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“But everything exposed by the light becomes visible-and everything that is illuminated

becomes a light.”

— Ephesians 5:13



Abstract

Despite efforts to improve the efficiency and the spacial reuse of the ubiquitous
RF frequencies range, the RF spectrum suffers from several issues, namely spec-
trum congestion and lack of bandwidth for future technologies such as 5G. Visible
light communication (VLC) is a wireless technology that uses light as medium of
communication. With light emitting diodes (LEDs) lighting becoming common,
it is a natural extension of the lighting technology to modulate the LEDs at high
speed to enable potentially high bandwidth downlinks.

Higher bandwidth becomes a major challenge in the development and imple-
mentation of VLC systems as transmission rates increase. One way of increas-
ing bandwidth is through wavelength division multiplexing (WDM) in multicar-
rier systems that use red, green and blue (RGB) light emitting diodes to produce
white light. However, these systems often suffer from low performance because of
crosstalk interference, mainly caused by the imperfect nature of optical filters used
to discriminate between the colours. The current research project aims to study
the effects of optimal transmitter power control on the performance of WDM RGB-
LEDs VLC systems. The research investigates both centralized and distributed sce-
narios, using the water-filling algorithm and the Refereed Game Theory to mitigate
the interference between the different light colour carriers.

Results for the centralized power control show that by using mathematical mod-
els that take into consideration the effects of optical filters used for detection of
colour signals, one is able to predict the trends in the overall system’s performance.
This enables us to adequately, determine the optimal power levels in the red and
blue channels that result in the best overall performance of the system. This infor-
mation is then used to formulate a distributed optimization power control scheme
based on the Refereed Game Theory, which shows that cooperation between colour

carriers to minimize crosstalk can be enforced by introducing a referee.
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Chapter 1

Introduction

1.1 Problem Statement

Radio-based wireless communications are ubiquitous but suffer from several is-
sues, namely, spectrum congestion and lack of bandwidth for future technologies
such as 5G [1,2]. In addition, radio transmissions are difficult to secure because the
signals easily penetrate through walls. Visible light communication (VLC) is a fast
growing wireless technology which allows for data transmission through light as
medium of communication. VLC systems use LEDs not only for lighting purposes,
but also to transmit data, by modulating light at very high speeds that cannot be
perceived by the human eye. The information is then recovered using a photosen-
sitive device such as a camera or a photodiode [3-5].

With incandescent and fluorescent lamps being replaced by LEDs due to their
high energy efficiency, the reuse of already existing lighting infrastructure for the
simultaneous dual purpose of data transmission and illumination, suggests that

VLC systems can be deployed with less effort and at lower costs [1,6].
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1.2 The Research Problem

Ensuring efficient, high and reliable throughput in low-cost systems is the key to
the deployment of VLC into a wide range of applications as an alternative high-
speed wireless technology in future generation networks. Red, blue and green
LEDs provide a more efficient use of the visible light bandwidth than white-light
LEDs, and can be used to provide higher bandwidths in VLC systems. This can
be accomplished through wavelength division multiplexing which is also used in
fiber optic communication. However, discriminating between red, green and blue
colour signals at the receiver often suffers from crosstalk interference due to the

imperfect nature of optical filters used to filter out the unwanted wavelengths.

1.3 Research Question and Objectives

While most of the research in literature focus on more complex single colour LED
modulation schemes such as OFDM and DMT [1,7-10], the current research pro-
poses to focus on improving the performance of indoor RGB-based multicarrier
VLC systems, by applying water-filling and Game Theory power control techniques
[11-17]. These methods work by efficiently allocating the available transmitter
power between the different colour carriers, hence minimizing the crosstalk in-
terference even though wideband optical filters are used. More specifically, the
proposed work aims to answer the question:

What are the effects of optimal transmitter power control on the performance of an
indoor, WDM-OOK modulated, RGB-based multicarrier VLC system, in terms of overall
system BER?

In addition, the results generated through this research will also be applicable

in high capacity systems which use narrowband optical filters.
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The objectives of this research are:

To study the nature of crosstalk interference in RGB-based OOK VLC systems.

To develop a centralized power optimization approach for RGB-based VLC

systems.

To formulate a distributed power optimization approach for RGB-based VLC

systems.

Draw meaningful conclusions on the effects of transmitter power control in

RGB-based VLC systems.
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1.4 Research Methodology

For a communication channel that is corrupted by strong crosstalk interference,
the adaptation of the transmitter signal to the channel conditions can improve the
system’s performance [11,18]. However, for adaptation to be possible, the channel
state should be available to the transmitter, usually by a channel estimation scheme
or a reliable feedback mechanism [11]. This is the case with typical Li-Fi systems
where channel state can be made available to the transmitter through the uplink
feedback transmission.

The current research work can be broken up into two main phases: Centralized

power control and Distributed power control. Figure 1.1 shows the major steps of the

proposed methodology.
Water-Filling Game Theory
v
Obtain analytic solution Obtain analytic solution
Implement algorithm and run condusion Implement algorithm and run
tests on VLC testbed tests on VLC testbed
Main claim
Power control will improve
p " the performance of low cost p
WDM RGB-LED systems
Dertermine system BER Dertermine system BER

Evaluate performance Evaluate performance
What are the effects? What are the effects?

improved performance? improved performance?

- .
Draw conclusion [ Draw conclusion

% r

FIGURE 1.1: Research methodology.
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1.5 Dissertation Organisation

To allow the reader a better understanding and flow of the research work, the re-
mainder of this dissertation is outlined in this section with basic overview of the

remaining chapters.

1.5.1 Chapter 2: Literature Review and Background

The current state of research in visible light communication as well as research on
transmitter power control in VLC systems are presented in Chapter 2. Background
information on data transmission schemes and dimming control techniques is also

briefly discussed.

1.5.2 Chapter 3: A Water-filling Based Transmitter Power Control for a

Multi-Carrier Visible Light Communication System

Chapter 3 focuses on developing the transmitter power control framework for the
rest of the dissertation. Results from using a centralized power control scheme pre-
sented in this chapter, are based on the paper that has been published in the special
issue of the Wiley’s Transactions on Emerging Telecommunications Technologies
[19]. In addition, the experimental testbed used for the collection of results in this

work is also discussed.

1.5.3 Chapter 4: A Distributed Transmitter Power Control for Multi-
Carrier Visible Light Communication System based on the Refer-

eed Game Theory

Chapter 4 is dedicated to the formulation and implementation of a distributed
power control scheme using the Refereed Game Theory. The Referee Game The-

ory is a branch of the broader field of Game Theory where the outcomes can be
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enforced by a third party entity known as the referee. The results presented in this

chapter are to be submitted to an IEEE journal.

1.5.4 Chapter 5: Future Research and Conclusion

Chapter 5 concludes the research and provides a summary of the research pre-
sented along with recommendations for future work on the interference mitigation

in multicarrier WDM VLC systems.

1.6 Summary

In this chapter, the main research idea has been presented in terms of the research
problem, research questions and research objectives. The research methodology

along with the layout for the remaining of this dissertation was also presented.



Chapter 2
Literature Review and Background

2.1 VLC Technology

Despite the best effort in improving the efficiency and spacial reuse of the ubig-
uitous RF frequencies range, the RF spectrum is proving scarce and expensive to
accommodate growing traffic demand [3]. Compared to this, the optical spectrum
consists of terahertz of unlicensed frequencies, equivalent up to 10 000 times more
the entire RF spectrum that can be used for data transmission [1]. Li-Fi is a potential
technology which uses visible light instead of radio waves for short range wireless
communications [20-22].

The visible light spectrum ranges from 380 nm to 780 nm. These high frequen-
cies mean that visible light cannot penetrate through most objects and walls. This
inability of visible light signals to go through obstacles provides a security factor
as potential eavesdroppers are required to be within the Line-Of-Sight (LOS) to
intercept data transmissions.

Modulated visible light at high frequencies is completely safe for the human
body and thus, poses no health risks as opposed to RF signals [23-26]. Visible
light does not interfere with other radio wave signals and can be used in low
interference-tolerant areas such as hospitals, aircrafts and nuclear power plants

where traditional RF wireless systems can cause dangerous interference [27].
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2.2 VLC Systems

A typical VLC system comprises a transmitter, a receiver and the optical channel

as shown in Figure 2.1

. PD
i I i 5 - Free space

________________ ! vLCChannEl T T T TSI

FIGURE 2.1: Typical VLC system.

The transmitter in its simplest form consists of an LED which is used to transmit
modulated data through an LED driver circuit. Two type of LEDs are often used in

VLC systems namely, the single-colour LED and the multicolour LED.

e Blue LED with Phosphor layer: This is the most common way to produce
white light in VLC systems. However, the yellow phosphor coating on the
outside of the blue LED used to produce white light often limits the transmis-
sion bandwidth of these type of LEDs [2]. Using an analog RLC circuit for
pre-equalization at the transmitter to compensate impedance matching of the
LED, Yeh et al. were able to increase the effective bandwidth of a phosphor
LED from 1 MHz to approximately 12 MHz [28-30].

e RGB LED: White light can also be obtained through the combination of the
three primary colours red, green and blue. RGB-LEDs are often used in mul-
ticarrier VLC systems where each colour represents a channel that can be
modulated independently. Gigabits data rates using RGB-LEDs have been

reported in literature [31-33].

The receiver is made of an optic detector and means for demodulating the re-

ceived signal. The optic detector in a typical VLC system is a photodiode or a
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camera sensor. It has been reported in [7] that replacing a PIN photodiode with an
avalanche photodiode can improve the performance of a VLC system. An example

of a receiver that was designed by C. Kamwangala is shown in Figure 2.2

FIGURE 2.2: Single carrier OOK receiver based on OPA380 tran-
simpedance amplifier.

For a VLC system with the additive white Gaussian noise channel, the trans-

mission is governed by [34]

r=Hs+mn (2.1)

Where r and s represent the received and the transmitted symbols, respectively. H
is the channel response and n denotes the channel noise. For VLC systems that use
red, blue and green LEDs, the channel response H is represented by the matrix in

(2.2)
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r=Hs+n=| p, hgy |S+n (2.2)

hbr hbg

The diagonal entries h,,., hqyqy, and hy, denote the interference free LOS link be-
tween a particular LED and its corresponding photodiode. The remaining entries

represent the crosstalk between the channels.

2.3 On-Off Keying

Off-the-shelf LEDs emit an incoherent light beam which means that information
can only be encoded in the intensity of the light [8]. Thus, it is impossible to mod-
ulate the amplitude or the phase of the light wave emitted by LEDs. This limits
the implementation of VLC systems to intensity modulation and direct detection
(IM/DD) systems [8]. However, subcarrier intensity modulation allows for more
complex modulation schemes to be used. This is achieved by using an envelope
detection on normal RF signals, superimposed onto the beam light [35].

Since IM/DD systems require the signal to be real-valued and non-negative,
only a limited set of conventional modulation schemes can be adopted from the RF
field and directly translated into VLC modulation schemes. This makes a simple
modulation scheme such as OOK a suitable candidate for VLC, as it provides real
signals that can be directly mapped to light intensity levels. As transmission rates
increase, lower intensity levels in OOK can create a change in the emitted colour of

LEDs, which can become an issue in lighting applications [1,36,37]. Nevertheless,
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using OOK as a proof of principle in the current research work is a good baseline
for more complex modulation schemes.

OOK is a simple and widely used modulation scheme in which data bits "1’
and '0” are represented by the on-state and the off-state of the LED, respectively.
Although OOK is proven to be more sensitive to noise as compared to other sin-
gle carrier schemes, enhanced schemes like OOK Non-Return-to-Zero have shown
better noise rejection and highly improved data rates [38]. The signal waveform for

NRZ-OOK is shown in Figure 2.3.

FIGURE 2.3: OOK modulation waveform.

NRZ-OOK can be expressed as

p(t) =P, - Z z, - rect (t_kTT_T/2> (2.3)

q=—00
Where 2z, € {0,1} denotes the unipolar symbols that are transmitted, P, is the

optical power and 7' is the time required to transmit a symbol.

It is often necessary to be able to vary the level of lighting in a VLC system in
order to accommodate different type of activities such as reading, sleeping and so
on. A popular method for dimming the power of an LED to arbitrary levels is using
Pulse Width Modulation (PWM). With PWM, the width of the pulses is adjusted to
suit the desired level of dimming. It has been shown that any dimming level from

0% to 100% can be obtained with high PWM frequencies [37,39-41].
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Optimal Threshold Detection

The primary sensing device in a VLC system is often a photodiode. This photodi-
ode converts the incoming optical signal into an electrical signal, by generating a
current proportional to the light falling on the active area. The output current from
the photodiode is then converted into a voltage signal using the transimpedance
amplifier (TIA). The resulting voltage is fed to the ADC of the receiving device for
decision-making and further processing.

For OOK, the decision of which bit was transmitted is based on the concept of
Optimal Threshold Detection (OTD) which is illustrated in Figure 2.4. The decision
whether a binary "1’ or a binary ‘0" was sent is determined by the received voltage

being above or below a predetermine threshold voltage V7,

FIGURE 2.4: NRZ-OOK waveform with Optimal Threshold Detec-
tion.

The idea behind OTD is to determine the best possible threshold for the correct
decoding of the incoming signal, with the lowest probability of making a bit deci-
sion error. OTD achieves this by placing the threshold level V7, half-way between
the levels representing the data bits "1” and '0’, to ensure equally likely decoding
probabilities for "1s” and ‘Os” data bits. This is also referred to as the maximum

likelihood receiver, which minimizes the BER [42].
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Bit Error Rate

As explained in the previous section, the received signal is sampled and compared
to a threshold level to decide whether a data bit ‘1’ or ‘0’ was transmitted. However,
due to shot noise, background noise and crosstalk at the receiver, errors may be
introduced in determining which bit was transmitted.

The probability of error often referred to as BER, which is a function of the
signal-to-noise ratio (SNR), is the most important metric used to assess the perfor-
mance of a system in digital communication. Assuming that the channel model
for an OOK modulated VLC system is AWGN, with only shot noise, and DC offset
from the photodetector, therefore, as derived in [42], BER for OOK in an AWGN

channel is given by (2.4)
1 s 1 SN Ry
=z =z 24
BERooKk 2erfc(2ﬁan> 2erfc< V3 ) (2.4)
Where er fc(x) is the complementary error function given as
fe(z _ 2 /Ooe " du (2.5)
erfe(x NG :
And
Pav 2
SN Ry = (¢Fav)” (2.6)

2
On

Py is the average radiant flux emitted by the transmitter [W] and o2 is the noise
power. The optical to electrical conversion factor e is assumed to be 1 without loss

of generality.



Chapter 2. Literature Review and Background 14

24 Related Work and Techniques

There are several challenges facing VLC that need to be addressed, in order for VLC
to be deployed into a wide range of indoor applications, as a high-speed wireless
technology. As the transmission rates increase, channel capacity becomes a major
challenge in achieving much higher transmission rates in VLC systems [2]. Differ-
ent pre- and post-equalization techniques have been proposed to solve the chan-
nel capacity problem. Amongst the most notable solutions are OFDM, DMT and
WDM. OFDM and DMT provide effective equalization in the frequency domain
and make it possible to load data and energy adaptively in different subcarrier

bands according to the channel’s properties [7].

24.1 OFDM multicarrier VLC systems

Effective equalization can be enabled through OFDM with single-tap equalizers
in the frequency domain. In addition, OFDM makes it possible to load data and
energy adaptively in different subcarrier bands according to the channel’s proper-
ties [7]. This results in a more efficient exploitation of the resources. Significant
research has been conducted on OFDM-based VLC systems and reported in the
literature [1,8]. In [9], by implementing the DCO-OFDM transmission scheme, Af-
gani et al. demonstrated for the first time a proof-of-concept for exploiting the high
crest-factor of OFDM in VLC systems.

Using DCO-OFDM with bit and power loading and symmetric signal clipping,
Vudic et al. demonstrated a transmission rate of 500 Mbps [10]. The introduction of
direct current biasing for the purpose of generating unipolar OFDM signals leads
to an increase in power consumption, compared with traditional bipolar OFDM. To
remedy to this problem, alternative methods for the generation of unipolar signals
were investigated. This has resulted in the development of new inherently unipolar

modulation techniques such as ACO-OFDM [43] and PAM-DMT [8].
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In ACO-OFM [44], the negative parts of the OFDM frame are clipped to zero
and only the odd-numbered subcarriers are modulated with information. The
noise resulting from the clipping fall onto the even-numbered subcarriers and hence,
it does not compromise the information in the OFDM frame [8]. It was shown in
[43] that a similar concept can be used for PAM-DMT in order to produce non-
negative signals. Contrary to ACO-OFDM, even-numbered and odd-numbered
subcarriers can be used to transmit information, resulting in an improved perfor-
mance. However, the clipping of the negative values in ACO-OFDM and PAM-
DMT leads to an electrical energy penalty of 3 dB when compared to conventional
bipolar OFDM [8].

Other variations of OFDM-based VLC systems such as, U-OFDM and Flip-
OFDM have been proposed to further close the efficiency gap between the con-
ventional bipolar OFDM and the optical OFDM. More information can be found in
[8,45].

2.4.2 RGB multicarrier VLC systems

RGB LEDs have been proposed for multicarrier systems as a low-complexity WDM
approach to increase the channel capacity of VLC systems [34]. Ideally, by modu-
lating each colour dependently, the channel capacity of the system can be almost
triple. However, this is not the case due to the high interference when wideband
optical filters are used at the receiver.

The channel capacity for a single RGB-transmitter VLC system can therefore be

written as

’ 9*P,;
Crop =Y logy (1+ 2.7)

; 02B
=1

Where P, is the transmit power in each colour channel and P; € {Pg, Pg, Pg}. o*

is the channel noise variance, and g is the channel gain. In the current work, the
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transmission bandwidth B in (2.7) is assumed to be 1 due to OOK being used for
the modulation. The transmission of bit "1 makes use of the entire light bandwidth,
while a ’0’ is transmitted in the absence of the bandwidth.

WDM RGB-VLC systems have been reported in literature [46-48]. In [49], Vuci¢
et al. demonstrated a 803 Mbit/s visible light WDM VLC system using a single
RGB LED luminary at the transmitter, by employing optical filters at the receiver to
discriminate between the different colours.

Wang et al. have demonstrated a high-speed RGB-LED based WDM VLC sys-
tem employing carrier-less amplitude and phase (CAP) modulation and recursive
least square (RLS) based adaptive equalization [31]. They were able to achieve an
aggregate data rate of 4.5Gb/s over a distance of 1.5 m in an indoor environment.
In [50], the same group achieved 1.8 Gb/s data rate for a WDM VLC system over
50 m in outdoor environment, by using CAP modulation and receiver diversity
technology.

Similar work was done in [32] where a novel PAM-8 modulation with phase
shifted Manchester coding was proposed and experimentally demonstrated in an
RGB-LED based WDM VLC system. An aggregated data rate of 3.375-Gb/s was
achieved.

While most of the work on WDM RGB-LED VLC systems was focused on achiev-
ing high data rates, little has been done toward the mitigation of the high interfer-
ence that systems with wideband optical filters suffer from. The most relevant
work on interference mitigation in WDM RGB-LED VLC systems was reported in
[51] and [52].

A colour filter free, multiple-input and multiple-output (MIMO) VLC system
was presented in [52]. The system comprises a 3x3 RGB-LED array at the trans-
mitter and a mobile phone camera sensor at the receiver to detect the incoming

signals. OOK is used for the modulation and pulse width modulation (PWM) for
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adjusting the dimming level of each LED. In the proposed system, detection of in-
coming signals is done by using the camera sensor to record a 30 frames video of
the transmitted signal. The feature matching method based on the scale-invariant
feature transform (SIFT) [53] algorithm is then used to extract data from the pro-
cessed video frames.

In [51], the author implemented a coded OOK modulation scheme based on
spread frequency shift keying (Coded S-FSK), on a low-cost RGB-LED VLC system.
A symbol mapping was developed in order to minimize the interference between
the different colours as a result of wideband optical filters used at the receiver.
A comparison between the conventional single colour OOK VLC system, the two
colours scheme and the three colours scheme was conducted. We reported satisfac-
tory results for the two colour schemes and an effective gain in data rate by a factor
of 2.32 over conventional single colour OOK in the three colours scheme.

The objective of the current research project is to investigate the effects of opti-
mal power control on interference mitigation in WDM RGB-LED VLC systems, for
the purpose of improving the performance of such systems.

Crosstalk interference ina WDM RGB VLC system has a degrading effect on the
overall performance of the system. The use of transmitter power control to reduce
crosstalk interference between different channels has been a common practice in
cellular radio systems over the years, and can be found in the literature [18]. The
idea is to minimize the crosstalk interference at the receiver by adjusting the power
of each carrier and maintain adequate transmission quality on the transmission link
[18].

Various work on resources allocation schemes for VLC systems have been re-
ported in literature [54]. However, most of these works have not considered any
transmission coordination among the VLC transmitters. In [55], the average net-
work delay in a hybrid RF and VLC system is minimized by selecting the optimal

number of users to be hosted by a particular network. In [56], the max-min fairness
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throughput in a multi-user multi-input single-output VLC system is maximized
under the optical power constraint by selecting an appropriate transmission strat-
egy.

The most relevant work on coordinated interference management using power
control in a VLC system is reported in [57]. The system under consideration com-
prises two transmitters and two receivers, and uses DCO-OFDM for the modula-
tion scheme. The work focuses on maximizing a weighted additive utility function
for two VLC communication pairs that share the whole bandwidth and transmit si-
multaneously. Each transmitter is able to change both its electrical signal power
and the optical signal bias to maximize the utility function. Simulation results
showed that the power control scheme could improve the performance of a VLC
system under low interference.

In the current work, power control techniques will be applied to a WDM RGB-
LED VLC system with wideband optical filters, in order to study the effects of co-

ordinated interference management on the overall performance of such a system.
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2.5 Summary

This chapter has given a background on the impact of VLC technology while also
discussing the current state of research in visible light communication. A review
of related work on transmitter power control specifically in VLC systems was also
presented. In addition, the basic building blocks of VLC systems were also dis-
cussed together with the modulation scheme and dimming technique used in this

research work.
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Chapter 3

A Water Filling Based Transmitter
Power Control for a Multi-Carrier
Visible Light Communication

System

Higher bandwidth becomes a major challenge in the development and implemen-
tation of visible light communication systems as transmission rates increase. One
way of increasing bandwidth is through wavelength division multiplexing in multi-
carrier systems that use red, green and blue light emitting diodes to produce white
light. However, these systems often suffer from low performance as a result of
crosstalk interference, mainly caused by the imperfect nature of optical filters used
to discriminate between the colours. A centralized transmitter power control based
on the water-filling algorithm is used to predict the trends in the performance of a
multicarrier visible light communication system, that employs red and blue light
emitting diodes.

This chapter presents the results of the special issue article which has been pub-
lished in Wiley’s Transactions on Emerging Telecommunications Technologies. The

reference to the paper is currently the following as of 16/07/2018:
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Kamwangala C., Cox MA., and Cheng L. "Transmitter power control for a multi-
carrier visible light communication system. Trans Emerging Tel Tech. 2018;e3453."
https:/ /doi.org/10.1002/ ett.3453

The main research idea was derived from a joint effort of C. Kamwangala, Prof.
Ling Cheng and Mitchell. Cox. The software implementation used for data collec-
tion was coded in its entirety by C. Kamwangala. The experimental setup hard-
ware was designed in collaboration with members of the Wits Optical Communi-
cation Laboratory and implemented by C. Kamwangala. The journal article was
written by C. Kamwangala whilst Prof. Ling Cheng and Mitchel Cox supervised
the research and ensured the journal article met the required quality standards for

international publication.
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3.1 Transmitter Power Control for RGB-based VLC Systems

The Internet of Things will rely heavily on wireless technologies but will cause ma-
jor congestion on existing wireless infrastructure. LiFi is a potential technology
which uses visible light instead of radio waves for short range wireless commu-
nications. With LED lighting becoming common, it is a natural extension of the
lighting technology to modulate the LEDs at high speed to enable potentially high
bandwidth downlinks [7-10,43,45].

In order to further increase the bandwidth of these so-called visible light com-
munication (VLC) systems, wavelength division multiplexing (WDM), which is
typically used in fiber optic communications, can be used. As white light can be
produced using red, green, and blue (RGB) LEDs, it has been shown that multi-
plexing of these three colours leads to an increase in bandwidth [31,32,47,48,50,58].
Discriminating between the colours in a WDM system is imperfect and is the dom-
inant source of crosstalk, which lowers the capacity of the system due to errors. In
this work, we show theoretically and experimentally that a water-filling algorithm

can be used to effectively combat this problem.

3.2 Coordinated Interference Management Techniques

Resource allocation and coordinated interference management techniques have proved
effective in improving the performance of conventional radio communication sys-
tems specifically in cognitive radio systems, where systems are affected by high
crosstalk interference [11-14,18].

Application of coordinated interference and resource allocation management
techniques such as bit-and-power algorithm to orthogonal frequency-division mul-
tiplexing VLC systems, have been reported in other works [54,57,59-62].

In this work, we use the water-filling approach to determine the power allo-

cation for a WDM VLC system that employs red and blue LEDs. We are able to
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predict the trends in the system’s bit error rate (BER) and use this information to
locate the optimal power allocation point to ensure efficient use of the spectrum.
This will result in an improved performance of the WDM system. The water-filling
algorithm is a centralized optimization technique that allows for the adaptation of
the transmitter signal to the channel condition to optimize channel capacity. This al-
gorithm is commonly used in radio communication, when the channel is corrupted
by strong crosstalk interference or severe fading to improve the transmission rate
[11,63]

In order to adapt this algorithm to the VLC channel, we propose and experi-
mentally verify analytical expressions to determine the power allocation. The total
optical power at the transmitter (the total intensity of the red and blue LEDs) is
optimally shared between the red and blue subchannels, reducing crosstalk inter-
ference between these colour subchannels so as to minimize the overall system’s
BER. Our aim is to be able to find the optimal power allocation point and predict
the trends in the overall system’s BER, for different power allocations, and investi-
gate how optical filters used at the receiver affect the location of this optimal point.
This will enable the design and implementation of more efficient WDM VLC sys-

tems and further improve the performance of these VLC systems.

3.3 Channel Model for WDM RGB VLC Systems

In this section, we look at a multicarrier RGB VLC system and consider the main
source of crosstalk in this type of systems. Consider a WDM RGB-LED VLC system
with additive white Gaussian noise channel, as shown in Figure 3.1. The transmis-

sion is governed by (3.1) [34, 64]
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FIGURE 3.1: Graphical representation of a simple WDM multi-
carrier RGB-LED VLC system corresponding to Equation 3.1.
hrg hrb
r=Hs+n=| p, hgy |s+m (3.1)
hbr hbg

where H is the 3x3 channel transfer matrix and n is the 3x1 subchannel noise col-
umn vector. r and s are 3x1 column vectors that represent the received and trans-
mitted symbols, respectively. The diagonal entries h,., hyy, and hy, denote the
interference free line-of-sight link between a particular LED and its correspond-
ing photodiode where the ideal value is one. The remaining entries represent the
crosstalk between the different colour subchannels which are ideally zero.
Detection of RGB light signals at the receiver can be achieved using optical fil-
ters to prevent unwanted wavelengths from passing through, while allowing wave-
lengths of interest. Figure 3.2 depicts the frequency response obtained from a spec-
trometer of the different colour filters used on the implemented VLC system. Also
shown in Figure 3.2 are the dominant wavelengths of the respective LEDs used.
As can be seen in Figure 3.2, the imperfect nature of the colour filters used at the
receiver means that light from the green LED is able to go through the blue filter,
while some red light will pass through the green and blue filters. The signal-to-

noise ratio (SNR) in the received signal is dependent on both the shot (and other
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FIGURE 3.2: Spectrum of the colour filters and LEDs (vertical lines)

used in the experiment. The wideband frequency response of the

optical filters allows the various colour subchannels to interfere with

each other, resulting in a poor overall system performance if optimal
power control is not used.

electronically introduced) noise and background lighting. In this case, however, we
assume that another contributor to the SNR is the crosstalk interference between
subchannels. Put differently, due to the imperfect nature of the optical filters, each
colour subchannel is directly affected by the interference from the other subchan-
nels. Therefore, a more accurate expression for SNR should take into account the
effects of the interference between the various colour subchannels. The SNR can be

broken up into three separate expressions for each channel and written as

|hrr|2fR ’hgg‘QlG |hbb|2fB
NRp= —— NRg = ——— d SNRp=-—"— 2
SNRg N, +T , SNRg N, +T an SNRp N, +T (3.2)

where P; is the power of the respective LED, N, is the normalized shot and back-
ground noise in the system, and I'; is the total interference from the other channels,

given by

T =gl P + [hyol2Ps
I'e = ’hgr‘QPR + ‘hgb‘ZPB (3.3)
I'p = ’hbrPPR + ‘hbg‘QP(;.
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Equation (3.2) shows that the crosstalk interference between the colour sub-
channels increases with increasing transmit optical power. Increasing the total
power does not necessarily improve the performance. The expressions for SNR
in (3.2) also show that the interference between the different subchannels increases
the total noise power of the system, which, in turn shifts the detection threshold
level away from its optimal level, thus resulting in a reduced system performance.

The probability of error often referred to as BER is the most important metric
used to assess the performance of a digital communication system. The BER is
a function of the SNR and as OOK is the modulation scheme used in our VLC

multicarrier system; the BER is expressed as [65,66]

BERooK = Q (\/ﬁ) : (3.4)

where () is the Gaussian complementary error function. Assuming that the
bit rate is the same across all colour subchannels, in an OOK modulated WDM VLC
system with RGB LEDs, the overall BER can be expressed in terms of the individual

BER in the red, blue and green subchannels as

1
BERkGs = 5 (BERR + BERG + BERp) (3.5)

The variables BERg, BERp and BER( in (3.5), represent the individual BER
for the red, blue and green colour subchannels, respectively. The expression for the
overall system’s BER in (3.5) can now be written in terms of the Q-function in (3.4)

and the SNR in (3.2) as

1 |hr|? Pp |hgg|*Pa |hi|? Pp
BE _ 2 R R g™ o5 .
Rrop =3\ @\ N 3T, | QWM v 10 | T9\ VN, o1, | | @O

From (3.6), it is clear that the crosstalk between the colour subchannels affects
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the overall system’s BER. Therefore, the use of optimal power control to efficiently
allocate the total power at the transmitter to reduce the crosstalk can greatly impact

on the performance of the system, which is directly related to the system’s BER.

3.4 Water-filling Optimal Power Control

The available optical power at the transmitter is constrained in an indoor VLC sys-
tem, due to human eye safety concerns, flickering mitigation, and efforts to reduce
power consumption. Various dimming techniques have been proposed to achieve
different levels of illuminance when performing different types of activities [1]. In
this project, PWM dimming control has been adopted for varying the power levels
in the various color subchannels due to its ease of implementation.

Let P, denotes the total available optical power at the transmitter, then the
power constraint in a WDM RGB-LED VLC system can be written as P,,; = Pr +
Pg + P, where Pg, Pg and Pp are the respective optical power of the RGB chan-
nels. As can be seen in (3.2), the SNR of each colour subchannel is affected by the
crosstalk interference from the other two colour subchannels, which, in turn, is a
function of the allocated power in those two channels. Therefore, by efficiently
allocating the available optical power at the transmitter and taking into considera-
tion the SNR of the individual channel, the level of interference between the three
subchannels (RGB) can be reduced, hence improving the overall performance of
the system. When information about the state of the channel is available and if the
channel can be divided into parallel independent subchannels such as in the WDM
RGB-VLC, the problem of finding the optimal power allocation can be solved by the
water-filling algorithm [11-14]. In the water-filling optimization, each subchannel
represents a container that is filled with a certain amount from the total available

power considering both noise and interference in the channel.
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FIGURE 3.3: An example to illustrate the water-filling power con-
trol algorithm for a multicarrier red, green, and blue light-emitting
diode visible light communication system. Each color subchannel
is viewed as a container and the power levels are determined based
on noise and interference to improve overall system performance.
Recall from Figure 3.2 that we have a “bad” blue filter, which allows
signals from the green and red subchannels to pass through. In case
(a), equal power is allocated to all three subchannels, this creates
a lot of crosstalk on the blue subchannel. In case (b), water-filling
transmitter power control is used to find the optimal power allo-
cation, which results in better overall system’s performance. This
results in an improved performance for the overall system.

To better understand how the water-filling algorithm will work ina WDM VLC
system, consider the two scenarios in Figure 3.3. In the first scenario (see Fig-
ure 3.3a), the blue optical filter has a frequency response that allows a large amount
of green and red lights to pass through. When transmitter power control is not be-
ing used, equal power is allocated to all three subchannels. This creates a lot of
crosstalk on the blue subchannel and has a degrading effect on the overall perfor-
mance of the system. Recall from (3.2) in Section 3.3 that the effect of crosstalk in
a particular subchannel, is dependent on the amount of power in the other two
subchannels.

In the second scenario (see Figure 3.3b), since the red and green optical optical
filters are relatively "good" at keeping out the unwanted signals from the blue LED,

we can remedy the effect of crosstalk by taking some power from the red and green
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subchannels and allocating more power to the blue LED to increase the signal-to-
noise ratio in the blue subchannel, while at the same time reducing the amount of
crosstalk contributed by the green and red subchannels without affecting too much
the performance in these two subchannels. This results in a better performance in
the blue subchannel and hence an improved overall system’s performance.

The water-filling algorithm is usually formulated in terms of channel capacity.
However, channel capacity cannot be directly measured in practice. This requires
a different formulation that makes use of BER to assess the improvement made to
the system. Assuming that the bit rate is the same across all color subchannels, the
power allocation problem can be chosen so as to minimize the rate in (3.6). Under
the power constraint that P, is a constant, the power allocation problem can be

solved by finding the solution to the optimization problem in (3.7)

.. |1 [ |her|? PR |hge* P |hew|2 P
minimize 3 Q N+ T +Q N, + T +Q N+ Tp

subject to

(3.7)

Pr+ Pg+ Pg =Py and Pg, Pg, Pg >0 (3.8)

The objective function in (3.7) is a convex function in the powers and as explained
by [12], the solution to the optimization problem can be solved by the Lagrangian

method. Consider the following expression:

ﬁ()\, PR, P, PB) := BERRgB — )\(PR + Pg + PB) (3.9)

where ) is the Lagrange multiplier, and BERRrgg is the overall BER of the system
as defined in (3.6). Assuming P; is the transmit power in each colour subchannel,

the Kuhn-Tucker condition for optimal solution is
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95 =0if P >0
where P; € {PR, Pq, PB} (310)
5 <0if P=0
Using the expression for SNR given in (3.2), the general form of the power alloca-

tion for each channel can be expressed as

1 N,+T 1 Ny+T 1 N,+T
pR:f_g pG:f_g and pB:f_g
A ||

: (3.11)
A b A fhggl?

where T'; is the total interference from the other channels in the respective chan-
nels defined in (3.4). The above expression is the optimal solution if the Lagrange
multiplier X satisfies the condition

1 N,+Tpg 1 Ny+T¢g 1 N,+TIp
1 No+Tgr 1 _Notle 2 _Do®lBY _p 3.12
<A e )*(A il >+<A Fun? ) GBI

The inverse of the Lagrange multiplier can be regarded as a water level. Once
the solution to (3.7) has been obtained, it will determine these water levels (see
Figure 3.3) for the optimal power allocation. This can then be used to improve the
performance of multicarrier WDM VLC systems.

In the next section, we are going to formulate an analytical solution to the opti-
mization problem for a two channels WDM VLC system that employs red and blue

LEDs and uses OOK as the modulation scheme.

3.4.1 Solution to optimization problem

In this work, we will consider a general scenario with two colours. The results
obtained here can be generalized for application to three colours scheme or any
number of wavelengths in WDM VLC systems. In the first part of this section, we
look at a VLC system with two colour subchannels where there are no optical filters

used to discriminate between the wavelengths. We then look at a more realistic
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scenario where the effect of the optical filters frequency response on the attenuation

of the received signals is taken into consideration.

3.4.2 Case 1: Normalized channel attenuations

Consider a case where there are no optical filters used at the receiver; all colour
subchannels attenuations are normalized and the system noise is uniform across
all subchannels. Now consider a WDM VLC system with two colour subchannels,
say red and blue. Let the total power in the system P = Pr + Pp be a constant and

the bit rate be the same across the two colour subchannels. The objective is to

Q(yrtw) +Q (Vi)

minimize 5 (3.13)

where Q is the Gaussian Q-function defined in Equation (3.4) and P = P — Pg.
The Gaussian Q-function can be approximated using the CDS approximation as

described in the work of Chiani et al [65] and Chen and Beaulieu [66]

2 2
Q(x) ~ 1 exp <_x2> + %exp (—2§> . (3.14)

Using the expression for the Q-function in (3.14) and substituting this into (3.13),
a solution to the optimization problem can be found by taking the partial derivative

with respect to Pr and equating the result to zero
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Solving for (3.15) yields the following results:

—~P—N, < —Pg >+ P+ N, (—P+PR>
ex ex
24(P — Pr+ N2 " P\2(P—Pr+N,) ) " 24(Pr+ N,)2 P\ 2(Pr + N,)

~P-N, —2Pg P+N, 2P —Pr)\ _,
X X ——— | =
6(P— Prt N2 P \3(P—Prt N, ) T 6(Prt+ N2 P\ 3(Pr+ V)

(3.16)

Equation (3.16) shows that one of the stationary point for the cost function
in (3.13) occurs when Pr = Pp, ie, when the total available power P is shared
equally between the two color subchannels. However, this scenario results in the
worst possible BER.

The aforementioned claims can be verified by plotting the cost function in (3.13)
as a function of both Pr and Pp under total power P constraint as illustrated in
Figure 3.4.

From Figure 3.4, one can see that there exist two other stationary points close to
the two extremities. These are global minimums and they dictate that, to achieve a
better overall BER performance in the system, more power must be allocated to one
of the subchannels with respect to the other. This is equivalent in practice to using
a single subchannel for data transmission. However, this is an extreme case as it
is assumed that no optical filters were used at the receiver to discriminate between
the different wavelengths.

Most of the work in literature on VLC systems which use WDM to increase
the channel capacity, do not consider the effects of the type of filters used on the
performance of such systems. In the next section, we investigate how the type
of filters used affect the overall system’s performance with respect to the power

allocation in the different colour subchannels.
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FIGURE 3.4: Simulated bit-error-rate (BER) cost function as a func-

tion of the power levels in the red and blue subchannels with nor-

malized channel attenuations. The two plots are symmetrical and

overlay each other. Equal power to the subchannels results in the

worst performance at a global maximum, while better performances

occur at global minimums close to the extremities where much more
power is given to a single subchannel.

3.4.3 Case 2: Considering the effects of optical filters

Until now, we have considered an ideal scenario where the respective channel at-
tenuations from the filters have been neglected. In practice, however, detection
of RGB signals at the receiver requires using either optical colour filters or colour
sensors. Optical colour filters have an absorption coefficient, which affect the SNR
of the received signals, and hence results in signal attenuation. The optimization

equation can now be written as

Py P, hyy (P—P.
Q( hrb(P—PJ%R)-FMa)—i_Q< M)

2 9

minimize

(3.17)

where the h,,, variables represent entries in the transmission matrix H, such as that

defined in (3.1). These absorption coefficients affect the shape of the cost function
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in (3.17), and hence determine the performance of the system for different type of
power levels applied to the system. The effects of the absorption coefficients can be

observed by looking at Figure 3.5 below.

BER cost function vs Red power level
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FIGURE 3.5: Simulated bit-error-rate (BER) cost function as a func-

tion of the power levels in the red and blue subchannels when taking

into consideration the absorption coefficients of optical filters used

at the receiver. This figure illustrates how these coefficients shape

the objective function and dictate the power allocation in the sys-
tem.

The inclusion of absorption coefficients in the optimization function in (3.17)
results in added complexity when solving the problem analytically. However, a
solution to the optimization problem can still be found through simulations of the
objective function for the set of optical filters used in our experimental setup, and

this solution is presented in the next section.
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3.4.4 Simulation results

In order to better understand how the absorption coefficients affect the optimiza-
tion cost function in (3.17), simulations were performed by substituting in the val-
ues for hyr, hyp, hep and hy, as measured for the filters used in the experiment. As
an example of a low crosstalk case, the resulting H matrix for a two-color scheme

using red and blue filters from Figure 3.2 is shown in (3.18) below

0.96 0.10
H= . (3.18)
0.16 0.88

It is important to note that as with the previous case, the channel’s noise was
assumed to be additive white Gaussian noise and has been normalized in the com-
puter simulations. The resulting cost function with respect to the power allocation
in the red and blue color subchannels is shown in Figure 3.6.

The values used for h,,, hyy, hyp and hy, in the cost function of (3.17) are simply
those of the optical filters used in our experimental setup, which can be read from
Figure 3.2. Figure 3.6 shows the calculated values for “good” filters, namely, the
blue and red, which have minimal crosstalk.

Taking a closer look at the plot in Figure 3.6 reveals that the optimal power allo-
cation in this case is asymmetrical and does not lie half way between the two color
subchannels as would be the case in a naive implementation. That said, because
good filters have been used, the allocation is expected to be close to 50%. When
higher crosstalk is present, the split will be more significant as shown in the experi-
ment. The calculated optimal power settings are 57% of the total transmitter power
for the blue subchannel, while the remaining 43% should be allocated to the red

subchannel.
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FIGURE 3.6: Bit-error-rate cost function to illustrate the trend in the
system’s overall performance as a function of the power allocation
in the red and blue channels. This plot shows that the optimal power
allocation point lies at 43% for the red subchannel and 57% for the
blue. The channel noise was assumed to be additive white Gaussian
noise and has been normalized for the simulation. Due to the fact
that the total available power in the system is constrained, the two
graphs are mirror images of each other in the vertical axis.

3.5 Experimental setup

The experimental setup of the WDM VLC testbed used in this research work with
red and blue LEDs using modulating data over a distance of 1m optical channel is
shown in Figure 3.7. Our WDM system comprises of discrete red and blue LEDs
with wavelength in the regions of 630 nm (red) and 465 nm (blue). The downlink
is the forward channel from the transmitters to the receiver used for data trans-
mission, while the uplink in Figure 3.7 is the feedback channel from the receiver to
the transmitters. This feedback is used to obtain information about the state of the
channel and was implemented in software as a way to simulate a two-way system.

The Cree XLamp XB-D LEDs series was selected. These 3000 mW Radiant Flux
LEDs show a high efficiency of up to 136 lumen/W in cool white(at 85° C, 350 mA),
providing a nominal flux of 139 lumen at 25° C. With a maximum driving current
of 1 A and a wide viewing angle from 115° to 140°, this is sufficient for data trans-
fer over a distance of 1 m. Modulation bandwidth tests were conducted to assess
the switching capability of the LEDs using a square wave. The tests show that no

distortion occurs up to a frequency of 1 MHz transistor-transistor logic signal input.
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FIGURE 3.7: Block diagram of the experimental setup for the wave-
length division multiplexing visible light communication system.
The uplink feedback is used to obtain information about the state
of the channel and was implemented in software as a way to simu-
late a two-way system. ADC, analog-to-digital converter; LPF: low
pass filter; OOK, on off keying; PD: photodiode; PWM, pulse width
modulation, TIA: transimpedance amplifier.

3.5.1 Transmitter

The main components of the transmitter are shown in Figure 3.8. The transmit-
ter comprises of three OOK modulated channel carriers namely, red, green and
blue. Each channel consists of a high luminance LED, a voltage controlled MOS-
FET driver, and a microcontroller unit responsible for generating the data signal

that is sourced into the input of the LED driver circuit.

FIGURE 3.8: VLC OOK RGB transmitter
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The corresponding circuit diagram for the transmitter is shown in Figure 3.9
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FIGURE 3.9: VLC OOK RGB transmitter circuit diagram
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The data signals are generated from a computer and fed to a microcontroller
unit to drive the two LEDs (red and blue) simultaneously and with the same bit
rate. Two independent pulse-width-modulation dimming control signals are also
generated by the microcontroller and combined with the data signals to vary the
power allocated to each colour subchannel. The resulting signals are then used to

modulate the LEDs.

3.5.2 Receiver

At the receiver (see Figure 3.10), optical colour filters are used to separate the in-
coming signals which are detected using a PIN photodiode with spectral range of
sensitivity in the region of 400 nm to 1100 nm. This covers the LEDs used in this

project with an active area of 1 mm?

. By use of a transimpedance amplifier, the
output current from the photodiode is converted into a voltage signal that can be

sampled by the analog-to-digital converter of the microcontroller. The resulting
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digital data is then fed to the receiving computer for BER analysis and further pro-

cessing.
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FIGURE 3.10: VLC OOK RGB receiver

The corresponding circuit diagram for the receiver is shown in Figure 3.11. The
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FIGURE 3.11: VLC OOK RGB receiver circuit diagram

uplink feedback from the receiver to the transmitter is used to obtain information
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about the state of the channel in the form of BER related to the h,, values, when
different type of filters are used at the receiver. This BER is then used to determine
the optimal power allocation for the specific type of filters currently used in the
system. In this project, the feedback channel was implemented in software as a

way to simulate a two-way communication system on the experimental setup.

3.5.3 Transmit power control circuit

To experimentally verify the simulation results from Section 3.4.4 and be able to
allocate the correct amount of optical power to the individual colour channels, re-
quires the implementation of dimming control on the current VLC testbed. The
IEEE 802.15.7 standard specifies several techniques for implementing dimming

control in VLC systems based on the type of modulation scheme used [37,39-41,67].
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FIGURE 3.12: PWM dimming control

Pulse width modulation (PWM) dimming approach has been implemented in
the current work (see Figure 3.12). The idea is to superimpose a high frequency
PWM signal on top of the slower NRZ-OOK data signal, and then use a low-pass
filter to obtain the required dimming of the data signal. The dimming level is con-

trol by the duty cycle of the high frequency PWM.
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Due to the introduction of the high frequency PWM signal for achieving dim-
ming control, some components of this high frequency signal are able to sneak
through the data signal increasing noise and thus, affect the quality of the received
signal. This then requires the introduction of a filtering circuit at the receiver to
remove the added noise. The implemented PWM dimming technique is also able

to provide a wide range of power levels for the implementation of Game Theory.

3.6 Experimental methodology and results

In order to validate the simulation results, the power allocation was implemented
on the experimental setup and tested with different type of filters. The experimen-
tal setup uses optical filters that correspond to the values used for h,.,, hy, by, and
hyr during simulations. In addition, the data rate across the blue and the red color
subchannels was kept the same to ensure uniformity with the computer simula-
tions as per (3.17). We are interested in the trends of the system’s BER as a function
of the power allocation, and therefore, for every power allocation in the red and
blue subchannels, the corresponding BER was calculated. The same process was
repeated with different type of filters to determine how the system behaves under
different conditions and more importantly, how these optical filters affect the lo-
cation of the optimal operating point. The experimental results are presented in
Figure 3.13.

Figure 3.13 shows that the experimental results closely follow the same trends
as predicted by the simulations. It is important to note the discrepancy between the
simulated BER values and the experimental ones. This is due to the fact that in the
computer simulations, the channel noise and attenuations were normalized. We
can also see in Figure 3.13 that when a set of “good” optical filters (see Figure 3.2)
which have minimal crosstalk is used on the red and blue colour subchannels, the

optimal power allocation point lies closely within the 50 — 50% mark. However,
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FIGURE 3.13: Simulations (right) and experimental (left) BER trends

as a function of the power allocation in the red and blue subchan-

nels for two different sets of filters. The experimental results closely

follow the theoretical predictions in terms of the optimal power al-

location. The vertical lines indicate the optimal power allocations

based on the experimental results and the discrepancy to the theory
is due to the granularity of the experiment.

it can be seen that when a “bad” filter such as the “turquoise” optical filter (see
Figure 3.2) is used on the blue channel, the optimal power allocation point shifts
significantly away from the half-way mark. In this case, a lot more power needs
to be allocated to the blue subchannel to compensate for the frequency response of
the “turquoise” filter. A similar pattern was observed with other type of red and
blue filters. The optical “turquoise” filter use case scenario has been presented here
to illustrate the impact that the filters” absorption coefficients have on the power
allocation.

The objective of this work was to be able to predict the trends in the system’s
BER as a function of the power allocation in the red and blue colour subchannels,
and to assess the impact that the optical filters used, have on the location of the op-
timal power allocation point. The results in Figure 3.13 show that the performance
of WDM systems can be greatly improved by using a power allocation scheme that
takes into consideration the frequency response of the optical filters used at the
receiver.

Future work and improvement to the model should consider the possibility of



Chapter 3. A Water Filling Based Transmitter Power Control for a Multi-Carrier
43
Visible Light Communication System

predicting the exact BER values in addition to the trends and location of the optimal

power point.

3.7 Summary

This chapter has shown that using an approach based on the water-filling algo-
rithm, we are able to predict the trends in the overall performance of a WDM VLC
system that employs red and blue LEDs. Experimental results show that the opti-
mal power allocation point does not always lie close to the half-way mark, due to
the fact that it is dependent on the type of optical filters used to discriminate be-
tween the wavelengths. This simplified model, although not yet able to predict the
exact BER of the system, it can still adequately determine the optimal power levels
in the different subchannels, which will result in the best overall performance for
the multicarrier VLC system. The results obtained in this chapter can be extended
to WDM VLC systems with three or any number of wavelengths. The model pre-
sented in this chapter can be used in the design and implementation of multicarrier
VLC systems to minimize the crosstalk between subchannels. This will improve the

performance and lead to efficient higher bandwidth in such systems.
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Chapter 4

A Distributed Transmitter Power
Control for multicarrier Visible
Light Communication System
based on the Refereed Game

Theory

The next generation of networks will require cooperative behaviour between the
different devices or entities that are connected to the network, and participate in the
various interactive situations. However, cooperation between the interconnected
entities is often hard to achieved due to the conflicting nature of their interests. The
interaction between entities that make up the network is based on a set of rules,
where each entity makes decisions that aim at maximizing its own selfish utility
function. This is often at the expense of the overall system’s performance and irre-
spective of the actions of neighbouring entities. Game Theory provides a theoretical
framework that models strategic interactive situations between decision-making

entities concerned about their own selfish benefit.
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This chapter presents the results of a journal article which will be submitted
to the IEEE Journal of Lightwave Technology. The reference to the paper is cur-
rently the following until submission and acceptance by the peer-review process:
Kamwangala C., Cox M., and Cheng L., "Distributed transmitter power control for
a multicarrier visible light communication system", to be submitted to IEEE Journal
of Lightwave Technology.

The main research idea was derived from a joint effort of C. Kamwangala, Prof.
Ling Cheng and Mitchell Cox as a continuation of the work that was presented
in Chapter 3. The software implementation used for data collection was coded in
its entirety by C. Kamwangala. The same experimental setup hardware used in
Chapter 3 was adopted for this part of the research work. The journal article is
being written by C. Kamwangala under the supervision of Prof. Ling Cheng and

Mitchel Cox to ensure that it meets the required quality standards for publication.
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4.1 Game Theory in Communication Systems

The nature of cognitive radio systems makes them suitable for the application of
Game Theory. This is due to the fact that cognitive radio networks comprise of
various heterogeneous access technologies that coexist. Although these access net-
works often carry differing characteristics and capabilities, they are often required
to cooperate in order to improve the overall network [68].

The interactions between the access networks in cognitive radios follow a tra-
jectory that allows each network to achieve a selfish goal, irrespective of the actions
of neighbouring network. Interactions between entities with conflicting goals is
extensively studied in the broader field of Game Theory. Game Theory develops
mathematical models and formulations that attempt to answer the question of how
to achieve cooperative behaviour during interactions between self-managed enti-
ties, in order to achieve goals that are for the benefit of all participating entities in
the network [68].

In Game Theory, a strategic interaction or game can be described as being in
normal form or extensive form. A game is said to be in normal form when each
player’s strategies and the payoffs associated with each possible combination of
choices can be fully listed. The extensive form of a game is when the rules of the
game, the choices of strategies available to each player, the information available to
a player and the payoffs each player receives are given [17,68,69]. When a game is
played over multiple interactions such as in the case of the cognitive radio systems,
it is said to be a repeated game. A single shot game is one that is played once such
as the famous Prisoner’s Dilemma game [17,68].

A game can also be classified as either non-cooperative or cooperative. Non-
cooperative games model situations where outcomes are completely decided by
independent conflicting decision-makers without any external influence. In con-

trast, a cooperative game is a type of game where the outcome can be enforced
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by some third party contract or entity, usually known as the referee. The referee
is responsible for enforcing the cooperation to ensure the optimal or equilibrium
outcome is reached. Although the two are related, this project will focus on coop-
erative games.

A game in normal form consists of three main elements and can be expressed

as G = {L,5,U}. The game consists of the following three elements:

e ThesetI={1,...,n}of nplayers, ie. the entities participating in the game.

e ThesetS=5; x. . . x 8, of players’ strategies, where Si contains the

strategies available to the player i.

o The players’ payoffs U = {u1(.), . . . ,un(.)} which are functions indicating the

values of different outcomes to the players.

A strategy s; € S; is a choice that player i can perform.

The I-tuple s = (s1, . . . ,s,) is known as a strategy profile and uniquely defines
an outcome, although the same outcome may be the result of different strategy
profiles. More importantly, u;(s) is the payoff that player i gets as a result of the
outcome that results from using a specific strategy profile s [17].

Let us consider the transmit or remain quiet repeated network game involving
two transmitters, player 1 and player 2 who need to transmit packets over a com-
mon channel to their respective receivers, R1 and R2 [70]. This multiple access net-
work game is illustrated in Table 4.1. The two players have the following strategies

TABLE 4.1: Example payoff for the transmit or remain quiet re-
peated network game.

P 2 Transmit P 2 Quiet
P 1 Transmit 0,0 1,3
P 1 Quiet 3,1 0,0
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available to them: each player can decide to transmit a packet or not transmit (re-
main quiet) represented by T and Q, respectively. If both players decide to transmit
packets, it results in collision and loss of packets since this is a shared channel. The
highest payoff for either player occurs when a player agrees to remain quiet while
the other player is transmitting. This is known as the Nash'’s equilibrium point,
named after John Nash’s work on equilibrium point in strategic games [71,72]. Be-
cause this is a repeated game, players alternate between transmit or remain quiet
in each round of the game.

In Game Theory, solving a game means determining the strategies for different
players that ultimately lead to the Nash’s equilibrium point. Nash’s equilibrium
describes a strategy profile wherein every entity or player participating in the game
is playing a best response to the strategy choices of other players. When entities in
a game play their best possible strategies, the game will reach Nash equilibrium.

Nash equilibrium in non-cooperative interactions is often hard to achieve as
there is no incentive for the players to cooperative, given that they are only partic-
ipating in the game for their own selfish interests. In such scenarios, cooperation
between players can emerge when it is in their own best interest to do so and can
lead to non-optimal outcome in certain situations. However, multiple signaling and
communication between the entities participating in the game is often required to
achieve equilibrium, which can create network overhead and more interference in
the system [17,69,70].

The Refereed Game Theory is part of a family of cooperative games known as
stochastic games. A stochastic game is one that is played in a sequential manner
by participating entities wishing to achieve a certain common goal, based on the
current state of the system as well as players” chosen actions. Each player chooses
the best course of action or strategy based on information provided by the ref-

eree for the current state of the system. The Refereed Game Theory removes the
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need for communication between users and hence, reduces the amount of signal-
ing and co-channel interference in the system as users get their information only
from the referee. Furthermore, when well implemented the Refereed Game Theory
can guarantee Nash equilibrium in a cooperative system.

Applications of Game Theory to analyze and resolve interactions between con-
flicting entities with selfish goals in cognitive radio networks have been reported
in literature [15-17,68,73]. In this work, we attempt to use the tools of the Refer-
eed Game Theory to analyze interactions between conflicting entities in a two-way

visible light communication system.

4.2 A Distributed Power Control scheme for VLC Systems

Distributed power control is an optimization problem where individual entities
make their own decisions in order to maximize their own utility function [17]. One
of the interesting applications of visible light technology is in the field of home au-
tomation in smart homes, where there will be all kind of interconnected appliances
that interact with each other through light. In such a scenario, the coordination
between the different devices becomes a critical part in the implementation of the
system to mitigate interference between the various entities in the network.

For the distributed scenario of the current project, although the different colour
transmitters are part of the same transceiver circuit, each colour transmit power is
controlled independently of the other colour transmitters. This is in contrast to the
centralized case in Chapter 3 where the total available power was shared between
the colour transmitters. This allows us to simulate a distributed VLC system where
the colour transmitters would be located in different places like in the smart homes
scenario, and study the effects that transmit power control can have on the overall

performance of such systems.
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FIGURE 4.1: Illustration of the Refereed Game Scenario for a multi-
carrier RGB LED VLC system. Although the different colour trans-
mitters are part of the same transceiver circuit, each colour transmit
power is controlled independently of the other two colour. This is as
opposed to the centralized case in Chapter 3 where the total power
was shared between the colour transmitters. In the distributed sce-
nario of the current project, the uplink feedback channel is used to

enforce the punishment in the form of P?""* on which each player

relies to assess their received SNR by the referee. The downlink is

still the forward channel from the transmitters to the receiver and is
used for data transmission.

Consider a WDM RGB-LED VLC system as illustrated in Figure 4.1. As pre-
viously explained, the Refereed Game theory will be used in the current work to
model the interaction of self-interested users in a multicarriers VLC channel. This
theory deals with situations where outcomes can be enforced by some third party
entity known as the referee. In our distributed VLC system, the uplink feedback
channels from the receiver (the referee) to the individual colour transmitter will be
used to enforce the outcome of the game through some form of punishment. In this
project, the punishment is implemented in the form of P/*'"* from the receiver to
the transmitters, which each player relies on to assess their received SNR by the
referee.

Before the Refereed Game can be implemented, it is crucial that the fundamen-

tal concepts of the theory be clearly defined and verified [17,73]. This includes
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defining the players of the game, the actions available to the players, the objective
to be achieved (the game), the referee and the punishment. The rest of this section
will be dedicated to defining the building blocks of the Refereed Game for our VLC

system.

4.2.1 The Players

Each individual colour subchannel represents an entity in the network and partic-
ipate in the game. These entities which are often referred to as players must coop-
erate and obey the rules of the game in order to achieve a better overall system’s
performance. In the Refereed Game Theory, the rules of the game can be enforced
through the referee who is responsible for punishing entities who do not play by

the rules.

4.2.2 The Game

As opposed to the centralized scenario in Chapter 3 where the constraint was ap-
plied to the total available power at transmitter shared between the different colour
transmitters, in the distributed implementation, the constraint on the optimization
is applied to the power P*""¥ in the uplink channel. This is the power used by the
referee to enforce the rules of the game given that the different players in the game
rely on this power for information about the quality of their individual transmis-
sion.

Suppose that the referee has power P,.f available for the uplink broadcast to

the different colour channels. The objective (the game) is to maximize the channel

capacity and can be formulated as follows

3
maximize Z log, (14+ SNR;) 4.1)
i=1
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subject to
3

Z ]:,Zuplznk S Prref (4.2)
i=1

Where P/ bink represents the individual uplink power from the central agent to the
different colour channels. SN R; is the received signal-to-noise ratio of a player at
the receiver.

Consider an infinitely repeated version of the above game where a player is
faced with the challenge of deciding which action to take. The rules of the game are
such that the system seek to optimize the overall system BER and uses the water-
filling algorithm as described in Chapter 3 to determine the optimal power levels
for each colour transmitter. A player can either increase or decrease his transmit
power and each of these actions has a reward associated with it in the form of
PUPF i1 the uplink channel. If the payoff associated with each action is constant,
all a player needs in order to maximize his payoff forever is to do a linear search
for an action that derives the best benefits. However, if the payoff associated with
each action varies across iterations of the game, that is, the same action can result

in a gain or a loss, then a learning algorithm is required to assist the decision of the

player.

4.2.3 The Referee

Once the optimal operating point for the system has been determined, the referee
notifies the respective players of the appropriate power levels and the system must
penalize any colour carrier whose received power is higher than the chosen thresh-
old. This could be accomplished by decreasing the performance on the feedback
channel for the particular colour subchannel who acts in a greedy manner. How-
ever, it is important that the punishment be not too harsh so as to make the players

deviate from the optimal point with the game unable to converge.
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424 The Punishment

In the current project, the feedback channel was implemented in software as a
way to simulate a two-way system on the experimental setup. Because the sys-
tem is a two-way communication system, the independent colour channels all rely
on the feedback from the central agent and thus, the punishment can be enforced
through the feedback channel. The SNR of each colour subchannel is affected by
the crosstalk interference from the other two colour subchannels, which in turn is a
function of the allocated power in those two channels. The SNR can be expressed

as follows

e |* PR |hgg|*Pa |hew|* P
SNRp = Wil 2R gNR, = 99l “C g SNRp = LB 43
RN Ty CTN,+Tg B= N1, &)

where P; is the power of the respective LED, N, is the normalized shot and back-
ground noise in the system, and I'; is the total interference from the other channels,
given by

Tr = |hygl*Pe + |l Pp

T = |hg[*Pr + |hg|*Pp (4.4)

T = |hy[*Pr + |hygl* Po-

Therefore, if the system seeks a received power that optimizes the overall system
BER, colour transmitters in the network must cooperate and work together while
abiding by the rules of the game. In order to ensure that the rules of the game are
respected, the referee should punish any entity whose received power is above the
prescribed threshold. This could be accomplished by deliberately decreasing the
uplink power of the culprit in the feedback channel which the players use to assess
the quality of their transmissions. From the players” perspective, a higher uplink
power means that the receiver is accepting their packets, whilst a lower uplink
power means their packets are being dropped. In addition, because the power in

the uplink channel is bounded by F,.;, maximum power means that the player
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should not continue to increase his power level.

An example of a punishment can be formulated by ensuring that the uplink
power P of each player in the feedback channel is a function of the differ-
ence between the player’s received signal-to-noise ratio level SN R;, and the pre-
determined optimal level SNR;. This can be expressed in mathematical form as
follows

prrink — f(SNR; — SNRY)

- SNR; = f~1(P"""") 4 SNR} (4.5)

From (4.5), we notice that the uplink power P/*'""* and the player’s received
signal-to-noise ratio level SINR; are inverse functions of each other. This requires
that the following restrictions be placed on possible candidate functions used to

formulate the punishment.
o 0 < f(SNR; — SNR}) < Py for all values of (SNR; — SNR}) and

° f(O) _ Puplink

i(mazx)

uplink

The first restriction ensures that the power P, in the uplink channel is

bounded and subjects to the referee’s available P, ;. In addition, maximum uplink

P(mazyueiine power ensures that a player whose received SNR is equal to the pre-

determined optimal level, stops increasing his power for convergence of the game.
uplink
b

Given that the referee’s uplink power and the player’s received signal-to-

noise ratio level SINVR; are inverse functions of each other, the original problem can

now be rewritten as

3
maximize Z logy (1 + f_l(P;Lplmk) + SNR;‘) (4.6)
i=1

subject to

3
Z Ryplink < Pref (47)
i=1
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Various type of functions can be used to generate the punishment, each with differ-
ent levels of severity. Figure 4.2 below, shows the different profiles for the punish-
ment function. The x-axis represents the gap between the optimal signal-to-noise
ratio SNR; and a player’s received signal-to-noise ratio SNR;. The zero point
on the x-axis indicates that the player is operating at the optimal point and corre-

sponds to the maximum uplink power on the y-axis.

Punishment profile functions

max
Linear
= Decay
Waterfall
1)
:
o
o
=
&
32
]
0 SNR gap max

FIGURE 4.2: Possible punishment profile functions.

A punishment is considered harsh if smaller deviations from the set optimal op-
erating point result in much larger penalties. Similarly, a punishment curve is con-
sidered lenient if smaller deviations from the optimal point also result in smaller
penalties. The linear profile illustrated in Figure 4.2 allows for a constant rate of
change in the punishment imposed on a greedy player, whilst in the exponential

decay profile, very small deviations from the pre-determined optimal operating
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point can results in a bigger punishment. For the waterfall profile shown in Fig-
ure 4.2, large deviations from the pre-determined operating point often only result
in a smaller punishment as compared to the exponential profile in Figure 4.2.

In the absence of a punishment in the payoff function and a referee to enforce
this punishment, players choose a course of actions that maximize their own util-
ity function for their selfish interests. However, if the payoff associated with each
action varies across iterations of the game and the prospect of being punished for
players who do not obey the rules of the game, the Refereed Game Theory can act
as a no-regret algorithm.

The concept of no-regret is based on the notion that no player can do strictly
better by deviating from the best response strategy, given that the other players are
also bound by the same rules. The next section discusses the implementation of the

no-regret decision making algorithm in the current distributed VLC system.
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4.3 No-Regret Learning Algorithm

Several decision making algorithms based on statistical learning theory for coop-
erative interactions between participating entities with conflicting interests, in dis-

tributed networks have been developed and are documented in literature [74,75].

Algorithm 1 No-regret learning algorithm

1 . Initialization: Players start from a reference point and select an arbitrary course
of action.

2 . System performs a dry run and referee determines optimal operating point for
each players using the water-filling algorithm.

3 . Players are notified of their respective target operating points through the feed-
back channel.

4 . After each iteration of the game, players are given reward by the referee in
terms of power in the feedback channel.

5 . Players use the reward information from the referee to adjust their transmit
power with respect to the optimal operating points, in order to get an even better
uplink power.

6 . Confirmation: Check that each player’s course of action is converging towards
the equilibrium point. If not, go back to step 1, otherwise maintain current equi-
librium until channel conditions change, and the referee decides to update opti-
mal operating point targets.

In this project, we implemented a version of the well-known no-regret algo-
rithm using state machines approach. The no-regret algorithm is a statistical learn-
ing algorithm that uses previous choices from past interactions between participat-
ing players or entities in the game to determine rewards in current choices, and
predict choices that will be made in future interactions. The algorithm is structured
in such a way that the payoff obtained from using the algorithm is always greater

than the payoff that can be gained from using alternative strategies [69].
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A flow chart diagram of the implemented no-regret learning algorithm is shown

in Figure 4.3 below.

!
( Initilaization )

W
System dry run

Notify Players of targets

W
Adjust transmit power

arget exceeded no

/

yes

Y

Fine-tune transmit power

no
Convergence?

FIGURE 4.3: Flow chart of the implemented no-regret algorithm.

In this work, convergence is defined as the equilibrium point where all colour

transmitters are operating at their respective pre-set optimal operating points and

no power increase or decrease take place in the system.
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4.4 Results and Discussions

In this section, we take a look at the experimental results for the linear and the
waterfall profiles which have been implemented for the current research project.

The linear punishment profile can be expressed in mathematical form as follows

y=-—-mzx+c (4.8)

The constant ¢ represents the referee’s maximum power that can be allocated
to the uplink channel for a specific player and thus, cannot be changed. The gra-
dient m dictates how harsh the punishment is and how aggressive the players will
be when trying to abide by the rules of the game. In this work, the same punish-
ment profile is always implemented for both players. However, the pre-determine
optimal operating point for each player is based on the output of the water-filling
algorithm and depends on the characteristics of the optical filters used in our ex-
perimental setup (see Figure 3.2).

In the first scenario illustrated by Figure 4.4, slow gradient linear punishment
functions are chosen for the players strategies. It can be seen that the two players
(red and blue channel carriers) move towards their respective target equilibrium

points in a very smooth manner due to the lenient nature of the punishment.
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FIGURE 4.4: Game curve for the red and blue sub-channels: slow
gradient and farther starting point.
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FIGURE 4.5: Game curve for the red and blue sub-channels: slow
gradient and closer starting point.
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In Figure 4.5 above, the starting points for the two players are chosen relatively
closer to the equilibrium points, which lead to a faster convergence of the game.

For the second scenario in Figure 4.6, a steeper gradient is chosen for the profile
functions, which means a much harsher punishment for the players. This results in
a very aggressive mode as the players struggle to adjust their respective transmit
powers to get to the equilibrium state. Furthermore, it can be seen that after 20
iterations, the red player has not yet reached equilibrium. The red player’s power

level constantly fluctuates around the operating point.

Game curve
100 T T T T T

Power level (%)

u 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Iterations

FIGURE 4.6: Game curve for the red and blue sub-channels: fast
gradient and farther starting point.

Choosing starting points that are closer to the optimal points for the players as
in Figure 4.7, lead to smaller fluctuations around the operating points and some-

times the game converges.
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FIGURE 4.7: Game curve for the red and blue sub-channels: fast
gradient and closer starting point.

The results in Figure 4.8 shows the game curve for the waterfall punishment
profile. One interesting observation is the fact that with this profile players are able
to deviate from the optimal point within a certain range because the punishment is
not too harsh.

Ideally, harsher punishments should lead to faster convergence of the game.
However, in some cases if the punishment is extremely harsh, it would result in
a lot of fluctuations and, in some cases prevents the convergence of the game. In
the case of more lenient punishments, the game should take longer to converge
because players are afforded more freedom and tend to settle at a higher point then

the pre-determine operating point.
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FIGURE 4.8: Game curve for the red and blue sub-channels: water-
fall profile.

4.5 Future work

Future work should consider the possibility of predicting the required number of
iterations for convergence, as well as having different punishment profile in the
same game depending on the players” behaviour. In addition, the results in Fig-
ure 4.4 and Figure 4.6 show that when players initially start at the same reference
point, the power level for the red LED increases much faster than that of the blue
LED even though they have the same punishment profile function. This is due to

the difference in the optical output power of the LEDs used.
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4.6 Summary

This chapter has shown that the Refereed Game Theory can be used to enforce a
pre-determined optimal operating point in a distributed transmitter power control
scenario for an RGB-based visible light communication system. Two different sce-
narios were explored using the linear profile punishment and the waterfall profile.
in the first case, with a more lenient punishment profile characterized by a slow
gradient, results show that players move towards the equilibrium in a smooth ap-
proach. In the second scenario however, for a harsher punishment linear profile
characterized by a steep gradient, players make decisions in a very aggressive man-
ner, which can often lead to a non-convergence of the game in some cases. How-
ever, in both cases, it can be seen that when the outcome is enforced by a third party

entity, cooperation between the players can be achieved.
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Chapter 5

Conclusion

The reason d’étre of this research work is the question "What are the effects of optimal
transmitter power control on the performance of an indoor, WDM-OOK modulated, RGB-
based multicarrier VLC system, in terms of overall system BER?". Chapter 2 presents
the state of research in the VLC technology, the basic building blocks of VLC sys-
tems, and the different multicarrier modulation schemes that are currently used. A
literature review on the use of coordinated interference management in VLC sys-
tems is also discussed to provide the reasoning behind the choices made for this
research. In Chapter 3, the results of the special issue article published in Wiley’s
Transactions on Emerging Telecommunications Technologies, which demonstrate
the use of centralized transmitter power control to predict the trends in the BER
performance of a multicarrier VLC system that employs red and blue LEDs are
presented. Although not able to predict the exact BER of the system, the devel-
oped centralized transmitter power control scheme can still adequately determine
the optimal power levels in the red and blue subchannels that will result in the best
overall performance for the multicarrier VLC system. Thereafter, Chapter 4 puts
forward the formulation and implementation of a distributed transmitter power
control scheme based on the Refereed Game Theory. It was shown that for lenient
punishment profiles characterized by a slow gradient, players move toward the
equilibrium optimal operating point in a smooth approach. However, for a harsher

punishment profile characterized by a steep gradient, players make decisions in a
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very aggressive manner, which can often lead to a non-convergence of the game in
some cases. That being said, in both cases, it can be seen that when the outcome is
enforced by a third party entity, cooperation between the players can be achieved.
Results from this chapter are to be submitted to IEEE Journal of Lightwave Tech-
nology. From the results presented in Chapter 3 and Chapter 4, it can be concluded
that the performance of multicarrier WDM VLC systems can be improved using
transmitter power control. The research objectives defined in Chapter 1 have thus

been accomplished, and the research question has been answered.

5.1 Recommendations for Future Work

As discussed in Chapter 3, the developed centralized transmitter power control
scheme only gives the location of the optimal operating power point and predicts
the trends in the BER performance. Future work and improvement to the model
should consider the possibility of predicting the exact BER values, in addition to the
trends and location of the optimal power point. Additionally, for the distributed
power control scheme, it would be interesting to be able to determine the required
number of iterations for the converge of the game, as well as having different pun-
ishment profiles in the same game for the players, and doing a performance com-
parison for these scenarios. Furthermore, the results obtained in this research work
should be extended and tested not only on systems which use red, green and blue
LEDs but also on those that use any number of wavelengths. Finally, it would be
interesting to do a full set of performance benchmarks between a system with the
developed transmitter power control and one without it.

As seen in the literature review in Chapter 2, there is little existing research on
the use of Game Theory to solve problems associated with cooperative interactions
in VLC systems. IoT and 5G networks will require cooperative behaviour between

the different devices connected to the network. Due to the fact that VLC is seen as
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a potential enabler for this technology, it becomes important for more research to
be done in using tools such as Game Theory to investigate cooperative interactions

in VLC systems as a way to mitigate crosstalk interference in WDM systems.
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5.2 Summary

In Chapter 1, the current research work aimed to answer the question "What are
the effects of optimal transmitter power control on the performance of an indoor, WDM-
OOK modulated, RGB-based multicarrier VLC system, in terms of overall system BER?".
Results presented both in Chapter 3 and Chapter 4 show that optimal transmitter
power control can be used to improve the performance of WDM VLC system by
reducing the crosstalk interference which often affects these systems. This is espe-
cially important in situations where the optical colour filters used at the receiver
to discriminated between the incoming colour signals have a wideband frequency
response. Recommendations for possible future work to improve on the current

project were made and a conclusion has been drawn.
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