices connected to them, it is
essential to control the medium access, device association and device mobility. In this
section, we provide an overview of different techniques proposed in literature to manage link
layer services.

O LED B Photodiode

Peer-to-peer Star Broadcast

Fig 11.22 VLC link layer topologies [108]

6.1 Medium Access Control (MAC):

The application scenarios of VLC can be used to identify the link layer topologies that
need to be supported by the MAC protocols. IEEE 802.15.8 [63] proposes three types of link
layer topologies for VLC as shown in Fig. 11.22 -

1) Peer-to-peer: The peer-to-peer topology involves one device acting as a coordinator (or
master) for the link between two devices. Both devices can communicate with each other
since the client has an uplink to the master. This topology is typically more suitable for high-
speed Near-Field Communication (NFC).

2) Star: In a start topology, there can be many client devices connected to a master device
which acts as the coordinator. A typical use case of this topology is VLC wireless access
networks. The MAC design is especially challenging in the star topology due to many bi-
directional links in the same collision domain.

3) Broadcast: Different from the star topology, the client devices in a broadcast topology can
only receive data from the master LED transmitter without forming any uplink. Such
topology can be used for broadcasting information via LEDs throughout the network. Since
there is no explicit association needed, the broadcast topology simplifies the MAC design
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Three types of multiple access control (MAC) schemes are proposed for VLC - Carrier Sense
Multiple Access (CSMA), Orthogonal Frequency Division Multiple Access (OFDMA) and
Code Division Multiple Access (CDMA).

CSMA: There are two types of random channel access mechanisms proposed by IEEE
802.15.7 standard. In the first type, the beacons from the coordinator are disabled.
Such beacon-disabled random access uses an unslotted random channel access with
CSMA. Here, if a device wishes to transmit, it first waits for a random back-off period
and then senses the channel to be busy or not, before transmitting. If the channel is
found to be busy, the device waits for another random period before trying to access
the channel again. In the second type where the beacons are enabled, the time is
divided into beacon intervals. A superframe within the beacon interval contains
Contention Access Periods (CAP) and Contention Free Periods (CFP) as shown in
Fig. 18(a). If a device wishes to transmit, it first locates the start of a next backoff slot
and then waits for a random number of backoff slots before performing Clear Channel
Assessment (CCA). If the channel is found to be idle, the device starts to transmit. If
the medium is found to be busy, the device waits for additional random number of
backoff slots before performing the CCA again. The beacon-enabled random access
also contains contention free period which consists of multiple Guaranteed Time
Slots (GTS). This period is used by the coordinator to ensure medium access to
devices with delay or bandwidth constrained applications. Depending on the
requirement, a coordinator can also assign multiple time slots to one GTS. Figs. 18(b),
18(c) and 18(d) show how different types of slots are used for beacon-disabled access
in peer-to-peer topology, beacon-enabled access in star and broadcast topologies
respectively.

OFDMA: OFDMA is a multi-carrier multiple access scheme where different users are
assigned separate resource blocks (set of subcarriers in time) for communication.
Application of OFDMA for multiple access in VLC is a natural extension to utilizing
OFDM for modulation in physical layer. Two variations of OFDMA were compared in
[106] and it was shown that power efficiency and decoding complexity are two main
challenges while applying OFDMA to VLC. Authors in [110] proposed a heuristic
solution to subcarrier allocation problem in the case of interfering transmitters.
Considering the spectral efficiency of OFMA, further research is necessary to design
power-efficient and interference-aware resource allocation schemes for OFDMA.
Authors in [111] proposed to use joint transmission from multiple LEDs using
OFDMA to improve the SINR of the edge users in a room. It was shown that due to
intensity modulation of VLC systems, it is possible to achieve much better
coordinated multi-point transmission compared to RF systems.
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e CDMA: Optical CDMA (OCDMA) relies on optically orthogonal codes to provide
access to the same channel by multiple users. The principle of optically orthogonal
codes is well-studied for the optical fiber networks [112], [113]. In the OCDMA for
VLC, each device is assigned a code (binary sequence) such that the data can be
encoded in time domain by turning the LED ON and OFF [114]. These codes are
referred as Optical Orthogonal Codes (OOC) [112]. It was shown in [114] synchronous
OCDMA can be implemented using the OOC codes and OOK modulation with LED
transmitters. A limitation of this technique is that long OOC codes are needed to
ensure optimality, which in turn reduces the achievable data rate of devices. Authors
in [115] proposed to address this issue using Code Cycle Modulation (CCM) where
different cyclic shifts of the sequence assigned to devices are used to transmit an M-
ary information. Since any cyclic shift of an OOC code (with length L) is considered a
symbol, the spectral efficiency increases by a factor of log,L.

§ CAP CFP o

5 SR 21, . .2 Inactive o

@ o O o

(a) Frame structure
B
(b) Peer-to-peer . eacon
[T
(c) Star Uplink GTS

- Downlink GTS

(d) Broadcast
Fig I1.23 (a) IEEE 802.15.7 frame structure includes beacon, Contention-based Access Periods (CAP) and

Contention Free Periods (CFP), (b-d) Example usage of frame structure in different topologies; reproduced
from [63]
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Summary & Conclusion:

More than 15 years of research in physical layer techniques for LED-based VLC has
provided the fundamental solutions to develop Li-Fi attocell networks that are capable of
achieving magnitudes of higher data rates per unit area compared with state-of-the-art RF
small cell solutions. Visible light communication has the potential to provide high speed data
communication with improved energy efficiency and communication security/privacy. With
looming crisis of RF spectrum shortage, VLC can become a practical augmentation
technology for the existing RF networks. Increasing interest from research community and
industries as well the standardization efforts such as VLCA and IEEE 802.15.7 show that
VLC can be successfully commercialized in coming years.

The achievable performances in terms of user data rates, number of users served and
increase in total traffic are well aligned with 5G key performance indicators. A key factor
enabling this is the radical reduction of cell sizes, and this is possible by using the existing
infrastructures through the combination of LED lighting and wireless data networking. The
new wireless Li-Fi networking paradigm offers performance enhancements that are not only
aimed for by 5G initiatives, but also due to the ubiquitous use of LEDs, that will provide an
infrastructure for the emerging IoT.

In this paper we provided an overview of literature covering visible light communication,
networking , and discussing various components of a visible light communication. We then
provided a comprehensive ideas of VLC communication channel model and its propagation
characteristics. This included a discussion of path loss, multi-path, and SNR. With this
understanding of channel propagation, This contains a discussion of four major modulation
techniques (OOK, PPM, OFDM and CSK). It was shown that due to their higher data rate
capacity, OFDM and CSK are likely to be play an important role in future VLC broadband
access networks. Additionally, feasibility of VLC MIMO as shown in literature ensures
further data rate enhancements. With the link layer protocols for VLC. Also with CSMA,
OFDMA, and CDMA protocols.

It was one of the goals of this paper to shed light on the difference between VLC and Li-Fi.
Moving on, also showed and discussed the key research areas that are required to realise Li-
Fi attocell networks. It summarised the well researched areas such as digital modulation
techniques using LEDs, and provided new solutions to those areas which are key to Li-Fi
networks such as multiuser access, Li-Fi attocell network analysis under various network
deployment scenarios .
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IIT-Section Three

I.Introduction:

This chapter represents a basic simulation of the Li-Fi system of one user with up to
10Gbps , and it contains also a discussion of the results obtained by this simulation.

The simulation of the Li-Fi system is performed using Optisystem software of
Optiwave Corporation. Optisystem is a system level simulator for the realistic modelling the
optical communication components in order to analyze the performance of the system with
minimum cost, effort and time.

OptiSystem is a simulation package for optical communication systems, which can be
used to design, test, optimize and produce outputs. OptiSystem is a stand-alone product but
other simulation software can also be seamlessly interfaced which help in processing the
results. Realistic modelling of optical communication systems is fulfilled by the software

Optisystem enables users to simulate and design

e Access Networks

e Advanced Modulation

e Co-Simulation

e Optical code division multiple access for assive optical networks
e Dispersion Management

e Fiber Analysis and Design

e Multimode Systems

e Optical Amplifiers, receivers, transmitters

The basic operation of the proposed system design can be explained as follows (
Figure II1.1 ). The input digital signal is modulated by NRZ-modulator, which is used to
modulate the LED signal. To study the influence of ambient noise on the system, an
additional light noise is generated. The combined signal is then transmitted through the free
space channel. The optical signal received is made to pass through a rectangular optical filter
after which is converted into electrical signal by means of PIN photodetector. The signal is
amplified by means of transimpedance amplifier. To compensate for the noise, it’s again
filtered by means of a Bessel filter and the output signal will be obtained.
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Ambient Noise

PRBS NRZ-00K |, Optical
LED i
generator modulator Filter
Output . Bessel Transimpedance Photodi i
— . : +«— Photodiode
Sequence | Amplifer Filter Amplifier 1

Figure IIL1 ( Block Diagram of the System )

A. Transmitter: The pseudo random bit sequence generator (PRBS) is used to generate
the binary inputs which is then modulated using On-Off Keying (OOK) technique.
The modulated signal is given as input to the Light Emitting Diode (LED). Thus the
binary electrical signal is converted to optical signal and then is transmitted via the
free space channel as depicted in figure.

B. Free Space Channel :The communication media used in VLC is free space. Here the
signal from LED might get distorted due to various ambient light noises due to
conventional lightings or other LED light sources. In this project, the influence of
ambient

C. Receiver: The received optical signal is filtered by means of a rectangular optic filter.
The photodiode converts the optical signal back to electrical, which is then amplified
by transimpedance amplifier. Bessel filter is used to remove the noise which was
added to the system on traversing through the channel [6]. An electrical amplifier is
then used and the original input signal is obtained at the output.
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2-Simple Experimental setup of Li-Fi:

Figure III.2 shows the designed block diagram for indoor visible light communication system is
implemented using OptiSystem v.17 software.

NRZ Pulse Generator

O8ATx

REEE A

LED
Freauency=

hiodulaton B

o=

Pseudo-Random Bit Sequence Generator
Bitrate =Bitrate bit's

Bandwicth= 1.0

The proposed experimental setup for the Li-Fi system is as in Fig III.2. The input
Pseudo random data sequence is converted to NRZ or RZ ( in this case we used NRZ )
,lectrical pulses and this signal directly derives the white LED. The white LED emits the
modulated light as an optical output, this establishes the connection with receiver (silicon
photodiode) through (air) at room (from Im up to 4m ) via a LOS Channel, The radiated light
power is measured or detected with an optical power meter , and his spectrum is analyzed by
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Fig II1.2 construction of a simple Li-Fi system

an optical spectrum analyzer .

The typical parameter of the white LED and photodiode is as in Table IIL1 , A Li-Fi
system is designed with help of Optisystem. The LOS Channel (Line of Sigh Channel)
component is used for Li-Fi channel and the channel parameters are taken from the practical
measurements, without any diffusion from the side wall (LED is illuminated at room center)

and the measured LOS Channel parameters are tabulated in Table I11.2

#m

3R Regenerator

LED specifications

Centre frequency 550nm
Electron carrier life time 1ns
RC time constant 1ns
Quantum efficiency 65%

Photodiode specifications

Responsivity type Silicon
Dark current 10nA
Shot noise distribution Gaussian

Table IIL1: LED and Photodiode Specification details
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LOS Channel specification

Transmitter half-angle 60°
Beam divergence(FWHM) 63.5
Irradiance half-angle 20°
Incidence half-angle 20°

Table I11.2.LOS Channel parameters

Results and discussion:

For the deigned Li-Fi system the white LED having center frequency of 550 nm as in
Fig IIL.3. The designed system is analysed for different bit-rates along with different link
distance in meter. Here, we started with range of 3m & speed of 100 Mbit/s.

-100
1

Power (dBm)

-20n

Sdin 548 n 250n £52n S54n
(m)

Fig II1.3. OSA result

Fig I11.4 depicts the Q factor of the detected signals for the bitrate variation from 100
Mbps to 3 Gbps with respect to the link distance up to 3 m. From results, it has been found
that our simulated VLC system could support 2 Gbps with an optimum Q factor 5.76 at link
range 3m, beyond which the received signals tend to become degraded. At the bit rate of 100
Mbps, our designed system provides the superior performance of about Q factor whose value
of 35 for the link range below 1 m. And for the same bit rate, maximum transferable distance
is obtained as 4.4 m with Q factor 5.9. Fig IIL.5 also confirms that our VLC systems could
support 2 Gbps up to the link distance of 3 m, and found log of BER -8.399. Fig. 6 and 7 show
the eye diagram along with Q factor for the link distance of 2 meter and 4 meter at bitrate of
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300Mbps and 2Gbps. It clearly depicts that at lower bitrate the signal can reach upto 4 meter
link distance with good eye.

40 T T T T

——— 0.1 Gbps
- ——— 0.3 Gbps

35+ ToSeeee—— 0.6 Gbps | |

307t

25t

20t

Q factor

15

10

Link Range [m]

Fig I11.4 Q factor value of detected signal for the different bit rate and link range (distance)

50+
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Log of BER

-200
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-300 : : :
0 1 2 3 4 5

Link Range [m]
Fig IIL.5 Log of BER value of detected signal for the different bit rate and link range (distance)
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Fig I11.7. Eyediagram of the received signal for the bit rate of 2 Gbps at (a) 2 meter link distance (b) 4 meter link distance.
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3-Realising the Li-Fi system with an external modulation :
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Fig II1.8 .construction of li-fi system with an external modulation
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Modulation formats also have a significant impact on transmission characteristics of the VLC
system. The Fig I11.9 shows the comparison of NRZ-OOK and RZ-OOK at bit rate of 2 Gbps.
The designed system is analyzed for NRZ-OOK and RZ-OOK at bitrate of 2 Gbps for the
different link distance in meter. Due to the nature of distinct transition between the encoded
bits of RZ pulses, the reception at the detector enhanced [116] and provides the better Q

factor.
Bit Rate at 1Gbps
12 T T T T
NRZ-00K
) N —— RZ-00K
10 + T e ~ -
._\_\I
8r A \ 4
- hY
8 _— N\
o 6 T 1
o N\
\
4t 4
h .
\ .
N Y
2 _
. h
-
.\
A Y
0 . . . .
0 1 2 3 4 5

Link Range [m]

Fig IIL.9. Q factor of the received signal for the NRZ-OOK and RZ-OOK modulation with respect to the different link range.
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The obtained Q factor for the NRZ-OOK is of about 8.73 up to the 3 m of link distance where
as RZ is 5.76. Fig 1110 & Fig IIL11 depicts the NRZOOK , and the RZOOK signal at
transmitter and detector respectively. As well as they shows the detected signal that exactly
reproduce the transmitted signal, whereas the blue lines indicate the received signal and
green lines indicate the noise.
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Fig I11.10. NRZ electrical drive signal at transmitter & the Received NRZ electrical signal after the low pass Filter
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Fig I11.11 RZ electrical drive signal at transmitter & the Received RZ electrical signal after the low pass Filter
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Authors LED | Modul | Data | Distance
and year source ation rate
Joon-Ho Choi NRZ-
a3 P-LED | oo | 1Mb/s | 10cm
Le-Minh H 100
ctal P-LED | OOK | 02 | 10cm
FujmotoN | RGB LED 477
etal,[15] | (Red LED) | OOK | mpss | 40cm
Li Honglei 500
g P-LED | OOK | ob2 | 160cm
Our proposed | \vuite |ED | OOK | 2 Gbls 3m
work

Table II1.3. Comparison of our results with literatures

Table TIL3 shows the comparison of results reported by authors in their previous
investigations in VLC with our current research work. It clearly indicates that our proposed
system could support up to 3 m link distance with the bitrate of 2 Gb/s.

In VLC system, it is essential to analyze the external (atmospheric or artificial) lighting
influence on our received signal quality. The external light influence is included in VLC by
addition of another one White LED as input without any modulation with different emissive
power levels. The external White LED power (noise) level is varied from -130 dBm to -60
dBm and the respective Q factor value of received as in Fig II1.12. As the external lighting
influence is increased then the received signal getting worsened. Particularly, if the external
lighting power increases above -80 dBm then the received signal Q factor is totally disturbed
at higher bit rate as in Fig I11.12. At bit rate 0.5 Gbps or below, the received signal can be a
detectable range even at -70 dBm of external lighting condition. So the received signal
tolerance to the higher external lighting condition and the link range can be improved at
further lower bit rates.

18 At link range of 3m

T
B NRZ-OOK
e I RZ-OOK |

14
12

10} T

Q factor
!

sl T\
6 L
al

21

0
-130 -120 -110 -100 -90 -80 -70

External White Light disturbence [dBm]

-60

Fig I11.12. Q factor of the received signal for the different external white light power in dBm and for the different Bit rate at
link range of 3 meter.
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4- VLC with OFDM Modulation :

As shown in Fig 11113, VLC communication system using White Light LED setup is realized
with the help of Optisystem v17. The Pseudo random data sequence is generated from the
BER test set with a reference bit rate. This data sequence is converted into I and Q symbols
using QAM sequence generator. The symbols are taken as diferent amplitude levels in both
in-phase (I) and quadrature phase (Q) using M-ary sequence generators. The I and Q symbols
of QAM are modulated individually with RF subcarriers in OFDM Modulator. Here, the Fast
Fourier Transform (FFT) points should be at least double the numbers of subcarrier utilized
for the above. FFT points set sub-carrier positions centered at DC or 0 Hz. Modulation from
0 to 2.5 GHz range of frequencies are taken for lower-rate subcarrier tones. The position
array in OFDM modulator sets the starting point of the subcarrier from the range of carrier or
the position array arranges the position of subcarriers from the central frequency of the
OFDM spectra. In order to maintain the bandwidth of the OFDM spectra the position array
should be half of the number of subcarriers. Then the OFDM modulated signals are further
fltered with low pass raised cosine roll-of flter which will shape the OFDM output pulses
and minimise the Inter Symbol Interference (IST). The generated OFDM signals are further up
converted to the RF carrier of 7.5 GHz using Quadrature modulator. The electrical signal at
Quadrature modulator is rescaled or dc biased to an optimum level in order to directly drive
the White LED source. The White LED establishes the connection with photo detector
which is located at few meters away from the transmitter in free space. The free space
channel characteristics are measured practically at room temperature environment in a room
of size 5x5x3 m by using 2x2 Tekhol® White LED and HTC LUX meter [121].

This White LED was having luminescence of about 120-160 Im, optical output power of 600
mw/LED and view angle of 120°. For the measurement of channel parameters, Line of sight
(LOS) model is taken i.e., without any difusion from the side wall is considered. LED is
placed and illuminated at the room’s centre [121]. The measured parameters are utilized in
Free Space Optics (FSO) component in Optisystem in order to realise the channel
characteristics on simulation for our Visible light communication using White LED. The
electrical drive signal and Quantum efciency are setup to generate 7 W optical power at LED
output in order to match the practically measured LED output with average luminescence of
358 Im. The typical parameter values of White LED, Photo diode, and the measured FSO
component parameters are tabulated in Tables 1.4 and IIL5 respectively.

For free space channel, the above measured parameters are utilized in following mathematical
equation [121-122]. The link equation is:

2

R -aR/10
Ppios =Pp . ——————10
Received Transmitted (dT + 9R)2

(1IL1)

where dr receiver aperture diameter (m), dr transmitter aperture diameter (m), 8 beam
divergence (mrad), R range (km) and a atmospheric attenuation (dB/km). The received
signal power for parameter range depends on the propagation distance between transmitter
and receiver. The attenuation of the LED’s output power depends on two main parameters:
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attenuation and geometrical loss. The first parameter describes the attenuation of the light
source power in the atmosphere. The second parameter, Geometrical loss, occurs due to
spreading of the transmitted beam between the transmitter and the receiver.

Figure I11.13 shows the designed block diagram for indoor visible light communication system
with OFDM modulation , implemented using OptiSystem v.17 software.
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Fig I11.13 Experimental setup for the OFDM modulated VLC system using white LED
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LED specifications

Centre frequency 550nm
Electron carrier life time 1ns
RC time constant 1ns

Quantum efficiency

65%

Photodiode specifications

Responsivity type Silicon
Dark current 10nA
Shot noise distribution Gaussian

Table I11.4: LED and Photodiode Specification details
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LOS Channel specification

Transmitter half-angle 60°
Beam divergence(FWHM) 63.5
Irradiance half-angle 20°
Incidence half-angle 20°

Table IIL5. Free space optical components parameters

OFDM Modulator

Number of subcarriers 512
Position array 256
Number of FFT points 1024
Cyclic prefx Symbol extension
DAC interpolation Cubic

Table I11.6 OFDM modulator specifcations

Optisystem layout properties
Bit rate From 1to 25 Gbps
Sequence length 16,384
Samples per bit 128
Number of samples 2,097,152

Table II1.7 Optisystem layout properties

The received signal power at photo detector is determined by the atmospheric and aperture
loss of the channel [121, 122]. And the detected electrical signal at Photo detector output is
given to the rectangular flter to flter out the up converted OFDM signal at 7.5 GHz in RF
spectrum. The fltered RF signal is then down converted in the Quadrature modulator with
the carrier of 7.5 GHz and the intermediate frequency (IF) output of OFDM with its
subcarrier signal is recovered between 0 and 2.5 GHz range. OFDM demodulator parameters
at receiver should exactly match with transmitter in order to recover the QAM symbols at
the output. The OFDM modulator parameter and Optisystem simulation parameters are
given in Tables II1.6 and Table IIL.7 respectively. Finally the QAM sequence detector detects
the binary sequences and it is compared with transmitted sequence to fnd out the Bit error
rate and log of BER.

Result and Discussion:

Our OFDM modulated VLC system in Fig. I11.13 is analysed for various bit rates and link
ranges using Optisystem simulation. In our simulation, QAM coding is used for symbol
generation due to its higher spectral effciency, bandwidth and robustness to noise compared
to the other coding techniques such as BPSK, QPSK and M-ary PAK. Performance of this
VLC system with component parameters as mentioned in Tables I1I1.3, T11.4 ,ITL.5 and I11.6 and
for the 4-QAM Coded with OFDM modulation (OFDM parameter: number of
subcarriers=512, position array=256, number of FFT points=1024) are evaluated and tabulated
in Tables I11.8, IT1.9 and II1.10. For various link ranges and bit rates, performance parameters
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such as BER versus log of BER, Optical received signal power versus OSNR, and Electrical
received signal power versus SNR are tabulated in Tables II1.8, I11.9, and IT1.10 respectively.

Bitrate (Gbps) Link range

OFDM parameter: number of subcarriers =512, position array = 256, number of FFT points=1024

Im 1.5m 2m 25m Im
BER log of BER BER log of BER BER log of BER BER log of BER BER log of BER
1 0 - 1000 0 - 1000 0 - 1000 0 - 1000 487E-02 -1312
2 0 - 1000 0 - 1000 0 -=1000 4.27E-04 -3.369 1.17E-01 -0.093
5 0 —1000 0 - 1000 0 - 1000 8.17E-03 —-2.088 2.22E-01 -0.654
10 0 —1000 0 - 1000 0 —1000 3.20E-02 —1.495 2.90E-01 -0.537
20 0 =1000 6.10E-05 -4214 1.03E-03 -2984 9.04E-02 -1.044 344E-01 -0.464
25 240E-04 -361 4.27E-04 -3.369 2.07E-03 -2.683 1.L1I6E-01 -0.937 3.61E-01 -0.443

Table I11.8 OFDM modulated VLC system performance (BER and Log of BER) for various bit rates and link

Bit rate (Gbps) Link range

ranges.

OFDM parameter: number of subcarriers =512, position array =256, number of FFT points= 1024

I'm 1.5m 2m 25m 3m
Received OSNR (dB) Received OSNR (dB) Received OSNR (dB) Received OSNR (dB) Received OSNR (dB)
signal power signal power signal power signal power signal power
(dBm) (dBm) (dBm) (dBm) (dBm)
1 —19.045 80.954 -26.309 73.690 -38.712 67.287 —38.649 61.350 —44.221 55.778
2 —21.964 78.035 —29.366 70.633 -35.272 64.272 —41.576 58423 —-47212 52.787
5 —26.016 73.983 —33.188 66.811 —39.827 60.172 —45.693 54.306 —-51.027 48.972
10 —28.897 71.102 —-36.705 63.294 —42.649 57.350 —48.343 51.656 —54.358 45.641
20 —31.885 68.114 -39.179 60.820 —45.462 54.537 -51.014 48.985 -57.607 42392
25 -33.130 66.869 —41.664 58.335 —47.005 52.994 —52.477 47.934 —58.281 41.718

Table I11.9. OFDM modulated VLC system performance [optical received signal power and optical signal to

noise ratio (OSNR)] for various bit rates and link ranges

Bit rate (Gbps) Link range

OFDM parameter: number of subcarriers =512, position array =256, number of FFT points=1024

I'm I.5m 2m 25m 3m
Received ESNR (dB) Received ESNR (dB) Received ESNR (dB) Received ESNR (dB) Received ESNR (dB)
signal power signal power signal power signal power signal power
(dBm) (dBm) (dBm) (dBm) (dBm)
1 -59.043 62.277 —-73.162 49.586 —-86.339 37.886 -98.173 26.163 —109.329 15.040
2 -59.121 59.524 -73.328 45932 —86.455 34.828 -98.201 23.153 —109.780 11.625
5 —-59.249 55.499 —73.969 43.025 —86.474 30.715 -98.239 19.068 —109.805 7.531
10 —59.658 53.114 —74.859 39.865 —86.720 28.420 —-98.802 16.945 —-110.071 5.206
20 —62.475 50.301 -76.568 38.073 -90.317 24.851 —-100.749 14.313 —111.846 3.447
25 -62.902 49.755 —-717.362 37.368 -91.219 24.007 —101.183 14.138 —114.362 2.820

Table I11.10. OFDM modulated VLC system performance [electrical received signal power and electrical signal

to noise ratio (ESNR)] for various bit rates and link ranges.
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Table II1.7 shows that the link range is reduced and BER is increased when the data rate is
increased. The Proposed VLC system can support a data rate of 10 Gbps up to the link range
of 2 m with permissible BER. Beyond which the link distance is drastically reduced to about
1.5 m and below. Tables II1.8 and Table II1.9 also conform with the above inference in the
Table I11.8 The optimal FEC (Forward Error correction) BER is obtained at =54 dB of OSNR
and =19 dB of ESNR as per Tables I11.9 and IIL.10 respectively. These OSNR and ESNR values
are also better than the minimum acceptable values of =50 dB of OSNR and a range of 13.6-
15dB of ESNR as reported by the contemporary literatures. Figure I11.14 shows every stage
output of our OFDM modulated VLC system for the bit rate of 10 Gbps and the link range of
1 m. Figure II1.14a indicates the transmitted bit sequence at 10 Gbps using BER test set and it
is converted into QAM format using QAM generator along with M-ary conversion and the
resultant constellation of this sequence is shown in Figure II1.14b. This QAM modulated I
and Q signals are modulated with 512 subcarriers (subcarriers frequency span is 0-2.5 GHz)
to generate OFDM signals. Figure I11.14c, d show OFDM outputs of T and Q channels
respectively after the LP cosine filter. For further transmission of the signal, it is modulated
with higher carrier frequency and its center frequency is shifted to 7.5 GHz with either sides
of subcarrier bands as depicted in Fig. 13e. As shown in Figure IIL14{, electrical pulses at
Quadrature modulator output has negative portion of electrical signals which would not
allow exactly to reproduce the modulated signal using the LED. Therefore, this electrical
pulse is rescaled using DC bias as shown in Figure I11.14g. This dc biased electrical pulses are
now used to modulate the White LED and the emission spectrum is as shown in
Figure [11.14h. The emission spectrum produces a Lambertian pattern and it is afected by
atmospheric losses before it reaches the Line of sight (LOS) photo diode. This transmitted
signal is detected with the help of Photodetector and its output spectrum is noticed as in
Figure I1L.14i in the RF spectrum analyzer. It clearly depicts that the photodiode exactly
reproduces the OFDM modulated output with center frequency of 7.5 GHz. This OFDM
spectrum is fltered out using Bandpass rectangular flter as depicted in Figure II1.14j. This
OFDM spectrum is down converted by coherent demodulation with local oscillator
frequency of 7.5 GHz and our OFDM subcarriers (I and Q) are extracted as shown in Figure
[11.14k, II1.14] respectively. Finally, OFDM demodulator demodulates the subcarriers and
generates the original QAM bit sequence, and it is verifed with constellation diagram as
shown in Fig. IIL.14m. Thereafter, the original bit sequence is decoded with the help of QAM
decoder as shown in Figure I11.14n and it is fed back to BER test set to compare the received
bit sequence with that of the transmitted bit sequence and hence the BER is calculated. From
these figures, it is clearly understood that the received sequences exactly match with the
transmitted sequences and there is no BER and hence the constellation also very good at
receiver point. As shown in Fig. IIL15, when the link range is raised to 2.5 m with 10 Gbps
bitrate, the received constellation is disturbed so much since the signal is more afected by free
space attenuation and signal phase error compared to the link range of 1 m as in Fig. I1L.14m.
Without BER, the maximum link range obtained for the data rate of 1 Gbps was 2.56 m as
shown in Tables I11.8 I11.9, I11.10 and Figure II1.16. It is possible to extend the link range up to
2.5m even at 5 Gbps bit rate, in case of receiver with proper equalization arrangement. The
large sequence length of 16,384 bits enable us to measure more realistic BER in our OFDM
modulated VLC system analysis and it shows drastic variation in log of BER even for 2 or 3-
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bit error. The orthogonal nature of subcarrier frequency used in our system along with cosine
flter reduce the frequency depended fading and inter symbol interference (ISI) and support
higher bit rate of 10 Gbps. Beyond the data rate of 10 Gbps, the signal degradation can be
reduced only if the OFDM subcarrier is increased [127]. As shown in Table II1.1I0 and
Figure I11.17, the BER is good, even for 25 Gbps due to the increase in OFDM modulation
subcarrier from 512 to 1024 and the respective increase in orthogonal bit sequences. But the
link distance is limited to 1.5 m only. In order to ensure the quality improvement of

transmission.
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Fig I11.14 output of our OFDM modulated VLC system for the bit rate of 10 Gbps and the link range of 1 m

Figure I11.14. Shows Our OFDM modulated VLC system outputs at every stage for the bit rate
of 10 Gbps and the link range of 1m. a Transmitted bit sequence, b transmitted QAM
constellation, ¢ OFDM output -1 channel after the LP cosine filter, d OFDM output -Q
channel after the LP cosine filter, e quadrature modulator output at transmitter (7.5 GHz up
converted signals), f electrical pulses at quadrature modulator output, g electrical rescale
output (DC biasing), h white LED emissive spectrum, i photo detector output RF spectrum, j
fltered RF spectrum of OFDM signal, k quadrature demodulator output (down converted) I
channel, 1 quadrature demodulator output (down converted) Q channel, m after OFDM
demodulation-received QAM constellation diagram, n received bit sequences.

Amplitude - Q (aw)

Amplitude - | (a.u.)

Fig IT1.15 Received signal constellation diagram for the bit rate of 10 Gbps and link range of 2.5 m
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Fig II1.16 Bit error rate of the received signal for various bit rates and link ranges

Bit rate (Gbps) Link range

OFDM parameter: number of subcarriers = 1024, position array =512, number of FFT points =2048

I'm 1.5m 2m 25m 3m

BER log of BER BER log of BER BER log of BER BER log of BER BER log of BER
20 0 —1000 0 —-1000 5.49E-04 -3.26 7.61E-02 -1.119 3.30E-01 —0.482
25 0 - 1000 0 —-1000 4.88E-04 -3.311 9.73E-02 -1.012 3.52E-01 —0455

Table I11.11 OFDM modulated VLC system performance (BER and log of BER) for higher bit rates and
link ranges at large number of subcarriers

OFDM subs : 512 OFDM subs : 1024
0.12 0.12 . -
0.1 0.1 /
/ /
/ /
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Fig II1.17. Bit error rate of the received signal for large number of subcarriers and for diferent link ranges at
higher bit rates
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by increasing the number of subcarriers, in addition to the Table IIL11, the received signal
power versus SNR also measured and given in Table II1.12 and Table II1.13. They clearly
indicate the signifcant improvement in the observed SNR when the subcarriers increase from
512 to 1024. For the number of OFDM subcarrier variation, the received QAM signal
constellation diagram is observed. Constellation diagrams for 20 Gbps bit rate and link range
of 1.5m are shown in Figs. 6 and 7 respectively for 512 and 1024 subcarriers. They clearly
depict if OFDM subcarrier is increased from 512 to 1024, then the signal gets less distorted
and constellation phase error is reduced notably. Moreover, the signal BER is also improved.

Bit rate (Gbps)  Link range
OFDM parameter: number of subcarriers = 1024, position array =512, number of FFT points =2048
Im I.5m 2m 25m 3m
Received OSNR (dB) Received OSNR (dB) Received OSNR (dB) Received OSNR (dB) Received OSNR (dB)
signal power signal power signal power signal power signal power
(dBm) (dBm) (dBm) (dBm) (dBm)
20 —-31.346 68.653 —38.843 61.156 —45.492 54.507 —-51.038 48.961 -57.307 42.693
25 —-32.626 67.373 —-39.809 60.191 —46.672 53.327 -51.137 48.862 —-58.222 41.778
Table 1112 OFDM modulated VLC system performance [optical received signal power and optical signal to noise ratio
(OSNR)] for higher bit rates and link ranges at large number of subscribers
Bit rate (Gbps)  Link range
OFDM parameter: number of subcarriers = 1024, position array =512, number of FFT points =2048
Im 1.5m 2m 25m 3m
Received ESNR (dB) Received ESNR (dB) Received ESNR (dB) Received ESNR (dB) Received ESNR (dB)
signal power signal power signal power signal power signal power
(dBm) (dBm) (dBm) (dBm) (dBm)
20 —61.788 50918 —-76.036 38.591 —88.785 26.326 —-100.409 14.841 —111.754 3.537
25 -62.328 50.238 -77.241 37.476 —-90.289 24.927 —-101.027 14.346 -113.918 2.839

Table 11113 OFDM modulated VLC system performance [electrical received signal power and electrical signal to noise ratio
(ESNR)] for higher bit rates and link ranges at large number of subcarriers
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Fig I11.18. Received signal constellation diagram for 512 OFDM subcarrier and bit rate of 20 Gbps at the link range of 1.5 m
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Fig I11.19. Received signal constellation diagram for 1024 OFDM subcarrier and bit rate of 20 Gbps at the link range of 1.5 m
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IV.Conclusion:

We have simulated a White LED visible light communication with a simple & basic diagram
with internal & external modulation ,and also with OFDM modulation for a practically
measured free space channel parameters. For the analysis of different bit rates and link ranges
using Optisystem tool, our designed system can support up to 2 m of link range with a bit
rate of 10 Gbps. The link range can be extended up to 3.5 m for a lower bit rate of 1 Gbps. In
addition, we have discussed the influence of OFDM subcarrier numbers on the system
performance. The signal distortion at higher bit rate is overcome significantly by increasing
the number of OFDM subcarriers. By increasing the OFDM subcarriers, signal can be
detected with improved BER up to 25 Gbps data rate. But the distance is limited to 1.5 m
only. The designed system can open up the option for higher bit rate communication in future
VLC systems. However, this work has a limitation of Line of Sight communication from
White LED. But, multiple reflections from the walls and corners are also received by the
receiver in practical scenario which would drastically vary the power and phase of the
received signal in this Non-Line of sight (NLOS) case. Hence there is lot of scope for
furthering this research for NLOS along with MIMO cases in future to ascertain the reality of
the signal transmission in VLC.
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