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ABSTRACT

Most of the current wireless networks are radio frequency (RF) based, however, these networks are regularly

confronted with growing demand for higher data rates. Watching high-definition live stream videos and accessing

cloud-based services are the main user activities that rapidly consume the data capacity. The higher data rates

also lead to a significant increase in energy consumption. Further, the demand is much more intense for indoor

communication, where the maximum data usage occurs. This leads to extra load on the base station (BTS)

and poor quality of services (QoS) at the end-users. Furthermore, the indoor radio channel heavily depends on

factors such as building structure, room layout, and construction materials used. Consequently, there is severe

attenuation of RF waves at the receiver. Furthermore, for multi-storey buildings, floor-wise attenuation factor

(FAF) increases toward lower floors. FAF for each successive floor is reduced by a factor of 6 dB. Therefore,

in conjunction with RF communication, visible light communication (VLC) can provide potential solutions to

address the issues as mentioned above faced by RF communication in the indoor environment.

Motivated by the above, this thesis first aims to reduce the power consumption at BTS caused due to strong

attenuation of radio signals in an indoor environment by proposing a hybrid cellular-VLC link. This is achieved

by replacing the end-user connection with a VLC link in the indoor environment. VLC access points (AP) act

as a decode-and-forward (DF) relays, which decode the received signal transmitted from the BTS and forward

it to the indoor user using LEDs. Earlier work on hybrid RF-VLC systems has not considered the amount of

power saving achieved by using VLC as an indoor link. Further, the existing works have not optimized the

Lambertian order for uniform delay spread and high average received optical power inside the room. The recent

research also ignored the effect of dimming on the VLC link. Additionally, the analysis so far has used a static

VLC channel model and has not considered the impact of user movement, type of room, or shadow objects in

the room on the performance of the hybrid RF-VLC system. Hence, in this thesis, we have proposed a hybrid

cellular-VLC downlink framework and have analyzed its performance for indoor environments by considering

all the above parameters. This work also analyze hybrid RF-VLC system performance for a single user between

RF and VLC modulation schemes of the same order. For example, VLC on-off-keying (OOK) with RF binary-

phase-shift-keying (BPSK) and VLC modified color-shift-keying (M-CSK) with RF M-ary quadrature amplitude

modulation (M-QAM) schemes of the same order. Further, this work also calculates the amount of power saving

in the VLC link as compared to the RF link.

Light-emitting-diode (LED) deployment also plays an essential role in the VLC system, as the received

optical power distribution (ROPD) varies with respect to the LED’s placement and the user’s location inside

the room. Consequently, ROPD can be improved by optimizing the placement of LEDs inside the room. Hence,

in our subsequent work, this thesis utilizes the Matern hardcore point (MHCP) process to propose a random

placement of LEDs in an indoor scenario to achieve uniform signal-to-noise-ration (SNR) and improve bit-error-
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rate (BER) performance at the receiver. It has been shown that MHCP is the desirable and more appropriate

process for LED placement since it results in the minimum separation between any two LEDs for better coverage

and reduced interference. The system is analyzed under two receiver configurations, i.e., with the non-imaging

receiver (1-FOV and 2-FOV) and with the imaging receiver.

Studies show that the received optical power in the indoor VLC system depends on the distance between the

transmitting LEDs and the desired user inside the room and the presence of static and dynamic blockages. In a

multi-user scenario, the other users inside the room act as blockages for the desired user. These blockages result

in a sudden fall in the received optical power as it can block both the line-of-sight (LoS) and the non-line-of-sight

(NLoS) signals from the LED to the desired user. The amount of power reduction will depend on the height and

width of the blockage. In order to analyze the impact of static and dynamic human blockages on indoor VLC

systems performance, as our third objective in this thesis, we adopt a stochastic-geometry-based approach to

study the performance of an indoor VLC system in the presence of human blockages. In particular, we consider

two types of blockages: static and mobile, and characterize the impact of the density of the blockages on the

received signal strength of a receiver uniformly placed inside the room. Contrary to the existing studies on

indoor VLC systems, which typically ignore the impact of human blockages, our investigation reveals that the

blockages considerably impact the propagation environment and significantly alter the system design insights.

Moreover, unlike conventional RF communication systems, the optical wireless communication (OWC) chan-

nel is not isotropic, meaning that the user equipment (UE) orientation and obstacles significantly affect the gain

of VLC. Specifically, the performance of VLC may severely deteriorate when the LoS link gets blocked due to

other users/obstacles. Further, the received power may also fluctuate due to the random orientation of UE as

NLoS power varies. In this thesis, in order to combat the shadowing due to obstacles and the UE orientation,

as our fourth objective, we employ optical intelligent reflecting surfaces (OIRS) in indoor VLC systems in the

presence of multiple human blockages. Moreover, we propose the UE orientation model of users for an OIRS-

aided indoor VLC system. The LoS channel gain statistics are calculated, and the orientation of UE is modeled

as a random process. By utilizing the above, the impact of the random UE orientation and human blockages

on SNR performance of VLC systems is evaluated. In addition, the probability distribution function (PDF) of

received SNR with OIRS is also calculated. The proposed analysis also deduces the optimum LED semiangle

and the receiver FOV for the OIRS-aided indoor VLC system.

The recent interest in using visible light as a means of communication has opened up possibilities for using

visible light for other applications as well, such as indoor positioning. Visible light offers higher bandwidth,

immunity from electromagnetic radiation, and most importantly, it can be seamlessly integrated into the existing

lighting infrastructure. As this thesis’s fifth objective, we propose a visible light-based positioning system

for estimating an object’s three-dimensional (3-D) parameters, such as height and radius, in addition to the

location in an indoor environment. The model is built using neural networks, trained by simulating multiple

object scenarios in an indoor environment as well. It also takes into account the shadowing effects so it can be

implemented in a multiple obstacle environment. The proposed algorithm has numerous applications, such as

positioning assisted communication, suspicious object monitoring, and surveillance in an indoor environment.
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Further, in earlier work, utilization of this location information for indoor communication has not been

explored. We believe that this position information can be exploited to improve communication performance

in the presence of different obstacles inside the room. Moreover, the LED power allocation can be optimized

to maximize the data rate or minimize the BER by exploiting this location information. Hence in this thesis

as a final objective, we propose a location-assisted indoor VLC system, wherein the location information is

exploited to enhance the communication performance of the user. Specifically, we propose an optimal LED power

allocation framework to maximize the average data rate across the room subject to predefined communication

constraints as well as a number of blockages inside the room.
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Chapter 1

Introduction

The shortage of spectrum in the conventional ultra-high frequency (UHF) bands coupled with increasing wireless

data traffic has led the researchers to consider employing visible light communication (VLC) as one of the

candidate technologies to facilitate high throughput communication in the next-generation wireless cellular

standards. In this regard, integration of 5th generation (5G) New Radio (NR) with a VLC system to support

the cellular downlink architecture has been proposed in the literature [7], [8]. Further, to cater these high

throughput application scenarios, both back-haul and wireless front-ends need to be improved [9]. Recent

studies have shown that the demand is much more severe in indoor scenarios, where the maximum data usage

occurs [10]. The ambitious features envisioned for 6th generation (6G) require innovation, research, and the

development of emerging communication technologies. To fulfill its challenging requirements (e.g., aggregated

bit rates in the order of Tb/s), enhancing the 6G system capacity is inevitable. There are three approaches to

increase the capacity of wireless communication systems. The first approach is to increase the spectral efficiency

by employing better modulation schemes, improved channel coding, or a new modulation paradigm. Although

the spectral efficiencies of wireless communication technologies have improved over the last few decades, but

the growth has slowed down to less than 20 % in the last few years [11]. The second method is reusing the

spectrum by reducing the cell size to increase the number of nodes. However, this is costly, and having two

nodes does not double the capacity due to interference issues. The third approach is to acquire new sub-bands

for more spectrum bandwidth (BW), but the use of radio frequency (RF) spectrum is strictly regulated by local

and international authorities, and acquiring new RF sub-bands is an extremely costly affair. Moreover, the RF

spectrum is finite, and it is already overcrowded.

A possible solution to address and overcome all these challenges is to use a complementary wireless commu-

nication technology operating in an entirely new band of the electromagnetic spectrum. One such promising

technology is VLC, which uses the visible light signals from light-emitting-diodes (LEDs) for illumination as

well as communication. Hence, VLC is an optical wireless communication (OWC) technology that can be used

to fulfill the high capacity demand in indoor scenarios. In a VLC system, a LED is used as a transmitter, while

a photo-detector (PD) is used as a receiver. The system operates on an intensity modulation/direct detection

(IM/DD) scheme in which the intensity of LED is modulated to carry the information, and the optical signal

is detected directly by a photodiode. License-free deployment and nearly universal LED availability make it an
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attractive and inexpensive choice for the service providers [12].

Further, LEDs have a modulation bandwidth of up to 20 MHz [13, 14], which can support very high data

rates. Moreover, it has been shown that one can achieve higher capacity and more secure communication

using VLC [15–18]. It allows significant power savings as the visible light sources can serve the dual role of

communications and illumination. However, despite its numerous advantages, it has a few drawbacks, such as it

suffers from high interference from other light sources and is prone to significant losses due to blockage [19, 20].

This thesis focuses on the design and performance analysis of indoor VLC systems considering human

blockages and random device orientation. This Chapter provides a detailed introduction and overview of VLC.

It starts with a basic introduction to VLC in Section 1.1, followed by a description of the VLC system architecture

in Section 1.2 and a brief discussion on the significant sources of noise in VLC systems in Section 1.3. Section

1.4 enumerates a few auxiliary applications of VLC. In Section 1.5, the major research challenges for VLC are

discussed. Section 1.6 gives a brief overview of the related work. Finally, Section 1.7 provides the research

contribution of this thesis. The overall thesis organization is provided in Section 1.8.

1.1 Introduction to VLC

Figure 1.1: The electromagnetic spectrum [1]

VLC is an OWC technology in which data transmission is achieved by modulating carrier frequencies in the

hitherto untapped visible range (380 – 750 nm) of the electromagnetic spectrum (ref. Fig. 1.1). It switches

optical sources (such as LEDs) at a rate much faster than the response of the human eye, such that the light

is effectively perceived as a steady glow. By combining illumination with communication, VLC provides an

alternative to the over-crowded RF spectrum and promotes the judicious use of the available LED illumination
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infrastructure.

1.1.1 Advantages of VLC

The interest in VLC as a complementary (and sometimes as a substitute) communication technology to RF

communication is motivated by several factors as outlined below.

• Over congested RF spectrum: For decades, the term “wireless” had been synonymous with RF

technologies, but, as explained earlier, the RF spectrum is now over stripped and dwindling. This has

created a pressing need to explore and open up new and untapped regions of the electromagnetic spectrum.

However, this would need creating and setting up an entirely new infrastructure compatible with the new

frequency band. VLC circumvents this bottleneck because it uses LED as transmitters that are already

widely used in the indoor illumination infrastructure. Moreover, visible light corresponds to the frequency

band of around 400 THz to 780 THz, whereas the radio waves lie in the frequency band of approximately

3 kHz to 300 GHz [21, 22]. Hence, the VLC channel offers 400 THz of unlicensed BW, which is a 10,000

times wider spectrum than RF.

• Less electromagnetic interference: Unlike RF signals, visible light signals have no interference with

electronic equipment and other sensing equipment like radar, etc. This makes VLC suitable for commu-

nication in hospitals and aeronautical applications.

• Enhanced security: Unlike RF and infrared (IR) signals, visible light cannot penetrate walls [23].

So the transmission of user data over visible light signals is confined to a room, making it difficult for

eavesdroppers to intercept data, thereby enhancing security from malicious users.

• Higher energy efficiency: LEDs have higher energy efficiency and radiate less heat [24]. Therefore,

using LEDs instead of conventional fluorescent light bulbs can significantly reduce energy consumption

by up to 80 % in lighting applications [25]. Hence, the overall global energy consumption can be reduced

by 50 % if all conventional light sources are replaced by LEDs [26]. This could, in turn, reduce CO2

emissions by 10 gigatons and the global crude oil consumption by 962 million barrels in the next decade

[27]. The U.S. Department of Energy has reported [28] that LED technology can possibly save up to 217

terawatt-hours (TWh) of energy by 2025. Hence, the use of LEDs as transmitters has enabled VLC to

become an eco-friendly green communication technology.

• Easy and low-cost implementation: Owing to their symbiotic relationship with indoor lighting sys-

tems, VLC can be easily implemented with a few upgrades of the illumination infrastructure, rather

than setting up an entirely new communication infrastructure as required for RF communication. This

drastically reduces the initial implementation cost and complexity of VLC.

• Possibility of spatial reuse: The confined nature of LED illumination facilitates the coexistence of

closely located cells and links with minimal interference. This allows spatial reuse of modulation BW

leading to higher data density.
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1.2 VLC System Architecture

Figure 1.2: VLC System Architecture.

The basic schematic architecture of a VLC link is depicted in Fig. 1.2. Like any other communication

system, VLC also consists of a transmitter, channel, and receiver. The channel in a VLC system is inherently

multipath in nature. The modeling and characterization of VLC channels are discussed in detail in Chapter 2.

In the following subsections, we discuss the characteristics of VLC transmitters and receivers.

1.2.1 VLC Transmitter

Figure 1.3: Development of illumination technology.

An LED luminaire is used as the transmitter1 in a VLC system. It consists of an LED panel (which contains

one or more LEDs), a driver circuit, housing, ballast, and other auxiliary components. Today, LEDs are the first
1Laser diodes (operating in the visible spectrum) can also be employed as transmitters in VLC. However, it is challenging to

provide indoor illumination using laser diodes. This undermines the main advantages of VLC over RFC and IRC, and hence, laser
diodes are not preferred as transmitters in VLC.
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choice when it comes to indoor illumination. This is mainly due to the rapid advancements in LED technology,

which has resulted in LED being the most energy-efficient lighting solution with the highest luminous efficacy

and lifetime among all lighting technologies like incandescent bulbs, fluorescent bulbs, etc., as depicted in Fig.

1.3. The optical output of LEDs drops by only 30 % after they have been used for 25,000 – 50,000 hours, which

means their lifetime is approximately 10 times higher than that of fluorescent lamps. Moreover, the luminous

efficacy of white LEDs (produced by Cree Inc.) is 254 lm/W. This is significantly higher than the luminous

efficacies of incandescent and fluorescent light bulbs, which are 14 lm/W and 74 lm/W, respectively [29]. Apart

from this, LEDs have numerous other advantages over traditional lighting technologies. They are safe from

chemicals like mercury used in other bulbs. They can be used to generate lights of diverse colors and intensities.

Moreover, they have higher modulation BW (100s of MHz), thereby making them suitable for the dual purpose

of illumination and communication [30]. Depending upon their physical construction, there are basically four

types of LEDs available in the market these days, namely, blue LED with phosphor (BLP); multi-chip LEDs,

which employ LED chips emitting red, green, and blue (RGB) lights; organic LEDs (OLEDs); and micro-LEDs

(µ-LEDs).

1.2.2 VLC Receiver

The receiver used in a general VLC system consists of a detector, optical components, and a preamplifier.

The detector is a thousand times greater in size than the constructive and destructive interference patterns

[30]. Hence, these patterns can be easily averaged by the receiver, thereby enabling a simple PD to be used

as a detecting element in the receiver circuitry. The PDs used in VLC can be broadly divided into two types:

positive intrinsic negative (PIN) PDs and avalanche PDs (APDs). Shot noise is proportional to the incident

optical power and hence would not be different, assuming the PD and the APD have the same bandwidth. It

is the electronic noise which is in excess for APDs. Further, APDs have higher gain. Since the intensity of

the received light in an indoor VLC system is usually very high, so PIN PDs are more commonly used in such

systems. Moreover, PIN PDs are less expensive and more tolerant to high temperatures [29].

Depending upon the number of detecting elements employed in the receiver, the receiver architecture can be

categorized into single element receivers (containing a single PD) or multielement receivers (containing multiple

PDs). Due to their simplicity and ease of implementation, single element receivers are the most popularly

used in the research on VLC. Multi-element receivers are further classified into three types: selective combining

receivers, image diversity receivers, and angle diversity receivers. Selective combining receivers have been used in

indoor [31] as well as outdoor [32] VLC systems. However, the performance improvement by using these receivers

is only marginal at the expense of a significant increase in the complexity of the receiver. Hence, their practical

implementation is often not feasible. In image diversity receivers, an array of PDs is employed along with a lens

to filter out signals being received from different sources. Such receivers are highly suitable for multiple-input-

multiple-output (MIMO) VLC systems [33]. The work presented in [34] employed four transmitters and nine

receivers to achieve a data rate up to 1.1 Gb/s using the image diversity architecture. Angle diversity receivers

have a wider field-of-view (FOV) and hence, promise higher channel gains which are particularly helpful in

highly diffuse links. They also help reduce channel correlation in MIMO-VLC systems. However, they are

5



costly and large in size.

1.3 Noise Sources in VLC

In this subsection, we discuss the various sources of noise added at the receivers in VLC.

1.3.1 Thermal Noise

Figure 1.4: Simplified circuit diagram of a FET-based transimpedance preamplifier [2].

Thermal noise is majorly generated due to the random motion of free electrons as a result of the thermal

agitation in an electrical circuit. The transimpedance type is the most preferred preamplifier circuit design in

VLC receivers. Typically, superior noise performance is achieved if a field-effect transistor (FET) is used in the

preamplifier circuit [2]. So, in the design of VLC systems, we generally assume a FET-based transimpedance

preamplifier at the receiver front-end. Its simplified circuit diagram is shown in Fig. 1.4, where RF and RD

are the feedback and drain resistances, respectively. CD, CGD, and CGS are the capacitance’s of the PD, FET

drain and FET source, respectively; gm is the FET transconductance; and Vbis and Vout are the biasing voltage

and output voltage, respectively.

1.3.2 Shot Noise

Although the mean number of photons detected by the PD remains constant, the actual number of photons

detected per second follows the Poisson distribution. Shot noise occurs due to the random arrival rate of photons

resulting in an inherent statistical fluctuation in the number of photons detected. The effect of shot noise is

significant in the indoor VLC system as shot noise is also the function of received power at the PD. In indoor

scenarios, the received power is large because less distance between LED and the PD results in considerable

shot noise, so the indoor VLC system is highly affected by shot noise.
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1.3.3 Ambient Noise

Since VLC uses LEDs for communication as well as illumination, there is bound to be substantial interference

from other artificial light sources and solar radiation. These sources contribute to the total shot noise at the

receiver, as indicated in (1.2). The ambient noise sources are broadly classified into two categories:

• Sunlight and Incandescent Lights: These are background sources that produce a DC interference

whose average power can be much larger than the desired signal power, even after optical filtering is

employed [2]. Although it is mostly assumed that the DC photocurrent resulting from these sources

remains stationary in time and space, but this is often not a realistic approximation. For example, solar

radiation changes at different times of the day and also at different places in an indoor environment

depending upon the location of the doors and windows. Moreover, the radiation from incandescent lights

cannot be totally neglected unless we completely transition to LED sources for illumination.

• Fluorescent Lamps: Conventional fluorescent sources operate at power line frequency (50Hz or 60

Hz). However, when electronic RF ballasts are used in the driver circuitry for higher efficiency, the

lamps are driven at frequencies reaching up to hundreds of kilohertz. Consequently, the spectrum of the

detected electrical signal contains considerable energy at harmonics up to tens of megahertz [35]. Hence,

these harmonics interfere with the useful optical power incident on the PD [36]. Unlike sunlight and

incandescent lamps, the interference produced by florescent sources is not DC, and hence, they cannot be

simply removed by using filters [2]. One way to tackle fluorescent light interference is to use differential

detection for common-mode rejection [2] where, instead of using a single PD, we use two PDs, and the

receiver recovers the signal by processing the difference between the currents generated by the two PDs.

The transmitted signal is made incident only on one of the PDs. As such, while this PD receives the

useful signal along with the ambient interference, the other receives only the ambient radiation. Ideally,

the ambient radiation at both the PDs is the same.

1.4 Applications of VLC

Apart from indoor communication, which is its primary application, VLC also finds applications in some related

areas like vehicular systems, human-computer interaction, and indoor localization. In this section, we describe

these applications of VLC.

1.4.1 Human-Computer Interaction

Human-computer interaction (HCI) involves utilizing sensors for applications such as motion detection and

gesture recognition. Many researchers [37],[38] have successfully applied wireless communication to enable

efficient HCI, especially due to the growing interest in Internet-of-Things (IoT) for 5G and 6G networks. Lately,

VLC-based HCI is being actively researched, and many related products are already commercially available.

The most common example is the optical mouse which uses a small red LED that bounces off light from the

surface on which the mouse is being moved. The reflected light is detected by a PD which captures an image
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of the surface. Based on the changes over a sequence of images, the processing circuit sends the coordinates to

the computer, which hovers the cursor accordingly. Another example is the Microsoft Kinect Sensor system [39]

which performs accurate three-dimensional gesture recognition for gaming applications. However, it requires

costly image sensors and highly advanced image processors, which makes this system expensive.

1.4.2 Vehicular Systems

Owing to the pervasive nature of LED technology, there is now an abundance of visible light LED sources on

the roads, starting from traffic lights and streetlights to the headlights and taillights of vehicles. As such, it is

an attractive option to apply VLC to vehicular systems for outdoor communication. The applications of VLC

in vehicular communication can be broadly divided into three categories: vehicle to vehicle communication

(V2V), vehicle to infrastructure (V2I), and infrastructure to vehicle (I2V). These are distinguished based on

the transmitters and receivers being employed therein for communication. V2V systems [40], [41] utilize the

headlights and taillights as transmitters, and PDs or image sensors as receivers for communication between

vehicles.

1.4.3 Indoor Localization

Localization using visible light signals benefits from all the advantages of VLC over RF communication. Conse-

quently, there has been an unprecedented interest in utilizing VLC for indoor positioning applications. Modern

positioning-based applications are primarily dependent on global positioning system (GPS), which is inoperable

indoors [42]. As such, there is a need to explore alternative technologies for indoor localization and positioning.

In this context, indoor localization using VLC is advantageous over Wi-Fi due to many reasons. The number

of LEDs is ten times more as compared to Wi-Fi access points in a typical indoor scenario [43]. This results in

higher accuracy and precision of VLC based indoor positioning systems (IPSs).

1.5 Research Challenges in VLC

We now outline some of the basic system-level challenges and research gaps in the area of VLC. It is essential to

address these issues in order to make VLC a feasible and viable high speed indoor communication technology.

1.5.1 Effect of Multipath Reflections

The non-penetrability of visible light signals means that they suffer reflections at the walls. These reflections

create multiple paths from the LED source to the receiver, giving rise to the problem of delay spread because

the light signals carrying the same data reach the receiver at different time instants. Furthermore, illumination

LEDs used for VLC have a non-directed diffuse radiation pattern and are installed in the form of panels on

the ceiling [44]. In such a system with a broadcasting scenario, where all LEDs transmit the same data, the

presence of spatially distributed transmitters aggravates the delay spread. Hence, the presence of reflections

and multiple transmitters creates the problem of delay spread, which is the primary reason for the origin of

inter-symbol-interference (ISI) in indoor VLC systems. ISI is undesirable as it limits the achievable data rate
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in VLC channels and entails deterioration in its bit-error-rate (BER) performance. To this end, there is a

need to develop channel models that incorporate the effect of ISI caused by multiple reflections as well as the

spatial distribution of transmitters. In this thesis, we have considered the effect of multipath on delay spread by

considering the reflections from the wall up to the second order. We have tried to minimize the delay spread by

optimizing the LED Lambertian order (Chapter 3). We have also studied the effect of multipath in the presence

of blockages on delay spread (Chapter 6).

1.5.2 Dimming Control

In dual functionality applications such as VLC, where LEDs are employed both as a communication source

and an illumination device, it is desirable to have efficient and reliable data communication and dimming

control for brightness regulation. Different levels of luminance are required in different indoor environments

[45]. For example, the illuminance range needed in public places is 30 – 100 lux, whereas offices and residential

settings require almost ten times this illuminance in the range of 300 – 1000 lux [46]. Dimming control provides

variable lighting levels and ensures that data communication is not hindered when a user arbitrarily changes the

brightness level of the LEDs. Proper dimming support facilitates power savings, improves energy efficiency, and

has ecological benefits. In fact, dimming control has been identified as an essential consideration for VLC by

the the Institute of Electrical and Electronics Engineers (IEEE) 802.15.7 task group [47] [48, 49]. It is required

to provide dimming support over a large range and, at the same time, maintain reliable data communication.

To this end, the dual objective of dimming control and data transmission is achieved by incorporating dimming

techniques into the modulation schemes popularly used in other optical wireless communication techniques like

free space infrared communication (IRC). As such, it is crucial to study the power spectral densities (PSDs) and

determine the BW requirement of these modulation schemes to ascertain their feasibility in practical scenarios.

In this thesis, we formulate and study the effect of dimming in terms of power savings by maintaining the

required quality of service and highlight the impact of dimming on their system performance (Chapter 3).

Further, we have also analyzed the power saving with and without illumination constraints under the effect of

dimming (Chapter 9).

1.5.3 Flicker Mitigation

Flickering is another challenge that arises due to the dual use of LEDs for illumination and communication

in VLC systems. It refers to the fluctuation in the brightness of light perceived by the naked human eye and

occurs due to on/off switching of the light source for data transmission. The modulation process in VLC must

not introduce any noticeable flicker either during the data frame (called intraframe flickering) or between data

frames (called interframe flickering) because flickering can cause detrimental physiological changes in humans

[50], [51]. A switching frequency greater than 200 Hz is generally considered safe to avoid any discomfort or

health risks, but long runs of 0s or 1s can reduce the rate at which intensity changes, and this could be a

potential cause for flickering.
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1.5.4 ISI Mitigation

ISI, which is caused due to the multipath propagation of signals, puts an upper limit on the achievable data

rate in a communication system. However, the adverse effects of ISI are more severe in VLC as compared to

other wireless communication technologies. This is due to the broadcasting nature of spatially distributed LED

transmitters and the relatively closed and confined indoor environment in which VLC is employed [52]. These

two factors result in a very large number of successive reflections, thereby leading to significant variations in

the effective path lengths of different signal components carrying the same information. Hence, ISI is a serious

concern for high data rate VLC systems as it behaves as a source of noise. In this thesis, in order to minimize

the delay spread, we have found optimal Lambertian order (OLO). OLO maximizes the optical power from the

LoS path and minimizes ISI by increasing the mean received optical power and making delay spread uniform

across the room (Chapter 1).

1.5.5 Low Modulation Bandwidth of LEDs

Most of the advantages of VLC are attributed to the high efficiency, compact size, long life, and low cost of

the white LEDs used therein [53]. However, these LEDs have a limited modulation BW (a few megahertz),

creating a major bottleneck in developing a high-capacity VLC system. Multiplexing techniques are employed

for the capacity enhancement of VLC systems to operate at this upper limit. Several orthogonal multiplexing

techniques, such as optical orthogonal frequency division multiplexing (O-OFDM), have been proposed to

support multi-user networks.

1.5.6 Augmentation with RF Systems

Since RF-based technologies like Wi-Fi are already omnipresent, especially in indoor scenarios, augmenting them

with the VLC technology is an attractive option to expedite the practical implementation of VLC systems. The

RF links can be used as a backup to provide uninterrupted connectivity when the VLC link fails, thereby

preventing system outage. Another possibility is establishing RF links for inter-user communication while each

user is connected to the VLC access point. This provides cooperative diversity and improves the reliability of

the overall communication system. In this thesis, we propose a hybrid RF-VLC link in order to save the power

at the RF base station (Chapter 1).

1.5.7 Shadowing

The received optical power in the indoor VLC system varies with respect to the distance from respective

transmitting LEDs to the intended user inside the room. When there are multiple users inside the room, these

users and other static obstacles like furniture acts as a blockage to the intended user and create shadowing. This

shadowing results in a sudden fall in received optical power as it can block both the line-of-sight (LoS) and the

non-line-of-sight (NLoS) signal from the LED to the intended user. The amount of power reduction will depend

on the height and width of the obstacles [20]. In this thesis, we studied the effect of shadowing with static and

dynamic blockages (chapter 5). We have also found the optimum VLC parameters, such as LED semiangle and
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the receiver FOV, under the effect of shadowing (Chapter 6). Further, we have also analyzed the VLC-based

indoor positioning system performance under the impact of shadowing due to blockages (Chapters 8 and 9).

1.6 Related works

In this Section, we discuss the state-of-the-art in VLC and present a brief survey on the related research literature

in Section 1.6.1. We highlight some latest advancements in the field of hybrid RF/VLC technology in Section

1.6.2 and outline the importance of LED deployment and the multi-PD receiver for VLC systems in Section

1.6.3. Subsequently, in Section 1.6.3, 1.6.4, 1.6.5, 1.6.6, and 1.6.7, we describe the existing research work related

to shadowing and the other challenges mentioned earlier in Section 1.5.

1.6.1 Recent Progress in VLC

Owing to the attractive benefits promised by VLC and a simultaneous boom in demand for LEDs, the research

in VLC has experienced a massive thrust. Parallel to the efforts to standardize VLC, numerous research groups

are working on developing high data rate VLC links. The earliest attempt to modulate visible light by fast

switching of LEDs was presented in 1999 by Pang et al. [54]. Later, visible light beams were used to transmit

data at 10 Mb/s over a distance of 1.4 km by the Reasonable Optical Joint Access (RONJA) group [55] in 2001.

The use of white LEDs for the dual purpose of illumination and communication was pioneered by Tanaka et

al. at the Keio University [56]. In 2003, Komine et al. demonstrated a VLC link in which they achieved data

rates up to 200 Mb/s [33]. The European Union sponsored the hOME Gigabit Access (OMEGA) project to

implement VLC in providing gigabit wireless access in the indoor environment. Using visible light, the OMEGA

group demonstrated a data rate of 125 Mb/s in 2009 [57], followed by 513 Mb/s in 2010 [33], 803 Mb/s in 2011

[58] and 806 Mb/s in 2012 [59]. Around the same time, several other research groups began active research in

this area.

1.6.2 Hybrid RF/VLC system

It is expected that the VLC system will be used primarily for indoor environments. However, recent studies

have shown that it can also be employed for outdoor settings to provide hot-spots for internet access using

street lighting, and cellular access as part of 5G cellular technology [60]. Recent studies have also explored the

coexistence of VLC and RF in the indoor environment with the goal of power optimization. For instance, [61]

proposes a hybrid radio-visible downlink to provide connectivity in RF protected areas such as hospitals and

airplanes. An amplify-and-forward (AF) relay is used outside the building to receive the radio signal from BTS.

However, [61] only considered a LoS link while calculating the signal-to-noise-ratio (SNR) distribution inside the

room for evaluating the outage probability. In [62], a relay-assisted VLC system is proposed where a mobile user

acts as a relay and forwards data from the source to the end mobile user. Both AF and DF relaying techniques

were incorporated and compared. The results obtained in [62] showed that DF outperforms the AF relaying

scheme for different irradiance angles. Further, DF relay-based system offered a more comprehensive coverage

area compared to the AF scheme. Kizilirmak et al., in [63] presented a hybrid VLC system where an intermediate
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light source receives the signal from the primary light source, and forwards it to the end user using relaying

techniques such as AF and DF. The performance of the VLC system was measured in terms of SNR and BER.

Further, the performance is optimized by optimal LED power allocation under illumination constraints. Results

in [63], showed that under the same lighting requirements, DF relaying provides higher BER performance gains

over AF. In [64], cooperative communication for orthogonal frequency division multiplexing (OFDM) based

VLC systems with full-duplex (FD) relaying is investigated. Through analytical and simulation results, it is

demonstrated that FD relaying is far more superior than half-duplex (HD) relaying, specifically for higher order

modulation schemes. For lower order modulation schemes, HD relaying slightly outperforms FD relaying. It

is also shown that both AF and DF relaying techniques significantly outperform the direct VLC link. In [65],

authors shows that for a VLC system the user throughput can fluctuate widely in the room depending on the

location of the receiver. To improve the performance of a standalone VLC system, an RF system is introduced

where the system dynamically assigns users to either VLC or RF system based on the channel conditions of the

user. Authors in [65], further optimizes the spectrum and power for the RF system to ensure certain outage

and user data rate performance. In [66], a mathematical toolbox is proposed for performance analysis of hybrid

RF/VLC systems that work under low latency conditions. It is shown that RF technology can be beneficial

when there are lower average power constraints and lower QoS requirements. Further, VLC either alone or

in a hybrid transmission strategy can potentially enhance the delay performance of the system. Hammouda

et al., in [66] proposed a hybrid system design for wireless indoor access to reduce the power consumption of

indoor networks. The system proposed in[66] contained both traditional RF APs along with the VLC APs.

As the majority of indoor traffic is downlink, the proposed thesis focuses on minimizing the total downlink

power consumption. In [67] and [68], the energy efficiency benefits of employing VLC in a heterogeneous

wireless environment is investigated. The problem of maximizing the heterogeneous network energy efficiency

constrained by the required data rates is analyzed. Specifically, it has been shown that integrating VLC and

RF APs in heterogeneous wireless networking environments increases the energy efficiency.

Further, the idea of combining different modulation techniques has been recently proposed in the past. Liu

et al. have introduced a new class of optical modulation formats based on combining M-ary pulse-position-

modulation (M-PPM) or modified frquency-shift-keying (M-FSK) with additional polarization and phase mod-

ulation [69]. Also, they have presented the principle, implementation, and performance of high-sensitivity mod-

ulation format based on the combined use of polarization-division-multiplexed quadrature phase-shift-keying

(PDM-QPSK) and M-PPM [70]. Selmy et al. have proposed hybrid BPSK-modified MPPM, which outper-

forms both traditional BPSK and MPPM techniques [71]. Also, they have introduced a new hybrid modulation

technique based on both quadrature phase shift keying (QPSK) modulation and modified-MPPM technique.

Their proposed scheme achieves much less bit error rate levels than that of traditional QPSK modulation [72].

Khallaf et al. have proposed a hybrid orthogonal frequency division multiplexing pulse-position modulation

(OFDM-PPM) technique for turbulent free-space optical communications systems [73]. Hybrid quadrature

amplitude modulation (QAM)-MPPM modulation technique has been introduced in [74], it shows that over

turbulent channels in free-space optical communication systems, the BER performance of this technique out-
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performs that of ordinary MPPM and conventional QAM techniques.

1.6.3 Placement of LEDs

LED deployment also plays an essential role in VLC system, as the received optical power distribution (ROPD)

varies with respect to the placement of LED and the location of the user inside the room. Consequently, ROPD

can be improved by optimizing the placement of LEDs inside the room. Lei et al., in [75], proposed an approach

to obtain optimum spacing between LEDs in square geometry and maximum radius in case of circular geometry

to achieve uniform SNR across the room. To find the optimum location of the LEDs, a numerical optimization

based local search algorithm is employed. The solution is obtained by an iterative process and remains sub-

optimal if the time bound expires. In [76], the relationship between the placement of LEDs and ROPD is studied,

and a method is proposed to deploy the LED in a plane to improve the SNR at the receiver. Varma et al., in

[77], proposed a binomial point process (BPP) to deploy the LEDs in a plane to achieve uniform illumination.

Further, a simple heuristic power allocation scheme is also proposed to obtain uniform irradiance. In [78], an

optimum placement of LEDs arrays is investigated for indoor VLC subject to maximization of average area

spectral efficiency (ASE). Design parameters of the LED array such as the distance between two neighboring

LEDs and the precise location of the LED arrays on the ceiling are obtained by solving an optimization problem.

Due to the complexity of the optimization problem, a numerical optimization procedure is employed, and the

maximization is carried out by using algorithms from MATLAB optimization toolbox. In [79], an ab initio

design of a LED array for achieving uniform illumination is presented. Specifically, an optimization technique

based on evolutionary programming has been developed to facilitate the search for an optimal array in the

hyperspace formed by a number of LEDs and spacing among them.

As evident from above, most of the non-imaging literature has focused on the placement of LEDs with regular

geometry and equal power allocation to the individual LED sources. While uniform illuminance is desirable,

optimal power consumption is an essential factor in the deployment of the LEDs. To address this issue, recent

literature has focused on power allocation, along with flexibility in the LED source geometry to achieve uniform

irradiance. In [80], hyper-heuristics evolutionary algorithm (HypEA) is proposed to optimize the LED resources

within an indoor room. Niaz et al., in [81], proposed an optimized LED deployment technique to provide a

better ROPD across the room while keeping the power consumption to minimum. Specifically, the authors

applied particle swarm optimization (PSO) technique to minimize the overall outage area of an indoor VLC

system. In [82], a network planning tool is provided to maximize the average rate achieved by the users in

a room by optimizing the LED footprint. The proposed tool also takes into account the signaling needed to

accomplish the handover task. In this regard, it is shown that several parameters influence system performance

starting from the download data rate, the movement of the user in the room as well as the handover time.

In [83], a genetic algorithm is proposed to optimize the refraction indices of the concentrators on receivers to

achieve a uniform distribution of the received power, without decreasing the illuminance quality. Simulation

results show that the proposed method can effectively reduce the RPDP (the ratio of power deviation from

peak) from 88% to 52%,with respect to the transmitted power.
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1.6.4 Shadowing

In a VLC system, the availability of a LoS link between the LED and the PD is essential for successful data

transmission. However, a direct LoS path between LED and the PD is not always guaranteed due to the

presence of other users and objects (collectively called blockers). Therefore, the occurrence of LoS blockage is

very frequent in indoor VLC systems, and according to [84], this can have detrimental effects on its performance.

In [85], the authors have considered an O-OFDM based indoor attocell network and computed the outage

probability and achievable rates for different network deployments. In [86], authors have characterized the rate

as well as coverage of different RF and VLC systems under different configurations using stochastic geometry.

Since VLC networks are generally confined to room boundaries, each user may not necessarily see a similar

serving transmitter’s distribution and interference field. This effect is more prominent in the presence of wall

reflections and obstacles between the transmitter (LED) and the receiver (user). Therefore, it is essential to

include the impact of users’ locations and modeling of the blockages in the performance analysis. In [87], a novel

and tractable model for characterizing the probability of human-body blockage is proposed. Specifically, they

model the humans as cylindrical objects with arbitrarily distributed heights and radius, whereas the location

of the center of the cylinder follows a Poisson Point Process (PPP) in two dimensions. A novel AP placement

method that considers a stationary distribution of the users has been proposed in [88]. The novel optimization

framework for approximately optimal VLC AP placement takes into account the stationary distribution of users

for the first time. This distribution is the result of the mobility pattern of users in an indoor environment. The

proposed method is independent of the resource allocation algorithm and eliminates the need for exhaustive

simulations to find the optimal location for VLC APs. However, the authors in [88], overlooked the distribution

of users inside the room in their proposed model. In an indoor environment, depending on their mobility

pattern, the users may be reluctant to stay close to the walls, and the distribution of users is generally not

uniform. For example, users’ stationary distribution is well approximated by an elliptic paraboloid function if

users obey the celebrated random waypoint mobility (RWP) model [89]. Dastgheib et al. have introduced the

problem of mobility-aware optimization of resources in VLC networks using the T-step look-ahead policy and

employing the notion of handover efficiency in [90]. It is shown that the handover efficiency can correlate the

network’s overall performance with future actions based on users’ mobility. In [91], the authors investigated the

deployment of light sources as well as proposed an optimization framework for power allocation to evaluate the

BER and the required transmitted signal power under illumination constraints in presence of a blockage. The

system performance is further optimized under lighting constraints, especially when a blockage impairs the LoS

link. A low complexity optimization problem is formulated where a simplified power allocation is derived.

Further, to track the behavior of the mobile users, it is essential to use a mobility model such as random

walk, Markovian models [92], Levy walk [93] and models based on product-form queuing networks [94], [95].

Amongst different models, the RWP is widely used, and hence is thoroughly studied [89]. In RWP model, each

user moves at a uniform speed. Then it selects another destination randomly according to a uniform distribution

and moves toward that point with another speed along a straight line [96]. As the users continue to move, the

distribution of the position of users approaches a stationary distribution [89]. For the dynamic users inside the
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room, the fact is that most of the users will prefer to stay at the center of the room rather than near the edge

of the room or close to walls. The RWP model results in a distribution that concentrates more probability

mass near the centre of the coverage area. Thus, since most of the optical power in VLC is concentrated near

the placement of LED, it is more reasonable to employ the RWP mobility model rather than uniform spatial

distribution.

1.6.5 IRS-aided Indoor VLC system

Prior studies on indoor VLC systems have shown that it is necessary to study the impact of obstacles and user

equipment orientation for an indoor VLC system [20], [97]. As in both cases, the LoS path from the LED to

the PD may be blocked, resulting in a significant reduction in the received SNR. Various system models have

been used to characterize obstacles and user equipment orientation in an enclosed area. In [98], Soltani et

al. considered three standard angles similar to those used in mobile devices to model the device orientation,

namely yaw, pitch, and roll. The proposed orientation model investigates the effect of UE orientation on users’

throughput and network load balancing. The impact of the receiver’s tilted angle on the channel capacity of

VLC is examined in [99]. The lower and upper bounds with the receiver’s tilted angle of the channel capacity

for the VLC system are presented. It is shown that we can improve the channel capacity by tilting the receiver

plane correctly by considering an optimization problem in order to combat the LoS link blockages in the VLC

system. However, the possibility of providing the NLoS channel gain to the blocked users (due to unavailability

of LoS link) from the wall or using optical intelligent reflecting surfaces (OIRS) can be explored. The NLoS

path generated through the walls is not guided, whereas we can guide the NLoS path coming from the OIRS if

we have prior information on the location of the blockages.

Recently, increasing channels by adding design degrees of freedom by incorporating tunable IRS has received

significant research attraction in RF systems [100–102]. Considerable efforts have been dedicated in order to

model and investigate the potential gains of using IRS in RF networks performance enhancement [103], [104]. As

for the VLC systems, OIRS are expected to participate effectively in boosting their performance by increasing

the probability of LoS gain, and it is because most of the VLC systems rely on the existence of an LoS path

between LED and the PD [105–107]. Incorporating OIRS in indoor VLC systems can provide significant gains in

terms of resilience to LoS blockages, an improved trade-off between illumination and communications quality of

service, interference mitigation, more efficient energy harvesting capabilities, and enhanced localization services.

However, in [108] authors have investigated the application of IRS in VLC systems and focused on the derivation

of irradiance expressions for IRS elements and studied their focusing capabilities. Similarly, an IRS-aided secured

VLC system and the energy efficiency optimization model have been explored in [109], and [110], respectively.

Authors in [111] presented a framework for integrating IRS in indoor VLC systems. It includes the overview

of IRS, including its advantages and main applications for indoor VLC systems. Also, authors in [111] discuss

critical factors about the design and integration of IRS in VLC systems, namely, the channel state information

(CSI) acquisition, the deployment of IRSs, the optimization of IRS configuration, and the real-time IRS control.

The authors also suggest several promising research directions that centers around the integration of IRS in

indoor VLC systems.
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In [112] authors explore the use of IRS to address the LoS link blockage issue in an indoor VLC system.

It also considers observed user behaviors such as random UE orientation and obstructions in the direct link

between the transmitter and the receiver. Specifically, a system model for an IRS-aided VLC system is proposed,

and a rate maximization problem is considered to determine the optimal orientation of the IRS mirror array to

establish robust non-LoS links. Najafi et al., in [113] investigate the use of IRS to relax the LoS requirement

for free-space-optical (FSO) systems. They have considered a Gaussian laser beam and designed a phase-shift

distribution across the IRS that enables the reflection of the incident beam in any desired direction, i.e., realizing

the generalized law of reflection. Moreover, for the designed phase-shift profile, the authors demonstrated an

equivalent mirror-assisted FSO system that generates a reflected electric field on a mirror identical to the IRS

in the original system. Similarly, [114] in authors investigates the use of intelligent mirrors to relax the LoS

requirement for the FSO systems. Here, the authors characterize the impact of the physical parameters of the

IRS, such as IRS positioning, IRS mirror size, and the orientation of IRS (essentially the mirror angles), on the

quality of the end-to-end FSO channel like, BER and the achieved data rates. In [110], Qian et al. investigate the

energy efficiency maximization problem in a downlink using a re-configurable intelligent surface (RIS) assisted

indoor VLC system. Further, they have also formulated an energy efficiency maximization problem through

jointly optimizing power control, time allocation, and phase shift matrix subject to the total power constraints

for indoor VLC systems [110].

1.6.6 Indoor Positioning

VLC has been widely used in indoor positioning, its suitability for indoor positioning comes from the fact

that it offers large bandwidth, high positioning accuracy, and immunity from electromagnetic interference. In

addition, it requires no large-scale costs for deployment as it can be integrated seamlessly into the existing

illumination setup. Moreover, the LED-based VLP system can also be applied in other applications such as

light assisted communication, suspicious obstacle monitoring, and surveillance in an indoor environment. VLC-

based positioning techniques are of two types, PD and image sensor (IS) based systems [115]. The usage of

PD based system is more because they have high sensitivity to light, and they are less expensive, whereas IS

can spatially separate light sources. But preference is given to IS based positioning technique because it does

not need multiplexing techniques, and also, positioning exactness will not be influenced by surrounding light

interference. The basic methodology is trilateration which uses visible light sources as anchors. In Epsilon [116],

each bulb, with its lighting function, also serves as a site mark. It transmits, using the light carrier; location

signals carries the information, which means the stance of the bulb and its duty cycle, to enable positioning

on the end of the receiver part. An intelligent cell is used as a receiver that uses light sensors to extract the

signal’s information, and the received signal strengths (RSS) are measured [117] from many LEDs, and distance

is calculated from each bulb using the optical channel model. Then, from all light sources, beacon information

is received, and distances are measured, which helps to estimate the location. There are different methods for

triangulation’s like received signal strength indicator (RSSI), time of arrival (TOA), angle of arrival (AOA), and

time difference of arrival (TDOA). There are different probing signals depending on the positioning system, like

ultrasound, ultra-wideband (UWB), and wireless local area network (WLAN). As ceiling lights are visible from
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any place in an indoor environment, it works under LoS conditions, which is why the received signal strength

ratio (RSSR) is preferred [117]. Here the RSSR is the ratio of the received signal power (strength) at the PD

to the transmitted signal power from the LED. In an indoor VLC system, RSSR is determined by the LED

transmission power, the distance between the LED and the PD, and the respective VLC parameters such as

LED irradiance angle, receiver FOV.

The two primary components required for visible light-based indoor positioning are the LED as transmitters

and PD as optical receivers. There is a constant link between the LED and PD, which is only interrupted in the

presence of an object blocking the LoS. Thus the changes in the channel characteristics in the presence of an

object can be used to gather information about the object such as its position, shape etc. However, multipath

propagation, shadowing and interference from various noise sources as well as form other objects in the vicinity

affect the LED’s transmitted optical signals [118]. Thus, finding suitable models for the VLP to achieve high

positioning accuracy is a source of a considerable amount of research. [119].

1.6.7 VLC Power Optimization

Earlier authors review the optimization techniques previously reported in the literature to improve the VLC

network performance when the system consists of multiple users. In [120], authors considered four main issues are

considered in this type of network, for maximizing the various objectives and achieving the various constraints,

including power and resource allocation, users to APs association (APA), cell formation, and AP cooperation

used for mitigating the disadvantages of VLC networks to improve performance. Similarly, in [121], with the

help of a central controller, and by considering the arbitrary receiver orientation, Soltani et al. proposed an

approach for APA to users, based on the strength of the received signal and the traffic of the APs, aimed at

maximizing the system’s throughput. It is shown that, when any user wants to join an network, the central

controller calculates all the offered data rates from all APs and enables the user to select the best AP. Wu et

al. in [122], jointly allocated time resources to the users and assigned APs to the users. They considered the

resource allocation problem as a bidirectional allocation game, since the aim of APs is to select the only users

that maximize the system throughput, and the users want to select APs providing better QoS. By considering

mobile users in standalone VLC networks, Zhang et al. in [123], proposed a novel user-to-AP assignment based

on anticipating the future users’ locations and their traffic dynamics, and find a trade-off between the delay

and the throughput in the dynamic VLC systems. Jiang et al. in [124], studied and formulated the joint power

allocation and load balancing (LB) problems. Chen et al. in [125], investigated the effects of the cell size

and network deployment on the performance of VLC systems by measuring the signal-to-noise and interference

ratio (SINR) distributions. Cincotta et al., in [126] show that the introduction of luminaire reference points

(LRPs) dismisses this limitation and allows the creation of a self-contained VLP system that requires only a

single luminaire in its FOV. It is noted that the models presented in the existing literature focus on optimizing

the location accuracy. Employing this location information to improve communication performance has been

ignored. Also, how can we use this location information to improve the shadowing caused by obstacles inside

the room.
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1.7 Research Contributions

In this Section, we discuss the research contribution of this thesis based on the brief survey on the related

research literature in Section 1.6. Section 1.7.1 discuss the possible research gap based on the literature survey.

We highlight some major contributions of this thesis in Section 1.7.2.

1.7.1 Research Gap

Previous studies on indoor VLC systems have not considered the amount of power saving that can be achieved by

using VLC for indoor communication scenarios. Further, the existing works have not optimized the Lambertian

order for uniform delay spread, and high average received optical power inside the room. The existing work

also ignored the effect of dimming on the VLC link. Further, the analysis so far have used static VLC channel

model and have not considered the impact of user movement, type of room, shadow objects in the room on the

performance of indoor VLC system. In indoor VLC system LEDs deployment plays an essential role, as the

ROPD varies with respect to the placement of LEDs and the location of the user inside the room. Consequently,

ROPD can be improved by optimizing the placement of LEDs inside the room. Motivated by these earlier works,

in this article, we utilize MHCP to propose a random placement of LEDs in an indoor scenario to achieve uniform

SNR and improved BER performance at the receiver. It has been shown that MHCP is a desirable and more

appropriate approach for LED placement.

Further, earlier works on indoor VLC systems have not considered humans’ impact as a blockage. The

existing work also ignored the effect of static and dynamic human blockages inside the room. Also, the impact

of NLoS links in indoor VLC systems with human blockages has not been explored previously in the literature.

In addition, the recent study on indoor VLC does not provide any method to characterize the static and

dynamic blockages inside the room. In a VLC system, the availability of a LoS link between the LED and

the PD is essential for successful data transmission. However, a direct LoS path between LED and the PD is

not always guaranteed due to the presence of other users and objects (collectively called blockers). Therefore,

the occurrence of LoS blockage is very frequent in indoor VLC systems, and according to [84], this can have

detrimental effects on its performance. Further, in many studies on VLC systems, it is assumed that the users’

devices always face upward towards the ceiling where LED is located [127, 128]. However, such an assumption is

impractical as users typically operate their smartphones by holding them in any comfortable position other than

vertically upward. Hence, random user equipment (UE) orientation does affect the existence and availability of

LoS links as demonstrated in [4, 97]. Therefore, it is crucial to consider random UE orientation in the design

and analysis of indoor VLC systems. Further, in earlier work, utilization of this location information for indoor

communication has not been explored. We believe that this position information can be exploited to improve

communication performance in the presence of different obstacles inside the room. The LED power allocation

can also be optimized to maximize the data rate or minimize the BER by exploiting this location information.

Our study tries to address all the research gaps mentioned earlier in this thesis.
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1.7.2 Contributions

The main contributions of this thesis are summarized as follows:

• To reduce the power consumption at BTS caused due to strong attenuation of radio signals in an indoor

environment in this thesis, we have proposed a hybrid cellular-VLC link where the cellular link is followed

by the VLC link, which acts as a DF relay. The performance of the hybrid link has been compared with

a direct cellular link. Further, the closed-form expressions for BER and outage probability are derived by

considering the movement of people and different indoor conditions. The proposed thesis also optimizes

the Lambertian order of the LEDs in order to make delay spread uniform and increase average SNR

through the LoS path inside the room, resulting in higher throughput and reduced outage in the room.

It is observed that there is significant power saving when VLC is used as an indoor link. The effect of

dimming on the VLC link is also investigated. It has been shown that it is possible to have a wide dimming

range without compromising on BER performance.

• Further, to the best of the authors’ knowledge, comparing RF and VLC modulation schemes as standalone

technology under static and dynamic VLC environments has not been done so far with the objective of

power-saving. This thesis aims to analyze indoor system performance for a single user between RF and

VLC modulation schemes of the same order. For example, VLC on-off-keying (OOK) with RF BPSK and

VLC modified-color-shift-keying (M-CSK) with RF M-QAM schemes of the same order. Also, this work

calculates the amount of power saving in the VLC link as compared to the RF link.

• To provide the uniform received power across the room and improve BER performance, this thesis proposes

a random placement scheme of LEDs using MHCP, which results in a more uniform SNR at the receiver

throughout the room. The performance of the proposed method has been evaluated under two types

of receiver structures, one with four PDs in 1-FOV and 2-FOV non-imaging receiver configuration and

another with an imaging receiver. Further, an optimal and distance-based power allocation scheme is

proposed to distribute the power across each LED. The proposed power allocation schemes have shown

improved performance regarding equal power allocation schemes.

• In order to analyze the impact of static and dynamic human blockages on indoor VLC systems performance,

in this thesis, we adopt a stochastic-geometry-based approach to study the performance of an indoor VLC

system in the presence of human blockages. In particular, we consider two models of blockages: static and

mobile, and characterize the impact of the density of the blockages on the received signal strength of a

receiver uniformly placed inside the room. Contrary to the existing studies on indoor VLC systems, which

typically ignore the impact of human blockages, our investigation reveals that the blockages considerably

impact the propagation environment and significantly alter the system design insights. Then, we extend

our study to the MHCP with different radii to emulate different sizes of the blockages. Further, to include

blockages’ movement, the RWP model with uniform velocity has been considered. The RWP model gives

more practical realizations of blockages inside the room.
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• With the objective of uniform received power across the room, this thesis optimizes the LED semiangle

and the receiver FOV for an indoor VLC system in the presence of human blockages for 4 LEDs in a

rectangular configuration in order to provide a high-quality factor (Q) and minimum delay spread across

the room. In the analysis of Q inside the room, wall reflection up to second-order and reflections from

the human body and the clothes are also considered. A Joint optimization framework along with single

variable optimization have been proposed to provide us with the optimum value of the VLC parameter

(LED semiangle and receiver FOV) considering the impact of human blockages. Moreover, We also analyze

the trade-off between the required quality factor and the delay spread across the room with respect to the

number of blockages, LED semiangle, and the receiver FOV.

• The received power in VLC may also fluctuate due to the random orientation of UE as a result of self-

blockage. In this thesis, in order to combat the shadowing due to obstacles and the UE orientation, we

employ optical IRS (OIRS) in indoor VLC systems. This thesis makes a novel contribution in investigating

the impact of random UE orientation for OIRS-aided indoor VLC systems. The proposed framework also

considers multiple human blockages. We have proposed a UE orientation model for an OIRS-aided indoor

VLC system with multiple human blockages considering random UE orientation. The receiver statistics,

such as critical elevation angle, rotated normal vector with respect to OIRS, and the multiple LEDs have

been calculated. Additionally, this thesis also determined the optimum OIRS mirror size with respect to

the varying LED semiangle and the receiver FOV for a given room size and the varying number of human

blockages.

• Further, in this thesis, we propose a novel system model for VLP, which can be used to estimate the

location of objects in a room. Unlike the conventional VLP models, the proposed model can be used to

predict the location even in the presence of multiple objects. Further, we also construct and train a neural

network (NN) to estimate the height as well as the radius of the objects. The NN, along with the VLP

algorithm, can be employed together to construct a 3-D model of the objects in the room. In addition,

we propose a method to optimize the power allocation to each LED by exploiting the objects’ current

location while maintaining the system’s total power constraint. This will lead to efficient power allocation

among LEDs based on the position of objects in the room for optimum communication performance.

• Finally, in this thesis, we propose a location-assisted indoor VLC system, wherein the location information

is exploited to enhance the communication performance of the user. Specifically, we propose an optimal

LED power management scheme to maximize the average data rate across the room subject to predefined

communication constraints as well as the number of blockages inside the room. We have also formulated

a power-saving optimization framework to maximize the power savings among the LEDs with respect to

the number of blockages and permissible localization errors. The effect of dimming on the above is also

investigated.
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1.8 Thesis organization

In this thesis, we analyze the performance of an indoor VLC system in the presence of obstacles (both static

and dynamic), considering the random device orientation. Chapter 2 discusses the overall operation of a

general LED-based VLC system and relevant background information. Chapter 3 presents the performance

of hybrid cellular-VLC links for indoor environments under dynamic user movement. Further, Chapter 4

discusses the implementation of an indoor VLC system under the random placement of LEDs with non-imaging

and imaging receivers. Chapter 5 analyze the effect of static and dynamic blockages in an indoor VLC system

using stochastic geometry. Chapter 6 discusses the optimal VLC parameters like LED semiangle and the

receiver FOV considering human blockages. Chapter 7 analyze the optical IRS-aided indoor VLC system in

the presence of human blockages. Chapter 8 presents indoor localization on estimating the location and the

3-D shape of an object in an indoor environment using visible light. Further, we have exploited the location

information and proposed a location-assisted optimal LED power allocation framework in Chapter 9. The

conclusions and future research scope are discussed in Chapter 10.
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Chapter 2

Modelling and Characterization of
Multipath VLC Channels

Channel modeling is the first step in the analysis and performance evaluation of any communication system.

Although the popularity of VLC has grown tremendously over the last few years [2], yet there is a lack of

proper channel models that take into account the multipath nature of the indoor VLC link to emulate practical

scenarios [129]. The VLC channel is inherently diffuse in nature because visible light signals from an LED can

reach the PD via multiple paths [3].

In this Chapter, we study the multipath model for indoor VLC links. We study the effect of several practical

factors like LED semi-angle, wall reflectivity, number of reflections, and user locations on the channel gain,

channel delay parameters, namely RMS delay spread. In Section 2.1, we describe the operation of visible light

communication. Section 2.2, describes the complete modelling of multipath VLC links using LoS, and NLoS

paths. VLC channel model with user movement has been discussed in Section 2.3, followed by the modulation

and detection techniques in Sections 2.4 and 2.5, respectively. We discuss the channel delay spread in Section

2.6, followed by the brief Summary of VLC channel modelling in Section 2.7.

2.1 Operation of Visible Light Communication System

Let us understand how the VLC system communicates with a simple example of transmitting data in the form

of digital signals ‘0’s and ‘1’s. An ordinary light is used to send the data. It is turned on when ‘1’ is transmitted

and turned off when ‘0’ is transmitted. But when ‘0’ is transmitted, the light is turned off and doesn’t meet

the purpose of illumination. Now, if the light is switched on and off continuously at a high rate, then the

light appears to be constant. However, the speed of data transmission is highly dependent on the speed of the

flickering.

For this reason, LEDs are used as the primary light source in VLC systems. LED bulbs are semiconductors,

giving them the ability to handle ultra-fast modulation of light occurring at speeds undetectable by the human

eye. It serves the purpose of both illumination and communication at the same time. A human eye can perceive

this flickering effect up to a frequency of 100 to 120 Hz. The fluorescent or ordinary lamps can transmit signals

at 10 Kbps, and LEDs can reach up to 500 Mbps.
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2.2 VLC Channel Modelling

In this section, we elaborately describe the modeling of VLC sources, receivers, and the channel in a multipath

VLC link. We also discuss the parameters used to characterize a multipath channel.

2.2.1 Source Modelling

In VLC systems, the optical source is usually an LED, which is modeled as a generalized Lambertian source

located at a distance d and its orientation is defined by the unit vector ns which is normal to its radiating

surface with unit vector nr . LED radiant intensity is characterized by its radiation pattern, which is uniaxially

symmetric with a radiation density given as [2, 12]:

R0(�) =
(m+ 1)cosm(�)

2⇡
, (2.1)

where � is the angle of incidence of light on the surface and m is the order of Lambertian emission, with � 1
2

being the LED semi-angle at half power, provided by the manufacturer. The Lambertian order m determines

the shape of the radiation lobe and signifies the directionality of the source and is defined as:

m =
�ln(2)

ln(cos(� 1
2
))

. (2.2)

The shapes of the radiation lobes for different values of m is illustrated in Fig. 2.1. The desired radiation

pattern can be obtained by proper designing of the lens used at the source. Note that, irrespective of the value

of m the maximum radiant intensity is available at � = 0�.

Figure 2.1: Propagation Model

In Fig. 2.1, the transmitter emits an axially symmetric radiation pattern described by the radiant intensity

PTR0(�). A receiver located at a distance d at an angle � with respect to (w.r.t.) transmitter the irradiance is
PTR0(�)

d2 . Ignoring reflection losses, a detector achieves an effective signal-collection area given as:

Aeff = Acos(✓), (2.3)

where A is the detector physical area and ✓ is the angle of incidence with respect to the receiver axis.

23



The power received at the receiver using (2.1) and (2.3) is given by:

Pr =
PTR0(�)Aeff

d2
, (2.4)

The parameter that characterizes the channel is DC channel gain which can then be expressed as [2, 12]:

H =
R0(�)cos(✓)A

d2
=

(m+ 1)cosm(�)Acos(✓)

2⇡d2
. (2.5)

where ✓ is the inclination of the PD to the incident surface.

2.2.2 Receiver Modelling

A receiving element is modeled as a photosensitive detector located at the distance d with orientation defined

by the unit vector nr normal to the photosensitive surface of area APD. Its FOV is denoted by  c. If the angle

of incidence of light  with respect to nr greater than  c, then the light is not detected by the receiver. The

limited value of receiver FOV may be a result of improper manufacturing or packaging of the PD. Moreover, it

can be intentionally limited by a lens or aperture to reduce unwanted reflections or reduce noise by shielding

excessive ambient light. Besides, an optical concentrator is commonly employed to increase the signal received.

The gain of this optical concentrator is gain given as [2]:

g( ) =

(
n
2

sin2( c)
, 0     c, (2.6)

where n is the optical concentrator’s refractive index.

2.2.3 LoS Channel Gain

In this thesis, we have used a multipath VLC channel model considering LoS path and NLoS reflection up to

second-order [130]. Lambert radiator is a typical radiation model that can model the LED light source in VLC.

It has also suggested in [131] that the Lambertian model can accurately reproduce the LoS and NLoS luminous

intensity pattern of the LEDs. Therefore, the overall VLC channel gain is a sum of both the LoS path (direct

path between the LED and the user) and the NLoS path reflected by the walls.

Thus, the VLC channel response of the LoS component from LED H
LED
LoS , is given as:

H
LED
LoS =

(
(m+ 1)APD

2⇡d2
cosm(�)Tsg( )cos(✓) 0     c , (2.7)

here, APD represents the physical area of the PD, ✓ is the angle of incidence to the PD from LED, � is the

LED angle of irradiance, Ts( ) is the optical filter’s gain.

2.2.4 NLoS Channel Gain

The NLoS channel gain of the LED after reflections from the wall is defined as:

H
wall
NLoS =

(
⇢wall(m+ 1)APD

2⇡d21d
2
2

cosm(�)Ts( )g( ) cos(↵wall) cos(�wall) 0     c , (2.8)
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Figure 2.2: NLoS VLC Propagation Model [3].

here ↵wall and �wall are the incidence and reflectance angle non-line of sight link make with reflecting surface

(wall) have reflection coefficient ⇢wall. d1, d2 are the distance traveled by the NLoS link to reach the user from

the wall as shown in Fig. 2.2.

The total received power at jth receiver location from multiple LEDs including both LoS as well as NLoS

path through the walls for a given transmission power (PT ), can be expressed as:

Prj =
NX

i=1

"
PTHLoS(i, j) +

KX

k=1

PTHNLoS(i,j)

#
, (2.9)

Here, N is the number of transmitting LEDs, and K is the total number of reflective points on the wall, the

total received power is obtained by summation both LoS the NLoS link from the walls across the room.

2.2.5 Integrating Sphere VLC Channel Model

In this thesis apart from Lambertian VLC channel model we have also used integrating-sphere model given in

[132] was referenced in [117, 133–135]. The integrating-sphere model was originally used in infrared communica-

tions, and the most important feature of the model is that the same scattered signal gain is assumed throughout

the room. The frequency response of the channel is given by:

H(f) = H(0)exp(�j2⇡f�⌧LoS) +HDIFF
exp(�j2⇡f�⌧DIFF )

1 + j

⇣
f
f0

⌘ , (2.10)

where �⌧LOS and �⌧DIFF are the time delays of the transmitted signal taking the LoS and the NLoS path,

respectively, f0 denotes the cut-off frequency of scattering channel, and f represents the operating frequency in

Hz.

The channel gain of LoS component, H(0), is given as:

H(0) =

(
(m+ 1)A

2⇡D2
d

cosm(�)Ts( )g( ) cos( ) 0     c , (2.11)
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The diffuse channel gain HDIFF due to NLoS path is given as:

HDIFF =
AR

Awalls

⇢

1� ⇢̄
, (2.12)

where,

⇢̄ =
1

Awalls

X

i

Ai⇢i , (2.13)

⇢̄ represents an average reflectance, ⇢ refers to instantaneous reflection, AR is the area of reflection point on

the wall from where the NLoS rays are reflected, Ai is the area of ith grid on the wall and Awalls is the total

area of the walls of the room over which the reflection is considered.

For a given transmission power (PT ), the total received power using multiple LEDs, including diffused path

through the walls, can be obtained as:

Pr =
LX

l=1


PTH(0) +

Z

walls
PTHDIFF

�
. (2.14)

where L is the total number of transmitting LEDs and the total power is obtained by integrating both LoS the

NLoS links across the room.

2.3 VLC Channel Model with User Movement

The movement of users within a room will certainly affect the channel characteristics and hence the link

performance. Since the VLC technology is perceived to be mainly used for indoor application, the dynamic

indoor environment with people will give us more practical measure of the link [129]. The movement of the

users inside the room can be modeled in terms of effective people density (people/m2). The effective people

density also considers the effect of shadowing and blocking of the signal path due to obstacles present in the

room. Two different case have been considered for analysis: furnished room and non-furnished room. In the

Figure 2.3: Decrease in normalized received power distribution for VLC channel with user movement.
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VLC channel with user movement, decrease in the normalized received power can be empirically modeled to

follow Rayleigh distribution given by [129]:

p(x) =
x

�2
exp

✓
�x

2

2�2

◆
, (2.15)

where x is the normalized received power and � represents the scale parameter. The scale parameters varies

with the effective people density inside the room. For example, in furnished room with effective people density of

1.11 people/m2, � is 1.77 and in the case of non-furnished room with effective people density of 0.17 people/m2,

� is 0.98.

The measured probability distribution function (PDF) of the normalized received power with user movement

is depicted in Fig. 2.3 [129]. It is clear that for VLC systems a decrease in normalized received power can be

approximated by Rayleigh distribution.

2.4 Indoor VLC with Human Blockage System Model

(a) Human blockage inside the room. (b) Human blockages modeled as a cylinder.

Figure 2.4: Indoor VLC System Model with Human Blockages

As mentioned before, we consider two scenarios of 4 and 8 LEDs in the rectangular configuration in a

5 m⇥ 5 m⇥ 3 m room. The receiver plane is assumed to be 0.85 m above the floor. Both LoS and NLoS paths

are considered. The receiver plane is divided into a 25⇥ 25 grids to cover the whole room for analysis. We have

used the Matern type-II process and RWP model to distribute the location of the static and dynamic blockages

in a plane with an intensity of �B respectively. The blockages are assumed to be cylindrical with radius r

and the height hB , as shown in Fig. 2.4(a). For the proposed system model, two types of blockages of having

radius r1 and r2 have been considered, which are equivalent to varying sizes of humans. We have assumed OOK

modulation in the VLC link for deriving the BER expression as this is one of the standards modulation scheme

defined in the VLC standard (IEEE 802.15.7) [49].

In the following subsection, we discuss in detail the the spatial model of human blockages.
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2.4.1 Spatial Model

Consider the scenario illustrated in Fig. 2.5, where a transmitter (Tx) is located at a certain height hT above

the ground, and a receiver (Rx) is located at a height hR. The potential human blockages are distributed over

the receiver plane. As stated before, we model the blockages as cylinders [136] with a certain height, hB , and

the base diameter of D. The locations of the human blockages present inside the room are distributed as per

the mobility aspects of humans.

Figure 2.5: Schematic for calculation of shadow length due to blockage

As illustrated in Fig 2.5, a human body of height hB is present between the LED and the receiver, which

results in a communication link blockage. The distance of the human blockage and the intended user from LED

is denoted by dB and dT , respectively. Using simple geometry, (Fig. 2.5) the length of shadow due to blockage

form LED dT � dB can be calculated as:

dT � dB =
hB

hT
dT . (2.16)

The region in shadow due to blockage will be a rectangle whose area can be calculated using (2.16), with a

length equal to dT � dB , and a width similar to the blockage diameter D.

2.5 UE Orientation

The UE orientation can significantly impact the performance of an indoor VLC system. In most of the research

on indoor VLC, the UE is always vertically up. Such assumptions are accurate only for a limited number of

devices, such as laptops with LiFi dongles. However, most users use devices such as smartphones, and in reality,

the user is mobile and tends to hold the device according to comfort. Therefore, considering a random device

orientation is a more realistic assumption.

Only a few studies have considered the impact of random orientation in their analysis, see for instance

[4, 97, 137] and references therein. All these works incorporate UE orientation. Another important indicator

affecting system performance is an optical channel communication link blocked by the user, known as "self-

blocking." Or it may be interrupted as a result by other users or objects. The blockage modeling has been done
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in the prior literature for both millimeter-wave and LiFi systems [20, 138].

2.6 Modulation Technique

The modulation scheme employed for performance analysis in this thesis is OOK1. OOK is one of the standard

modulation schemes defined in the VLC standard (IEEE 802.15.7) [47], [139]. In VLC, the power to the LED

transmitter is modulated to transmit ’1’s and ’0’s. Since the power is always non-negative, unlike conventional

digital modulation techniques. The modulated signal is Pt(1 + xi), xi assumes bipolar symbols +1 and -1 for

bits ’1’ and ’0’ respectively. Here the former term (Pti) takes care of illumination while the latter term (Ptixi) is

for communication. Because in VLC, LED serves the dual role of illumination and communication. This power

drives the source LEDs, which results in a change in intensity and hence the name intensity modulation (IM).

2.7 Detection Technique

The receivers used for detection are photo-diodes. The photons emitted by light sources hit the photo-diode, and

electron-hole pairs are created in the depletion region of the photo-diode. This mechanism is called as the inner

photoelectric effect. The holes in the depletion region move towards the anode, and electrons move towards the

cathode producing a photocurrent. Thus the photo-diode converts the optical energy into an electrical signal.

This is known as direct detection (DD). Note that if multiple sources transmit the signal, the signal at PD is

the sum of all the received signals from individual sources.

2.8 Delay Spread

Due to the multipath nature of visible light channels, the transmitted signal gets divided into several paths.

These signal components do not reach the receiver at the same time, which causes the spreading of the received

signal in the time domain. Moreover, in a broadcasting set-up, where all the LED panels transmit the same

information, the unequal path lengths from different transmitters to the receiver cause the signals to reach the

receiver at different times. Hence, the non-symmetrical location of multiple transmitters with respect to the

receiver also adds to the time-domain spreading of the received signal. Therefore, delay spread play a crucial

role while analyzing the performance of an indoor system. The received signal in the case of NLoS link consists

of various components arriving from different paths. The path length of these components differs in proportion

to the room design which results in a broadening of the pulse [140]. The root mean square (RMS) delay spread

Drms is a parameter which is commonly used to quantify the time-dispersive properties of multipath channels

which can be calculated as [19, 141]:

Drms =

vuut
"R1

�1 (t� µ)2h2(t)dt
R1
�1 h2(t)dt

#
, (2.17)

1Further, we have also used other standard VLC modulation techniques such as CSK, M-QAM, and M-PSK with DC-biased
optical OFDM (DCO-OFDM) for comparison as per the necessity.
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where h(t) is a time domain representation of channel response expressed in (2.1) and µ is the mean delay

spread given by:

µ =

R1
�1 t⇥ h

2(t)dt
R1
�1 h2(t)dt

. (2.18)

2.9 Summary

In this Chapter, we presented the detailed formulation of the multipath channel model for VLC, including the

modeling of transmitters, reflectors, and receivers. We infer that VLC parameter like LED semiangle, receiver

FOV, and NLoS reflections plays an essential role in calculating the received power. Further, an increase in the

LED semiangle and the FOV increases the delay spread, thereby indicating the existence of an optimum value

of semiangle at which the delay spread is minimum and, correspondingly, the coherence BW is maximum. We

deduce that it is adequate to incorporate up to second-order reflections of the signal to sufficiently emulate the

multipath effect in channel characterization. In addition, it is found that people’s movement and density have

also been important in realizing the practical indoor VLC system.

Based on the known channel models, we identified the main parameters associated with the channel models,

which include RMS delay spread that affects ISI directly, path loss related to the received power, and 3-dB

bandwidth that is related to communication quality. In addition, we also found there is a need of VLC channel

models, including the establishment of a general VLC channel model combining the effects of transmitter LED

and room size, improvement in measuring channel reflection characteristics, and the research on multipath and

Doppler effects in the channels.
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Chapter 3

Hybrid cellular-VLC link for indoor
environments under dynamic user
movement

In this Chapter, we analyze the performance of a hybrid cellular-VLC downlink where the outdoor coverage

is provided via cellular network, and the indoor coverage is provided through a VLC system. Multiple LED

transmitters with rectangular deployment are considered for a VLC transmitter. The channel model for the

VLC link has been modeled as an integrating sphere VLC channel, which includes both LoS and NLoS links.

The rest of the Chapter is organized as follows. We discuss the motivation behind this work and outline

our contributions in Section 3.1. Section 3.2 describes the hybrid cellular-VLC system model followed by the

BER calculation in Section 3.3. Further, Section 3.4 presents the outage probability for the proposed hybrid

cellular-VLC system. Section 3.5 compares VLC and RF-based modulation schemes for hybrid RF-VLC systems.

Finally, we discuss the results in Section 3.6 and briefly summarize the Chapter in Section 3.7.

3.1 Motivation and Contribution

3.1.1 Motivation

The indoor radio channel heavily depends on factors such as building structure, room layout, and construction

materials used. As a consequence, there is severe attenuation of RF waves at the receiver. The motivation

behind this work is to reduce the power consumption at BTS caused due to strong attenuation of radio signals

in an indoor environment by proposing a hybrid cellular-VLC link. Earlier work on hybrid cellular-VLC systems

(ref. Section 1.6.2) have not considered the amount of power saving that can be achieved by using VLC as an

indoor link. Further, the existing works have not optimized the Lambertian order for uniform delay spread,

and high average received optical power inside the room. The current work also ignored the effect of dimming

on the VLC link. Further, the analysis so far have used a static VLC channel model and have not considered

the impact of user movement, type of room, or shadow objects in the room on the performance of the hybrid

cellular-VLC system.

To cater the above research gap in this chapter, we analyze the performance of hybrid cellular-VLC downlink
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where the outdoor coverage is provided via cellular network, and the indoor coverage is provided through a VLC

system. In the proposed framework, VLC AP helps to communicate the information between the base station

(BTS) and user by acting as a decode-and-forward (DF) relay. The relay decodes the received signal from the

base station and then uses the decoded signal to modulate the intensity of the optical transmitter. Multiple

LED transmitters with rectangular deployment are considered for a VLC transmitter. The channel model for

VLC link has been modeled as an integrating sphere VLC channel which includes both line-of-sight (LOS) and

non-line-of-sight (NLOS) links.

3.1.2 Contribution

In this Chapter, we have proposed a hybrid cellular-VLC downlink framework and have analyzed its performance

for indoor environments by considering all the above parameters. The main contributions of this Chapter are

summarized as follows:

• We have proposed a hybrid cellular-VLC link where the cellular link is followed by the VLC link, which

acts as a DF relay. The performance of the hybrid link has been compared with a direct cellular link.

The closed-form expressions for BER and outage probability are derived by taking into consideration the

movement of people and different indoor conditions.

• The proposed work also optimizes the Lambertian order of the LEDs in order to make delay spread

uniform and increase average SNR through the LoS path inside the room, resulting in higher throughput

and reduced outage in the room. Outage region for indoor room under static VLC channel for different

FOV and optimal irradiance angle of LED have been investigated for the rectangular LED configuration.

• Further, this Chapter analyzes indoor system performance for a single user between RF and VLC mod-

ulation schemes of the same order. For example, VLC OOK with RF BPSK and VLC M-CSK with RF

M-QAM schemes of the same order. Also, this work calculates the amount of power saving in the VLC

link as compared to the RF link.

• The power-saving corresponding to the hybrid cellular-VLC link with respect to the direct cellular link

has been evaluated. It is observed that there is significant power saving when VLC is used as an indoor

link. The effect of dimming on the VLC link is also investigated. It has been shown that it is possible to

have a wide dimming range without compromising on BER performance.

3.2 Hybrid RF-VLC System Model

The proposed system model considers a three-node network consisting of a BTS, a VLC AP which acts as a

DF relay, and a user present in the indoor environment as shown in Fig. 3.1. The channel between the BTS

and the VLC AP is modeled as a frequency non-selective Rayleigh faded channel having channel gain, assuming

the channel delay spread for the given room dimensions (such as small office room) is smaller than the symbol

duration hRF1. Further, to address the frequency-selective channel, modulation schemes such as DCO-OFDM

and ACO-OFDM can be used. After receiving the signal from the BTS, VLC AP decodes the signal and then
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Figure 3.1: Hybrid RF-VLC System Model

transmits the signal inside the room via VLC link. The channel gain for the VLC link is denoted as, hV LC .

In the proposed work the end-user VLC link is modeled by employing two different channel models: first by

using standard VLC static channel model as proposed in [3] and second a VLC channel model which takes into

account the movement of the users under different indoor conditions (i.e., non-furnished room, furnished room)

[129]. The direct RF link, from BTS to the indoor user is modeled as a frequency non-selective Rayleigh faded

channel having channel gain, hRF2. The indoor pathloss of the direct RF link is modeled using WINNER-II

pathloss model, considering the effect of distance, number of floors in the building, shadowing, the height of

transmitting and receiving antenna [142].

In the following subsections, we will provide brief overview of optimum Lambertian order (OLO) and

WINNER-II pathloss model.

3.2.1 Optimal Lambertian Order (OLO)

In order to provide desired QoS to the user across the room, the required power and delay spread must be

optimized across the room. To achieve this objective, OLO can be used because OLO maximizes the optical

power from the LoS path and minimizes ISI, by increasing the mean received optical power and making delay

spread uniform across the room.

The expression for the OLO mopt is given as[143]:

mopt =
�1

ln(cos(�max))
� 1, (3.1)

where �max is the maximum irradiance angle, which is given as:

�max = cos�1

✓
h

dmax

◆
. (3.2)

where dmax is the maximum distance between the transmitter and receiver in each cell, and h denotes the room

height.
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In the proposed system, OLO is used to achieve nearly uniform delay spread across the room, and maximize

the average received optical power. Using (3.1), the optimized irradiance angle of LED should be 56� and its

corresponding OLO was found to be 5.57 for the given system model.

3.2.2 WINNER-II Pathloss Model

The direct RF link will go through both outdoor and indoor pathloss. Hence, to cater for outdoor-to-indoor,

WINNER-II pathloss model has been employed to evaluate the total pathloss between BTS and user [144]. The

pathloss for direct RF link can be expressed as [142]:

PL(dB) = [44.9� 6.55log10(hBS)]log10(d) + 34.46 + 5.83log10(hBS) + 23log10

✓
fc

5.0

◆
, (3.3)

where fc is the carrier frequency, hBS is the height of base station, hMS is the height of mobile station (MS)

and is given by hMS = 3nfl + 1.5, nfl denotes the floor number in the building and d is the distance between

BTS and MS within the range of 50m  d  5km.

3.3 BER Expression in Hybrid Cellular-VLC Link Under VLC Chan-
nel with User Movement Inside the Room

We have assumed OOK modulation in the VLC link for deriving the BER expression as this is one of the standard

modulation scheme defined in the VLC standard (IEEE 802.15.7) [47], [139]. For the hybrid cellular-VLC link

using DF relaying the average BER can be expressed as [145]:

BERDF
RF1�VLC = (1� PERSR)BERRD + PERSR, (3.4)

where PERSR is a average packet error rate from source to relay RF link, BERRD is the BER from relay to

destination VLC link. For the N-bit packet, the PERSR for the case of binary-phase-shit keying (BPSK) at

BTS can be expressed in terms of BERSR as:

PERSR = 1� (1� BERSR)
N
, (3.5)

where BERSR is the BER from source to relay RF link and can be expressed as:

BERSR =
1

2


1�
r

�SR

�SR + 1

�
. (3.6)

where �SR= Eb

N0
E[|hRF1|2] is the average SNR of BTS to relay link. For the calculation of BERRD, for relay to

destination which is a VLC link, we have used the VLC channel model with user movement. In VLC link the

output optical signal from a LED for transmitting power PT is given by:

P (t) = PT(1 +MIf(t)), (3.7)

where MI is the modulation index, f(t) is the information signal. The received power at the PD is expressed

as:

Pr(0) = H(0)P (t). (3.8)
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where H(0) is the LoS channel gain describe in (2.7) and (2.11). After receiving the signal at the PD and

filtering the DC signal, the output electrical signal is given by:

S(t) = RH(0)PTMIf(t), (3.9)

where R is responsitivity of the PD. The instantaneous signal-to-noise ratio for the VLC link, relay to destination

is defined as the ratio of received signal power to the noise power [146]:

�RD =
S(t)2

Pnoise
, (3.10)

�RD =
(RMIH(0)PTf(t))2

Pnoise
, (3.11)

where Pnoise is the total noise power comprising of shot noise power (�2
shot) and thermal noise power (�2

thermal)

which can be expressed as:

Pnoise = �
2
shot + �

2
thermal, (3.12)

where

�
2
shot =2eRPrBs + 2eIbgI2Bs, (3.13)

and

�
2
thermal =

8⇡kTk

G
⌘ArI2B

2
s +

16⇡2
kTk�

gm
⌘
2
A

2
r I3B

3
s , (3.14)

where e is the electron charge, Pr is the average received optical power, Bs is the system bandwidth, Ibg is the

received background noise current, k is Boltzmann’s constant, Tk is the absolute temperature, G is the open

loop voltage gain, ⌘ is the fixed capacitance of PD per unit area, � is the field effect transistor (FET) channel

noise factor, gm is the FET transconductance, I2 is the noise bandwidth factor for background noise and I3 is

the noise bandwidth factor.

The measured probability distribution for decrease in received optical power in VLC follows Rayleigh dis-

tribution (2.2), i.e., SNR will be exponentially distributed in the VLC channel with user movement, and its pdf

can be expressed as:

f�RD(�RD) =
1

�RD
exp
⇣��RD

�RD

⌘
, (3.15)

where �RD = (RMIf(t))
2

Pnoise
E[|H(0)PT|2]. As the decrease in normalized received power follows Rayleigh distribution

see((2.2)) with variance equals to scale factor �2, and replacing (RMI)2 with ↵. The pdf can be written as:

f�RD(�RD) =
1

↵�2
exp
⇣��RD

↵�2

⌘
, (3.16)

BER for VLC with OOK under additive white Gaussian noise (AWGN) can be defined as [146]:

BERRD = Q

⇣p
2�RD

⌘
⇠=

1

2
erfc

⇣p
2�RD

⌘
, (3.17)

35



The BER for fading channel can be obtained by averaging the error in AWGN channels over the fading prob-

ability density function. The average BER under VLC channel with user movement from VLC AP to the user

inside the room can be expressed as:

BERRD =

Z 1

0

1

2
erfc(

p
2�RD)

1

↵�2
exp
⇣��RD

↵�2

⌘
d�RD, (3.18)

BERRD =
1

2

"
1�
r

↵�2

↵�2 + 1

#
. (3.19)

From (3.4) (3.5) (3.6) and (3.19), the closed-form BER expression for the hybrid cellular-VLC for OOK in

VLC link and the BPSK in the cellular link is given as:

BERDF
RF1�VLC =

"
1�

⇢
1� 1

2

✓
1�

r
�SR

�SR + 1

◆�N

⇥
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!

+1�
⇢
1� 1

2

✓
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r
�SR
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◆�N
#
.

(3.20)

The above analysis of BER expression in section 3.3 can be extended for other modulation techniques like

QAM, PAM, etc.

3.4 Outage Probability in Hybrid Cellular-VLC Link

In this section, we have evaluated closed-form expression for the outage probability for the proposed hybrid

cellular-VLC link. The message signal from BTS is received at the DF relay (VLC AP), which decodes the

received signal and modulates the LED and sends it to the user via VLC link.

The maximum achievable instantaneous data rate (IDF) for the hybrid cellular VLC link using decode-and-

forward can be given as [147]:

IDF = min (R1,R2), (3.21)

where R1 and R2 is the achievable data rate between BTS to VLC AP and VLC AP to the end user respectively,

and can be expressed as:

R1 =
1

2
log2(1 + SNRRF1|hRF1|2), (3.22)

R2 =
1

2
log2(1 + SNRVLC|hVLC|2), (3.23)

SNRRF1 and SNRVLC is the AWGN SNR for RF and VLC links in the hybrid cellular-VLC link respectively.

The factor 1
2 in the above equation accounts for the fact that the transmission is being divided into two phases.

The first term R1 in (3.21), represents the maximum rate at which the VLC AP can reliably decode the

source message, while the second term R2, represents the maximum rate at which the destination can reliably

decode the source message given repeated transmission from the relay.

The outage probability for the proposed hybrid cellular-VLC link using DF relaying with the target data

rate (R) can be computed according to [148]:

Pout = Pr [IDF < R]

= 1� Pr(R1 > R)Pr(R2 > R).
(3.24)
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For the RF link, hRF1 is frequency non selective Rayleigh faded channel gain with variance �2
RF1 and in VLC

link decreased in normalized received power follows Rayleigh distribution with variance equals to square of the

scale factor (�).

The outage probability can be expressed as [147]:

Pout =


1� exp

✓
�22R � 1

�
2
RF1SNRRF1

◆
exp

✓
�22R � 1

�
2
VLCSNRVLC

◆�
, (3.25)

where �2
VLC = �

2.

Under high SNR approximation (3.25) can be simplified to:

Pout
⇠=


22R � 1

�
2
RF1SNRRF1

+
22R � 1

�2SNRVLC

�
. (3.26)

Using (3.26), the outage for a given cellular-VLC system can be calculated for a given data rate of R.

3.5 Power and SER Analysis of VLC and RF Based Links in Indoor
Environment

This Section analyses and compares the RF and VLC link for indoor communication with respect to symbol-

error-rate (SER) performance and power saving. The RF link path loss inside the building is modeled using

WINNER-II path loss model, and VLC channel is modeled including the movement of the people. The same

constellation-based modulation schemes are used in both the links for fair comparison such as BPSK for RF and

OOK for VLC, M-QAM for RF and M-CSK for VLC. VLC link provides better SER performance as compared

to RF link at the same SNR for both BPSK (OOK) and 4-QAM (4-CSK) modulation schemes. There is an

outstanding amount of power saving using VLC link as compared to RF link inside the room. Further, the SER

gap between VLC and RF decreases as the constellation size increases.

3.5.1 Comparison of VLC and RF Based Links in Indoor VLC System Model

The proposed system model as shown in Fig. 3.2 compares RF communication link coming from the BTS, and

VLC from rooftop LED for an indoor environment. The channel for RF is modeled as a frequency non-selective

Rayleigh faded channel having channel gain, hRF . The channel gain for the VLC link is denoted as, hV LC . This

work analyses VLC link for two different channel models; i.e. static and dynamic with respect to WINNER-II

path loss modeled RF link. RF link with modulation schemes such as BPSK or M-QAM is compared with the

VLC link with modulations such as OOK or M-CSK.

3.6 Results and Discussion

In this section, we present simulation and analytical results for the proposed hybrid cellular-VLC link inside

a standard room size of 5 m ⇥ 5 m ⇥ 3 m. The room consists of four LED transmitters and a receiver. The

locations and the orientations of the VLC transmitters and the receiver are provided in Table 3.1. Both LoS

and NLoS (with one-point reflection because of higher data rate threshold) [149] signals are considered in the

analysis.
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Figure 3.2: VLC and RF Based Links System Model

3.6.1 Received Optical Power Distribution

(a) Without OLO (b) With OLO

Figure 3.3: Received optical power distribution in rectangular configuration without and with OLO.

Figs. 3.3(a) and 3.3(b) compare the received optical power distribution (ROPD) for rectangular placement

of four LEDs without and with OLO respectively. From Fig. 3.3(a), we notice that for the case of ‘without

OLO’ for which the LED irradiance angle is 60� and the Lambertian order m = 1, the received optical power

varies from -2 dBm to 2.5 dBm with mean value of 1.4 dBm, whereas for the case of ‘with OLO’ for which the

LED irradiance angle calculated from is 56� and the OLO mopt = 5.57, the received optical power varies from

-3 dBm to 6 dBm with mean value of 3.2 dBm. It is observed that OLO allows additional 1.8 dBm increase in

the mean received optical power. The quality factor (Q), measures the received optical power distribution and
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Table 3.1: Hybrid RF-VLC System Model Parameters

Parameter Value
Room size 5 m⇥ 5 m⇥ 3 m
Location of Tx (Four LED system) (x, y, z) (1.25, 1.25, 3),

(1.25, 3.75, 3),
(3.75, 1.25, 3),
(3.75, 3.75, 3)

LED transmitted power 200 mw
Wall reflection ⇢ 0.8
LED irradiance angle 60�

OLO 58�

Height of Receiver plane 0.85 m
Receiver elevation 90�

Receiver active area 1 cm2

Field of views (FOVs) of receiver 60�, 50�, 40�, 30�.
Responsitivity R 0.5 A

W
Noise bandwidth factor I2 0.562
Background current Ibg 100 µA
Distance between BTS to VLC AP 1 km
Mode number at the Transmitter 45
Responsivity RGB [0.42 0.32 0.22] A/W

Distance between BTS to RF AP 1 km

Effective people density (0.17; 0.37; 1.11) people/m2

Rayleigh distribution scale parameter (0.98; 1.33; 1.77)

is used to evaluate the fairness of whole system to all users and is given as [150]:

QROPD =
MeanROPD

2
p
V arROPD

. (3.27)

For the case of ‘without OLO’, the measured quality factor is 0.6 whereas ‘with OLO’, the measured quality

factor is 0.8. It can be summarized that ‘with OLO’ results in increased average received optical power and

better quality factor than ‘without OLO’ configuration for a given room which in turn reduces the outage area

and improves fairness among the users.

3.6.2 RMS Delay Spread

The channel time dispersion has also been investigated for the proposed configurations as receiver performance

is affected by delay spread causing intersymbol interference (ISI). Figs. 3.4(a) and 3.4(b) show Drms for the

indoor room without and with OLO respectively. For four LEDs rectangular configuration ‘without OLO’, the

Drms varies from 0 to 0.39 ns with mean value of 0.15 ns and variance of 0.008 ns. In the case of ‘with OLO’,

Drms varies from 0 to 0.25 ns with mean of 0.06 ns and variance of 0.003 ns. It can be observed that there is

a significant reduction in Drms across the room with low variance using OLO, which in turn implies that RMS

delay spread is nearly uniform throughout the room as shown in Fig. 3.4(b), resulting in uniform bit rate inside

the room.
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(a) Without OLO (b) With OLO

Figure 3.4: RMS channel delay spread inside the room without and with OLO.

3.6.3 Outage Region for Indoor Room Using Static VLC Channel Model

In this subsection, outage performance of the proposed hybrid cellular-VLC link for a target BER (10�3)

under static VLC channel model has been analysed. The outage region is defined as the regions where the

instantaneous SNR is less than the desired SNR required to achieve the target BER. Figs. 3.5(a) to 3.5(d),

show the outage region with four LED rectangular configuration for the proposed system under different FOVs

(i.e., 60�, 50�, 40�, 30�) respectively, with optimize irradiance angle of the LEDs (56�).

The outage region is plotted as the difference between instantaneous SNR and desired SNR inside the room

at various locations. Numerical values in the contour show the offset in the received SNR with respect to the

desired SNR in dB. The negative value region indicates the region where a hybrid cellular-VLC link is in the

outage. It is to be noted that reducing FOV, improves the optical channel gain (see(2.7)) and reduces the ISI

which in turn results in better performance. However, reducing the FOV below 40� at receivers often introduces

blind spots as shown in Fig. 3.5(d). These blind spots limit the connectivity in the indoor VLC system. It is

also be noted that as FOV reduces, the received SNR increases but at the cost of restricted coverage.

Fig. 3.6 compares the outage area for four LEDs rectangular configurations at different FOV without and

with OLO. Figs. 3.6(a) and 3.6(b), show the outage area comparison for the proposed system without and

with OLO. It is clear that reducing the FOV results in an increase of outage region. For the worst case i.e., at

FOV 30�, the outage area without OLO and with OLO is approximately 40% and 30% respectively. Similarly,

for the best case i.e., FOV 60�, the outage area without OLO and with OLO is approximately 8% and 1%

respectively. It is concluded that four LEDs rectangular configuration with OLO at receiver FOV of 60� is the

best configuration to minimize the outage region while maintaining the satisfactory quality of service throughout

the room.

3.6.4 Outage Analysis Under VLC Channel Model with User Movement

In Fig. 3.7(a), the outage probability of the hybrid cellular-VLC link and direct cellular has been plotted.

The good agreement between theoretical and simulation results validates the efficacy of the proposed analytical
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(a) FOV 60 degree (b) FOV 50 degree

(c) FOV 40 degree (d) FOV 30 degree

Figure 3.5: Outage region contours inside the room with 4 LED and using OLO with different FOV.

(a) Without OLO (b) With OLO

Figure 3.6: Outage area comparison without and with OLO.

methodology. However, as compared to the direct cellular link, the outage performance of hybrid cellular-VLC

link is better. For instance, to achieve an outage rate of 10�3, required SNR using the hybrid cellular-VLC link

is 30 dB whereas for the direct cellular link, the required SNR is approximately 33 dB.

Fig. 3.7(b) shows the outage performance for the hybrid cellular-VLC link for different indoor conditions

(i.e., non-furnished room, furnished room) considering user movement inside the room. The results have also
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(a) Outage Probability in hybrid cellular-VLC link and di-
rect cellular link.

(b) Outage Probability in hybrid cellular-VLC link with dif-
ferent user movement.

Figure 3.7: Outage Probability

been compared with the direct cellular link. It can be noticed that the outage performance for an indoor room

non-furnished (lower effective people density) is much better than furnished (higher effective people density)

room for the proposed hybrid cellular-VLC link. For lower effective people densities like 0.17 people/m2 and 0.37

people/m2 the outage performance is almost same and requires SNR of 25 dB for outage of 10�3. However, as we

go on increasing the effective people density, the performance starts deteriorating, e.g., for higher effective people

density of 0.74 people/m2 and 1.11 people/m2, the required SNR to achieve a target outage is approximately

26 dB and 30 dB respectively. This is due to the fact that as we increase the effective people density inside

the room, it increases the value of scale factor (�) which leads to a decrease in the received SNR (see (3.26)).

However, the outage performance in a hybrid cellular-VLC link is still better than the direct cellular link.

3.6.5 BER Performance Under VLC Channel Model with User Movement

(a) BER performance of hybrid cellular-VLC link with OOK
and direct cellular link.

(b) BER performance of hybrid cellular-VLC link with dif-
ferent user movement.

Figure 3.8: BER Performance

Fig. 3.8(a) shows the BER performance of the proposed hybrid cellular-VLC link. It is evident that the

derived BER expressions and the simulation results are in close agreement, which validates the mathematical
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derivations and justifies the approximations made in (3.20). It can also be observed in Fig. 3.8(a) that hybrid

cellular-VLC link gives better BER performance than a direct cellular link. For instance, to achieve a BER of

10�3, required SNR using the hybrid cellular-VLC link is nearly 23 dB whereas, for the direct cellular link, the

required SNR is nearly 26 dB.

Fig. 3.8(b) compares the BER performance with user movement at different effective people density with

the direct cellular link from BTS to the end user. It can be observed that the BER performance degrades as

user movement (people density) inside the room increases because higher the movement of people, will result in

higher value of � and lower received SNR e.g., for effective people density of 0.17 people/m2, 0.37 people/m2,

0.74 people/m2 and 1.11 people/m2, the required SNR to achieve a target BER of 10�3 is approximately 18,

19, 21, 23 dB respectively. However, the proposed hybrid link is performing better than the direct cellular link

even with the increase in effective people density.

3.6.6 Performance Under Dimming

Figure 3.9: BER performance at different dimming level.

In the VLC system, the adequate lighting of LED light should be adjusted based on the users need as well

as for saving energy [151],[152]. One of the simplest ways to achieve dimming control is by changing DC bias

to provide a particular dimming level which is referred to as analog dimming. The second digital dimming

technique generally uses pulse width modulation (PWM), in which a digitally modulated pulse train drives the

LED at a constant current level. The average duty cycle represents the equivalent dimming level and is varied

proportionally to acquire the desired dimming percentage [153].

Under the dimming constraint, using digital dimming technique the system model is evaluated to find out

the possible dimming range to maintain the desired BER of 10�3 or better. Fig. 3.9 shows the BER performance

of the system under a dimming constraint. It is quite clear that the proposed system can support up to 70%

dimming range.

3.6.7 Power Saving with respect to Cellular-VLC Link

In this subsection, the amount of power saving by replacing last wireless link with the VLC link for a given

BER performance has been analysed. The power saving is calculated as a power difference between the direct
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Figure 3.10: Power saving at different BER with user movement.

cellular link and the hybrid cellular-VLC link to achieve the target BER (10�3) performance. Fig. 3.10 shows

the percentage of power saving at the BTS by using a hybrid cellular-VLC link as compared to direct-cellular

link. The proposed scheme requires approximately 51% less power with respect to the direct cellular link to

achieve the desired BER performance with effective people density of 0.17 people/m2. It may also be noted

that as the effective people density inside the room increases the received SNR at the end user decreases, which

in turn slightly reduces the power saving at BTS to maintain the required performance. For instance, with

increasing effective people density 0.37 people/m2, 0.74 people/m2 and 1.11 people/m2, the power saving at

BTS is 49, 48 and 46% respectively. Further, it can also be seen that power saving at BTS reduces as BER

limit is decreased.

3.6.8 SER Performance

Figure 3.11: SNR vs BER for indoor VLC and RF link for 2 constellation points modulation scheme

The SER comparison between BPSK (RF) and OOK (VLC) is shown in Fig. 3.11. The comparison is made

fairer by taking the same power at the transmitter end of both the links and an equal number of constellation

points in the modulation scheme. Clearly, VLC gives an advantage of 5 dB over RF link at BER 10�3. Further,

Figs 3.12 and 3.13 shows the symbol-error-rate (SER) comparison for 4 points constellation modulation scheme,

e.g., 4-CSK for VLC and 4-QAM for RF. Fig. 3.12 with 4-CSK for VLC and 4-QAM modulation shows the SER
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performance of indoor VLC system without considering the effect of people blockage density, and it is observed

that at SER 10�3, VLC performs better than RF by 4 dB. The result shows the performance of the distance-

based model for 4-CSK and the Rayleigh-based model for 4-QAM with reference to SNR at different SER.

Also, there is good agreement between the respective theoretical and simulation plots of modulation schemes.

Similarly, Fig. 3.13 displays the performance of the VLC 4-CSK modulation scheme in a dynamic channel with

people density. The simulation result shows that even after considering people’s movement, the performance of

VLC is comparable to the RF link. It can be observed that the SER performance with people density in Fig.

3.13 degraded due to the effect of shadowing. However, it can also be seen that the proposed VLC modulation

schemes outperform the 4-QAM RF schemes in the highly people-dense environment.

Furthermore, the SER comparison between 4-QAM DCO-OFDM for VLC and 4-QAM OFDM for RF is

shown in Fig. 3.14. The comparison is made fairer by taking the same power at the transmitter end of both the

links and an equal number of constellation points in the modulation scheme. It can be observed that the VLC

link with 4-QAM DCO-OFDM gives an advantage of 2-3 dB over the RF link for the same modulation scheme

4-QAM OFDM at SER of 10�3. The reason behind this is the huge difference in the value of noise in RF, and

the VLC system gives VLC link an advantage over the RF link. Further, we believe that the SER gap between

VLC and RF decreases as the constellation size increases.

3.6.9 Power saving with respect to Modulation Schemes

Figure 3.12: SNR vs SER for indoor VLC 4-CSK and RF 4-QAM Rayleigh.

The power saving plot reveals the difference in the power requirement of RF and VLC link at a particular

SER. Fig. 3.15 shows the power saving of 4-CSK with different VLC channel models over the RF link. It is

observed that VLC saves significant power in comparison to RF. One important observation from the power

saving plot is that on increasing SER, the power saving decreases. This behavior can be explained from Figs.

3.12 and 3.13, as the SER decreases the SNR value increases and hence signal power also increases. The signal

power increases both in VLC and RF system, but the noise is much less in VLC as compared to RF link, so the

increment in VLC signal power is much less than RF. Thus, on decreasing SER, the difference in RF and VLC

average signal power also increases. The power saving percentage is defined as
⇣

Power(RF)�Power(VLC)
Power(RF)

⌘
⇥ 100,

which follows the same trend as above. The power saving in RF-CSK static case is 5% at SER 10�1 and
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Figure 3.13: SNR vs SER for 4-CSK in indoor VLC Dynamic channel with varying people density
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Figure 3.14: SNR vs SER for indoor VLC 4-QAM DCO-OFDM and RF 4-QAM OFDM RF.

Figure 3.15: Power saving of different VLC modulation schemes over different channel models over RF link.

approaches 99.81% at SER 10�4. Additionally, power saving in terms of dBm is shown in Fig. 3.16.

3.7 Summary

In this Chapter, we proposed a hybrid cellular-VLC link and compared its performance with the direct-cellular

link. The closed-form expressions of outage probability and BER using OOK modulation for VLC is derived

under dynamic user movement. The results are in close agreement with the simulation results, and the results
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Figure 3.16: Power saving of different VLC modulation schemes over different channel models over RF link in
dBm.

showed that even for the higher effective people density, the hybrid cellular-VLC link is performing better than

the direct cellular link. The optimal Lambertian order with four LEDs rectangular scenario has been analyzed

to make delay spread uniform and to increase the average received optical power in the room. Further, the

outage region inside the room is plotted for different FOVs at optimal irradiance angle of LED under the static

VLC channel, it was found that the rectangular configuration with OLO is the best configuration with minimum

area in outage. The proposed scheme also results in a significant amount of power saving as compared to direct-

cellular link at BTS. The proposed work also established that the hybrid link can support up to 70% dimming

range of visible light.

Furthermore, this Chapter also compares the SER performance of the same constellation-based modulation

schemes in 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 all its channel models is much better than RF. Further, the SER gap between

VLC and RF decreases as the constellation size increases. This work shows that there is a significant amount

of power saving using VLC link as compared to RF link inside a room, and at higher SNR the power saving

approaches to a very high percentage of 99.81. The huge difference in the value of noise in RF and VLC system

gives us a large power saving. One can generalize that VLC performs far better than RF regarding power saving.

So, one can opt a VLC system even without source or channel coding for indoor communication. Also, the high

SNR requirement for better performance covers the need for illumination. The performance of dynamic VLC

link will increase further as compared to RF if one considers all the indoor effects in the RF link.
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Chapter 4

Indoor VLC System Under Random
Placement of LEDs with Non-imaging and
Imaging Receiver

In this Chapter, we have shown the performance of indoor VLC systems with random placement of LEDs

with imaging and non-imaging receiver configuration. It is a widely known fact that in a conventional VLC

system, the SNR profile inside the room varies with respect to the LED placement and the PDs position.

Consequently, the proposed work attempts to achieve uniform SNR across the room by utilizing MHCP-based

LED placement at the transmitter and a non-imaging receiver with four PDs using 1-FOV, 2-FOV, and imaging

receiver configurations.

The rest of the Chapter is organized as follows. We discuss the motivation behind this work and outline our

contributions in Section 4.1. Section 4.2 describes the system model for the proposed MHCP LED deployment

and the receiver structure. Further, in Section 4.3, the optimal and distance-based power allocation schemes

for the LEDs are explained. The Closed-form expression of BER for the proposed system is derived in Section

4.4. The analytical and simulation results have been discussed in Section 4.5. Finally, Section 4.6 summarizes

the Chapter.

4.1 Motivation and Contribution

4.1.1 Motivation

The illumination in most indoor scenarios is provided by multiple LEDs are located at specified intervals on

the ceiling. Consequently, at most locations within a room, light can be received from more than one source.

When these luminaires are used as data transmitters, they can be configured in many ways. The simplest is to

transmit the same signal from each luminaire. This potentially provides the best coverage but at the cost of

diminished overall capacity. Alternatively, a cellular system can be constructed where each luminaire transmits

data destined for the nearest receiver [154, 155]. The above approach can be extended wherein the transmitters

can be used in a MIMO configuration [156]. In MIMO configuration, the receiver must be able to separate

signals from different sources. It has been shown in [157] that receivers with different FOV can be used to
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separate the channel gains. This Chapter further builds on the work in [157] and investigates the performance

of random deployment of LEDs using the MHCP by employing PDs with two different FOVs (2-FOV receivers)

and the PDs with the same FOV (1-FOV receiver) referred to as non-imaging receivers.

4.1.2 Contribution

Motivated by these earlier works (ref. Section 1.6.3) on LED deployment, in this Chapter, we utilize MHCP

to propose a random placement of LEDs in an indoor scenario to achieve uniform SNR and improved BER

performance at the receiver. It has been shown that MHCP is a desirable and more appropriate approach for

LED placement.

The main contributions of this Chapter are summarized as follows:

• We propose a random placement scheme of LEDs using MHCP, which results in more uniform SNR

throughout the room. The performance of the proposed scheme has been evaluated under two types

of receiver structure with four PDs using 1-FOV and 2-FOV. Both non-imaging and imaging receiver

configurations are considered in the analysis.

• An optimal and distance-based power allocation scheme is proposed to distribute the power across each

LED. The proposed power allocation schemes have shown improved performance with respect to conven-

tional equal power allocation scheme.

• The closed-form expression of BER for the MHCP based LED placement scheme for both optimal and

distance-based power allocation with multiple PDs using 1-FOV and 2-FOV configurations has been

derived.

• Further, the performance of imaging and non-imaging receiver for different power allocation schemes has

been shown by plotting the cumulative distribution function (CDF) of the received power.

4.2 System Model

We have considered a standard room size of 5m⇥ 5m⇥ 3m. The 16 LEDs are placed in a random manner using

MHCP process, as shown in Fig. 4.1. The receiver structure consists of K = 4 PDs lying in a plane parallel to

the LED array plane. We have used two types of receiver structure, a non-imaging receiver structure in which

four PDs are arranged in a square panel with different FOVs and another one is an imaging receiver.

In the following subsections, we will discuss in detail the LED placement using MHCP as well as different

receiver configurations.

4.2.1 Random Placement of LEDs

A point process is a collection of points randomly located on the space such as a real line, or a Cartesian

plane, etc. It is a powerful tool in statistics for modeling and analyzing the spatial data [158]. These point

processes are frequently used in a wireless network for planning the location of base stations (BS) in a given

area. Generally, the point processes depends on some random measure. If the random measure follows a Poisson
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Figure 4.1: Indoor VLC System Model

random variable, such a process is called the Poisson point process (PPP). Further, if the average density of

the points in the Poisson process located in some space is constant; then the resulting point process is called

a homogeneous or stationary Poisson point process. The other type of process, called as the MHCP, is the

hardcore point processes which is clustered point processes where the points are forbidden to be closer than

a certain minimum distance. MHCP is also used for planning the locations of base stations and interference

calculation in a cellular network [159]. One general way to achieve such a minimum distance between points

is to start with a point process that has no such restriction and then remove points that violate the above

condition. Fig. 4.2 shows the realization 16 LEDs in MHCP configuration. In this work, we have used the

Figure 4.2: Realization of MHCP with 16 LEDs

MHCP process to distribute the LEDs in a plane with intensity � which is defined by the number of LEDs to

be deployed. Here, a random point or mark is associated with each LED, and a mark of the parent Poisson

process is deleted if there exists another mark within the hardcore distance �.

To determine the intensity of the MHCP process, we first condition on a point having a given mark t. This
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point is retained with probability of exp(�t⇡�2). Since t�b is the density of points with marks smaller than t,

the intensity of the resulting process is [160]:

� = �b

Z 1

0
exp(�t�b⇡�

2)dt =
1� exp(��b⇡�2)

⇡�2
, (4.1)

MHCP can be used for modelling the positions of the simultaneous transmitting nodes. However, the MHCP

is a conservative model, it will underestimate the intensity of simultaneous transmitting nodes in a certain degree

when the network becomes dense.

4.2.2 Receiver Structure
4.2.2.1 Non-imaging Receiver

(a) 1-FOV (b) 2-FOV

Figure 4.3: Non-imaging receiver structure with four PDs in 1-FOV and 2-FOV configuration.

A good optical MIMO receiver for indoor optical wireless applications should combine two characteristics:

• It should have a large overall FOV so that it has line of sight (LoS) to as many LED transmitters as

possible.

• It should provide good diversity so that the signals from different transmitters can be separated [157].

In the 2-FOV receiver, the PDs with large FOV ensure that the receiver has a large overall FOV so that it

has LoS to all the LED luminaries from all the possible receiver positions. The PDs with small FOV is used to

reduce the similarity between the channel gains in each column of the channel matrix because for most receiver

positions some luminaires are outside of the FOV of some PDs and within the FOV of others. Thus, even

when the distance between the PDs is small, the channel matrix is well conditioned. In this work, we have

used a combination of large FOV 60� and small FOV 30� receiver, as shown in Fig. 4.3. The reason behind

using FOV combination of 60� and 30� is because and the large separation between the PD, as it provides

a better-conditioned channel matrix than any other FOV combination, which will help the receiver in signal

extraction [157].
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4.2.2.2 Imaging Receiver

Fig. 4.4 shows the schematic of the imaging receiver with a FOV of 30� in a room with the concentrator

(imaging lens) followed by PD array and an amplifier [161]. The PD array collects ambient light from all parts

of the room and this creates unwanted photo-current, so a threshold is set for each detector pixel, and if the

received photo-current is below this threshold then it is set to zero in the subsequent calculation.

Figure 4.4: Imaging receiver

Light propagates from the transmitter LED arrays to the receiver, and each LED array is imaged onto

a detector array, where images may strike any pixels or group of pixels on the array, and be in arbitrary

alignment with them. Each pixel on the detector array is a receiver channel, and measuring the channel matrix.

By denoting the optical connection between each pixel and each transmitter LED array allows the received

signals to be separated.

4.3 LED Power Allocation Schemes

In this work, we have proposed three LED power allocation strategy for MHCP in order to maximize the received

power at the receiver plane.

4.3.1 Equal Power Allocation

In the equal LED power allocation strategy, the total LED transmit power is equally divided among N randomly

placed LEDs. The total LED transmit power can be expressed as:

Pt =
NX

i=1

Pti . (4.2)

where Pti is the allocated power to the ith LED.

4.3.2 Distance-based Power Allocation

For MHCP configuration, each LED is at a random location, so heuristically the power should also depend on

the distance of the LED from the center of the LEDs array. In this power allocation strategy, the total power
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is distributed among all the LEDs. The power distribution is the function of the distance of the ith LED to the

center of the array. Hence, the power allocated to ith LED is expressed as :

Pti =
d
↵
i PPN

i=1 d
↵
i

, (4.3)

where di is the location of ith LED from the centre, P is total transmit power and ↵ is the suitable exponent.

This exponent ↵ is calculated in order to maximize the SNR at the receiver. For a MHCP, SNR at the jth PD

is:

SNRj = E

"
Prj

�
2
j

#
. (4.4)

where E is the expectation with respect to the MHCP with intensity �. By solving (4.4) ↵ is found out to be

3.1 for the proposed MHCP with 16 LEDs.

4.3.3 Optimum Power Allocation

In order to maintain uniform SNR across the room, it is essential that the mean SNR at the receiver is above a

given threshold and the variance of the SNR should be small. Since the PD can be located at any point in the

receiver plane, the variance of the received power Prj at jth PD is considered as an objective function which

can be expressed as:

min
Pti

E
h�
Prj � E[Prj ]

�2i (4.5)

subject to following constraints of total power constant and each LED has non negative power.

NX

i=1

Pti = P.

Ax = P.

(4.6)

where A = [1, ..., 1].

Pti � 0, 8i = 1, ..., N. (4.7)

The above can be formulated as an optimization problem. The objective function in (4.5) is expressed in

quadratic form and is a cost function for the proposed optimization problem. The first term in (4.5) is a second

order mean of received power at PDs and can be expressed in terms of transmit power as:

Prj =
NX

i=1

HijPti . (4.8)

The optimization problem is:

min
x

1

2
xTBPx (4.9)

Subject to

Ax = P. (4.10)

Gx  0. (4.11)
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where G = diag(�1, ...,�1), x = [Pt1 , ...., PtN ], the matrix B is given by:

B =


�11 .. �1N

�N1 .. �NN

�
(4.12)

and elements �uv are

�uv =

8
<

:

2
P

K

p=1 H2
up

K � 2(
P

K

p=1 Hup)2

K2 , u = v

2
P

K

p=1 HupHvp

K � 2(
P

K

p=1 Hup)(
P

K

p=1 Hvp)
K2 ; u 6= v.

(4.13)

Here (4.10) and (4.11) corresponds to the two constraint that we stated during problem formulation (4.5). The

cost function in (4.9) is convex [162]. It is numerically solved using quadratic programming (QP) through

CVXOPT solver in Python.

4.4 BER Performance

We have assumed OOK modulation in the VLC link for deriving the BER expression as this is one of the

standard modulation scheme defined in the VLC standard (IEEE 802.15.7) [49]. The optical signal transmitted

by the ith LED of the VLC is given by:

si(t) = Pti [1 +MIxi(t)], (4.14)

where Pti is the transmit power at the ith LED, xi is the corresponding modulating OOK signal and MI is the

modulating index [163]. Here the former term (Pti) in (4.14) takes care of illumination while the latter (PtiMIxi)

is for communication. After photo-detection, assuming that the DC component of the detected electrical signal

is filtered out at the receiver, the received signal at photo-detector j is given by

yj = RPrj + nj , (4.15)

where R is photodiode responsitivity, nj is AWGN with nj = N (0,�2
j ) and Prj is expressed as:

Prj =
NX

i=1

HijPtiMIxi. (4.16)

VLC channel coefficient between ith LED and jth PD Hij using (2.7) can be expressed as [12]:

Hij =
(m+ 1)cosm(�)Acos(✓)

2⇡d2ij
. (4.17)

where � is the angle of incidence of light on the surface and m is the order of Lambertian emission, A is the

detector physical area and ✓ is the angle of incidence with respect to the receiver axis, dij is the distance between

the ith LED and the jth PD.

4.4.1 BER for Equal Power Allocation

For equal power allocation the SNR at the receiver using minimum mean square error (MMSE) equalizer at the

output of the PD is expressed as [164]:

SNRMMSE =
(RPt)2

�
2
j

2

4
 

HTH +
�
2
j I

(RPt)2

!�1
3

5

, (4.18)
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where H is the channel matrix and can be calculated using (4.17) and I is the identity matrix. BER for VLC

with OOK under AWGN can be defined as [165]:

BERequalpower = Q
⇣p

SNRMMSE

⌘

= Q

0

BBBBBBB@

vuuuuut

(RPt)2

�
2
j

2

4
 

HTH +
�
2
j I

(RPt)2

!�1
3

5

1

CCCCCCCA

.

(4.19)

BER calculation is done using (4.19) for both 1-FOV and 2-FOV configuration, where only the channel matrix

H value will change as per the configuration of the receiver.

(4.19) can be used for BER calculation for distance based power allocation, in which the Pt will be calculated

according to (4.4). The H matrix calculation will remain same for both equal and distance-based power

allocation schemes.

4.4.2 BER for Distance-based Power Allocation

For distance-based power allocation, the SNR at the receiver can be written as:

SNRDBP =
KX

j=1

2

64

⇣
R
PN

i=1 HijPti

⌘2

�
2
j

3

75 , (4.20)

where Pti will be calculated according to distance-based power allocation strategy, which satisfy (2.4). BER for

OOK with distance-based power allocation can be expressed as:

BERDBP = Q
⇣p

SNRDBP

⌘

= Q

0

BB@

vuuuut
KX

j=1

2

64

⇣
R
PN

i=1 HijPti

⌘2

�
2
j

3

75

1

CCA .

(4.21)

The H matrix calculation will remain same for both equal and distance-based power allocation schemes.

4.4.3 BER for Optimal Power Allocation

For the optimal power allocation the transmit power to the ith LED will be allocated using optimization

problem formulated in (4.9), which will depend on the MHCP process. The SNR at the jth PD for optimal

power allocation can be written as:

SNRj = E

2

64

⇣
R
PN

i=1 HijPti

⌘2

�
2
j

3

75 , (4.22)

The SNR at the receiver for optimal allocation can be written as:

SNRoptimal =
R2
PK

j=1

PN
i=1 H

2
ijP

2
ti

�
2
j

, (4.23)
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therefore the BER expression with OOK for optimal power allocation can be expressed as:

BERoptimalpower = Q
⇣p

SNRoptimal

⌘

= Q

0

B@

vuutR2
PK

j=1

PN
i=1 H

2
ijP

2
ti

�
2
j

1

CA .

(4.24)

BER calculation for optimal power allocation with 1-FOV and 2-FOV can be done using (4.24). It cannot

be further decomposed analytically due to summation included in the point process hence will be evaluated

numerically. Moreover, above BER performance can be extended for other modulation techniques like QAM,

PAM as well.

4.5 Results and Discussion

In this section, we present simulation and analytical results for the proposed system inside a standard room size

of 5m ⇥ 5m ⇥ 3m length and width of the room in the figures is represented by L(m) and B(m) respectively.

The room consists of 16 LED transmitters placed in a random geometry using MHCP and a receiver consist of

4 PDs in a square geometry with non-imaging (1-FOV and 2-FOV) and an imaging receiver.

4.5.1 Received SNR Profile

In this section, the SNR distribution at the receiver for the proposed MHCP configuration with LED power

allocation schemes under 1-FOV, and 2-FOV receiver structure with 4 PDs are shown using simulation results.

4.5.1.1 Equal Power Allocation

(a) 1-FOV (b) 2-FOV

Figure 4.5: Received SNR distribution for 1-FOV and 2-FOV receiver with equal power allocation.

Fig. 4.5 shows the SNR profile at the receiver for proposed MHCP geometry with N = 16 LEDs for 1-FOV

and 2-FOV receiver with 4 PDs. The total power is equally distributed among LEDs. With the help of the

received SNR profile from Figs. 4.5(a) and 4.5(b), it can be calculated that for equal power allocation with 1-

FOV receiver, the average SNR at the receiver is 13.50 dB whereas, for 2-FOV receiver the average SNR at the
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receiver is 14.20 dB. 1-FOV receiver performance is poor because all of the elements in the channel matrix have

very similar values, so the MMSE equalizer causes considerable noise enhancement. In a 2-FOV receiver, the

combination of low and high FOV results in a more conditioned channel matrix than 1-FOV receiver, which

results in improved channel gain at the receiver.

4.5.1.2 Distance Based Power Allocation

For the proposed MHCP geometry of LED deployment, the LEDs are located at an arbitrary location in the

transmitting plane. In the distance-based power allocation strategy, the transmit power will also depend on the

distance of the LED from the center of the MHCP array. The total power is distributed across N = 16 LEDs

using (2.9), which maximizes the SNR at the receiver.

(a) 1-FOV (b) 2-FOV

Figure 4.6: Received SNR distribution for 1-FOV and 2-FOV receiver with distance based power allocation.

(a) MHCP with 16 LEDs (b) MHCP with 13 LEDs

Figure 4.7: Optimal distribution of total transmit power across source LEDs.

Fig. 4.6 shows the SNR profile at the receiver for proposed MHCP with N = 16 LEDs with 1-FOV and

2-FOV receiver configuration. For 1-FOV with distance-based power allocation, the average SNR is 17.34 dB,

while with 2-FOV receiver, the average SNR is 18.26 dB, as shown in Figs. 4.6(a) and 4.6(b). The 2-FOV

receiver structure performs better than the 1-FOV receiver.
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(a) 1-FOV (b) 2-FOV

Figure 4.8: Received SNR profile for 1-FOV and 2-FOV receiver with 16 LEDs in MHCP with optimal power
allocation .

(a) 16 LEDs in MHCP (b) 13 LEDs in MHCP

Figure 4.9: Received SNR profile for 1-FOV and 2-FOV receiver with 13 LEDs in MHCP with optimal power
allocation .

4.5.1.3 Optimal Power Allocation

Fig. 4.7 shows the realization of LEDs using the MHCP with an optimal power allocation scheme. The total

transmit power of P Watt is distributed among 16 LEDs by solving the proposed optimization problem in

(4.9). It was observed that three LEDs which are marked as red in Fig. 4.7(a), have very less transmit power

distributed compared to others, hence these 3 LEDs can be ignored in realization as shown in Fig. 4.7(b).

Figs. 4.8(a) and 4.8(b) compare the SNR profile at the receiver for 1-FOV and 2-FOV receiver with 16 LEDs

in MHCP using optimal power allocation. It can be observed that for optimal power allocation with 16 LEDs,

2-FOV receiver performs better with an average SNR of 21.15 dB with respect to 1-FOV receiver, which has an

average SNR of 18.85 dB. Further, by removing 3 LEDs, which are transmitting negligible power as compared

to other LEDs and with optimal power allocation among 13 LEDs, it is observed that the SNR profile at the

receiver is not affected. It is still comparable to the average SNR of 16 LEDs with low variance, as shown in

Figs. 4.9(a) and 4.9(b).
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(a) CDF of received power in MHCP with non-imaging re-
ceiver

(b) CDF of received power in MHCP with imaging receiver

Figure 4.10: CDF of received power in MHCP with equal power (EP), distance-based power (DBP) and optimal
power allocation (OP).

It may be noted that illumination is considered as a primary functionality of the LEDs and is given priority

over communication [166]. The standard illuminance requirement for indoor room lighting for office work is

300-1500 lux standardized by international standard organization (ISO), which is also calculated and is fulfilled

by the proposed geometry [46]. Hence, from the above discussion it can be inferred that the proposed work

improves the performance of the system without compromising on the illuminance.

Table 4.1: SNR Performance of LEDs in Circular geometry

Parameter EP DBP OP
1-FOV 2-FOV 1-FOV 2-FOV 1-FOV 2-FOV

Mean SNR 12.35 dB 14.50 dB 16.50 dB 17.85 dB 18.25 dB 19.20 dB
Variance (ROPD) 2.75 dBm 2.20 dBm 2.13 dBm 1.65 dBm 0.98 dBm 0.65 dBm
Illumination 340-1300 lux 340-1300 lux 340-1350 lux 340-1350 360-1350 lux 360-1350 lux

Table 4.2: SNR Performance of LEDs with Non-imaging Receiver

Parameter EP DBP OP
1-FOV 2-FOV 1-FOV 2-FOV 1-FOV 2-FOV

Mean SNR 13.50 dB 14.20 dB 17.34 dB 18.26 dB 18.85 dB 21.15 dB
Variance (ROPD) 2.67 dBm 2.11 dBm 1.79 dBm 0.82 dBm 0.69 dBm 0.38 dBm
Illumination 330-1320 lux 330-1320 lux 350-1350 lux 350-1350 380-1400 lux 380-1400 lux

Table 4.3: SNR performance of LEDs in MHCP Configuration with Imaging Receiver

Parameter EP DBP OP
Mean SNR 15.30 dB 19.22 dB 22.45 dB
Variance (ROPD) 1.76 dBm 1.05 dBm 0.5. dBm
Illumination 330-1320 lux 350-1350 lux 380-1400 lux

The SNR performance for all three power allocation strategies for the proposed MHCP with 1-FOV and

2-FOV receiver structure is summarized in Table 4.2. We have also compared the performance of MHCP
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geometry with circular geometry shown in Table 4.1. We have also examined the MHCP performance with

imaging receiver, as shown in Table 4.3. It is obvious that the proposed MHCP based optimal power allocation

in LEDs performs better than the circular geometry in equal power and distance based power allocation strategies

for 1-FOV and 2-FOV non-imaging receiver.

MHCP with optimum power in imaging receiver performs even better, and it is due to the fact that in

imaging receiver both LOS and non-LOS links reduce ambient light noise, receiver thermal noise and multipath

distortion, which results in improved SNR at the receiver. To further elaborate the results obtained for MHCP

in Table 4.2 and Table 4.3, we have plotted the CDF of received optical power in MHCP configuration, as

shown in Fig. 4.10. Fig. 4.10 shows the probability of the received optical power being less than to the

corresponding received optical power in dBm. For instance, as shown in Fig. 4.10(a), at the probability of

0.5, the received optical power in equal power 1-FOV, and 2-FOV configuration is less than the 1.83 dBm and

2.35 dBm respectively. Similarly, in imaging receiver at the probability of 0.5, the received optical power for

equal, distance based and optimal power allocation is 2.79 dBm, 3.38 dBm and 4.01 respectively. It is obvious

from Fig. 4.10 that the MHCP with optimal power allocation is performing better in both non-imaging receiver

(1-FOV and 2-FOV) and imaging receiver configurations.

4.5.2 BER Performance
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Figure 4.11: BER performance of the MHCP with non-imaging 1-FOV and 2-FOV receiver

Fig. 4.11 shows the BER performance of the proposed system with equal power and optimal allocation

for non-imaging 1-FOV and 2-FOV receiver configuration, respectively. The derived BER expressions and

the simulation results are in close agreement, which validates the mathematical derivations and justifies the

approximations made in (4.19) and (4.24). It can also be observed from Fig. 4.11, that non-imaging 2-FOV

receiver performs better than the 1-FOV receiver for equal power allocation. For instance, to achieve the BER

of 10�3 required SNR with 1-FOV receiver is 32 dB whereas, for 2-FOV, the required SNR is 29 dB. Similarly,

for optimal power allocation also, the 2-FOV receiver is better as compared to 1-FOV receiver with required

SNR of 17 dB and 19 dB respectively to achieve the BER of 10�3 as shown in Fig. 4.11.
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(b) BER performance with imaging receiver

Figure 4.12: BER performance of the MHCP with non-imaging and imaging receiver

Fig. 4.12 shows the BER performance for the proposed MHCP configuration for equal, distance based, and

optimal power allocation. It can be observed that optimal power allocation gives better BER performance for

both receiver configuration. For instance, 2-FOV receiver with equal and distance based power to achieve the

BER of 10�3 the required SNR is 29 dB and 25 dB respectively, whereas for optimal power allocation for the

same BER the required SNR is 19 dB as shown in Fig. 4.12(a). Fig. 4.12(b) compares the BER performance

for imaging receiver with equal, distance based, and optimal power allocation.

4.6 Summary

In this Chapter, a random deployment of LEDs using the MHCP for an indoor VLC system with non-imaging

receiver and imaging receiver structures is proposed. It has been shown that MHCP results in more uniform

SNR in the room as compared to conventional LED deployments. The results of SNR at the receiver were

compared for three different power allocation strategies namely, equal power allocation, distance-based power

allocation, and optimal power allocation. The proposed optimal power allocation is shown to provide more

uniform SNR across the room with increased average SNR as well as the minimum variance between the two

receiver locations inside the room. It has also been shown that the optimal power allocation performs better

with the imaging receiver. The closed-form expression with MHCP is derived for the power allocation schemes

with 1-FOV and 2-FOV receiver structure. The analytical results are in close agreement with the simulation

results, which validates the analytical framework proposed in the Chapter.

Further, the results also demonstrate that MHCP with 2-FOV receiver and imaging receiver outperforms

the non-imaging 1-FOV receiver with the proposed power allocation strategy. It has also been shown that the

BER performance for optimal power allocation with non-imaging (2-FOV) and imaging receiver is better than

equal and distance-based power allocation strategy.
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Chapter 5

Indoor Visible Light Communication
System with Human Blockages

This Chapter employs a stochastic geometry model-based approach to analyze the downlink performance of

an indoor VLC system with human blockages. The system performance is analyzed for a regular placement of

LEDs in a rectangular configuration. The proposed analysis is divided into two parts. In the first part, it is

assumed that human blockages are static. Further, the analysis is extended for the case where blockage mobility

has also been considered.

The rest of the Chapter is organized as follows. We discuss the motivation behind this work and outline

our contributions in Section 5.1. In section 5.2, the system model is described, which includes the VLC channel

model and spatial model of human blockages. The analytical framework for blockage realization using MHCP

is derived in Section 5.3. Section 5.4 gives a characterization of human blockages using the RWP model. The

analytical expression of SNR at the receiver with human blockages is derived in Section 5.5. The analytical and

simulation results have been discussed in Section 5.6. Finally, Section 5.7 concludes the Chapter.

5.1 Motivation and Contribution

5.1.1 Motivation

Despite the growing literature (ref. Section 1.6.4) on shadowing, one or more of the following aspects are not

considered in the above works. The received optical power in the indoor VLC system varies with respect to the

distance from respective transmitting LEDs to the intended user inside the room. When there are multiple users

inside the room, these users acts as a blockage to the intended user. This blockage results in a sudden fall in

received optical power as it can block both the LoS and the NLoS signal from the LED to the intended user. The

amount of power reduction will depend on the height and width of the blockage. In order to analyze the impact

of static and dynamic human blockages in indoor VLC systems performance, we have proposed two models to

characterize the blockages. The first model, with MHCP realizes the static blockages wherein two blockages are

forbidden to an absolute minimum distance. Further, to include the effect of dynamic human blockages moving

with uniform velocity inside the room, the RWP model is used to realize the dynamic blockages.
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5.1.2 Contributions

The proposed work analyzes an indoor VLC system under static and dynamic human blockages. The per-

formance is analyzed for fixed placement of LEDs in a rectangular configuration with 4-LEDs and 8-LEDs

arrangement. Some of the main contributions of the proposed work are summarized as follows:

• We propose a stochastic geometry-based model to investigate the impact of the static and varying size of

human blockages inside the room. For the realization of static human blockage, MHCP is used. Further,

to include the mobility of humans, the RWP model is used with uniform velocity.

• The analytical expression of the intensity of human blockages inside the room and the SNR at the receiver

for the homogeneous (same size) and heterogeneous (different size) blockages are derived using MHCP for

the static realization of human blockages.

• The received optical power with increasing density of human blockages inside the room has been plotted

for both MHCP and RWP model with 4-LED and 8-LED configuration.

• Further, the SNR at the receiver with different blockage intensity has been shown by obtaining the

cumulative distribution function (CDF) results for 4-LED and 8-LED configuration.

Notations : The vector and the matrix are denoted as x and X, respectively. The vectorization of matrix X

is denoted as X(:). The element corresponding to i
th row and j

th column of a matrix X is represented as Xij .

The CDF and the PDF of the random variable are denoted as F and f, respectively. The retaining probability

for radius r is represented as P(r). The expectation of the random variable is denoted as E. The set of positive

real numbers is denoted by RN
+ and R2 denotes the two dimensional space. � denotes the set of points in the

Poisson point process.

5.2 Characterization of Static Human Blockages Using MHCP

This section discusses the realization of the locations of the stationary human blockages inside the room using

MHCP. The effect of homogeneous and heterogeneous blockages is analyzed. In MHCP, two or more points are

forbidden to be closer than a certain minimum distance. The MHCP is also used to plan the deployment of

base stations in cellular networks and modeling of blockages and interference calculation in wireless networks

[159]. One way to achieve such a minimum distance between points is to start with a parent point process with

no such restriction and then remove points that violate the above condition. We start with a target number of

blockages (NB) to be considered for the downlink analysis. To model the location of the blockages, we assume a

modified version of the type-II MHCP process, wherein, the points are a result of random thinning of a parent

PPP �P with intensity �P . In particular, for each realization of �P , we assign a random mark [0, 1] to each

xi in �P . Then, xi is deleted if there exists an xj , j 6= i, such that the mark assigned to xj is lower than the

mark assigned to xi. Let the resulting MHCP so created be denoted by �B with intensity �B . Finally, we

check the condition NB = �B(A), and perform the downlink analysis of the network for only such realizations
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in which NB = �B(A) holds. we have used above describe MHCP to characterize the locations of stationary

homogeneous (same radii r1 or r2) and heterogeneous (different radii r1 and r2) blockages, where r1 < r2.

5.2.1 Intensity of Homogeneous Blockages Using MHCP

In this subsection, we have characterized the homogeneous blockage process having radius rB using MHCP.

First, a parent Poisson point process is generated to realize the locations of human blockages in a 2-D plane.

A random point or mark is associated with each human blockage, and a point of the parent Poisson process

is deleted if there is another mark within the hardcore distance of �. The intensity of the resulting process is

[159]:

�B =
1� exp(�p⇡�2)

⇡�2
. (5.1)

where �p is the intensity of the parent point process. As shown in Fig. 2.5, the link between two nodes located

at a distance dB from each other is blocked if a element of point process falls in the shadow region of the

blockage. The probability that the center of at least one blocking object falls in the shaded the area can be

calculated using the void probability [167]:

PB(d) = 1� exp
�
�2�BdBr

2
B

�
. (5.2)

where �B is the blockage intensity having same radius and rB is the blockage radius which can be either r1 or

r2.

5.2.2 Intensity Calculation of Heterogeneous Blockages Using MHCP

This subsection has characterized the heterogeneous blockage process with radius r1 and r2 using MHCP. The

blockages inside the room have been modelled in two steps. In the first step, the points with fixed radius r1 and

r2 are generated and the respective weights are assigned as W1(r1) and W1(r2). This marked Poisson process

we denoted by �, and a point of the marked process in R2 is denoted by [x; r].

In the second step, we thin the marked point process by letting all pairs of points whose associated cylinders

intersect compete. A point is kept if it has a higher weight in all pairwise comparisons. Given a pair of

blockages points [x1; r1], [x2; r2] 2 �, we give points independent weights, W1(r1) and W2(r2) respectively,

which will depend on the radius, therefore, for the proposed model (r1 < r2), W1 will be less than W2. If their

associated cylinder intersects, the point with the lower weight is removed, and the point with the higher weight

will be retained.

Hence, the retaining probability of a typical point with radius r and weight W after thinning is [168]:

Pretain(r) = E[exp{��P⇡r2
Z 1

0
{P (W1(r)  W2(y)}

(r + y)2Fpr(dy)}],
(5.3)

where W1(r) and W2(y) are independent weights and Fpr is the distribution of radius before thinning. A

point and its associated d-dimensional cylinder are kept if and only if the sphere meets no larger or equal sized
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sphere of the marked point process. Further, E[P (W1(r)  W2(y))] = 1 (r  y), then the retaining probability

can be further written as:

Pretain(r) = exp

✓
��P⇡r2

Z 1

r
(r + y)2Fpr(dy)

◆
. (5.4)

We now consider a heterogeneous model of cylinders (blockages) with two different radius r1 and r2. Let P1

and P2 denote the probability of blockage with radius r1 and r2, respectively. The probability after thinning

Pthin(r1) for the case r2 = 2r1, using Theorem 3.2 and Corollary 2.2 [168] in (5.4). The retaining probability

of blockage radius r1 can be expressed as:

Pretain(r1) =
P2 (9P1 + 16P2)

P1 (4P1 + 9P2)
�1 + P2 (9P1 + 16P2)

�1 , (5.5)

Similarly, the retaining probability of blockage radius r2 can be expressed as:

Pretain(r2) =
P1 (4P1 + 9P2)

P1 (4P1 + 9P2)
�1 + P2 (9P1 + 16P2)

�1 . (5.6)

The intensity of thinned point process with retaining probability Pretain(r) is given by [168]:

�th = �PPretain(r). (5.7)

Using (5.5), (5.6) and (5.7), the equivalent blockage density �B2(r) for heterogeneous blockage process are

generated which are given as:

�B2(r1) = �P
P2 (9P1 + 16P2)

P1 (4P1 + 9P2)
�1 + P2 (9P1 + 16P2)

�1 , (5.8)

�B2(r2) = �P
P1 (4P1 + 9P2)

P1 (4P1 + 9P2)
�1 + P2 (9P1 + 16P2)

�1 . (5.9)

5.3 Characterization of Dynamic Blockages using RWP

Figure 5.1: Stationary RWP model location PDF

In this section, the dynamic effect of human blockages moving within the room with the uniform velocity

has been analyzed. The RWP mobility model is a simple and straightforward stochastic model that describes
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a human blockage’s movement behavior in given room size. In this model, a blockage randomly chooses a

destination point (‘waypoint’) in the room and moves with uniform velocity on a straight line to the next

destination point. After waiting for a specific pause time, it chooses a new destination and moves with uniform

velocity to the destination, and so on. Further, we can use non-uniform velocity distribution, but in this work,

for ease of analysis and analytical tractability, we have used uniform velocity distribution [169]. As discussed

earlier, in a VLC system, the achievable user’s data rate is related to the user-AP distance; therefore, including

the spatial user distribution becomes essential.

Furthermore, note that human blockages are not necessarily distributed uniformly in typical indoor envi-

ronments across the network area. On the contrary, their location distribution is characterized by a higher

probability of being located near the center of the room than near the walls. Incidentally, the stationary dis-

tribution of the RWP model captures such a spatial configuration. For example, as discussed in [89], users’

stationary distribution without pause-time in an RWP model can be approximated by an elliptic-paraboloid

function.

In the analysis, RWP model is considered in a rectangular area of size R = a ⇥ a, a point (waypoint)

S1 is selected randomly in R. A pause time at point S1 is chosen randomly in an interval [tmin, tmax], upon

the termination of pause time, a new waypoint S2 is chosen uniformly at random in R, and the node starts

moving from S1 to S2 along a straight line trajectory with velocity chosen uniformly at random in an interval

[vmin, vmax]. The pause and movement process is repeated as above when the node arrives at the destination.

For the sake of simplicity and without loss of generality, we have used the RWP model without any pause time.

As the users continue to move, the distribution of the position of users approaches a stationary distribution. In

particular, for a square area of size, a⇥ a, the stationary distribution of the user locations is:

fX(x) = fXY (x, y) =
36

a6

✓
x
2 � a

2

4

◆✓
y
2 � a

2

4

◆
, (5.10)

where
�a

2
 x  a

2
,
�a

2
 y  a

2
shows the coordinate of each node in the square area and x = [x y] is the

position vector. This stationary distribution is also represented in Fig. 5.1, which confirms the concentration

of the users near the center of the room.

5.4 SNR Model

In this section, the received SNR is calculated for the stationary blockage process using MHCP. It is assumed

that when the PD is in blockage, it receives no signal. The optical signal transmitted by the ith LED is given

by:

si(t) = Pti [1 +MIxi(t)], (5.11)

where Pti is the transmit power at the ith LED, xi is the corresponding modulating OOK signal and MI is

the modulating index [163]. Here, the first term (Pti) in (5.11) takes care of illumination while the second

term (PtiMIxi) is for communication. After photo-detection, assuming that the DC component of the detected

electrical signal is filtered out at the receiver, the received signal at photo-detector j is given by

yj = RPrj + nj , (5.12)
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where R is photodiode responsitivity, nj is AWGN with nj = N (0,�2
j ) and Prj is expressed as:

Prj =
NX

i=1

HijPtiMIxi , (5.13)

where N is the number of LEDs and Hij is the VLC channel coefficient between ith LED and jth PD, using

(2.7) Hij and can be expressed as [12]:

Hij =
(m+ 1)cosm(�)Acos(✓)

2⇡d2ij
. (5.14)

where dij is the distance between the ith LED and the jth PD. If there is human blockage between the LED

and the PD at distance d with probability PB(d) between transmitting LED and the PD the VLC channel gain

with blockage can be expressed as:

H
B
ij = Hij [(1� PB(d))]

=
M [exp

�
�2�Bdijr2B

�
]

2⇡d2ij
,

(5.15)

where M = (m+ 1)cosm(�)Acos(✓).

The SNR at the receiver in the presence of blockages using (5.14), and (5.15) can be expressed as:

SNRB =

⇣
R
PN

i=1 H
B
ijPtiMIxi

⌘2

�
2
j

, (5.16)

The noise variance �2
j at jth PD is the total noise comprising of shot noise and thermal noise [170]:

By substituting value of HB
ij from (5.15), it can be rewritten as:

SNRB =

hPN
i=1

PK
j=1

RMPti
MIxi

2⇡d2
ij

exp
�
�2�Bdijr2B

�i2

K�
2
j

. (5.17)

For the average SNR calculation, the blockage intensity will be taken as �B 2 (�B1 ,�B2) and the blockage

radius rB 2 (r1, r2) as per the proposed configuration.

5.5 Results and Discussion

In this section, we present the simulation and analytical results for the VLC system with human blockages inside

a standard room size of 5 m⇥ 5 m⇥ 3 m. The two transmitter configuration of 4 and 8 LEDs in a rectangular

geometry are considered. The locations and the orientations of the VLC transmitters and the receiver are

provided in Table 5.1. Both LoS and NLoS (with one-point reflection because of higher data rate threshold)

[149] signals are considered in the analysis.

5.5.1 Received SNR Profile with Human Blockage

In this subsection, the received SNR profile with human blockages inside the room has been plotted. Figs.

5.2(a) and 5.2(b) show the received SNR profile with 4 LEDs having 6 and 8 human blockages of the same

radius inside the room. It can be seen that there is a sudden fall in the received SNR whenever there is a
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Table 5.1: Indoor VLC System Model Parameters

Parameter Value
Room size 5 m⇥ 5 m⇥ 3 m
LED transmitted power 200 mw
Refractive index n 1.5
Optical filter gain Ts 1
Wall reflection ⇢ 0.8
LED irradiance angle 60�

Receiver plane above the floor (hR) 0.85 m
Receiver elevation 90�

Receiver active area 1 cm2

Field of views (FOVs) of receiver 60�.
Blockage radius (r1 and r2) 20 cm & 40 cm
Height of the blockage (hB) 180 cm
Responsivity (R) 0.5 A

W
Signal bandwidth Bs 10 MHz
Noise bandwidth factor I2 0.562
Background current Ibg 100 µA

(a) �B = 6. (b) �B = 8.

Figure 5.2: Received optical power distribution profile with human blockage intensity.

blockage between the transmitting LED and the user inside the room. Based upon the distance of blockage

from the transmitting LED, its shadow region has been calculated using Fig. 2.5. As the distance from LEDs

to the blockage increases using (2.16), it can be shown that the shadow region also decreases and vice versa.

This results in different size areas of received SNR profile in shadowing due to the blockage and can also be

seen in Figs. 5.2(a) and 5.2(b).

5.5.2 Received Power with Varying Homogeneous Blockage Intensity

Figs. 5.3(a) and 5.3(b) show the average received power and CDF of the received power with varying homo-

geneous blockages intensity inside the room. The human blockages of the same radius r1 = 20 cm has been

considered. Fig. 5.3(a) shows the average received power across the room with increasing blockage intensity

with 4-LED and 8-LED in a rectangular configuration. The theoretical and simulation results are in good

agreement with each other, validating the mathematical derivations and justifying the approximation made in
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Figure 5.3: Received power with varying homogeneous blockage intensity

(5.17).

It may be noted that in order to satisfy the total power constraint and support the fairness among the

different configurations, we have used the constant power of 2 Watts for both 4 and8 LEDs configuration. Thus

the per LED transmit power is more in 4 LED configurations, i.e.,0.5 Watt, whereas for the case of 8 LEDs, it is

0.25 Watt. Further, the received power also depends on the relative distance between the LEDs. As mentioned

before, the LEDs are placed in rectangular geometry, so in 4 LEDs, the LEDs are separated by more distance

with respect to 8 LEDs configuration. In sparse blockages, 4 LEDs provide higher received power because of

good LoS condition, which means that more LEDs are blocked in 8 LEDs with respect to 4 LEDs. On the

contrary, when the number of blockages increases, in 4 LEDs case, the probability of users in LoS with LED

decreases, while for 8 LEDs, this probability increases due to spatial diversity (i.e., because of more number of

LEDs) so in 8 LEDs case the received power is more as compared to 4 LEDs.

To validate the above argument, we have plotted the received power CDF with 4 and 8 LED configurations in

Fig. 5.3(b). Fig. 5.3(b) respectively shows that the probability of the received optical power being less than some

threshold. For instance, at the probability of 0.5, the received optical power in 4 and 8 LED configurations with

two blockages inside the room are 0.5 dBm and 1.23 dBm, respectively. Similarly, as blockage density increases,

the 8 LED configuration performs better than the 4 LED, which confirms that the obtained CDF profile in

5.3(b) is in agreement with the results obtained in Fig. 5.3(a).

5.5.3 Received Power with Heterogeneous Blockage Intensity Using MHCP

This subsection shows the average received optical power across the room with increasing heterogeneous blockage

density for 4-LED and 8-LED configuration. Two size of blockages with radius r1 and r2 have been considered,

where r1 < r2. Figs. 5.4(a) and 5.4(b) show the average received power with heterogeneous blockage intensity

inside the room with 4 and 8 LEDs, respectively. The blockages are realized using (5.9) MHCP process with

radius r1, r2 and mix radii (r1 and r2), equal number blockages have been realized for each case with equal

probability. For example, in heterogeneous blockage realization, both r1 and r2 radius blockages have been
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Figure 5.4: Average Received power with varying heterogeneous blockage density inside the room with 4 and 8
LEDs.

realized with equal probability. The average received power is decreasing with respect to the increasing blockage

density. It is evident from the figure that the homogeneous blockages with radius r1 are performing best among

blockage with radius r2 and mix radii. It is interesting to observe that for lower blockage density, blockage

with mixed radii is performing better than the blockage with radius r2. However, this trend is reversed for

higher blockage density (more than 7), as shown in Figs. 5.4(a) and 5.4(b). It is due to the fact that during

the realization of blockages using the MHCP process, the less number of blockages are realized with radius r2

in comparison to mix radii because of wider radius and thinning process in MHCP.

Further, it can also be observed from Fig. 5.4 that 4-LED configuration is giving better average received

power compared to the 8-LED configuration for constant transmit power of 2 Watts for each configuration.

However, for the higher blockage density of r2 and mix radii, the 8-LED configuration gives better performance

than the 4-LED configuration.

5.5.4 Received Power with Heterogeneous Blockage Intensity Using RWP

In this subsection, we have shown the average received optical power results across the room with heterogeneous

blockage density using the RWP model. Figs. 5.5(a) and 5.5(b) show the average received optical power with

varying blockage intensity inside the room with 4 and 8 LEDs, respectively. The blockages are realized using

RWP mobility model with radius r1, r2 and mix radii. It can be observed that the blockage with radius r1 is

performing better than the r2 and mix radii for both 4-LED and 8-LED configuration. There is no crossover

between r2 and mix radii blockage realization using MHCP, and there is a clear gap between the received optical

power in larger and smaller blockages.

Fig. 5.6 shows the comparison of average received optical power with heterogeneous blockage density inside

the room with 4 and 8 LEDs using MHCP and RWP. It can be observed from Fig. 5.6(a) that average received

power is decreasing with an increase in blockage density for both MHCP and RWP. The average received power

with RWP performs slightly better than the MHCP because in the RWP model using (5.11), the user probability

of being in the center is more than in edges or anywhere in the room, which results in a less number of LEDs
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Figure 5.5: Average Received power with varying heterogeneous blockage density inside the room with 4 and 8
LEDs using RWP.
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Figure 5.6: Comparison of average Received power with heterogeneous blockage density inside the room with 4
and 8 LEDs using MHCP and RWP.

getting blocked in a rectangular configuration. Further, the average received power with the RWP model is

continuously decreasing for higher blockage density, while for MHCP, the average power gets saturated for

higher blockage density due to the stationary behavior of the MHCP.

5.5.5 Received Power with Varying Blockage Radius and Height

In this section, we have plotted the received power for different height and width of the human blockages,

as shown in Fig. 5.7. It may be noted that for modelling static human blockages, we have used the MHCP

process. For the width of the human blockage, the radius has been varied from 20 cm to 40 cm to reflect a

typical human’s waist size, as shown in Fig. 5.7(a). It can be observed that the received power decreases as the

human blockages’ width increases for different blockage densities. However, for lower number human blockage,

the reduction is more as compared to higher human number blockage. Similarly, the height of blockage has

been varied from 120 cm to 200 cm to reflect human height, as shown in Fig. 5.7(b). It can be observed that

the received power decreases as the height of the human blockages increases due to the larger shadow of the

71



20 22 24 26 28 30 32 34 36 38 40

Blockage radius in cm

-1

-0.5

0

0.5

1

1.5

2

R
ec

ei
ve

d 
po

w
er

 in
 d

B
m

2B

5B

10B

15B

(a) Received power versus varying blockage radius

120 130 140 150 160 170 180 190 200

Blockage height in cm

-1.5

-1

-0.5

0

0.5

1

1.5

2

R
ec

ei
ve

d 
po

w
er

 in
 d

B
m

2B

5B

10B

15B

(b) Received power versus varying blockage heights

Figure 5.7: Average received power with varying blockage height and radius

blockages.

5.6 Summary

In this Chapter, the performance of an indoor VLC system with human blockages have been analyzed. For the

realization of static and dynamic blockages inside the room, the MHCP and RWP model are used, respectively.

We have also calculated the analytical expression of the received SNR for varying size human blockages inside

the room using MHCP. Further, the effect of varying human height and width also have been analyzed. It can

be observed that the received power decreases as the human blockages’ width increases for different blockage

densities. However, for lower number human blockage, the reduction is more as compared to higher human

number blockage. It is concluded that for the higher number of blockages, the 8-LED configuration has been

shown to perform better as compared to 4-LED for the same amount of total power from transmitting LEDs.
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Chapter 6

Optimum LED semiangle and the receiver
FOV selection for Indoor VLC System
with Human Blockages

In this Chapter, we have determined the optimum pair of LED semiangle and the receiver FOV in the presence

of human blockages for indoor VLC system. Firstly, we have calculated the optimum value of LED semiangle

and the receiver FOV independently, keeping the others constant. Secondly, we have jointly optimized both the

LED semiangle and the receiver FOV.

The rest of this Chapter is organized in the following way. We discuss the motivation behind this work

and outline our contributions in Section 6.1. Section 6.2 discuss our proposed system model followed by VLC

parameter optimization in Section 6.3. Section 6.4 discusses the analytical as well as the simulation plots.

Lastly, Section 6.5 concludes the Chapter.

6.1 Motivation and Contribution

6.1.1 Motivation

In the earlier analysis of the VLC system, they avoid the impact of human blockages in the room, which will

affect the system parameter values due to shadowing. Also, they do not study the impact of several practical

system parameters like the order of reflections from the wall and human body reflection in the analysis in order

to get the optimum values of VLC parameters. Our work aims to bridge these gaps in the literature (ref. Section

1.6.2). The motivation behind this work is to find the optimum pair of LED semiangle and the receiver FOV

in the presence of human blockages, including reflections from the walls up to two-point and reflections from

the human body [171] which can contribute to received power. To analyze the impact of human blockages on

indoor VLC systems performance, we have employed an MHCP model to realize the static blockages [20]. We

have also incorporated the reflections from the human body, essentially the skin and the clothes, in the analysis

as it impacts the received power. In order to obtain the optimum value of the LED semiangle and the receiver

FOV, we have used the quality factor (Q) as a performance metric. As it ensures the received power distribution

is maintained uniformly by minimizing the variance between two pints across the room while maximizing the
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average power. Which will result in optimal system parameters such as receiver FOV and the LED semiangle.

6.1.2 Contribution

The major contributions of this Chapter are outlined below:

1. This work optimizes the LED semiangle and the receiver FOV for an indoor VLC system in the presence

of human blockages for 4 LEDs in a rectangular configuration in order to provide high-quality factor and

minimum delay spread across the room.

2. In the analysis of quality factor inside the room, wall reflection up to second-order and reflections from

the human body and the clothes are considered.

3. A Joint optimization framework along with single variable optimization have been proposed to provide

us the optimum value of VLC parameter (LED semiangle and receiver FOV) considering the impact of

human blockages.

4. Further, we investigate the effect of the number of blockages on received quality factor with respect

to varying FOV and LED irradiance angles and suggest optimum range (FOV and LED semiangle) of

operation subject to the number of blockages inside the room.

5. Moreover, We also analyze the trade-off between the required quality factor and the delay spread across

the room with respect to the number of blockages, LED semiangle, and the receiver FOV.

Figure 6.1: Multipath VLC System model
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6.2 Multipath VLC System Model with Human Blockage

In this section, we discuss the system model of an indoor VLC system with human blockages inside. We have

used the Matern type-II process to distribute the location of the blockages in a plane with an intensity of �B

respectively. The blockages are assumed to be cylindrical with radius r and the height hB as shown in Fig.6.1.

For the proposed system model, two types of blockages of having radius r1 = 20 cm, r2 = 40 cm which are

equivalent to varying sizes of humans with a minimum separation distance of D1 = 40 cm, D2 = 20 cm have

been considered. Also, the surface of a human body exposed to light propagation is composed of two main parts,

the skin, and the clothes, and their ⇢ values vary according to the light wavelength. We have used the mean

human body reflection value of 0.51 mentioned in [171]. The receiver plane is considered to be 0.85m above the

floor. Both LoS and NLoS paths are considered [49]. The receiver plane is divided into 25 ⇥ 25 sub-region to

cover the whole room for analysis.

In the following subsections, we discuss in detail the the impact of the human body, and the modeling of

human blockages.

6.2.1 Impact of Human Body

We consider geometrical models, one in 2D corresponding to the profile of a generic human body as a cylinder

with a height of 180 cm and width of 20 cm and 40 cm, respectively.

As discussed in the above subsection I-B, firstly, we realize the human blockages with the help of the MHCP

process. Then for each realization, we calculate the reflections from the human body to the PD using the

ray-tracing model [172]. So the received power, including reflections from the human body can be written as:

H
body
NLoS =

(
⇢2(m+ 1)A

2⇡D2
3D

2
4

cosm(�)Ts( )g( ) cos(↵body) cos(�body) 0     c , (6.1)

Here ↵body and �body are the incidence and reflectance angle NLoS link make with reflecting surface (wall) have

reflection coefficient ⇢. D3, D4 are the distance travelled by NLoS link to reach the user from the blockages.

For a given transmission power (PT ), the total received power with multiple LEDs, including diffused paths

through the walls and the human body using (2.9) and (6.1) can be obtained as:

Pr =
NX

i=1

2

4PTH
LED
LoS +

KX

k=1

PTH
wall
NLoS +

MX

j=1

PTH
body
NLoS

3

5 . (6.2)

Here N is the total number of transmitting LEDs, M are the expected number of human blockage realized

using MHCP process, K is the total number of reflection point on the wall, and the total power is obtained by

integrating both LoS the NLoS link across the room.

6.2.2 Modeling of Human Blockages using MHCP

In this subsection, we have characterized the homogeneous blockage process having radius rB using MHCP.

First, a parent Poisson point process is generated to realize the locations of human blockages in a 2-D plane.

A random point or mark is associated with each human blockage, and a point of the parent Poisson process
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is deleted if there is another mark within the hardcore distance of �. The intensity of the resulting process is

�B1 = 1�exp(�p⇡�
2)

⇡�2 , where �p is the intensity of the parent point process [159]. The link between two nodes

located at a distance dB from each other is blocked if an element of the point process falls in the shadow region

of the blockage. The probability that the center of at least one blocking object falls in the shaded the area

can be calculated using the void probability PB(d) = 1 � exp
�
�2�BdBr2B

�
where �B is the blockage intensity

having same radius and rB is the blockage radius which can be either r1 or r2.

6.3 VLC Parameter Optimization

This section discusses the optimization framework for the LED semiangle and the receiver FOV in the presence

of human blockages. Here, our goal is to optimize the power at the receiver in the presence of human blockages

considering second-order reflections from the wall and the reflections from the human body [173]. Therefore,

we define quality factor as a performance metric, which is defined as the ratio of average received power to the

variance of the received power:

Q =
¯Prec

2
p
V ar(Prec)

, (6.3)

where ¯Prec is the average received power across the room and V ar(Prec) is the variance of received power

across the room.

The average received power ¯Prec can be defined as:

¯Prec = E [Prec] =
1

Afloor ⇥N

Z

x

Z

y
Precdxdy, (6.4)

where Afloor = x ⇥ y is the indoor room floor area which we have divided into number of grids, x and y

represents the length and width of the room respectively.

The variance V ar(Prec) of the received power across the room can be defined as:

V ar(Prec) =
h
E
⇥
P

2
rec

⇤
� [E (Prec)]

2
i

=
1

Afloor

Z

x

Z

y

h
P

2
rec �

�
¯Prec

�2i
dxdy,

(6.5)

Using (6.3), (6.4) and (6.5) the quality factor can be expressed as:

Q =

1
Afloor⇥N

R
x

R
y Precdxdy

2

r
1

Afloor

R
x

R
y

h
P 2
rec �

�
¯Prec

�2i
dxdy

. (6.6)

6.3.1 FOV Optimization

In this section, we describe the optimization of the FOV of the receiver such that the optical power detected

on the receiver plane has a high average value and low spatial variations. For the FOV optimization, we have

expressed the quality factor as a function of the FOV  c of the receiver. It can be observed from (6.3) that

the quality factor is a function of the received power and variance, which we can write as a function of receiver

FOV.
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The average receive power ¯Prec( c) as a function of receiver FOV  c:

¯Prec( c) =
1

Afloor ⇥N

Z

x

Z

y
Prec( c)dxdy, (6.7)

where Prec( c) can be expressed using (2.7), (2.6) and (6.1):

Prec( c) =
(m+ 1)APT

2⇡D2
cosm(�)Tsg( ) cos(✓)

=
(m+ 1)APT

2⇡

q
(xR � xT )

2 + (yR � yT )
2 + h2

�

cosm(�)Ts cos(✓)
n
2

sin2( c)
,

(6.8)

where (xT , yT ), (xR, yR) are the transmitter and receiver location coordinates, respectively and h is the height

of the receiver plane from transmitter plane.

Putting the value of Prec( c) in (6.7) the average receive power ¯Prec( c) as a function of receiver FOV  c:

¯Prec( c) =
1

Afloor ⇥N

Z

x

Z

y
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n
2

sin2( c)
dxdy,

(6.9)

Similarly the variance of the received power can be expressed as a function of receiver FOV  c:

V ar( c) = E
⇥
P

2
rec( c)
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� [E (Prec( c))]

2

=
1

Afloor

Z

x

Z

y
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2
rec( c)�

� ¯Prec( c)
�2⌘
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(6.10)

Finally, the quality factor Q can be expressed as a function of receiver FOV  c:

Q( c) =
¯Prec( c)

2
p
V ar( c)

, (6.11)

For optimal solution to find the maximum value of quality factor subject to the receiver FOV  c

dQ( c)

d( c)
= 0, (6.12)

Solving the above optimality condition (6.12), the optimality equation subject to receiver FOV can be written

as:
dPrec( c)

d( c)

p
V ar( c) +

d

p
V ar( c)

d( c)
Prec( c) = 0. (6.13)

Now we can calculate the values of Prec( c), V ar( c), dPrec( c)
d( c)

and d
p

V ar( c)

d( c)
numerically bu putting the

value of VLC system parameter in the table 6.1.
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6.3.2 LED Semiangle Optimization

In this section, the optimization of LED semiangle in the presence of human blockage, keeping the FOV of the

receiver constant, has been proposed. In the analysis, the wall reflection up to second-order has been considered.

Again the quality factor is considered as a performance metric. Here we are maximizing the quality factor at

the receiver subject to LED semiangle.

We have expressed quality factor Q as a function of LED semiangle �, which can be defined as:

Q( c) =
¯Prec(�)

2
p
V ar(�)

, (6.14)

By using optimality condition dQ( c)
d( c)

= 0, we have obtained the LED semiangle optimal equation as:

dPrec(�)

d(�)

p
V ar(�) +

d

p
V ar(�)

d(�)
Prec(�) = 0. (6.15)

Now we can calculate the values of Prec(�), V ar(�), dPrec(�)
d(�) and d

p
V ar(�)

d(�) numerically bu putting the

value of VLC system parameter in the table 6.1.

6.3.3 Joint Optimization

In this subsection, we describe the optimization of both LED semiangle and the receiver FOV subject to the

maximization of the quality factor. The optical power detected on the receiver plane has a high average value

and low spatial variations. Therefore, we first calculate the received power and the variance of the received

power as a function of both the LED semiangle � and the receiver FOV  c jointly.

The quality factor Q as a function of LED semiangle and the receiver FOV jointly can be expressed as:

Q( c,�) =
¯Prec( c�)

2
p
V ar( c�)

, (6.16)

The optimal value of both LED semiangle and the receiver FOV can be calculated using optimality condition
dQ( c,�)
d( c,�)

= 0.

@

✓
@Prec( c,�)

@( c)

p
V ar( c�) +

@
p

V ar( c�)

@( c)
Prec( c�)

◆

@(�)
= 0. (6.17)

6.4 Results and Discussion

This section presents and discusses the results obtained using simulation in MATLAB R� environment in order to

increase the value of quality factor subject to human blockages inside the room. The transmitter configurations

of 4 LEDs in a rectangular geometry are considered. The locations and the orientations of the VLC transmitters

and the receiver are provided in Table 6.1.
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Table 6.1: VLC System Model Parameters

Parameter Value
Room size 5 m⇥ 5 m⇥ 3 m
LED transmitted power 200 mw
Refractive index n 1.5
Optical filter gain Ts 1
Wall reflection ⇢1 0.8
Human body reflection ⇢2 0.51
LED semiangle 60�

Receiver plane above the floor (hR) 0.85 m
Receiver elevation 90�

Receiver active area 1 cm2

Field of views (FOVs) of receiver 60�.
Blockage radius (r1 and r2) 20 cm & 40 cm
Height of the blockage (hB) 180 cm
Responsivity (R) 0.5 A

W
Signal bandwidth Bs 10 MHz
Noise bandwidth factor I2 0.562
Background current Ibg 100 µA

(a) Channel gain as a function of LED semiangle with FOV
= 700

(b) Channel gain as a function of LED semiangle with FOV
= 400

Figure 6.2: Variation in VLC Channel gain as a function of PD’s position

6.4.1 VLC Channel Gain as a Function of LED Semiangle and Receiver FOV

Fig. 6.2(a) and Fig. 6.2(b) shows the variation in VLC channel gain at the receiver FOV of 70� and 30�

respectively. In both the case the LED semiangle considered is 15�, 30�,45� and 60�. We can see that the VLC

channel gain is maximum at the lower values of LED semiangle (�) and FOV ( c), it starts decreasing with

increasing value of � and  c.

It is due to the fact that the VLC channel is a cosine function of � and  c. We can also see that the VLC

channel gain decreases as the distance to the LED and PD increases. As in the practical system, there will be

obstacles inside the room. The VLC channel gain value will deteriorate due to shadowing, so it is essential to

get the optimum pair of � and  c, which will give us better performance across the room.
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6.4.2 Average Received Power with Varying FOV in the Presence of Blockage
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(b) Received power versus FOV with D2 = 20 cm

Figure 6.3: Effect of varying FOV and the separation distance between the blockages on the received power

Fig. 6.3(a) and 6.3(b) show the average received power as a function of varying receiver FOV. For without

blockage case, as the receiver FOV increases, the average power decreases and becomes constant at the higher

value of FOV. However, for with blockage case, the average power first increases, then after achieving its

maximum value, it starts decreasing for different blockage densities and minimum separation among them.

Because of blockage, the user will be in shadow, so it requires a wider FOV to get the power from other LEDs

that are not in shadow. Also, wider FOV capture more and more NLoS signals. It can be observed that for

a specific minimum separation distance, we are getting a particular value FOV where the average power is

maximizing, like for separation distance of D1 = 40 cm, the optimum FOV value is 63� for all the blockage

densities. While for the minimum separation distance of D2 = 20 cm, the optimum value of FOV is 65� for all

the blockage density.

It can be concluded that in the presence of blockage, the optimum value of FOV varies as a function of

blockage density and the separation distance between them. The optimum FOV value is lower for the larger

separation distance due to the non-clustering of blockages because of broader spacing between them. On the

other hand, as the minimum separation distance among them decreases, it results in the clustering of blockage.

Therefore, it requires wider FOV to increase average power across the room.

6.4.3 Average Received Power and the Received Quality Factor with Varying LED
Semiangle

Fig. 6.4(a) and 6.4(b) show the average received power and the quality factor as a function of LED semiangle,

keeping the receiver FOV fixed at 60�. Here in the analysis, reflections of up to second-order from the wall have

been considered. In Fig. 6.4 K = 0 means only the LoS link, K = 1 means LoS and first-order NLoS link, and

K = 2 means LoS with second-order reflection.

As the LED semiangle value increases, the average received power and power decreases as shown in Fig.

6.4(a). Compared to only LoS links, the average received power loss for the case that considers both LoS and
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Figure 6.4: Effect of varying LED semiangle on received power and the quality factor

NLoS is less. Therefore, the average received power should be maximum for the uniform quality of service, and

the variance should be minimum. To evaluate the same, we have plotted the quality factor (Q) (see (6.3)) in

Fig. 6.4(b) as it includes both averages received power and variance of the power in the analysis. It can be seen

from Fig. 6.4(b) as the value of LED semiangle increases initially, the quality factor increases and achieve its

maximum value. For the higher values of LED semiangle, it starts decreasing. It can be seen that the quality

factor reaches its maximum value at the LED semiangle value of � = 65�.

6.4.4 Delay Spread with and without Blockage

0

0.05

0.1

2

0.15

0.2

1

D
el

ay
 s

pr
ea

d 
in

 n
s

2

0.25

0.3

width of the room in (m)

10

0.35

length of the room in (m)

0
-1

-1
-2 -2 0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

(a) Delay spread across the room without blockage

0 1 2 3 4 5 6 7 8

Number of blockages

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

M
ea

n 
D

rm
s 

(n
s)

Theta = FOV = 300

Theta = FOV = 600

Theta = FOV = 900

(b) Delay spread with blockage

Figure 6.5: Delay spread Comparison without and with blockage

Fig. 6.5(a) shows the delay spread profile without any blockages across the room in which delay spread

ranges from 0 ns to 0.35 ns. It can be observed that the delay spread is minimum in the center of the room and

increasing towards the corner of the room because, at the corners, most of the received power is due to NLoS

links. Fig.6.5(b) shows the mean RMS delay spread as a function of a number of blockages in the room subject

to different receiver FOV and LED semiangle values. For each case, the mean RMS delay spread (see (2.17))
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increases with the increasing value of blockages, which is intuitive because the number of blockages more and

reflections will be there in the received power because the LoS component will be blocked due to shadowing.

For the case of � =  c = 30� in this case the mean RMS delay spread is ranging from 0.1 ns to 0.25 ns and for

the case of � =  c = 60� in this case the mean RMS delay spread is ranging from 0.15 ns to 0.9 ns similarly for

the case of � =  c = 60� in this case the mean RMS delay spread is ranging from 0.22 ns to 1.9 ns. We can say

that for a larger pair of LED semiangle and receiver FOV, the delay spread is more because many NLoS links

will be generated due to the wide LED semiangle. The same large number of NLoS links will be captured by

the PDs, while for the smaller pair of LED semiangle, fewer NLoS links will be generated because of the small

LED semiangle and less captured by the PD due to small FOV.

6.4.5 Quality Factor and Delay Spread Trade-off

Table 6.2: Quality Factor and Delay Spread performance with respect to proposed optimization techniques

Blockage  opt Q ( opt) �opt Q (�opt) DS ( opt, �opt) Q ( opt, �opt) DS ( opt, �opt)
D1-2B 63� 8.05 65� 8.50 0.25 ns (63�, 65�) 9.05 0.17 ns
D1-5B 63� 7.52 70� 8.06 0.40 ns (63�, 70�) 8.35 0.21 ns
D2-2B 65� 6.09 70� 7.11 0.70 ns (65�, 70�) 7.50 0.38 ns
D2-5B 65� 5.21 75� 2.25 5.54 ns (65�, 75�) 6.15 0.78 ns

In this subsection, we have shown the trade-off between the received quality factor and delay spread as a

function of the number of blockages in the room with respect to proposed optimization techniques. Table 6.2

shows the quality factor versus the number of blockages subject to proposed optimization methods. It can be

seen that joint optimization (both FOV and LED semiangle optimization) provides us the best quality factor

and minimum delay spread compared to single variable optimization LED semiangle and FOV optimization

independently.

Table 6.2 shows the comparison of the proposed optimization techniques in terms of obtained quality factor

and delay spread. Further, we have also shown the optimum pair of the receiver FOV and the LED semiangle

for the respective configuration. For example, with two blockages with a separation distance of D1 = 40 cm, the

obtained optimum pair with single and joint optimization is  c = 63�, � = 65� and the respective quality factor

value is 8.05 using single variable optimization and 9.05 using joint optimization. Similarly, for the case of 5

blockages, the obtained optimum pair with joint and single optimization is  c = 63�, � = 70� and the respective

quality factor value is 8.06 using single variable optimization and 8.35 using joint optimization. Similarly, the

delay spread of single variable optimization for 2 and 5 blockages using joint optimization 0.17 ns and 0.21 ns

for D1 = 40 cm and 0.38 ns and 0.78 ns for D1 = 20 cm. Thus, we can see that the proposed joint optimization

technique gives us the best possible quality factor with minimum delay spread in blockages compared to single

variable optimization and without optimization case.
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6.5 Summary

In this Chapter, we presented the optimum pair of LED semiangle and the receiver FOV in the presence of

human blockages. The quality factor value is maximized to get the optimum value of LED semiangle with the

receiver FOV. Further, We also show the effect of wall reflections and the reflection from the human body into

the analysis. Results shows that with 2 and 5 blockages, the optimum pair using single and joint optimization

is (63�, 65�) and (63�, 70�) for a separation distance of D1 = 40 cm and (65�, 70�) and (65�, 75�) for D2 = 20

cm respectively which provide the highest quality factor with minimum delay spread shown. Furthermore, the

optimization analysis can also be mapped to different room sizes and LED placement, with static and dynamic

blockages inside the room. Additionally, the results demonstrate that optimized LED semiangle and FOV pair

perform better than any other combination.
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Chapter 7

Optical IRS-aided Indoor VLC System
with Human Blockages Considering
Random User Equipment Orientation

This Chapter exploited the use of IRS to enhance the communication quality of indoor VLC systems [174]. It

is demonstrated that an IRS can significantly improve the communication links’ performance by configuring

elements to reflect any incident wave from the transmitter in the receiver’s direction. As discussed earlier, in

indoor VLC systems, where the communication performance is mainly dependent on the availability of the LoS

paths, IRS can compensate for a blocked LoS path by re-configuring the NLoS path. Therefore, we can utilize

IRS in order to relax the LoS path requirement in VLC systems [113], [175].

The rest of this Chapter is organized in the following way. We discuss the motivation behind this work

and outline our contributions in Section 7.1. Section 7.2 describes a system model consisting of a VLC channel

model and an IRS channel model, a model that characterizes humans as a blockage and UE orientation. Section

7.3 describes the user orientation model for OIRS-aided indoor VLC systems. The probability distribution

function for received SNR using OIRS is described in Section 7.4. Section 7.5 represents optimal FOV and LED

semi-angle calculations for OIRS-aided indoor VLC systems. Section 7.6 discusses the obtained analytical and

simulation results. Finally, Section 7.7 concludes the entire Chapter.

7.1 Motivation and Contribution

7.1.1 Motivation

As discussed earlier (ref. Section 1.6.5), IRS seems to have significant abilities in improving the performance

of VLC systems. Several issues related to its integration into VLC systems have to be addressed to harness

its full potential. Such concerns include deployment in indoor VLC environments, channel state information

(CSI) acquisition, configuration optimization (phase shifts and/or rotation angles), and IRS control (feedback

of the preferred or the optimized configuration) [176]. In optical IRS (OIRS), a mirror array (MA) is a reflecting

surface comprising multiple adjacent small mirrors. Each small mirror can adjust its rotation depending on the

user’s location, and therefore, it can manipulate the direction of an incident optical wave without changing its
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amplitude and polarity.

The focusing capabilities of the OIRS can be exploited to control the propagation of optical beams and,

therefore, in alleviating the effect of the random UE orientation and link blockage in VLC systems [111].

Specifically, for a specific channel use, the direct LOS link between certain APs and VLC receivers may not

exist due to the random orientation of the UE or blockage resulting from objects or the movement of the users.

In such cases, the NLoS VLC links can be established alternatively through OIRS to overcome the LoS link

blockage problem, using reflected link through OIRS.

It is evident from the above that the use of OIRS improves the indoor VLC system’s performance due to

increase in NLoS channel gain from the OIRS. Further, the impact of standalone OIRS in comparison to the

wall reflection is not discussed in the literature. There may be possible cases where the NLoS link from the wall

performs better than the NLoS link from the IRS when both LoS and IRS links get blocked. In those cases,

unguided reflections from the wall may help. Similarly, the prior literature the orientation model of the user

equipment for the OIRS-aided indoor VLC system is not analyzed. Further, the optimum VLC parameters such

as LED semiangle, receiver FOV, and the OIRS mirror size need to be investigated.

7.1.2 Contribution

To the best of the authors’ knowledge, this Chapter makes a novel contribution in investigating the impact of

random UE orientation for OIRS-aided indoor VLC systems. The proposed framework also considers multiple

human blockages. Some of the major contributions of the proposed work have been summarized below.

1. The Chapter proposed a UE orientation model for an OIRS-aided indoor VLC system with multiple

human blockages considering random UE orientation. The receiver statistics, such as critical elevation

angle, rotated normal vector with respect to OIRS, and the multiple LEDs have been calculated.

2. The PDF of the received SNR with random UE orientation for the proposed OIRS-aided indoor VLC

system in the presence of multiple human blockages has been calculated. Further, the Chapter analyzed

the contributions of the OIRS and wall reflections on the received power for the given room size in the

presence of multiple human blockages.

3. The Chapter determined the optimum OIRS mirror size with respect to the varying LED semiangle and

the receiver FOV for a given room size and the varying number of human blockages.

4. In addition, the optimal value of LED semiangle and the receiver FOV with varying OIRS mirror sizes

are calculated in order to improve the received power using OIRS reflected channel gain.

5. Furthermore, the Chapter analyzed the performance of the proposed OIRS-aided indoor VLC system in

terms of achievable average data rate and the BER with and without blockages. Also, the minimum

number of OIRS elements required to fulfill the BER requirement of 10�3 with respect to permissible

outages inside the room is determined.
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Figure 7.1: OIRS-aided Indoor VLC System with Multiple Human Blockages

7.2 OIRS-aided Indoor VLC System Model

The proposed system model considers 4 LEDs transmitters placed in the rectangular configuration in a room

size of 5 m⇥ 5 m⇥ 3 m. The receiver plane is at the height of 0.85 m. In order to see the performance across

the room, the whole room is divided into 25⇥ 25 grids. A generalized MHCP model (with critical distance �)

has been employed to characterize the distribution of human blockages in a space [x, y]2. The human blockages

are modeled as cylinders of height hB and radius rB . For the given system model, blockages of different widths

(radius r1 and r2) have been considered to model the different sizes of people. In the text, the blockers are always

assumed to be humans. Blockers could also be other than humans as well, e.g., furniture, large appliances, etc.

The 4 OIRS arrays have been deployed at the center of each of the walls, namely OIRS1, OIRS2, OIRS3, and

OIRS4. The total area of each OIRS array is 2.5 m⇥ 2.5 m. The NLoS reflections are also considered from the

remaining area of the wall. As depicted in Fig. 7.1, the LoS (from LED) and reflections from the OIRS and

wall are denoted by the solid and dotted lines, respectively. Multiple humans present in the room may block

the LoS path between the AP and the PD. In addition to the human blockages, self-blockage, which refers to

the user’s blockage of the optical channel due to random device orientation, is also considered. Unlike many

VLC studies, the assumption that the UE is vertically upward is relaxed in this Chapter.

In the following sub-sections, we discuss in detail the OIRS-aided VLC channel, UE orientation.

7.2.1 OIRS-aided VLC channel

In the OIRS-aided indoor VLC system, the channel gain is the sum of LoS channel gain from LED, NLoS

channel gain due to reflections from the wall, and reflection gain from OIRS elements.
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7.2.1.1 NLoS Channel Gain from OIRS

In this chapter, we consider it as an NLoS one-point reflection model (Lambertian model approach) similar to

the wall only, but the OIRS case reflection coefficient ⇢OIRS of the OIRS element is higher than the wall along

with the guided reflection angle towards the direction of the desired user [177].The NLoS channel gain of the

reflected signal from the nth OIRS (mirror array) element can be expressed as [108, 178]:

H
OIRS
NLoS =

(
⇢OIRS(m+ 1)An

2⇡2(Dn
1 )

2(Dn
2 )

2
cosm(�)Ts( )g( ) cos(↵

n
OIRS) cos(�

n
OIRS)

0  �
n
OIRS   c ,

(7.1)

Here ↵OIRS and �OIRS are the incidence and reflectance angle NLoS link form LED make with the OIRS

respectively. ⇢OIRS is the reflection coefficient of OIRS element. D
n
1 , Dn

2 are the distance traveled by the NLoS

link to reach the user from the nth OIRS element.

The reflection angle of OIRS element and the cosine of the angle of irradiance, which is defined by the yaw

(�) and roll angles (!) of the mirror array, can be expressed as:

cos (�n
OIRS) =

(xn � xu)

D
n
2

sin (�) cos (!) +
(yn � yu)

D
n
2

⇥ cos (�) cos (!) +
(zn � zu)

D
n
2

sin (!) ,

where (xn, yn, zn) represent the coordinates of the OIRS elements.

The total OIRS-aided indoor VLC channel gain using (2.9) and (7.1) can be expressed as:

H = H
LED
LoS +

KX

k=1

H
wall
NLoS(k) +

NX

n=1

H
OIRS
NLoS (n). (7.2)

where K and N are the total number of reflection elements on wall and OIRS respectively.

7.2.2 UE Orientation

The UE orientation can significantly impact the performance of an indoor VLC system. In most of the research

on indoor VLC, the UE is always vertically up. Such assumptions is accurate only for a limited number of

devices, such as laptops with LiFi dongles. However, most users use devices such as smartphones, and in reality,

the user is mobile and tends to hold the device according to comfort. Therefore, considering a random device

orientation is a more realistic assumption.

Only a few studies have considered the impact of random orientation in their analysis, see for instance

[4, 97, 137] and references therein. All these works incorporate UE orientation. Another important indicator

affecting system performance is an optical channel communication link blocked by the user, known as "self-

blocking." Or it may be interrupted as a result by other users or objects. The blockage modeling has been done

in the prior literature for both millimeter-wave and LiFi systems [20, 138]. In this Chapter, taking into account

the above we have considered the random UE orientation for an OIRS-aided indoor VLC systems, as shown in

Fig. 7.2.
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Figure 7.2: OIRS-aided Indoor Visible light Propagation System with UE Orientation [4]

7.3 Orientation Model of Users for OIRS-Aided Indoor VLC System

This section discusses the orientation model of the user equipment. Let the location of the access point (AP)

(essentially LED) be defined as:

Pa = (xa, ya, za), (7.3)

where xa, ya, za are the coordinates of the location of AP is x, y and z plane respectively, and the user location

is defined as:

Pu = (xu, yu, zu). (7.4)

Similarly, let the location of OIRS mounted on the wall be defined as:

POIRS = (xOIRS , yOIRS , zOIRS), (7.5)

where Pa, Pu and POIRS are the position vectors of APs, users and the OIRS, respectively. As stated earlier in

(2.6) � is the LED irradiance angle,  is the VLC LoS link incidence angle, and ↵ is the OIRS link incidence

angle. Using geometry as shown Fig. 7.2 we can write the distance vector from LED to the user as:

dLoS = Pa � Pu, (7.6)

and,

cos( ) =
nr ⇥ d

||dLoS ||
, (7.7)

cos(�) =
nt ⇥ d

||dLoS ||
, (7.8)

where nr and nt are the normal vector with respect to the AP and the user locations.
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Similarly, the distance vector with respect to the OIRS element following the NLoS path can be written as:

d
OIRS
NLoS = Pa � POIRS � Pu. (7.9)

A practical way of defining the orientation is to employ three separate angles showing the rotation about

each axes of the rotating local coordinate system or the rotation about the axes of the reference coordinate

system. Current smartphones can report the elemental intrinsic rotation angles yaw, pitch and roll denoted as

↵, �, and �, respectively [97]. Yaw, pitch, and roll can be described by matrices and are denoted as R(↵), R(�),

and R(�), where each matrices can be written as a function of rotation angles as [4, 97]:

R(↵) =

2

4
cos(↵) �sin(↵) 0
sin(↵) cos(↵) 0

0 0 1

3

5 , (7.10)

R(�) =

2

4
1 0 0
0 cos(�) �sin(�)
0 sin(�) cos(�)

3

5 , (7.11)

R(�) =

2

4
cos(�) 0 sin(�)

0 1 0
�sin(�) 0 cos(�)

3

5 . (7.12)

After the rotation of UE, the generalized unit normal vector is given by:

nr = R(↵,�, �) = R(↵)R(�)R(�)nT
t . (7.13)

Here APs are located in z plane so n
LED
t = [0 0 1]. Using (7.13), the rotated normal vector can be calculated

as:

n
T
r =

2

4
sin(↵)cos(�)sin(�)� cos(↵)sin(�)
sin(↵)sin(�)� cos(↵)cos(�)sin(�)

cos(�)cos(�)

3

5 . (7.14)

The rotated normal vector n
T
r can be represented in the spherical coordinate system (corresponding to

XY Z) with the polar angle ✓r. Thus, ✓r is the angle between n
T
r and the positive direction of the Z-axis. Note

that cos(✓r) = n
T
r

Z

||nT
r ||

where Z = [0, 0, 1]T is the unit vector of the Z-axis. Then, from (7.14), the polar angle

✓r can be obtained as:

✓r = cos�1(cos(�)cos(�)). (7.15)

It is evident from (7.15) that the polar angle ✓r only depends on the pitch and roll rotation angles which

are further associated with the movements of a human’s wrists [4]. This is because the LED is deployed on the

ceiling (z-plane), so the variation with respect to yaw does not affect the LoS link between LED and the user.

But it is not valid for the case of OIRS-aided indoor VLC systems, as OIRS are deployed on the walls instead

of the ceilings. So here, we have analyzed the orientation model with respect to OIRS. The OIRS deployed on

each wall acts as virtual APs to the user and correspondingly the polar angle get affected by the UE orientation

differently. Similarly, like LED, the unit normal vector considering random UE orientation with respect to OIRS

is given by:
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n
OIRS
r = R(↵,�, �) = R(↵)R(�)R(�)nT

OIRS , (7.16)

where we can write the unit normal vectors of the deployed OIRS on the center of each of the 4 walls as:

nOIRS1 = [0 1 1], nOIRS2 = [1 0 1], nOIRS3 = [0 � 1 1], and nOIRS4 = [�1 0 1], respectively.

The generalized unit normal vector for each OIRS has been calculated considering the random orientation of

the UE (user) using (7.14) multiplied with their respective unit normal vector using (7.19) is calculated as:

n
OIRS1
r =

2

4
sin(↵)cos(�)sin(�) + cos(↵)sin(�)� sin(↵)cos(�)
sin(↵)sin(�)� cos(↵)cos(�)sin(�) + cos(↵)cos(�)

sin(↵) + cos(�)cos(�)

3

5 , (7.17)

n
OIRS2
r =

2

4
cos(↵)cos(�) + cos(↵)sin(�) + 2sin(↵)sin(�)cos(�)
sin(↵)cos(�) + sin(↵)sin(�)� 2cos(↵)cos(�)sin(�)

�sin2(↵) + cos(�)cos(↵)

3

5 , (7.18)

n
OIRS3
r =

2

4
cos(↵)sin(�) + sin(↵)(cos(�) + sin(�)cos(�))
sin(↵)sin(�)� cos(↵)(cos(�) + sin(�)cos(�)

�sin(�) + cos(�)cos(�)

3

5 , (7.19)

n
OIRS4
r =

2

4
cos(↵)(sin(�)� cos(�)) + sin(↵)sin(�)(sin(�) + cos(�))
sin(↵)(sin(�)� cos(�))� sin(�)cos(↵)(sin(�) + cos(�))

cos(�)sin(�) + cos(�)cos(�)

3

5 . (7.20)

Similarly like (7.15) the polar angle of the user with respect to each OIRS can be written as:

✓OIRS1 = cos�1(sin(↵) + cos(�)cos(�)), (7.21)

✓OIRS2 = cos�1(�sin2(↵) + cos(�)cos(↵)), (7.22)

✓OIRS3 = cos�1(sin(�) + cos(�)cos(�)), (7.23)

✓OIRS4 = cos�1(cos(�)sin(�) + cos(�)cos(�)). (7.24)

It is obvious from Eqs. (26-29) that in the presence of OIRS in indoor VLC system, unlike the only LED

case (see (7.15)) the polar angle depends on all the three rotation angles pitch, roll and yaw.

7.4 PDF of the Received SNR with OIRS

This section discusses the received SNR statistics for the proposed OIRS-aided indoor VLC system in the

presence of multiple human blockages. The optical signal si(t) transmitted by the ith LED is as follows:

si(t) = Pti [1 +MIxi(t)], (7.25)

where Pti is the ith LED’s transmit power, MI is the modulating index and xi(t) is the corresponding on-off-

keying (OOK) modulated signal [49, 179]. The primary term in (7.25) (Pti) is responsible for maintaining the
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required illumination inside the room whereas the secondary term (PtiMIxi(t)) accounts for the communication

part. It is considered that the DC part of the detected electric signal is filtered out at the receiver after

photodetection. yj is the received signal at the jth PD (jth location inside the room) and is expressed as:

yj = RPrj + nj , (7.26)

where R is the responsivity of the PD and nj is the AWGN with zero mean and �
2
j variance. Received power

at the j
th photo-detector, Prj is given by:

Prj =
NX

i=1

H
B
i,jPtiMIxi. (7.27)

The respective received SNR in the presence of human blockages using (5.15) can be written as [180]:

�r =
(HB)2P 2

ti

�2
r

, (7.28)

The term in (7.28) of channel gain can be rewritten as [180]:

�r = �0(r
2 +H

2)(�m+2)cos2( )exp(�2�dBr
2
B)rect(

 

 
), (7.29)

where �0 = ⇢R (m+ 1)ArxH
m
P

2
T

2⇡
. It is observed from (7.29) that the received SNR is a function of the blockage

probability and the random incidence angles  . Let the incidence angle follows the below distribution [180]:

X
�
= cos2( ), (7.30)

where  is the incidence angle so X ranges from l1 = cos2( ) and L1 = 1. The PDF of the X can be written

as:

fX(x) =

(
1

2 
x

�1
2 (1� x)

�1
2 , l1  x  L1. (7.31)

Similarly, considering the received power as a random variable Y such that

Y
�
= (r2 +H

2)(�m+2)exp(�2�dBr
2
B), (7.32)

where Y ranges from l2 = (R2 + H
2)(�m+2)exp(�2�dBr2B) and L2 = H

2(�m+2). Here R is the radius of the

room. The PDF of the Y can be written as [181]:

fY (y) =

(
3X

i=1

piy
�qiexp(�2�dBr

2
B), l2  y  L2, (7.33)

where,

p1 = 6
73(m+2)R2

⇣
27 + 35H2

R2 + 8H4

R4

⌘
,

p2 = � 6
73(m+2)R2

⇣
35
R2 + 16H2

R4

⌘
,

p3 = 48
73(m+2)R2 ,

q1 = m+3
m+2 ,

q2 = m+4
m+2 ,

and q3 = m+5
m+2 .
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Consequently, based on the theorem of product’s PDF in [4], the PDF of the received SNR will be:

f�r
(�) =

(
3X

i=1

ciexp(�2�dBr
2
B)
�

�0
, �min  �  �max, (7.34)

where ci
pi

2�0 
, i = 1, , , 3.

�min = �0cos
2( )(R2 +H

2)(�m+2)
, (7.35)

and

�max =
�0H2(�m+2)

�
1� exp(�2�dBr2B)

�

2�r2B
. (7.36)

7.5 Optimal LED Semiangle and the Receiver FOV for OIRS-aided
Indoor VLC System

This section has optimized the LED semiangle and the receiver FOV for the OIRS-aided indoor VLC system

subject to multiple human blockages and the random UE orientation.

7.5.1 Optimal LED Semiangle

In the proposed OIRS-aided indoor VLC systems, the received optical power consists of the LoS path and the

reflected paths (both wall and the OIRS). To circumvent the problem of blockages and random UE equipment

and to increase the received power across the room, we should maximize the power received from the reflections

due to OIRS elements.

The received optical power from the LoS and NLoS paths from OIRS and wall can be calculated using (7.2)

to (7.1) for a given transmission power (PT ), and can be expressed as:

Pr =

"
PTHLoS +

KX

k=1

PTH
wall
NLoS +

NX

n=1

PTH
OIRS
NLoS

#
. (7.37)

Here, N is the number of OIRS elements, and K is the number of reflection points on the wall. In order to

maximize the received power in the presence of human blockages and the UE orientation, we need to maximize

the power received from OIRS. Consequently, we need to maximize the channel gain from the OIRS link H
OIRS
NLoS

with respect to the LED semiangle to find out the optimal LED semiangle.

For LED semiangle optimization, we need to maximize the Lamebrain order m, so taking the partial deriva-

tive of HOIRS
NLoS with respect to m [52].

�H
OIRS
NLoS

�m
= Mcos(↵n

OIRS)cos(�
n
OIRS)

� [(m+ 1)cosm(�)]

�m
, (7.38)

where M = ⇢OIRSA
2⇡(Dn

1 )2(Dn

2 )2Ts( )g( ). Substitute C1 = Mcos(↵n
OIRS)cos(�

n
OIRS) Eq. (7.38) can be further

simplified as:
�H

OIRS
NLoS

�m
= C1cos

m(�) [1 + (m+ 1)ln(cos(�))] , (7.39)

To find the optimum m, we put �HOIRS

NLoS

�m = 0, hence the optimal m is calculated as:
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mopt =
�1

ln(cos(�))
� C1, (7.40)

From (2.6) and (7.40), we can calculate the optimum LED semiangle:

�opt = cos�1

 
exp

 
�ln2

�1
ln(cos(�)) � C1

!!
, 0 < �opt < 90. (7.41)

Using (7.41), the optimized irradiance angle of the LED should be 56�, and its corresponding optimized Lam-

bertian order mopt is found out to be 5.57 for the given room dimension of 5 m ⇥ 5 m ⇥ 3 m with 4 LEDs

deployed in rectangular configuration.

7.5.2 FOV Optimization

In this section, we have derived the receiver’s optimal FOV with human blockages and random UE orientation

for the proposed OIRS-aided indoor VLC system. In order to maximize the received power in the presence of

human blockages and the UE orientation, we need to maximize the power received from OIRS. This can be

achieved by maximizing the received power from the OIRS (MA) P
OIRS
rec subject to receiver FOV  c.

Using (7.1) the received power from NLoS link using OIRS as a function of receiver FOV using (7.29) can

be written as:

P
OIRS
rec =

⇢OIRS(m+ 1)A

2⇡(Dn
1 )

2(Dn
2 )

2
cosm(�)Ts( )g( )cos(↵

n
OIRS)cos(�

n
OIRS)cos

2( c)rect(
 

 c
), (7.42)

Taking partial derivative of POIRS
rec with respect to  c .

�P
OIRS
rec

� c
=
�

h
C2

n2

sin2( c)
cos2( c)Ts( )

i

� c
, (7.43)

where C2 = ⇢OIRS(m+1)A
2⇡(Dn

1 )2(Dn

2 )2 cos(�)
mcos(↵n

OIRS)cos(�
n
OIRS) To find the optimum  copt , we put �POIRS

rec

� c

= 0, hence

the optimal FOV is given as:

 copt =
1

2
sin�1(Ts( )C2g( )). (7.44)

Using (7.44), the optimized FOV of the receiver is found out to be 58� for the given room dimension of

5 m⇥ 5 m⇥ 3 m with 4 LEDs deployed in rectangular configuration.

7.6 Results and Discussion

We have considered a room size of 5 m ⇥ 5 m ⇥ 3 m with one AP, and multiple users behaving as a blockage

to each other. The blockages are realized using MHCP and are modeled as cylinders with 0.30 m diameter and

1.65 m height. The user holds the receiver at a distance of 0.85 m above ground and 0.36 m from the human

body. The orientation of the UE is random. For the OIRS-Aided VLC system, the IRS contains N⇥N mirrors,

and the dimensions of each mirror are 0.1 m ⇥ 0.06 m [108]. The simulation parameters are summarized in

Table 7.1.
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Table 7.1: OIRS-aided VLC System Model and Simulation Parameters

Parameter Value
LED transmitted power 200 mw
Refractive index n 1.5
Optical filter gain Ts 1
Wall reflection coefficient ⇢wall 0.7
Human body reflection ⇢2 0.51
LED semiangle 60�

Receiver plane above the floor (hR) 0.85 m
Receiver elevation 90�

Receiver active area 1 cm2

PD Responsivity (R) 0.5 A
W

Field of views (FOVs) of receiver 60�

Number of OIRS elements 10 - 150
OIRS reflection coefficient ⇢OIRS 0.9
Blockage radius (r1 and r2) 20 cm & 40 cm
Height of the blockage (hB) 180 cm
Number of human blockages (NB) 1-5

7.6.1 Received Power

In this subsection, as shown in Fig. 7.3 and Fig. 7.4, the received power for OIRS-aided indoor VLC system

with and without blockages and UE having random orientations have been plotted. Fig. 7.3 shows the average

received power with a varying number of OIRS elements for the LoS link from LED and NLoS link from the

wall and OIRS without blockages. It can be observed that, the increase in received power at the UE more for

the combined link (LoS (LED) + NLoS (wall) + (OIRS)) with respect to the other two links (LoS (LED) +

NLoS (wall)) and (LoS (LED) + (OIRS)) respectively with an increase in the number of OIRS elements. This

is because the combined link includes the contributions from both NLoS link from wall and OIRS. However,

the NLoS links from the wall are independent of OIRS elements.
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Figure 7.3: Effect on the received power without blockages

Fig. 7.3 also shows the standalone contribution of the NLoS link from the wall and the OIRS link, respec-

tively. It can be observed that without blockage and with fewer OIRS elements such as N = 20, the standalone

link from the wall (NLoS (wall)) performs better than the reflected OIRS link. It is due to the fact that with less
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number of OIRS elements, the larger area of the wall contributes to NLoS links generation, and the NLoS power

from the wall is more (see (2.6)). Whereas with an increase in N , the standalone OIRS links start performing

better than an NLoS link from the wall. For a larger number of OIRS elements, the NLoS contribution from

the wall starts decreasing as the area of the wall for the NLoS link also starts falling as more and more area of

the wall is filled by OIRS elements.

7.6.2 Standalone Contribution of OIRS and NLoS (wall) Link in Received Power
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Figure 7.4: Effect on the received power with and without OIRS in the presence of blockages and random UE
orientation

This subsection shows the effect of standalone links from the OIRS and NLoS (wall) on the received power

with and without blockages. Fig. 7.4(a) shows the standalone contribution of the NLoS link from the wall and

OIRS in the presence of blockages. It can be observed that even in the presence of human blockages, with fewer

OIRS elements such as N = 20, the standalone link from the wall performs better than the standalone OIRS

link. However, this difference starts increasing as we increase the number of blockages. As is evident from Fig.

7.37 that, the crossover points shifts towards a higher number of OIRS elements with increased blockages. Such

as for the case of no human blockages N = 20 and for 2 and 5 blockages N = 30 and N = 40 respectively.

Similarly, Fig. 7.4(b) shows the average received power of the LoS(LED), NLoS (wall), and OIRS with varying

numbers of blockages. Further, it can be seen that even in the presence of blockages, the combined link (LoS

(LED) + NLoS (wall) + (OIRS)) provides the maximum achieved average data rate with respect to all other

links. Therefore, it can be inferred that the use of OIRS improves the indoor VLC system performance in the

presence of human blockages with random UE orientation.

7.6.3 Effect of OIRS Mirror Size on the Received Power

This subsection shows the effect of OIRS mirror size on the received power across the room. Initially the size

of each OIRS element is considered S1 = 0.1 m⇥ 0.06 m [108]. Now in order to see the effect of varying mirror

size on the received power, we have varies the OIRS mirror size to S2 = 2 ⇥ S1 and S3 = 1
2 ⇥ S1 respectively

as shown in Fig. 7.5(a). The idea of choosing the double and half size of the mirror is to see the effect of an
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Figure 7.5: Effect of mirror size on the received power

increase in mirror size and the effect of a decrease in mirror size on the received power. It is observed that for a

smaller OIRS mirror size with S2, the received power increases as the number of OIRS elements increases for a

fixed size of OIRS. It is because, with the increase in OIRS elements, the number of NLoS links generated from

OIRS also increased (the OIRS gain N ⇥ N increased), resulting in increased received power. On the other

hand, with the increase in OIRS elements size (with S3), the received power decreases as the number of OIRS

elements reduces for a fixed size of OIRS. So getting motivation from these results, we have tried to find out the

optimal OIRS mirror size for a given room dimension, giving us the maximum received power in the presence

of blockages and random UE orientation.

In order to find the optimum OIRS mirror size for a given room dimension of 5 m ⇥ 5 m ⇥ 3 m with a

LED semiangle � 1
2
= 60� and the receiver FOV of  c = 60�, we have plotted the average received power with

respect to the OIRS mirror size as shown in Fig. 7.5(b). It can be noticed that with a reduction in OIRS

element size, the average received power increases up to the optimum or the possible smallest size. After that

further reduction in OIRS size, the power decreases as the OIRS cannot generate sufficient NLoS power with

such a small mirror size. Also, with the small OIRS mirror size, most of the OIRS links fall beyond the receiver

FOV, which results in no power contribution from those OIRS links. Therefore it is found that for a given room

dimension, the optimum square OIRS mirror size is 0.05 m⇥ 0.05 m with respect to the LED semiangle values

of � 1
2
= 60� and the receiver FOV of  c = 60�.

7.6.4 Effect of Varying LED Semiangle and the Receiver FOV on Received Power

This subsection discusses the effect of varying LED semiangle and the receiver FOV with varying OIRS mirror

size on the received power. Fig. 7.6(b) shows the effect of OIRS element size in the received power with varying

LED semiangle and the receiver FOV. Fig. 7.6(a) shows the change in average received power with varying OIRS

element sizes for different FOV of the receiver and fixed LED semiangle value of � = 60�. It has been noticed

that the corresponding average received power decreases for the wider FOV of the receiver with the increase in

OIRS mirror size. For instance, with the FOV value of 70� the optimum OIRS mirror size is 0.05 m⇥ 0.05 m
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(b) Varying LED irradiance angle

Figure 7.6: Effect of mirror size on the received power with varying LED irradiance angle and the receiver FOV

with the average received power of 7.6 dBm, and for the FOV values of 90� the optimum OIRS mirror size is

0.07 m⇥ 0.07 m with the average received power of 6.6 dBm. It can be concluded that the wider field of view

results in a wider optimum mirror size, and the maximum average received power decreases. Further, subject

to optimum OIRS mirror size, we have also found the optimum value of the receiver FOV, which will give us

the maximum average received power. It is found out that for a given room dimension of 5 m⇥ 5 m⇥ 3 m, with

5 blockages is ( c = 60�, S = 0.05 m⇥ 0.05 m) with the average received power of 11.8 dBm.

Similarly, Fig. 7.6(b) shows the change in average received power with varying OIRS mirror sizes for different

LED semiangle. It can be seen that the average received power decreases for wider LED semiangle, but the

optimum OIRS mirror size remains constant. Whereas for smaller LED semiangle, the average received power

increases. Further, it is found out that for a given room dimension of 5 m ⇥ 5 m ⇥ 3 m, with 5 blockages the

optimal LED semiangle value is (� 1
2
= 60�, S = 0.05 m ⇥ 0.05 m) with the average received power of 11.2

dBm. Furthermore, we can see that in both cases, the optimum OIRS element size value to achieve maximum

received power is the same, which is S = 0.05 m⇥ 0.05 m.

7.6.5 Optimization of LED Semiangle and the Receiver FOV

As discussed above in Subsection C, the maximum average received power varies with the change in LED

semiangle and the receiver FOV for the proposed OIRS-aided indoor VLC system. Motivating from the above

in this subsection, we have analyzed the optimal pair of the LED semiangle and the receiver FOV subject to

optimum OIRS mirror size. Fig. 7.7 shows the analytical and simulation results of average received power with

varying OIRS mirror sizes. It can be seen that both simulation and theoretical results are in close agreement

with each other, which validates the mathematical derivations and justifies the approximations made in (7.41)

and (7.44). Fig. 7.7(a) shows the average received power with varying OIRS element size at the optimum FOV

value obtained using (7.44). Here we can see that for an optimum FOV of  c = 58� the maximum received

power is 11.22 dBm at an OIRS element width of 5 cm, which validates the optimized OIRS element size.

Similarly, Fig. 7.7(b) shows the average received power with varying OIRS element size at the optimum FOV

value obtained using (7.41). It can be observed that for the optimum LED semiangle value of � 1
2
= 56�, the
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(b) LED irradiance angle optimization

Figure 7.7: Effect of mirror size on the received power with optimized FOV and LED irradiance angle

maximum average received power is 10.46 dBm at the optimum OIRS mirror size is 5 cm. It can be concluded

that that the optimum value of LED semiangle and the receiver FOV (� 1
2
= 56�, c = 58�) with the optimum

mirror size of S = 0.05 m⇥ 0.05 m for the given room configuration.

7.6.6 Number of IRS Elements Required
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Figure 7.8: Minimum number of OIRS elements required with blockages

In this subsection, we have shown the minimum number of OIRS elements required to fulfill the BER

requirement of 10�3 subject to 2 % and 5 % outage inside the room. Fig. 7.8(a) shows the number of OIRS

elements required with 2 % outage inside the room. It can be seen that for a combined link (LoS (LED) +

NLoS (wall) + (OIRS)), the required minimum number of OIRS elements is less with respect to other links. For

instance, with 3 blockages, the required number of OIRS elements for a combined link is 70, while without an

NLoS link from the wall, it is 80. It can be observed that the required number of IRS elements can be reduced

by considering NLoS reflections from the wall. Similarly, Fig. 7.8(b) shows the minimum number of OIRS

elements required with blockages for 5 % outage inside the room. Here also, the combined link (LoS (LED)

+ NLoS (wall) + (OIRS)) requires fewer OIRS elements than without the other links. With 3 blockages, the
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required number of OIRS elements for a combined link is 50, while without an NLoS link from the wall, it is

60. With more permissible outages, the required minimum number of OIRS elements are also less. There is a

trade-off between a required minimum number of OIRS elements and the allowed outage inside the room. One

can opt for the required quality of services like BER, data rate, and the permissible outage inside the room.

7.6.7 BER Performance
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Figure 7.9: BER performance without blockages

In this subsection, we have analyzed the BER performance of an OIRS-aided indoor VLC system with and

without blockages with random UE orientation with OOK as modulation scheme [177]. Fig. 7.9 shows the

BER performance without blockage case. Here we can see that the combined link (LoS (LED) + NLoS (wall)

+ (OIRS)) performs better than the without OIRS and stand-alone LoS link. For instance, to achieve the BER

of 10�3, the required SNR with OIRS link is 14 dB, whereas, without an OIRS link, it is approximately 18 dB.
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Figure 7.10: BER Performance with Blockages

Similarly, the BER performance of the OIRS-aided indoor VLC system with blockages has been shown in

Fig. 7.10. Figs. 7.10(a) and 7.10(b) show the BER performance with 2 blockages and 5 blockages respectively.

It can be observed that in both the cases, to achieve the BER performance of 10�3, the required SNR for

the OIRS link is less 14 dB and 18 dB, respectively, with respect to the other two links. The required SNR

99



is approximately 20 dB and 24 dB without an IRS link. It means the gain of 6 dB with the OIRS link is

maintained even in the presence of human blockages.

7.6.8 Data Rate Performance

2 4 6 8 10 12 14

Transmit optical power (W)

2

3

4

5

6

7

8

9

10

A
ch

ie
va

bl
e 

da
ta

 r
at

e 
(b

ps
/H

z)

Los

Los + NLoS

Los + NLoS + IRS

(a) without blockages

2 4 6 8 10 12 14

Transmit optical power (W)

1

2

3

4

5

6

7

A
ch

ie
va

bl
e 

da
ta

 r
at

e 
(b

ps
/H

z)

Los + NLoS + IRS (2B)

Los + NLoS (2B)

Los + NLoS +IRS (5B)

Los + NLoS (5B)

(b) with blockages

Figure 7.11: Average data rate performance

This subsection analyzes the average data rate performance with and without blockages for the proposed

OIRS-aided indoor VLC system. Fig. 7.11 shows the average data rate with respect to the varying transmit

optical power without and with human blockages. Fig. 7.11(a) shows the average data rate for without blockage

case, and it can be observed that the combined link (LoS (LED) + NLoS (wall) + (OIRS)) without human

blockages inside the room performs better with respect to the other two links. For instance, at the transmit

optical power of 2 Watt, the achieved data rate with the OIRS link is 4 b/s/Hz, while with the other two links,

LoS (LED) and LoS (LED) + NLoS (wall), the achieved data rates are 2.2 and 3 b/s/Hz, respectively.

Similarly, Fig. 7.11(b) shows the average data rate with human blockages. Here we can see that even in

the presence of blockages, the combined link (LoS (LED) + NLoS (wall) + (OIRS)) outperforms the other two

without OIRS links. At the transmit optical power of 4 watts with 2 and 5 blockages, the (LoS (LED) + NLoS

(wall) + (OIRS)) link achieves the average data rate of 4 b/s/Hz and 3 b/s/Hz, respectively. Whereas without

the OIRS link (LoS (LED) + NLoS (wall)) for 2 and 5 blockages, the acquired data rates are 2.8 b/s/Hz and

2.4 /b/s/Hz, respectively.

7.7 Summary

In this Chapter, we have investigated an OIRS-aided indoor VLC system with random UE orientation in the

presence of multiple human blockages. We have investigated the impact of standalone OIRS and NLoS links

from the wall on the received power and determined the minimum number of OIRS elements required for a

given BER performance. Further, the orientation model with random UE orientation for an OIRS-aided indoor

VLC system has been proposed. We also derived the probability distribution function of the received SNR for

the proposed system model. The analysis allows the determination of the optimum LED semiangle and the
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receiver FOV for the given system configuration. The results are in close agreement with the simulation results,

and it is found that the optimum LED semiangle and the receiver FOV pair give the maximum received power.

The numerical results were obtained for a given room geometry to optimize the receiver FOV, LED semiangle,

and OIRS mirror size. Further, we can optimize these parameters by optimizing the channel gain with respect

to the OIRS link for any given room size and the number of blockages. For a given room size with more than

2 blockages, the received power starts deteriorating without OIRS and can be overcome with the inclusion of

an OIRS link. Hence, it is evident that the deployment of OIRS in an indoor VLC system helps to combat the

blocking and shadowing effect due to other users as a blockage and self blockage due to random UE orientation.

Further, the effect of varying OIRS mirror sizes on the received power has been analyzed, and it is shown

that for the given configuration, the optimum OIRS mirror size is 0.005⇥0.005 m2. Also, the minimum number

of required OIRS elements has been calculated to maintain the BER performance of 10�3 with the given outage.

The proposed work also analyzes the BER performance of the system, and it is observed that with OIRS, we

can achieve a gain of approximately 6 dB even in the presence of human blockages. Furthermore, the average

data rate results suggest that the link with OIRS (LoS (LED) + NLoS (wall) + (OIRS)) outperforms the other

without the OIRS link. Moreover, we can also exploit the impact of multi-LED and multi-IRS with both static

and dynamic blockages in the future.
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Chapter 8

On estimating the Location and the 3-D
shape of an Object in an Indoor
Environment Using Visible Light

This Chapter builds upon the existing work on VLP and proposes a novel system model for indoor positioning,

which can be implemented by utilizing the existing lighting infrastructure. Specifically, the proposed VLP

system model can be used to construct a 3-D rendering of a room with multiple objects. The objects in the

room are modelled as cylinders1 with varying heights and radius, leading to well-defined metrics for evaluating

the performance of the algorithm [183]. Furthermore, this Chapter also presents a technique for allocating the

power available to the LEDs in response to a particular arrangement of objects, further increasing the accuracy

of positioning [184].

The rest of this Chapter is organized in the following way. We discuss the motivation behind this work

and outline our contributions in Section 8.1. Section 8.2 and 8.3 discuss our system model and spatial model,

respectively. Section 8.4 presents our algorithm for visible light positioning. Section 8.5 is related to constructing

and training the NN to calculate the height and radius of the objects. Section 8.6 discusses a power allocation

scheme for optimum localization accuracy, and the Chapter is concluded in Section 8.7.

8.1 Motivation and Contribution

8.1.1 Motivation

It is noted that in the models presented in existing literature (ref. Section 1.6.6), a single PD is generally used

to signify a user and the location of that PD is estimated by maximizing the likelihood of the received power

profile matrix obtained from different transmitting LED’s [185]. Consequently, most of the existing system

models for VLP locate the objects as a point in 3-D space. In contrast, by utilizing the VLP system model

proposed in this Chapter, the 3-D shape of the user can be identified. In addition, the proposed model facilitates

passive modelling. Specifically, the target, which is being localized, need not possess a PD. For instance, passive

objects, such as furniture in the room, can also be modeled by the proposed method.
1In [136] [182], different geometric models representing the human body have been considered. It has been shown that the

human body as a cylinder is the best fit with respect to other models.

102



In addition, the proposed model can also perform accurate positioning in the presence of multiple objects.

Conventional VLP methods generally are inaccurate when multiple objects are present in a room since the

objects may block the LOS path between the transmitter and other objects. As this model considers the

objects as 3-D shapes, the effects of shadowing in the presence of multiple objects can be clearly observed and

corrected. Moreover, in this Chapter, as stated before indoor positioning utilizes RSS based method. In order

to obtain the RSS, we need to calculate the received power at the PD. Here, in this Chapter the received power

is calculated based on the LED illumination power across the room in the presence of human blockages. Hence

for the received power profile calculation, LED need not be a communication source and may just function as

a source of illumination Hence, the proposed VLP can facilitate improvement in positioning without significant

changes to existing infrastructure.

8.1.2 Contribution

The existing literature on VLP primarily focused on locating the object as a point in 3-D space. Although, this

induces less operational overhead, it tends to overlook the information about the shape and size of the object.

The estimation of the shape and size of the object is especially important when multiple objects are present in

the room. In this work, which builds upon the work presented in [183], we overcome the above drawback by

proposing a novel VLP model which estimates an object’s 3-D parameters along with its location in an indoor

environment. The major contributions of this Chapter are summarised as follows:

1. In this Chapter, we propose a novel system model for VLP, which can be used to estimate the location of

objects in a room. Unlike the conventional VLP models, the proposed model can be used to predict the

location even in the presence of multiple objects.

2. Further, we also construct and train a neural network (NN) to estimate the height as well as the radius of

the objects. The NN, along with the VLP algorithm, can be together employed to construct a 3-D model

of the objects in the room.

3. In addition, we propose a method to optimize the power allocation to each LED in a room by exploiting

the current location of objects while maintaining the total power constraint on the system. This will lead

to efficient power allocation among LED’s, based on the instantaneous position of objects in the room for

optimum communication performance.

Notations : The vector and the matrix are denoted as x and X respectively. The vectorization of matrix

X is denoted as X(:). The element corresponding to i
th row and j

th column of a matrix X is represented as

Xij . The blockage probability and the blockage density are denoted as PB and �B , respectively. The actual

coordinates of an object is denoted by (x,y) while the predicted coordinated of the object is given by (x̂, ŷ). The

variable L and K are used throughout the Chapter to denote the number of LED’s and the number of objects in

the indoor environment. P denotes the power profile of the room and H(g̃, l̃) denotes the channel gain between

LED (l), and photo diode (g).
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8.2 VLC Positioning System Model

In this Chapter, we have considered a standard office room of dimensions, 5 m ⇥ 5 m ⇥ 3 m,2 with 4 LEDs

placed on the ceiling. The LEDs are located at the midpoints of the diagonals from the center to the vertices as

shown in Fig. 8.1. The room floor is considered to be the receiver plane and is divided into a number of grids

with PDs placed at each grid point.

Figure 8.1: Indoor VLP System Model

The received power at each PD depends on the distance between the LED and the PD, the receiving angle,

the field of view of the PD etc. The proposed system model simulates the presence of multiple objects and

takes into account a single reflection from the room walls as well as the LoS path. The LoS link is exploited to

estimate the position of objects in the indoor environment and their broad geometrical properties like height

and radius. The received power profile in the absence of an object can be seen in Fig. 8.2, where each lattice

point represents the location of a PD.

We have consider a multipath VLC channel model that includes reflections up to first-order (with one-point

reflection because of higher data rate threshold) from the wall [149]. We use the integrating-sphere model

using (2.14) (ref. Section 2.2.5) to simulate the radiation of the LED light source, which is well established in

literature. The given VLC model is used to reproduce both the LoS, and the NLoS light intensity transmitted

by each LED [35, 132]. The VLC channel gain is a sum of both the LoS path and the reflections by the walls

(NLoS path). The parameters used in this Chapter for the visible light channel are given in Table 8.1.
2The dimensions considered are consistent with that of a standard office room as shown in [129]
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Figure 8.2: Received power profile of the room in the absence of any objects.

Table 8.1: VLP System Model Parameters

Parameter Value
Total transmitted power PT 2 W
Refractive index n 1.5
Optical filter gain Ts 1
Wall reflection ⇢ 0.8
LED semiangle � 60�

Receiver active area A 1 cm2

FOV of the receiver  c 60�

8.3 Spatial Model

In this Chapter, the objects are modelled as cylinders placed randomly within the room [20]. Since we have

approximated the objects as cylinders, their geometric shape can be determined by their radius and height only.

The height of the objects is sampled uniformly from the range 0 to 2 m, and the radius is sampled uniformly

from the range 0 to 0.5 m.3 Unless mentioned otherwise, we will assume the default height and radius of the

object to be 1 m and 0.05 m respectively, which are selected keeping in mind the height of the room and the

area of the floor.

8.3.1 Regression Model

In this Chapter, we have used the standard Multivariate Linear Regression model, where the hypothesis function

is given by (8.1), and the cost function is given by (8.2). Here X represents values obtained from the received

power profile, y represents the blockage’s height and location, and ✓ represents the predictive parameters.

h✓(x) = ✓
T ⇥X = ✓0x0 + ✓1x1 + ✓2x2 + .......+ ✓nxn (8.1)

3These ranges were used keeping in mind the average range for the height and width of humans.

105



J(✓0, ✓1, ...., ✓n) =
1

2m

mX

i=1

[h✓(x
i)� y

i]2 (8.2)

Figure 8.3: Parameter training using Linear Regression

After X and y are obtained from the simulation, gradient descent is used to find the value of ✓ for which the

Cost Function, (8.2), is minimum. This value of ✓ is taken as the predictive parameters as shown in Fig 8.3.

Figure 8.4: Predictive Algorithm obtained from the results of Linear Regression

The value of ✓ calculated above is used to make a Predictive algorithm that calculates the height and location

of the obstacle based on the received power profile, as shown in Fig. 8.4.

8.3.2 Multiple Object Environment

In this Chapter, we have used MHCP to generate multiple objects in an indoor environment. Hard-Core

processes are point processes where points are not allowed to be closer than a certain minimum distance. Thus,

they are more regular (less clustered) than other point processes. Moreover they realistically emulate real-life

scenarios where objects have a finite width and cannot occupy the same space. In this Chapter, we have MHCP

Type-I, where we start with a basic uniform Poisson point process (PPP) �b with intensity �b, and then remove

all points which have another point within the minimum distance r. The intensity of the type-I process is given

by �b e��b⇡r
2

.[159] [160].
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8.4 Proposed Visible Light Positioning (VLP) Model

In this section, the proposed algorithm for locating an object in an indoor environment is presented. The

proposed algorithm takes into account the received power profile of the room in the presence of the objects and

estimates the positions of objects in an indoor environment.

8.4.1 VLP Model

Figure 8.5: Differential power profile for an object at (0.6507,-1.2414) with height of 1.4806 which is used to
predict the height of the obstacle

This subsection discusses the proposed VLP model to estimate the location of the object in a multiple-object

environment. We have considered an indoor environment having K desired users and L LED light sources. Let

P0 represent the received power profile of the room without any desired users, and P represents the received

power profile in the presence of the desired users. Define a function, rF = P0 � P , which will be referred as

the differential power profile in the rest of the Chapter. Then the coordinates of the desired users predicted by

the system are given such that:

(x, y) : rF = 0 and r2F < 0. (8.3)

Since the function rF represents the change in the power profile on the addition of desired users in the

room, we can assume that the power profile will incur maximum change at points near the location at which

the desired users have been added. This assumption has been validated in the results shown in the Chapter

and can be heuristically observed since the desired users block the light reaching the photodiodes in its vicinity

and hence have a greater impact on the power profile near their location. For example, Fig. 8.5 shows the plot

of rF , and as you can see, the maxima (0.65,�1.25) lies near the actual location of the obstacle.

However, the power profile cannot be calculated over the entire room, so F is only evaluated at discrete

points known as grid points which contain PDs. The spacing between adjacent grid points is known as grid size

(this can be seen in Fig. 8.1, where each point on the graph is a grid point).
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Let g̃, l̃, k̃, represent the coordinates of the grid points, LED’s and objects respectively.P0 and P can be

evaluated as:

(P0)g̃ =
LX

l=1

"
PlH0(g̃, l̃) +

Z

walls
PlHDIFF (g̃, l̃)

#
, (8.4)

Pg̃ =
LX

l=1

"
PlH0(g̃, l̃)

⇣ KY

k=1

�(g̃, l̃, k̃
⌘
+

Z

walls
PlHDIFF (g̃, l̃)

⇣ KY

k=1

�(g̃, l̃, k̃
⌘#

. (8.5)

where, �(g̃, l̃, k̃) is an indicator variable (0 or 1), which indicates whether the object is In the proposed VLC

model, an obstacle is said to block the line of sight to the desired user if :

1. The center of the obstacle is at a distance less than r from the line joining the center of the desired user

to the LED, where r is the radius of the obstacle (Please refer to Fig. R1).

2. The height of obstacle is sufficient such that its shadow reaches the desired user, which can also be checked

geometrically. As shown in Fig. 2.5, the condition is equivalent to:

hB � hR

dB
� hT � hR

dT

where hB is the height of the obstacle, hR is the height of the receiver, hT is the height of LED, and dT

and dB are the horizontal distances of user and blockages from the transmitting LED respectively.

8.4.2 Performance of VLP Algorithm

In this subsection, the performance of the proposed VLP algorithm has been presented. In order to test the

performance, an object is uniformly simulated inside the room with the default shape (height and width)

parameters. The location of this object is then estimated using the VLP algorithm, and this process is repeated

over 1000 iterations. The average RMSE thus obtained in the measurement is 0.054 m, where the RMSE is

calculated as:

RMSE =

vuut
NX

n=1

(x̂� x)2 + (ŷ � y)2

N
, (8.6)

where x̂, ŷ represents the predicted location of the desired user and x, y represent the true location of the

desired user, and N is the total number of iterations which in the present case is equal to 1000.

8.5 Results and Discussion

In this section, we present the simulation and analytical results for the VLC system with human blockages inside

a standard room size of 5 m⇥ 5 m⇥ 3 m. The two transmitter configuration of 1 and 4 LEDs in a rectangular

geometry are considered. First, A single block of LED’s is considered to be placed at the center of the ceiling –

at coordinates (0,0). In the second configuration, four blocks of LED’s are placed symmetrically ate the centers
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of the four lines joining the center to the vertices – at coordinates (-1.25, -1.25), (-1.25,1.25), (1.25, -1.25) and

(1.25,1.25). The room floor is divided into a 101 x 101 grid, and the distance between any two adjacent lattice

points is 0.05 m. A photodiode receiver is considered to be placed at each lattice point. The locations and the

orientations of the VLC transmitters and the receiver are provided in Table 8.1

8.5.1 Received Power Profile with infinitely thin object

(a) Received SNR profile (b) Difference b/w SNR profiles with and without obstacle

Figure 8.6: Infinitely thin obstacle is at (-0.6,-0.5) with height = 1m for single LED setup

The received power profile for an infinitely thin obstacle kept in a setup with a single LED and four LEDs

can be observed in Figs 8.6(a) and 8.6(b) respectively. The accuracy of height is lower because of two reasons.

Firstly due to the object being infinitely thin, as only the points which fall exactly behind the obstacle are

affected by it, and as a result, the output has very little correlation with the actual height of the obstacle.

Secondly, for the points on the room’s fringes, the shadow goes beyond the boundary of the room where there

are no receivers, and as a result, objects of height greater than a certain value will give the same result.

8.5.2 Received Power Profile with an object of finite radius

(a) Received SNR profile (b) Difference b/w SNR profiles with and without obstacle

Figure 8.7: Obstacle having finite width(=0.05m) is at (-0.6,-0.5) with height = 1m for single LED setup
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The received power profile for an obstacle with a radius of 0.05m kept in a setup with a single LED and

with four LEDs can be seen in Figs 8.7(a) and 8.7(b) respectively.

Table 8.2: Accuracy Matrix

Obstacle Setup A (One LED) Setup B (Four LED)
LA (cm) HA (cm) LA (cm) HA (cm)

Infinitely Thin Object 0.0017 11.5987 (99.85%) 0.0029 14.8995 (99.80%)
Object with finite Radius 0.0026 9.9982 (99.86%) 0.0029 9.6689 (99.87%)

Table 8.2 shows the location accuracy (LA) and height accuracy (HA) for one LED and 4 LED setup. It

can be seen that the accuracy of the height increases in the case of an object having a finite radius (=0.05m).

This is because the object now casts a definite shadow. This eliminates the first reason listed above as there is

now a direct correlation between the length of the shadow and the height of the obstacle.

8.5.3 Variation of VLP System Performance with System Parameters

The proposed algorithm can also be applied to a multiple object environment. However, the interference with

the line of sight and shadowing effects in a multiple object scenario would result in lower location accuracy. In

this subsection, the impact of grid size and the number of objects on the performance of the proposed VLP

algorithm is discussed.

8.5.3.1 Grid Size

In the practical system, the power profile of the room can only be evaluated at discrete points across the

room. The grid size (the distance between two adjacent points at which the function is evaluated) is extremely

important for two reasons. Firstly, it decides the number of PDs required for the system to function. Larger the

grid size, lesser the number of PDs required. However for a smaller grid size the function is evaluated at more

number of points, and it approximates the continuous function better. Hence, the error in VLP is expected to

increase with grid size.

The effect of varying the grid size on the RMSE, average location error over multiple iterations can be seen

in Fig. 8.8. For each value of grid size, 20 iterations of multiple desired user environments are generated using

MHCP, and for each iteration, the location error (✏) is calculated as:

✏ =
KX

k=1

p
(x̂� x)2 + (ŷ � y)2

K
. (8.7)

where, x̂, ŷ represent the predicted location of the desired user and x, y represent the true location of desired

user, and K represents the number of desired users generated using MHCP in that particular iteration.

Fig. 8.8 shows the variation in location error with varying grid sizes. It can be seen that the location error

increases with the increase in grid size which is consistent with our hypothesis considered in the Chapter. It is

due to the fact that the smaller the grid size, the better the approximation to the continuous differential power

profile and hence our algorithm works better too.
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Figure 8.8: Variation of location error with grid size

Unless otherwise mentioned in this Chapter, henceforth we will assume a grid size of 0.2 m as further decrease

in grid size increase the operational overload without any proportionate increase in accuracy of the model as

seen in Fig. 8.8.

8.5.3.2 Number of Objects

Since the MHCP results in a random number of objects being generated in the room, in order to get a fixed

number of objects, we will be using a random point process which assumes a uniform probability of an object

being anywhere in the room. Moreover, the objects are distributed independently with the same default shape

parameters (height, radius).

Fig. 8.9 depicts the variation of location error with a change in the number of objects. The location error

is calculated using (8.7).

Figure 8.9: Variation of location error with the number of obstacles

As we can see, the value of location error increases with the number of objects. More the number of objects

in a room, greater will be the probability of an object being blocked by another’s shadow. This overlap would

result in some objects not being detected which increases the error in positioning as shown in Fig. 8.9.
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8.6 Shape Estimation using Visible Light

This section presents a novel insight into using visible light to construct a 3-D rendering of an indoor envi-

ronment. This algorithm can be used to develop accurate surveillance systems which makes use of only the

current lighting infrastructure of the rooms. Moreover, using LED’s is much cheaper than the present methods

of height estimation that utilizes microwave or WiFi. Estimating the shape of objects in an indoor environment

could help us in constructing a topological map of the room which could be useful for indoor navigation and

monitoring.

One of the most significant advantages of the system model presented in this Chapter over the previous

system models is its ability to estimate an object/ user’s shape in the room’s boundaries. Since we are modelling

the objects as cylinders, estimating their shape consists of estimating the height and radius of the objects. No

extra hardware is required for shape estimation, and instead, it can be done using the same architecture, LEDs

as transmitters and PDs as the receiver. However, it can not be done using a fixed algorithm since height and

radius estimation are more subjective than location estimation. In this Chapter, we have constructed a NN

as shown in Fig. 8.10, that takes the room’s received power profile as input and then outputs the predicted

height/radius of the object [186–190].

Figure 8.10: Structure of the shallow neural network[5, 6] used for shape estimation

8.6.1 Height Estimation Model

The height of an object in a room is calculated by constructing an artificial NN. It takes the received power

profile of the room as an input and predicts the height of the object. The received power profile of the room

consists of power received at each grid point in the room. The height of the objects is assumed to be between 0

and 2 m, which is a reasonable range for indoor measurements. The radius of the object is fixed at the default

value of 0.05 m.

8.6.1.1 Training Data Generation

In order to make predictions using a NN, the first step is to train the parameters of the NN in order to minimize

the error in predicting the height of objects. We simulate an object at a random location in the room with
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Figure 8.11: Training the neural network

uniform probability across the entire room and sample the object’s height from a uniform distribution between

0 to 2 m. Further, we calculate the differential power profile of the room in the presence of the object. This

is repeated over 1000 iterations to get a training dataset. It is seen that the NN works better when the target

variable is between [0,1], so the height of the sample is divided by 2 and used to train the network. The height

predicted by the NN is then doubled in order to get the actual predicted height.

Where, X and Y represent the length and the width of the room respectively.

8.6.1.2 Training NN

For training, the constructed data set is divided in the proportion of 80:10:10 into the training, validation, and

test set. A shallow NN having 10 hidden nodes is constructed and then trained using the Levenburg-Marquadt

(LM) algorithm. The LM algorithm iteratively finds the minima of a function that can be expressed as the sum

of squares of non-linear functions. It is very useful in solving problems involving non-linear least squares and is

a combination of the Gauss-Newton method and Steepest Gradient Descent [191].

8.6.1.3 Results

The NN was trained for over 100 epochs (Fig. 8.11) after which the error obtained in each of the training,

validation and testing sets is represented below in Table 8.3. The best performance of the NN is seen at epoch

102, that is minimum RMSE was seen in the test set.

Table 8.3: Distributed Error in Prediction

Data type Samples RMSE R-value
Training 800 4.38854e-2 9.421e-1

Validation 100 6.08677e-2 9.1654e-1
Testing 100 5.60280e-2 9.0426e-1

RMSE is defined as the average squared difference between the outputs of the NN and targets, which are

the true values. Lower values of RMSE means a more accurate prediction by the NN. Regression (R) values is
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indicative of the correlation between targets and outputs [192]. An R value close to 1 means that the output

and the target are strongly co related that is there exists a simple bijective mapping between the two. On the

other hand, an R value of 0 indicates a random relationship. The performance of the NN is better represented

by Figs. 8.12 and 8.13.

Fig. 8.12 depicts the distribution of errors over the training, validation and test set. It is an histogram with

the height of the bar equal to the number of instances with error equal to the range on the x axis. As you can

see that the error distribution is sharply peaked around zero error and the number of instances become close

to zero as the amount of error increases. This shows that the neural network model is working correctly and

predicting values close to the intended target. Fig. 8.13 shows us the regression value for the training, validation

and test set as well as over the entire dataset. As you can see that we get an almost direct correlation between

the outputs predicted by the neural network and the target variables. This shows that the model is working

correctly in predicting the target variable.
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Figure 8.12: Distribution of error (in meters) in prediction by the NN

8.6.2 Radius Estimation Model

The radius of an object in a room is calculated by constructing an artificial NN. That takes the power profile

of the room as an input and predicts the radius of the object. The power profile of the room consists of power

received at each grid point in a room that contains a PD. The radius of the objects is taken between 0 and 0.5

m, which is a reasonable range for indoor measurements.The height of the object is fixed at the default value

of 1 m.

8.6.2.1 Creating Training Data

In order to make predictions using a NN, the first step is to train the parameters of the NN in order to minimize

the error in predicting the height of objects. An object is repeatedly simulated for 1000 iterations at a random

location in the room with uniform probability over the entire room. The object radius is sampled from a uniform

distribution between 0 to 0.5 m. The power profile of the room is then taken as input to the NN to calculate

the object radius. It is seen that the NN works better when the target variable is between [0,1], so the height
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Figure 8.13: R values for the data in each of the training, validation and test set as well as the entire dataset

of the sample is doubled and used to train the network. The radius calculated by the NN is then halved to get

the actual predicted radius.

8.6.2.2 Training NN

For training, the constructed data set is divided in the proportion of 80:10:10 into the training, validation, and

test set. A shallow NN with 10 hidden nodes is then constructed and trained using the Bayesian regularization

algorithm.(Fig. 8.14)

Bayesian regularization is a commonly used process to train Neural networks and is especially used to convert

non linear regression into a simple ridge regression. It offers many advantages such as: the models are more

robust, the validation process is faster and models become difficult to overtrain and overfit [193].

Figure 8.14: Training the neural network

115



Table 8.4: Error in Prediction

Data type Samples RMSE R-value
Training 800 1.26084e-2 9.027e-1

Validation 100 1.14627e-2 8.5783e-2
Testing 100 1.47891e-2 8.757e-1

8.6.2.3 Results
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Figure 8.15: Distribution of error (in meters) in prediction by the NN

The NN was trained for over 100 epochs after which the error obtained in each of the training, validation

and testing sets is represented in Table 8.4. The best performance of the NN was seen at Epoch 104, that is the

minimum RMSE was seen in the test set. Lower values of RMSE means a more accurate prediction by the NN.

Regression (R) values is indicative of the correlation between targets and outputs [192]. An R value close to 1

means that the output and the target are strongly co related that is there exists a simple objective mapping

between the two. On the other hand, an R value of 0 indicates a random relationship. The performance of the

NN is better represented in Figs. 8.15 and 8.16.

Similar observations can be seen in Fig. 8.15 and 8.16 to height estimation. The error (in meters) for radius

estimation is also sharply peaked around zero error and becomes no of instances become rarer as the amount

of error increases. The regression values shown in Fig. 8.16 are also very close to 1 showing a direct correlation

between the outputs of the neural network and the target variable. Based on the above two points, we can safely

say that our radius estimation model is working correctly and is predicting values close to the target variable.

One observation that we can draw from the Fig. 8.15 is that the network tends to underestimate the radius

more often which may be due to the shadowing effects of other objects.

8.7 Optimising VLP by changing Power Allocation to LED’s

In this section, we have analyzed the performance of the proposed VLP system by optimizing the power allocation

to LEDs. We have used the attocell approach by locating the obstacle within the LiFi attocell, and the VLC

parameter can be tuned to improve the overall communication performance. A LiFi attocell network uses the
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Figure 8.16: R values for the data in each of the training, validation and test set as well as the entire data set

lighting system to provide wireless access to multiple light fixtures that each LED functions as a very small

radio base station. The result is a network of very small cells called ’optical attocells.’ They are analogous to

femtocells in RF communications, which cover a small area and are, therefore, classed as ’small cells’. Based

on the approach mentioned above, the LED with a large number of users associated is given more power than

the LEDs with fewer users as per the location information. We believe that this position information can

be exploited to improve communication performance in the presence of different obstacles inside the room.

Moreover, the LED power allocation can be optimized to maximize the data rate or minimize the BER by

exploiting this location information. Here, we have considered VLP in an indoor 5 m ⇥ 5 m ⇥ 3 m room with

4 LEDs placed symmetrically on the roof. Moreover, we have considered that each LED has been allocated

constant power, 2W. However, this system appears sub-optimal as the power of each individual LED remains

constant irrespective of the placement of objects in the room. Instead, suppose we could allocate power to each

LED based on the position of the objects while maintaining the total power constraint. In that case, we could

perhaps decrease the error in positioning further.

Let us consider the power allocated to the LED in the form of a four-dimensional vector, P , where each

entry represents the power allocated to that LED.

P =

2

664

P1

P2

P3

P4

3

775 , (8.8)

where, Pi is the power allocated to the i
th LED, i = {1, 2, 3, 4}. Subject to the total power constraint:

X

i

Pi = Pt, (8.9)
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where Pt is the total power. When no information about the location of the user (also the obstacle for the

other users) is available, power is allocated equally to all the LED’s. Once the location information is available,

initially, total power is allocated to one particular LED at a time while leaving the other 3 LEDs with no power,

and the location error is calculated as shown in Fig 8.17. Then the process is repeated for all the LEDs until the

location information of each user is obtained. Afterwards, power is allocated in such a way that the LED serving

the more users will get more power giving the minimum location error with respect to other LEDs having fewer

users, respectively.

The power allocation algorithm is given by:

Algorithm 1: Power Allocation Algorithm
Result: Optimum power allocation vector, �
Initial power allocation vector, P Pi =

Pt

4 8i = {1, 2, 3, 4}
For j = {1,2,3,4}

• Set Power allocation vector, Pj, such that P
j
i = Pt �ij

• Simulate the received power profile of the room and then calculate Location_Errorj using Section 8.4

Set,

�i =

1
Location_Error

iP4
j=1

1
Location_Error

j

.

where, �ij is the dirac delta function.

�ij =

⇢
0 i 6= j

1 i = j
(8.10)

(a) Realization of human blockages case:01 (b) Realization of human blockages case:02

Figure 8.17: Position of objects, power allocated to the LED’s and the location error

This power allocation algorithm was applied over many iterations, where each iteration has a different

number and arrangement of obstacles, to improve positioning by optimizing the power allocation to LED’s.

Over 100 iterations, the power allocation optimization was applied, and the algorithm showed improvements
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in location accuracy in 20 iterations, with the accuracy remaining unchanged in the rest. We can conclude

that there is a saturation point for the accuracy after which application of the algorithm provides no further

improvement. The saturation point varies widely for different arrangements of the objects in the room and it

is difficult to quantify it. The optimization algorithm resulted in an average net improvement of 22.068 % (9.2

cm) in location accuracy.

8.8 Summary

This Chapter presented a predictive system for estimating the height and location of an obstacle. This is

realized by an RSS-based method using modulated LEDs. The system is simulated firstly using an infinitely

thin blockage and then with a blockage having a constant finite radius (= 0.05m). Based on the simulation

results, a predictive algorithm is built using Multivariate Linear Regression. The accuracy of the predictive

algorithm developed is reasonably high as it predicts the location of the obstacle within 0.03 cm and the height

within 15 cm.

Further, this Chapter also introduces a novel VLP model which can be used to predict the location of an

object even in multiple object environments. It is seen that the minimum squared error for positioning is 6.7

cm. Moreover, the effect of grid size (the distance between two adjacent PD’s) and the number of objects on

the location error is also observed. In addition, this Chapter also presents a neural network-based algorithm for

measuring the height and radius of objects in an indoor environment such that a 3-D rendering of the room can

be constructed. The RMSE for the height and radius of the objects is 4.67 and 1.27 cm, respectively. Moreover,

the regression values obtained for both height and radius show a clear dependence between the output of the

neural network and the target value.

Furthermore, in this Chapter, we have discussed a method for optimizing the power allocation to the LEDs

in the room, such that optimum location accuracy can be obtained, keeping the total power of LEDs constant.

The algorithm proposed shows an improvement in 20% of the cases, with an average improvement of 9.2 cm. An

important point to be noted is that on the application of the algorithm, the error in positioning either decreases

or remains the same, it never increases. In addition to the results presented above, this Chapter opens the

doors to many exciting research prospects like using the above methods to estimate the radius and height of

the obstacles jointly. The proposed algorithm could find applications in remote surveillance and monitoring of

indoor environments using just LEDs and PDs.
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Chapter 9

Optimal LED Power Allocation
Framework for a Location-Assisted Indoor
VLC system

This Chapter utilizes the location information in order to improve the indoor VLC system performance in the

presence of obstacles considering random user equipment orientation [194].

The rest of this Chapter is organized in the following way. We discuss the motivation behind this work and

outline our contributions in Section 9.1. Section 9.2 presents the system model, consisting of the VLC system

model and the characterization of the dynamic human blockages using generalized MHCP. In Section 9.3, we

have discussed the proposed optimal LED power allocation employing user location. We explain the shadowing

effect and develop a model to find the blockage probability for any dynamic user in the indoor VLC system.

The analytical expression for received power and BER is discussed in Section 9.4. Section 9.5 discusses the

analytical as well as the simulation plots. Lastly, Section 9.6 concludes the Chapter.

9.1 Motivation and Contribution

9.1.1 Motivation

In an indoor VLC system, the received optical power depends on various factors, such as the location of the

emitting LEDs, the desired user’s location, and the different types of obstacles present in the room. In an

indoor room with multiple-user cases, other users act as a blockage for the desired user. Sometimes other users

may pause between movements for a specific time, called a pause time. These pauses taken by moving users

can obstruct LoS and NLoS signals from the transmitter to the receiver, and hence can abruptly drop the

received power. The height and the radius of the blockages play a significant role in this sudden reduction of

the received power [20].Consequently, the motivation behind this work is to exploit the location information

obtained in the presence of obstacles to facilitate better communication services meeting BER better than 10�3

and illumination in the range of 300-1500 lux [46, 195].
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9.1.2 Contribution

As evident from previous literature discussed in (ref. Section 1.6.6), the existing work on VLP and primarily

focused on minimizing the error in localization by exploiting different positioning methods. Similarly, the work

in VLC power optimization (ref. Section 1.6.7) have not considered location information in the analysis. Further,

in earlier work, utilization of this location information for indoor communication has not been explored. We

believe that this position information can be exploited to improve communication performance in the presence

of different obstacles inside the room. Moreover, the LED power allocation can be optimized to maximize the

data rate or minimize the BER by exploiting this location information. The proposed work has the following

major contributions.

1. We propose a location-assisted indoor VLC system, wherein the location information is exploited to en-

hance the communication performance of the user. Specifically, we propose an optimal LED power man-

agement scheme to maximize the average data rate across the room subject to predefined communication

constraints as well as number of blockages inside the room.

2. We have also formulated a power-saving optimization framework to maximize the power savings among the

LEDs with respect to the number of blockages and permissible localization error. The effect of dimming

on the above is also investigated.

3. The closed-form expression of BER for optimal LED power allocation with blockages and localization is

derived.

4. Further, to see the effect of a high rate modulation scheme in the proposed system model, we have analyzed

the BER performance and the localization error with DCO-OFDM and human blockage. The effect of

random device orientation on the BER performance is also analyzed.

5. In addition, we have also analyzed the trade-off between the localization error and the performance metrics

such as BER and illumination for the proposed location-assisted indoor VLC system.

9.2 System Model

The system model considers 4 LEDs transmitters placed in the rectangular configuration in a room size of

x ⇥ y ⇥ z (m ⇥ m ⇥ m). The receiver plane is at the height of 0.85 m. Generalized RWP model (with pause

time tp) has been employed to characterize the distribution of dynamic blockages in a space [x, y]2. The human

blockages are modelled as cylinders of height hB and radius rB , as shown in Fig. 8.1 (ref. Section 8.2). For

the given system model, blockages of different widths (radius r1 and r2) have been considered to replicate the

different sizes of people. We have used standard OOK modulation in the proposed VLC system for determining

the power and SNR expression. Also, to see the effect of state-of-the-art high data rate modulation schemes such

as DCO-OFDM on the proposed LED power allocation framework, we have analyzed the BER performance,

and the maximum allowed localization error using DCO-OFDM [196].
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The proposed system model can be generalized to a room of any arbitrary size. However, for ease of analysis

and without the loss of generality, we consider a square room size of 5⇥ 5⇥ 3 (m ⇥ m ⇥ m), where the LEDs 1,

2, 3, and 4 are placed at the height of 3m at (1.25, 3.75), (3.75, 3.75), (1.25, 1.25), (3.75, 1.25) respectively. It is

assumed that the location information of the human blockages is available beforehand by utilizing the methods

discussed in Chapter 8.

9.3 LED Power Allocation Optimization Problem

This section proposes the optimal LED power management framework based on human blockage estimation

inside the room. The objective is to maximize the average bit rate among the users subject to the illumination

and BER constraints. Here, we consider multiple LEDs and multiple user scenario wherein each user will act as

a human blockage to others. The average bit rate is the function of the average received SNR at the receiver in

the presence of human blockages [197]. The average bit rate is maximized by optimally allocating the transmit

power Pti among LEDs and can be expressed as:

max
Pti
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H
B
i,j is the VLC channel coefficient between i

th LED and j
th PD in the presence of human blockages and �2

j is

the noise variance at j
th PD. The objective function is subjected to following constraints:

1. The sum of power of each LED is upper-bounded by PT

NX

i=1

Pti  PT ,

) 1Nx  PT .

(9.2)

where, 1N is a N dimensional unit vector and x = [Pt1 , ...., PtN ]T is N dimensional column vector of

decision variables.

2. The power of each LED is non-negative.

Pti � 0 8i = 1, ..., N, (9.3)

) Gx � 0. (9.4)

where G = diag(1, ..., 1).

3. BER should be Pe  10�3
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4. The illumination across the room must be within a predefined range

1500 lux �

Pticos

m+1(�)cos(✓)

4⇡r2

�
� 300 lux (9.6)

where r is the attocell radius.

The second term inside the log function in optimization function (9.1) is the expected SNR at the receiver in

the presence of blockage and can be calculated as:
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where µ
B
i,q =

PK
j=1 H

B
i,jH

B
q,j and K is total number of PD. By substituting the value of received SNR in

(9.1) the average data rate for Nu users can be expressed as:
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Using (9.1) and (9.9), the proposed optimization problem can be expressed in matrix form as:

max
x

1

Nu
xTBx, (9.10)

where the matrix B is given by

B =

2

4
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3

5 . (9.11)

and elements �i,q are

�i,q =
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The objective function in (18) is convex because B is positive-definite [162]. Since the variance of received

power xTBx > 0 8 RN
+ , B is positive-definite. Also, the linear functions are both convex and concave, and

all constraints are convex. Therefore, the optimization problem in (9.1) gives a quadratic and the convex

optimization problem.
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9.3.1 Power Saving Optimization

In this sub-section, we formulate an optimization problem to maximize the power saving among the LEDs based

on localization information. The optimization problem also takes into account the human blockages inside the

room. Specifically, we derive the total power to be distributed among the LEDs based on the optimal LED

power management framework described in Section III in order to fulfill both illumination and BER constraints.

The objective power saving function is the total allotted power based on equal power allocation to all the LEDs

subtracted from the total allocated power (using optimal LED power allocation framework), fulfilling both

illumination and BER constraints, i.e.,

max
NB

[PT � PA] , (9.13)

Here, PA the minimum required allocated power to the LEDs for a given number of blockages using the

proposed optimal LED power allocation scheme. PT the total power required with equal power allocation to

maintain the constraints like, average BER should be  10�3. The illumination across the room should be

1500 lux � Iavg � 300 lux. The total power constraint of the system being
P

Pti  PT .

9.4 BER Performance

In this section, we analyze the BER of the VLC channel in the presence of dynamic blockages characterized by

MHCP. To calculate the blockage probability PB(dB), it is assumed that no signal is received whenever the PD

is blocked by the obstacle. The optical signal si(t) transmitted by the ith LED is as follows:

si(t) = Pti [1 +MIxi(t)], (9.14)

where Pti is the ith LED’s the transmit power, MI is the modulating index and xi(t) is the corresponding OOK

modulated signal [179]. The first term in (9.14) (Pti) accounts for the illumination whereas the second term

(PtiMIxi(t)) for the communication part. It is assumed that the DC component of the detected electric signal

is filtered out at the Rx after photo detection. yj is the received signal at the photo-detector j, and is expressed

as:

yj = RPrj + nj , (9.15)

where R is the responsivity of the PD and nj is the additive white Gaussian noise (AWGN) with zero mean

and �
2
j variance. Thus, we can write the AWGN as nj = N (0, �2

j ). Received power at the j
th photo-detector,

Prj is given by:

Prj =
NX

i=1

H
B
i,jPtiMIxi. (9.16)
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�
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2⇡
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h
2
T + r

2
i

⌘m+3 , (9.17)

Here, hT is the height of transmitter plane and ri location of the i
th LED from the centre. As we know the

location of blockages, as well as that of the PD, the transmitting power from the LED, will be given by vector

Pti = BiPT get from (9.10) the optimal LED power allocation.
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Prj =
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where Bi is the ith LED power allocation vector derived using optimization in (9.16). Let,

C1 =
P (m+ 1)Ah

m+1
T

2⇡
, (9.19)

and

Vi =
Bixi[exp
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2
i

⌘m+3 . (9.20)

Now Prj can be expressed as:

Prj = C1

NX

i=1

Vi, (9.21)

Hence the output signal can be written as:

yj = RC1

NX

i=1

Vi + nj , (9.22)

Here nj is the noise �2
j at j

th the PD is the total noise power comprising of shot noise power (�2
shot) and

thermal noise power (�2
thermal) which can be expressed as:

�
2
j = �

2
shot + �

2
thermal. (9.23)

Using (9.22), the BER for OOK modulation scheme with the optimal LED power allocation with human

blockages can be expressed as:

Pe = Q

 
RC1

PN
i=1 Vi

�j

!
. (9.24)

Further, the above BER analysis can be extended for other modulations schemes such as QAM, PAM, etc.

9.5 Results and Discussion

In this section, the simulation and analytical results for the proposed indoor VLC broadcast system inside a

standard room sizes of 5 m⇥5 m⇥3 m and 10 m⇥10 m⇥3 m have been presented. Each room consists of either

4 and 8 LED transmitters placed in a rectangular geometry. A Monte Carlo simulation of 104 independent trials

is conducted, where for each trial, a random location of blockages has been generated. The locations of the

VLC transmitters, receiver and the orientations are provided in Table 9.1.

In the proposed optimal LED power allocation framework, in order to update the LED power in real-time

with respect to the user’s location inside the room, we require estimation of the user location, which is further

fed into the LED controller, which distributes the power among LEDs as per the proposed optimal LED power

allocation. Here we can use a microcontroller-based LED controller circuit to facilitate the power management

(varying light intensity) of the LEDs based on the user’s location information inside the room.
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Table 9.1: System Model & Simulation Parameters

Parameter Value
Total transmitted power PT 200 mw
Refractive index n 1.5
Optical filter gain Ts 1
Wall reflection ⇢ 0.8
Number of user Nu 1-8
Number of receiver location K 625
LED semiangle � 60�

Receiver plane above the floor hR 0.85 m
Receiver elevation 90�

Receiver active area A 1 cm2

FOV of the receiver  c 60�

Blockage radius r1 and r2 20 cm & 40 cm
Height of the blockage hB 180 cm
Responsivity R 0.5 A

W
Signal bandwidth Bs 10 MHz
Noise bandwidth factor I2 0.562
Background current Ibg 100 µA

(a) 3 blockages using MHCP (b) Power allocated to LEDs in watts

(c) 9 blockages using MHCP (d) Power allocated to LEDs in watts

Figure 9.1: Optimal LED power allocation in the presence of blockages with total power of 2 watts
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9.5.1 Optimal LED Power Allocation

This sub-section shows the results of the proposed optimal LED power allocation scheme to maximize the

average data rate with respect to the number of blockages subject to illumination and BER constraints. The

realization blockage using MHCP and their respective allotted power to the LEDs has been shown in Fig. 9.1.

Figs. 9.1(a) and 9.1(b) show the realization of 3 human blockages and their respective power subject to the

total power constraint of 2 W, which is distributed among 4 LEDs using optimal LED power allocation in

(9.2). Similarly, Figs. 9.1(c) and 9.1(d) show the realization of 9 human blockages and their respective power

allocation.

It can be seen from Fig. 9.1 that depending on the location of the human blockages, the respective LED

power varies in order to fulfill the above constraints. For example, in Figs. 9.1(c) and 9.1(d) with 9 human

blockages inside the room, 6 blockages are clustered near the 3rd LED attocell, and the allotted power to the

respective LED is 1.2 W. While the 1st and 3rd LEDs have been assigned 0.28 W and 0.51 W of power to

serve the remaining 3 users. Similarly, the 4th LED has 0 blockages in its attocell, so it has been allotted a

minimum required power of 0.1 W to maintain the illumination constraints. Therefore, it can be observed that

based on the location information of the users, the respective LED power varies to maximize the data rate

subject to the proposed constraints. Figs. 9.2(a) and 9.2(b) show the change in allocated optimal LED power

(a) Realization of human blockages (b) Optimal LED power allocation with respect to shift in
blockage location

Figure 9.2: Optimal LED power allocation with respect to shift in blockage location (the values in red color
shows the updated LED power values due to shift)

allocation values due to a shift in blockage location. The primary objective is to find the maximum allowed shift

in blockage location that will not alter the current LED power allocation which depends on the current location

of the blockage as well as the minimum distance required to move out of the coverage area of the respective

LED attocell. As shown in Fig. 9.2(a) that the maximum allowed shift for a given blockage realization is found

to be 120 cm.
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Figure 9.3: Convergence of achieved average data rate for different localization error with respect to all possible
solution (↵)

9.5.2 Convergence of the Proposed LED Power Allocation Framework

This sub-section shows the convergence of the proposed optimal LED power allocation scheme in the presence

of human blockages based on location information. The maximum allowed error in localization with respect to

LED and room configuration has also been analyzed. Fig. 9.3 shows the maximum achievable average data rate

for the proposed optimization framework (9.1) for the given realization of human blockages as shown in Fig.

9.1(c). The index number of all possible solutions (↵) has been chosen such that the maximum average data

rate is achieved. It can also be observed from Fig. 9.3 that as the localization error increases, the maximum

achievable data rate decreases as it results in less accurate estimation of the blockage, which will affect the

proposed optimization solution. Therefore, we can see that for 4 LEDs configuration with nine blockages in a

room size of 5 m ⇥ 5 m ⇥ 3 m, the maximum allowed localization error is 7 cm with the maximum achieved

data rate of 3.28 b/s/Hz. Further, if localization error increases, the achieved data rate decreases. For example,

for the localization error of 10 and 20 cm, the maximum achieved data rate reduces to 3.1 and 2.85 b/s/Hz

respectively.

9.5.3 Optimal LED power allocation framework for 4 and 8 LED configuration
with varying room size

Fig. 9.4 shows the maximum achievable average data rate subject to different localization error for 4 and 8

LED configuration with a room size of 5 m⇥ 5 m⇥ 3 m and 10 m⇥ 10 m⇥ 3 m.

Fig. 9.4(a) shows the average achieved data rate for a room size of 5 m⇥ 5 m⇥ 3 m with 4 and 8 LEDs. As

the number of LEDs increases from 4 to 8 LED, the respective maximum allowed localization error decreases

from 7 cm to 5 cm. This reduction in localization error is due to the fact that with an increase in the number of

LEDs, the separation between the two LEDs decreases the attocell coverage area. Similarly, Fig. 9.4(a) shows

the average achieved data rate for a room size of 10 m ⇥ 10 m ⇥ 3 m with 4 and 8 LEDs. It can be observed

that the maximum allowed localization error value increases due to increased separation between two LEDs

with an increase in room size. The maximum allowed localization error for 4 LED and 8 LED cases are 16 cm

and 10 cm respectively. Therefore, it is obvious that increase in the number of LEDs results in a decrease in
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Figure 9.4: Achieved average data rate with localization error for 4 and 8 LEDs and two room dimensions

the maximum allowed localization error with an increase in average data rate. While with the increase in room

dimension, the maximum allowed localization error increase for the same number of LEDs with a decrease in

the maximum achievable average data rate. Hence, it can be inferred that there exists a trade-off between the

maximum achievable average data rate and the maximum allowed localization error and the operator can tune

the system as per the requirement.

9.5.4 Maximum Achieved Data Rate for Different Localization Error with respect
to Number of Blockages
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(a) Maximum achieved data rate with 4 LEDs
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(b) Maximum achieved data rate with 8 LEDs

Figure 9.5: Maximum achieved data rate for different localization error with 4 and 8 LEDs

This sub-section shows the maximum achieved data rate by the proposed scheme in the presence of human

blockages for varying localization error subject to fulfilling both illumination and BER constraints for a room

size of 5 m ⇥ 5 m ⇥ 3 m. Fig. 9.5 shows the maximum achievable data rate as a function of localization error

for increasing number of blockages for 4 and 8 LED configurations. It can be seen that as the number of human

blockages increases, the maximum achievable data rate decreases along with maximum localization error for 4
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LED configuration as shown in Fig. 9.5(a). For example, with 2 blockages and an allowed localization error

of 5 cm, the maximum achieved data rate is 3.25 b/s/Hz. For the same number of blockages with an increase

in localization error to 20 cm, the maximum achieved data rate is reduced to 2.75 b/s/Hz. Similarly, in Fig.

9.5(b) with 8 LED configurations, the effect is nearly the same. It can be observed that with 2 blockages and

with allowed localization error of 5 cm, the maximum achievable data rate is 3.65 b/s/Hz, while for the same

number of blockages and increase in localization error to 20 cm, the maximum achievable data rate reduces to

3.05 b/s/Hz. It is due to the fact that for 8 LED configuration, there is less separation between the LEDs, the

transmit power is more uniformly distributed but at the same time, the localization error also increases due to

more overlapping regions in their respective attocell.

From the above results, it can be inferred that the maximum achieved data rate decreases with the increase

in localization error and the number of blockages. Hence, depending on the requirement of the system with a

given number of blockages and errors in the localization, one can deploy either the 4 or 8 LED configuration.

9.5.5 Effect of LED Semiangle in the Maximum Allowed Localization Error
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Figure 9.6: Maximum allowed Localization error versus the LED semiangle with 4 and 8 LED configuration

In this sub-section, The effect of LED semiangle on the maximum allowed error in localization has been shown

in Fig. 9.6. The increased LED semiangle results in an increase in attocell size. The increase in attocell size

leads to more overlapping regions among LEDs and, affects the maximum allowed localization error. Figs. 9.6(a)

and 9.6(b) show the maximum allowed localization error with 4 and 8 LEDs for a room size of 5 m⇥ 5 m⇥ 3 m

and 10 m⇥ 10 m⇥ 3 m respectively. In both cases, the maximum allowed localization error decreases with an

increase in LED semiangle. For the case of 5 m⇥ 5 m⇥ 3 m room size, the minimum required LED semiangle

is 44� with maximum allowed localization error of 10 cm and 18 cm while maintaining the illumination and

BER constraints for 4 and 8 LEDs respectively. Similarly, for the case of room size of 10 m ⇥ 10 m ⇥ 3 m

minimum required LED semiangle is 42.8� with maximum allowed localization error of 22 cm and 43 cm for 4

LED and 8 LED respectively. It is worth mentioning that wider LED semiangle results in more uniform received

power and better BER across the room while decreasing the maximum allowed localization error and vice versa.

Therefore, it can be inferred that there is a trade-off between the allowed maximum localization error versus
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the illumination and BER constraints. Wider LED semiangle satisfies the illumination and BER constraints

with good margin but suffers in maximum allowed localization error and vice versa.

9.5.6 Power Saving with and without Illumination Constraint Under the Effect
of Dimming
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Figure 9.7: Power saving and dimming performance with and without illumination constraints

In this sub-section, we have shown the maximum possible power saving for the proposed optimal LED power

allocation scheme with and without illumination constraints for 4 and 8 LEDs configuration for a room size of

5 m⇥ 5 m⇥ 3 m. The power-saving is calculated using the (9.13) subject to the number of blockages. In order

to calculate the power saving in percentage in the denominator, we have taken the constant power PT . The

formula for the percentage of power-saving PS is written as:

PS =
max
NB

[PT � PA]

PT
⇥ 100, (9.25)

Denominator PT is fixed for all lighting scenarios to maintain the fair comparison with constant power. We

have taken 2 Watt constant power for 4 and 8 LEDs arranged in rectangular configurations. Fig. 9.7(a) shows

the power saving with varying number of human blockages for with and without illumination constraints for the

optimization problem formulated in (9.15). It can be seen that for 4 LED case with one blockage, the maximum

power saving achieved with and without illumination constraint is nearly the same which is approximately 40

%. Further, it is observed that the power saving decreases with an increase in the number of blockages. While

for the case of 8 LED, the maximum power saving without any blockages and illumination constraint is 70 %,

and with illumination constraint, it is reduced to 60 %. It is observed that the power saving decreases with an

increase in the number of blockages for both cases. It goes to zero with blockages more than 7. For the given

room size, this is the maximum number of blockages that can be served. Therefore, it can be inferred that for

a given room size of 5 m⇥ 5 m⇥ 3 m, the maximum allowed human blockages are  7 to save the power.

In the VLC system, the illumination due to LED should be adjusted based on the user’s need as well as

for saving energy [151],[152]. Fig. 9.7(b) shows the achieved BER with respect to the dimming percentage for
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4 and 8 LEDs with 5 blockages. As the dimming percentage increases, the respective BER starts increasing

for both cases. As the dimming percentage increases, the received power decreases, which results in an error

in localization, and the effective SNR decreases. It can be seen that for 4 LED case, the maximum allowed

dimming is 70 %, while for 8 LED case, it is approximately 75 %.

9.5.7 BER Performance with Optimal LED Power Allocation

(a) BER performance with blockages
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Figure 9.8: BER Performance
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Figure 9.9: BER Performance with DCO-OFDM and ACO-OFDM

This sub-section shows the BER performance of the proposed system with equal and optimal power allocation

schemes. Fig. 9.8(a) shows the BER performance in the presence of human blockages. The derived BER

expressions and the simulation results are in close agreement, which validates the mathematical derivations and

justifies the approximations in (9.24).

Fig. 9.8(b) shows the BER with respect to localization error in estimation with equal power allocation and

proposed optimal LED power allocation schemes. It can be seen that as the localization error increases, the

BER decreases in both cases. However, it is interesting to observe that the system with optimal LED power
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allocation can tolerate more error in localization as compared to equal power allocation scheme for the same

BER values. We have also plotted the BER performance results with blockages using DCO-OFDM as shown

in Fig. 9.9 and compared it with standard OOK modulation as shown in Fig. 9.8.

It can be seen from Fig. 9.8(a) and Fig. 9.9(a) the BER performance with blockages using OOK and

DCO-OFDM and ACO-OFDM, respectively, using location information. To achieve the BER of 10�3 with 2

blockages, the SNR required using OOK is approximately 23 dB, whereas, in the case of DCO-OFDM and

ACO-OFDM, it is around 20 dB and 15 dB, respectively. Similarly, for 5 blockages, the required SNR is 30 dB,

whereas, in the case of DCO-OFDM, it is approximately 27 dB and 21 dB, respectively. DCO-OFDM and ACO-

OFDM provide a gain of 3 dB and 8 dB, respectively, with respect to OOK. It is because, with DCO-OFDM

and ACO-OFDM, the data stream is parallelized and sent through orthogonal subcarriers. Each sub-stream

can be modulated using a high-order modulation such as PSK or QAM. Furthermore, external narrow-band

interference will most probably impact only a limited number of subcarriers while the other subcarriers will

remain unaltered, which in turn leads to better-received power and better error rate performances [198].

Table 9.2: Performance Comparison

Modulation Scheme SNR for BER of 10�3 Localization Error
OOK with 2B 23 dB 9 cm
DCO-OFDM with 2B 20 dB 11 cm
ACO-OFDM with 2B 15 dB 13 cm
OOK with 5B 30 dB 7 cm
DCO-OFDM with 5B 27 dB 9 cm
DCO-OFDM with 5B 21 dB 11 cm

Similarly, Fig. 9.8(b) and Fig. 9.9(b) show the BER versus the localization error with equal and optimal

power allocation scheme using OOK and DCO-OFDM, respectively. As the optimum power allocation vector

is calculated using received power as a reference, the LED optimal power allocation vector in a change in

modulation scheme remains the same. Only the BER ranges widen for DCO-OFDM in respect of the standard

OOK scheme. For example, with DCO-OFDM, we can maintain BER of 10�5 up to the localization error of 11

cm, while in the case of OOK, it is around 9 cm. We can say that with higher-order modulation schemes such

as DCO-OFDM, we can reduce the range of SNR with respect to the required BER performance as shown in

Table 9.2.

9.5.8 BER Performance with Random UE orientation

In this subsection, we have considered the impact of random orientation in their analysis, for instance, and

references therein [97, 199]. All these works signify the importance of incorporating user equipment (UE)

orientation. In the previous BER performance, we are considering that the PD is facing directly upward for

ease of analysis. The above assumption has been made to simplify the proper orientation model and make the

analysis tractable. To address the effect of random device orientation on the proposed system, we have plotted

the BER performance considering the random device orientation of the receiver and compared it without device

orientation, as shown in Fig. 9.10. It can be seen that by considering random device orientation, the BER
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Figure 9.10: BER performance with and without UE orientation

performance degraded even with the location information. It is due to the fact that the acquiring location

information does not confirm the direction of the receiver, and the random device orientation results in self

blockage, sometimes affecting the received power.

9.6 Summary

In this Chapter, a location-assisted VLC system with human blockages has been analyzed. We have proposed the

optimal LED power allocation scheme based on location information, resulting in a better indoor communication

system in terms of BER, achieved data rate, and illumination across the room. The closed-form expression for

BER with MHCP is derived for the optimal LED power allocation schemes with human blockages. The analytical

results are in close agreement with the simulation results, which validates the analytical framework proposed in

the article. The proposed work also established that with the proposed optimal LED power allocation scheme

can support up to 70 % and 75 % dimming range of visible light with 4 and 8 LED respectively. Further, we

have also proposed an optimization framework to maximize power saving with and without dimming among

the LEDs while satisfying the communication constraints. Further, to see the effect of a high rate modulation

scheme in the proposed system model, we have analyzed the BER performance and the localization error with

DCO-OFDM and human blockage.

This work also analyzed the maximum allowed localization error for varying room sizes and the number of

LEDs with respect to blockages. In addition, the proposed work also studied the trade-off between the achieved

data rate with respect to allowed localization error as a function of LED semiangle. It is shown that for a room

size of 5 m ⇥ 5 m ⇥ 3 m, the minimum required LED semiangle is 44� for 4 and 8 LED configuration and for

room size of 10 m⇥ 10 m⇥ 3 m, it is 42.8� to maintain both illumination and BER constraints. Furthermore,

through the obtained results it is observed that maximum achieved data rate is subject to varying localization

error and is a function of number of human blockages inside the room. Further, the proposed framework can be

easily extended for other used cases such as factories and shopping malls with different lighting requirements.

The proposed optimization problem can be modified with the required constraints to provide both illumination

and communication.
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Chapter 10

Conclusion

In this chapter, we present the various conclusions drawn from our research work reported in this thesis. We

also outline the possible directions for future work based on our work.

10.1 Conclusion

Due to unprecedented growth in Internet traffic over the last few decades, there is a pressing need to develop

new communication technologies that utilize the untapped regions of the electromagnetic spectrum. To this

end, a lot of research is being undertaken in the area of wireless optical communication, particularly VLC, which

utilizes the illumination infrastructure of LEDs for data communication. Indoor VLC combines illumination and

data transmission, thereby facilitating green and sustainable energy solutions. The effort of using VLC for an in-

home access solution started with the IEEE P802.15.7 standard for short-range wireless optical communication.

However, the physical layer solutions proposed therein are limited to 96 Mb/s and thus should be further

optimized to keep pace with the ever-increasing BW requirements: for example, 5G solutions already require

a minimum per-user bit rate of 100 Mb/s or peak bit rates of 20 Gb/s, latency below 1 ms, and a density

of 10 Mb/s/m2. These requirements are very ambitious, and thus, an optimal indoor VLC technology should

be evolved on various aspects, as addressed in this thesis by tackling the related challenges that hamper the

judicious implementation of indoor VLC systems.

We first analyze the performance of a hybrid cellular-VLC downlink where the outdoor coverage is provided

via the cellular network, and the indoor coverage is provided through a VLC system [200, 201]. It has been

shown that by using the proposed hybrid cellular-VLC downlink, it is possible to achieve a significant amount

of power-saving (approximately 51%) at BTS as compared to a direct cellular link. Also, this thesis compares

the SER performance of the same constellation-based modulation schemes in 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 all its channel

models is much better than RF. Further, the SER gap between VLC and RF decreases as the constellation size

increases [202]. Finally, the dimming range is calculated for the proposed system under dimming constraints.

Results show that a dimming range of up to 70% can be achieved in the hybrid cellular-VLC link.

Further, this thesis analyzes the performance of the MIMO indoor VLC system by randomly deploying the

LEDs using MHCP. PDs with two different FOVs have been utilized for imaging as well as non-imaging receiver
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structures [118, 203]. Consequently, the proposed work attempts to achieve uniform SNR across the room

by utilizing MHCP-based LED placement at the transmitter and a non-imaging receiver with four PDs using

1-FOV, 2-FOV, and imaging receiver configurations. Simulation results show that random deployment of LED

using MHCP configuration results in a more uniform SNR profile inside the room as compared to regular LED

deployment schemes. Three different power allocation schemes for LEDs, namely equal power, distance-based

power, and an optimal power allocation, are proposed. The average SNR and the variance of the received optical

power inside the room are derived and compared for the different power allocation schemes. In addition, the

closed-form expression for the BER probability is derived for the proposed MHCP configuration using OOK

as a modulation scheme. Results show improvement in BER performance with the optimal power allocation

compared to other power allocation schemes for imaging and non-imaging receiver configuration.

We also infer that for a realization of static and dynamic human blockages, the MHCP and the RWP model

are the best fit as they provide close to the practical realization of blockages [20]. We compared the indoor VLC

system performance in terms of received SNR for 4 and 8 LED configurations under predefined total power

constraints. It is observed that at a lower density of human blockages in the room, the 4-LED configuration

outperforms the 8-LED configuration. However, at a higher density of human blockages in the room, the 8-LED

configuration outperforms the 4-LED configuration for the same total power constraint. Hence the proposed

analysis will be useful for designing a VLC-based indoor communication system wherein the system designer

can switch between these two configurations depending on the number of blockages.

Furthermore, in this thesis, we have obtained the optimum value of the LED semiangle and the receiver

FOV in the presence of human blockages, using the quality factor (Q) as a performance metric [204]. The

analytical expression for the achieved quality factor is derived for both single variable and joint optimization

formulation. Results shows that with 2 and 5 blockages, the optimum pair using single and joint optimization

is (63�, 65�) and (63�, 70�) for a separation distance of D1 = 40 cm and (65�, 70�) and (65�, 75�) for D2 = 20

cm respectively which provide the highest quality factor with minimum delay spread shown. Furthermore, the

optimization analysis can also be mapped to different room sizes and LED placement, with static and dynamic

blockages inside the room.

The performance of VLC may severely deteriorate when the LoS link gets blocked due to other users/obstacles.

Further, the received power may also fluctuate due to the random orientation of UE (self-blockage) and as NLoS

power varies. In this thesis, in order to combat the shadowing due to obstacles and the UE orientation, we

employ OIRS in indoor VLC systems in the presence of multiple human blockages. Moreover, we also propose

the UE orientation model of users for an OIRS-aided indoor VLC system. The LoS channel gain statistics are

calculated, and the orientation of UE is modeled as a random process. The impact of the random UE orientation

and human blockages on the SNR performance of VLC systems is evaluated by utilizing the OIRS. Moreover,

the PDF of the received SNR with OIRS is also calculated. The proposed analysis also deduces the optimum

LED semiangle and the receiver FOV for the OIRS-aided indoor VLC system. Additionally, for the proposed

system model, we have found out the optimum OIRS element size is for a given room size of 5 m⇥ 5 m⇥ 3 m

with 4 LEDs deployed in a rectangular configuration. The optimum OIRS element size will vary with the system
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model and user configurations. Finally, BER and the average data rate performance with and without blockage

cases have been analyzed for the proposed OIRS-aided indoor VLC system.

Further, we study the application of VLC in indoor positioning and navigation. We propose a novel optical

identification algorithm to circumvent the use of active devices in IPSs, thereby enabling a passive IPS with

higher energy efficiency, more flexibility, less cost, and enhanced robustness. The recent interest in using visible

light as a means of communication has opened up possibilities for using visible light for other applications

as well, such as indoor positioning. Visible light offers higher bandwidth, immunity from electromagnetic

radiation, and most importantly, it can be seamlessly integrated into the existing lighting infrastructure. This

thesis proposes a visible light-based positioning model for estimating an object’s 3-D parameters, such as

height and radius, in addition to the location in an indoor environment [184]. The model is built using neural

networks, trained by simulating numerous multiple object scenarios in an indoor environment. It also takes

into account the shadowing effects so it can be implemented in a multiple obstacle environment. The proposed

algorithm has numerous applications, such as positioning assisted communication, suspicious object monitoring,

and surveillance in an indoor environment. The proposed model achieves a location accuracy of 6.7 cm, which

could be further improved to 4 cm at the expense of extra hardware. The accuracy in measuring the height

and radius of the objects using the proposed framework is observed to be 4.67 cm and 1.27 cm, respectively.

In addition, we also propose a methodology to optimize the power distribution to the LEDs in order to get the

optimum location accuracy while maintaining the total power constraint on the system. This method could be

utilized to update the power allocated to the LEDs by exploiting the current location of the objects in the room

to improve communication uplink by employing VAPs. The proposed VLC-based IPS is a very inexpensive

and promising technique to accurately locate and identify a very large number of targets in an energy-efficient

manner.

Recent studies have shown that determining the position of a person or an object in a room can use the

signals transmitted by LEDs. Finally, in this thesis, we exploit the location information obtained via LEDs to

improve the communication performance of an indoor VLC system. Specifically, we propose an optimal LED

power management framework to maximize the average data rate across the room while satisfying the BER and

illumination constraints across the room [194]. The maximum allowed localization error, as a function of the

number of blockages and the LED irradiance angle, have been calculated. In addition, the closed-form expression

for the BER is derived for the proposed optimal LED power allocation scheme. We have also formulated an

optimization problem that will maximize the power savings among the LEDs with respect to the number of

blockages and permissible errors in localization. It has been shown that employing the proposed optimal LED

power allocation will result in a significant amount of power-saving, which is approximately 40% for 4 LEDs

configuration and 70% for 8 LEDs configuration as compared to equal power allocation. Further, the maximum

allowed localization error is found to be approximately 7 cm and 18 cm with 4 and 8 LEDs, respectively, to

achieve the maximum achievable data rate. Finally, it is shown that the proposed system can achieve a dimming

range of up to 70%.
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10.2 Future Work

The work presented in this thesis can be extended in many ways. Some exciting directions for future work

arising out of this thesis are listed below.

• An interesting direction could be the analysis of an indoor VLC system with dynamic human blockages

considering pause time in the investigation, which will give more practical insights into designing the

practical system.

• The power dissipation by other devices, such as LED Driver circuits, and its comparison with other

technologies can be done.

• The BER analysis can be extended for higher-order modulation schemes such as QAM and OFDM.

• In Chapter 3, the channel between the BTS and the VLC AP can be considered a frequency-selective

Rayleigh faded channel.

• The NLoS reflection up to 3rd order can be considered in the analysis of the NLoS link from the wall.

• In Chapter 5, the analysis of indoor VLC systems with human blockages can be extended with the random

deployment of LEDs as well.

• Also, the proposed indoor VLC system insights can be extended for different room sizes like corridors,

factory environments, and shopping malls where both static and dynamic obstacles are present in different

configurations.

• An exciting direction could be to study other dimming-based modulation schemes and channel equalization

techniques. Moreover, the effect of physical parameters (like LED semiangle, detector FOV, detector size,

etc.) on the performance of dimmable VLC systems can also be studied.

• Further, the modeling and characterization of VLC links can be augmented by including the effect of

limited BW of LED sources on the achievable data rates. This would give more realistic results and

practical target data rates.

• The analysis of the received SNR in Chapter 7, Section 7.4 can be extended for the other modulation

schemes such as QAM, PAM.

• An interesting direction for an OIRS-aided indoor VLC system could be the multi-LED, multi-OIRS, and

multi-user scenarios. It can be considered with a practical room layout (window and door), including static

obstacles such as furniture and dynamic obstacles (humans). Furthermore, find a geometry-dependent

solution, a specific pattern of the OIRS so that we do not need to steer the OIRS every time the user

location changes.

• The effect of self-blockage of the user can be considered in the OIRS-aided indoor VLC system.
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• In addition, for the multi-LED and multi-IRS scenario finding the optimum LED-IRS pair in the presence

of static and dynamic blockages with random UE orientation and also discovering the optimum LED

tilting (orientation of the LED) of LED towards OIRS so that illumination across the room is maintained.

• Finally, the passive IPS proposed in this thesis can be extended to 3D positioning by taking into account

the amplitude of the power peaks in the color snaps of different wavelengths.
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