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ABSTRACT

Keywords- Light Communication (LC), Visible Light Communication (VLC), Colour
Shift Keying (CSK), Probabilistic Shaping (PS), LiFi, WiFi, IoT, Constellation Optimiza-
tion, Optical-OFDM, OFDMA, FHT/IFHT, wavelength division multiplexing (WDM),
Unmanned Aerial Vehicle (UAV), holographic light shaping diffuser (LSD), RGB LED,
User Mobility, Coverage Probability

IoT interconnect everyday objects via the internet, enabling them to send and receive data
by transceivers embedded in it. The number of IoT devices is estimated to reach billions,
contributing to half of the global connected devices and connections in the near future. This
massive number of connected devices are employed in diverse domains and areas, such as
smart cities, smart homes, hospitals, healthcare devices, industries, and transportation systems.
Various IoT applications require a vast number of connections per unit area, high aggregate
bandwidth, ubiquitous coverage, low power consumption, sustainable energy resources, low
latency, low control overhead and a high level of security. With the advent of the emerging
IoT paradigm, the already crowded RF spectrum is not expected to serve the projected several
billions of IoT devices. A promising communication solution that can address these challenges
is light communication.The exponentially increasing demand for wireless data with the onset
of wireless devices and internet of things (IoT) everywhere has created scarcity in the radio
frequency (RF) spectrum. The existing overcrowded RF spectrum has impelled the hunt for
newer technologies. Visible light communication (VLC), having a large amount of unlicensed
spectrum, is an emergent alternative technology to supplement the existing short-range wireless
systems for faster data transmissions. VLC has numerous unrivalled potentials along with
immunity to every day electromagnetic interference, for instance, low energy consumption,
data confinement for higher-level security and cheaper installation with existing illumination
infrastructure. However, owing to power and hardware limitations of the resource constrained
devices (such as IoT and Unmanned Aerial Vehicles (UAVs)), it requires simple, low power,
low complex, energy-efficient communication technology. In this dissertation, we have tried
to utilize VLC and red, green and blue (RGB) LED in order to support communication with
resource constrained devices and their aforementioned requisite.

Firstly, we propose a generalized enhancement scheme for different versions of color
shift keying (CSK) modulation schemes, we analyze the performance of CSK modulation
schemes with probabilistic shaping (PS) of input data. Specifically, we have considered three
variants of CSK with respect to receiver structure namely CSK with one photodetector (PD)



(CSK-1PD), CSK with three PDs (CSK-3PD) and CSK with one avalanche PD (CSK-1APD).
The proposed work comprises of developing algorithms to obtain the optimum probability
order for maximizing the received signal-to-noise ratio (SNR) gain.

Secondly, in order to support IoT sensor networks with lower cost and higher performance,
the low-cost version of standard CSK modulation scheme having single photodetector (PD) at
the receiver has been utilized. This work revolves around optimizing the constellation points
of CSK-1PD to achieve a more power-efficient modulation scheme.

Thirdly, motivated by the diverse requirements of the heterogeneous users i.e. LiFi users
and IoT devices, we propose novel green communication schemes that can be used for the
coexistence of LiFi users and light communication (LC) enabled IoT devices under a common
LiFi access point. The proposed coexistence schemes utilize the amalgamation of wavelength
division multiplexing, OFDMA, Hartley transform based DCO-OFDM, null DC element,
interleaved subcarrier mapping, modified data sequence to achieve concurrent interference-free,
low complex and reliable communication. Additionally, as the multiple access (MA) techniques
affect the choice of modulation techniques and overall performance in the system, an analytical
delay and throughput framework to corroborate the decision of an appropriate combination of
MA and modulation techniques in the coexistence scheme has been included.

Lastly, we propose energy and user mobility aware three-dimensional (3-D) deployment of
VLC enabled UAV so that maximum coverage of users while ensuring fairness is achieved.
Moreover, the VLC enabled UAV’s coverage area to serve ground users has been enhanced
with holographic light-shaping diffusers (LSD). A novel RGB LED solution based on light
sensitivity to the human eye is proposed to increase the coverage area for the night scenario.

The proposed frameworks in this dissertation can be utilized in LiFi standards, especially
for resource constrained devices such as IoT and UAVs. It will be helpful for LiFi communi-
cation engineers to support an energy-aware green communication at the physical layer and
deployment level.
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Chapter 1
Introduction

The chapter starts with a discussion on the motivation of this thesis work. Section 1.2 presents
a brief background of the visible light communication (VLC) and enumerates a few auxiliary
VLC applications. Section 1.3 provides a quick summary of a typical VLC system. Section 1.4
gives a brief overview of the recent research progress and related works in VLC. Section 1.5
discusses the possible research gap based on the literature survey. Section 1.6 states the major
contributions of this dissertation and relevant publications. The overall thesis organization is
provided in Section 1.7.

1.1 Motivation

The excessive proliferation of wireless devices in day-to-day life has exponentially increased
the demand for wireless data transmission. The advent of intensive data rate applications fuels
the quest for designing ultra-high data rate wireless systems. Industries have forecasted an
enormous surge in the number of gadgets, connections, and internet users worldwide. Over
70% of the global population will have mobile connectivity by 2023, machine to machine
(M2M) connections and internet of things (IoT) will contribute to half of the global connected
devices and connections by 2023 [1]. ARM expects a trillion new IoT devices to be produced
by 2035 [2]. Overall, the devices and connections are growing faster (10%) than both the
population (1.0%) and the internet users (6%). Therefore, resulting in more number of devices
and connections per household and per capita [1]. These rapidly growing number of devices
and connections, along with internet data traffic, have created a massive spectrum crunch in the
radio frequency (RF) band. Further, research studies forecast that the entire RF spectrum-based
technologies cannot meet the tremendous growth of data rate requirement and connections [3].
There is an emergent need to move beyond the existing overcrowded RF spectrum and explore
other parts of the electromagnetic spectrum (shown in Fig.1.1). In order to meet the expecta-
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tions of fifth-generation (5G) and beyond-5G (B-5G) communication, there is shift towards
higher and higher frequencies (e.g., millimeter (mm)-wave, terahertz (THz)). However, the
wavelength becomes of the order of 1 mm or less when frequencies above 300 GHz are used,
making communications more susceptible to absorption in matter and air. Additionally, as the
communication frequency is increased, it becomes closer to that of visible light and starts show-
ing characteristics similar to that of visible light [4]. Thus, the availability of a large amount
of unlicensed visible light and near infrared spectrum, i.e. 430-750 THz and 250-430 THz,
respectively, led researchers to devise and investigate a new communication technology: light
communication (LC) [7, 8] . Moreover, the sixth-generation (6G) communication technology
is envisioned to satisfy the demands of the 2030 intelligent information society by support-
ing green communication, massive heterogeneous device connectivity (e.g., IoTs, M2Ms),
seamless coverage, latency reduction, security improvement, higher user quality-of-experience
(QoE) level, autonomous, intelligent and sustainable systems. The 6G is envisaged to provide
peak data rate of Tbps order, connection density of 107 connections/km2 (approximately 10x
of 5G), and area traffic capacity of 1 Gbps/m2 [5]. LC can become a promising candidate
for serving the demands of B-5G and 6G communication systems owing to the numerous
advantages discussed below. LC can potentially utilize 600 THz of unlicensed spectrum while
providing immunity to RF interference. LC does not interfere with devices operating at 2.4
GHz, thus it can be used in RF sensitive environments such as aeroplanes and hospitals. LC is
inherently secure since its signals can not penetrate walls and provide higher spatial reuse due
to its confinement to a smaller area. LC consists of light emitting diodes (LEDs) as transmitters
utilizing the visible, infrared (IR) and near-infrared spectrum. LC can achieve high speed
data rate due to the larger available bandwidth, high switching rate of LEDs and the high data
rate achievable modulation schemes. The LED luminaires used for illumination fall under
the visible spectrum, thus when visible light becomes a medium for communication, it is
known as visible light communication (VLC) [9–11] . However, LC encompasses all light as a
medium of communication, so both VLC and IR light-based communication fall under LC [7].
The visible light as a communication medium is less preferred for uplink, as light would be
continuously emitting in an upward direction, which is aesthetically not pleasing from a user’s
perspective. Therefore, either a WiFi or an IR LED can be used for uplink transmission. The
signals from both the WiFi and IR LED transmitters are invisible to human eyes and thus do not
distract users. Further, for a bidirectional LC, the use of the infrared spectrum is deemed most
appropriate in the literature as it completely obliterates the use of RF waves [12, 13]. From this
point forward, the abbreviation LC is utilized for bidirectional communication, whereas VLC
has generally been preferred throughout the thesis for downlink communication. Additionally,
VLC supports green technology since it makes use of the already-existing, energy-efficient
lighting infrastructure—specifically, LED luminaires—for communication, which can become
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Figure 1.1: Electromagnetic Spectrum [8]

a source for energy harvesting as well. Further, research towards increasing the power con-
version efficiency of indoor solar cells would provide compact and low-cost solutions for
energy-autonomous VLC receivers. Leveraging the light spectrum for IoT is beneficial as the
lighting infrastructure composed of LED luminaires is being adopted extensively to illuminate
indoor spaces where IoT communication is most needed [11, 14]. These densely deployed
luminaires will act as access points (APs) for the IoT devices to provide a large number of
connections per unit area, addressing the challenge of high-density IoT nodes. In literature,
indoor high to moderate-speed VLC has been termed as Light Fidelity (LiFi) analogous to
WiFi [15]. However, for IoT devices, moderate to low-speed VLC is required.

To pave the way for the development in IoT and beyond, research on 6G wireless networks
and their accompanying technological trends has recently received much attention from both
academia and industry [16]. As discussed above VLC has the potential to be one of the 6G
enabler technologies. VLC will accelerate the applications and deployments of 6G-based IoT
networks across the realms of IoT data sensing, device connectivity, wireless communication,
and 6G network management [16]. Further, UAVs enhanced with communication capability
are considered to play important roles in the 6G networks due to their low cost and flexible
deployment [17]. is supposed to be an all-coverage network to provide ubiquitous connections
for space, air, ground and underwater [18]. As a consequence, the work in this dissertation
attempts to strengthen VLC technology for 6G communication user’s experiences and services
in devices with limited resources, like IoTs and UAVs.
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1.2 VLC Background

The history of optical wireless communication (OWC) can be traced back to ancient Greeks
and Romans who used polished shields to send signals by reflecting sunlight during battles
[19]. The use of Greek hydraulic semaphores (i.e., use of an apparatus to create a visual signal
such as fire, light, sunlight transmitted over distance) dates back to 3rd and 4th century. Also,
long distance optical semaphores were used in Europe in 17th and 18 centuries [20]. In 1880,
Alexander Graham Bell a well-known scientist invented the photophone, which transmitted
speech over several hundred metres using modulated sunlight [22]. In 1960’s, IBM studied
indoor IR wireless communications [21]. It is worth noting that OWC includes free space optics
(FSO) for long-range fixed communications and VLC for short-range communications [23].
This thesis has worked on the VLC aspect of OWC. More recent work in VLC began in 2003 at
Nakagawa Laboratory, in Keio University, Japan, using LEDs to transmit data by visible light.
The authors Komine and Nakagawa in [24] were motivated by the advancements in solid-state
lighting which significantly improved the reliability, lifespan, cost, and energy efficiency of
LEDs to develop a digital communication system using white-LEDs for illumination and high-
speed communication simultaneously. Since then there have been numerous research activities
focused on VLC and subsequently on LC. Consequently, VLC standardization process is
conducted within the IEEE 802.15.7 working group. LED lights have already made a name for
themselves in illuminating the majority of public and private spaces and are forecasted to cover
84% of illumination infrastructure by the year 2030 [25], thereby assisting VLC to become
a ubiquitous technology. The first generation of VLC devices are already available from
several enterprises such as PureLiFi, OledComm, Philips, VLNComm and Velmenni. As per
neoteric business report, VLC market size is anticipated to reach 80 Billion USD by 2030 [26].
Thus, both IEEE and ITU have initiated efforts for VLC standardization in the form of IEEE
802.15.13 Task Group [27], IEEE 802.11.bb [28] and ITU-T G.vlc [29]. Owing to the several
unmatched potentials of VLC such as vast unlicensed bandwidth, existing and increasing LED
infrastructure, low power consumption of LEDs, no electromagnetic interference and zero radio
exposure to human tissue make LC especially VLC an attractive option for myriad applications,
such as:

• Wireless communication: Light can be used to provide wireless connectivity to machine
to machine, IoT and LiFi users. VLC can attain low, moderate and very-high-speed
wireless connectivity with inherent security. VLC can provide connectivity to indoor [11],
outdoor [30, 31], and underwater scenarios [32], either substituting or supplementing
RF technology. Currently, VLC can provide a data rate of over 15 Gbps [33] using
off-the-shelf LEDs.
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– Indoor: Universities, schools, offices, gaming hubs require seamless high-speed
internet access due to higher and constant demand. These indoor scenarios can
save money on energy while simultaneously providing high-speed internet access
by installing LED lighting.

– Outdoor: The VLC enabled unmanned aerial vehicles (UAVs) can provide simulta-
neous communication and illumination for inspection, environmental protection
monitoring, first response, urban safety especially at night and emergency commu-
nication for disaster recovery [30, 31]. Further, wireless backhaul solution can be
improved with VLC [34].

– Underwater: Acoustic navigation and positioning technology is constrained by
bandwidth, whereas RF transmission necessitates a large antenna, high transmitter
power, and causes high attenuation (due to the high conductivity of sea water, RF
waves cannot properly propagate there). VLC, on the other hand, can provide
better data speeds for short-range communication than classic acoustic systems
with substantially reduced power consumption [32].

• Smart Cities: IoT plays a huge role in supporting the concept of smart cities. When VLC
is integrated in IoT, smart cities can genuinely be transformed [14]. VLC will not only
enable large-scale connectivity, but it will also automate many smart city activities such
as smart displaying signboards in shopping malls, roads, airports, and bus stops. These
signboards formed by an array of LEDs, can be used for broadcasting information by
utilizing VLC. VLC can help with efficient navigation and tailored shopping experiences
at shopping malls. The potential of true smart cities are infinite with the addition of VLC
to this framework.

• Healthcare Industry: The healthcare industry, being one of the most electromagnetic
wave-sensitive areas, must adhere to stringent standards. Conventional RF-based com-
munication, for example WiFi is restricted inside hospitals because it can interfere with
medical devices such as MRIs and even patient treatment in operation theatres [35].
Li-Fi, on the other hand, provides a viable option for data transfer in electromagnetic
Interference (EMI)-sensitive situations [36]. It can also help in robotic surgery and
laparoscopy. VLC enabled IoTs and UAVs can further reinforce the Healthcare system.

• V2X communication: Vehicles, street and traffic lights equipped with LEDs can be used
to implement VLC on the road. Li-Fi can provide practical solutions and detect scenarios
such as pre-crash detection, collisions, lane changes, and traffic signal violations by
implementing high-speed communication between vehicle-to-vehicle and vehicle-to-
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Figure 1.2: A typical VLC system

infrastructure. The current achievements and research challenges associated with the use
of VLC for V2X communication are summarized in [37].

• Aviation Industry: RF communication can interfere with the navigational system of the
aircraft, therefore internet access on board planes is currently limited. VLC could be
a viable choice for data transfer to passengers by utilizing the existing LED lighting
system inside an aircraft. Air France Airbus A321 in 2019 demonstrated the first in-flight
use of VLC [38].

• Industrial and Other Sensitive Areas: Industrial plants require quick digital connectivity
to monitor its manufacturing and processes. WiFi connectivity will not be suitable to
many sensitive places such as mining areas due to sensitive radiations, chemicals and
locations. VLC in these areas can give a safer and speedier solution. Further, VLC based
localization systems can be easily implemented with little additional equipment [39]
which can be used to locate employees and assets efficiently in factories.

1.3 Conventional VLC system

Fig. 1.2 shows the basic block diagram of a typical VLC system. In any communication
system, a transmitter and a receiver are the integral components. In VLC, a transmitter-receiver
prototype is implemented using LED (a semiconductor that produces light) at the transmitter
and photo-detector (PD) at the receiver. VLC employs IM/DD as data is modulated only into
light intensity, rather than amplitude and phase, due to the incoherent nature of the LED. As



Introduction 7

shown in Fig. 1.2, the input data is modulated after being coded using source, channel, or
precoding methods. The modulated data is converted into a real and unipolar signal to make it
compatible with the LED front-end, however if the default modulated data is real and unipolar
then there is no need for conversion. It should be noted that the modulation scheme used in
VLC has a significant impact on the VLC system’s performance. The signal x(t) modulates
the optical intensity of LED. The optical signal output from LED traverses across the optical
channel to fall on the optical receiver. The PD generates electrical current equivalent to the
incoming optical signal, which is amplified by a trans-impedance amplifier (TIA) to produce
signal y(t) for data demodulation. Additionally, optical filter and optical concentrator are
placed just above the PD to limit the spectrum of light, reduce the impact of ambient light
sources, filter out blue light, and then the optical concentrator concentrates the filtered light on
the PD.

1.4 Recent Progress in VLC

The multiple benefits of VLC and a recent boom in the usage of LED luminaires have en-
couraged a significant research on VLC. In addition to standardization efforts for VLC, many
research teams are constructing high data rate LC links. Pang et al. [40] published the first
attempt to modify visible light via rapid LED switching in 1999. Later, in 2001, the Reasonable
Optical Joint Access (RONJA) group [41] employed visible light beams to transport data at
10 Mb/s over a 1.4 km distance. Tanaka et al. from Keio University invented the use of white
LEDs for lighting and communication simultaneously [42]. The hOME Gigabit Connectivity
(OMEGA) group funded by the European Union, showed a data rate of 125 Mb/s using visible
light in 2009 [43], 513 Mb/s in 2010 [44], 803 Mb/s in 2011 [45], and [46] 806 Mb/s in
2012. Around the same time, several other research organizations began active research in
this area. While significant progress has been made in LC research [47] towards high speed
connectivity and the coexistence of LiFi-WiFi technologies [48], these efforts are less directed
at resource-constrained devices such as IoT and UAVs, the coexistence of LiFi-IoT and, mod-
ulation schemes and technologies supporting heterogeneous users and devices. Further, red,
green and blue (RGB) LED concept has not been utilized in many aspects in research literature
to support green communication in VLC systems.

1.4.1 RGB LED based Modulation Schemes

One of the key aspects of a communication system is its modulation scheme. The IEEE 802.15.7
VLC standard [49] outlines various modulation schemes for VLC in indoor applications such
as on-off keying (OOK) , M-ary pulse-amplitude modulation (M-PAM) , and M-ary pulse
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position modulation (M-PPM) and color shift keying (CSK) . Due to the the non-coherent
nature of LED transmitters, the conventional RF modulation schemes can not be directly used
in VLC. Thus, VLC utilizes intensity modulation with direct detection (IM/DD) technique
for communication, which requires real and positive input signal to the LED [8, 50]. RGB
LEDs are usually preferred over phosphor-coated LEDs for communication purposes because
they support wavelength modulations and have faster responses. The multi-colored LED can
be exploited to implement multi-input multi-output (MIMO) systems capable of providing
multiplexing and diversity gain [30, 31]. Unfortunately, the conventional blue-phosphor LEDs
can only support the 3-dB bandwidth of approximately 3-5 MHz, due to the slow phosphor
response [8, 51]. Further, the constant total output power from RGB LED in CSK modulation
scheme reduces the imminent human health complications [52]. The complexity of CSK is
more than OOK, however it provides log2M higher data rate than OOK [53]. CSK utilizes
RGB LED, which can be converted to OOK modulation as well.

One of the research challenges in RGB LED-based modulation schemes (i.e., CSK) of VLC
is to make it more suitable for moderate data rate communication in both resource constrained
devices and LiFi users. Further, it is difficult to enhance the performance of different versions
of CSK modulation schemes with a generalized technique. Another challenge is to design the
constellation points for CSK while maintaining white color balance.

1.4.1.1 CSK

Researchers have endeavoured to improve the performance of CSK by using more than three
LEDs. For an additive white Gaussian noise (AWGN) channel Ravinder et al. in [54] has
enhanced CSK with four LEDs, where they have reported a significant 4 dB electrical signal-
to-noise ratio (SNR) gain at a bit error rate (BER) of 10�6 over the three-LED scheme. CSK
has been combined with PPM scheme for indoor VLC in [55], where 8 dB gain is attained
in comparison with the standard 4-CSK (4 is the number of symbols) at a symbol error rate
(SER) of 10�4. This improved gain, nevertheless, comes at the expense of a wider bandwidth
requirement. To overcome the non-linearity effect of LEDs, Murata et al. in [56] presents a
digital version of CSK modulation, which maps the symbol using digitally controlled multiple
Trichromatic LEDs (TLEDs). The BER evaluation of the digital CSK (DCSK) system achieves
a similar BER as that of standard CSK with a linear variable current driver. Target color control
for DCSK with several multi-color LEDs is presented by Igata et al. in [57] for improving the
illumination performance of the modulated signals.
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1.4.1.2 Constellation Design

Moreover, the growing interests on designing and optimizing the constellation points primarily
in terms of lowered received bit/symbol error rates for standard CSK, have led to the emergence
of diverse techniques in the literature. The majority of constellation design problems aim to
improve color balancing restrictions or data rate transmissions. For the design of CSK constel-
lation points, the authors in [61] proposed a genetic algorithm for multiple LED transmitters
at different wavelengths in the VLC system. Drost and Sadler are the first ones to investigate
billiards algorithms in [62]. Later, in paper [63], they compensated the channel distortions by
designing a framework for optimizing the constellation points for VLC systems employing
multiple emitters at different wavelengths. Monteiro et al. designed constellation points for
CSK utilising interior-point methods in [64], then in [53] they extended it to higher-order CSK
constellations. The authors in [65] presented a power-efficient high dimensional constellation
design scheme for the standardized TLEDs.

1.4.2 LiFi-IoT Coexistence

In an indoor environment we cannot expect single-carrier modulation techniques to simulta-
neously support high-speed LiFi users [8, 9] along with LC enabled IoT (LIoT) devices [14].
The desideratum to coexist both high-speed (e.g., consumer multimedia) and low-speed (e.g.,
IoT) devices without compromising efficiency is an interesting research challenge in VLC.

Energy-efficient IoT communication is supported by a number of low-power RF wireless
technologies, including ZigBee, Bluetooth low energy, low-power wireless personal area
networks, and z-wave. However, these existing technologies are limited to few IoT devices in a
time slot due to the lack of spatial multiplexing and are not suitable for massive IoT devices
connections [66]. Currently, the coexistence technique used in narrowband IoT (NB-IoT) [67]
overlays a low-speed signal on a high-speed signal in LTE. The low-speed signal limits the
bandwidth requirement to 200 kHz to reduce the power consumption for IoT devices. However,
in already overloaded cellular networks, NB-IoT services will not be free. Once there are many
IoT devices, end customers would have to pay a monthly subscription to use NB-IoT services,
which will be expensive. IoT devices that support LC can receive better node density and
larger bandwidth for free. While NB-IoT for RF can be adopted in LC, the implementation of
the NB-IoT concept requires substantial change at the transmitter in terms of hardware and
software. In order to coexist WiFi with IoT devices, Hossein et al. in [68] have developed
energy-efficient IoT communication based on a single subcarrier of OFDM. For concurrent
data transfer between the AP and both WiFi and IoT devices, they have proposed beamforming
filters.
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Owing to energy and computing power limitations of IoT nodes, energy-efficient modula-
tion and medium access (MA) techniques are required for IoT communication. High spectral
efficiency (SE) modulation techniques such as OFDM and discrete multi-tone modulations
are undesirable for IoT nodes due to their higher computational requirements and high PAPR
[14, 69]. Instead, pulse-based modulation techniques such as OOK, PAM and CSK are more
appropriate for IoT communication. Chapter 3 and 4 of this thesis have shown the suitability
of CSK-1PD for indoor IoT networks [70], and have designed and optimized the constellation
points for CSK-1PD [71], respectively. The energy-efficient random number modulation
(RNM) technique proposed in [72], transmits b0 bits (such that, 2b0 > M modulation order),
if its information data block matches with the random sequence that it has generated in the
current time slot, otherwise it remains silent enabling higher energy efficiency. In contrast, a
conventional continuous transmission system transmits log2M during every symbol duration.
However, RNM does not transmit continuous data, so the communication link needs to be
delay-tolerant. This method is therefore appealing for IoT motes that only need to relay data
occasionally. The authors in [73] have designed a wavelength-sensitive, low-cost wireless
receiver architecture which enables distributed space-frequency diversity in an IoT network.
The aforementioned studies in Chapters 3, 4 and papers [72, 73] have made attempts to address
the power limits of IoT devices without taking into account coexistence with LiFi users.

1.4.3 VLC enabled UAV

The demand for UAVs have been snowballing over the last few years. The real-time aerial
video transmission is one of the myriad applications of wireless communication through
UAVs, which is conventionally utilized for remote sensing, surveillance, aerial inspection,
and monitoring [74]. UAVs can also be deployed as aerial base stations (BSs) or relays in
communication networks [74, 75]. These aerial base stations are referred to as UAV-BS.
UAV-BSs can augment the performance of desired communication network owing to their
high mobility, maneuverability in the three-dimensional (3-D) space, fast deployment and
ease of accessibility in remote areas. Whereas, VLC relies on LEDs for signal transmission
which makes them particularly suitable for scenarios like search and rescue in which both
illumination and communications are required. LEDs outperform the other light sources with
their high electrical-to-optical conversion efficiency, long life span, small size, light weight,
low cost and modulation performance [76]. Therefore, the energy-efficient LEDs further
reinforce the emerging VLC technology. The concept of incorporating LEDs in UAVs for
illumination in applications like disaster recovery and urban safety has been put out by the
authors of [77]. Draganfly Innovations [78] is designing and producing UAVs with LEDs
for use during nighttime operations. The recent use of LED mounted on a UAV inspires
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the researchers to combine VLC and UAVs to provide simultaneous communication and
illumination for inspection, environmental protection monitoring, first response, urban safety
especially at night and emergency communication for disaster recovery [30, 31, 77]. The
research into VLC-enabled UAVs, which can meet the dual requirement of illumination and
communication of ground users by visible light, has been furthered by the current interest
in VLC-enabled vehicular networks. Further, above mentioned utilization of LEDs in UAVs
for communication and illumination eliminate the extra cost and energy required in UAVs for
RF-based communication [79, 80]. Owing to the numerous advantages of VLC, VLC-enabled
UAV-BS (UBv) communications can become a promising technology.

However, low cost and energy-efficient three-dimensional (3-D) placement of UBv networks
is challenging, as it depends on many factors such as deployment environment e.g., geographical
area, locations of ground users, air-to-ground channel characteristics, etc. Another challenge in
UBv is to maintain quality of service (QoS) such as illumination and reliable communication.

1.4.3.1 UAV Deployment

The literature is replete with RF-based UAV-BS (UBr) networks and its deployment. The
optimized deployment of static and mobile UBr has been discussed in [81]. In case of static
UBr deployment, the position of UBr remains same for the entire duration of operational
time whereas for mobile UBr, the deployment position changes many times during allotted
operational time [82]. In [83], the joint optimization of the UBr 2-D positioning and the update
interval has been done with the standard exhaustive search based strategy (ES) algorithm
integrated with the greedy approximate approach [84]. Further, the optimization of UBr

deployment becomes even more challenging when mobility of ground users is taken into
consideration as it requires multiple updates based on the user mobility [85]. The UBr

deployment was updated using a reinforcement-learning (RL) based approach for dynamic
heterogeneous networks in [86]. The UBr trajectory is obtained in [87] using a multi-agent
Q-learning based method and is based on the prediction of users’ positions. RL technique has
been adopted in fair maximum coverage deployment of UAVs in [88], where the convergence
of the proposed algorithm takes training episodes of the order of 104. The time complexity of
RL depends on its training convergence. Concept of fixed update interval has been introduced
in [85] and [87] to quantify the repeated updates for mobile UBr. The multi-UAV-based
heterogeneous flying ad hoc networks (FANET) in [89] has been surveyed with more focus on
the concept of gateways in the network to connect small and mini UAVs via a communication
network.
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1.4.3.2 Related works in VLC enabled UAV

The existing work in UBv system primarily focuses on its power efficient deployment. In
a multi-UBv, multi-user scenario, to jointly satisfy the users’ data rate and illumination,
location of UBvs and the cell associations (different sub-regions corresponding to the deployed
UBvs) are optimized under illumination and communication constraints in [30]. However,
the impact of interactions between several UBvs has not been taken into account. In order to
meet the various data rate and illumination needs of ground users, an optimization problem
is constructed to optimize performance by minimizing the transmit power consumption of
interacting UAVs in [31]. The work in [90] provides a deep learning (DL) based strategy for the
deployment of UBvs that is power-efficient. Specifically, they simulate the long-term historical
illumination distribution and forecast the illumination distribution of the ground users using
a machine learning framework comprising gated recurrent units (GRUs) and convolutional
neural networks (CNNs). In order to achieve the huge connection requirements for 5G and
beyond, the work in [91] examines the integration of non-orthogonal multiple access (NOMA)
with UBvs. This technique also helps to serve more users compared to the VLC system without
NOMA. A joint problem of power allocation and UBv’s placement is solved to maximize the
sum rate of all users, subject to constraints on power allocation, QoS of users as well as UBv’s
position. Nevertheless, the benefit of multiple access provision in UBvs comes at the cost of
higher complexity. UBvs meant for communication should avoid lag and latency, therefore
most of the decision should be taken by UBvs only.

1.5 Research Gaps

Despite the significant advancements in LC and VLC research [47], focusing on high-speed
connectivity and the compatibility of LiFi and WiFi technologies [48], there is a lack of
attention directed towards resource-constrained devices such as IoT and UAVs, as well as the
coexistence of LiFi and IoT and the modulation schemes and technologies that support diverse
users and devices. Additionally, the potential of utilizing the RGB LED concept to support
green communication in VLC systems has not been fully explored in current research. This
section specifically aims to identify the potential research gaps in CSK modulation scheme,
LiFi-IoT coexistence and VLC enabled UAVs through above mentioned literature survey while
focusing on the research goals of this thesis, i.e., to explore solutions utilizing VLC in order
to provide low-cost and energy-efficient communication for resource-constrained devices and
pave the way for 6G communication.
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1.5.1 CSK

A crucial area of investigation for the RGB LED based modulation scheme known as CSK is
determining how to optimize it for energy efficiency and cost-effectiveness. Additionally, it
is important to examine the possibility of modifying the CSK scheme to make it suitable for
resource-constrained IoT devices.

Previous works related to enhancement of CSK scheme relies on change in the modulation-
demodulation methods, color control, CSK constellation design and number of LEDs or PDs
(hardware) of CSK schemes to enhance the CSK system. Further, it is noted that not all
enhancement techniques are suitable for different CSK schemes. In [92], the PPM technique
applied in CSK-1PD shows poor performance for the constellation point M = 4. The four LED
scheme [54] does not work for CSK-1PD as the constellation point range remains the same
for three and four LEDs. To the best of the authors’ knowledge, the existing literature lacks
generalized enhancement scheme for different versions of CSK modulation schemes.

The work in this thesis for the very first time proposes a common enhancement method
using probabilistic shaping (PS) for various schemes of CSK, especially, CSK-1PD and CSK-
1APD. The technology to shape the occurrence of the symbols (or constellations) on the basis
of a given probability is known as probabilistic shaping. The literature is replete with various
promising PS technologies in optical fiber communication systems. However, the concept of
applying PS technology to CSK VLC systems has not been explored before. The research
goal of this thesis is to explore PS as a generalized technique to enhance CSK schemes, which
does not require extra hardware (LEDs or PDs) and modification in the constellation symbols,
modulation and demodulation techniques of different CSK schemes.

1.5.1.1 Probabilistic Shaping Related Work and Research Gap

Recent research works [58–60] in fiber-optic communication have applied PS and have shown
shaping gains. Pilori et al. in [58] has compared PS-64-quadrature amplitude modulation
with lower cardinality uniform constellations at the same net data rate in long-haul optical
communications systems. Experimental evidence has shown that the maximum reach gains
vary from 15.5 to 34 percent. However, it was also shown that in a fibre with non-zero
dispersion shift, PS performance degrades more drastically than anticipated. The short auto-
correlation of nonlinear phase noise, which cannot be compensated by conventional carrier
phase estimation (CPE) techniques, is the cause of the poorer performance. Additionally,
it has been demonstrated that selecting the right CPE scheme at the receiver is essential
for maximizing the performance of PS technology. In [59], Eriksson et al. has applied PS
using exponential distribution in direct detection PAM system and has shown an increase in
the achievable information rate of 0.16 bit/symbol which corresponds close to 10 percent
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increase in the net data rate. Ivan B. Djordjevic et al. in [60] has evaluated non-uniform
8-PAM signalling scheme for data centre communications and demonstrated that for the same
feasible information rate, the low-density parity-check (LDPC) coded 8-PAM with exponential
distribution performs better than the LDPC coded 8-PAM with uniform distribution by 1.8 dB.

Most of the aforementioned studies have not considered the optimum probability order
(OPO) while applying PS technique to the input symbols. PS technique may act as a generalized
enhancement technique in CSK. Thus, research on source distribution and the probability order
that provides the best possible performance gain in CSK is intriguing. In earlier works, the
CSK modulation scheme was improved by using an extra LED, changing the color combination
or by modifying the internal hardware system. A low complex version of CSK modulation
scheme is required to provide moderate data rate with low complexity to support LiFi users
as well as resource constrained devices such as IoT devices. The proposed work in this thesis
presents a rigorous investigation by designing and analyzing the performance improvement
of PS-CSK modulated VLC system from communication perspective. To the best of authors’
knowledge, this work for the very first time, incorporates probabilistic shaping of input symbols
in different variants of CSK modulated VLC systems. Moreover, the proposed PS scheme in
this work [70] can be employed to the existing improved CSK-3PD schemes available in the
literature [54] [55], to obtain additional SNR gain.

1.5.2 CSK-1PD

The low-cost version of standard CSK modulation scheme having single PD at the receiver
can become an alternative to on-off keying (OOK) in IoT sensor networks as an M-ary CSK
modulation scheme provides log2M times more data rate than that of OOK. CSK with one
PD at the receiver (CSK-1PD) is a low-cost color space-based modulation scheme, which
can be exploited in implementing IoT sensor networks in a smart home or hall scenario
for communication as well as illumination, where resources are constrained and thus, low-
cost and power-efficient systems are preferred. The constellation design of CSK-1PD has
been performed solely in [92] till date, which has stated numerical optimization solution
for designing CSK-1PD constellations points for uniform input data only. Additionally, the
maintenance of white tonality in illumination is one of the fundamental requirements for any
VLC modulation scheme especially RGB LED based. The CIE 1931 chromaticity diagram’s
white zone (as shown in Fig. 4.2) may not always include the average colour obtained from
the CSK constellation symbols, leading to colour imbalances that can be seen by the human
eye [61, 92]. IEEE 802.15.7 standard has already proposed the adoption of a pseudo-random
sequence, known as scrambler to overcome the color unbalance problem. In order to keep the
output light in CSK-1PD at an average white tone for consistent input data, the scrambler has
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been utilized at the transmitter in [92]. The actual input data can be obtained at the receiver
by a descrambler. Nevertheless, using a scrambler and descrambler can increase the hardware
cost further. Therefore, a research gap exists in the optimization of the constellation points of
the CSK-1PD modulation scheme.

In this thesis, the research objective is to design PS-CSK-1PD constellations for various
input data and maximize energy efficiency by minimizing the required SNR at the FEC limit
SER within optimization constraints, while preserving white tone [71].

1.5.3 LiFi-LIoT Coexistence

The research literature is replete with cognitive radio concepts to coexist WiFi-IoT, but it lacks
LiFi-IoT coexistence works [93–95]. Nevertheless, these technologies are limited to spectrum
sharing only as they sense unused frequency bands of the primary user to communicate to
the secondary user, e.g., an IoT device. The complex beamforming filters can be replaced by
wavelength division multiplexing (WDM) in VLC, which can be directly implemented with
RGB LEDs. Moreover, the multi-carrier modulation schemes of VLC [50, 96] can at least
support high data-rate requirements of LiFi users but can not support the resource constrained
IoT devices simultaneously.

Therefore, the coexistence of LiFi users and LC-enabled IoT communication necessitates
a thorough investigation of how much it can benefit from using light as a communication
medium for green communication. In existing literature, there is a lack of comparison between
different subcarrier modulation techniques in O-OFDM considered for LiFi-IoT coexistence.
Techniques such as Pulse Amplitude Modulation (PAM), Quadrature Amplitude Modulation
(QAM), and CSK have not been compared in a comprehensive manner to determine the most
suitable scheme for the coexistence. These research gaps have driven the objective of this
thesis to explore an alternative energy-efficient LC compatible indoor communication solution
that can concurrently support both LiFi users and IoT devices. Specifically, the objective of this
research is to develop a standard solution that supports both high-speed and low-speed devices
in a manner that is energy-efficient and cost-effective while promoting green communication
for IoT devices and existing indoor LiFi users [97].

1.5.4 VLC enabled UAV

This thesis focuses on myriad applications of VLC for resource constrained devices. Since
UAVs are also power limited and size constrained devices, the utilization of visible light for
communication and illumination in UAVs can help in reducing energy and air-frame cost.
The placement of UBv networks in a 3-D space that is both low-cost and energy-efficient is
a challenging task. This is due to the various factors that must be considered, such as the
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deployment environment, the location of ground users, and the characteristics of the air-to-
ground communication channel. Another significant challenge in UBv networks is ensuring a
high level of quality of service, including adequate illumination and reliable communication.
The research gaps in relation to the existing literature are covered in more detail in the following
paragraph.

For vertical deployment in UBv, one cannot consider the same height as UBr since in
UBv the aim is to simultaneously provide communication and illumination. In case of UBr,
the altitude is mostly fixed based on certain communication parameters such as achievable
data rate, error rate or SNR. Therefore, a plethora of works in RF-equipped UAVs are for
two-dimension (2-D) deployment. However, in UBv, the vertical deployment depends on
two factors; communication and illumination especially for night scenario or say low light
scenarios. Further, VLC channel gain is different from the RF channel gain. Therefore, UBv

can not be deployed at the same altitude as of UBr. Secondly, for the user mobility aware 2-D
deployment one may expect that similar deployment technology can be used for both UBr and
UBv. However, the maximum coverage radius changes for UBv from UBr because the altitude
and quality-of-service (QoS) metrics are different in both cases. Due to UAV power and size
restrictions, very complex algorithms are also less preferred for UBv networks. In these works
[30, 31, 90] the power efficient deployment of UAVs has been done in 2-D with fixed altitude
of UBv. There is lack of research works which have focused on minimizing the flight time
of UBv and maximizing the coverage probability of ground users with energy-aware and low
complex methods. Additionally, two of the challenges and open issues presented in [89] which
is mobility modelling of UBv with user mobility awareness and energy-efficient scheme have
been investigated in this thesis for UBv. Further, no existing work in UBv has considered the
variation of day and night scenario in coverage.

The research goal of this thesis is to investigate UBv coverage radius with respect to its
altitude to provide reliable communication for day scenario, and both reliable communication
and illuminance for night scenario. The 3-D deployment of UBv has been done to maximize
the number of covered users and minimize the UBv flight time with energy and user mobility
awareness [98].

1.6 Major Contributions

By reviewing previous and related research works of VLC, the study in this thesis intends to
partially cover the aforementioned research gaps related to CSK modulation scheme, LiFi-IoT
coexistence and VLC enabled UAV. The major contributions of this dissertation and relevant
publications are summarized below.
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• In order to propose a generalized enhancement scheme for different versions of CSK
modulation schemes, we analyze the performance of CSK modulation schemes with PS
of input data. Specifically, we have considered three variants of CSK with respect to
receiver structure namely CSK with one PD (CSK-1PD), CSK with three PDs (CSK-
3PD) and CSK with one avalanche PD (CSK-1APD). For shaping the CSK input symbols,
four different source distributions are considered viz. uniform, exponential, Maxwell-
Boltzmann and Pareto. The proposed work comprises of developing algorithms to obtain
the optimum probability order for maximizing the received SNR gain. The performance
metric considered in this work is SNR gain at forward error correction (FEC) limit,
thereby, indicating the energy-efficiency in the proposed work. The proposed systems
have been analyzed for computational complexity. Further, the closed-form expressions
for SER have been derived for the proposed PS-CSK schemes. It has been observed that
proposed PS-CSK schemes provide different SNR gain for different source distributions
at a given SER. The results show that PS based on Pareto distribution gives the best
performance gain at unity achievable information rate among all considered source
distributions.

– Dil Nashin Anwar and Anand Srivastava, “Design and Analysis of Probabilistic
Shaping in Color Shift Keying Modulation Schemes,” IEEE System Journal,
vol. 15, no. 1, pp. 1433-1444, March 2021, doi: 10.1109/JSYST.2020.3007391.

• This work revolves around optimizing the constellation points of CSK-1PD to achieve
a more energy-efficient modulation scheme. The optimization has been done with
and without average white tone constraint for uniform and non-uniform (exponential,
Maxwell-Boltzmann, Pareto) source distributions. The constellation design strategy is
based on maximizing the minimum distance among the differently distributed symbols.
In the case of non-uniform distributions, the constellations points have been optimized by
geometrically shaping the points based on their PS. The optimized constellation points
(OCPs) of CSK-1PD without white tone constraint provide higher SNR gain at FEC
limit SER as compared with strict white tone constraint. Further, the strict white tone
constraint has been relaxed by considering the whole white light region in the CIE 1931
chromaticity diagram as white tone. The OCPs for uniform data with relaxed white tone
constraint achieves SNR gain similar to without white tone constraint. However, for
probabilistically shaped symbols, the SNR gain achieved from OCPs improves from
strict white tone constraint but remains less than the without white tone constraint. A
novel method to utilize an additional RGB LED at the transmitter side has been proposed
and designed to maintain any white tone light in the white light region without degrading
the maximum achieved SNR gain.
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– Dil Nashin Anwar and Anand Srivastava, “Constellation Design for Single
Photodetector based CSK with Probabilistic Shaping and White Color Bal-
ance,” IEEE Access, vol. 8, pp. 159609-159621, August 2020, doi: 10.1109/AC-
CESS.2020.3020403.

• Owing to power limitations and hardware constraints of the IoT device, it requires sim-
ple, low power, low complex, energy-efficient communication technology. In contrast,
LiFi users require high data rates and reliable connectivity. Motivated by the diverse
requirements of these heterogeneous users, this thesis proposes novel green communi-
cation schemes that can be used for the coexistence of LiFi users and LC enabled IoT
devices under a common LiFi access point. The proposed coexistence schemes utilize
the amalgamation of wavelength division multiplexing, OFDMA, Hartley transform
based DCO-OFDM (DCO-OFDMH), null DC element, interleaved subcarrier mapping,
modified data sequence to achieve concurrent interference-free, low complex and reliable
communication. The utilization of the optical-orthogonal frequency division multiplex-
ing (O-OFDM) [99] scheme assists in supporting simultaneous data transmission to
LiFi users and IoT devices by assigning a single O-OFDM subcarrier to an IoT device.
Additionally, as the MA techniques affect the choice of modulation techniques and over-
all performance in the system. This work includes an analytical delay and throughput
framework to corroborate the decision of an appropriate combination of MA and modu-
lation techniques in the coexistence scheme. We present a comprehensive analysis of the
proposed coexistence schemes against conventional DCO-OFDMH coexistence schemes
in-terms of system complexity, peak-to-average-power ratio, effective-SE, the maximum
number of IoT devices, power saving with respect to QAM based DCO-OFDMH, energy
harvesting, and SNR. The results suggest that the proposed downlink (DL) and uplink
(UL) coexistence schemes reduce the complexity and increase the energy efficiency at
the user’s and device’s terminals.

– Dil Nashin Anwar, Rizwana Ahmad and Anand Srivastava, “Energy-Efficient
Coexistence of LiFi Users and Light Enabled IoT Devices," IEEE Transactions

on Green Communications and Networking, vol. 6, no. 2, pp. 930-950, June
2022, doi: 10.1109/TGCN.2021.3116267.

• To cover maximum of mobile ground users while ensuring fairness, we propose energy
and user mobility aware 3-D deployment of UBv. The UBv coverage area to serve ground
users has been enhanced with holographic light-shaping diffusers (LSD) [100, 101]. The
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optimum angle of the LSD has been obtained based on LED optical transmitted power
and desired UBv maximum coverage. A novel RGB LED solution based on light
sensitivity to the human eye is proposed to increase the coverage area for the night
scenario. Moreover, we derive the analytical expressions to determine the maximum
coverage radius and UBv optimum altitude for the defined QoS metrics. Since, UAVs
in general are resource constrained devices, therefore the aim of this work is to reduce
the complexity of computing the optimal UBv placement to cover maximum possible
users with energy awareness. The farthest user and shifting UAV based solution have
been proposed for the joint optimization of UBv placement and the update interval. The
complexity of the proposed algorithms is lower than the exhaustive-search based solution,
thus, making the UBv network energy-efficient. Finally, the proposed UBv network is
evaluated in terms of average update interval, average number of effective users, average
number of update instants, average service time and complexity.

– Dil Nashin Anwar, Mansi Peer, Kanak Lata, Anand Srivastava and Vivek Ashok
Bohara,“ 3-D Deployment of VLC Enabled UAV Networks with Energy and
User Mobility Awareness”, IEEE Transaction on Green Communications and

Networking, vol. 6, no. 4, pp. 1972-1989, Dec. 2022, doi: 10.1109/TGCN.2022.3171920.

1.7 Thesis Layout

In this thesis, we design and analyze low-complexity energy-efficient VLC systems for resource
constrained devices and applications such as IoT devices and UAVs. Chapter 2 presents
a detailed explanation of optical channel. Afterwards, various VLC modulation schemes
including CSK and O-OFDM are discussed. Finally from Chapter 3 onward, the major
works of this thesis are presented. This chapter shows the integration of PS in CSK and its
performance achieved. Chapter 4 specifically design and optimize the constellation points
of non-uniform source distributions in PS-CSK-1PD to achieve higher energy-efficiency
compared to its uniform source distribution counterpart. Chapter 5 provides a comprehensive
performance evaluation of different variants of proposed and conventional DCO-OFDMH

coexistence schemes in-terms of various performance metrics. The 3-D placement of UBv

and update interval while maintaining illuminance and SNR threshold have been discussed
in Chapter 6. Chapter 7 concludes the dissertation and suggests the possible future research
directions. The last chapter, Chapter 9, discusses additional research works published during
the tenure of PhD.





Chapter 2
VLC Channel and Modulation Schemes

In this chapter, Section 2.1 cover more specifics about the VLC physical layer such as the
channel model. The effects of various impairments in a VLC system, such as thermal noise
and shot noise, are discussed in Section 2.2. Followed by Section 2.3 which discusses various
VLC modulation techniques.

2.1 Optical Channel

The VLC optical channel can be modelled as:

y(t) = r x(t)⇤h(t)+n(t), (2.1)

where, "*" stands for a convolution operator, r indicates the responsivity of the PD. The
property of PD to generate specific electrical current to an incident optical power of a given
wavelength is known as the responsivity of the PD for that wavelength. The optical channel
impulse response is denoted by h(t) and n(t) represents the overall noise present in the VLC
system which follows the property of additive white Gaussian noise (AWGN), as explained in
Section 2.2. The optical channel impulse response h(t) can be expressed as:

h(t) = hLOS(t)+hNLOS(t), (2.2)

where hLOS(t) is the impulse response of the line-of-sight optical channel, i.e., the direct link
between the transmitter LED and receiver PD and hNLOS(t) is the impulse response of the
non-line-of-sight (NLOS) optical channel, i.e., the indirect link between the LED and PD
which consists of reflections from the walls and the diffused components from near by objects.
Fig. 2.1 shows the LOS and NLOS links between the transmitter LED and receiver PD.



VLC Channel and Modulation Schemes 22

The frequency domain representation of optical channel is as follows:

H( f )VLC = H( f )LOS +H( f )NLOS. (2.3)

Figure 2.1: Optical channel model representing LOS (green) and NLOS (orange) link

2.1.1 LOS Link

The light emitted by LED can be modelled as Lambertian radiation pattern R(f). The Lamber-
tian radiation intensity depends on the angle of irradiance and can be modelled as [24, 102]:

R(f) = (m+1)cosm(f)Pt

2p
, (2.4)

where f represents the angle of irradiation, m denotes the Lambertian order which specifies
the directionality of the source, and Pt is the transmitted optical power. The value of m can be
calculated from the LED half-intensity angle, F1/2, which is defined as:

m =
�ln(2)

ln(cos(f1/2))
. (2.5)

The angle of irradiance f , is the angle between the transmitted ray falling on the receiver and
the normal direction ray of the LED, which can be expressed as:

cos(f) = bnT
(CR�CT )

||d|| , (2.6)
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where, bnT is the orientation of the transmitter LED. The positions of source and receiver, are
CT and CR, respectively.

The impulse response of LOS link between LED and PD can be modeled as [103]:

hLOS(t) =

8
<

:

R(f)APD cos(y)
d2 d (t� d

c ), : y < Yc

0, : y > Yc
(2.7)

where, d is the distance between the transmitter LED and receiver PD, d (.) is the Dirac delta
function, c is the speed of light. The angle of light incidence at the receiver y , is the angle of
view of the transmitter position (relative to normal direction of the PD) when looking from the
receiver, It can be given as:

cos(y) = bnR
(CT �CR)

||d|| , (2.8)

where bnR is the orientation of the receiver. The angle of incidence y , at the PD should not
exceed the field-of-view (FOV) angle (Yc) of the PD for proper data reception. The physical
area APD and the Yc of the PD impacts the received optical power and thus electrical output
current. Therefore, above mentioned parameters associated with PD are present in the impulse
response of the optical channel.

The DC channel gain for LOS is defined as [104–106]:

H(0)LOS =
(m+1)APD

2pd2 cosm(f)GfGc(y)cos(y), (2.9)

where, Gf defines the gain of the optical filter; and Gc denotes the gain of optical concentrator,
and is given as:

Gc(y) =

8
<

:

√2

sin2(y)
, 0 y Yc

0, y > Yc

(2.10)

where √ is the refractive index of the concentrator.

2.1.2 NLOS Link

The light rays reaching the PD indirectly after being reflected from different walls of a room
are considered in the NLOS link. The NLOS component’s channel gain is specified as [107]:

H( f )NLOS =
GAPDe j2p f DT

Aroom(1�G)(1+ j f
fc )

, (2.11)
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where G is the reflectivity of the walls, DT is the delay between the LOS and onset of the
diffused signals, Aroom is the area of the room, and fc is the cut-off frequency of the diffuse
optical channel [108].

2.2 Noise in VLC

VLC system majorly have three sources of noise.

1. Shot noise: The intrinsic randomness in the photon’s particle results in fluctuating current
which cause shot noise at the optical receiver. The generated shot noise depends on
the incident optical signal [109–111]. For a large number of photons, shot noise can be
modelled as an additive white Gaussian noise (AWGN). The variance of shot noise is
given as:

s2
sh = 2qIrecB+2qIBI2B, (2.12)

where q is the electron charge, Irec is the electrical current generated at the PD to an inci-
dent optical power which is a linear combination PD responsivity and average power of
incident optical signal at the receiver (Prec), equated as Irec = rPrec. IB is the background
noise current, and I2 is the noise-bandwidth factor, and B is the effective bandwidth of
the optical receiver which is determined by the minimum of signal modulation bandwidth
or the receiver bandwidth.

In case of indoor scenario, the distance between transmitter and receiver is less and the
dominant signal is LOS [106], thus the incident optical power at PD is large. Additionally,
practical indoor VLC systems require high incident optical power to maintain typical
illumination and communication [112]. As a result, shot noise is more pronounced and
cannot be neglected in indoor environments where the incident optical signal at the PD
is relatively high due to illumination criteria.

2. Thermal noise: The random thermal motion of electron carriers in the receiver circuit
result in fluctuating voltage known as thermal noise. Thermal noise can be described as
[113]:

s2
th =

4kBTkB
Rl

, (2.13)

where, kB is the Boltzmann’s constant, Tk is the absolute temperature in Kelvin and Rl

represents receiver equivalent load resistance. The resistance of the transimpedance
amplifier (TIA) is a major source of thermal noise. This noise can also be modelled as an
AWGN. In case of strong ambient light, the impact of thermal noise is more pronounced
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and the shot noise becomes low. Thus, the noises at the VLC system are assumed to be
independent of the received signal [114–116].

The additive white Gaussian process jointly approximates the thermal and shot noise
components of a PD [53, 106], thus the overall noise in VLC is considered to be AWGN.

3. Ambient light noise: In indoor VLC, indirect sunlight and other light sources such
as fluorescent light may affect the communication whereas in outdoor direct sunlight
during day time and street and infrastructure luminaires during night time may affect the
performance of VLC. However, ambient light noise in an environment remains constant
for a larger period of time than the communicating light. Therefore, the impact of
ambient light noise can be significantly removed with a high pass filter [10, 30].

2.3 VLC Modulation Schemes

In case of VLC, since the same LED will be responsible for both illumination and communica-
tion, modulation techniques must meet both illumination and communication requirements.
However, in case of LC with IR LED no such illumination constraint is required as infrared
rays are invisible to human eyes. It is important to note that in an indoor scenario where LED
luminaires are present then VLC is adopted to support green technology instead of IR LED.
Therefore, VLC modulation schemes should prevent flickering by changing light intensity
faster than a human eye can detect (i.e., faster than 200 Hz) and provide a certain illuminance.
Consequently, various modulation techniques for the VLC physical layer proposed by IEEE
802.15.7 and IEEE 802.15.13 have been discussed below.

2.3.1 On-off Keying (OOK)

OOK is the primary modulation scheme meant for low to medium baud rate optical wireless
communication systems in which when the LED is on then digital "1" is transmitted and if
the LED is dimmed which is assumed to be off then digital "0" is transmitted. The off state
does not indicate that the LED has been turned off, but rather that the light intensity has been
significantly reduced. OOK is simple to set up, but has some drawbacks, including inter-symbol
interference (ISI) at higher transmission speeds because the OOK pulse bandwidth exceeds
the LED 3-dB bandwidth [117] and limits the data rate. The optical power is not constant as
long runs of ones and zeros in OOK may cause nausea and epilepsy in human beings due to
light flashes [52, 53]. Further, with off-the-shelf components OOK can only handle a limited
amount of data [49, 50, 118].
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2.3.2 Variable Pulse Position Modulation (VPPM)

In VPPM, the pulse width is varied according to the dimming requirement and the position
of the pulse is modulated according to the data for communication. Fig 2.2 displays VPPM
with different dimming percentages. It can be observed that VPPM is a combination of pulse
width modulation (PWM) and pulse position modulation (PPM) that support concurrently
illumination with dimming control and communication [119]. The key characteristics of
VPPM is that pulses are positioned in a fixed time period and the position of the pulses
within the time period is varied to represent the amplitude of the analog signal. This provides
an advantage to VPPM, as error rate becomes robust to noise which may impact the signal
amplitude. The advantage of VPPM is that the amount of dimming does not impact the data
transmission [120, 121]. However, one of the main drawbacks of VPPM is that it is sensitive
to timing jitter and clock drift, which can result in errors in the recovered signal. Additionally,
the receiver must have knowledge of the variable pulse widths used by the transmitter in order
to correctly decode the information.

Figure 2.2: VPPM with different dimming percentages, showing the modulation of “0 1 0 0" data
stream [121].

2.3.3 Color Shift Keying (CSK)

The less computationally complex modulation schemes for VLC include OOK, PPM, and
colour intensity modulation (CIM). However, as per IEEE 802.15.7 standard [49] for VLC,
these modulation schemes can cause large inrush currents when used with large arrays of LEDs
and require constant flicker management [53]. The power-controlled version of CIM, known as
colour shift keying (CSK) can be an alternative. The optical power of the visible light emitted
by multi-colour LEDs such as red, green and blue (RGB) LEDs in the trichromatic LED
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Figure 2.3: Block diagram of a typical CSK modulation scheme in VLC.

(TLED) lighting source is modulated for data transmission keeping constant signal envelope
power. The RGB LEDs in CSK modulates data to provide communication along with white
light illumination suitable for indoor environments in buildings. CSK maintains a constant
instantaneous luminance across each constellation, preventing intensity flicker and sudden flux
of currents in LED devices. CSK reduces the fluctuations in light intensity that may induce
nausea and epilepsy in human beings [52, 53]. The M-CSK system where M = 2q, provides q
times data rate than that of OOK by mapping q bits into a symbol [53].

Fig. 2.3 shows the block diagram of the standard CSK VLC system as proposed in the
physical layer-III of the IEEE 802.15.7 standard [49, 53]. The CSK modulation scheme
includes a color coding block that maps the input symbols into an x-y color coordinates. The
CIE 1931 [49] color space chromaticity diagram represents all the colors visible to the human
eye with their color coordinates x and y as seen in Fig. 2.4. Each constellation point is
represented by a unique binary input symbol which gets a particular combination of RGB
intensity according to the color coding scheme. The IEEE 802.15.7 standard provides eight
color coding schemes, also known as color band combinations (CBCs)) to modulate symbols
in CSK [122]. In Fig. 2.3, after color coding, the mapping from x-y color coordinates to
RGB intensity vector ensures LEDs illumination for the specific RGB intensity. The intensity
transformation from x-y to RGB with a set of equations has been discussed in detail in [53, 54].
The digital voltage values (to drive LEDs) are converted to analog values using digital-to-analog
converter (DAC) and then fed to the LEDs to illuminate with the corresponding intensity of
light. The mathematical equations for transmitted and received symbols in CSK modulation
schemes have been established in terms of electrical current for consistency with the notation
of electrical current generated at the PD receiver. The instantaneous current driving each RGB
LED represents the CSK transmitted symbols. The current driving each RGB LED is obtained
from RGB intensities [53]. The set A has all M-CSK symbols i.e., the instantaneous RGB LED
driver current vector denoted by sk for the kth symbol. The proposed work considers M = 4
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Figure 2.4: Color space chromaticity diagram showing RGB constellation triangle and four symbols of
CSK-3PD [122].

constellation size for the analyses.

A = {s1,s2,s3, ...,sM}, (2.14)

sk = [Irtx, Igtx, Ibtx]k, (2.15)

where, Irtx, Igtx, and Ibtx, represent the instantaneous driver current for the red LED, green
LED, and blue LED, respectively. The three symbols of 4-CSK form a triangle-shaped diagram
(formed by black lines) in Fig. 2.4. A 4-CSK constellation symbol consists of two bits and is
defined by a combination of three visible light wavelengths (RGB). The mixture of red, green
and blue light generated from RGB LED source gets corrupted by AWGN noise (represented
by w) at the receiver PD. Three PDs receive the mixed optical signal, each having red, green,
and blue light filters, respectively in front of them as shown in Fig. 2.3. The mixed optical
signal is thus received separately as the filter in front of each PD filters the specific light. The
PDs convert the specific light to output electrical currents. The electrical currents Irrx, Igrx and
Ibrx represent the received symbol as shown in Fig. 2.3. These received analog currents are
converted to digital values using analog-to-digital converter (ADC).

It should be noted that in CSK modulation, the chromaticity of an LED is modulated, rather
than the overall intensity or the wavelength. Chromaticity is defined as the combination of
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hue and saturation and is represented by a point on a standardized color space such as CIE
1931 XYZ. For example, in RGB color space, the chromaticity is defined by the ratio of the
red, green, and blue components. When using CSK modulation, the goal is to achieve a high
modulation depth, which is defined as the ratio of the change in chromaticity to the original
chromaticity. The modulation depth depends on various factors, including the LED’s spectral
power distribution, the receiver’s sensitivity, and the distance between the transmitter and
receiver. In CSK analysis, most of the researchers have assumed the peak wavelength of the
colored LEDs to be the dominant one. Therefore in most of the CSK related research work
the single wavelength (i.e., dominant one) have been considered [53–57, 61–64, 92]. Further
this assumption simplifies the analysis of the CSK system. Although LEDs do have a wide
spectrum, the spectral power distribution is not continuous, and the LED’s peak wavelength
dominates the output spectrum. The spectral width of an LED is typically on the order of a few
nanometers, which is narrow enough to assume that the LED emits light at a single wavelength
for analysis purposes.

In research papers, it is assumed that the received optical power of the respective color light
is obtained by filtering the received signal using an appropriate filter that isolates the color of
interest. At the receiver end, we have a photodetector that receives the transmitted signal. To
obtain the received optical power of lets say red light, we would use a red filter that transmits
only the light in the red part of the spectrum and blocks all other colors. When the transmitted
signal is received by the photodetector, it generates a current proportional to the optical power
of the received signal. The output of the photodetector is typically converted into a voltage
using a transimpedance amplifier. The voltage can then be measured and used to calculate the
received optical power of the filtered light. For simplicity in the CSK analysis, the filter gain is
assumed to be ideal, i.e., 1 and the focus is kept more on the photodetector’s responsivity to
the filtered light[53–57, 61–64, 92]. Thus, in this thesis work, the above two assumptions have
been considered in CSK-related work.

2.3.4 Optical Orthogonal Frequency Division Multiplexing (O-OFDM)

Orthogonal frequency division multiplexing (OFDM) has been proposed for low bandwidth
(LB) and high bandwidth (HB) PHY modes of IEEE 802.15.13. OFDM has several advantages
over single carrier schemes: it achieves high data-rate by using multiple orthogonal subcarriers
to concurrently transmit parallel data streams, eliminates the need for complex equalizers,
embodies an inherent resilience to combat ISI; and can be directly extended to medium access
schemes. However, the conventional OFDM used in WiFi communication have bipolar and
complex symbols. In order to make the complex bipolar OFDM signal compatible with IM/DD,
the conversion of complex bipolar signal to real and unipolar signal is done in Optical-OFDM
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Figure 2.5: Block diagram of QAM based DCO-OFDM for data transmission

(O-OFDM) [99]. More precisely, discrete Fourier transform (DFT) based OFDM outputs a
complex bipolar signal which can not be directly transmitted over LEDs. In order to make the
complex bipolar OFDM signal compatible with IM/DD, the conversion of complex bipolar data
to real data can be done by utilizing Hermitian symmetry or segregating the real and imaginary
components of data followed by DC bias addition or negative signal clipping for real and
unipolar data. For VLC, the modified OFDM is known as optical-OFDM. O-OFDM has drawn
much attention due to its high data rate, decent spectral efficiency, simple equalization and
robustness to the inter-symbol interference (ISI). O-OFDM being a multi-carrier modulation
scheme helps in overcoming the large ISI caused due to the non-linear frequency response of
LEDs [99]. Fig. 2.5 shows the block diagram of direct current biased O-OFDM (DCO-OFDM).
The input data bits are subcarrier modulated and then converted from serial to parallel to
perform inverse fast Fourier transform (IFFT) operation. In order to obtain real valued bipolar
signal after IFFT, Hermitian symmetry is usually applied. However, Hermitian symmetry is
computationally complex and N/2� 1 unique symbols [99, 123] will be transmitted to the
receiver whereas in case of segregating method [96] (as shown in Fig. 2.5) N/2 unique symbols
can be transmitted with lower complexity. It is observed that O-OFDM utilizes N subcarriers
to send data, but in true sense the lesser number of unique data are transmitted because
the conversion of complex to real data reduces number of information carrying subcarriers.
Moreover, it should be noted that different variants of O-OFDM uses different processing block
to convert the complex and bipolar signal into real and unipolar signal, such as:

1. DC biased optical OFDM (DCO-OFDM): In DCO-OFDM, appropriate DC bias is ap-
plied to the real valued bipolar signal (as shown in Fig. 2.5) to obtain unipolar signal. The
addition of DC bias results into higher PAPR and high PAPR causes clipping distortion.
Therefore, the performance of DCO-OFDM degrades due to clipping distortion and
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becomes less power efficient due to high PAPR [69, 124, 125]. Assuming N to be total
number of subcarriers, the actual information carrying subcarriers become (N/2) in
DCO-OFDM due to segregating method [96].

2. Asymmetrically clipped optical OFDM (ACO-OFDM): In ACO-OFDM, the bipolar
signal is clipped at zero level to achieve unipolar signal before transmission to the
LED. The actual information carrying subcarriers become N/4 in ACO-OFDM due to
consideration of odd subcarriers only for data [99, 123].

3. Flip-OFDM: The polarity separator in flip-OFDM divides the positive and negative
components of a bipolar signal into two frames. These frames are multiplexed so that the
first subframe has the positive component and the second subframe contains the flipped
negative component, resulting in a frame with real unipolar signal [126]. Flip-OFDM
and ACO-OFDM have similar performance and spectrum efficiency as both are non-DC
approaches. Therefore, Flip-OFDM and ACO-OFDM can be regarded comparable with
the exception of receiver complexity. DCO-OFDM, on the other hand, is more spectral
efficient but less power efficient than ACO-OFDM and Flip-OFDM [126].





Chapter 3
Design and Analysis of Probabilistic Shaping
in CSK

This chapter incorporates probabilistic shaping (PS) of input data in color shift keying modula-
tion techniques to enhance the performance of the VLC physical layer. In order to improve
various CSK schemes, PS has been investigated as a generalized technique that does not call
for additional hardware (LEDs or PDs) or changes to the constellation symbols, modulation,
or demodulation techniques of different CSK schemes. These, together with the absence of
a generalized enhancing scheme in past research studies (refer Section 1.4.1 for additional
information), served as motivation. This work [70] explores four different source distributions,
uniform and three non-uniform (namely exponential, Maxwell-Boltzmann and Pareto) to shape
the CSK input symbols according to their probability distribution. The three CSK modulation
schemes considered have distinct receiver structure in terms of number and type of photodetec-
tor. The standard CSK modulation scheme is the uncoded IEEE 802.15.7 CSK, which uses an
RGB LED at the transmitter and three PDs at the receiver (as discussed in detail in Chapter
2.3.3). Another method to implement CSK is by using a single PD at the receiver (as discussed
in detail in Chapter 9.1.1). The former is referred to as CSK-3PD while the latter, CSK-1PD, in
this report. The third variant of the CSK modulation scheme utilizes one avalanche PD (APD)
and has been referred to as CSK-1APD.

Section 3.1 outlines the contributions of this work and presents a brief background of
CSK scheme variants. Section 3.2, describes the proposed work based on PS. Section 3.3
explains in detail the noise effect in probabilistic shaping and the derivation of analytical
BER expression. The analytical and simulation results are presented in Section 3.4. Finally,
Section 3.5 concludes the chapter.
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3.1 Contribution

The key contribution of the proposed work can be summarized as follows:

1. This work for the very first time integrates probabilistic shaping of input symbols in the
CSK modulation schemes of a VLC system for power-efficiency.

2. The generalized expression of achievable information rate (AIR) has been derived. For a
fair comparison among all the scenarios, the unity AIR has been procured for various
source distributions according to the distribution parameter (l ).

3. It has been observed that the M symbols in CSK could be shaped by assigning any
probability order out of n=MPr=M (P stands for permutation) probability orders. However,
all the probability orders do not necessarily give the same performance. Algorithms have
been developed to obtain the optimum probability order (OPO), i.e., the probability order
at which the maximum SNR gain is achieved.

4. The computational complexity and closed-form SER expressions for all CSK schemes
have been derived.

3.1.1 CSK variants

Different variants of CSK can be achieved by modifying the number of LED transmitters such
as four or five [54]. However in this work the different CSK variants have distinct receiver
structure in terms of number and type of photodetector. We have considered three variants of
CSK with respect to receiver structure namely CSK with one photodetector (PD) (CSK-1PD),
CSK with three PDs (CSK-3PD) and CSK with one avalanche PD (CSK-1APD).

3.1.1.1 CSK-3PD:

The proposed work assumes the generalized property of the VLC channel to be flat (with
no inter-symbol interference) and noise to be AWGN. In [53], optical channel estimation for
IEEE standard CSK as discussed in detail in Section 2.3.3 of chapter 2 has been carried out by
applying a known driving current, i.e., 100 mA or 200 mA, to each RGB channel independently
and then recording the photo-response of each detector to each LED. The non-linear relationship
between the driver current and the emitted light power of LEDs limits the choice of driving
current [113]. This estimation method includes the physical phenomena of distance-based
LOS optical channel as shown in (2.9) and considers AWGN for each of the wavelengths
(RGB). The channel gain values change as the channel considers NLOS light path, blocking,
shadowing, and user-movement [53, 54]. However, this work considers LOS and AWGN, so
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the channel gain matrix termed as H3PD is a combination of three IM/DD channels. Each
element of H3PD depicts the gain between the ith LED and jth PD. The estimated independent
channel gain matrices in [53] have been utilized to simulate the CSK-3PD VLC system. The
average of the simulated results has been considered as the final result. Therefore, the received
symbol can be represented by the following optical channel model

rk = skH3PD +wk, (3.1)

where rk is the kth received symbol, and wk is its respective noise vector. The received symbol
is equalized and mapped to x-y chromaticity coordinates and then to data bits. For CSK-3PD,
out of eight color band combinations [49], CBC-2 has been selected as it performs better than
the other seven CBCs in terms of SNR gain in an AWGN channel [127]. The received symbol
expression in (3.1) is in terms of electrical current symbols, the expression changes if it is in
terms of intensity and chromaticity [54].

3.1.1.2 CSK-1PD:

In this work, we have considered popular and commercially available PIN structure PDs
consisting of a p-type semiconductor, an intrinsic semiconductor, and an n-type semiconductor.
PIN diodes have large depletion region which improves the performance by increasing the
volume of light conversion. Moreover, the implementation cost of PIN diode is low, therefore
in most of the VLC related literature [51, 53, 54] PIN based PDs have been used for research.
For more details regarding CSK-1PD [92] refer Section 9.1.1 of Chapter 9. The power received
at the PD is the transmitted power multiplied by LOS channel gain (HLOS) [105, 128]. The
optical channel gain for CSK-1PD in this work is denoted by H1PD, which is equivalent to
HLOS. The kth electrical current (Ik) received at the output of the PD is represented by Irec in
(3.2).

Irec = IkH1PD +wk. (3.2)

The CSK-1PD modulation behaves similar to basic PAM [92]. However, it is important to note
that CSK-1PD modulation is less susceptible to noise and interference compared to basic PAM,
as it uses three LEDs at the transmitter and does not rely solely on the intensity modulation
of a single LED as in basic PAM. This feature makes CSK-1PD modulation more efficient in
transmitting more bits per symbol with a lower error rate, thereby improving spectral efficiency
in VLC. However, basic PAM design is simpler and easier to implement than CSK-1PD
modulation. It is also worth mentioning that this study specifically focuses on investigating
RGB LED modulation schemes, which are variants of CSK, in line with the study’s goals.
Hence, CSK-1PD modulation has been considered. In CSK-1PD, the four symbols lie on the
same axis (i.e., the x-axis as shown in Fig. 3.3) in a constellation diagram. The M-ary amplitude
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detection is performed by computing the minimum Euclidean distances (dmin) between the
received signal and four unique Ik=1,2,3,4 levels as

dmin = min
Ik2C

|Irec0 � Ik|. (3.3)

Where the set C has the single-PD photocurrent of all the transmitted M constellation points
as computed in Section 9.1 of chapter 9. The symbol that is closest to the equalised received
signal (Irec0) is mapped to its standard bit representation at the receiver. The RGB LED and PD
responsivity vector have been kept same for CSK-3PD and CSK-1PD simulations.

3.1.1.3 CSK-1APD:

CSK-1APD has avalanche PD as the receiver. APD is quite similar to a PIN detector but is
highly sensitive. It requires a considerable large reverse bias so that the initial charge carrier
is accelerated rapidly, and the resulting collisions have sufficient energy to create new charge
carriers, which gives an internal current gain due to avalanche-like effect [113]. CSK-1APD
adapts the working principle of CSK-1PD with APD responsivity vector (rrrAPD). Hence,
CSK-1APD can be called a version of CSK-1PD where the responsivity range has increased.
The manufacturing cost of APD is much higher than the PD. In this work, the APD considered
is from Thorlabs [129], where, rrrAPD = [0.52,0.37,0.09] for the central wavelengths of red,
green, and blue light, respectively.

3.2 Proposed Work

Figure 3.1: Block diagram of the proposed work integrating probabilistic shaping in CSK modulation
schemes.

The proposed work consists of four subsections. The first subsection includes shaping of
input symbols with various source distributions and the generalized AIR equation. The second
subsection explains the algorithm for OPO. The computational complexity of the algorithms
and the proposed system have been analyzed in the third subsection. The fourth subsection
annotates the derivation of the closed-form SER expressions. Fig. 3.1 illustrates the proposed
work with a basic block diagram. The input symbols are probabilistically shaped according to
unity AIR and OPO for a chosen CSK scheme in a DM block. The VLC modulation block
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modulates the PS symbols for the chosen CSK scheme. Based on the modulation scheme,
the modulated symbols (LED driving currents) are fed to the RGB LEDs. The mixed optical
signal travels through the optical channel to be received at the PD. The received symbols are
demodulated according to the VLC modulation scheme. The inverse DM shapes the collected
data to the original input data.

3.2.1 Probabilistic Shaping

Wireless communication channels usually consider input data to be random and uniformly
distributed. Nowadays, non-uniform input distributions (in which occurrence of all the symbols
are not equal) help achieve higher capacity wireless communication systems. The capacity
(C) of a communication channel has been defined by Shanon as the maximum of the mutual
information between the input (X) and output (Y ) symbol of a communication channel [131].
The mutual information (I(X ;Y )) depends on the input symbol entropy (H(X)) and conditional
entropy of input and output symbol (H(X/Y )) as shown in (3.4). The entropy and conditional
entropy depends on the input distribution and conditional distribution (p(x) and p(x/y)), re-
spectively [131]. A non-uniform input distribution will impact H(X) and H(X/Y ) in (3.4)
which will ultimately impact the mutual information and the capacity of the communication
channel [132]. The technology to shape the occurrence of the symbols (or constellations) on
the basis of a given probability (non-uniform probability distribution) is known as probabilistic
shaping [132]. The critical component in the implementation of PS technology is the distri-
bution matcher (DM), which transforms independent Bernoulli distributed data into desired
distribution. The DM serves as a shaping encoder and maps data bits to specific distributed
(shaped) sequences, which are then modulated accordingly. A dematcher (or inverse matcher)
is needed at the receiver side to perform the inverse operation and recover the input bits from
the output symbols.

C = max I(X ;Y ),

I(X ;Y ) = H(X)�H(X/Y ),

H(X) =�Â
x

p(x) log2 p(x)),

H(X/Y ) =�Â
x,y

p(x/y)p(x) log2 p(x/y).

(3.4)

A DM can be considered as a source coder where n input bits are transformed into k =

E[l(Y )] output bits. The average length of output bits from DM is represented by E[l(Y )]. The
proposed work adopts arithmetic DM (ADM) to shape input symbols. ADM can transform
randomly long input sequences online, i.e., no codebook needs to be stored as opposed to the
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existing algorithms which require complete codebook to be calculated and stored beforehand
for distribution matching [130].

The performance of different source distributions is compared at the same AIR for a
fair comparison. Therefore, to frame the expression of AIR, the normalized informational
divergence (D) is required to calculate the difference between the actual DM output distribution
and the expected distribution [132]. D is bounded by (3.5) and approaches zero for a large
length of input bits [130, 132].

D(PY |PZ)

E[l(Y )]


log2
1

pcode(1�pcode)

E[l(Y )]
, (3.5)

where PY and PZ are the probability of actual DM output, and the expected DM output, respec-
tively. The aim of DM is to emulate input data with a pre-decided target distribution where
pcode = PZ(0) and PZ(0) is the probability of the symbol "00" in the probability distribution.
Since the mapping is one-to-one, so E[l(Y )]�H(PY ) = nH(PS) where PS is the probability of
input data which is same for all data [130, 132]. Therefore, the average output length depends
on informational divergence and source entropy (H(PS)) as

E[l(Y )] nH(PS)+D(PY |PZ). (3.6)

The code rate Rc =
n

E[l(Y )] , of a PS data contributes in deciding the AIR. The generalized
maximum AIR equation for uniformly and non-uniformly distributed data, has been realized in
the following equation.

AIR =H� (1�Rc)q/n, (3.7)

where q is the number of bits per symbol and H is the entropy. In uniformly distributed input
data, 4-CSK scheme, Rc = 0.5, q = 2, n = 1, and H = 2. Consequently, the maximum AIR
comes to be 1. The AIR of uniform distribution has been taken as a reference. Thus, the AIR
of all other non-uniform distributions has been matched to unity to retain a consistent AIR.
Entropy depends on the probability of symbols p(si), which in turn depends on the distribution
parameter (l ) of the particular distribution and constellation points si of the modulation scheme.
The suitable choice of l value yields AIR = 1 for non-uniform distributed input data. The
subsections below describe the various distributions in terms of l and their corresponding l
for unity AIR in CSK schemes.

3.2.1.1 Uniform Distribution

In a communication system, long sequences of random data are usually distributed close to
uniform distribution. The occurrence of all the symbols is equal in a uniform distribution. The
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Figure 3.2: PDF of (a) uniform, (b) exponential, (c) Maxwell-Boltzmann and (d) Pareto source distribu-
tions for PS-CSK-1PD scheme.

performance of CSK variants with uniformly distributed data is set as a reference to compare
the performance of non-uniform PS-CSK systems. Therefore, the Uniform distribution is the
one among the four distributions considered in this work. The probability density function
(PDF) plot of the uniformly distributed random signal having four symbols has been shown in
Fig. 3.2 (a).

3.2.1.2 Exponential Distribution

The aim of utilizing PS is to have non-uniform distribution of the input data. The PS distribution
is chosen based on its ability to provide significant difference in the probability of symbols,
where the highest probabilities of the non-uniform source distributions could be assigned to
the symbols having the largest minimum Euclidean distance so as to get lower error rate at the
receiver. Further, exponential distribution is a well-known non-uniform distribution, which
has been considered in literature in PS of input data [58–60]. The probability p(si) at which
different constellation points (i.e., si) are transmitted in an exponential distribution is given by
(3.8). Fig. 3.2 (b), shows a considerable difference between the highest value probability and
the rest probabilities provided by the exponential distribution.

p(si) =
exp(-lksik)

Z(l )
l � 0,

where, Z(l ) =
M

Â
i=1

exp(-lksik).
(3.8)

3.2.1.3 Maxwell-Boltzmann Distribution

Employing the same reasoning behind selecting the non-uniform PS distribution, the Maxwell-
Boltzmann distribution has been taken into consideration. The probability distribution of



Design and Analysis of Probabilistic Shaping in CSK 40

transmitted constellation points are calculated from (3.9) and unity AIR l .

p(si) =
exp(-lksik2)

Z(l )
l � 0,

where, Z(l ) =
M

Â
i=1

exp(-lksik2).

(3.9)

p(si) =
l simin

l
(si)l+1

Z(l )
l � 0,

where, Z(l ) =
M

Â
i=1

l simin

l
(si)l+1 .

(3.10)

3.2.1.4 Pareto Distribution

The Pareto distribution has been selected based on the same justification as that of exponential
and Maxwell-Boltzmann distributions. Additionally, another key consideration when choosing
the PS distribution is that the lowest probable symbol should not have zero probability. The
probability of occurrence of symbol si is given by (3.10) where simin is the minimum valued
symbol among all symbols.

The l obtained to achieve unity AIR for different distributions has been shown in Table
3.1. Equations (3.8), (3.9) and (3.10) calculate the probability distribution of all CSK schemes

Table 3.1: Calculated distribution parameter (l )

Distributions l for CSK -
1PD 3PD 1APD

Exponential 15 5 7
Maxwell-Boltzmann 26 6 15

Pareto 3.5 0.9 0.5

for corresponding non-uniform distributions. For example, the 4-CSK-1PD PDF plot after
employing exponential, Maxwell-Boltzmann and Pareto DM at unity AIR has been presented
in Figs. 3.2 (b), 3.2 (c), and 3.2 (d), respectively.

The PS gain, which is evaluated through mutual information (MI), varies for different
ranges of SNR intervals as the distribution parameter l is varied [58, 60]. Therefore, each
l value can provide its maximum PS gain to a specific SNR region. This variability in PS
gain can be beneficial for time-varying channel conditions, especially when incorporating
channel-aware PS input data [58, 60].

Additionally, it has been observed that different modulation schemes have their specific
SNR regions with the highest MI [133]. This information is demonstrated in the SNR versus
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SER plots shown in Figs. 3.6-3.8, which shows varying SNRs at the FEC limit SER for
different modulation schemes.

The proposed system in the paper considers a static VLC channel and aims to achieve a
low-cost and less computationally complex system. To ensure a fair comparison, the authors
have chosen a unity AIR l as the fixed criterion to measure the PS gain for various CSK
schemes around the FEC limit SER. Therefore, the authors have not considered the criterion of
varying PS gain.

In summary, the PS gain is influenced by the distribution parameter l , which can provide
different maximum PS gains for different SNR intervals. This is particularly advantageous
for time-varying channel conditions with channel-aware PS input data. Additionally, different
modulation schemes have their specific SNR regions with the highest MI, which are demon-
strated in the SNR versus SER plots. The authors have focused on measuring the PS gain for
various CSK schemes around the FEC limit SER for a unity AIR l to ensure a fair comparison.

3.3 Optimum Probability Order (OPO)

Noise has a profound effect on the detection of different probable symbols. The four symbols of
4-CSK system can be transmitted with any of the given probabilities, p1, p2, p3 and p4 where,
p1 > p2 > p3 > p4. There are nPr possible probability orders to assign r different probabilities
to n different symbols, where r = n = M = 4. The possible ways to assign probability orders
follow the example of 24 possible permutations of 4 different objects. The performance of the
system does not change for uniform distribution at any probability order while, for the non-
uniform probability distribution, probability order influences the performance. The requisite
for probability order allocation in non-uniform probability distribution has been explained in
below subsections. It is exhaustive to simulate all 4! probability order combinations to obtain
the best performing probability order. The received constellation points are averaged out for
a large number of iterations and then used in the two algorithms (1, and 2), for CSK-1PD or
CSK-1APD (CSK-1PD/1APD), and CSK-3PD, respectively to estimate the best performing
probability order in terms of SNR gain. Additionally, exhaustive simulations have been
performed to confirm the accuracy of the algorithms.

3.3.1 CSK-1PD

The transmitted symbols s1, s2, s3, and s4 have been obtained in the form of normalized electric
currents 0.22, 0.28, 0.34, and 0.42, respectively as shown in Table. 9.1 of chapter 9. The
simulated transmitted and received symbols have been plotted in the constellation diagram (as
shown in Fig. 3.3) to show the effect of noise. The transmitted as well as received symbols,
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Figure 3.3: Constellation diagram of CSK-1PD and CSK-1APD transmitted symbols s0i=1,2,3,4 and
CSK-1PD received� symbols.

�: All the received symbols actually lie on x-axis only. However, the received symbols are plotted in gaps in the
y-axis for better visibility of the noise spread.

all appear in the x-axis only, implying the behaviour of CSK-1PD as PAM [92]. For better
visibility of the spread of the received symbols in Fig. 3.3, the symbols are placed in gaps in
the y-axis.

The possibility of error in detection is higher when two close valued symbols interfere
more into each other. The source distribution impacts the error in detection if two interfering
received symbols occur frequently. It has been observed that the spread of the larger valued
transmitted symbols is more at the receiver due to PD shot noise, which is directly proportional
to the power of the transmitted symbols [113]. Algorithm 1 provides the OPO for CSK-1PD
by scrutinizing the mentioned conditions. The Euclidean distance (d̃i) between all received
symbols (ri) are calculated with the limits as shown in the first step of the Algorithm 1. The
Euclidean distances obtained can be sorted in ascending or descending order. The Algorithm
1 adopts ascending order for further calculations. The highest probability p1 is assigned to
the symbol which only belongs to the maximum Euclidean distance (d̃1). The second-highest
probability p2 is assigned to the symbol which belongs to both the maximum and the second
maximum (d̃2) Euclidean distance. Similarly, the rest of the probabilities are assigned based on
the above concept. CSK-1APD follows the same ruling of CSK-1PD for OPO, but with its own
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constellation points (as shown in Fig. 3.3). The OPO for CSK-1PD/1APD through exhaustive
simulations as well as Algorithm 1 comes out to be same as p(s1) > p(s2) > p(s3) > p(s4).

Algorithm 1 Algorithm for best probability allocation order in 4-CSK-1PD
1. Find all possible Euclidean distances between received symbols.

d̃i =
��ri� r j

��,

8
><

>:

s.t. j = i+1,
i 2 {1, . . . ,(M�1)}, and
j 2 {2, . . . ,M}

2. Sort all d̃i = [d̃1, . . . , d̃M�1] in ascending order. Assuming initialized ascending order as,
[d̃M�1 <, ... ,< d̃1].
for i M do

if ri 2 {d̃1} only then
symbol si p1

else if ri 2 {d̃1, d̃2} then
symbol si p2

else if ri 2 {d̃M�1, d̃M�2} then
symbol si p3

else if ri 2 {d̃M�1} then
symbol si p4

end if
end for

return (Symbols with assigned probabilities)

3.3.2 CSK-3PD

The symbols s1, s2, s3 and s4 in Fig. 3.4 (black dots) represents the transmitted symbols of CSK-
3PD in color space chromaticity diagram. Similarly, the received symbols (ri) are converted to
x-y values to detect the transmitted symbols. Transmitted symbols having maximum Euclidean
distances cause less error while detection at the receiver. The constellation points of CSK-3PD
in Fig. 3.4 is in two dimension (2-D). Therefore, Euclidean distance between s1 and s2 is
calculated in x-y chromaticity plane. The noise effect and spreading in CSK-3PD is in 2-D,
unlike one dimension in case of CSK-1PD.

The logic to obtain the OPO for the four symbols of CSK-3PD has been explained in
Algorithm 2. The probabilities are assigned based on the Euclidean distances of a particular
symbol with all other symbols, which is very similar to the basic concept of Dijkstra’s algorithm
[134]. The first step of Algorithm 2 calculates the Euclidean distances between all received
symbols ri = [x, y]ri and then sorts them in ascending order. One can use any of the two
sorting methods ascending or descending. Ascending order has been opted in Algorithm 2 for
further calculations. Descending order can be used by appropriately reversing the algorithm
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Algorithm 2 Algorithm for best probability allocation order in 4-CSK-3PD
1. Find all possible Euclidean distances between received symbols (i.e., constellation points).

d̃i j =
��[x, y]ri� [x, y]r j

��,

8
><

>:

s.t. i 6= j & i j 6= ji,
i 2 {1, . . . ,M}, and
j 2 {1, . . . ,M}

2. Sort all d̃i j = [d̃12, ..., d̃(M�1)M] in ascending order. Assuming initialized ascending order
as,
[d̃12 < d̃13 <, ... ,< d̃(M�2)M < d̃(M�1)M].
3. Find average Euclidean distance for all symbols with constraints in step 1.

dri=1= ÂM
j d̃1 j

(M�1)
4. Sort all dri in ascending order. Assuming initialized average Euclidean distance as,
[d1 <, ... ,< dM].
for i M do

if ri 2 {dri} s.t. dri == dM then
symbol si p1

else if ri 2 {d̃(M�1)M} & dri 6= dM then
symbol si p2

else if ri 2 {d̃(M�2)M} & dri 6= dM then
symbol si p3

else if ri 2 {dri} s.t. dri == d1 then
symbol si p4

end if
end for

return (Symbols with assigned probabilities)



Design and Analysis of Probabilistic Shaping in CSK 45

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Received symbol 1
Received symbol 2
Received symbol 3
Received symbol 4
Transmitted symbols

y

 s
3

 s
1

 s
2

 s
4

Figure 3.4: Constellation diagram of transmitted and received symbols in CSK-3PD.

for ascending order inside the for loop. The highest probability p1 is assigned to the symbol
which belongs to the maximum average Euclidean distance dM with all other symbols. All
the constellation points lie within the constellation triangle (as shown in Fig. 2.4). Hence, the
algorithm uses the property of a triangle in which the sum of the distance from vertices to a
point inside that triangle is less than the triangle perimeter. Therefore, using triangle inequality,
it comes out that all the symbols lying at the vertex have higher average Euclidean distance
than the symbol lying inside the constellation triangle. The second highest probability p2 is
assigned to the symbol which belongs to the maximum d̃(M�1)M Euclidean distance (as shown
in Algorithm 2) but does not have the largest average Euclidean distance with all other symbols.
Likewise, the rest of the symbols are assigned their probabilities. If two symbols have the same
average Euclidean distance or maximum Euclidean distance, then randomly any of them can
be chosen in the Algorithms 1 and 2. The sorting logic in the algorithm places two same values
randomly one after the other. Algorithm 2 returns the OPO for CSK-3PD to be p(s3) > p(s4) >
p(s1) > p(s2). Besides, exhaustive simulations confirm the same probability order.

A conceptual proof for the algorithms can be done by referring constellation optimization
process at the transmitter where one wants to increase the minimum Euclidean distance between
the symbols to get lower SER at the receiver [53, 92]. In the case of constellation optimization
one has to determine the symbols from a continuous space, so, the optimization solution may
get trapped in local optima [53, 92]. Whereas, in case of assigning probability order, the
constellation symbols are known. Algorithm 1 and 2 get a finite and discrete set to work upon
and thus provide a global optimum solution.
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3.3.3 Complexity Analysis

In case of Algorithm 1, the complexity of finding Euclidean distance is O(1) as the subtractions,
squares, additions, and square root are linear in M (M is the number of different input symbols).
Hence, for all possibilities (M�1)⇤O(1)=O(M�1). The sorting is done through the Matlab
function “sort”, which is based on one of the fastest algorithms for sorting, the standard
quicksort algorithm. It is an O((M� 1) ⇤ log(M� 1)) operation in Algorithm 1. The for
loop statement and if-else statements are of O(1) complexity because of basic arithmetic
operations. In the case of, if-then-else statements, any one of the sequences will get execute.
Therefore, the worst-case time for the complete if-then-else statement would be O(1) only as
all the statements have the same O(1) complexity. The for loop variable (i) is incremented
by a constant amount till M, so the complexity of for loop will be M ⇤O(1)=O(M) [135].
Therefore, the total complexity to obtain OPO for CSK-1PD/1APD is OAlg1=[O(M� 1)+
O((M�1)log(M�1))+O(M)]. The step 3 of Algorithm 2, includes finding average which
involves summing up the M�1 numbers and then dividing by M�1; hence it has O(M�1)
linear complexity. Therefore, the total computational complexity for obtaining OPO for
CSK-3PD is OAlg2=[O((M�1)M)+O((M�1)M ⇤ log(M�1)M)+M ⇤O(M�1)+O((M)⇤
log(M))+O(M)] on following the same complexity analysis rules as in Algorithm 1. The two
extra big O notations are due to the two extra steps in Algorithm 2 from Algorithm 1.

The computational complexity of the proposed system depends on two main blocks, one
consisting of CSK modulation schemes, and another is distribution matcher. In CSK-3PD, x-y
to RGB converter requires linear equations to solve which demands a complexity per symbol of
O(33) (where the complexity is measured in terms of the number of multiplication operations)
[92]. Whereas, in CSK-1PD/1APD, a lookup table operation maps data bits directly to the
emitted optical power of each LED which demands a complexity per symbol of O(1) [135].
The DM used in the work is based on arithmetic coding [130]. Assuming infinite precision
addition and multiplication take constant time, the computational complexity of the DM
becomes O(M ⇤ (Q+Qo)) [135, 136], where Q is the length of input bits which are encoded to
Qo output bits. Further, the complexity to obtain probability distribution for a given distribution
type is of constant order O(1) as it requires only basic arithmetic operations [137]. Hence,
the computational complexity including encoding, decoding, modulation, demodulation, and
finding OPO of the four symbols in PS-CSK-3PD, and PS-CSK-1PD/1APD systems become
[OAlg2 + 2 ⇤O(M ⇤ (Q+Qo)) +O(1) + 2 ⇤N ⇤O(33)], and [OAlg1 + 2 ⇤O(M ⇤ (Q+Qo)) +

O(1)+2⇤Q0 ⇤O(1)], respectively. Q0 denotes the input size. The computational complexity
of the proposed systems can be further reduced by exploring lesser computationally complex
DMs [138]. It is observed that the complexity of the proposed systems depend less on the PS
part, whereas more on the modulation part. Therefore, the complexity of PS-CSK-3PD system
is greater than PS-CSK-1PD/1APD.
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3.3.4 Theoretical Error Performance

The closed-form SER expressions of the proposed VLC systems have been derived to validate
simulated results. The total probability of symbol error (Ps) in CSK-1PD can be calculated
using the fundamental equations to calculate SER for both equiprobable and non-equiprobable
symbols, as shown in (3.11). The probability of error for symbol si is denoted by p(e|si)

and the conditional probability by p(s j|si). The set of symbols closest to si is denoted by
z j. In uniform distribution, probability of occurrence of all the symbols are equal therefore,
p(si) = 0.25 for all i = 1,2, ...,M. CSK-1PD behaves as PAM, so the analysis of symbol error
probability for PAM modulation scheme under AWGN condition [139] can be exploited. The
noise follows the Gaussian probability distribution function with µ = 0 and noise variance,
s2 = N0

2 . The minimum distance between symbols is denoted by dmin. Hence, in terms of
dmin, one can obtain SER in an M-level optimum detector PAM system. Thus, the Ps for the
CSK-1PD system can be estimated by (3.12). When the symbols are non-equiprobable the
detection threshold for received signal shifts from the midway point between two symbols
[140].

Ps =
M

Â
i

p(si)p(e|si),

p(e|si) = Â
s j2z j

p(s j|si).
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The conditional PDF has been obtained from equation (3.13) for received signal r when si

is transmitted [139]. The detector decides from conditional PDF in (3.13) in favour of si given
that s j was transmitted when p(si)e�(r�si)

2/N0 > p(s j)e�(r�s j)
2
/N0 . Thus, the new detection

threshold Gi j as shown in (3.14) depends on the probability of symbols. The two conditional
probabilities between two symbols i.e. p(si|s j), and p(s j|si) are shown in (3.15), and (3.16),
respectively. The Euclidean distance between si and s j is represented by di j. The PS-CSK-1PD
probability of symbol error (P

1PD

PS
) has been derived and shown in (3.17) using equations (3.15)

and (3.16) in (3.11). The di notation in (3.17) denotes the same Euclidean distance described
in section 3.3.1, but for transmitted symbols and Gi (obtained from (3.14)) takes the same two
symbols which are used to calculate di.

Further, the theoretical expression in (3.17) to find the SER of PS-CSK-1PD works for
PS-CSK-1APD as well. In CSK-1APD, only the set of constellation symbol points and their
corresponding noise varies, which in turn changes the Euclidean distance between the symbols
with respect to CSK-1PD.

The theoretical BER of CSK-3PD has been derived in the literature [54, 141, 142]. The
references [141], and [142] have shown the exact BER analysis of the CSK-3PD by con-
sidering symbol decision regions. In this work, the basic idea to obtain theoretical SER of
CSK-3PD comes from (3.11) as discussed earlier. The only difference is in the way transition
(or conditional) probabilities are calculated. The transition probabilities are computed in 2-D
signal space using decision region partitioning method [142]. The transition probability,
p(s j|si) from a transmitted symbol (si) to the estimated symbol (s j) is the probability of the
presence of the noise corrupted received symbol in the decision region D j of s j, where i and j
2 {0, . . . ,3}. The transition probability is expressed in polar coordinates as

p(s j|si) =

ˆ ˆ
D j

Pw(l,q)dldq , (3.18)

where symbol si is considered origin, l and q represents the length and the angle of the vector
from si=0 to the decision points A and B as shown in Fig. 3.5. The PDF of AWGN in the CSK-
3PD system is denoted by Pw(l,q) in (3.18). The transition probabilities are divided into three
different types based on the transition of symbols from center-to-vertex (c2v), vertex-to-center
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Figure 3.5: The transition of centre symbol s0 to vertex symbol s1 in probabilistically shaped 4-CSK-
3PD. Figure adapted from Fig. 4 in [142].

(v2c), and vertex-to-vertex (v2v). For computational ease, the decision region D j is partitioned
at times as a combination (addition or subtraction) of type I basic shape (DtypeI) and type II
basic shape (DtypeII). Fig. 3.5 shows the transition of central symbol s0 to vertex symbol s1 in
CSK-3PD system displaying AB as the threshold line for equiprobable symbols. The decision
region D1 (DABC) is not segregated further as it is an open region of DtypeI . The equation in
(3.18) can be simplified to single integration,

p((D1|si) =
1

2p

ˆ q2

q1

exp

� ags sin2 y

sin2(|q �q1|+y)

�
dq , (3.19)

where a = 1.2z2, and z is the ratio between S0A and PT . The total intensity (PT ) is related
to the average symbol energy Es. The probability of symbol transition can be calculated by
substituting a = 0.8 into (3.19), obtained from S0A =

p
6

3 PT [142]. Fig. 3.5 explains the q1,
q2, y and S0A. The received SNR has been represented by gs. The transition probability in
(3.19) can be approximated as a function of q1, q2, y and a in |G(q1,q2,y, a)|.

In case of non-equiprobable symbols, the decision point shifts up and down based on the
probability of the symbols. The line AB having noise point “N” shifts to A0B0 by adding or
subtracting the threshold Gi j in (3.14), thereby changing the value of noise point to N0. The
modified vector from origin to decision point A0 is denoted by S0A0. The shifted line A0B0 thus
formed is always parallel to the line AB.

S0B
S0B0

=
S0A
S0A0

=
S0N
S0N0

, (3.20)

S0A0 =
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◆
, (3.21)
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The basic proportionality theorem for triangles can be extended to multiple parallel lines cut

by transversals. The two parallel lines AB and A0B0 are cut by two transversals (S0D and S0C),
which divide the transversals proportionally. The value of S0A0 can be calculated directly from

the equation S0A0 =
d01

2 ±G
siny or from the proportionality equation in (3.20) and S0N

S0N0
=

d01
2

d01
2 ±G

as

shown in (3.21). The Euclidean distance between symbols s0 and s1 is denoted by d01. The
noise point N divides d01 into two equal lengths for equiprobable symbols.

The values of different q , y and S0A for c2v, v2c, and v2v transitions are obtained from
the work in [142]. The values do not change with changing noise point and can be directly
applied to equation (3.19). The value of a is computed from S0A0 which varies for all twelve
((4)P2 = 12) transitions. The generalized equation to calculate a for symbol transition between
si and s j is obtained in (3.22), where ¢ =

p
6

3 for c2v, v2c and v2v transitions except some
decision regions in v2v, where ¢ = 2

p
6

3 . The transition probability for c2v can be written
as |G(cc2v, ac2v)|, where cc2v is (q1,q2,y)c2v in c2v. The total probability of error for PS-
CSK-3PD can be obtained using equation (3.11), (3.19), (3.21) and (3.22). The expression
of theoretical SER for PS-CSK-3PD (P

3PD

PS
) is computed in (3.23), where pc, and p j are

the probability of central, and vertex symbols, respectively. The a calculated for transition
between central (c) and vertex ( j) symbols in c2v is represented by ac2v

c j . Hence, the transition
probability from centre to vertex symbol is expressed by |G(cc2v, ac2v

c j )|. Similarly, other
notations |G(cv2c, av2c

c j )| and |G(cv2v, av2v
i j )| can be inferred.

3.4 Results and Discussion

The simulation parameters considered for this work are stated in Table 3.2. The performance
results of different PS-CSK-1PD VLC system has been shown in Fig. 3.6. It is observed
that Pareto distributed input symbols in CSK-1PD performs better than uniform, Maxwell-
Boltzmann, and exponential distribution, by 2.7, 1.45, and 0.95 dB of SNR at SER of 10�3,
respectively. Fig. 3.7 shows the performance of different PS-CSK-3PD VLC system. It
has been observed that the Pareto distribution still gives higher performance gain at SER of
10�3 by a margin of 0.65 dB, 1.65 dB, and 2 dB from exponential, Maxwell-Boltzmann, and
uniform distribution, respectively. The performance of PS-CSK-1APD VLC system has been
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Table 3.2: Simulation parameters.

Parameters Value
Distance between

Transmitter and Receiver 100 cm

Number of LEDs 1 (RGB)
RGB Optical power 1 mW

PD responsivity CSK-3PD/1PD [0.42, 0.32, 0.22]
PD responsivity CSK-1APD [0.52, 0.37, 0.09]

m 45
PD area 92 mm2

shown in Fig. 3.8. It is interesting to observe that all the non-uniform distributions give a
good margin of performance gain as compared to uniform distribution, though Pareto still
gives the best performance with 5.9 dB. The union bounds and the assumptions considered in
analytical SER expressions play an essential role in emulating the simulation results. However,
a good agreement between the simulated and theoretical plots can be observed in all the results
[139]. Table 3.3 summarises the obtained values of SNR at FEC limit SER for the different
distributions with all variants of CSK, i.e., CSK-1PD, CSK-3PD, and CSK-1APD.

It is observed from all the results (Figs. 3.6-3.8) that, non-uniform (exponential, Maxwell-
Boltzmann and Pareto) distributions perform better than uniform distribution in any of the
CSK schemes. The reason behind the performance gain of non-uniform distributions over
uniform distributions can be attributed to the difference in the probability of symbols, where
the highest probabilities of the non-uniform source distributions get assigned to the symbols
having the largest minimum Euclidean distance so as to get lower SER at the receiver. Hence,
as the higher value probability and its difference with other probabilities get further greater
in any non-uniform source distribution, then that distribution provides better performance by
decreasing the probability of occurrence of large error causing symbols pairs. It has been
observed that Pareto distribution outperforms all other distributions (uniform and other two
non-uniform distributions considered in the work) in all the results (Figs. 3.6-3.8). It is
noticed in Fig. 3.2, at AIR=1, the probability distribution obtained for Pareto distribution
has more gap between the highest value probability and the rest probabilities compared to
other distributions. Pareto distribution provides the highest and lowest probability values in
its probability distribution which increases the probability of occurrence of minimum error
causing symbols pairs and therefore offers greater performance gain. Further, it is observed
that PS in CSK-3PD (Fig. 3.7) does not provide the same amount of SNR performance gain as
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Figure 3.6: SNR versus SER performance of CSK-1PD for various various PS input symbols.
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Figure 3.7: SNR versus SER performance of CSK-3PD for various PS input symbols.
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Figure 3.8: SNR versus SER performance of CSK-1APD for various PS input symbols.

Table 3.3: SNR of probabilistically shaped CSK schemes for different input distributions.

Input data distribution type SNR (dB) at SER of 10�3 for PS-CSK-
1PD 3PD 1APD

Uniform 30.75 21.45 24.90
Maxwell-Boltzmann 29.50 21.10 20.25

Exponential 29.00 20.10 20.00
Pareto 28.05 19.45 19.00

in CSK-1PD (Fig. 3.6). This behaviour can be associated with the difference in modulation and
demodulation techniques of CSK modulation schemes. In case of CSK-1APD (Fig. 3.8), the
extra PS gain achieved with respect to CSK-1PD (Fig. 3.6) is because of the APD responsivity
vector. The relatively greater gap in the responsivity values of RGB lights in APD than simple
PD provides larger Euclidean distances between the received symbols. The gain in CSK-1APD
comes with additional hardware cost of APD. It can hence be deduced from the results that the
amount of PS gain obtained depends on the modulation schemes.

Previous work relies on change in the modulation-demodulation methods, color control,
CSK constellation design and number of LEDs or PDs (hardware) of CSK schemes. Therefore,
the results obtained from the PS technique should not be directly compared to the performance
enhancement methods of CSK, as reported in the literature. Nevertheless, to show the effec-
tiveness of the proposed scheme, research works which have presented their results in terms
of SER versus SNR can be quoted. The four-LED CSK-3PD scheme in [54] achieves 3.5 dB
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electrical SNR gain at SER of 10�3 over the three-LED scheme for an AWGN channel. The
conversion of BER to SER and SNR per bit to SNR per symbol has been done by a factor
of log2M, which closely approximates the conversions and is widely accepted in literature
[140]. CSK-3PD has been combined with the PPM scheme for indoor VLC in [55], where
4.7 dB gain is attained in comparison with the standard 4-CSK-3PD at an SER of 10�3 at the
cost of increased bandwidth. Further, the PPM technique applied in CSK-1PD shows poor
performance for the constellation point L = 4 among all other constellation points in the paper
[92]. To the best of the authors’ knowledge, most of the existing literature is about enhancing
CSK-3PD. At the same time, this paper for the very first time proposes a common enhancement
method for various schemes of CSK, especially, CSK-1PD and CSK-1APD. The proposed
work considers M = L = 4 CSK-1PD scheme, to keep consistency with all other CSK schemes
considered in the paper. The highest PS gain, i.e., 5.9 dB, has been observed in this work
in the case of Pareto CSK-1APD. Moreover, the proposed PS scheme in this thesis can be
employed to the existing improved CSK-3PD schemes available in the literature [54] [55], to
obtain additional SNR gain.

3.5 Summary

This chapter introduces the probabilistic shaping of input symbols in the CSK-modulated VLC
system. The suggested research demonstrates the significance of OPO for achieving the highest
performance gain in the PS-CSK system. The source distributions have been designed to realize
unity AIR for a fair comparison. The performance of the CSK schemes is enhanced by the PS
using non-uniform source distributions, particularly Pareto. In case of Pareto PS-CSK-1APD,
the maximum SNR gain achieved is 5.9 dB at FEC limit SER of 10�3. The derived analytical
SER expressions validate the SNR gain improvements of the simulated results. Thus, the
proposed work illustrates the suitability and compatibility of the PS technique in CSK VLC
system. The PS-CSK-1PD and PS-CSK-1APD have the potential to enable power-efficient,
less computationally complex and low-cost architecture for VLC enabled IoT sensor networks
in indoor scenarios.



Chapter 4
Constellation Design of CSK-1PD with
White Color Balance

This chapter revolves around designing and optimizing the constellation points of single PD
based CSK (CSK-1PD) to achieve a more energy-efficient modulation scheme, which is highly
motivated by the research gaps (refer Section 1.5) observed from literature review in Section
1.4.1.2. The optimization has been done with and without average white tone constraint for
uniform and non-uniform (exponential, Maxwell-Boltzmann, Pareto) source distributions (as
discussed in 3.2.1). Finally, a novel method to maintain any desired white tone light as CSK-
1PD modulated output light has been proposed. CSK-1PD has been described in detail in
Section 9.1.1 of chapter 9.

Section 4.1 outlines the contributions of this work [71]. Section 4.2, formulates the
constellation design problem and proposes algorithms to solve it. Section 4.3 explains the
different constraints considered in detail. In Section 4.4, novel solutions for average white
light have been discussed. The different optimized constellation points obtained have been
presented and analyzed in Section 4.5. Section 4.6 summarizes the chapter. Finally, Section 4.7
briefs the code book designing work being extended to VLC-based sparse code multiple access
(SCMA).

4.1 Contribution

The key contribution of the proposed work can be enumerated as follows:

1. This paper proposes a rigorous framework to design and optimize the constellation points
for uniform and non-uniform source distribution in CSK-1PD to reduce the received
SER.
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2. The constellation points of non-uniformly distributed input symbols in CSK-1PD are
optimized by geometrically shaping (GS) the symbols based on their preceding prob-
abilistic shaping (PS). The consecutive PS-GS technique to optimize the constellation
points has been scantly investigated hitherto.

3. A relaxed white tone constraint has been formulated by considering the whole white
light region in CIE 1931 chromaticity diagram to maintain a white color balance with
reduced SER.

4. A novel technique to maintain any desired average white tonality light without degrading
the SNR gain by inserting an extra RGB LED at the transmitter.

4.2 Constellation Design and Optimization

4.2.1 Problem Formulation

Fig. 9.1 shows the block diagram of CSK-1PD modulation scheme in VLC. The constellation
symbols of M-CSK-1PD at the transmitter side can be represented by RGB optical powers
whereas at the receiver side it is physically realized with electrical currents and denoted by
symbols (si, i 2 1,2, ...M). M is the number of different symbols. The receiver performs
symbol detection in M-CSK-1PD by computing the minimum Euclidean distances between
the received and the transmitted symbols in the form of electric currents. Therefore, the
constellation design strategy is based on maximizing the minimum Euclidean distance among
the differently distributed symbols.

In this chapter, the constellation optimization problem is formulated by adopting the widely
accepted constellation design problem. It defines a constrained optimization strategy that
maximizes the minimum Euclidean distance among the constellation symbols (si, j) while
maintaining some of the aspects such as constant output power, average white color balance
with and without PS. The constellation points are designed for the minimization of SER at
the receiver. The optimization problem, as shown in (4.1), becomes a max-min problem,
and therefore the objective function becomes a non-convex problem [143]. The pairwise
Euclidean distance of symbols si and s j is denoted by |si� s j|. The objective function is both
non-convex and non-differentiable, making it difficult to solve analytically [64, 92]. Further,
the minimum function of the objective function is discontinuous, which makes it incompatible
with efficient, gradient-based techniques [61–64]. The M = 4 constellation symbols (si, j) have
been investigated in the paper for CSK-1PD which are in the form of electrical currents.
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maximize min
i, j 2 {1, ...,M}

i 6= j

|si� s j|,

subject to constraints (described in section 4.3).

(4.1)

4.2.2 Objective function

To solve this non-convex problem, researchers have suggested many approaches; one of them
is the differential approximation which removes the non-differentiable nature by using well
known "log sum-exponentials" continuous approximation [143]. The approximated objective
function in (4.2) still remains non-convex; however, optimization techniques based on the
derivation of the Hessian of the objective function can find the locally optimal symbol sets. For
non-convex problems, commercially available optimization algorithms exclusively discover
local minima [64]. However, the likelihood of realizing a global optimum is improved by
optimizing the objective function multiple times over a small set of random starting points and
tuning the b parameter where b determines the accuracy of the approximation between (4.1)
and (4.2) as discussed in [61].

The PS of input data already provides SNR gain in optical fiber [60, 133] and VLC systems
as shown in chapter 3. The optimized constellation points obtained from (4.2) for uniform
input data can be further optimized for non-uniform input data by adapting the concept of
hybrid probabilistic shaping and geometric shaping [133, 144]. In this work, we found that
applying PS to the CSK-1PD scheme allows for the possibility of shifting the constellations
based on the PS, which is not possible in the conventional CSK-1PD scheme. This creates an
opportunity for geometric shifting of PS constellation symbols according to their known PS to
minimize SER. The PS CSK-1PD constellation points are designed in the confined region of
constellation symbols according to the probability of occurrence of symbols, which combines
probabilistic shaping and geometric shaping. Thus, in this work, the PS constellation symbols
are shifted geometrically according to the known PS of the symbols to get minimum SER.
Therefore, the objective function in (4.2) needs to be modified to include the probability of
symbols.

maximize � 1
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subject to constraints (described in section 4.3).

(4.2)
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subject to constraints in section 4.3.

(4.3)

The PS in constellation symbols follows optimum probability order obtained in Section 3.3 of
chapter 3, employing the highest probabilities to the minimum error causing pair of symbols.
The probability of occurrence of symbol si is represented by p(si) for non-uniform source
distributions which has been calculated at unity AIR to match it with the uniform source
distribution AIR, to retain a consistent AIR in results for a fair comparison as discussed in
chapter 3. The plot of PDF of 4-CSK-1PD for uniform, exponential, Maxwell-Boltzmann, and
Pareto source distributions at unity AIR has been presented in Figs. 3.2 (a), 3.2 (b), 3.2 (c),
and 3.2 (d), respectively. The optimum probability order for CSK-1PD in an AWGN channel
follows p(s1)> p(s2)> p(s3)> p(s4) where s1 < s2 < s3 < s4.

When the symbols are non-equiprobable the detection threshold for received signal in an
AWGN channel shift from the midway point between two symbols based on the logarithmic
ratio of the probability of occurrence of symbols [140]. Henceforth, the pairwise Euclidean
distances of non-equiprobable symbols get affected by the logarithmic ratio of the likelihood
of occurrence of symbols as shown in (4.3). The logarithmic ratio alters the pairwise Euclidean
distances so that the minimum of log sum-exponentials procures the pairwise Euclidean
distance of minimum error causing pair of symbols.

4.2.3 Optimization Algorithm

As stated in section 4.2.1, finding the analytical solution of the non-convex optimization
problem becomes a difficult task, so usually, this type of optimization problem is solved with
numerical optimization algorithms [145]. The continuous approximated objective functions can
be solved using commercially available algorithms such as MATLAB’s f mincon, which finds
the minimum of a constrained nonlinear multivariate function. The maximum of a function can
also be found by f mincon, by taking negative of the functions in (4.2) and (4.3). This work
[71] utilizes MATLAB’s f mincon based on an interior-point algorithm to obtain the optimized
constellation points (OCPs) of CSK-1PD with the constraints (explained in the upcoming
section 4.3). The numerical optimization algorithm process is summarized in Algorithm 3. The
objective function F (X), has been formulated for constellation points in the form of matrix X.
The set of pairwise Euclidean distances is denoted by (4.4), which can be obtained from matrix
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X and a sparse matrix formed out of rrr .

d= {|si� s j|} 8

8
>>><

>>>:

j = i+1,

i 2 {1, . . . ,(M�1)},

j 2 {2, . . . ,M}.

(4.4)

Algorithm 3 Numerical Optimization Algorithm
Initialize: Random initial constellation points, X0,
which satisfies power, geometric and range constraints.
X X0
b  1
for b  1000 do

F (X) max � 1
b ln

 
(M

2)
Â

k=1
e�bdk

!

subject to Constraints.
if X obtained satisfies the constraints to become a feasible solution then

X0 X
{PSNR} SNR(X)
MED Constraint(X0) MED Constraint(X)
b  b +2

else
non-feasible solution obtained
X0 X, where X provides min {PSNR}

end if
end for

return (Xo)

The tuning parameter b in Algorithm 3 produces poor result for smaller values (of the
order of 10-100), whereas, for arbitrarily large values (of the order of 500-1000), the large
gradients cause the algorithm to converge slowly. Therefore, the objective function applies
the interior point method for multiple iterations, starting with a smaller b and increasing b in
each iteration [64]. This approach provides a reliable approximation without slow convergence
and with each successive b the optimal solution of the previous b acts as the starting point
for the next. However, the solution obtained at each successive b may not always be feasible
with respect to the linear inequality constraints. Therefore, in Algorithm 3, the basic concept
of the genetic algorithm to produce good solutions by avoiding the trajectory towards bad
solutions has been used [146]. It helps in avoiding the non-feasible solutions. The minimum
Euclidean distance (MED) constraint updates itself for every feasible solution and thus along
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with genetic algorithm reduces the number of iterations for the optimization process with b .
The SER of feasible solutions at design SNR is calculated until the occurrence of the first
non-feasible solution to form a potential population set PSNR. The choice of design SNR is
medium to high SNRs as the SER expression with union upper bound is fairly tight in those
SNRs [147]. Further, the SER is greater than 0.5 in SNRs below 15 dB, optimizing points for
lower SNRs may not completely optimize the points for higher SNRs. In this study [71], the
SNR performance gain has been inspected at the FEC limit SER. Hence, the design SNR is 15
dB, the average of SNRs at worst, and FEC limit SER. For faster computation the theoretical
CSK-1PD SER expression (3.17), obtained in chapter 3 has been considered in the algorithm,
as reiterated in (4.5).
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where, j = i+1,

i 2 {1, . . . ,(M�1)},

j 2 {2, . . . ,M},

Gi = N0 ln
p(si)

p(s j)
, s.t. p(si)� p(s j).

(4.6)

At the occurrence of non-feasible solution the best fitting solution, i.e., the constellation points
providing minimum SNR from the potential population set is chosen as the starting point. The
solutions obtained by the numeric algorithm depend on the initial estimate of the constellation
points (X0) used to start the optimization process [144]. The random starting points must be
a strictly feasible constellation points (as shown in Table. 4.1), fulfilling the optical power
and geometric constraint with strict inequality range constraint (as explained in section 4.3).
Algorithm 3 can be used for optimizing constellations of any size with convex constraints.

Table 4.1: Random 4-CSK-1PD Constellation Points. The light-grey shaded part forms the matrix X0.

RGB optical Pr Pg Pb Symbols in
power vector normalized current

p1 0 0 1 s1! 0.220
p2 0.2503 0.2884 0.4612 s2! 0.299
p3 0.4732 0.2799 0.2469 s3! 0.340
p4 1 0 0 s4! 0.420
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4.3 Constraints Formulation

The constellation design in CSK-1PD scheme for uniform input data without white color
balance requires optical power based constraint, geometric and range constraint. Additionally,
it requires MED constraint, which updates with updated starting constellation points X0 in the
optimization process in Algorithm 3. For non-uniform input data; optical power, geometric and
range constraints remain the same, whereas the PS of symbols modifies the MED constraint
as shown in section 4.3.3. Later, to maintain white-tone output light in both uniform and
non-uniform source distributions, color constraints have been discussed.

4.3.1 Optical Power Constraint

The signal envelope in CSK scheme has a non-varying power as it modulates data for constant
output power. Constellation points have been designed to keep the desired total optical power,
PT , as a positive non-zero constant. The optical powers Pr,Pg, and Pb may take any non-negative
value less than its peak values (4.7). Ppr,Ppg, and Ppb denote the peak optical powers of red,
green, and blue LEDs, respectively. The peak powers and PT are considered 1 to work on
normalized values. The constant optical power constraint is analogous to the constant energy
condition of many optimization processes. The optical power constraint, as shown in (4.8) is a
mandatory constraint for designing constellation points in CSK-1PD.

0 Pr  Ppr,

0 Pg  Ppg,

0 Pb  Ppb.

(4.7)

Pr +Pg +Pb = PT . (4.8)

4.3.2 Geometric and Range Constraint

The geometric condition for CSK-1PD symbols as shown in (4.9) is that each RGB optical
power vector formed by the difference of any two symbols should not be orthogonal to the
responsivity vector rrr (as discussed in chapter 9.1.1). To have a unique set of symbols, it is
necessary to prevent the receiver from receiving the same symbols (i.e., in the form of electric
current) from any of the constellation points.

h (pi�p j) ·rrr i 6= 0, (4.9)
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Figure 4.1: Constellation diagram of CSK-1PD obtained using responsivity rrr and OCPs in [92].

The region of CSK-1PD constellation points in terms of normalized electrical current is
limited to one dimension (1-D) only as seen in Fig. 4.1. The 1-D region range depends on
the responsivity of respective red, green and blue lights on the photodetector, as shown in
(4.10). The maximum and minimum range of a constellation point (in terms of normalized
electrical current) remains the same in an RGB LED as the highest, and lowest responsivity
corresponds to red, and blue color LEDs, respectively. Therefore, the values of all possible
constellation points lie between the normalized electrical currents defined by the highest and
lowest responsivities. The electrical symbols corresponding to the two extremes of responsivity
values provides the maximum Euclidean distance between any two symbols in the constellation
set. Hence, the additional range constraint, as shown in (4.11) has been included in the
optimization process for complete range constraint. Constraint in (4.11) can be further reduced
to (4.12), when the matrix X0 and X have rows always arranged in increasing current fashion
from top to bottom as seen in Table 4.1. The matrix arrangement has been kept the same in all
the simulations and results. The constraints have been expressed as a set of linear equalities
and inequalities as per f mincon solver.

h [0 0 1] ·rrr i  h pi ·rrr i  h [1 0 0] ·rrr i. (4.10)

max{h (pi�p j) ·rrr i} |h [1 0 0] ·rrr i�h [0 0 1] ·rrr i|, (4.11)

h (X0R4�X0R1) ·rrr i  |h [1 0 0] ·rrr i�h [0 0 1] ·rrr i|. (4.12)
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The vector dot product changes to matrix dot product on considering all the four constellation
points in a matrix, i.e., X0. X0R1 , and X0R4 represent the first, and fourth row of the matrix X0.
The results are simulated in matrix notation to obtain all four symbols in one go in the matrix
notation Xo.

4.3.3 Minimum Euclidean Distance Constraint

The optimization process takes random initial constellation points, as shown in Table 4.1. The
minimum Euclidean distance between any two symbols among all the symbols in the initial
random constellation points, X0, is taken as a constraint for next optimization iteration (t). The
MED constraint is updated according to the successive optimized constellation points (X) in
(t +1) iteration of b for much faster convergence. The only difference in this constraint for
uniform (in (4.13)) and non-uniform (in (4.14)) input data is the logarithmic factor.

d(t +1) � min {d(t)}, (4.13)

d(t +1) � min {d(t)⇤ ln
p(s j)

p(si)
},

s.t. p(si)� p(s j).

(4.14)

4.3.4 Strict White Tone Constraint

Practically, CSK should have a white tone operating color. IEEE 802.15.7 standard for VLC
accepts the most widely used model of human color perception, CIE 1931, to adhere to all
applicable luminary standards. The CIE 1931 chromaticity gamut [148] has been shown in
Fig. 4.2. The color of any visible light wavelength can be represented by the chromaticity
coordinates (x,y). CIE 1931 color space typically considers eleven mean white tonalities at
different color temperatures for white light evaluation. Table 4.2, shows the chromaticity
coordinates producing white tones.

The constellation points consist of RGB LED optical power vector for a given symbol.
Equation (4.15) provides a relation between x,y chromaticity coordinates and LED output
power for a given wavelength of light. Hence, from X0 one can find the value of (x,y) in the
CIE 1931 chromaticity diagram as follows

x = xr ·Pr + xg ·Pg + xb ·Pb,

y = yr ·Pr + yg ·Pg + yb ·Pb,
(4.15)

where the coordinates of central wavelength of red LED light is (xr,yr), green LED light
is (xg,yg) and blue LED light is (xb,yb) in the CIE chromaticity color space. The central
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Figure 4.2: 1931 CIE chromaticity diagram with areas attributed to different colors [148].

Table 4.2: Mean white tonalities having different temperatures in CIE 1931 RGB color space.

Serial No. Coordinates White color
x y Temperature, Tc(K)

1 0.418 0.390 3100
2 0.389 0.362 3500
3 0.369 0.350 4000
4 0.354 0.340 4500
5 0.342 0.333 5000
6 0.334 0.328 5500
7 0.324 0.321 6000
8 0.317 0.317 6500
9 0.310 0.313 7000

10 0.305 0.310 7500
11 0.300 0.305 8000



Constellation Design of CSK-1PD with White Color Balance 65

wavelength coordinates are known from the CIE 1931 color space as shown in Table 4.3. The

Table 4.3: The corresponding coordinates of central wavelengths of RGB LEDs in CIE 1931 color
space.

LED light Wavelength Coordinates
color x y
Red 640 nm 0.7190 0.2809

Green 530 nm 0.1547 0.8059
Blue 465 nm 0.1355 0.0399

CSK-1PD constellation symbols on an average should emit white color light. The average
white tone can be obtained in terms of chromaticity coordinates as

(x,y) =
M

Â
i

p(si)(x,y)si , (4.16)

where (x,y) are the chromaticity coordinates representing the average perceived color of the
transmitted symbols and (x,y)si are the chromaticity coordinates of symbol si. When (x,y)
represents a perceived white color from any of the eleven mean white tones (refer Table 4.2),
the constellation symbols are said to have a white color balance. In order to fix the perceived
color to white tone, an average white tone constraint is required on the constellation symbols
as follows

(x,y) 2 {(0.418,0.390), ...,(0.300,0.305)}, (4.17)

{(0.418,0.390), ...,(0.300,0.305)} forms the set of eleven mean white tones. The optimization
is done by considering one out of eleven mean white tones at a time which makes it a strict
constraint. The average white tone constraint is given by the affine equality for a color
temperature of 3100 K, (x,y) = (0.418,0.390). Similarly, optimization is done for all other
white tones.

The average tone chromaticity coordinates of OCPs obtained without color constraint
(OCPs shown in Section 4.5) has been calculated for different source distributions. It is clear
from Table 4.4, that none of the OCPs fulfills the white tone balance. Therefore, a white tone
constraint is required for maintaining average white tone in the constellation points.

There is limitation to this white tone constraint as the OCPs with strict white tone constraint
reduces the SNR gain of the system in comparison to the OCPs without white tone constraint.
Further, not all the white tones can be achieved by the constellation points optimized for
minimum SNR, however, the desired white tones are achieved with reduced SNR performance.
Therefore, in this chapter two alternatives have been suggested to manage white tones in the
optimized CSK constellation points.
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Table 4.4: The average tone coordinates of different source distributions.

Source Distribution Coordinates
x y

Uniform 0.3877 0.2541
Maxwell 0.2152 0.1567

Exponential 0.2216 0.1439
Pareto 0.2146 0.1413

4.4 Solutions for Average White Light

The CIE 1931 chromaticity diagram in Fig. 4.2 shows a wide area for white light. The strict
white tone constraint can be extended to the whole white region to achieve SNR gain close to
OCPs of without white tone constraint. The white region constraint has been derived in section
4.4.1, which relaxes the strictness of the previous mean white tone constraint. Another way to
obtain white tone output light can be the addition of another RGB LED at the transmitter side.
The use of an extra RGB LED can help in maintaining white tone with the OCPs obtained
without considering the white tone constraint. The extra RGB LED method has been described
in section 4.4.2.

4.4.1 Relaxed White Tone Constraint

The strict white tone constraint considers only eleven mean white tones, so it is not possible
to get optimized constellation points for all the eleven white tones. The relaxed white tone
constraint regards any (x,y) coordinates falling inside the white region (see Fig. 4.2) as
desired white. The white light region has been extracted out from the CIE 1931 chromaticity
diagram in Fig. 4.3 for deriving the approximate mathematical model of the region. Every
(x,y) coordinates in the whole white region does not give pure white light; however, (x,y)
coordinates inside the white light region has been considered in designing LEDs in literature
[149–152]. There is a trade-off between the purity of white tone and SNR performance; the
focus of the proposed work is to obtain optimized constellation points which maintain the bare
minimum acceptable white light.

The desired (x,y) coordinates of the OCPs lie inside the white light region, which is an
irregular shape. The research literature is replete with algorithms to determine whether a point
is within a polygon or not. Therefore, the most common approach is to first approximate an
irregular shape into a polygon from the set of points, R, forming the irregular shape. Once
the irregular shape is decomposed to a polygon, deciding whether a point lies inside is the
point-in-polygon (PIP) test problem. The irregular shape can be decomposed to triangles using
polygon triangulation method [153]. The triangulation method chooses a subset of points,
Pp, from the set R to approximate the white region as a mesh of triangles. All the points



Constellation Design of CSK-1PD with White Color Balance 67

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

 White light Region

White light region

Figure 4.3: White light region extracted from the 1931 CIE chromaticity diagram.

from Pp form the vertices of the white light region, hence with the triangulation method,
the white region can be approximated to an arbitrary polygon with few points. In polygonal
representation, the curved shapes are represented using tangential approximations in the form
of straight lines, which ultimately depends on the number of vertices considered. Therefore,
there is always an approximation error (ae), which can be realized in terms of percentage of
area left uncovered by the polygon approximation. Since the white region is in two dimensions
(2-D) only, there are a number of algorithms for the 2-D PIP problem. The authors opted for
the efficient standard algorithm in paper [154], which is capable of solving PIP problem for
any arbitrary polygon, convex or non-convex. Further, during the optimization process, the
algorithm shall be called so often, hence an accelerated algorithm that grows linearly with
the number of polygon vertices (vn) is a viable choice. Therefore, the complexity of the PIP
algorithm used in this work is O(vn). The polygonal representation of white light region
depends on PIP algorithm as well and thus becomes an optimization problem as follows:

vn = min {G(vn,ae)},
where, G(vn,ae) = O(vn)+ae,

(4.18)

where ae decreases with more number of vn while the PIP algorithm complexity increases
with more number of vn. The complexity and error approximation have normalized values
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between [0 1]. They have been weighted equally in the minimization problem. The number of
vertices which provides minimum complexity and area error has been obtained and shown in
Fig. 4.4. The white light region (W ) in CIE 1931 chromaticity diagram has been approximated
to polygon in Fig. 4.5 with vertices, vn = 35.
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Figure 4.4: The minimum value obtained for G(vn,ae).

The relaxed white tone constraint ensures (x,y) 2W , and has been formulated as follows:

PIPalg(x,y,xP,yP)�1 = 0, (4.19)

where, xP and yP belongs to the x and y coordinates of polygon points Pp. The PIP algorithm
returns logical 1, whenever a point is inside or on the polygon.

4.4.2 Extra RGB LED

Researchers have used scrambler for maintaining white tone in CSK-1PD [92]. Linear feedback
shift register (LFSR) based scrambler is not very expensive; however, its complexity increases
with increase in the length, l. The color balance in [92] is achieved for uniform input data
at l > 20. The input data scrambled for length l > 20, provides color balance by averaging
(Pr,Pg,Pb) to get values around (0.33, 0.33, 0.33), which corresponds to a single chromaticity
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Figure 4.5: Polygon approximation of the white light region

coordinates (0.3330, 3718). The scrambler needs to be designed specifically for different PS
input data, and a particularly designed scrambler can produce only one type of white tone.
The scramblers used for this purpose are usually additive, so it must be reset by the frame
synchronization bits otherwise massive error propagation happens [49]. Further, with the
non-uniformity in the input data, the length in scrambler may increase, which in turn increases
the complexity drastically.

In order to escape the problems mentioned above, we have proposed the utilization of an
extra RGB LED at the transmitter to maintain any white tone in the white light region without
hampering the SNR gain obtained from specific OCPs for source distributions [71]. One can
design a constant color light with the extra RGB LED to mix with the RGB modulated symbols
to produce the desired average white tone (xd,yd). It provides flexibility and removes the
constraint on the length or number of the input symbols. Further, RGB LEDs being inexpensive
does not incur much cost to the system. The chromaticity coordinates (xe,ye) of extra RGB
LED can be obtained as

xe =
(xd ⇤ (Y1 +Ye)� x)

Ye
,

ye =
(yd ⇤ (Y1 +Ye)� y)

Ye
,

(4.20)
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where Ye and Y1 are the luminance corresponding to, extra RGB LED chromaticity coordinates,
and average tone coordinates obtained from the specific OCPs for source distributions, respec-
tively. The normalized range of luminance is between 0 to 1 [155]. (xe,ye) can be expressed
in the form of RGB LEDs optical powers by substituting (4.15) in (4.20) with the following
constraint

Pr +Pg +Pb = 1,

where, (Pr,Pg,Pb)� 0 and 1� Ye > 0.
(4.21)

The computational complexity of this method depends on designing the RGB optical powers
of extra LED, which forms linear equations in five variables on considering (4.20) and (4.21).
There are five unknown variables with their respective upper and lower bounds and three
linear equations. Therefore the linear equations are solved for different values of Y1 to obtain
(Pr,Pg,Pb) in terms of Ye and then Ye can be obtained from (4.21). The PD receives the combined
light of RGB LED modulated signal and extra RGB LED signal. The receiver side knows the
excess current generated because of the additional RGB LED. The total current generated shifts
the symbols with additional electric current values, hence on subtracting the incremental current
yields corresponding current of the modulated signal. It is analogous to removing the constant
ambient light noise at VLC receiver. Henceforth, with linear computational complexity at the
transmitter and receiver, the concept of using an extra RGB LED can be a better option for
color rendering and balancing.

4.5 Results and Discussion

The SNR performance gain with respect to SER for 4-CSK-1PD with and without white tone
for uniform and non-uniform input data has been obtained and reasoned in the following
sections. The simulation parameters have been kept same for this work [71] as in Section 3.4 of
chapter 3 for fair comparison. The possibility of maintaining any desired white tone has been
validated by finding non-negative RGB optical powers for the desired white tone in section
4.5.3.

4.5.1 OCPs of the Source Distributions Without Considering White Tone
Constraint

Table. 4.5 shows the OCPs of all the source distributions considering all constraints as discussed
in section 4.3 except white tone constraint. The SNR in dB for FEC limit SER can be observed
in Fig. 4.6 for different source distributions utilizing their specific OCPs.
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Table 4.5: Optimized CSK-1PD constellation points for uniform, exponential, Maxwell-Boltzmann, and
Pareto input data without white tone constraint.

Source RGB Optical powers:
Distributions: vectors: Pr Pg Pb

Uniform

p1 0 0 1
p2 0.1880 0.2905 0.5215
p3 0.5217 0.2902 0.1881
p3 1 0 0

Exponential

p1 0 0 1
p3 0.2261 0.2803 0.4936
p3 0.5939 0.2252 0.1809
p2 1 0 0

Maxwell-Boltzmannl

p1 0 0 1
p2 0.2084 0.3096 0.482
p3 0.5531 0.2793 0.1676
p3 1 0 0

Pareto

p1 0 0 1
p2 0.2185 0.3109 0.4706
p3 0.5606 0.2768 0.1626
p3 1 0 0
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Figure 4.6: SNR versus SER plot of different source distribution at their specific optimized constellation
points.

It has been observed that the optimized constellation points for uniform input data (OCPu)
perform better than the OCP of uniform from [92] by 0.75 dB. The OCPu results in equidistant
normalized electric current symbols, which is equivalent to the analytically known global opti-
mum placement of equiprobable symbols in pulse amplitude modulation (PAM) for minimum
SER [140]. The normalized design range for CSK-1PD is just a straight line, so following the
equidistant symbol spacing criteria for equiprobable symbols yields the same di = 0.0667 for
all i (check equation (4.6) for di). The OCPu achieve a minimum Euclidean distance of 0.0667
for all di.

It has been observed that the SNR performance of non-uniform source distributions utilizing
specific OCPs obtained in this work provides improved SNR gain as compared to the work
Table 4.6: SNR of CSK-1PD without considering the white tone constraint for different source distribu-
tions with specific OCPs and uniform OCPs [92] for all.

Input data
distribution type

SNR (dB) at SER of 10�3 considering
OCP without white tone constraint:

uniform OCP [92] Specific OCP(u,m,e,p)
Uniform 30.75 30

Maxwell-Boltzmann 29.50 27.4
Exponential 29.00 27.25

Pareto 28.05 27
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in chapter 3, where OCPs designed in [92] for uniform source distribution is utilized. The
respective SNR values have been tabulated for comparison in Table 4.6. In the case of specific
OCPs, the constellations points are further optimized by geometrically shaping the symbols
based on their probability of occurrence. Therefore, the improved performance of non-uniform
distributions in case of specific OCPs is because of the consecutive PS based GS technique. It is
interesting to note that with specific OCPs the performance of non-uniform source distributions
approach close to each other which is again due to the specific shifting of symbols according
to PS.

4.5.2 OCPs of the Source Distributions Considering White Tone Con-
straint

The constellation points are optimized so as to get average white tone light as the transmitted
output.

4.5.2.1 Strict Constraint

The constellation points are obtained considering all constraints in section 4.3 along with strict
white tone constraint in (4.17). The OCPs obtained with strict white tone are abbreviated as
S-OCPs. The uniform and Pareto (non-uniform) source distribution OCPs are obtained and
shown in Table. 4.7.

Table 4.7: Optimized CSK-1PD constellation points with strict white tone constraint for uniform and
Pareto input data.

Source Pr Pg Pb Mean white tone
Distribution coordinates (x,y)

Uniform

0 0.056 0.944 (0.334, 0.328)

at temperature 5500K
0.1 0.35 0.55

0.255 0.65 0.095
0.969 0.031 0

Pareto

0 0 1 (0.369, 0.350)

at temperature 4000K
0.11 0.343 0.547
0.52 0.38 0.1

1 0 0

The corresponding mean white tone chromaticity coordinates can be seen in the last column.
The SER versus SNR plots in Fig. 4.7, demonstrates the impediment of considering strict white
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tone constraint. The SNR for uniform distribution is 31.4 dB and for Pareto is 30.2 dB at 10�3

SER. It can be observed that the performance of both uniform and Pareto have decreased from
OCPu and OCPp, respectively. The chromaticity coordinates of the four OCPs do not lie in
the white region except one, and for maintaining average white tone, the optimum position of
symbols in terms of SNR is changed and therefore reduces the SNR gain.
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Figure 4.7: SNR versus SER plot of uniform and Pareto source distributions with optimized constellation
points maintaining white tones.

4.5.2.2 Relaxed Constraint

In this case, the whole white region has been considered in the white tone constraint of the
optimization process. Table. 4.8 shows the OCPs of all the source distributions considering
all constraints and the relaxed white tone constraint. The respective white tone coordinates
can be seen at the last row. The SNR at FEC limit SER can be observed in Fig. 4.8 for
different source distributions considering OCPs for relaxed white tone (R-OCPs). The SNR
values for FEC limit SER have been enumerated in Table. 4.9 for comparison. It has been
observed that SNR performance gain of uniform has achieved the optimum SNR gain of OCPu.
The equiprobability of symbols in uniform distribution assist it to render ideal white color
balance with optimum SNR gain. However, for non-uniform distributions, SNR gain has
improved from the strict white tone constraint, whereas it is still less than the without white
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Table 4.8: Optimized CSK-1PD constellation points with relaxed white tone constraint for uniform,
exponential, Maxwell-Boltzmann, and Pareto input data.

Source Optical powers: Average white tone
Distributions: Pr Pg Pb coordinates, (x,y)

Uniform

0 0 1 (0.3504, 0.3424)
0.1507 0.3655 0.4837
0.4842 0.3653 0.1505

1 0 0

Exponential

0.0234 0.0782 0.8984 (0.2247, 0.2115)
0.1795 0.4144 0.4061
0.5842 0.2847 0.1312

1 0 0

Maxwell-Boltzmannl

0.0202 0.0625 0.9172 (0.2247, 0.2115)
0.2069 0.4096 0.3835
0.5743 0.3011 0.1245

1 0 0

Pareto

0.0262 0.0954 0.8784 (0.2247, 0.2114)
0.1916 0.4218 0.3866
0.5930 0.2790 0.1277

1 0 0

Table 4.9: SNR of CSK-1PD at specific OCPs for different source distributions with and without white
tone constraint.

Input data
distribution type

SNR (dB) at SER of 10�3 considering OCP
without and with white tone constraint:

OCP(u,m,e,p) R-OCP(u,m,e,p)
Uniform 30 30

Maxwell-Boltzmann 27.4 28.65
Exponential 27.25 28.7

Pareto 27 28.44
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Figure 4.8: SNR versus SER plot of different source distributions using optimized constellation points
with relaxed white tone constraint.

tone OCPs performance gain. The range of choice of chromaticity coordinates has increased
here tremendously, and hence the performance of the R-OCPs in comparison to S-OCPs. The
non-uniformity of symbols with s1 (p1 in terms of RGB power) as highest probable symbol
sabotage the reach to optimum SNR gain in R-OCPs. Moreover, the average white tone
chromaticity coordinates of non-uniform source distributions are precisely the same, but the
OCPs are different. The reason behind this comes from Table. 4.4, where the average tone
of non-uniform distributions is close to each other. Hence, during optimization with white
tone constraint, the different distributions look for a nearby valid white tone coordinates for
optimized SNR gain with distinct OCPs.

4.5.3 With Extra RGB LED

The chromaticity coordinates of extra RGB LED for the vertices of the white light region
(see Fig. 4.5) in Pareto distribution have been obtained and shown in Fig. 4.9 for different
values of luminance Y1. The extra RGB LED coordinates gets skewed to remain inside the CIE
chromaticity diagram. The non-negative RGB optical powers of LED fulfilling all the linear
equalities and inequalities have been obtained. The RGB optical powers obtained for the extra
LED can be viewed in Table. 4.10.
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Figure 4.9: Extra RGB LED coordinates for Pareto source distribution forming polygon for the white
light region.

Table 4.10: Optical powers of extra RGB LED for the desired white tone of CSK-1PD at specific OCPs
of Pareto source distribution.

No. Desired
whitetone

coordinates

Average
tone

luminance

Extra RGB LED:
Optical power Coordinates

and Luminance
xd yd Y1 Pr Pg Pb xe ye Ye

1. 0.3496 0.2389 0.01 0.3644 0.1465 0.4891 0.3509 0.2399 1
2. 0.2751 0.3674 0.01 0.2285 0.3586 0.4129 0.2757 0.3697 1
3. 0.3496 0.2389 0.1 0.3851 0.1514 0.4635 0.3631 0.2487 1
4. 0.2751 0.3674 0.1 0.2371 0.3825 0.3804 0.2812 0.3900 1
5. 0.3496 0.2389 1 0.5917 0.2011 0.2072 0.4846 0.3365 1
6. 0.2751 0.3674 1 0.3226 0.6212 0.0562 0.3357 0.5935 1
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4.6 Summary

For the first time, the work in this chapter attempts to optimise the CSK-1PD constellation
points for uniform and non-uniform (exponential, Maxwell-Boltzmann, and Pareto) source
distributions, both with and without average white tone. The specific OCPs without white tone
constraint gives improved SNR performance gain in all the source distributions with respect to
the OCPs of [92]. However, the OCPs with strict white tone constraint maintains the white tone
on an average with SNR gain reduced by 1.4 dB and 3.2 dB from without white tone constraint
for uniform and pareto distribution, respectively. The entire white region is taken into account
in the optimization process for OCPs with relaxed white tone constraints to boost the SNR gain.
The R-OCPs for uniform input data achieves the same SNR gain (30 dB) as OCPu. However,
the R-OCPs still perform 1.25–1.45 dB worse for non-uniform than the non-uniform OCPs
without a white tone restriction. In addition, this research suggests a novel way to employ
two RGB LEDs at the transmitter, one for modulation and the other for maintaining white
tone. Results show that the RGB optical powers of extra RGB LED can be designed for any
desired chromaticity coordinates inside the white light region retaining maximum SNR gain
with specific OCPs for uniform and non-uniform source distributions.

4.7 Extended work

The following work extends the code book designing to VLC based sparse code multiple access
(SCMA), which has been published in collaboration as follows:

Saumya Chaturvedi, Dil Nashin Anwar, Vivek Ashok Bohara, Anand Srivastava and Zilong
Liu, “Low-Complexity Codebook Design for SCMA-Based Visible Light Communication”,
IEEE Open Journal of the Communications Society, vol. 3, pp. 106-118, 2022, doi:
10.1109/OJCOMS.2022.3141800.

SCMA, as a code-domain non-orthogonal multiple access (NOMA) scheme, has received
considerable research attention for enabling massive connectivity in future wireless commu-
nication systems. In this work, we present a novel codebook (CB) design for SCMA based
VLC system, which suffers from shot noise. In particular, we introduce an iterative algorithm
for designing and optimizing CB by considering the impact of shot noise at the VLC receiver.
Based on the proposed CB, we derive and analyze the theoretical BER expression for the
resultant SCMA-VLC system. The simulation results show that our proposed CBs outperform
CBs in the existing literature for different loading factors with much less complexity. Further,
the derived analytical BER expression well aligns with simulated results, especially in high
signal power regions. In this work [156], a novel low-complex CB design technique has been
proposed for SCMA-VLC system impaired by shot noise. This work emphasizes that the
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designing of specific CBs is required for the SCMA-VLC system. The proposed CBs are
generated by optimizing the log-sum of exponentials of rotated Euclidean distances between
the superimposed codewords. With the inclusion of shot noise in the SCMA system, the overall
noise variance is dependent on the strength of the incident signal. The proposed CBs provide
improved BER performance as compared to CBs proposed in the existing literature along with
reduced complexity. Further, the theoretical analysis of BER is also performed for the shot
noise incorporated SCMA-VLC system. The simulated results are validated, and both the
theoretical and simulated curves are in good agreement for high signal power regions.





Chapter 5
Energy-Efficient Coexistence of LiFi Users
and Light Enabled IoT Devices

Owing to power limitations and hardware constraints of the IoT device, it requires simple, low
power, low complexity, energy-efficient communication technology. In contrast, LiFi users
require high data rates and reliable connectivity. Motivated by the diverse requirements of
these heterogeneous users and research gaps in earlier works (refer Section 1.4.2 and 1.5), the
work [97] in this thesis explores the coexistence of the LiFi users and LC enabled IoT devices
(LC includes visible and IR light) under a common LiFi access point to fulfill the aspects of
green communication with both spectrum and infrastructure sharing. The remainder of the
work is organized as follows:

Section 5.1 outlines the contributions of this work in detail. Section 5.2 illustrates the
proposed LiFi-IoT coexistence schemes. Section 5.3 describes the various performance metrics.
The analytical expressions have been derived and shown in Section 5.4. Section 5.5 analyzes
and discusses the simulated and theoretical results. Section 5.6 summarizes the work.

5.1 Contributions

This work proposes novel energy-efficient communication schemes for the coexistence of LiFi
users and LC enabled IoT devices. The proposed schemes are compared and analyzed to suggest
appropriate green DL and uplink (UL) communication schemes. The coexistence schemes
are developed on a baseline optical OFDM (O-OFDM) technique. The different variants of
direct current (DC) biased optical-orthogonal frequency division multiplexing (DCO-OFDM)
[99] technique with discrete Hartley transform (DHT) [157, 158] have been proposed for the
coexistence of heterogeneous users to achieve a greener communication solution. The choice
of the baseline modulation technique (i.e. DHT based DCO-OFDM (DCO-OFDMH)) has
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been made based on the advantages provided by DHT and inverse DHT (IDHT) operated
DCO-OFDM in the coexistence environment explained in section 5.2.1.1). The IoT devices
require simple, low power, energy-efficient communication technology, whereas the LiFi users
need high data rates and reliable connectivity. Thus, a coexistence scheme incorporating
modulation techniques combined with multiplexing techniques is required at the common
LiFi AP to support the above requirements. Further, indoor solar cells can enable light energy
harvesting capability at the receiver’s terminal since light is being used for communication. In
addition, as some LiFi and IoT applications are delay-sensitive and a multiple access (MA)
technique can influence the delay, throughput and overall performance of the coexistence
system. Therefore, in this work, the delay-throughput profile for time division multiple access
(TDMA) and orthogonal frequency division multiple access (OFDMA) for VLC has been
theoretically derived and analyzed. Therefore, this work proposes a suitable combination
of modulation techniques (QAM, PAM, CSK), DHT, DCO-OFDM, removal of DC element,
interleaved subcarrier mapping, modified data sequence and MA techniques (WDM, OFDMA)
to form the coexistence schemes for heterogeneous LiFi and LC enabled IoT users. The
proposed coexistence schemes have been evaluated against conventional DCO-OFDMH with
respect to various performance metrics such as system complexity, peak-to-average-power
ratio (PAPR), effective spectral efficiency (ESE), the maximum number of IoT devices the
scheme can support (Km), power saving, energy harvesting (EH) and SNR at FEC limit SER.
The conventional variants of DHT based DCO-OFDM utilize subcarrier modulation techniques
such as QAM, PAM and CSK without any modifications. Overall, in this work, the best-suited
coexistence scheme has been suggested for DL and UL communication.

The key contributions of this chapter can be summarized as follows:

1. It proposes green coexistence scheme for the heterogeneous LiFi users and LC enabled
IoT devices under a common LiFi AP for UL and DL communication.

2. This work illustrates a comprehensive analysis of the various proposed and existing
variants of DCO-OFDMH in the coexistence schemes in terms of several performance
metrics viz. system complexity, PAPR, ESE, Km, power saving, EH and SNR at FEC
limit SER, in order to suggest best-suited coexistence schemes.

3. The theoretical closed-form SER and PAPR expressions for the proposed coexistence
schemes have been derived and validated.

4. The analytical framework for delay-throughput performance analysis of dynamic TDMA
and OFDMA for mobile users have been derived for VLC.

5.2 LiFi and IoT communication coexistence

The coexistence environment has been illustrated in Fig. 5.1. Table 5.1 summarizes the VLC
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Figure 5.1: A future indoor LiFi system coexisting LiFi users and LC enabled IoT devices.

Table 5.1: Simulation Parameters.

Parameter Symbol Value
PD active area APD 1 cm2

Altitude of APL z 2 m
LED half-power semiangle f1/2 60�

LED’s angle of irradiance f 60�

Angle of incidence at PD y 60�

PD critical angle of incidence Yc 80�

Optical filter gain Gf 1
Concentrator gain Gc(y) 1
Power conversion efficiency
of the indoor solar cell h 23%
Physical area of the indoor solar cell Acell 4 cm2

Duration of energy harvesting t 1 s
PD Responsivity r 1 A/W
Transmitted optical power Pt 1 W
Noise variance No 1⇥10�21

VLC channel bandwidth Bw 10 MHz
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simulation parameters. The proposed work assumes LOS VLC channel and AWGN discussed
in Section 2.1.1, and Section 2.2) of chapter 2, respectively. The aim of this work is to propose
a green communication solution that can be used to simultaneously serve both LiFi users (UL)
and energy-autonomous LC enabled IoT devices (DI) from a common LiFi AP (APL) on the
same spectrum band in either DL or UL. Please note, UL represents a set of LiFi users, whereas
UL symbolizes a single LiFi user. Similarly, for set DI , DI denotes a single IoT device. The DL
and UL transmission techniques are discussed in the following subsections.

5.2.1 Downlink Transmission

For the DL transmission, one may consider TDMA-based protocol to enable the coexistence
of UL and DI to avoid mutual interference and create interference-free environments for their
respective time-domain (TD) communications. However, the TDMA-based approach tends
to sacrifice the quality of service (QoS) for UL since a considerable portion of airtime gets
allocated to the IoT users [68]. Further, to coexist a large number of LiFi users and IoT devices,
LiFi AP can have more LEDs. However, LEDs operating at the same wavelength would cause
interference between UL and DI DL communication. Therefore, in the proposed work, we have
leveraged the RGB LEDs as a transmitter in VLC to implement WDM to avoid interference
among UL and DI .

For WDM, red, green or blue wavelength filters at the receiver side assist in receiving
data of that particular wavelength and discard the rest two-wavelength signals. The WDM
channel gain matrix has close to zero values caused by cross-talks between wavelengths [54].
Therefore it is usually assumed that after the utilization of filters, there is negligible interference
[54, 159, 160]. The advantages of WDM are manifold as it can be deployed easily with RGB
LED in a VLC system. It helps in sending data independently and simultaneously with
negligible interference in the coexistence environment. Unlike RF, it avoids the requirement
of precoding filters at the AP to mitigate interference [68]. Since the beamforming filters
require decoding of beamformed signals at the receiver, their removal further minimizes the
receiver’s complexity. WDM circumvents the requirement of precoding and decoding filters
for beamforming at the transmitter and receiver, respectively. With WDM, the average white
tone of the combined RGB light may get disrupted. Nonetheless, this can be managed by
incorporating an extra RGB LED as proposed in chapter 4, which will inherently reinforce
both illumination and energy harvesting. It may please be noted that the extra RGB LED does
not affect the generality and trend of the results obtained in this work.

Furthermore, for DL communication over a particular wavelength, O-OFDM can be utilized.
The utilization of the O-OFDM scheme to send data assists in supporting simultaneous data
transmission to Km IoT devices by assigning a single O-OFDM subcarrier to an IoT device.
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The orthogonal subcarriers in O-OFDM further reduce the interference among IoT devices
(detail explanation in section 5.2.1.2). In this work, WDM is implemented utilizing RGB LEDs.
Thus, three different wavelengths of light establish a multi-LED AP scenario (as shown in
Fig. 5.1) to communicate with Km IoT devices with red wavelength and two LiFi users with
green and blue wavelength (operating at the maximum O-OFDM data rate) simultaneously,
thereby eliminating interference and improving aggregate SE and scheduling flexibility. It may
be noted that one can include one more UL being served by the red wavelength, though it will
decrease the data rate of UL to half the maximum data rate if half of the O-OFDM subcarriers
support DI . This scheme can support several combinations of UL and DI by distributing the
subcarriers among UL and DI according to the requirement. The trade-off between the number
of users being supported and users’ data rate governs the number of resources allocated to UL

and DI . Thus, the feasible number of UL and DI being supported by the coexistence scheme.

5.2.1.1 LiFi AP to LiFi Users

The APL runs on the legacy [161] architecture where various subcarrier modulation techniques
with DC element (DCE) removal and precoding techniques have been explored in DCO-
OFDMH to propose a single best suited DL coexistence system. Discrete Fourier transform
(DFT) based OFDM outputs a complex bipolar signal which can not be directly transmitted
over LEDs. In order to make the complex bipolar OFDM signal compatible with IM, the
conversion of complex bipolar data to real and unipolar data can be done by utilizing Hermitian
symmetry or segregating the real and imaginary components of data followed by DC bias
addition (a.k.a. DCO-OFDM) or negative signal clipping (a.k.a. ACO-OFDM), which has
been explained in detail in Section 2.3.4 of chapter 2. In the case of ACO-OFDM and further
variants of optical OFDM such as single-carrier optical (SCO)-OFDM, the spectral efficiency
is lower than that of the DCO-OFDM (section 4.4.1, [96]). In ACO-OFDM, only the odd
subcarriers carry data symbols, while the even subcarriers form a bias signal to ensure that the
transmitted OFDM signal meets the non-negativity requirement. Hence, the use of only half
of the subcarriers to carry actual data in ACO-OFDM is inefficient in terms of bandwidth as
compared to DCO-OFDM [99]. Therefore, DCO-OFDM has been considered to support higher
spectral efficiency, which in turn supports more IoT devices in the coexistence environment.
Please note for DCO-OFDM, the DC biasing equivalent to the minimum value of x(n) has
been used in all the considered schemes.

Fig. 5.2 illustrates the PHY design of DCO-OFDM for data transmission from APL to
UL with QAM as a subcarrier modulation technique and DHT as frequency-domain (FD)
transform. The motivation of using DHT in this work is that it provides real output for real
input constellation symbols. In DFT based DCO-OFDM (DCO-OFDMF), the system will
use N subcarriers to send data, but in true sense N/2 (in case of segregating method) [96]
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Figure 5.2: Downlink PHY design of QAM based DCO-OFDMH for data transmission from LiFi AP to
LiFi user.

and (N/2� 1) (in case of Hermitian symmetry [99]) unique symbols will be transmitted
to the receiver. On the other hand, when one utilizes real input constellation symbols and
DHT, the output is already real (in case of PAM) and thus does not require complex to real
conversion for IM. Hence, N subcarriers can send unique N data symbols. Thereby, the spectral
efficiency of PAM based DCO-OFDMF (effective N

2 symbols) becomes half of PAM based
DCO-OFDMH (effective N symbols) [96, 157, 158]. Though, for QAM, the DCO-OFDMH

signal x(n) is complex and requires conversion to real and positive signal for VLC by using
real and imaginary components segregation (as shown in Fig. 5.2). Therefore, in QAM based
DCO-OFDMH or DCO-OFDMF scheme, the spectral efficiency remains the same. However,
when compared to PAM based DCO-OFDMH (refer Fig. 5.3, further discussed in the upcoming
paragraph), the QAM based DCO-OFDMH (Fig. 5.2) has half spectral efficiency. Hence,
modulation techniques with real constellation symbols are more suitable to DHT based O-
OFDM. Practically, DHT is implemented with a fast algorithm, known as fast Hartley transform
(FHT) [157]. Consequently, real output based modulation techniques such as PAM or CSK
in DCO-OFDMH reduce complexity by alleviating the extra computation required for data
conversion.

In Figs. 5.2-5.8, N denotes the number of subcarriers that corresponds to N point FHT
or inverse FHT (IFHT). The FD and TD data sequence of an OFDM symbol are denoted as
[X(0),X(1), . . . ,X(N�1)], and [x(0),x(1), . . . ,x(N�1)], respectively. The TD data sequence
can be obtained through IFHT operation from the FD data sequence as follows:

x(n) =
1p
N

N�1

Â
k=0

X(k).cas(
2pnk

N
), (5.1)

where, cas(x) = cos(x)+ sin(x) and n,k e {0,1, . . . ,N� 1}. For VLC no carrier frequency
up-conversion is required. Hence, the baseband OFDM signal x(n) directly adds cyclic prefix
(CP), which is fed to the digital-to-analog (DAC) conversion block and than DC biasing is
done to yield x(t). At the receiver PD, the received TD signal y(t) is converted back to y(n)
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after analog-to-digital (ADC) conversion and equalization. Y (k) approximates X(k) with DHT
operation in (5.2). It is clear from (5.1) and (5.2) that DHT is involuntary and avoids complex
arithmetic [162].

Y (k) =
1p
N

N�1

Â
n=0

y(n).cas(
2pnk

N
). (5.2)

Figure 5.3: Downlink PHY design of PAM-NDCE-DCO-OFDMH for data transmission from LiFi AP
to LiFi user.

Figure 5.4: Downlink PHY design of CSK-NDCE-DCO-OFDMH for data transmission from LiFi AP
to LiFi user.

Figs. 5.3 and 5.4 show the proposed null DC element (NDCE) DCO-OFDMH technique
with PAM and CSK subcarrier modulation technique, respectively. It is significantly inspired
by the criteria to reduce the PAPR of O-OFDM signal for real-positive constellation symbols.
The first element of O-OFDM data sequence x(n) is termed as the DC component in literature.
It has the highest value with respect to all x(n) terms (8 n e {1, . . . ,N�1}) and has significant
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impact on the PAPR. The proposed NDCE method removes the first element and transmits the
rest of the elements (8 n e {1, . . . ,N�1}). However, at the receiver side, the first element, i.e.,
x(0), is required for the correct estimation of data sequences via N-point FHT. The mathematics
behind the approximation of DC element x(0) at the receiver using the rest of the elements x(n)
have been derived and shown below. The first element x(0) of TD data sequence of DHT based
OFDM (OFDMH) (valid for DHT based O-OFDM (O-OFDMH) as well) can be obtained from
(5.1) and is expressed as

x(0) =
1p
N

N�1

Â
k=0

X(k). (5.3)

The first element of FD data sequence X(k) is kept zero for deriving OFDMH property to
get the relation between TD first element and rest elements, so X(k)= [0,X(1), . . . ,X(N�1)].
Hence, [x(0),x(1), . . . ,x(N�1)] can be expressed using (5.3) and (5.1),

x(0) =
1p
N

N�1

Â
k=1

X(k),

x(1) =
1p
N

N�1

Â
k=1

X(k).cas(
2pk
N

),

...

x(N�1) =
1p
N

N�1

Â
k=1

X(k).cas(
2p(N�1)k

N
).

(5.4)

The sum of TD data sequence 8 n e {1, . . . ,N�1} can be expressed as (5.5) using (5.4),

N�1

Â
n=1

x(n) =
1p
N

N�1

Â
k=1

X(k).
N�1

Â
n=1

cas(
2pnk

N
),

=
1p
N

N�1

Â
k=1

X(k).
p

2
N�1

Â
n=1

sin(
2pnk

N
+

p
4
).

(5.5)

The law of sum of sines [163] where, ÂN�1
n=0 sin(A+Bn) = 0 can be applied to ÂN�1

n=1 sin(2pnk
N +

p
4 ) to obtain its value (8 n,k e {1, . . . ,N�1}). Therefore, availing x(0) expression from (5.4)
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and applying law of sum of sines to (5.5), x(0) can be derived in terms of x(n) as

*
p

2
N�1

Â
n=1

sin(
2pnk

N
+

p
4
) =�1,

⇧
N�1

Â
n=1

x(n) =� 1p
N

N�1

Â
k=1

X(k),

=) x(0) =�
N�1

Â
n=1

x(n).

(5.6)

Thus, at the receiver side x(0) can be estimated using the derived expression in (5.6). Interest-
ingly, QAM have bipolar and complex output data, whereas PAM has bipolar (PAMBp) and
real constellation symbols in RF communication. VLC can utilize these modulation techniques
after converting complex symbols to real and bipolar symbols to unipolar. Therefore, to further
reduce the PAPR (described in section 5.3.2), the constellation symbols of PAM has been
designed between 0 and 1. PAM having real and unipolar symbols is termed as (PAMUp) in
this work. The PAM symbols are adjusted at equal Euclidean distances between 0 and 1 to
fulfill the criteria of real and unipolar symbols in VLC.

CSK modulation is specific to VLC, so it has real-positive constellation symbols only as
discussed in Section 2.3.3 of chapter 2. In Fig. 5.4, Pr, Pg and Pb are the RGB optical powers
with respect to the CSK constellation symbols and Fr, Fg and Fb are the respective filters for
red, green and blue wavelengths. The total length of data for three LEDs [Pr, Pg, Pb] becomes a
multiple of three, so for N-point IFHT, zero prefix zp = N�3bQ[N,3]c is padded to the input
data. The Q[N,3] denotes the quotient of N divided by three and the operator bxc denotes the
greatest integer equal to x.

5.2.1.2 LiFi AP to IoT Devices

Figure 5.5: Downlink PHY design for IoT device as a receiver for receiving data from LiFi AP.
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The LiFi AP can operate on the legacy architecture of WiFi 802.11 [161] to enable fast
integration of the physical layer (PHY) to transmit and receive O-OFDM modulated light
signals. The AP preserves its legacy architecture (i.e., transmitter block) as seen in Figs.
5.2-5.4. The key idea for a greener LiFi-IoT coexistence is that the AP uses a single subcarrier,
say subcarrier k for data transmission to kth IoT device. Specifically, the AP does not require
hardware alteration to serve DI . The PHY design for narrowband IoT device receiver for
receiving data from an O-OFDM-based APL (as shown in Fig. 5.5 for NDCE-DCO-OFDMH)
can be extended to K IoT devices. It is assumed that AP informs the users and devices about
their respective indexed subcarrier through control frame [68]. The technique of decoding a
single subcarrier data from NDCE-DCO-OFDMH modulated transmitted data without FHT
operation at the receiver has been shown in Fig. 5.5. The kth indexed IoT device receives
data for whole time duration t (0 < t < T ), and can obtain its Y (k) data corresponding to
kth subcarrier using (5.2). Therefore, DI does not require computation-intensive DHT/IDHT
operations in their signal processing (requires only N multiplication for extracting data from kth
subcarrier signal), thereby minimizing its computational complexity and power consumption.

Figure 5.6: Downlink PHY design for data transmission from LiFi AP to IoT device with precoding,
interleaving and modified x(n).

Figure 5.7: Downlink PHY design for data transmission from LiFi AP to IoT device with precoding,
interleaving and TD pulse shaping.

To achieve a greener communication solution for the coexistence system, the authors
have further simplified the receiver architecture by adopting DHT precoding of the input data
sequence and its subcarrier mapping at the transmitter [69]. The final TD transmitted data x(n)
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becomes equal to the ratio of input data sequence x0(n0) and subcarrier mapping factor I, as
shown in Fig. 5.6. Moreover, for a legacy AP, each O-OFDM symbol has 64 samples/elements
(e.g., number of data subcarriers, N = 64 in 802.11ac) in the data part and 16 samples in the
CP part, totalling up to 80 samples [161]. Hence, the symbol rate at the IoT device is 250
ksps (20 Msps (AP’s sampling rate) divided by 80). With this, the DI operate on its required
lower sampling rate (250 ksps) for signal reception. The subcarrier mapping factor I can be
directly utilized to detect data, reducing the computational complexity and, therefore, energy
consumption at the receiver side. The periodicity property of DHT [162, 163] sequence can
be applied to (5.1) to derive the relation between x0(n0) and x(n) after Q-point precoding and
subcarrier mapping in (5.7).

x(n) =
1p
N

N�1

Â
k=0

X(
k
I
).cas(

2pnk
N

),

=
1p
N

bN�1
I c

Â
k0=0

X 0(k0).cas(
2pnIk0

N
),

s.t. k0 =
k
I
, where, n,k 2 {0,1, . . . ,N�1}

=
1p
QI

Q�1

Â
k0=0

X 0(k0).cas(
2pnIk0

QI
),

as N = QI, where, k0 2 {0,1, . . . ,Q�1}

=
1p
I

"
1p
Q

Q�1

Â
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Q
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#
,

x(n) =
x0 [(n)Q]p

I
.

(5.7)

Where, X( k
I ) is the subcarrier mapped version of X 0(k0). The time sequence data x0(n0) has

a length of Q samples defined for all n0 2 {0,1, . . . ,Q�1}. For n > n0, x(n) can be interpreted
by the periodic extension with the help of modulus operator as x(n) = x0 [(n)Q]. The two types
of subcarrier mapping [69], i.e., interleaved and localized, produce repeated and interleaved
versions of size N after N-IFHT operation at the transmitter from input data sequence of size
Q, respectively. The PAPR can be reduced by interchanging the repeated or interleaved data
sequence with the maximum value of the x(n) element in an OFDMH symbol. The modified
data sequence (MDS) helps in higher average illumination, and energy harvesting from the
indoor solar cell [164] as higher light power excites the solar cell to produce higher voltage
and hence, more energy. The proposed scheme in Fig. 5.6 can be termed as PAMUp-precoded
(P)-MDS-O-OFDMH (PAMUp-P-MDS-O-OFDMH). With precoded FHT and then IFHT at
the transmitter, the PAMUp-P-MDS-O-OFDMH data sequence x(n) and x(n)0 has all positive
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values (interpreted from (5.7)), hence do not require DC bias as such. Therefore, to keep a
common scheme DCO-OFDMH intact for a better flow and understanding of this work, the
PAMUp-P-MDS-O-OFDMH has been renamed as *PAMUp-P-MDS-DCO-OFDMH, where *
signifies that there is zero DC biasing. With Q precoding, the SE decreases by N

Q factor because
the repeated values from the interleaved data sequence [69] do not contribute to information
bits.

Additionally, precoded DCO-OFDMH (P-DCO-OFDMH) have been investigated with
Gaussian based FD pulse shaping (FDPS) [69] and TD pulse shaping (TDPS) [165]. Fig. 5.7
illustrates system architecture with TDPS, which allows N subcarriers to send information data
with reduced PAPR but with a surge in computational complexity. TDPS makes the OFDMH

data sequence non-positive, so DC biasing is required even in PAM. As DC biasing increases,
the average power of P-DCO-OFDMH signal increases which reduce the PAPR [96]. Therefore,
in various schemes of P-DCO-OFDMH, where ever DC biasing is required, the schemes have
been investigated for DC biasing equivalent to the maximum value of x(n) (+). It should be
noted that there is no clipping distortion in variants of PAMUp-DCO-OFDMH as the value of
x(t) does not go beyond one even after DC biasing. Further, FDPS [69] has also been analyzed
in which the FDPS block comes before the N-IFHT-OFDM modulator as X(k) is in FD. The
performance of the several proposed coexistence schemes have been analyzed and compared
to conventional coexistence schemes (such as QAM/PAM/CSK-DCO-OFDMH) with respect
to various performance metrics in the results section (Section 5.5).

Since many clients (UL and DI) of AP will try to transmit and receive data at the same
time, so they need to be coordinated. To achieve this coordination, the AP sends trigger frames
to the clients to inform them which subcarriers they can use to send and receive data. The
receiver (UL and DI) receives data of its interest as it knows apriori during the handshake which
subcarrier is meant for them and at what time it will receive data [68, 166–168]. Therefore,
IoT devices could go to sleep for most of the time and only wake up at its data time instant to
receive data [169]. The synchronization among users, devices, and AP is out of the scope of
this work. Nevertheless, efficient synchronization can be adopted from these works [166–168].
The upper-layer control mechanism can readily support it [68].

5.2.2 Uplink Transmission

The visible light as a communication medium is less preferred for uplink, as light would be
continuously emitting in an upward direction, which is aesthetically not pleasing from a user’s
perspective. Therefore, either a WiFi or an IR LED can be used for uplink transmission. The
signals from both the WiFi and IR LED transmitters are invisible to human eyes and thus do
not distract users. Further, for a bidirectional LC, the use of the infrared spectrum is deemed
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most appropriate in the literature as it completely obliterates the use of RF waves [12, 13].
Since, the work in this chapter aims to coexist heterogeneous users with bidirectional LC, for
uplink, IR LED has been considered. Therefore, the UL transmission has been accomplished
through IR LED and its respective PD. The LC channel utilizing IR LED [12, 102] is similar
to VLC channel in (2.9), modeled using a generalized Lambertian radiant intensity for LOS
channel [104]. The thermal noise component at the receiver is higher for IR LEDs based
communication than the phosphorous coated LEDs and the RGB LEDs based VLC as infrared
light induces more thermal energy [170]. Consequently, the communication with IR LED
requires more transmitted optical power than VLC to maintain the same error rate. However,
the performance trend (e.g., "poor", "average", "good") of the results shown in this work will
remain the same as that of DL coexistence schemes.

5.2.2.1 LiFi Users to LiFi AP

The data required in UL is usually lower than DL in UL, whereas, in DI , UL requires significant
data depending on applications. The UL and DI are the transmitters in the case of UL, and
the ultimate aim is to have lesser complexity at DI and UL as transceivers. The choice of MA
affects the choice of coexistence scheme for UL. The MA techniques have two most important
parameters, i.e., delay and throughput; hence delay-throughput analysis is an essential aspect
of communication. The simplest MA technique possible is TDMA. It has been stated that
in the case of TDMA for heterogeneous users, the QoS of UL degrades due to less airtime.
Further, since this work explores O-OFDM; hence OFDMA can be deployed effortlessly [171].
Therefore, the analysis of access techniques (TDMA and OFDMA) is necessary to decide
a suitable one as per the VLC coexistence requirements. The delay-throughput analysis of
TDMA and OFDMA in VLC has been presented in section 5.4.2).

5.2.2.2 IoT Devices to LiFi AP

Figure 5.8: Uplink PHY design for data transmission from LiFi user and IoT devices to LiFi AP.

In single-user OFDM, significant overhead is caused by medium contention at each frame
transmission. Whereas in OFDMA, medium contention overhead is less since transmitting
opportunities are shared by several frames bundled together. Therefore, efficient use of the
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channel leads to overall increased efficiency [171]. Additionally, while proposing a coexistence
scheme for the IoT device in the UL, it should be noted that IoT device is severely energy
limited (especially, if it harvests energy as well), so the optical transmitter at the IoT device
has a limited optical power at the UL, in contrast to the DL, where in theory there is no energy
limitation at the AP (i.e., AP is connected to the power line). Further, as compared to the
IoT devices, even the LiFi users have ample energy. The UL PHY design can be seen in
Fig. 5.8 with an OFDMA scheme, based on the concept of Fig. 5.5 with reversed transmitter
and receiver. Further, the results obtained for various coexistence schemes for DL can be
interpreted for UL as well, just by interchanging the understanding of transmitter and receiver.

Timing synchronization is crucial in uplink OFDMA communication among IoT devices
to ensure signals are transmitted and received accurately. It can be challenging to achieve
as devices need to be precisely coordinate in both time and frequency. The complexity of
timing synchronization depends on the number of devices, subcarrier bandwidth, and timing
measurement accuracy. Maintaining synchronization is vital, as any drift or delay can cause
significant signal interference. Achieving synchronization is necessary to ensure the IoT
devices operate at their required lower sampling rates, enabling efficient signal reception. The
issue of timing synchronization among IoT devices is not within the scope of this work. As a
result, it has been presumed that perfect synchronization exists. Nonetheless, other studies can
offer valuable knowledge regarding effective timing synchronization techniques that can be
utilized [172–174].

5.3 Performance Metrics

In an attempt to have a fair comparison, the resource units (RUs), i.e., the number of subcarriers
(N) for all the considered and proposed coexistence schemes, are kept the same while calculat-
ing all the performance metrics. In the following subsections, the different performance metrics
have been discussed as per their preference to achieve a greener communication solution for
LiFi-IoT coexistence.

5.3.1 System Complexity

The complexity of a system is quantified in terms of the total number of arithmetic operations
(such as multiplications) required at the transceiver. The transceivers that require N-point
FHT/IFHT (or FFT/IFFT) operations with complex constellation symbols achieve a computa-
tional complexity of 4Nlog2N. Compared to FHT/FFT with complex input constellation, the
complexity of FHT with real input constellation is halved [96] (explained in section 5.2.1.1).
The system complexity of the proposed schemes consisting of various modulation techniques is
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analyzed separately for DI , UL and APL. The equalization process can be realized in O(N) op-
erations. It should be noted that an IoT user has power and computation constraints. Therefore,
a transceiver with low complexity is highly preferred for an IoT device. In contrast, the main
requirement of UL is high data rate, so it can tolerate some relaxation in complexity and power
consumption. Thus, a transceiver with low to moderate complexity supporting a high data rate
is desirable for UL. The APL in the coexistence system can handle further higher complexity.
Therefore, system complexity of various coexistence schemes have been calculated separately
for UL, DI and APL, which becomes a crucial performance metric for choosing schemes in
the coexistence environment. The PHY design of different DCO-OFDMH utilize numerous
different techniques which can be seen in Figs. 5.2-5.7 in the form of various system blocks.
Therefore, the system complexity varies for various coexistence schemes considered in this
work.

5.3.2 Peak-to-Average Power Ratio

The ratio between the peak power and the average power of the transmitted signal is known as
PAPR. PAPR of a transmitted O-OFDM signal x(t) can be defined as

PAPRx(t) =
max(x(t)2)

E[x(t)2]
, (5.8)

where E[.] denotes the expectation operator. High PAPR has always been an issue in O-OFDM.
Firstly, a high PAPR can cause clipping distortion if the LED dynamic range is not sufficiently
large. Secondly, high PAPR reduces illumination to communication conversion efficiency and
a lifetime of the LED [69, 96, 175]. Therefore, it has been given second priority in terms of
performance metrics for the coexistence system. For CSK, the concept of calculating PAPR has
been borrowed from multi-input multi-output system [176]. PAPR is calculated individually
for red, green and blue LEDs and then averaged out to get an average PAPR for CSK. The
probability of PAPR greater than a threshold value (z ) is defined by the complementary
cumulative distribution function (CCDF). CCDF of PAPR is commonly used to measure the
performance of PAPR reduction techniques [69]. The CCDF of PAPR can be obtained as:

CCDFPAPR = Prob(PAPRx(t) > z ),
= 1�Prob(PAPRx(t) < z ),

= 1�Prob(
maxx(t)2

E[x(t)2]
< z ).

(5.9)

The different DCO-OFDMH schemes vary the transmitted signal due to various subcarrier
modulation techniques, precoding, subcarrier mapping, modified data sequence, and the PAPR
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changes with peak power and average power of the O-OFDM (in this work DCO-OFDMH)
signal x(t). Therefore, the CCDF of PAPR differs for various coexistence schemes considered
in this work.

5.3.3 Effective Spectral Efficiency

SE is the data rate that can be transmitted over a given bandwidth. However, the VLC channel
also impacts the reliable achievable data rate. Hence, the consideration of error rate at a given
SNR in the calculation of SE gives a better realization of efficiency termed as ESE (SEe) [157],
defined as:

SEe =
(1� e)Ns

T fs
, (5.10)

where e is the SER of one O-OFDM symbol at a particular SNR, which consists of a data
sequence corresponding to N subcarriers. Ns is the number of subcarriers meant for data
per O-OFDM symbol. T is the time duration per O-OFDM symbol, and fs is the subcarrier
bandwidth. The term (T fs) is normalized to unity for simplicity [157]. In this work the
normalized ESE ˜SEe has been considered for better understanding, so normalization has been
done by a factor of 2, i.e., maximum ESE value. With different DCO-OFDMH schemes, the

˜SEe changes as e and subcarriers meant for actual data per O-OFDM symbol varies. ESE has
the third priority concerning all other performance metrics as it drives the maximum number of
DI a coexistence scheme can support.

5.3.4 Maximum number of IoT devices

The maximum number of DI a coexistence scheme can support is an essential aspect of this
work. When considering just SE, the coexistence scheme can support communication of N IoT
devices at a low sampling rate of SE

N . Since SE does not consider the varying error performance
of various schemes, therefore SEe has been utilized to obtain Km in (5.11). Further, the impact
on SNR as Ns increases can be seen in Fig. 5.9. This impact is valid for all the schemes
considered in this work because the SNR gain degrades as Ns increases due to the reduced gaps
between data subcarriers. In VLC term, it increases the nearness of light intensity levels for
adjacent subcarriers. One wants to support large number of DI at lower SNR, however from
Fig. 5.9, it is clear that there is a trade-off between desirable SNR and Ns. To support large
number of DI at lower SNR, the intermediate number (Ks =

Ns
2 , also considered in RF [68]) has

been considered in (5.11) for all the schemes except P-DCO-OFDMH. The P-DCO-OFDMH

automatically sends data to subcarriers within Ks due to the specific subcarrier mapping used.
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Km for various DCO-OFDMH schemes vary due to SEe and Ns.

Km = SEeKs. (5.11)
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Figure 5.9: SNR versus SER of PAMUp-NDCE-DCO-OFDMH for varying data subcarriers.

5.3.5 Power Saving

The power saving (Psav) tells us how much power can be saved at the transmitter with regard to
the PAPR. It is imperative for AP in DL and UL in UL as it operates on DCO-OFDMH schemes.
DI in UL operates on single subcarrier modulation techniques, hence PAPR is not an issue and
thus power saving with respect to PAPR. The generic formula for power at a given PAPR (Pp)
[69] is

Pp = x Pavg, (5.12)

where x is the inverse function of the CCDF for a given probability, i.e., Prob (PAPR > z ) and
Pavg is the average power per O-OFDM symbol. The value of x is calculated for probability
Prob (PAPR > z ) set to 10�1 from the CCDF plots in Sec. 5.5. The power savings of the
different DCO-OFDMH schemes are evaluated with respect to one of classical state-of-the-art
schemes, i.e., QAM-DCO-OFDMH. Since, Pp varies for different coexistence schemes, hence
Psav also differs. The power saving achieved by the different DCO-OFDMH schemes over the
QAM-DCO-OFDMH, is given by

Psav = 10 log10

 
PDCO-OFDMH scheme

p

PQAM-DCO-OFDMH
p

!
. (5.13)
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5.3.6 Energy Harvesting

An energy-autonomous IoT device would facilitate additional energy efficiency in the coex-
istence system. An indoor solar cell of size 4 cm2 [164] can be attached to DI to support its
energy demand. The energy harvesting (EH) from an O-OFDM symbol for unit second in an
indoor VLC channel (2.9) is expressed as

EH =
(m+1)PavghAcellt

2pd2
r

, (5.14)

where h represents the power conversion efficiency of the indoor solar cell, Acell is the physical
area of the indoor solar cell, t is the duration of energy harvesting and Pavg is the average
transmitted optical power of an O-OFDM symbol. Pavg = E[x(t)r] and r is the electrical to
optical conversion efficiency of an LED. All other parameters except Pavg in (5.14) are fixed
to same value for all the schemes to have a fair comparison. Moreover, as these are physical
parameters, they would not change based on modulation or MA techniques. However, Pavg

changes with different subcarrier modulation techniques such as QAM, PAM, CSK as Pavg

depends on the symbol data. Further, the impact of precoding, subcarrier mapping, modified
sequence data also impacts the optical output data and hence the Pavg of the transmitted
signal. Therefore, EH performance will vary with varying Pavg due to the different coexistence
schemes.

5.3.7 SNR versus SER

In VLC, the transmitter LEDs are used for both illumination and communication. The illumi-
nation condition intrinsically increases the power at the transmitter and thus received SNR.
Hence, for achieving the FEC limit SER, the requirement of higher SNRs can be met through
the condition of illumination in DL. Also, solar cells’ utilization for generating power can
resolve the power requirement for achieving higher SNR in UL. Hence, it has the least priority
in the coexistence system. Nevertheless, the effect of SNR has been included while calculating
other performance metrics such as ESE and Km. Further, SNR gain can be improved using
state-of-the-art error-correcting codes [177]. Different modulation techniques, data subcarriers,
and modifications in the communication technique of DCO-OFDMH causes variations in SNR
gain performance.

5.4 Analytical Performance Expressions

The analytical evaluation of PAPR and SER validate the simulation results. The theoretical
expressions of PAPR [69, 96, 125] and closed-form BER expression [178] of the standard
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schemes such as PAM have been utilized to derive the proposed scheme’s PAPR and SER
expressions. Moreover, for delay-throughput analysis, the probability density function (PDF)
of the received SNR for random way-point user movement in a square area has been derived
for VLC.

5.4.1 PAPR and SER Performance

5.4.1.1 PAPR

In literature, PAPR of DCO-OFDM has been obtained theoretically [96, 125]. In [96], the
author derives analytical expression of PAPR for hermitian symmetry free precoded O-OFDM.
However, for our proposed coexistence scheme *PAMU p-MDS-P-DCO-OFDMH, we require
to evaluate the PAPR theoretically. A novel approach has been introduced to evaluate the
PAPR: the PDF ( fu(zi)) of input symbols x0(n0) (as shown in Fig. 5.6) is almost uniform as
a large set of random numbers reproduce uniform distribution (as stated in Section 3.2.1.1).
For modulation order (M= 4), the x0(n0) belongs to symbol set A = {s1,s2,s3,s4} and the
probability of occurance of each symbol is 1

M . Consequently, for a precoded O-OFDM scheme
the distribution of x(t) can be directly obtained from x0(n0) as x(t) µ x0(n0). The PDF f (zi) of
x(t) can be obtained based on the modified data sequence x(n)0 in Fig. 5.6. Therefore, the
probability of occurance of max(A) = max(x(t)) becomes (2. 1

M + 1
2M ). The probability of

rest data symbol becomes 1
2M . The required modified PDF f (zi) can be obtained from the

Hadamard product (�) of fu(zi) and modifying vector (Vi) as represented in (5.15). Based on
the modified data sequence, Vi becomes [1

2 ,
1
2 ,

1
2 ,(2+

1
2)]. The CCDF of PAPR can be derived

from the PDF of the O-OFDM symbols [69]. The evaluation of PAPR expressions for the
remaining approaches are skipped for brevity, which can be derived from the above stated
modified PDF concept for P-O-OFDM. For DCO-OFDMH these works [69, 96, 125] can be
referred.

CCDF = 1�Prob(PAPR < z ) = 1� Â
ziz

f (zi),

f (zi) = fu(zi)�Vi, 8 i 2 {1, . . . ,M}.
(5.15)

5.4.1.2 SER

The approximate average BER analytical expression of M-ary QAM and PAMBp in AWGN
[178] can be exploited to evaluate the SER behaviour of DCO-OFDMH. The closed-form
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expression of BER for M-PAMBp under AWGN channel [178] is given as:

Pe =
1

log2M

log2M

Â
b=1

Pe(b),

Pe(b) =
1
M

(1�2�b)M�1

Â
q=0

"
(�1)c1(2b�1� c2)

.erfc
⇣
(2q+1)

r
(3log2M)gb

M2�1

⌘#
,

(5.16)

where, c1 = bq.2b�1

M c and c2 = bq.2b�1

M + 0.5c. The probability that the bth bit is in error is
denoted by Pe(b) and Pe is the average BER. The SNR per bit (gb) needs to be evaluated for
specific O-OFDM schemes [96]. The estimated gb for PAMUp-MDS-P-DCO-OFDMH can be
obtained from the derived relation shown below:

gb =
(10

gs
10 )

2log2M
E[s(t)2

PAMUp
],

(5.17)

where, gs is the SNR per sample in dB, E[s(t)2
PAMUp

] is the normalized average power of the
constellation symbols (s(t)) corresponding to VLC based PAM. It should be noted that the real
input signal reduces the ratio of symbol time to sample time, to half when SNR per sample is
considered. Furthermore, the factor 2 log2M in the denominator is included in order to convert
gs to gb, which closely approximates the conversions and is widely accepted in literature [140].
For a given gs, the gb for a P-O-OFDM system (interleaved/localized) depends directly on the
normalized P-O-OFDM signal power x(t), which is proportional to the input data sequence
(PAMUp) belonging to the set A due to subcarrier mapping. Therefore, the theoretical SER plot
of *PAMUp-MDS-P-DCO-OFDMH has been obtained by utilizing (5.16), (5.17) and log2M.

5.4.2 Delay-Throughput Performance

The choice of MA technique impacts the overall performance of the system. Further, MA
techniques affect the choice of modulation techniques in the coexistence schemes especially
in UL (as discussed in section 5.2.2.1). The MA techniques have two most important param-
eters i.e., delay and throughput, hence delay-throughput analysis is an important aspect of
communication. The simplest MA technique possible is TDMA. However, this work explores
O-OFDM, hence OFDMA can be deployed effortlessly [171]. Therefore, analytical delay-
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throughput framework for TDMA and OFDMA have been derived in this work. The APL based
on O-OFDM technique may operate as O-OFDM-TDMA or optical OFDMA (O-OFDMA).
The O-OFDM-TDMA allocates time slots to users while O-OFDMA allocates subcarriers
to users. The VLC channel conditions vary with the mobility of users. However, within a
frame, the VLC channel can be assumed quasi-static [80]. This section demonstrates the
comparison between dynamic O-OFDM-TDMA and dynamic O-OFDMA. The dynamic nature
in O-OFDM-TDMA is because each time frame is allocated to a mobile user with the best
channel gain, whereas the dynamism in O-OFDMA allows multiple mobile users to share
subcarriers in an O-OFDM symbol. A more general queueing model, i.e., the M/G/1 model
[179], is adopted for analysis of the queuing delay. The average delay D in the M/G/1 model
[179] is given by

D =
LE[T 2

ps]

2(1�LE[Tps])
, (5.18)

where Tps is the packet service time and L is the Poisson packet arrival rate, same for both
O-OFDM-TDMA and O-OFDMA. Further, D can be quantified mathematically by Little’s
Theorem [179].

D =
N p

L
, (5.19)

where, N p is the average number of packets in the queue. This work assumes a queue of an
infinite size which makes throughput proportional to L value. The delay-throughput plot of
O-OFDM-TDMA and O-OFDMA has been obtained using these two equations (5.18) and
(5.19). The delay can be measured in the unit of the number of subcarriers as a packet is served
by subcarrier allocation in the O-OFDM transmission systems. The time unit in an O-OFDM
scheme can be denoted by the number of subcarriers. Therefore, the packet service time can
also be defined as the number of subcarriers Nps satisfying

Tps = {Nps : U D
=

Nps

Â
n=1

µn = a}, (5.20)

where U is the number of bits loaded in Nps subcarriers, µn is the number of bits loaded to
subcarrier n, which is identically distributed over all n, and a is the fixed packet size in the
unit of bits.

E[Tps|U = a] =
a

E(µn|U = a)
=

a
Â1

i=0 pibi
,

E[T 2
ps|U = a]� a2

E(µ2
n |U = a)

� a2

Â1
i=0 pib2

i
,

(5.21)

where, the first two moments of Tps has been expressed in terms of first two moments of µn

which can be obtained by steady-state probabilities pi’s and modulation bit order bi [180]. The
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bi equals to 1 and log2M, for i =0 and 1, respectively. The channel state in the link layer is
often modeled by a finite-state Markov (FSM) chain model. This work considers two states
VLC channel model in which one state (s0) corresponds below 15 dB SNR threshold and
another (s1) equal to and above 15 dB (The value of SNR threshold is chosen to be 15 dB as
beyond this value most of the schemes achieve FEC limit SER as shown in Figs. 5.16 and
5.17). The pi’s (in (5.22)) are calculated according to the FSM model. They can be obtained
by integrating received SNR (g) PDF of O-OFDM-TDMA and O-OFDMA over each state
regions illustrated in Fig. 5.10.

pi =

ˆ gi+1

gi

fg(g)V LC dg. (5.22)

For a VLC channel the closed form expression of received SNR statistics (i.e., PDF) for a

Figure 5.10: A finite-state Markov chain model for the VLC channel.

given random waypoint (RWP) mobility model [181] can be obtained by estimating the spatial
user distributions for the RWP mobility models in terms of distance ri =

p
d2

r � z2 where, ri

ranges from 0 to R. For a room area of 5x5 m2, R becomes 3.5 m. The PDF of ri can be fit to a
Gaussian expressions as in (5.23) and shown in Fig.5.11.

fr(ri) =
J

Â
j=1

a j.exp

(
�
✓

ri�b j

c j

◆2
)
, (5.23)

where, the parameter J and its related coefficients a j,b j and c j are approximated at 0.001281
root mean square error (RMSE) goodness of fit. The coefficients are approximated with 95%
confidence bounds as [a1 =�1.492e+06,a2 = 0.01387,a3 = 0.009461,a4 = 0.02809,b1 =

213.5,b2 = 2.489,b3 = 2.382,b4 = 2.049,c1 = 48.58,c2 = 0.04622,c3 = 0.4451,c4 = 1.723].
The UL and DI are assumed to move on a horizontal surface with zero orientation of the PD.
The zero tilting assumption and the angle around the z-axis (altitude between APL and the
users’ plane) uniformly distributed between 0 to 2p leads to a system that is only dependent on
the user motion [182]. The movement pattern of independent users have been modelled using
the RWP mobility model where the direction, velocity and the destination point of the users are
selected randomly and uniformly under LOS VLC channel. The pause time is set to zero, so a
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Figure 5.11: PDF of ri in a square area with RWP mobility model.

user continuously moves along a zigzag line from one waypoint to the next with a constant
velocity chosen at the start of each path from the uniformly distributed range [0.1, 1] m/s in the
square room cell. Consequently, the PDF of the instantaneous received SNR (g) in O-OFDM
can be derived by utilizing the relation between H(0)LOS (in (2.9)) and average received SNR
g in (5.24) [182].

g =
(rPtH(0)LOS)2

NoBw
,

H(0)LOS µ 1
d2

r
µ 1

(r2
i + z2)

,
(5.24)

where, r , Pt , No and Bw MHz values for simulation are considered from Table 5.1. Applying
a change of variable to (5.23) using (5.24), the received SNR PDF expression ( fg(g)) can be
derived as:

fg(g) =
4

Â
j=1

a j.exp

8
>>><

>>>:
�

0

BB@

r
C.
q

g
g � z2�b j

c j

1

CCA

29>>>=

>>>;
, (5.25)

where, the C = (m+1)Ar
2p cosm(fr)cos(y). The values obtained from the fg(g) expression fits

well with the simulated received SNR as shown in Fig. 5.12. It is observed that for higher
SNR values (beyond 35 dB) the analytical expression does not fit well because the impact
of fr = atan( ri

z ) with changing ri has not been considered in the derived theoretical PDF
expression of received SNR. It was ignored for simplicity to obtain a closed fitting expression.
The expression obtained in (5.25) applies to O-OFDM. However, in an O-OFDMA scheme
a subcarrier is assigned to the user with the highest SNR, the subcarrier SNR is equal to the
maximum of K independent and identically distributed (i.i.d.) exponential random variables,
where K is number of users. Hence, the received SNR PDF ( f ⇤g (g)) of O-OFDMA can be



Energy-Efficient Coexistence of LiFi Users and Light Enabled IoT Devices 104

15 20 25 30 35
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Simulation

Theoretical

Figure 5.12: PDF of g in a square area with RWP mobility model for VLC.

derived as:
f ⇤g (g) = K. fg(g)(1� fg(g))(K�1). (5.26)

The results in Fig. 5.13 shows that for a given fixed delay, O-OFDMA has larger throughput
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Figure 5.13: Comparison of packet throughput and delay for O-OFDM-TDMA and O-OFDMA.

(measured in packets/O-OFDM symbol) than the O-OFDM-TDMA scheme. The a is chosen
to be 80 bits as used in speech applications [180], K = 24 and a frame size of one O-OFDM
symbol is considered for evaluation. Finally, by plugging (5.25) and (5.26) in (5.22) and then
(5.21) in (5.18) the theoretical throughput-delay lower bound curves can be obtained as shown
in Fig. 5.13.

5.5 Results and Discussion

This section presents and analyzes the performance of various proposed and conventional
coexistence schemes. The simulation parameters are stated in Table 5.1. The performance
has been graded based on the number of stars from five to one, which has been color coded
for lucid understanding in Table 5.2. Further, Table 5.3 summarizes different variants of
DCO-OFDMH based schemes (proposed and conventional) and their corresponding acronym
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Table 5.2: The color scheme and star rating for different performance metrics.

Rating Performance Metrics Range for five different levels
System Complexity for N = 64

Five different Norma- Max. Power EH SNR (go)
levels with LiFi LiFi IoT PAPR lized no. Saving (joule/ (dB) at
color marking AP user device (dB) at ESE) of (dB) watt. FEC
and (APL) (UL) (DI) CCDF at IoT Psav sec) limit
respective stars proba- 15 dB device SER

bility (b/s support (10�3)
= 0.1 /hz) (Km)

***** 1-800 1-200 1-25 0-2 � 0.85 � 20 � 15 � E-07 9-15

Very Good

**** 800-1600 200-500 25-100 2-4 � 0.65 19-15 15-10 � 5E-08 15-20

Good

*** 1600-3000 500-1200 100-250 4-6 � 0.4 14-12 10-5 � E-08 20-25

Average

** Below 3000-4000 1200-2000 250-500 6-8 � 0.2 11-8 5-0 � E-09 25-30

Average

* Poor > 4000 > 2000 > 500 8-10 0.2 < 7-4 0 < � E-10 30-35

Note: The authors have introduced the rating scale to improve the understandability of the results by intuitively determining the performance rating ranges. The
maximum rating ("Very Good", five stars) belongs to the best value and the minimum rating ("Poor", one star) for the worst value corresponding to a particular
performance metric, among all the different schemes considered. Further, the ranges for intermediate performance ratings are divided as equally as possible
between the best and worst values for most of the performance metrics. However, owing to the larger variations in performance metric values of different
schemes, the intermediate performance rating ranges have been defined intuitively.
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for quick reference and better understanding. Table 5.4 and 5.5, tabulates the values of all
the performance metrics for various DCO-OFDMH coexistence schemes with respective color
code. The simulation results of the performance metrics PAPR, ESE and SNR for all the
coexistence schemes considered in this work have been shown in Figs. 5.14-5.19.

In Fig. 5.14, the CCDF of PAPR of various DCO-OFDMH schemes are shown. It has
been observed that the PAPR reduces significantly for PAMUp and CSK with NDCE-DCO-
OFDMH from their standard DCO-OFDMH schemes. It is due to the larger impact of DC
element on PAPR for unipolar PAM and CSK constellation symbols. It should be noted that the
x(0) expression derived in (5.6) is beneficial when all input data sequences are unipolar (i.e.,
positive) in an O-OFDM scheme as all unipolar input data sequence X(k) lead to highest x(0)
value among all x(n) elements. Therefore, on removing the DC element from the transmitted
signal, PAPR reduces drastically. On the other hand, when the input data sequence is bipolar,
as in the case of QAM and PAMBp, then although x(0) still holds the property as expressed in
(5.6) the value of x(0) becomes equivalent to the rest of the x(n) elements. Therefore, there is
no significant impact of DC element on PAPR, hence no advantage of NDCE for bipolar input
data. The TDPS and FDPS reduce PAPR a little more than PAMUp and QAM with NDCE-
DCO-OFDMH. However, it causes substantial complexity overhead (system complexity of
coexistence schemes, number 10, 11, 12 and 13 in Table 5.4).
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Figure 5.14: CCDF distribution of PAPR for various DCO-OFDMH coexistence schemes.

In Fig. 5.15, the CCDF of PAPR of various P-DCO-OFDMH schemes are shown. It can
be observed that PAPR reduces drastically with precoding because it results in a quasi single-
carrier like behavior without imposing a significant complexity overhead as demonstrated in
Table 5.5. The proposed *PAMUp-MDS-DCO-OFDMH coexistence scheme achieves lowest
PAPR of 1.35 dB at Prob (PAPR > z ) = 0.1. Analytical PAPR (dashed purple plot in Fig. 5.15)
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Table 5.3: Definition of acronyms used for different variants of the proposed and conventional DCO-
OFDMH coexistence schemes.

No. Schemes Acronym Definition

1. QAM-DCO-OFDMH Quadrature amplitude modulation (QAM) of subcarriers in DC bias optical-OFDM
based on DHT

DCO-OFDMH = X
2. QAM-NDCE-X QAM of subcarriers with null DC element (NDCE) of the transmitted O-OFDM signal

in X
3. PAMBp-X Bipolar constellation symbols used for pulse amplitude modulation (PAM) of

subcarriers in X
4. PAMBp-NDCE-X Bipolar constellation symbols used for PAM of subcarriers with null DC

element in X
5. PAMUp-X Unipolar constellation symbols used for PAM of subcarriers in X
6. PAMUp-NDCE-X Unipolar constellation symbols used for PAM (PAMUp) of subcarriers with null DC

element in X
7. CSK-Fig. 1 [157]-X Color shift keying (CSK) modulation of subcarriers in X with three separate FHT

blocks corresponding to red, green and blue LEDs data
8. CSK-Fig.5.4-X Color shift keying modulation of subcarriers in X with one FHT block corresponding

to red, green and blue LEDs data
9. CSK-Fig.5.4-NDCE-X CSK modulation of subcarriers in X with one FHT block corresponding to red,

green and blue LEDs data with null DC element of the transmitted O-OFDM signal
10. QAM-FDPS-X QAM of subcarriers with frequency domain pulse shaping (FDPS) of the

transmitted O-OFDM signal in X
11. QAM-TDPS-X QAM of subcarriers with time domain pulse shaping (TDPS) of the

transmitted O-OFDM signal in X
12. PAMUp-NDCE-FDPS-X PAMUp of subcarriers with frequency domain pulse shaping (FDPS) of the

transmitted O-OFDM signal in X
13. PAMUp-NDCE-TDPS-X PAMUp of subcarriers with time domain pulse shaping (TDPS) of the

transmitted O-OFDM signal in X
14. QAM-P-DCO-OFDMH QAM with DHT precoded DC bias optical-OFDM based on DHT
P-DCO-OFDMH = XP, + = maximum DC bias, * = no DC bias
15. +QAM-XP QAM with DHT precoded maximum DC bias optical-OFDM based on DHT
16. *PAMUp-XP Unipolar constellation symbols used for PAM with no DC bias in

optical-OFDM signals in XP

17. *PAMUp-MDS-XP Unipolar constellation symbols used for PAM with modified data sequence and
no DC bias in optical-OFDM signals in XP

18. +QAM-FDPS-XP QAM with DHT precoded and frequency domain pulse shaping data with
maximum DC bias in XP

19. *PAMUp-FDPS-XP PAMUp with DHT precoded and frequency domain pulse shaping (FDPS)
data with no DC bias in XP

20. QAM-TDPS-XP QAM with DHT precoded and time domain pulse shaping (TDPS) data
in XP

21. +QAM-TDPS-XP QAM with DHT precoded and time domain pulse shaping (TDPS) data
with maximum DC bias in XP

22. PAMUp-TDPS-XP PAMUp with DHT precoded and TDPS of input data in XP

23. +PAMUp-TDPS-XP PAMUp with DHT precoded and time domain pulse shaping (TDPS) data
with maximum DC bias in XP

Note: The proposed coexistence schemes have been highlighted with cyan color.
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Figure 5.15: CCDF distribution of PAPR for various precoded DCO-OFDMH coexistence schemes.
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Figure 5.16: SNR versus SER performance of various DCO-OFDMH coexistence schemes.
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is presented to corroborate the simulated plot. Further, CSK modulation technique have not
been analyzed for precoding variants due to higher PAPR and system complexity (coexistence
schemes, number 7 and 8 in Table 5.4).

In Fig. 5.16, the SNR versus SER plot of various DCO-OFDMH schemes are shown. The
SNR required at 10�3 SER increases approximately by 2 dB and 3 dB, in PAMUp/PAMBp/CSK-
NDCE-DCO-OFDMH and QAM-NDCE-DCO-OFDMH scheme, respectively from their re-
spective standard DCO-OFDMH schemes. It is due to the approximation of DC elements
at the receiver from the noise affected received signal. The performance of QAM-NDCE-
DCO-OFDMH degrades more (approximately 1 dB) as compared to PAMUp/PAMBp-NDCE-
DCO-OFDMH from their respective standard DCO-OFDMH schemes due to the complex data
sequence. TDPS version of schemes reduces the error rate at particular SNR by shaping the
DCO-OFDMH symbols for less inter subcarrier interference (ISI). N RUs constrain the length
of FDPS data, hence it performs close to the conventional PAM/QAM DCO-OFDMH schemes.
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Figure 5.17: SNR versus SER performance of various precoding DCO-OFDMH coexistence schemes.

In Fig. 5.17, the SNR versus SER plot of various P-DCO-OFDMH schemes are shown. It
is observed that the PAMUp/PAMBp/QAM with P-DCO-OFDMH schemes require less SNR to
maintain FEC limit SER (i.e., 10�3) from their respective standard DCO-OFDMH schemes
shown in Fig. 5.16. The reduction in error rate is because of the FHT precoding and subsequent
subcarrier mapping, which increases the Euclidean distance between P-DCO-OFDMH elements
compared to conventional DCO-OFDMH, where the data sequence is spread to all the available
subcarriers. The maximum DC bias variants (+) of P-DCO-OFDMH increases the error rate
due to increased variance of noise (signal dependent/shot noise [53, 69, 156]) which decreases
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the gap between the elements of O-OFDM symbol, thus requires larger SNR at 10�3 SER.
In contrast, QAM-TDPS-P-DCO-OFDMH requires least SNR at 10�3 SER, howbeit with
highest complexity. Hence, when TDPS and maximum DC bias are used together in +QAM-
TDPS-P-DCO-OFDMH, it requires 1 dB less SNR than +QAM-P-DCO-OFDMH. Whereas,
+PAMUp-TDPS-P-DCO-OFDMH requires 1dB more SNR than ⇤PAMUp-P-DCO-OFDMH to
achieve 10�3 SER. The overall effect of maximum DC bias with TDPS in +PAMUp-TDPS-P-
DCO-OFDMH reduces the gap between O-OFDM elements of PAMUp-P-DCO-OFDMH as
compared to ⇤PAMUp-P-DCO-OFDMH. The FDPS QAM/PAM variants provide lesser SNR
gain with respect to their QAM/PAM variants with P-DCO-OFDMH schemes. Analytical
SER of ⇤PAMUp-MDS-P-DCO-OFDMH obtained from (5.16), (5.17) has been plotted (dashed
purple plot in Fig. 5.17) to corroborate the simulated results.
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Figure 5.18: SNR versus ESE performance of various DCO-OFDMH coexistence schemes.

In Figs. 5.18 and 5.19, the PAM based schemes achieve the highest normalized ESE
of 1 bps/Hz at higher SNRs with FDPS and TDPS in P-DCO-OFDMH. In these cases, the
data subcarriers are equal to N as the interleaved subcarriers can also be utilized for data
transmission without increasing the PAPR and SNR. Whereas, ⇤PAMUp-P-DCO-OFDMH and
⇤PAMUp-P-MDS-DCO-OFDMH saturate at 0.5 bps/Hz normalized ESE (as shown in Fig. 5.19)
because only N/2 RUs gets utilized for information symbols. All variants of QAM in Figs.
5.18 and 5.19 can achieve maximum of 0.5 bps/Hz only due to the constraint of complex to
real conversion. However, due to its lower error rate, the normalized ESE reaches its maximum
around 15 dB at a fast pace except for QAM-NDCE-DCO-OFDMH and ⇤QAM-FDPS-P-DCO-
OFDMH because of higher SNR requirement (as shown in Figs. 5.16 and 5.17). The poor
normalized ESE of CSK (in Fig. 5.16) can be attributed to its highest error rate and system
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Figure 5.19: SNR versus ESE performance of various precoded DCO-OFDMH coexistence schemes.

architecture, where three RGB LEDs data at a time corresponds to a single symbol only, which
reduces effective data to 1/3 of data subcarriers. With pulse shaping, the data can be sent to a
maximum number of subcarriers with less error rate, as seen in Figs. 5.16 and 5.17 and provide
comparatively less PAPR in +PAMUp-TDPS-P-DCO-OFDMH. However, the main drawback
of the FDPS/TDPS technique is its huge system complexity that does not reduce much even
with low complex pulse shaping techniques [165].

Table 5.4 and Table 5.5 present a comprehensive overview of the various DCO-OFDMH

schemes. For the DL coexistence scheme, the first priority is to have the least complexity at
the UL and DI , especially DI . ⇤PAMUp-MDS-P-DCO-OFDMH coexistence scheme has the
least computational complexity of O(1) and O(Q), for UL and DI , respectively, as compared
to rest of the considered coexistence schemes and is because of utilizing the sub-carrier
mapping technique (interleaved or localized). The TD signal of ⇤PAMUp-MDS-P-DCO-
OFDMH behaves as time-division kind of scheme within an O-OFDM symbol, which can
be detected at the receiver directly by using subcarrier mapping factor I. Further, ⇤PAMUp-
MDS-P-DCO-OFDMH (in Table 5.5) has five green columns ("Very Good" ***** performance
rating) of performance metrics as compared to rest of the schemes. The three green columns
correspond to PAPR, the system complexity of LiFi user and IoT device, which are the most
preferred metrics for choosing a LiFi-IoT DL coexistence scheme. In ⇤PAMUp-MDS-P-DCO-
OFDMH, PAPR reduces due to the MDS technique (discussed in section 5.2.1.2). The scheme
can support 22 IoT devices with an ESE of 0.92 bps/Hz. Additionally, the power saving,
energy harvesting and SNR values at FEC limit SER are 5.83 dB, 1.84E-07 J/Ws and 21.9
dB, respectively, which falls under the average performance category. Further, none of its rest
performance metrics lies in the poor category. Hence, comprehending the results in Table
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Table 5.4: The comprehensive overview of the performance of different variants of proposed and
conventional DCO-OFDMH coexistence schemes for different metrics.

Coexistence
Schemes Performance Metrics

X = DCO-OFDMH System Complexity
APL UL DI PAPR ˜SEe Km Psav EH go

1. QAM-X 4Nlog2N 4Nlog2N
+N 2N 6.4 0.49 11 0 2.21E-08 19.5

2. QAM-NDCE-X 4Nlog2N 4Nlog2N
+(N�1)

N+
(N �
1)

6.3 0.335 8 0.1 2.21E-08 23.3

3. PAMBp-X 2Nlog2N 2Nlog2N
+N 2N 3.6 0.89 21 -1.17 5.51E-08 27.1

4. PAMBp-NDCE-X 2Nlog2N 2Nlog2N
+(N�1)

N+
(N �
1)

3.6 0.69 16 -1.13 5.46E-08 29

5. PAMUp-X 2Nlog2N 2Nlog2N
+N 2N 7.75 0.65 15 8.72 2.17E-09 27.1

6. PAMUp-NDCE-X 2Nlog2N 2Nlog2N
+(N�1)

N+
(N �
1)

3.51 0.65 15 14.48 1.53E-09 29.1

7. CSK*-X 6Nlog2N 6Nlog2N
+3N 6N 6.62 0.75 18 2.78 1.11E-08 32

8. CSK-Fig.5.4-X 2Nlog2N 2Nlog2N
+N 2N 6.62 0.25 6 9.94 2.13E-09 32

9. CSK-Fig.5.4-
NDCE-X 2Nlog2N 2Nlog2N

+(N�1)

N+
(N �
1)

4 0.225 5 14.17 1.47E-09 34

10. QAM-FDPS-X 8Nlog2N
+N

4Nlog2N
+2N 3N 5.15 0.49 11 1.26 2.20E-08 19.5

11. QAM-TDPS-X 4Nlog2N
+N2

4Nlog2N
+N +N2 3N 5.85 0.5 12 11.73 1.68E-09 16.9

12. PAMUp-NDCE
-FDPS-X

4Nlog2N
+N

4Nlog2N+
2(N�1)

N+
2(N�1) 3.45 0.34 8 15.55 1.21E-09 28

13. PAMUp-NDCE
-TDPS-X

2Nlog2N
+N2

2Nlog2N+
(N�1)2

N+
2(N�1) 3.18 0.88 21 20.71 3.94E-10 23.3

Note: CSK* has been considered same as Fig. 1 of [157].
The color marking represents: Very Good *****, Good ****, Average ***, Below Average ** and Poor * performance.
For more details regarding color scheme and star rating for different performance metrics, refer to Table 5.2.
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5.4 and Table 5.5, ⇤PAMUp-MDS-P-DCO-OFDMH is the most suitable choice for greener
communication in the DL scenario.

The MA techniques (OFDMA or TDMA) governs the overall system performance. OFDMA
is better than TDMA as it provides a considerable advantage in terms of delay and throughput
as the number of devices increases (as shown in Fig. 5.13). Therefore, the DL coexistence
scheme considering WDM with RGB LED utilizes the O-OFDM technique for each red, green,
and blue LED data and thus can use O-OFDMA to support more LiFi users and IoT devices.

Table 5.5: The comprehensive overview of the performance of different variants of proposed precoded
DCO-OFDMH coexistence schemes for different metrics.

Coexistence Schemes Performance Metrics

XP= P-DCO-OFDMH System Complexity
+ = maximum DC bias APL UL DI PAPR ˜SEe Km Psav EH go
* = no DC bias

14. QAM-XP 4Qlog2Q
+4Nlog2N N 2 3.67 0.5 24 -1.06 5.28E-08 13.3

15. +QAM-XP 4Qlog2Q
+4Nlog2N N 2 2.1 0.5 24 2.52 3.32E-08 17.4

16. *PAMUp-XP 2Qlog2Q
+2Nlog2N Q 1 3.57 0.46 22 6.15 1.32E-07 21.9

17. *PAMUp-MDS-XP 2Qlog2Q
+2Nlog2N Q 1 1.35 0.46 22 5.83 1.84E-07 21.9

18. +QAM-FDPS-XP 4Qlog2N+
8Nlog2N +N

8Nlog2N +
2N 4N 2.1 0.25 12 2.71 3.18E-08 16

19. *PAMUp-FDPS-XP 2Qlog2N+
4Nlog2N +N

4Nlog2N +
Q+N 4N 3.35 0.86 20 7.49 7.93E-09 22.8

20. QAM-TDPS-XP 4Qlog2Q+
4Nlog2N +N2 N +N2 N2 3.15 0.5 24 2.98 2.35E-08 9.1

21.+QAM-TDPS-XP 4Qlog2Q+
4Nlog2N +N2 N +N2 N2 1.54 0.5 24 3.91 2.75E-08 16.7

22. PAMUp-TDPS-XP 2Qlog2Q+
2Nlog2N +N2 N +N2 N2 3.37 1 24 13.43 2.01E-09 14.7

23.+PAMUp-TDPS-XP 2Qlog2Q+
2Nlog2N +N2 N +N2 N2 1.63 0.85 20 6.69 1.42E-08 23

The color marking represents: Very Good *****, Good ****, Average ***, Below Average ** and Poor * performance.
For more details regarding color scheme and star rating for different performance metrics, refer to Table 5.2.

For UL coexistence scheme, time synchronizing all the users and devices within an O-
OFDM symbol for ⇤PAMUp-MDS-P-DCO-OFDMH scheme requires communication among
the users and devices. It increases the complexity of the UL and DI transmitters. As stated
above, OFDMA has an advantage over TDMA. Further, the modulation technique for IoT
devices should have low complexity, low PAPR and should be able to support O-OFDMA with
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LiFi users. PAMUp is a suitable option as it does not exacerbate the nonlinear distortions from
the LED due to inherent low PAPR. Since IoT device as a transmitter operates on a single
subcarrier, the PAPR is low for PAMUp. The computational complexity for LiFi users and
IoT devices for UL (as per Fig. 5.8), becomes Nlog2N/2 and N, removing the equalization
complexity which is not required at the transmitter. The receiver AP decodes all the signals from
all the users utilizing FHT-NDCE-OFDM block. Therefore, PAMUp-NDCE-DCO-OFDMH

scheme becomes the most suitable green communication solution for UL and DI as a transmitter
due to its low system complexity, low PAPR (which reduces with the number of RUs < N),
high power-saving and suitability to O-OFDMA. Further with this UL scheme, Km=15 can
be supported for an ESE of 0.92 bps/Hz. EH has not been considered in UL in this work.
However, IR LED’s operated specific photovoltaic cells can be utilized for EH at the APL.
Further, apart from the proposed green communication coexistence schemes, Table 5.4 and 5.5,
provide a comprehensive overview and analysis of the twenty-three coexistence schemes. It
can be referred to choose a suitable coexistence scheme as per the demand and requirement of
the LiFi-IoT coexistence application.

5.6 Summary

For the first time, this work explores the coexistence of LiFi users and LC enabled IoT devices
under a common LiFi AP for green DL and UL communication. The proposed coexistence
schemes one for DL and another for UL communication utilize the amalgamation of WDM,
OFDMA, DCO-OFDMH, NDCE, DHT precoding, interleaved subcarrier mapping and MDS to
enable concurrent interference-free, low complex and reliable communication. The proposed
and conventional DCO-OFDMH based coexistence schemes have been extensively analyzed
with respect to seven performance metrics as iterated in order of preference, viz. system
complexity, PAPR, ESE, the maximum number of IoT devices (Km), power saving with
respect to QAM-DCO-OFDMH, EH, and SNR. The results imply that *PAMUp-MDS-P-
DCO-OFDMH offers the least computational complexity (against other schemes examined
in this work) of O(1) and O(Q) at the LC enabled IoT and LiFi user’s terminal, respectively.
Therefore *PAMUp-MDS-P-DCO-OFDMH is most appropriate for DL scenarios with massive
IoT devices and few LiFi users. The derived analytical results and the simulated results
agree fairly well. The theoretical CCDF of PAPR at Prob (PAPR > z )= 0.1 validates the
improvements (i.e. 1.35 dB PAPR) attained by the PAMUp-MDS-P-DCO-OFDMH scheme. In
terms of throughput for a fixed delay, the O-OFDMA system clearly outperforms O-OFDM-
TDMA. Therefore, PAMUp-NDCE-DCO-OFDMH is a superior option among the twenty-three
coexistence schemes examined for the uplink case using O-OFDMA. It is noteworthy that as
per different demands and requirements, the choice of LiFi-IoT coexistence scheme can be
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reviewed from the comprehensive analysis of the twenty-three different schemes (as shown in
Table 5.4 and 5.5).





Chapter 6
3-D Deployment of VLC-UAV Networks
with Energy and User Mobility Awareness

The recent proliferation of LEDs in unmanned aerial vehicles (UAVs) for inspection, first
response, environmental protection monitoring, surveillance and urban safety especially at
night time, have paved the way for VLC enabled UAVs. Consequently, the use of visible light
for communication and illumination in UAVs for day and night scenario has been investigated
in this chapter due to numerous research gaps in earlier related research works (refer Section
1.4.3 and 1.5). This chapter is also motivated by the goal of supporting green communication
in resource-constrained UAVs. The rest of the chapter is organized as follows:

Section 6.1 outlines the contributions of this work in detail. Section 6.2 presents the VLC
enabled UAV network model and QoS metrics. Section 6.3 formulates the 3-D deployment
problem and describes the solution. Section 6.4 analyzes and discusses the results obtained.
Finally, Section 6.5 summarizes the work.

6.1 Contributions

The 3-D deployment of UBv in an outdoor scenario provides flexibility to vary altitude
(L) of UBv for enhancing the coverage radius (r). Therefore, the proposed work thoroughly
investigates the relationship between L and r which has not been extensively studied in literature
for a UBv network. This work [98] is first of its kind to derive and provide the theoretical
expressions of enhanced coverage radius as a function of L for the two QoS metrics to ultimately
obtain optimal altitude and its respective maximum coverage radius analytically. Initially, the
impact of illuminance and SNR threshold is discussed on the the maximum coverage radius of
UBv and based on that, optimal altitude is determined. For both day and night scenarios, the
coverage radius has been increased with the inclusion of holographic light shaping diffuser
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(LSD) [100, 101, 183] as LED front end. Holographic LSD has been utilized with the motive
of adopting an energy-aware and greener aspect of communication. The optimum angle of
the LSD has been obtained based on the LED optical transmit power to achieve maximum
coverage radius and its optimum altitude for the desired QoS metrics. Further, a novel RGB
LED solution based on light sensitivity to human eye have been proposed specific to night
scenario which increases the coverage radius by increasing the illuminance, thereby supporting
green communication. Additionally, the analytical solution has been provided to obtain the
maximum coverage radius and its optimal altitude with the proposed enhancement techniques.
Subsequently, we would like to emphasize on the novel optimization problem being solved
in this work [98]: a joint optimization of the UBv 2-D positioning and the update interval has
been proposed to maximize the number of covered users with VLC specific QoS constraints
(i.e., illumination and reliable communication) at an update instant by ensuring user fairness
and flight time constraint. This work presents two energy-aware algorithms (i.e., farthest user
based strategy (FU) and shifting UAV based strategy (SU)) to achieve performance close to the
exhaustive one whilst reducing the complexity.

The key contributions of the proposed work can be summarized as follows:

1. In this work, the altitude deployment of UBv have been optimized for maximum cov-
erage of ground mobile users while fulfilling illumination and reliable communication
requirements.

2. The maximum coverage radius has been enhanced with energy-aware techniques: novel
RGB LED based solution and holographic LSD. The analytical solution for optimum
coverage radius with the proposed techniques has been derived.

3. A joint optimization of the UBv 2-D positioning and the update interval has been proposed
to maximize the number of covered users with VLC specific QoS constraints at an update
instant by ensuring the user fairness as well as UBv flight time constraint.

4. This work proposes two energy-aware solutions based on farthest user and shifting
strategy for the above mentioned joint optimization problem. The proposed methods
have been compared with the standard exhaustive search based strategy.

6.2 VLC enabled UAV network model

In literature, mainly two types of UAVs have been considered, i.e., multirotor (or rotary UAVs)
and fixed-wing UAVs. Rotary UAVs have greater manoeuvrability, compact design, and are
easy to control and fly in any direction, whereas fixed-wing UAVs are less manoeuvrable,
cannot hover, but can provide increased range and payload capacity [184, 185]. Therefore,
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rotary UAVs become more suitable for communication and illumination purposes because of
their greater manoeuvrability and ability to hover in a stationary position. Further, the reduced
range of rotary UAVs is not an issue as UBv are capable of providing service only within a
small area (in hundreds of meters). However, it is crucial to reduce the energy consumption in
rotary UAVs due to their limited energy. Therefore, energy-efficient schemes are required for
the 3-D deployment of rotary UAVs.

Figure 6.1: VLC enabled UAV Network Model.

We consider a UBv network model which serves N mobile ground users as shown in
Fig. 6.1. The operating time of UBv is considered as ‘T ’ seconds to serve N ground users.
The users are moving around following a random walk mobility model. The communication
network decides UBv altitude (L) and its maximum coverage radius (R) as shown in Fig. 6.1
based on two QoS metrics: desired illuminance and reliable communication. The reliable
communication metric is decided based on the SNR at the edge of the coverage area. Therefore,
reliable communication and SNR has been used interchangeably in this work [98]. We have
considered illuminance (in Lux) and SNR (in dB) at FEC limit BER. Further, UBv does not
require to serve as an illuminaire for day scenarios assuming daylight is enough for visibility,
so only SNR QoS metric has been considered in the day scenario. However, for night scenarios,
UBv can simultaneously communicate with users and illuminate the users’ plane. Hence,
both illuminance and SNR have been considered as QoS metrics in determining R and its
corresponding optimum altitude Lo = L in Fig. 6.1. Once Lo has been obtained, then we
focus on the x-y axes (i.e., 2-D) placement of UBv in the horizontal plane. In the following
subsections, we introduce the two QoS metrics.



3-D Deployment of VLC-UAV Networks with Energy and User Mobility Awareness 120

6.2.1 SNR in VLC channel

The received SNR [102, 104] at the ground users’ plane can be defined as

SNR =
[rH(0)Pt ]2

NoB
, (6.1)

where, Pt is the transmitted optical power of LED, B is the VLC channel bandwidth, No is
the noise power spectral density (PSD) of AWGN with zero mean generated at PD. It has
been assumed that the impact of ambient light noise can be removed with a high pass filter
[10, 30]. H(0) [102, 104] is the channel gain of the dominant LOS component of the VLC
channel as shown in (2.9). The UBv can serve users indoor and outdoor both. However, we
have considered outdoor scenarios without atmospheric turbulence in this work for simplicity.
UBv serve users at an open area, so there will be less possibility of strong reflections from
outdoor buildings and infrastructures, hence only the dominant component i.e., LOS link of
the optical channel [30, 31] has been considered.

The Euclidean distance (Dd) between the UBv (VLC transmitter) and the ground user (VLC
receiver) is equal to

p
L2 + r2 as inferred from Fig. 6.1. With zero elevation and orientation

of the users, the angle of incidence becomes equal to the angle of irradiance [106]. Hence,
the term cos(f) and cos(y) become equal to L

Dd
. We compute the SNR required to fulfill the

QoS metric by utilizing (2.5), (2.9) and (6.1) to plot BER versus the SNR curve. The SNR
threshold (SNRth) is the minimum average received SNR required at the LOS user end for
reliable communication at FEC limit BER with OOK modulation scheme comes out to be
around 13 dB in the VLC channel. Therefore, SNRth = 13 dB has been considered for the final
maximum coverage radius and optimal altitude (Lo) calculation.

6.2.2 Illuminance

Illuminance is the amount of light falling over a given surface area which correlates with how
humans perceive the brightness of an illuminated area [24, 186]. The unit of illuminance
is “lux,” where one lux is defined as the illuminance at which one-lumen luminous flux is
uniformly radiated to 1 m2 area. The amount of light landing on the users’ plane (horizontal
surface) is determined by

E =
I(0)cosm(f)

D2
d

, �p/2 f  p/2 (6.2)

where I(0) is the central luminous intensity of an LED. The commercial LED follows the
Lambertian radiation pattern. Thus, the radiant intensity RI(f) and luminous intensity I(f)
both depend on the angle of irradiance [24, 104, 186]. The relation between I(f) and RI(f)
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has to be taken into account to obtain I(0) in terms of RI(0) (central radiant intensity) and then
finally in terms of Pt as expressed in (6.3). The SNR and illuminance of the ground users are
obtained for a particular Pt which is then compared to their respective threshold value in order
to check if it fulfills the desired QoS.

RI(f) =
(m+1)Pt

2p
cosm(f),

RI(0) =
(m+1)Pt

2p
.

(6.3)

The requirement of UBv to serve as a luminaire is important for night scenarios for safety and
visibility purposes, since during daytime sunlight is enough for outdoor scenarios. Hence, I(0)
has been calculated as per humans’ sensitivity to low light conditions.

I(0) = (1700)RI(0)Vl ,

I(0) =
(1700)(m+1)PtVl

2p
,

(6.4)

where, the value 1700 in lumens/watt is based upon the sensitivity of the eye at 507 nm, the
peak efficiency of the night (scotopic) vision curve and Vl is the luminous efficacy of the eye.
It is noted that the luminous intensity is the part of the optical intensity which is perceived as
light by the human eye. Further, the response of the eye as a function of frequency is known
as the luminous efficacy of the eye. The Vl and its converted value in lumens/watt has been
tabulated for both the day scenario (photopic) case and the night scenario (scotopic) case in
[187]. Therefore, for the dark-adapted (scotopic) case, Vl is one at 507 nm. Similarly for
photopic case, Vl is one at 555 nm which is 683 lumens/watt [187]. Therefore, I(0) varies for
day and night scenarios and depends on the dominant light frequency. This in turn varies E,
and thus E should be calculated specifically for day and night scenarios.

As stated earlier, illumination from UBv is usually meant for night safety along with
sustainable street lighting. In [188], the recommended levels of illumination required have
been tabulated for different road characteristics to maintain visibility for safety purposes as
per the World Bank report for Indian streets. Therefore, in our work, we have considered
the scenario nearby secondary roads [188], hence Eth is fixed to 4 Lux as QoS metric to
obtain R and Lo. Nevertheless, the illuminance threshold can not only be specific to Indian
road scenarios; it can be decided as per the applications (such as environmental protection
monitoring) and its requirements.
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6.3 Problem Formulation and Solution

The problem is to optimize the 3-D UBv placement and update interval while maintaining
the desired threshold of illuminance and SNR. Specifically, we determine the coverage radius
of UBv and its optimal altitude based on the predefined QoS metrics. Assuming that the
minimum illuminance and SNR requirement does not change during UBv operational time
(T ), the optimal altitude can be fixed during T . However, there is a possibility that UBv may
not cover all the ground users at a particular time instant due to their random mobility and
fixed R. Consequently, UBv 2-D placement needs to be updated after certain time intervals. It
may be noted that the altitude optimization can be decoupled from the 2-D UBv placement
updates which occur more frequently. Therefore, the optimization of 3-D placements of UBv is
divided into two problems- where the placement in the z-axis (altitude) is done first and then
x-y axes placement is updated from time to time based on the user mobility. Nevertheless, even
in the case of non-flat areas, the altitude placement can be updated as per users’ elevation with
respect to the lowest elevation as a reference. However, the update time for altitude placement
would be larger than x-y placement due to users’ less frequent displacement in the z-axis. In
this work [98], we have assumed that if there is elevation at the user’s plane, then after T , the
altitude can be updated once. In the following sections, we discuss UBv optimal altitude first
and then joint optimization of 2-D UBv placement and update interval.

6.3.1 Optimal Altitude

The altitude (L) placement of UBv should provide the maximum possible coverage radius (R)
at the users’ plane. The coverage radius (r) can be expressed in terms of L and other parameters
known to us from SNR and illuminance equation (as shown in (6.1) and (6.2)). The expressions
of coverage radius in terms of L, Eth and SNRth are as follows:

rSNR =

q
(°

1
m+3 �L2),

° =

⇥
rPt(m+1)Acosm(f)Ts(y)g(y)cos(y)Lm+1⇤2

4p2SNRthNoB
,

(6.5)

rE =

vuut
"✓

(1700)Vl rPtLm

pEth

◆ 2
m+2
�L2

#
. (6.6)

The second-order derivative of rSNR and rE are obtained to get the optimum values of L,
respectively. Thus, the optimized altitude (LSNR

o ) obtained from rSNR is used to calculate R
for SNR QoS, whereas LE

o obtained from rE is used to calculate R for illuminance QoS. The
minimum of [rSNR(LSNR

o ), rE(LE
o )] (can be rewritten as min [max(rSNR), max(rE)]) obtained
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from (6.5) and (6.6), respectively, provides final R which satisfies both illuminance and
communication. The R and coverage area thus obtained gets limited due to the QoS constraints.
The most common way to increase R is by increasing the altitude of UBv. However, with
increasing height, the VLC channel gain (refer (2.9)) reduces, as it is inversely proportional
to the square of the distance between transmitter and receiver (in this case, the distance is the
altitude of UBv from the ground users). Hence, for reliable communication at the ground users,
the transmitted optical power can be increased [88], thereby increasing the received power.
However, increasing power is not an energy-aware choice, especially when the focus is on
the energy-aware deployment of resource-constrained devices such as UAVs. Further, many
recent papers have increased the reliable communication distance between VLC transmitter and
receiver to a hundred meters in an outdoor scenario [189–191]. Nevertheless, these techniques
will alleviate the issue of reliable communication at high altitudes of UBv, but with additional
energy and hardware cost. In this work, the coverage area of UBv has been enhanced with
energy-aware techniques complying with the greener aspect of communication.

Figure 6.2: Received power distribution in the coverage area without holographic LSD.

6.3.1.1 holographic LSD

Holographic LSDs of different angles are employed to increase the coverage area of an LED
with uniform power distribution [101, 183]. In order to ensure larger coverage and optimum
link performance, holographic shaping lenses can be used at the transmitter. Using holographic
LSD, the effective divergence angle of the transmitter LED can be extended to

fe =
p

fn +fd, (6.7)
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Figure 6.3: Received power distribution in the coverage area with holographic LSD.

where fe is the effective output angle of the light, fn is the irradiance angle of the LED in
full width half maximum (FWHM), and fd is the viewing angle of LSD. The calculation of
beam intensity through holographic LSD has been simplified in Fig. 4 of [183], where LSD is
divided into an array of pixels, and the beam profile for every pixel follows the VLC channel.
The light intensity can be considered uniform for a very tiny beam profile after passing through
a single pixel. Finally, the effective coverage radius by a transmitter LED at an altitude of L
utilizing LSD at its front head can be obtained as follows:

rLSD = L tan(fe). (6.8)

The coverage area now depends on the increased coverage radius, rLSD. Further, with the
utilization of LSD, the received power distribution at the coverage area becomes more uniformly
distributed, which can be observed from Figs. 6.2 and 6.3. The received optical power becomes
the average of the sum of individual footprints per pixel.

6.3.1.2 RGB LED

The central luminous intensity of an LED depends on Vl . At 507 nm, Vl = 1 and 1700
lumens/watt is sensed by the human eye [187], which is highest for scotopic case. It is difficult
to design the peak wavelength of a yellow phosphorus-based LED at 507 nm or close to 507
nm to get higher illuminance with radiated light as white light. However, RGB LEDs can
be designed for certain dominant wavelengths while maintaining white light as discussed in
chapter 2. The combined effect of red, green and blue light wavelengths can be utilized to
obtain the value of Vl as close as possible to one, which in turn will increase the illuminance.
The central wavelength of RGB LEDs and its coordinates from the CIE 1931 color space



3-D Deployment of VLC-UAV Networks with Energy and User Mobility Awareness 125

[49] are shown in Table 6.1. The luminous efficacy of red (V r
l ), green (V r

l ) and blue (V r
l )

Table 6.1: The corresponding coordinates of central wavelengths of RGB LEDs in CIE 1931 color
space.

LED light Wavelength Coordinates
color x y
Red 640 nm 0.7190 0.2809

Green 530 nm 0.1547 0.8059
Blue 465 nm 0.1355 0.0399

wavelengths are 0.001497, 0.811 and 0.676, respectively [187]. The optical power of different
wavelengths can be adjusted such that it increases the overall luminous efficacy. The overall
luminous efficacy of RGB LED can be expressed as:

V rgb
l = (1700)V r

l Pr +(1700)V g
l Pg +(1700)V b

l Pb,

Pr +Pg +Pb = 1,
(6.9)

where, Pr, Pg and Pb are the normalized optical power of red, green and blue LEDs, respectively.
Further, while increasing V rgb

l , the value of Pr, Pg and Pb should also maintain white tone light.
The final x,y chromaticity coordinates of an RGB LED must fall inside the white region of
CIE 1931 chromaticity diagram (as shown in Fig. 4.2 and 4.3) so as to emit white colour light.
The relation between Pr, Pg, Pb and x,y chromaticity coordinates is shown below:

x = xr ·Pr + xg ·Pg + xb ·Pb,

y = yr ·Pr + yg ·Pg + yb ·Pb,
(6.10)

where the coordinates of central wavelength of red LED light is (xr,yr), green LED light
is (xg,yg) and blue LED light is (xb,yb) in the CIE chromaticity color space. (6.10) can be
re-written using coordinate values from Table 6.1 as:

x = 0.7190 ·Pr +0.1547 ·Pg +0.1355 ·Pb,

y = 0.2809 ·Pr +0.8059 ·Pg +0.0399 ·Pb.
(6.11)

Using (6.9) and (6.11), the possible values of Pr, Pg and Pb are obtained which increases V rgb
l

while satisfying the white tone light constraint. Pr = 0.15, Pg = 0.3 and Pb = 0.55 have been
considered in this work. Therefore, while calculating rE for scotopic case utilizing RGB LED
based solution, the Vl in (6.6) is replaced with V rgb

l as shown in (6.9).
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6.3.2 Analytical Solution for Optimum Coverage Radius

The analytical solution for optimum coverage radius with the proposed RGB LED and holo-
graphic LSD utilizes (6.12) and (6.13), which have been derived using (6.5) and (6.6), as
fundamental equations for illuminance and SNR QoS metrics, respectively. Therefore, the rE

and rSNR (as shown in (6.6) and (6.5)) must incorporate the effect of holographic LSD and
RGB LED concept to analytically obtain the maximum coverage radius which satisfies both
illuminance and communication. The modified expressions of coverage radius incorporating
the effect of holographic LSD and RGB LED concept are as follows:

r
0
SNR =

q
(°
0 1

m0+3 �L2),

°
0
=

h
rPtxSNR(m0+1)Acosm0(fe)cLm0+1

i2

4p2SNRthNoB
,

c = Ts(y)g(y)cos(y),

(6.12)
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3

5, (6.13)

While using holographic LSD, the effective divergence angle of the transmitter LED (fe) should
be considered for calculating Lambertian order. Therefore, instead of conventional Lambertian
order (m) in (6.5) and (6.6), modified Lambertian order (m0 = �ln(2)

ln(cos(fe))
) has been used in

(6.12) and (6.13). LEDs, with no shaping lenses, behave as a Lambertian source. However,
the holographic LSD changes the intensity pattern, which in turn changes the received SNR
distribution (as seen in Fig. 6.3). Since we have derived the expressions ((6.12) and (6.13))
based on conventional intensity pattern in (6.5) and (6.6). Therefore, the transmitted power
is adjusted with a factor of xSNR and xE , in (6.13) and (6.12), respectively, to incorporate the
changes in intensity pattern due to holographic LSD. The factor xSNR = PLSD

r
Pr

, where, PLSD
r and

Pr are the optical power received at the circumference of coverage area for particular L with
and without holographic LSD, respectively. Similarly, the factor xE = ELSD

r
Er

, where, ELSD
r and

Er are the illuminance received at the circumference of coverage area for particular L with and
without holographic LSD, respectively. Further, the Vl of LED changes as per the RGB LED
concept. Thus, the overall luminous efficacy of RGB LED (V rgb

l ) as obtained from (6.9) is
considered in (6.12).

The second-order differentiation of (6.12) and (6.13) is derived to obtain the maximum
value of altitude LE

o and LSNR
o , respectively. The respective altitude values are used in (6.12)

and (6.13) to obtain the respective coverage radius. The holographic LSD and RGB LED
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concept alters the illuminance and SNR. Therefore, the rSNR and rE (as shown in (6.5) and
(6.6)) are modified to include the impact of holographic LSD and RGB LED concept in the
calculation of coverage radius in (6.5) and (6.6). However, with the use of holographic LSD,
the direct impact is the increased coverage radius (as seen in Figs. 6.2 and 6.3), so when the
QoS metrics are satisfied till a certain UBv altitude, the rLSD limits the R. Therefore, rLSD

calculated from (6.8) for LE
o and LSNR

o ) has been considered in (6.14).

R = min
⇥

r
0
E(L

E
o ), r

0
SNR(L

SNR
o ),

rLSD(LE
o ), rLSD(LSNR

o )
⇤
,

(6.14)

The maximum coverage radius, as seen in (6.14), can be obtained by finding the minimum
of different optimized r as per the required QoS metrics. Therefore, a network engineer can
directly deduce the maximum coverage radius and its optimum altitude utilizing the proposed
novel analytical expressions ((6.12) and (6.13)) at a given QoS metric for the proposed RGB
LED and holographic LSD technique.

6.3.3 Joint Optimization of 2-D Placement and Update Interval

Fig. 6.4 illustrates the UBv placement update timeline for operational time, T seconds. The
time at which UBv 2-D positioning is updated, is termed as an update instant. The time
difference between two consecutive update instants (k and k+ 1) is denoted as the update
interval tup(k). After optimizing the altitude of UBv in terms of maximum coverage radius, the
proposed work in this chapter optimizes the x-y placement of UBv in order to maximize the
number of users covered subject to the fairness of coverage. The coordinates of the projection

Figure 6.4: UBv placement timeline.

of UBv in the 2-D user plane at the kth update instant is denoted as [Ux(k), Uy(k)]. We require
an indicator variable Gn(k) to represent users coverage, when user n is covered at the update
instant k, Gn(k) = 1 otherwise Gn(k) = 0. It should be noted that during tup(k) update interval
the user’s coverage indicator varies due to user’s mobility between kth and (k+1)th update
instants. Hence, the coverage probability of user n at kth update instant for tup(k) (denoted by
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Pn,tup(k)) should be considered to obtain the effective number of users covered in an update
interval. Therefore, the average number of effective users covered in lth UBv operation period
is determined by Gn,k and Pn,tup(k) as follows:

Ūe = E
l

"
1
Kl

Kl

Â
k=1

N

Â
n=1

Gn,k(k)Pn,tup(k)

#
,

= E
l
[Ecov(l)] ,

(6.15)

where E [.] is the expectation operator and N is the total number of mobile users considered. Kl

denotes the number of update instants in lth UBv operation period. The number of effective
users covered in lth UBv operation period is termed as Ecov(l) in (6.15).

Further, maintaining the coverage fairness of mobile users become important, since there
may be possibility of same set of users being covered more often than the other users [88].
According to Jain’s fairness index [192], the fairness for the overall network at update instant k
is defined as follows:

f air(k) =
�
ÂN

n=1 Âi=k
i=0 Gn(i)

�2

N
⇣

ÂN
n=1
�
Âi=k

i=0 Gn(i)
�2
⌘ , (6.16)

where i variable denotes the range of update instants.
The fly-hover communication protocol for UAV operation [193] suggest that UAVs serve

users for communication only when it is in the hovering mode. Therefore, considering the
fly-hover protocol in this work, at every update instants we require the time taken (F(k)) by the
UBv to fly to its new 2-D location with velocity vU , as expressed in (6.17)). The UBv hovering
time is equivalent to its service time. The service time (S ) of UBv out of operation time T can
be estimated from F(k) in (6.18).

F(k) =
1

vU

q
(Ux(k)�Ux(k�1))2 +(Uy(k)�Uy(k�1))2, (6.17)
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#
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The optimal UBv placement problem at kth update instant can be formulated as follows:

P1: max
N

Â
n=1

Gn(k)

s.t. C1: f air(k)> f airthres,

C2: F(k)< tup(k).

(6.19)
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Here, the P1 objective function maximizes the total number of users covered at update instant
k subject to constraints C1 and C2. C1 puts a lower bound on fairness with a threshold
of f airthres 2 [0,1] in the network. In contrast, C2 puts an upper bound on F(k) to ensure
non-zero service time during the upcoming tup(k) seconds, hence F(k) must be less than
tup(k). The optimization problem, in this case, falls under the fair maximum coverage (FMC)
type of problem [194]. Let’s assume the considered hovering area (just above the user’s
plane at a certain altitude) as a complete graph and the possible hovering points as vertices.
The paths to the hovering points are edges. The optimization problem reduces to Traveling
Purchaser Problem (TPP). Further, with relaxed constraints, the optimization problem imitates
the classical Traveling Salesman Problem (TSP) [195]. TSP and thus TPP are NP-hard, making
the optimization problem (6.19) NP-hard as well [88]. Therefore, the FMC optimization
problem of this work becomes difficult to be solved directly using traditional optimization
techniques. The first approach to solve FMC problems is to go for an exhaustive search-based
strategy (ES) to obtain the best possible performance results, which is considered a benchmark
for other optimization methods. One of the state-of-the-art optimization algorithms for FMC is
the greedy approximation algorithm [84, 194], where one picks the hovering point of UBv that
covers the maximum number of users. ES method integrates the greedy approximation method
in its algorithm. For a given tup(k), P1 has been solved with the exhaustive search-based
strategy [83] as shown in Algorithm 4. ES method depends on the number of hovering points
considered. A larger number of hovering points provide higher accuracy but with increased time
complexity. Therefore, in order to achieve energy-aware deployment of UBv, two energy-aware
solutions are proposed to solve P1.
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Figure 6.5: ES method illustrating exhaustive-search strategy to determine optimal hovering point.

In Algorithm 4, U⇤x (k�1) and U⇤y (k�1) are the optimal coordinates at the (k�1)th update
instant. At k = 1, tup(1) is initialized as tmin. For k > 1, tup(k) is initialized as t⇤up(k�1) where,
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t⇤up(k�1) is the optimal update interval at the (k�1)th update instant. Moreover, we consider
that the 2-D hovering space of UBv is discretized with a resolution of 10 m along the horizontal
axis, as shown in Fig. 6.5. In Algorithm 4, Covprev is a list of (k�1) vectors of length N, where
an element in a vector will be ‘1’ if user is covered otherwise ‘0’. For each of the hovering
locations in Hovloc (as represented by dots in Fig. 6.5), function Cov() determines which of the
N users may get covered. In case of ES method, Algorithm 4 considers Hovloc. Cov() assigns
‘1’ if a user is covered else ‘0’. The output of Cov() is stored in Covmat . Then, the flight time of
the UBv is computed using function Fly(). Further, the fairness value corresponding to each
hovering location is computed using Fair() and stored in Fairness. Finally, inspired from the
greedy approximate approach [84], function Find() outputs Ux(k), Uy(k) that maximize the
number of users covered while satisfying the constraints C1 and C2. Also, we obtain the values
of Gn(k)8n.

Algorithm 4 Exhaustive / Farthest user based solution to P1 at kth update instant.
Input: tup(k), U⇤x (k�1), U⇤y (k�1), f airthres

X - List of x coordinates of N users at kth update instant
Y - List of y coordinates of N users at kth update instant
Hovloc - List of 2-D UBv Hovering locations
Hov0loc(k) - List of 2-D UBv Hovering locations till the farthest user at kth update instant
Covprev - List of vectors containing coverage information of all users till (k�1)th update instant
Output: G - List of Gn(k)8n, Ux(k), Uy(k)
Initialize: Covmat = /0, Flytime = /0, Fairness = /0

for s = 1 : 1 : |Hovloc|/|Hov0loc(k)| do
Covmat(:,s) = Cov(X , Y , Hovloc/|Hov0loc(k)|)
Flytime(s) = Fly ((U⇤x (k�1), U⇤y (k�1), Hovloc/|Hov0loc(k)|)
Fairness(s) = Fair(Covmat ,Covprev),

end for
[Ux(k), Uy(k), Index1]=Find(Covmat ,Fairness,Flytime, f airthres, tup(k)),
Covprev(:,k) = Covmat(:, Index1),
G = Covmat(:, Index1)

The optimization problem can be approached as a combinatorial problem since all the
possible hovering points (vertices in a graph) are potential candidates for optimum hovering
point. The ES method to solve P1 is a time-consuming and computationally extensive process
because it searches all the hovering locations of the user’s plane to maximize the total number
of users covered. For energy-constrained rotary UAVs, this work [98] aims to propose energy-
aware solutions to position UBv. Space reduction method (SRM) [196] is a state-of-the-art
approach where the search space is reduced without losing optimal solution. SRM is particularly
applicable to searching graphs with vertices and edges. Therefore, instead of searching all
hovering points, the hovering points until the farthest user are searched at an update instant.
For farthest user-based (FU) method, all the hovering points under the purple circle as shown in
Fig. 6.6 is considered in the search space of kth update instant to obtain optimal UBv hovering
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point. It undoubtedly reduces the search space. However, it is interesting to explore how the
performance metrics such as Ūe and S behave in the UBv network with the FU method.

The algorithm to solve P1 by FU method follows the same steps of Algorithm 4 with same
notations except Hovloc. The difference between ES and FU method lies in considering the 2-D
hovering space of UBv. In Algorithm 4, Hovloc is replaced by Hov0loc(k) for FU method. At
kth update instant, the mean location ([x̄(k), ȳ(k)]) of all the users is calculated. The distance
of the farthest user from the mean location is obtained, which forms the radius of the circle
with [x̄(k), ȳ(k)] as the centre x-y points for calculating Hov0loc(k). For example, let’s assume
that the user’s location at kth update instant is as per Fig. 6.6, so all the hovering points from
the list of Hovloc falling inside the purple circle represents Hov0loc(k). Finally, P1 is solved for
all the Kl update instants in lth UBv operation period.
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Figure 6.6: FU method illustrating farthest user strategy to determine optimal hovering point.
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With FU method, it is observed from Algorithm 4 that the range of s reduces (Hov0loc(k)<
Hovloc). However, the FU method still depends on the list of hovering locations. Therefore,
in shifting UAV (SU) strategy, as illustrated in Fig. 6.7, we try to eliminate the dependency
on the list of hovering locations by considering the user’s location to decide the optimal UBv

placement. SU method is influenced by the random shifting technique [197, 198]. However,
in our case we deterministically use the shifting method so as to get the optimum hovering
point of UBv within flight time. At kth update instant, some users are covered by the UBv for
communication, whereas others are not, so let’s call them uncovered users (Uuncov). As network
fairness or covered users decreases beyond a threshold at kth update instant, the UBv shifts its
position as per the previous coverage probability and closeness of Uuncov from UBv’s (k�1)th

location to cover a maximum number of users while maintaining the constraints C1 and C2.

Algorithm 5 Shifting UAV based solution to P1 at kth update instant.
Input: tup(k), U⇤x (k�1), U⇤y (k�1), f airthres

X - List of x coordinates of N users at kth update instant
Y - List of y coordinates of N users at kth update instant
Covprev - List of vectors containing coverage information of all users till (k�1)th update instant
Ucov - Number of covered users at kth update instant
Output: G - List of Gn(k)8n, Ux(k), Uy(k)

if Fairness > f airthres && Ucov > 0.75N then
[Ux(k), Uy(k)] = [U⇤x (k�1), U⇤y (k�1)]
Covprev(:,k) = Covmat(:,k),
G = Covmat(:,k)

else
X 0 - List of x coordinates of uncovered users at kth update instant
Y 0 - List of y coordinates of uncovered users at kth update instant
Uuncov - Number of uncovered users at kth update instant
Initialize: Covmat = /0, Flytime = /0, Fairness = /0
for s = 1 : 1 : |Uuncov| do

Sx(s), Sy(s) = Shift(X 0, Y 0, Covprev)
[U 0x(s), U 0y(s)] = [U⇤x (k�1)+Sx(s), U⇤y (k�1)+Sy(s)]
Covmat(:,s) = Cov(X , Y , Ux(s), Uy(s))
Flytime(s) = Fly (U⇤x (k�1), U⇤y (k�1), Ux(s), Uy(s))
Fairness(s) = Fair(Covmat ,Covprev),

end for
[Index1]=Find(Covmat ,Fairness,Flytime, f airthres, tup(k)),
[Ux(k), Uy(k)] = [U 0x(Index1), U 0y(Index1)]
Covprev(:,k) = Covmat(:, Index1),
G = Covmat(:, Index1)

end if

In Algorithm 5, Ucov and Uuncov, denotes the number of covered and uncovered users, at
kth update instant, respectively. At kth update instant; if Fairness and Ucov are greater than its
respective threshold, then the UBv placement is kept the same as the (k�1)th update instant.
However, the UBv position is shifted whenever the above criteria do not hold for a given update
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instant. The function Shift() utilizes the list of X 0 and Y 0 coordinates and Covprev to calculate
new possible positions of UBv as per each uncovered users. The possible shifted positions
are stored in U 0x(s) and U 0y(s) for all Ucov at the (k�1)th update instant. The function Find()
outputs the index out of range s, maximizing the number of users covered while satisfying C1
and C2. Finally, the index obtained from Find() is utilized to get optimal UBv placement.

After solving P1 with three different algorithms to get G , the next problem is to find the
optimal value of tup(k). The choice of tup(k) depends on two factors: 1) temporal user coverage
probability and 2) total UAV flight time. For visual clarity, Figs. 6.8 and 6.9 have been shown
to depict the behaviour of above mentioned two factors with tup(k). The random distances
covered by each mobile user in each transition follows a random walk mobility model and
is presumed to be Rayleigh distributed random variable with parameter s . Interestingly, a
network engineer would require higher temporal user coverage probability and lower total UAV
flight time, hence there is a trade-off between these two factors. Additionally, as expressed in
(6.18), an increase in the UBv flight time decreases its service time. Hence, minimization of
total UBv flight time during T seconds must be considered when optimizing tup(k).
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Figure 6.8: Coverage probability of users for varying random walk parameter obtained on solving P1
with FU strategy versus update interval.

6.3.3.1 Temporal Coverage Probability

The coverage probability of a user must capture the change in user locations even over an
update interval. Therefore, at the kth update instant, the temporal coverage probability of
covered user n is the probability of it being within UBv coverage area for the upcoming tup(k)
seconds. A user may have multiple transitions during these tup(k) seconds. The number of
transitions depends on the random walk parameter, s and the velocity of the users, vu. In other
words, temporal coverage probability can be defined as the probability, that the displacement
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Figure 6.9: Total UBv flight time for varying s obtained on solving P1 with FU strategy versus update
interval.

of the user from UBv must be less than R for all the transitions within tup(k). The temporal
coverage probability metric proposed in [83] helps in establishing a relationship between user
mobility and tup(k).

In Fig. 6.8, as tup(k) increases, the effective number of users covered decreases because
higher update interval corresponds to few UBv placement updates and hence during that
interval most of the mobile users come out of the coverage area. Since, the effective number
of users covered is directly proportional to coverage probability as seen in (6.15). Therefore,
tup(k) must be selected in such a manner that it maximizes the coverage probability. Further,
while optimizing tup(k), the coverage probability of all the users covered at kth instant must be
considered.

6.3.3.2 Total Flight Time

The average UBv flight time during tup will be E
⇥
Ftup

⇤
and can be formulated as follows:

E
⇥
Ftup

⇤
=

E


Â

T
tup�1
i=1 F(i)

�

⇣
T

tup

⌘
�1

, (6.20)

where E


Â

T
tup�1
i=1 F(i)

�
is the average total UBv flight time when updates are done after every

tup seconds. First, the term Â
T

tup�1
i=1 F(i) can be determined in an offline manner by solving

P1 for
⇣

T
tup
�1
⌘

update instants. Consequently, E


Â
T

tup�1
i=1 F(i)

�
is the average of the above

summation. A typical plot of average total UBv flight time has been shown in Fig. 6.9. It can
be observed that as tup increases the total UBv flight time decreases. This is because lower
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update interval corresponds to frequent UBv placement updates or vice versa. Consequently,
the UBv flies more frequently resulting in higher total UBv flight time.

Since there are two factors impacting the choice of tup(k), the first factor corresponds to
the total flight time which is actually a fraction of T during which UBv is in flight mode and
cannot serve. Let Ftup(k) be the UBv flight time during tup(k) with an average of E

h
Ftup(k)

i
and

Q =

⇠
T�Âk�1

j=0 tup( j)
tup(k)

⇡
denotes the number of updates that may occur when update interval is fixed

as tup(k) until completion of operation time T . Therefore, the first term in the objective function

becomes

⇣
Âk�1

j=1 F( j)+QE

h
Ftup(k)

i⌘

T . The term Âk�1
j=1 F( j) remains same for all tup(k), hence the

first terms is reduced to
QE

h
Ftup(k)

i

T . The second factor is the sum of the effective covered users.
A weight of a and (1�a) has been assigned to the two terms, respectively to propose the
minimization of a weighted single objective function. Hence, the optimization problem to
obtain optimal tup(k) can be formulated as follows:

P2: min
✓aQE

h
Ftup(k)

i

T
+

(1�a)

ÂN
n=1 Gn,kPn,tup(k)

◆

s.t. tmin  tup(k) tmax,

(6.21)

where tmin and tmax is the lower and upper bound for tup(k). The weight parameter a can
be tuned according to the network operator’s requirement. For instance, if maximizing the
coverage probability is the only requirement, the operator may set a as 0. However, if
minimizing UBv flight time is the only requirement, a may be set to 1.

Algorithm 6 Solution to P2 at kth update instant.
Input: G - List of Gn(k)8n
tlist - List of update interval values,
Output: tup(k)
Initialize: r = 1

for t = tmin : 2 : tmax do
Factor(r) = aQE[Ft ]

T + (1�a)

ÂN
n=1 An,kPn,t

r=r+1
end for
Index2 = Min(Factor)
tout(k) = tlist(Index2)

In Algorithm 6, the update interval range has been discretized with a resolution of two
seconds. The objective function in (6.21) is computed for each discretized update interval, and
the values obtained are stored in Factor. Min() finds the index of the minimum value in Factor.
Finally, tout(k) is obtained.
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The Gn(k) values obtained from P1 are provided to P2. P2 is then solved using Algorithm
6 to obtain the update interval. The output of P2 is then fed back to P1. It goes on iteratively
till the update interval value converges. In general, for the convergence of update interval, the
condition |tup(k)� tout(k)|< e must be met, where tup(k) and tout(k) are the input and output of
P1 Algorithm and P2 Algorithm, respectively. e is the error tolerance value. In this work, e = 0
has been considered. Further, the update interval converges to t⇤up(k) within few iterations. The
number of iterations depends on the choice of e as well as the resolution of the update interval.
With an increase in e , number of iterations required for convergence will decrease. However,
with an increase in resolution, the number of iterations required for convergence increases.

6.3.4 Time Complexity Analysis

The UAVs are energy-constrained devices, hence energy-efficient algorithms are preferred for
the deployment of UBv. To demonstrate the energy efficiency of the proposed algorithms (i.e.,
FU and SU) over the ES algorithm, the energy complexity model of the algorithms [199, 200]
should be obtained. In [199], the author proposes an energy complexity measure at circuitry
level including energy Ẽ and time t in the form of the expression Ẽ ⇥ t2 to be used as the
measure of the efficiency of a computation. Therefore, on adopting Ẽ⇥ t2 and considering the
energy required for any UBv operation and processing as constant, the Ẽ⇥ t2 term becomes
a function of time only. Further, assuming the algorithms to be truly sequential, the most
energy-efficient algorithms are also the most time-efficient since, in both cases, the aim is
to minimize the number of steps. Thus, the relationship between energy efficiency and time
efficiency becomes proportional. Therefore, the time complexity of the algorithm has been
obtained in this work in order to indicate its energy efficiency.

The time complexity of a set of steps is considered as O(1) if it does not contain a loop,
recursion and call to any other non-constant time function [201]. ES method complexity mainly
depends on the number of hovering locations, the number of mobile users, and the number
of update intervals. Firstly, the complexity of solving P1 is determined by computing the
complexity of Algorithm 4. In Algorithm 4, the complexity mainly depends on the number of
times the ‘for loop’ is executed, which depends on |Hovloc|. Further, for overall complexity,
one should consider the complexity of different functions inside the ‘for loop’ from steps 8-12.
Cov() function in step 9 determines which of the N users is covered for all hovering locations,
so the complexity order for step 9 is O(N⇥MES), symbolizing |Hovloc| as time-dependent
variable MES. The complexity order of step 10 is O(MES) which evaluate the flight time of UBv

using function Fly(). Step 11 evaluates the fairness value of the users corresponding to each
hovering location with the complexity order of O(N⇥MES). On considering the maximum
value of complexity amongst steps 9, 10 and 11, i.e., O(N ⇥MES) and after execution of
‘for loop’, the complexity becomes O(M2

ESN). Step 13 computes the 2-D position of UBv
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which maximizes the number of covered users using function Find() with complexity order as
O(N⇥MES). Further, O(1) is the complexity order for steps 14 and 15, so overall complexity
for Algorithm 4 is max[O(M2

ESN),O(N⇥MES),O(1),O(1)], which in turn results to O(M2
ESN).

K =
(tmax� tmin)

2
+1, (6.22)

Algorithm 6 is related to problem P2 solution, which depends on the output of P1 to obtain
the optimum update interval. Complexity order for this case mainly depends upon the ‘for
loop’ which is executed for the total number of update intervals. Here tmin and tmax are the first
and the last update instants. If we assume K as variable which represents the total number of
update intervals (as shown in (6.22)), then the complexity order for P2 after execution of the
‘for loop’ is O(K). Therefore, the overall time complexity of ES method is O(M2

ESN) + O(K).
In case of FU method, the number of search space for UBv is reduced. This is reflected

by the term |Hov
0
loc| in the ‘for loop’ in Algorithm 4. Assuming |Hov

0
loc| as time-dependent

variable MFU , the complexity order of Algorithm 4 is O(M2
FU N). From above discussion, it

can be interpreted that |Hov
0
loc|< |Hovloc|. In our case, for the given specific simulation setup

parameters (as stated in Table 6.3) the total number of hovering locations (MFU) is reduced
by approximately two times i.e MFU < MES

2 and thus the overall complexity order becomes

O(
M2

ESN
4 ) + O(K).

The number of times the ‘for loop’ is executed in Algorithm 5 depends only on the number
of uncovered users. Assuming |Uuncov| as a time-dependent variable NSU , which is always a
fraction of N. Therefore, in the SU method, as per specific simulation setup parameters, the
|Uuncov| value is approximated to 0.75⇤N. Further, other steps in Algorithm 5 is of order O(1)
or less than and equal to O(N) inside or outside the ‘for loop’. Thus, the overall complexity
order becomes O(NSU N) + O(K).

6.4 Results and Discussions

This section presents and analyzes the relation between coverage radius and altitude of UBv

under different QoS metrics. The impact on the relation between r and L on utilizing RGB
LEDs designed for scotopic case with and without holographic LSD have been presented.
Further, the results pertaining to the iterative solution for jointly optimizing P1 and P2 have
been discussed in detail.

Fig. 6.10 presents UBv coverage radius with respect to its altitude at Pt = 1 W for different
SNR threshold. It is observed that with increasing UBv altitude, the coverage radius first
increases and then decreases after reaching its peak value. Undoubtedly, with increasing
altitude, the coverage of light increases as per (2.9). However, in this case, the aim is to cover
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Figure 6.10: Coverage radius versus altitude of UBv for varying SNR thresholds at 1 W transmitted
optical power.

users with a particular SNR threshold. Therefore, until a certain altitude, the coverage radius
increases as it still fulfills the SNR threshold. However, the SNR threshold is responsible for
decreasing the desired coverage radius after that.
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Figure 6.11: Coverage radius versus altitude of UBv of photopic designed RGB LED for varying
illuminance threshold at 1 W transmitted optical power.

In Fig. 6.11, the relation of UBv coverage radius with its altitude have been shown for
different illuminance threshold in day scenario (considering Vl = 1 and maximum lumens/watt,
i.e., 683 for photopic case) at transmitted optical power equal to one watt. It is observed that
the illuminance threshold impacts the coverage radius and altitude range (defined as the highest
altitude where coverage radius becomes zero) substantially as compared to the SNR threshold
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(in Fig. 6.10). The reason is due to the factor of light perceived by the human eye being
considered in the illuminance expression (see (6.2) and (6.4)).
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Figure 6.12: Coverage radius versus altitude of UBv of scotopic designed RGB LED for varying
illuminance threshold at 1 W transmitted optical power.

Fig. 6.12 displays the coverage radius versus altitude for night scenario considering scotopic
case designed RGB LED (as discussed in section 6.3.1.2) at 1 W transmitted optical power for
different illuminance threshold. The trend of first increasing and then decreasing r with respect
to L remains the same. However, r has increased from the photopic case, which indicates
that with RGB LED based energy-aware technique, the coverage radius can be increased
without increasing the transmitted optical power. The reason behind increased r is the higher
lumens/watt perceived by the human eye at night. The practical design of RGB LED makes
it feasible to support the maximum possible lumens/watt while maintaining white tone light
which ultimately increases the luminous efficacy and thus illuminance.

Fig. 6.13 presents the effect of transmitted optical power on UBv altitude and its r at 13 dB
SNR threshold. It is evident from (6.1) that SNR is directly proportional to transmitted optical
power. Therefore, on increasing Pt , the coverage radius increases. However, this work [98]
aims to increase r with sustainable and energy-aware techniques. Therefore, the utilization
of holographic LSD and RGB LED based solutions have been proposed to support green
communication through UBv. Moreover, from Figs. 6.10 and 6.13, we can interpret that r
increases more for lower SNR thresholds. The values of maximum coverage radius have been
obtained analytically using (6.5) for different Pt .

In Fig. 6.14, UBv altitude and its coverage radius has been plotted considering both QoS
metrics i.e. SNR and illuminance at different Pt . The results have been obtained for scotopic
case. Since, during day scenario only SNR QoS metrics is considered (as shown in Fig. 6.13
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Figure 6.13: Coverage radius versus altitude of UBv for different transmitted optical power at 13 dB
SNR threshold.
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and already discussed in section 6.2.2). The peak of UBv coverage radius and altitude range
decreases further from results in Fig. 6.13 owing to illuminance threshold. The minimum of
[rSNR,rE] obtained from (6.5) and (6.6), respectively, provides R analytically. However, for
scotopic case utilizing RGB LED based solution, the Vl in (6.6) is replaced with V rgb

l as shown
in (6.9).
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Figure 6.15: Relation of Coverage radius with varying holographic LSD angle of FOV at 9W transmitted
optical power.

Fig. 6.15 shows the plot of received power distribution in 2-D versus coverage radius in the
x-axis of the user’s plane with varying fd of the holographic LSD at 9 W transmitted optical
power. The black-lined plot displays the received power distribution without holographic
LSD. The tail of all the plots ends at a certain x-axis of the user’s plane, which connotes that
there is no further coverage after that. This has been visually shown for the black-lined plot
with a downward arrow. It is observed that as fd increases, the received power distribution
becomes more uniform till a higher coverage radius. Nevertheless, this comes with a penalty
of decreased received power at the user’s plane. As fd increases, the effective output angle in
(6.7) also increases which finally increases the coverage. Moreover, with larger fe the light
diffuses more, so the average of the sum of individual footprints per pixel provides decreased
received power.

Fig. 6.16 presents UBv coverage radius with respect to its altitude considering SNR thresh-
old and holographic LSD at different transmitted optical power. It is observed that as compared
to Fig. 6.13, the coverage radius and altitude range has significantly increased with the adoption
of holographic LSD at LED front end. The minimum of [ r

0
SNR(L

SNR
o ),rLSD(LSNR

o )], obtained
from (6.13) and (6.8), respectively, provides R analytically. The second-order differentiation
of (6.13) is derived to obtain the maximum value of altitude LSNR

o . The altitude LSNR
o is used
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Figure 6.16: Coverage radius versus altitude of UBv considering SNR threshold and holographic LSD
at different transmitted optical power.

in (6.13) and (6.8) to obtain respective coverage radius and finally the minimum among them
becomes the R. The analytical results match well with the peak value of the simulation results.
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Figure 6.17: Coverage radius versus altitude of UBv considering SNR and illuminance threshold with
holographic LSD at different transmitted optical power.

Lastly, in Fig. 6.17, UBv coverage radius and its altitude has been plotted considering
SNR and illuminance threshold with holographic LSD for different Pt . It is observed that
as compared to Fig. 6.14, the coverage radius and altitude range has significantly increased
due to the holographic LSD. However, as compared to the results in Fig. 6.16, the coverage
radius and altitude range reduce, which can be attributed to the illuminance threshold. The
minimum of the four different optimized r as seen in (6.14) provides the maximum coverage
radius with enhanced coverage area satisfying both Eth and SNRth. Consequently, R is obtained
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Table 6.2: Results of analytical solution for R at Pt = 9 W considering varying SNR and illuminance
threshold with holographic LSD for night scenario.

Parameter: Eth Eth Eth
= 1 Lux = 4 Lux = 16 Lux

SNRth Lo R Lo R Lo R
(dB) (m) (m) (m) (m) (m) (m)
10 43.5 58.5 17.9 29.7 9 14.8
13 46.9 50.4 17.9 29.7 9 14.8
16 39.5 42.4 17.9 29.7 9 14.8
20 31.4 33.7 17.9 29.7 9 14.8
25 23.5 25.3 23.5 25.3 9 14.8

Parameter: SNRth SNRth SNRth
= 10 dB = 13 dB = 25 dB

Eth Lo R Lo R Lo R
(Lux) (m) (m) (m) (m) (m) (m)

1 43.5 58.5 40.9 50.4 23.5 25.3
4 17.9 29.7 17.9 29.7 23.5 25.3
8 12.7 20.9 12.7 20.9 12.7 20.9

12 10.4 17.1 10.4 17.1 10.4 17.1
16 9 14.8 9 14.8 9 14.8

analytically. The analytical results show good agreement with the peak value of the simulation
results validating the derived analytical expressions.

We have analytically obtained and shown Lo and R at varying Pt in Fig. 6.17. However,
the Lo and R can be obtained by varying different parameters as well such as SNRth and Eth.
Table 6.2 presents the value of Lo and its respective R for the proposed work considering
varying SNR and illuminance threshold at night scenario with Pt = 9 W. It is observed that as
Eth increases for varying values of SNRth, Lo and R decreases and depends more on Eth than
SNRth, which is due to the increased limit imposed by Eth. Similarly, as SNRth increases for
varying values of Eth, Lo and R decreases which is obvious due to the increased SNR threshold
value. However, from Eth = 8 Lux onwards, the Lo and R does not change even for varying
SNRth, which again shows the higher limit imposed by Eth than SNRth on Lo and R. This has
already been observed and discussed above while comparing Fig. 6.16 and Fig. 6.17. However,
with the rigorous analytical results of Table 6.2, it has become more clear that Lo and R are
more limited by Eth than SNRth. Further, at Pt = 9 W, Eth = 4 Lux and SNRth = 13 dB, the Lo

and R values are 17.9 m and 29.7 m, respectively which perfectly matches with the black circle
marker plot (i.e. at Pt = 9 W) of Fig. 6.17.

From the aforementioned analysis and discussion, a network engineer can finalize the
optimum altitude for maximum coverage radius based on the network’s application and re-
quirement while supporting green communication and network. For instance, if it is decided
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Table 6.3: Simulation Parameters.

Parameter Value Parameter Value
vu 1.5 m/s N 20

vuav 25 m/s f airthres 0.7
s 4 m tmin 4 s
Lo 17.9 m tmax 50 s
T 600 s Simulated Area 200 ⇥ 200 sq. m

to achieve the maximum coverage radius of 30 m in the night scenario with an optical power
constraint of 9 W, then without LSD and RGB LED, the engineer would have no choice but
to increase the Pt beyond 17 W. However, with the proposed enhancement techniques, i.e.,
LSD and RGB LED, the engineer can achieve R = 30 m with lower Pt (see Fig. 6.17), which
support the energy-aware aspect of green communication and network. To achieve this aim, at
first optimal altitude is obtained from the relation between UBv altitude and its coverage radius
considering both QoS metrics at Pt = 9 W as shown in Fig. 6.14. After that, fd = 30� FWHM
is chosen based on the plot of received power distribution and the x-axis of the user’s plane
as presented in Fig. 6.15. Further, the relation between UBv coverage radius and its altitude
is obtained considering both SNR and illuminance threshold with holographic LSD for night
scenario and only SNR threshold with holographic LSD for day scenario at designated Pt . For
night scenario, R approaches close to 30 m in Fig. 6.17 and for day scenario, the maximum
coverage radius approaches close to 50 m as seen in Fig. 6.16. Further, with the proposed
analytical solution, a network engineer has freedom to fix and vary parameters of his interest to
directly deduce Lo and R for a given QoS metric.

Finally, the maximum coverage radius obtained is 29.7 m for the night scenario. Going
ahead with R = 29.7 m, we present the results of the iterative solution to problems P1 and P2.
In our study, all the users are initially considered inside the UBv’s coverage area. The initial
placement of UBv is at the optimum altitude just above the center of the users’ plane as shown
in Fig. 6.5. Further, we assume that the first UBv placement update occurs after tmin seconds.
The first update interval tup(1) and optimal UBv placement is obtained after solving P1 and P2
iteratively. After this, the UBv placement is updated at (tmin + tup(1)) seconds. This process
goes on till the total UBv operation time, i.e., T seconds. The results are averaged over 50 UBv

operation periods. The simulation parameters are mentioned in Table 6.3.
Fig. 6.18 presents the average effective number of users covered per update interval in

the UBv network for T = 600 s. As a increases for all three methods, the number of users
covered decreases. It is because less frequent UBv placement updates result in lower coverage
probability. Figs. 6.19 and 6.20 show the average number of update instants and average update
interval, at s = 4 m for all the three methods, respectively. With an increase in a , the number
of update instants reduce, and update intervals increase. It is because an increase in a ensues
more weightage to minimize the total UBv flight time in (6.21). It causes less frequent UBv
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Figure 6.18: Average number of users covered at T = 600 seconds at N = 20.

placement updates and thus increases the update interval, thereby reducing energy consumption
and making the deployment more energy efficient.

Figure 6.19: Average number of update instants during T = 600 seconds.

Figure 6.20: Average update interval at T = 600 seconds.
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In Figs. 6.18-6.20, the results of FU and SU method equals ES method at a = 1. The
reason is the proposed optimization problem (6.21), where at a = 1, the minimization problem
does not have a coverage probability factor. Therefore, P2 when left with the minimization of
total UBv flight time only, the number of update instants reduces significantly (see Fig. 6.19)
and update interval increases drastically (refer Fig. 6.20). With this, the iterative solution
of P1 and P2 approaches similar values despite different solving methods. Therefore, in Fig.
6.18, the average number of effective users covered in the FU and SU method approaches the
ES method. Besides, it is observed in Figs. 6.18-6.20 that for a = 0.3,0.5,0.8, the results of
FU method approaches close to ES method. Since the FU method is the truncated version
of ES by farthest user, as the weightage of a incorporates minimization of fly time along
with coverage probability, it approaches close to the ES method. However, in Fig. 6.18 for
a = 0.3,0.5,0.8, SU method provides less Ūe as compared to ES method and this is due
to Algorithm 5 where UBv is shifted as per uncovered users which limits the possibility of
covering users under constraint C2. Similarly, in Fig. 6.19, the number of update instants in
the SU method is significantly lower than the other two methods. Hence, UBv changes its
position less frequently with the SU method, thereby reducing energy consumption and making
the deployment more energy efficient. The lower number of update instant and higher update
intervals of SU method in Fig. 6.20 leads to lower Ūe. The probability of the user moving
outside the UBv coverage area increases at a higher update interval. Consequently, for each
user, coverage probability decreases with an increase in tup. Moreover, in Figs. 6.18-6.20 at
a = 0, there is no minimization of fly time; hence the ES method updates frequently to cover
the maximum possible number of users. However, the FU method can update hover points till
the area defined by the farthest user at kth update instant, which reduces the update frequency.
Further, for a = 0 SU method approaches ES method, as UBv can shift anywhere within C1
and C2 constraints with the sole aim to maximize coverage probability.

Fig. 6.21 presents the average service time (i.e., average hovering time) for varying a . It
can be observed that with an increase in a , average service time increases. Since in the FU
method, Ūe is slightly lower than the ES method due to a slightly reduced number of update
instants. Therefore, in Fig. 6.21, we can observe slight higher S than ES method for all a
value except zero. The reason behind almost exact value at a = 0 for all the three methods has
already been discussed above. Further, in the SU method, S is higher for most of the a due to
the fewer number of update instants (as shown in Fig. 6.19) as compared to the ES method.

It should be noted that for the SU method, constraint C1 is relaxed with a delta value (d )
in f airthres so as to avoid the non-feasible solution set and proceed further with the iterative
solution of P1 and P2 based on uncovered users only. The fairness threshold now becomes
f airthres�d . Table 6.4 shows the error margins, i.e., the average percentage of times (error %)
f airk does not follow strict C1 as per (6.19) and the average delta value considered at f airk for
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Figure 6.21: Average service time at T = 600 seconds.

Table 6.4: SU Method Error Margin.

a error % d
0 1.06 % 0.0075

0.3 2.41 % 0.0082
0.5 0.69 % 0.0077
0.8 0.46 % 0.0052
1 0.1 % 0.0140

Table 6.5: Average effective number of users covered and average total service time for ES, FU and SU
Method.

a Ūe S
ES Method:
0 8.01 519.10 s

0.5 5.83 537.65 s
1 3.50 590.70 s

FU Method:
0 6.54 526.07 s

0.5 5.64 546.30 s
1 3.41 590.16 s

SU Method:
0 7.47 552.65 s

0.5 4.00 587.64 s
1 3.36 59.68 s
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Figure 6.22: Computational complexity of solving P2 and P1 with different algorithms.

T seconds. It is observed that the error margins are very less. Further, the results of Figs. 6.18
and 6.21 for all the three methods has been compiled in Table 6.5 for clear comparison. Fig.
6.22 depicts the complexity of ES, FU and SU methods which has been explained in detail in
section 6.3.4.

The aim of this work [98] is that eventually, a network engineer can take insight from the
above-discussed results and tune a based on the requirement to cover more users or provide
a larger service time with user mobility and energy awareness. Further, SU method can be
chosen for optimal UBv placement when time complexity thus energy required at UBv is a
big issue and the network engineer is ready to compromise in Ūe with slight error margin as
inferred from Tables 6.4-6.5 and Fig. 6.22. The decimal values of Ūe in Table 6.5 implies that
at tup(k) update interval few users are covered for time duration less than tup(k). Moreover, SU
can be preferred to provide higher service time with energy efficiency over ES and FU methods.
However, the FU method can be considered when the network engineer can not compromise
on the number of covered users as it provides coverage close to the ES method with less energy
and time complexity.

6.5 Summary

This work optimizes the 3-D placement of UBv and update interval while maintaining illumi-
nance and SNR threshold. The best altitude is initially chosen based on the UBv maximum
coverage radius while taking into account QoS metrics specific to day and night scenarios.
Holographic LSD has increased the coverage area with the goal of implementing a more
energy-aware and greener VLC. Additionally, a cutting-edge RGB LED-based solution has
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been put out for the nighttime situation, taking into account the human eye’s light sensitivity to
boost the illuminance and therefore the coverage radius. Thus, for the scotopic situation with
no improvements and with the suggested energy-aware enhancements, the greatest coverage
radius obtained is 16.98 m and 29.7 m, respectively. The proposed enhancements increase
the coverage area of UBv by 207%. Additionally, the analytical solution has been provided to
obtain the maximum coverage radius and its optimal altitude with the proposed enhancements
techniques. In order to maximise the number of covered users and reduce UBv flight time
at an update instant while accounting for user fairness, the joint optimization of 2-D UBv

placement and update interval has been presented. The proposed FU and SU methods to solve
the objective function achieve performance close to the exhaustive-search method with reduced
complexity. The effective number of users covered by the SU method at a = 0.5 is 4, the least
among all the three methods. However, selecting the SU method is an energy-aware decision to
achieve a greener network since it provides the maximum service time and drastically reduced
time complexity compared to the FU and ES methods.





Chapter 7
Conclusion and Future Work

Due to unprecedented growth in wireless devices and internet traffic over the past few decades,
there is a pressing need to develop new communication technologies that utilize the untapped
regions of the electromagnetic spectrum. To this end, extensive research is being undertaken in
the area of optical wireless communication, particularly VLC, which utilizes the illumination
infrastructure of LEDs for data communication. VLC enables green and sustainable energy
solutions by fusing data transfer with illumination. In recent years, VLC has gained tremendous
attention and has emerged as a complementary technology to mm-wave communication in
short-range communication scenarios for beyond 5G networks. VLC supports green and
heterogeneous communication networks, offers higher data rates and inherent security, making
it a potential 6G enabler. Out of many expectations, the 6G communication is expected
to support green communication, massive heterogeneous device connection density of 107

connections/km2, seamless coverage, latency reduction, security improvement, higher user
QoE level, autonomous, intelligent, and energy-efficient systems. These requirements are quite
ambitious, and thus, the VLC technology should be evolved on various aspects, as addressed
in this thesis by tackling the associated issues that obstruct the prudent application of VLC
technology for impending 6G communication.

In this dissertation, VLC has been enhanced and improved in order to support green
communication for both LiFi users and resource-constrained devices such as IoT and UAVs. It
is anticipated that 6G would offer completely new service quality and improve user experience
in existing IoT systems. VLC as 6G enabler technology can be integrated to IoTs for furture
6G-IoT applications such as industrial IoT (IIoT), internet of health things (IoHT), vehicular
IoT (VIoT) and UAVs. Firstly, a generalized improvement in performance of different CSK
schemes is investigated by employing PS technique. The proposed PS-CSK schemes (PS-
CSK-3PD, PS-CSK-1PD and PS-CSK-1APD) provide different SNR gains for different source
distributions (viz. uniform, exponential, Maxwell-Boltzmann and Pareto) at a given SER.



Conclusion and Future Work 152

A comprehensive performance evaluation of various PS-CSK schemes in terms of SER and
computational complexity is provided. Secondly, the constellation points of non-uniform
source distributions in PS-CSK-1PD are designed and optimized with and without white tone
constraint to achieve higher power efficiency than their uniform source distribution counterpart.
The aforementioned works concentrate on the energy-efficiency of the VLC system, which
can be used for IoT communication with low cost and computation, enabling high connection
density, secure and energy-efficient 6G-IoT sensor networks. A further objective is to facilitate
enormous heterogeneous device communication while maintaining sustainability in line with
6G aspirations, various coexistence schemes for heterogeneous users have been discussed to
support concurrent communication with LiFi and LC-enabled IoT users. A comprehensive
performance evaluation of different variants of proposed and conventional DCO-OFDMH

coexistence schemes is illustrated in terms of system complexity, PAPR, ESE, the maximum
number of IoT devices (Km), power saving with respect to QAM-DCO-OFDMH, EH, and SNR.
Additionally, for intelligent seamless coverage of ground users with green communication
and autonomous system (such as UAVs) in 6G networks, the following work optimizes the
3-D placement of VLC enabled UAVs and its update interval while maintaining illuminance
and SNR threshold. The performance of energy-aware methods to jointly optimize 2-D UBv

placement and update interval in order to maximize the number of covered users and minimize
UBv flight time have been compared against the exhaustive search method based on average
update interval, the average number of effective users, the average number of update instants,
average service time and complexity. The rest of the chapter is organized as follows: Section 7.1
provides a summary of the main contributions, followed by Section 7.2, which highlights the
possible future research direction.

7.1 Summary of Contribution

The main contributions of this dissertation can be summarized as follows:

• Design and Analysis of Probabilistic Shaping in CSK: Probabilistic shaping of input
symbols (uniform, exponential, Maxwell-Boltzmann and Pareto) have been integrated in
the various CSK modulation schemes (CSK-3PD, CSK-1PD, CSK-1APD). The source
distributions have been designed to realize unity AIR for a fair comparison. It has been
observed that the M symbols in CSK could be shaped by assigning any probability order
out of n=MPr=M probability orders. However, all the probability orders do not necessarily
give the same performance. Algorithms have been developed to obtain the OPO, i.e., the
probability order at which the maximum SNR gain is achieved. The maximum SNR
gain is achieved at FEC limit SER of 10�3 in case of Pareto PS-CSK-1APD. The derived
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analytical SER expressions validate the gain improvements of the simulated results. The
proposed work illustrates the suitability and compatibility of the PS technique in various
CSK VLC schemes. The proposed work shows the importance of OPO for attaining best
possible performance gain in the PS-CSK system for better power-efficiency. The PS
using non-uniform source distributions, especially Pareto, improves the performance of
the CSK schemes. The PS-CSK-1PD and PS-CSK-1APD have the potential to enable
power-efficient, less computationally complex and low-cost architecture for VLC in IoT
such as sensor networks in indoor scenarios (e.g., homes and industries) [70].

• Constellation Design of CSK-1PD with White Color Balance: The constellation
points of CSK-1PD with and without average white tone for uniform and non-uniform
(exponential, Maxwell-Boltzmann, and Pareto) source distributions have been designed
and optimized rigorously to reduce the received SER. The constellation points of non-
uniformly distributed input symbols in CSK-1PD are optimized by geometrically shaping
the symbols based on their preceding probabilistic shaping. A relaxed white tone
constraint has been formulated by considering the whole white light region in CIE 1931
chromaticity diagram to maintain a white color balance with reduced SER. A novel
technique to maintain any desired average white tonality light without degrading the
SNR gain by inserting an extra RGB LED at the transmitter (one LED for modulation
and another LED for maintaining white tone) have been proposed. The specific OCPs
without white tone constraint gives improved SNR performance gain in all the source
distributions with respect to the uniform OCPs utilized in chapter 3. The OCPs with strict
white tone constraint maintains the white tone on an average, however with reduced SNR
gain. The optimization process for OCPs with relaxed white tone constraint considers the
whole white region in white tone constraint to boost the SNR gain. It has been observed
from that the RGB optical powers of extra RGB LED can be designed for any desired
chromaticity coordinates inside the white light region retaining maximum SNR gain with
specific OCPs for uniform and non-uniform source distributions [71].

• Energy-Efficient Coexistence of LiFi Users and Light Enabled IoT Devices: Green
coexistence VLC schemes have been proposed for heterogeneous LiFi users and LC
enabled IoT devices under a common LiFi AP. The proposed coexistence schemes, one
for DL and another for UL communication, utilize the amalgamation of WDM, OFDMA,
DCO-OFDMH, NDCE, DHT precoding, interleaved subcarrier mapping and MDS
to achieve concurrent interference-free, low complex and reliable communication. A
comprehensive analysis of the various proposed and existing variants of DCO-OFDMH in
the coexistence schemes in terms of several performance metrics viz. system complexity,
PAPR, ESE, Km, power saving, EH and SNR at FEC limit SER have been illustrated
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in order to suggest best-suited coexistence schemes. The theoretical closed-form SER
and PAPR expressions for the proposed coexistence schemes have been derived and
validated. *PAMUp-MDS-P-DCO-OFDMH provides the least computational complexity
of O(1) and O(Q) at the LC enabled IoT and LiFi user’s terminal, therefore is most
suitable for DL scenarios with massive IoT devices and few LiFi users. The O-OFDMA
scheme provides a clear advantage over O-OFDM-TDMA in terms of throughput for a
fixed delay. For the uplink case utilizing O-OFDMA, PAMUp-NDCE-DCO-OFDMH is a
better option among all twenty-three coexistence schemes analyzed [97].

• 3-D Deployment of VLC-UAV Networks with Energy and User Mobility Awareness:
The altitude deployment of UBv have been optimized for maximum coverage of ground
mobile users while fulfilling illumination and reliable communication requirements.
The coverage radius has been enhanced with holographic LSD with the motive of
adopting an energy-aware and greener aspect of communication. Further, a novel
RGB LED-based solution has been proposed for the night scenario considering the
human eye’s light sensitivity to increase the illuminance and thus coverage radius. The
proposed enhancements increase the coverage area of UBv by 207%. Additionally, the
analytical solution has been provided to obtain the maximum coverage radius and its
optimal altitude with the proposed enhancements techniques. Subsequently, the joint
optimization of the UBv 2-D positioning and the update interval has been proposed
to maximize the number of covered users with VLC specific QoS constraints at an
update instant by ensuring the user fairness as well as UBv flight time constraint. The
proposed energy-aware solutions based on farthest user and shifting strategy for the
joint optimization problem achieve performance close to the exhaustive-search method
with reduced complexity. The SU method is an energy-aware decision to achieve a
greener network since it provides the maximum service time and drastically reduced
time complexity with slightly lower effective number of users covered compared to the
FU and ES methods [98].

This dissertation can be utilized to enhance and improve VLC in order to support moderate
communication speed for both resource constrained devices and LiFi users with more green,
energy-aware, low cost and complexity. It can also be utilized for greener coexistence of high-
speed LiFi users and low speed LC enabled IoT devices under a common LiFi AP. Moreover,
this dissertation can be referred for 3-D deployment of VLC enabled UAVs.
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7.2 Future Work

There are many possible directions in which the work articulated in this dissertation can be
extended. Some of the future research directions are as follows:

• Fundamental to the operation of a LC enabled IoT node is the amount of energy harvested
by indoor solar cell, so clearly, a LC enabled IoT node can be considered as energy
limited. In [202], the authors have developed a full-duplex energy autonomous light
communication enabled IoT (LIoT) node using printed electronics technology. An
interesting future work of this dissertation can be energy-efficient allocation of resources
such as O-OFDM subcarriers in the coexistence environment (LiFi users and LC enabled
IoT devices under a common LiFi AP) such that indoor solar cell-based IoT receiver
terminals can utilize energy harvesting to become completely energy-autonomous. The
operation of an LIoT node and its energy autonomy depends on the amount of energy
harvested, which in turn depends on the type, size and orientation of the photovoltaic
cell in the LIoT node, as well as the level of illumination and exposure time. Therefore,
the future work can be to investigate the indoor solar cell [202, 203] for various IoT
applications (IoT service requirement) to support energy-autonomous LIoT receivers in
the coexistence environment.

• This dissertation has considered typical random way point mobility model to model the
movement of users in indoor and outdoor setup of VLC scenario. The typical RWP model
does not consider the effect of time, space (room setup and furnishing layouts), receiver
orientation, interaction with other users and fails to capture realistic spatio-temporal
channel characteristics. Further, orientation based RWP has been proposed in [204]
which considers the effect of receiver orientation, however the effect of mobility pattern
with blockages which depends upon indoor or outdoor layout and other user movement
has been neglected in RWP and OWRP model. Additionally, in [215] the effect of
shadowing and blocking of the signal path due to obstacles present in the room has
been considered to empirically model the VLC dynamic channel, however the ORWP
mobility of people is not considered. Hence, a more realistic user mobility model should
be adopted to investigate the performance of indoor/outdoor UAV based VLC systems in
our future work.

• Since many clients (LiFi users and LIoT devices) of AP may try to transmit and receive
data at the same time, so they need to be coordinated in the coexistence environment.
To achieve this coordination, the AP sends trigger frames to the clients to inform them
which subcarriers they can use to send and receive data. The receiver (LiFi user and
LIoT device) receives data of its interest as it knows apriori during the handshake
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which subcarrier is meant for them and at what time it will receive data [68, 166–168].
The current coexistence scheme in chapter 5 focuses on the selection of best suitable
coexistence scheme, hence the synchronization among users, devices, and AP have
been assumed to be perfect. Nevertheless, in future work of this dissertation, efficient
synchronization can be adopted and modified from these works [166–168] in order to
make it more suitable for the coexistence environment.

• In this dissertation, a simple outdoor scenario without the environmental effects have
been considered. However, it is would be interesting to consider the impact of fog and
rain in the 3-D deployment of VLC enabled UAVs and evaluate the impact of external
environmental conditions on the quality of service and coverage area. Additionally, in
case of centralized AP or UAV, a centralized controller is responsible for all the decision
making and it is assumed that the central controller has all the information available
instantaneously. However, this is not practical. Therefore, another subject of future
work can be to optimize the decision making at central controller with less possible
information and less performance degradation.

• The proposed analysis of VLC enabled UAV system in this dissertation can be extended
to multi-VLC enabled UAVs communication network and the fair maximum coverage
problem can be solved using some learning techniques such as reinforcement learning.
The current work is limited to downlink UAV-VLC system. In future, this can be extended
to bi-directional communication. Moreover, based on the user service requirement, the
3-D deployment of network can be further optimized. These topics will be studied in our
future research.

• In future, the optimization of the UAV network coverage can take into practical consider-
ation of limited energy at the UAV. Another work can be to harvest data from distributed
IoT devices at ground level with multiple autonomous UAVs. In some scenarios there
could be energy limitation on both the AP (attached to a UAV) and energy autonomous
IoT nodes on the ground and thus the problem can be to optimize the path planning of
UAVs for maximum coverage of IoT nodes.
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Chapter 9
Auxiliary VLC Related Research Works

The last chapter of this thesis discusses briefly the additional research works published during
the tenure of PhD to further support VLC adoption in wireless communication, its challenges
and viable solutions. In Section 9.1, CSK modulation scheme has been explored for Healthcare
applications. Followed by Section 9.2 which provides an experimental study of VLC with
off-the-shelf LEDs. Section 9.3 discusses the VLC work with dynamic indoor environment.
The comparison of RF and VLC modulation schemes as standalone technology has been done
with the objective of power saving and is presented in Section 9.4.

9.1 VLC for Healthcare Applications

One of the potential applications of VLC is in the indoor healthcare system such as monitoring.
A long-term video-EEG monitoring requires continuous monitoring by video along-with
EEG signals. So, overall a significant amount of data needs to be streamed fast for real-
time monitoring. In this work [128], a low-cost RF radiation-free system is proposed using
VLC technology which can be integrated into a wearable EEG device to transmit video and
multi-channel EEG signal. Data streams are modulated using CSK, since output optical
power remains constant in CSK thereby preventing light flashes. To further support green
communication, the cost and complexity of the conventional CSK in IEEE 802.15.7 has been
reduced by utilizing single-photodetector at the receiver. As seen in Fig. 2.3, standard CSK
needs a complicated and expensive set of filters (each for red, green and blue color light) for
three PDs. However, in single PD as a receiver, the CSK-based color coding format as outlined
in IEEE 802.15.7 is replaced by a direct mapping from data bits to RGB power intensities.
Fig. 9.1 shows the block diagram of CSK-1PD modulated VLC system [92]. In this case, the
wearable device is mounted to the patient’s head, and a VLC-enabled RGB LED is present on
the wearable device. For simplicity, it is assumed that the RGB LED in the wearable device is
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Figure 9.1: Block diagram of CSK-1PD (color shift keying with one photodetector) system.

in LOS with the receiver PD mounted on the roof. Since the patient is wearing the wearable
gadget and the RGB LED is pointed at the ceiling of the room, the patient seldom experiences
uncomfortable lighting problems. It is also noted that the ambient light effects because of
illumination infrastructure can be significantly removed with the use of a high pass filter at the
VLC receiver [10, 30]. Additionally, PD is facing the RGB LED of the wearable device rather
than the illumination infrastructure. Therefore, the proposed communication system can be
replicated close to a downlink VLC system.

9.1.1 CSK-1PD (Single photodetector CSK)

In CSK-3PD, symbol mapping process includes two necessary steps, color coding and mapping
from x-y color coordinates to RGB intensity vector. CSK-1PD reduces complexity by mapping
symbols directly to three different RGB intensities obtained from optimized constellation points
[92]. Moreover, the technique to detect symbols with just one PD in CSK-1PD eliminates
the need for three filters, two PDs and two ADCs, thereby reducing the hardware cost. The
property of PD to generate specific electrical current to an incident optical power of a given
wavelength is known as the responsivity of the PD for that wavelength. CSK-1PD utilizes this
concept to detect the received symbols. The conversion of the optical power into the electrical
current Ic is a linear combination of the LED power and the PD responsivity at each RGB
wavelength of the RGB LED, equated as:

Ic = hrrr ·pi. (9.1)

The arithmetic operator h·i in (9.1) defines the inner product between the transmitted RGB
optical power vector, p = [Pr,Pg,Pb]

T such that Pr +Pg +Pb = 1 and PD responsivity vector,
rrr = [r(red),r(green),r(blue)]. The central wavelength of the red, green, and blue, monochro-
matic color LEDs are 640, 530, and 465 nm, respectively. The vector rrr = [0.42,0.32,0.22]
has been obtained from the response curve of a practical PD (PDA36A2) from Thorlabs [205]
for the central wavelength of red, green, and blue light, respectively. PDA36A2 detects light
signals ranging from 350 to 1100 nm and comes with an inbuilt gain amplifier. Thus, the
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transmitted symbols in the form of electric currents are obtained by incorporating the respective
red, green, and blue light responsivities of a PD in (9.1). The structure for CSK demodulation

Figure 9.2: Single PD 4-CSK receiver

using a single-PD topology is introduced in Fig. 9.2. The received power at the PD is the power
received after LOS channel gain. Finally, the received electrical signal at the output of the
single PD is written as

Ik = iLOS,k +wk , (9.2)

where Ik defines the kth received symbol. The M-ary amplitude detection is performed by com-
puting the minimum Euclidean distances between received signal and four unique iLOS,k=1,2,3,4

levels as follows:
dmin = min

iLOS,k2C
|Ik� iLOS,k | , (9.3)

where the set C is updated by considering optical channel in the projections of the M different
RGB vectors onto the sensitivity response of the single PD as given in Table. 9.1. This symbol
decision process finds the constellation symbol that is closest to the received signal Ik which is
equivalent to applying the maximum likelihood (ML) detector. The optical receiver converts
the optical signal to electrical signal, and then these electrical signals are mapped to standard
bits using channel estimation and a lookup table. The constellation mapping rule is generated
for unity total power of RGB LED. The respective symbols, RGB optical powers and currents
are shown in Table. 9.1.
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Table 9.1: Look-up table for 4-CSK single PD system.

Symbols Red LED power Green LED power Blue LED power Current (C)

10 1 0 0 0.42

01 0 0 1 0.22

00 0 0.6326 0.3674 0.28

11 0.3236 0.5872 0.0892 0.34

Figure 9.3: Block diagram of system architecture transmitting EEG data with CSK-1PD

9.1.2 Proposed System

The complete system architecture to transfer video and EEG data based on single PD CSK
scheme is illustrated in Fig. 9.3. This system consists of three parts namely transmitter, optical
channel and receiver. First, EEG data is converted to all positive values and then to digital
bits to drive the LED source according to 1s and 0s. The video data is too converted to bits.
Since the rate of EEG data is lower than the video data, so the packet size of EEG and video
is decided according to their sampling data rate. In this work, both EEG and video data are
sent serially instead of time-hopping since, in the case of time-hopping, the difference in data
rate results in time intervals with no data, thereby wasting resources [206]. It is imperative to
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obtain accurate estimates of the optical channel gain between receiver and light source. Results
in Fig. 9.4 show the importance of channel estimation. Pilot symbols from the transmitter
can be sent in a sequence of lookup table periodically within the coherence time, and hence
channel gain can be estimated at the receiver. In our case coherence bandwidth [207] comes
out to be approximately 276 MHz as the distance between transmitter and receiver is 100 cm.
The total bit rate in our system does not exceed 13 Mbps including frame bits apart from data
bits. The coherence bandwidth is much greater than the required data transmission bandwidth
(B) of the system (since, B = bit rate

log2(1+SNR) , based on Shannon limit). Hence it can be assumed
that the channel is flat. Also, inside a room, a patient on which recording is being done has
speed smaller than the standard walking speed, i.e. 1.4 m/s. The coherence time [208] is 3.322
sec if the transmitter moves at a walking speed inside a room. Hence, considering the worst
scenario in our case pilot signals are sent at an interval of 3.3 s. The data from optical channel
fall on a PD which gets converted to current. The current signal is mapped and demodulated.

Figure 9.4: Effect of CSK-1PD receiver with different decoding schemes

9.1.3 Results and Discussion

The performance of the proposed safe, low-cost and accurate video EEG VLC system is
evaluated on the basis of SER. The SER is plotted at various SNR under the assumption of LOS
optical channel and AWGN noise. The effect of channel estimation is evaluated on the received
data. There is severe degradation in the received data in case of no channel estimation as can
be seen in Fig. 9.4. Further, the decoding without channel estimation is improved by using the
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Figure 9.5: SER as a function of the distance between the transmitter and the receiver

ratio of the four different PD currents with the minimum current value for 4-CSK intensity
levels. The video EEG data is transmitted using the proposed scheme to get SER performance
at various levels of SNR. The decoding with channel estimation gives improvement of around
8 dB at SER 1⇥10�5, thereby giving the best performance among the three cases.

Figure 9.6: Comparison of received EEG data at varying SNR using proposed system
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In Fig. 9.5, the SER rises rapidly and the system’s accuracy declines as the distance between
the transmitter and receiver is increased past 100 cm. It should be noted that an SNR value
of 33 dB results in a SER of 1⇥10�5. Due to the single PD decoding approach, a high SNR
value is necessary for reliable communication. As a result, it is noted that there is a trade-off
between the system’s reliability and complexity. Since the indoor LED luminaire will also be
utilized for illumination, which by default demands high optical intensity, therefore the need
for high SNR is not a major barrier to reliable communication. A comparison of the sent and
received EEG data at various SNRs is shown in Fig. Fig. 9.6. The system receives data more
precisely and consistently as the SNR gets closer to 30 dB. EEG data can therefore be reliably
sent above 30 dB. Furthermore, as can be seen in Tab. 9.2, the received video data is correlated
with transmitted video data. It demonstrates the amount of SNR needed for accurate video data
transmission. It gives high correlation at SNR greater than or equal to 33 dB. The video data
limits the lower value of reliable SNR as slight decorrelation in video data causes substantial
visible blur.

Table 9.2: Correlation of transmitted and received video data at different SNR.

SNR (in dB) Correlation between Tx and Rx video data

24 0.8440

27 0.9519

30 0.9944

33 1

36 1

9.1.4 Summary

In this study, the RF radiation-free indoor healthcare VLC system is designed to transmit
EEG and video data. To design a low complexity and low-cost system, single-PD receiver is
used. While reducing complexity, the projection property of transmitted RGB signals over
the sensitivity response of a single-PD has a negative impact on error performance. The
simulation results demonstrate that the suggested system is capable of detecting EEG and
video data inside a room at a variable distance ranging from 10 cm to 100 cm with a SER of
1⇥10�5. The proposed system uses the ratio-based lookup table which improves the BER
versus SNR performance at the receiver, even without channel estimation. Therefore, when
using a ratio-based lookup table, the changing indoor environment has less of an impact on
the demodulation of data. Further, when channel estimation is used the SNR decreases by 8



Auxiliary VLC Related Research Works 166

dB as compared to ratio-based decoding without channel estimation. The suggested system is
demonstrated to be reliable at 33 dB SNR and can be further enhanced with lenses, high-speed
LEDs, and high responsivity PD. Besides, source and channel coding may further reduce
the SNR at a particular SER. The proposed system has the potential to enable VLC based
healthcare system on a larger scale.

Dil Nashin Anwar and Anand Srivastava, “VLC-based safe, low-cost, and accurate health-
care system for video EEG using colour constellation scheme,” in Proc. SPIE Photon, Europe,
Strasbourg, France, Apr. 2018, p. 1068549.

9.2 An experimental study of VLC

This work [209] illustrates that VLC utilizing on-the-shelf devices such as laptops and mobile
phones can provide various attractive solutions to future communication challenges. Firstly,
VLC has been experimentally demonstrated by developing a GUI for laptop-based system,
where texts, files and images have been successfully transferred (demonstration link: https://
drive.google.com/drive/folders/1ajuM9t0jKiQv6eU-gy47GaoJFhn6cUrj?usp=share_link). Sec-
ondly, for point-to-point reliable VLC to send text messages between two android based smart
phones is developed and operated via an app. This study investigates how well a smartphone’s
ambient light sensor functions as a VLC receiver.

9.2.1 System Architecture

The application layer is the graphical user interface (GUI), and the physical layer is the
transmission of data using light. For simplicity, medium access control (MAC) layer has not
been considered as the proof of concept is done for point-to-point communication. Conversion
of data is required in the physical layer to transmit and receive data, to and from the upper
layers. Physical layer does the modulation and demodulation of information. The transmitter
and receiver of the proposed VLC systems are described below.

Transmitter: In case of the laptop, it consists of an Arduino Uno board [210] and a
transmitter circuit. Laptops are connected to an external microcontroller ‘Arduino’. Users
can create interactive electronic objects with this open-source electronic prototyping platform.
LEDs in the transmitter circuit can be turned on and off to transmit data. For communication,
two laptops having USB connection are used, one of which serves as a transmitter and the
other as a receiver. The transmitter in the smartphone is an LED intended for flashlights.

Receiver: It too consists of an Arduino Uno board and a receiver circuit in a laptop-based
VLC system. The receiver circuit has photoresistor (low cost off-the-shelf light sensor) which

https://drive.google.com/drive/folders/1ajuM9t0jKiQv6eU-gy47GaoJFhn6cUrj?usp=share_link
https://drive.google.com/drive/folders/1ajuM9t0jKiQv6eU-gy47GaoJFhn6cUrj?usp=share_link


Auxiliary VLC Related Research Works 167

receives light pulses from the LED. The laptop gets data from the receiver circuit via the
Arduino board. In smartphone system, receiver is the ambient light sensor.

(a) (b)

Figure 9.7: (a) Architecture diagram for laptop VLC system and (b) Demonstration setup for smartphone
VLC.

(a) (b)

Figure 9.8: (a) GUI for laptop VLC Transmitter and (b) App for Smartphone VLC Transmitter.

9.2.2 System Components

The system consists of three major components: sensing, processing, user interface (UI). These
components can be hardware, software or both.

Sensing component: In the context of the photoresistor, a kind of light sensor: visible
light coming out of the LED can be assumed to be the sensing component in this system.
The presence of ambient light such as light from lamps inside a room or sunlight coming
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(a) (b)

Figure 9.9: (a) GUI for laptop VLC Receiver and (b) App for Smartphone VLC Receiver.

from a window may hinder the sensing of the designated visible light coming from the LED.
Typically, a high pass filter can be used to remove ambient light. However the aim is to utilize
off-the-shelf devices and its processing power, therefore, the voltage value at the photoresistor
is recorded when LED is turned on and off, to calibrate the “ON" threshold of LED. Taking the
difference between the two values and applying it as "ON" "threshold renders ambient light
ineffective. While the aforementioned process is carried out on a laptop-based system, it is
made easier on smartphones by the ambient light sensor. The ambient light sensor eases out
work of setting the appropriate threshold. Since the dominant part of the sensing component is
LOS, the transmitter and receiver are in close proximity (LOS) for improved accuracy [211].

Processing component: The transmission is accomplished by representing the data as a
sequence of bits. Processing the multimedia data from text or image to bitstream, then from
bitstream to standard text or image format needs specific software and logic. Two Arduino Uno
boards are used, one for processing data from transmitter laptop and another to process data at
the receiver side. Data processing is carried out at both software and hardware level using C#
and Arduino Uno board respectively in laptop VLC system. Here, processing happens at two
places, one at the laptop and second at the Arduino. The data in a laptop is processed from text
or image to bits using C# code and then modulated and sent to Arduino board.

This data is further handled and transformed into voltage levels to drive LED light by codes
uploaded to the Arduino Uno board via Arduino IDE [212]. At the receiver, the current in
photoresistor generates voltage, the analogue voltage value is converted to digital and then
mapped to 0 or 1 bits at the Arduino board. The data received from Arduino board is processed
again at the receiver laptop while demodulating and decoding it to text or image. All data is
stored in the respective laptops having enough memory space.

The microprocessor inside smartphone powers the computing required for processing and
memory chips provide data storage. Java supported software platforms [213] does all the
processing of data. The basic steps of processing are the same as laptop-based VLC system.
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UI component: For both the systems, GUI applications have been developed and demon-
strated to interact user’s with the VLC system. To send data such as text or image, GUI for
transmitter and receiver application in Visual studio is designed for laptop-based VLC system.
The transmitter and receiver GUI for smartphone is in the form of Java-based apps.

9.2.3 Demonstration: its challenges and solutions

In Fig. 9.7(a), the architecture of a laptop-based VLC system is displayed. The Arduino board
is serially connected to the laptops. Bits of modulated data are sent from the transmitter laptop
to the serial port, where the Arduino board receives them and drives the LED to blink in
response. LED placed in the breadboard circuit goes on and off according to data bits. A
photoresistor at the receiver detects the data, which Arduino then reads and converts from
analogue to digital before writing to the serial port. The GUI displays the received file on the
recipient laptop after reading the data from the serial port. The Fig. 9.8(a), 9.9(a) depict the
transmitter and receiver GUI for laptop VLC system. For an accurate reading, the sensitivity of
the photoresistor is adjusted using a resistor. Calibration is always performed before beginning
communication since the threshold of photoresistor sensitivity changes with changing ambient
light. All alphabets are represented by seven bits each for reliable transmission. The threshold
value is again adjusted by heuristic method on getting the correlation between transmitted (all
letters) and received data (all letters). Along with threshold, delay is also adjusted between bits
to ensure that no overlap occurs between consecutive bits from the same alphabet incurring
error due to the rapid transition of LED.

The system transmits data end-to-end reliably at a fixed baud rate only above a particular
synchronised delay between LED blink and photoresistor detection. The prototype developed
in this work [209] uses elementary synchronization by inserting header and footer. A user
sends input data via the GUI, the GUI has different tabs for sending group of alphabets, text file
or image file. Single alphabet or a group of alphabets are sent immediately to the serial port.
However, for a text or an image file, conversion to suitable bits format is required which is done
at the back end of the GUI and then is sent for modulation via serial port. Now, when Arduino
is busy blinking LED according to a particular alphabet, the serial port is not in reading mode
and losses data sent during that period. So, a delay according to the LED blinking time of an
alphabet as well as the letter is inserted in C# code. The serial port write data after that delay
only. This is how the synchronization is achieved between the user interface and a processing
component.

In the case of smartphones, the inbuilt hardware system is used to communicate through the
visible light as shown in Fig. 9.7(b). Sony xperiaT2 ultra smartphone is used for sending data
whereas Infinix hotS3 is used for receiving data. The transmitter and receiver apps built for a
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mobile system are shown in Fig. 9.8(b) and Fig. 9.9(b), respectively. The ambient light sensor
on a smartphone works well with practically any type of light source, including incandescent,
fluorescent, and natural sunlight. Therefore, smartphones no longer need sensitivity settings.
The front face of the smartphone serving as the receiver and the back surface serving as the
transmitter are held in LOS. The delay between consecutive transitions of LED should be
in such a way so that light sensor can detect it or else loss of data will occur. Similar to the
laptop-based VLC system, the smartphone VLC system includes delays and synchronization
on both the transmitter and receiver sides.

9.2.4 Results and Analysis

The performance of experimental results with respect to three parameters viz. synchronization
delay, the distance between receiver and transmitter and varying indoor illuminance have been
evaluated for laptop-based VLC system. The number of letters in error out of 26 letters for
laptop-based VLC system can be seen in Fig. 9.10 for varying synchronization delay. As the
synchronization delay increases, the error reduces to zero and reliable communication happens.
The system works reliably till a limited distance between transmitter (Tx) and receiver (Rx)
as shown in Fig. 9.11 and performs drastically poor after 5cm. This can be attributed to the
lowest cost LED and photoresistor used in the prototype which is easily available in the labs of
electronic engineering institutes and market. The value of varying indoor illuminance has been
obtained from the smartphone receiver app which senses the ambient light. Since the amount
of light received is measured in terms of voltage in smartphones, the intensity of indoor light
has been displayed in digital values of voltage ranging from 0 to 5V. Even after calibrating
the threshold voltage value, increasing ambient light intensity causes error (refer Fig. 9.12)
because it saturates the photoresistor after a certain amount.

In smartphone to smartphone communication, the plot of delay versus error (Fig. 9.13)
follows the same pattern like laptop-based VLC system, the only difference is that it requires
high synchronization since a single computing element performs all the function in smartphone.
Fig. 9.14 shows the letter error rate with respect to the distance in an indoor environment with
light intensity of 4 (digital value of voltage). The distance performance is better than that
of laptop VLC system as the flashlight LED and ambient light sensor of smartphone have
longer range. The errors can be reduced by increasing synchronization delay up to a level only.
Thereafter, no amount of delay can work as the intensity of flashlight will not be detected by
the light sensor when distance increases.

The performance fluctuates in accordance with the indoor lighting conditions, as depicted
in Fig. 9.15. The separation is maintained at 20 cm. When threshold voltage is 2 i.e. a dark
environment, there is error as the sensor reads two ones instead of single one. This error is
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Figure 9.10: Laptop system: Letter error rate with respect to synchronization delay

Figure 9.11: Laptop system: Letter error rate with respect to distance between Transmitter and Receiver

Figure 9.12: Laptop system: Letter error rate with respect to light intensity
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Figure 9.13: Smartphone: Letter error rate with respect to synchronization delay

Figure 9.14: Smartphone: Letter error rate with respect to distance between sending and receiving
mobiles

Figure 9.15: Smartphone: Letter error rate with respect to indoor illuminance
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due to the instant increase in voltage at the light sensor, which takes some time to fall to the
flashlight’s off level and, as a result, also reads "one" in the second bit duration. Otherwise, it
follows the intuitive pattern of increased errors with increased indoor ambient light intensity.

9.2.5 Limitations

The limitations and open issues of this work are as follows:
• LED and a PD as hardware bottlenecks: Regarding intensity of output light, off-the-shelf

LED has limitations. The laptop system makes use of the least expensive, lowest-intensity
LEDs available. The photoresistor struggles to detect the fast transition of bits from 0 to 1 or 1
to 0, as the resistance value takes time to increase or decrease. Hence, the performance is more
constrained by the photoresistor’s sensitivity than by the LED’s transition speed. Performance
can be enhanced by high-quality PD that is sensitive to various channel circumstances, such as
in a dark room, a lighted room, and in the presence of sunlight.

• No effect of increasing serial baud rate: In a single Arduino board VLC system with
one laptop serving as both the transmitter and the receiver, increasing the serial baud rate in
the laptop system typically reduces the delay. Increasing serial baud rate, however, has no
effect on transmission delay when the system uses two separate laptops, one as the transmitter
and the other as the receiver, and there is no other form of communication between the
two except for visible light. This is because of the constant synchronization delay between
the GUI and processing component (GUI and Arduino in laptop system) to ensure reliable
communication. Similar to laptop based system, the smartphone based VLC system is also
constrained by the synchronization delay. As a result, the transmission latency is constrained
by the synchronization delay.

9.2.6 Conclusion

Photoresistor sensitivity and synchronization between user input and processing component
bottlenecks the speed of transmission. This work aimed for reliable VLC with off-the-shelf
electronic devices which was achieved at the cost of compromised speed. In this work, the
two-way communication between a laptop and a mobile device is experimentally shown.
The communication speed of smartphone system is slower than that of the laptop system as
delay in smartphone VLC system is greater than the laptop, because unlike laptop work is
not divided into many processing components. Due to the use of inexpensive hardwares, the
laptop system performs poorly when compared to smartphones in terms of distance and light
intensity. In mobile system, ambient lights sensor adjusts itself to the surrounding light, so
here by default, we do not need to adjust the threshold. The ambient threshold voltage value is
utilized every-time to detect on or off of flashlight whereas in laptop system one needs to spare
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time and resources for calibration. A smartphone’s built-in hardware is convenient, whereas a
laptop-based system requires other hardware and is a little more complicated in terms of wires
and external circuits. This work demonstrates adaptability of VLC for communication between
IoT devices by achieving reliable communication of the order of a few Kbps between laptops
and smartphones. The results of the experimental demonstration show that basic smartphones
and laptops has enormous potential for on-the-fly VLC links.

Dil Nashin Anwar and Anand Srivastava, “Energy saver VLC using off-the-shelf devices:
an experimental study,” in Proc. IEEE International Conference on Advanced Networks and
Telecommunications Systems (ANTS), Indore, India, Dec. 2018, pp. 1-6.

9.3 VLC in Dynamic Indoor Environment

The channel of indoor VLC system is usually considered static for ease in most of the cases
however in a real-world scenario, the changing effect due to people density, shadowing,
dimming, background lights and interiors create dynamism in the VLC channel albeit with
slow variation. Thus, the channel time-varying effect cannot be ignored entirely in modeling
the VLC system. The impact of the dynamic channel can not be mitigated just by increasing
LED transmission power. Fortunately, a possible alternative way is to estimate the channel state
information (CSI) in dynamic VLC environment. This work [214] considers a dynamic VLC
environment where a decrease in the normalized received power follows Rayleigh distribution.
In this work, we propose the estimation of the channel coefficients using variants of least
mean square (LMS) algorithm such as normalized (NLMS), zero attracting (ZA-LMS), block
(BLMS) and fast block (FBLMS). This work tests the suitability of adaptive algorithms in
terms of mean square error (MSE) and tap-weights convergence, computational complexity
and the number of pilot symbols required in VLC dynamic channel.

9.3.1 Dynamic VLC Channel

The mobility of people within a room certainly affect the channel characteristics expressed
in (2.9) and (2.11). The movement of the users inside a room can be modeled using effective
people density (people/m2). The authors in [215] take VLC LOS and NLOS channel [216] to
simulate the effect of shadowing and blocking of the signal path due to obstacles present in the
room. In the VLC channel with user movement, a decrease in the normalized received power
can be empirically modelled to follow Rayleigh distribution given by the following equation:

p(x) =
x

s2 exp
✓
�x2

2s2

◆
, (9.4)
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where, x is the normalized received power and (s ) represents the scale parameter. The scale
parameter varies with the effective people density inside the room. For example, in furnished
room with effective people density of 1.11 people/m2, s is 1.77 and in the case of non-
furnished room with effective people density of 0.17 people/m2 and 0.37 people/m2, s is 0.98
and 1.33, respectively. The Rayleigh channel defines the SNR pattern inside a room with user
presence and movement.

The operation of any communication system is highly dependent on the channel behavior.
Multi-path fading is typically absent from VLC channels. VLC channel may act as a frequency
selective channel only when the LED modulation bandwidth exceeds Bc (channel coherence
bandwidth), due to dispersion [217]. This uncertainty if not estimated correctly leads to an
inaccurate analysis of the VLC channel. In VLC, varied settings of offices, corridors, rooms;
changing Tx-Rx distances, different people density with mobility and various furniture setup
may lead to a noticeable ISI at higher data transmission rates [215]. These channel character-
istics will distort the signal received at the receiver so it is important to accurately estimate
the slow time-varying channel and compensate at the receiver for reliable communication. As
a result, channel estimation is necessary to provide detector with channel information within
coherence time [218]. Additionally, the maximum data transmission rate should be within the
coherence bandwidth of the VLC dynamic channel. The coherence time plays an important
role in deciding the number of pilot symbols to estimate a channel. The coherence time of
the channel can be calculated using the 50% coherence time formula tc =

0.423c
v f , where c is

the speed of light and f is the transmitted signal frequency [208]. For a typical interior office
setting, 5 km/hr is considered the maximum user mobility, or v. The coherence bandwidth
Bc of the VLC dynamic channel changes with people density due to change in the root mean
square (RMS)Root Mean Square delay spread [215]. For a flat channel, Bc sets an upper
bound on f and the data rate Rb. The coherence time of the VLC channel can be computed
using f = Bc. For, an office room Bc changes from 25 MHz to 19 MHz for an empty room
to highest people density (1.11 people/m2) considered in [215]. Hence, as the people density
increase the coherence bandwidth Bc decreases, and the coherence time increases from 3.65
sec to 4.8 sec. Therefore, the number of samples (M) required to estimate the channel should
satisfy, M<< (Rb⇥ tc). Consequently, the suitability of the different types of LMS estimation
algorithms for estimating the VLC dynamic channel for an indoor setting has been analyzed.
The block diagram of the proposed work is shown in Fig.9.16.

9.3.2 LMS ADAPTIVE ALGORITHM

The several adaptive filters based on least mean square methods are described in this part in
order to estimate the channel coefficients. The output of the adaptive filter is y = wHx, where, w
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Figure 9.16: Block diagram of the proposed VLC system with adaptive channel estimation.

is the weight coefficient and x is the input signal. The error signal of a filter is e(i) = d(i)�y(i),
d(i) is the desired response signal. The tap weights are time varying as they are functions of
the time index i. The (i+1)th iteration i.e. w(i+1) depends on (i)th iteration tap-weight, w is
increased and estimated in such a way that it minimizes the error to ideal zero. The step-size
parameter of the respective algorithms is µ [219]. The basic LMS algorithm remain stable
when 0 < µ < 2/tr[R], where tr[R] is the trace of the auto correlation matrix R = Ex(i)xH(i)
[220]. In the case of LMS, upper bound on µ comes out to be 2. Additionally, the upper limit
on µ for any other LMS variant used in this work [214] is higher than the upper bound for
the standard LMS µ . The choice of step-size µ influences the MSE convergence of adaptive
algorithms. For each iteration, larger µ causes more change in the tap-weights, reducing error
more quickly, but the reduced error does not approach the ideal solution, whereas smaller µ
changes the tap-weights very slowly to approach resulting error to an ideal solution but is
computationally intensive and MSE converges to a higher M value [220]. For fair comparison,
the value of M is taken at 1⇥10�3 MSE. In order to ensure MSE convergence at 1⇥10�3 and
tap-weights stability at the least number of pilot symbols, µ is selected differently for different
algorithms within the practical bounds.

1. Least mean square (LMS): It is the most fundamental and widely applied algorithm.
Tap-weights are adjusted continuously with µ = 1. The LMS algorithm adjusts w, so
that e is minimized in the mean-square logic.

w(i+1) = w(i)+µe(i)x(i). (9.5)

2. Normalized LMS (NLMS): It considers the signal level variation at the filter input by
selecting a normalized step-size parameter which results in stability and fast convergence.
Here, µ is chosen to be 0.1. d is a small positive constant i.e., 0.1 and

kx(i)k
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is the Euclidean norm.

w(i+1) = w(i)+(10µ)/(d +kx(i)k2)e(i)x(i). (9.6)

3. Zero attracting LMS (ZA-LMS): It is a special case of the regularized LMS family [221]
where it favours sparsity in the input signal. For signum function, sgn(x) = 0, if x = 0
and sgn(x) = x/|x| if x 6= 0. y = µe is the weight assigned to the penalty term, where
µ = 1.5 and e (positive constant) = 0.002.

w(i+1) = w(i)+µe(i)x(i)�ysgn(w(i)). (9.7)

4. Block LMS (BLMS): In this case, the tap-weights updates on blocks. The kth block and
the sample time i relates as, i = kL+ i, i = 0,1, ...,L�1 &, k = 1, ...,L, where L = 10 is
the block length assumed in the algorithm. µ = 0.5 is considered [220].

w(i+1) = w(i)+µ
L�1)

Â
j=0

x(iL+ j)e(iL+ j). (9.8)

5. Fast block LMS (FBLMS): It is a computationally efficient BLMS algorithm where tap-
weights are adapted in the frequency domain. For W (i) = FFT([wT (i), [0]Tm⇥1]

T ), N-point
FFT is used such that N = 2m. f(i) consists of the first m elements of IFFT(X(i)�W (i)),
where� is the Schur product operator. X(i) is the FFT of x(t), where t = im�m, ..., im+

(m� 1) [220]. The block length is 120 and the step-size is 0.04. The time domain
tap-weights w as shown in (9.10) are finally plotted with respect to the number of
samples.

W (i+1) =W (i)+µFFT([f(i)0]T ), (9.9)

w = IFFT(W ). (9.10)

9.3.3 Results and Discussion

This study presents simulation results of the proposed work inside a standard office room of
size of 6m×7m×3m. LED is kept “ON” to send pilot samples as long array of “1s” after that
data is modulated in OOK. The responsivity of the PD is considered 1 ideally. The increasing
people density inside an office room increases the number of pilot symbols required to estimate
the channel as seen in Figs. 9.17. The tap-weight convergence value of the filter also increases
with increase in people density as observed in Figs. 9.18.



Auxiliary VLC Related Research Works 178

(a)

(b)

(c)

Figure 9.17: MSE convergence of the different channel estimations in VLC dynamic channel having
people density (a) 0.17 people/m2, (b) 0.37 people/m2, (c) 1.11 people/m2
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(a)

(b)

(c)

Figure 9.18: Filter weights convergence for different channel estimators in VLC dynamic channel
having people density (a) 0.17 people/m2, (b) 0.37 people/m2, (c) 1.11 people/m2
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Table 9.3 shows M, the number of data samples or iterations at which MSE is of order
1x10�3. The basic LMS method has the drawback of being sensitive to the input signal
amplitude level x(i), which results in greater values of M. ZA-LMS works better for sparse
input signals which is not the case here. NLMS solves the problem of varying input by
normalising with the power of the input, hence it gives better performance in this work. If the
step-size is increased to 1, BLMS can perform similarly to NLMS in terms of M, and if the
block size is increased to higher values, it can do better than NLMS, but the fall in convergence
is sharp and the error floor is larger. Also, for tap-weights the convergence is very fast in
FBLMS than any other algorithm due to estimation in blocks of samples in frequency domain.
NLMS, BLMS, ZALMS and LMS tap-weights converges a little beyond their respective MSE
convergence iteration number (referred as M in this work) as they all are adapted in time
domain. The computational complexity of the algorithms are quoted in the table and its ratio
with respect to standard LMS algorithm is calculated for a filter of 120-tap weights and sample
block length, L = 120. As L increases beyond 39, the frequency domain LMS becomes superior
to conventional LMS [222]. It is observed from Table 1 that finally FBLMS is the best choice
as MSE converges very fast, the change in M is not much with the change in people density
and the computational complexity is the least [223]. Therefore, in a VLC dynamic channel
where the people density will change significantly, taking M = 300 will estimate the varying
channel accurately.

Table 9.3: The number of MSE convergence iterations in estimating VLC channel with varying people
density and the computational complexity of the respective estimation algorithms.

Adaptive People People People Computational Complexity
Algorithms density density density complexity for ratio w.r.t.

(0.16 (0.37 (1.11 a block of L standard LMS
people people people samples in
/m2) /m2) /m2) one iteration*
M M M Multiplication for Q = L=120

LMS 2700 3000 3500 (2Q+1) x L 1
NLMS 300 400 570 (3Q+1) x L 1.5

ZA-LMS 1700 2450 3450 (2Q+3) x L 1.008
BLMS 480 750 1000 (2Q x L+1) 0.995

FBLMS 200 240 300 10L x log2(L)+26L 0.394
*In order to have fair comparison between all algorithms, the computational complexity per sample per iteration is converted to
per block (L samples per block) per iteration for calculating complexity ratio [222]. Q is the number of taps in a filter.
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9.3.4 Summary

VLC in an indoor office environment with dynamic channel characteristic requires a suitable
adaptive filter to estimate the channel. The number of samples required to estimate the dynamic
channel depends highly on people density. With regard to the number of samples, FBLMS
and NLMS have better error and tap-weights convergence. The difference in the number of
samples for convergence at lower people density in FBLMS and NLMS is less. However,
at increased people density FBLMS converges much faster to ideal zero MSE than NLMS.
The results clearly show that, for the dynamic VLC channel under consideration, FBLMS is
the most computationally efficient algorithm among LMS, NLMS, ZA-LMS, and BLMS. If
someone wishes to estimate a channel in time domain with a little bit more complexity, NLMS
would be a better choice.

Dil Nashin Anwar, Anand Srivastava and Vivek Ashok Bohara, “Adaptive Channel
Estimation in VLC for Dynamic Indoor Environment,” in Proc. 21st International Conference
on Transparent Optical Networks (ICTON), Angers, France, 2019, pp. 1-5.

9.4 VLC versus RF communication in indoor environment

With the aim of saving power, this work [79] compares RF and VLC modulation techniques as
standalone technologies in static and dynamic VLC environments. This work analyzes and
compares the performance between RF and VLC modulation schemes of the same constellation
order for a single user in an indoor setup. For instance, VLC OOK can be compared with RF
binary phase shift keying (BPSK) and VLC M-CSK can be compared with RF quadrature-
amplitude-modulation (M-QAM) schemes. Additionally, it has been computed how much
power is saved by the VLC link in comparison to the RF link. The proposed system model as
shown in Fig. 9.19 compares RF communication link coming from the BTS, and VLC from
rooftop LED for an indoor environment. For the VLC connection, the channel gain indicated in
(2.9) has been taken into account. The channel for RF is modeled as a frequency non-selective
Rayleigh faded channel [224]. This work analyzes VLC link for two different channel models;
i.e. static and dynamic with respect to WINNER-II path loss [224] modeled RF link.

This work compares the SER performance of the same size constellation-based modulation
schemes of the RF and VLC link in an indoor room. As one looks for better performance,
i.e., beyond SER 10�3, the performance of VLC in various channel types (either static or
dynamic) is significantly better than RF. Furthermore, as the constellation size grows, the
SER gap between the VLC and RF narrows. This study demonstrates that there is a sizable
power savings when using VLC link within a room as opposed to RF link, and at higher SNR
the power savings approaches a very high percentage of 99.81. As SNR increases, both the
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Figure 9.19: System model comparing RF communication link coming from the BTS, and VLC from
rooftop LED for an indoor environment

VLC and RF systems experience a rise in signal power, however the VLC system experiences
significantly less noise than the RF connection, resulting in a substantially smaller increase in
VLC signal power than RF. Therefore, as SER decreases, the disparity between the average
signal strengths of the RF and VLC likewise grows. Therefore, the huge difference in the value
of noises in RF and VLC system allow for a significant power savings in VLC links. In general,
VLC performs significantly better than RF in terms of power conservation. Additionally, the
necessity for lighting is met by the high SNR requirement needed for greater performance.

Anand Singh, Dil Nashin Anwar, Anand Srivastava, Vivek Ashok Bohra, and G. S. VRK
Rao, “Power and SER analysis of VLC- and RF-based links in indoor environment,” in Proc.
SPIE 10945, Broadband Access Communication Technologies XIII, 109450R, San Francisco,
U.S., Feb. 2019, p.109450R.
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