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Lay Summary

Visible light communication (VLC) uses light-emitting diodes (LEDs) in the visible light spec-
trum to transmit data and has become increasingly popular for short-range wireless connections.
The focus of this research is to create techniques that will increase the spectral and energy effi-
ciency of VLC systems. This involves maximising the amount of data that can be transmitted
within a given bandwidth and minimising the energy needed to transmit data, both of which are
crucial for optimising performance and reducing costs in a VLC system.

One approach implemented in this thesis is to optimise the LED operating point at which the
LED is driven to transmit data. This resulted in an increased modulation bandwidth and there-
fore the ability to transmit more data. This approach is then used in VLC with probabilistic
shaping (PS). PS involves shaping the information bits into a distribution that is well-matched
to the channel characteristics, such as a Gaussian distribution in the VLC channel. By shap-
ing the information bits in this way, it is possible to increase the capacity of the channel and
transmit more data efficiently. The thesis also introduces a new technique called frequency shift
chirp modulation (FSCM). In FSCM, information is encoded using a continuous, sweep-like
method across certain frequency ranges. This allows it to be robust in scenarios where there
is limited bandwidth or channels that have varying responses at different frequencies. This
has potential applications in areas where energy consumption is a major concern, such as the
Internet of Things (IoT).
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Abstract

In recent years, there has been a surge in data traffic, leading to the investigation of using
optical frequencies in conjunction with radio frequency (RF) wireless communication systems.
One such technology is visible light communication (VLC), which uses light-emitting diodes
(LEDs) in the visible light spectrum to transmit data. VLC has gained popularity for short-range
wireless connections due to its energy efficiency, low-cost, and wide availability of front-end
devices. However, one of the main challenges in designing a VLC system is improving its
energy and spectral efficiency. This thesis aims to investigate techniques and determine the
most effective methods for enhancing the energy and spectral efficiency of VLC systems.

The thesis examined methods for optimising the bias point of an LED to benefit from increasing
bandwidth at higher driving current while minimising the resulting signal distortion. The ap-
proaches are based on allowing for some nonlinear distortion or reducing signal swing/signal-
to-noise ratio (SNR) while benefiting from higher bandwidth at higher driving currents. A
framework is presented to estimate the attainable capacity under both conditions. Simulation
results showed that the optimal bias point does not lie in the middle of the dynamic range.
This was verified through a PAM-based VLC experiment, which showed that the transmission
rate can be increased by choosing the optimal bias current instead of the midpoint of the linear
range.

Subsequently, VLC with probabilistic shaping (PS) is studied to optimise the distribution of
source symbols and improve system performance. In this study, the error performance of PS
is analysed, and closed-form analytical expressions are provided. The results show that PS
outperforms the conventional uniform distribution and significantly reduces the required SNR
to achieve a certain error probability. To demonstrate the practical application of PS in VLC,
it was implemented in conjunction with optical orthogonal frequency-division multiplexing
(OFDM) modulation. This allowed for continuous and adaptive loading of information bits
to the channel response, resulting in an efficient use of available modulation bandwidth and
transmission rates close to the channel capacity limits. In the two experimental demonstrations,
a single low-power LED and a wavelength-division multiplexing (WDM) system using three
off-the-shelf LEDs were used to achieve bit rates of 1.13 Gbps and 10.81 Gbps, respectively,
representing increases of 27.13% and 25.7% over the traditional bit-power loading technique.

Finally, an alternative approach towards enhancing the energy of VLC systems is introduced
using frequency shift chirp modulation (FSCM). The error performance of FSCM was analysed
in different types of channels, and a proof-of-concept experiment was conducted to demonstrate
its potential use in VLC systems. FSCM offers improved robustness in band-limited, frequency-
selective channels compared to other modulation techniques. This makes it a promising choice
for integrating into VLC systems, particularly in low-power and low-rate application scenarios.



Declaration of Originality

I declare that this thesis has been composed solely by myself, that the work contained herein
is my own except where explicitly stated otherwise by reference or acknowledgement, and that
this work has not been submitted for any other degree or professional qualification except as

specified.

Tilahun Zerihun Gutema
Edinburgh, The United Kingdom
June 08, 2023



Acknowledgements

This thesis was written during my postgraduate studies at the Institute for Digital Communi-
cations, School of Engineering, the University of Edinburgh. I would like to thank the Uni-
versity of Edinburgh for providing me with the resources and facilities necessary to conduct
my research. This work was supported by the European Union’s Horizon 2020 research and
innovation programme under the Marie Sktodowska Curie grant agreement Ne. 814215 titled
ENLIGHT EM: European Training Network in Low-Energy Visible Light IoT Systems. I am
grateful for this funding, as it has allowed me to pursue my PhD without financial burden.

I would like to express my heartfelt gratitude to my supervisor, Dr Wasiu Popoola. His support
and encouragement throughout my PhD journey have been invaluable and unwavering. His
guidance, expertise, and mentorship have helped shape my research and have been a constant
source of inspiration.

I am grateful to all my colleagues, Callum Geldard, Hussien Alrakah, Ahmet Burak Ozyurt,
Egecan Guler, Jianhui Chen, Ryo Harada, Jian Shao, Minging Yu, and Behnaz Majlesein for
their valuable insights and assistance during this research. I have been fortunate to have their
expertise and guidance, which have been helpful in my learning and development. I would also
like to express my sincere gratitude to Iain Gold and his colleagues in the School of Engineer-
ing electrical support team who helped me design and manufacture various electronic circuits.
Their assistance was invaluable in completing this project.

I am very grateful to my friends, Asemare Mengistie and Biniyam Yakob for providing such
interesting discussions in both high and low times. I can always count on them for their wisdom
and support, whether it’s about research or just venting about life. I would like also to thank
my friend, Samuel Admasie for proofreading this thesis. His constructive feedback was very
helpful in improving this work.

I would also like to thank my girlfriend, Bemnet for her love and support which has meant
everything to me. She has truly been an ever-present source of strength. Her understanding and
encouragement have helped me through so much, and I am so grateful to have her by my side.

Finally, I am eternally thankful to God for giving me a supportive family: my father, Zerihun
Gutema and my siblings and their family: Masresha, Martha, Birhanu, Gelanie, and Birtukan.
Their love, support, and understanding have been a reliable source of encouragement as I work
towards my aspirations. They have always believed in me and have encouraged me to pursue
my passions. Their support has been a reliable motivation and has played a pivotal role in where
I am today. Thank you for always standing behind me and supporting me.

vi


https://enlightem.eu/

Contents

Lay Summary . . . . . . ... e
Declaration of Originality . . . . . . . . . .. ... ... ... .. ...,
Acknowledgements . . . . . . ... Lo
Contents . . . . . . .. e e e
Listof Figures . . . . . . . . . . . . . . e
Listof Tables . . . . . . ... ... . . . .
Listof Abbreviations . . . . . . ... ... ... ... ... . 000
List of Mathematical Symbols . . . . .. .. ... ... ... ...

1 Introduction

1.1
1.2
1.3
1.4
1.5
1.6

2.1
2.2

23

24

2.5
2.6
2.7
2.8

3.1
32
33

Background . . . . . ...
Research Motivationand Scope . . . . . . . . . . . ... ... ... ...,
Research Objectives . . . . . . . . . . . . . . . it
Thesis Contributions . . . . . . . . . . ...
Listof Publications . . . . . . . ... .. ... .. ...
ThesisOutline . . . . . . . . . . . . . . e

An Overview of Visible Light Communication

Introduction . . . . . . ...
Featuresof VLC Systems . . . . . . . . . . . . . ...
2.2.1 Advantagesof VLC . . .. ... ... . ... ... ... ..
2.2.2  Application Areasof VLC . . . . .. ... oo oL
223 Challenges . . ... ... .. e
System Componentsin VLC . . . . .. ... ... .. oo oL,
2.3.1 Optical Transmitters . . . . . . . . . .. .. v
232 Optical Receivers . . . . . . . . .. . e
233 VLCChannelModel . . . ... ... ... ... .. ... . ...,
Modulation Techniques for VLC . . . . . ... ... ... ... ........
2.4.1 Pulse Modulation Techniques . . . . . ... ... ... ........
242 OpticalOFDM . . . . . ... . e
Energy and Spectral Efficiencyin VLC . . . . . . . ... ... ... .. ....
Probabilistic Constellation Shaping . . . . . . ... ... ... ... ......
Related Literature Comparative Discussion . . . . . . .. ... ... .....
Summary . ... e e e e e

Bias Point Optimisation of LEDs for Capacity Enhancement

Introduction . . . . . . . . ... e e
Characteristicsof LED . . . . . . . . . . ... . ... .
Theoretical Study . . . . . . .. . L
3.3.1 System Design and Assumptions . . . . . . . .. ... ... ... ...
3.3.2 Bias Point Optimisation . . . .. ... ... ... ...........
3.3.3 Simulation Results and Discussions . . . . ... ... ... ......

vii

11
11
13
13
14
16
18
18
20
22
24
24
27
29
33
36
41



Contents

34 Experimentalstudy . . . . .. . . . . ... ... 57
34.1 ExperimentSetup . . . . . .. . ... ..o 57

3.4.2 Resultsand Discussions . . . . . .. ... ... oL 58

35 Summary ... e e e 61

4 Visible Light Communication Using Probabilistic Shaping 63
4.1 Introduction . . . . . . . . . ... 63

4.2 The Principle of Probabilistic Shaping . . . . . ... .. ... ... ...... 65
4.3 Error Performance Analysis of PS in AWGN Channel . . . . . ... ... ... 69
4.3.1 Symbol Error Probability of PS-PAM . . . . . . ... ... ... 71

4.3.2 Symbol Error Probability of PS-QAM . . . . . . . ... ... ..... 75

4.4  Error Performance in Fading Channels . . . . . . ... ... .......... 77
44.1 Log-normal Fading Channel . . . . ... ... ... ......... 79

4.4.2 Rayleigh Fading Channel . . . . . ... ... .............. 80

4.5 Achievable Information Ratesof PS . . . . .. ... ... ... L. 81
4.5.1 Mutual Information . . . . . ... ... oL 82

4.5.2 Generalised Mutual Information . . . . . . ... ... ... .. 84

4.5.3 Normalised Generalised Mutual Information . . . .. ... ... ... 85

4.6 Optical OFDM withPS . . . . . . .. ... . 86
4.7 Experimental Demonstration of PSin VLC . . ... ... ... .. ...... 88
4.7.1 Single LED High-speed VLC withPS . . . . . . ... ... ... ... 88

4.7.2 WDM-Based High-speed VLC withPS . . . . .. .. ... ... ... 93

4.8 Summary . ... .. e e e e e e e 100

5 Frequency Shift Chirp Modulation for Visible Light Communication 103
5.1 Introduction . . . . . . . . ... 103

5.2 Frequency Shift Chirp Modulation . . . . . ... ... ... .......... 104

5.3 Detection of FSCM Signal in AWGN Channel . . . . . .. ... ... ..... 110

5.4 Error Performance in AWGN Channel . . . . .. ... ... .......... 111

5.5 Energy and Spectral Efficiency Comparison . . . . . . ... .. ... .. ... 116
5.6 Experimental Demonstration . . . . . . . . .. ... ... ... ... 121
5.6.1 ExperimentSetup . . . . . . . . ... 121

5.6.2 Resultsand Discussion . . . . . .. ... ... Lo 122

57 Summary ..o oL ... e e e e e e e e 126

6 Conclusion and Outlook 127
6.1 SummaryoftheWork . . . . . .. ... ... oL 127

6.2 Limitations and Recommendations for Future Work . . . . . . ... ... ... 130
References 133

viii



List of Figures

1.1

2.1

22

23

24

2.5

2.6

2.7
2.8

29

2.10

2.11

3.1

32

33

34

3.5

3.6
3.7

Summary of the researchscope . . . . . . . ... ... ... ... ....... 5

Haitz’s law illustrating the exponential increase of luminosity per package of
LEDs over time, while the cost per lumen drops exponentially. The solid lines
show these trend lines. . . . . .. ... ... ... . ... L. 12
The electromagnetic spectrum, comparing the bandwidth of visible light do-
main with RF spectrum (Picture adapted from [1]). Visible light and infrared
spectrum are 2,600 times larger than the radio frequency spectrum (VLF to EHF). 15
System components of a typical VLC link, showing the transmitter, channel
andreceiverblocks . . . . ... ... 18
Channel model with modulating signal x (¢), output photodetector current y (t),
additive noise n(t), and an impulse response h (¢). R represents the responsiv-
ity of the photodetector while  is LED’s electrical-to-optical conversion factor. 22

Geometrical representation of a LoS VLC channel model . . . . . ... .. .. 23
OOK signalling showing NRZ-OOK optical output (a) and 50% duty cycle RZ-
OOK (B) . . o o 25

4-PAM signalling showing the output optical power for the four amplitude levels 26
4-PPM signalling showing the output optical power for the first two amplitude
levels . . . . o e 26
A block diagram illustration of DCO-OFDM communication system. J{ de-

notes a Hermitian symmetry operation, S/P is serial-to-parallel conversion while

P/S is parallel-to-serial conversion. . . . . . . .. ... ... 28
Comparison of spectral efficiency vs SNR per bit of different modulation schemes
limited by AWGN channel at BER = 3.8 x 1073. The Shannon capacity is

alsoshown forreference. . . . . . .. ... ... ... oL, 31
Graphical illustration of 64-QAM in geometric shaping (a) and probabilistic
shaping (b) with the constellation points . . . . . . .. ... ... ... .... 34

Graphical illustration of an LED response biased at ip;,5 using a random mod-
ulating signal, z (¢). The maximum allowable bias current of the LED is iyax
and the mid-point is 4iid = fmax/2- « « « v« o b e e 45
Graphical illustration demonstrating the two bias optimisation methods: bias
optimisation with constant signal amplitude and distortion and bias optimisa-

tion withnodistortion . . . . . . . ... ... ... o o o oo 48
Distortion factor, A as function of ip;,5 using equations (3.4) and (3.5) . . . . . 50
Characteristics of VLMB1500 LED at different bias current showing measured

output optical power and a linear fit with R2 = 0.9916 . . . ... ....... 52
Characteristics of VLMB1500 LED at different bias current showing measured

-3 dB electrical bandwidth and linear fit with R =0.9999 . . . . .. ... .. 53
Signal power against bias current for Method 1 and Method?2 . . . . . . . . .. 54
SNR against bias current for Method 1 and Method?2 . . . . . ... ... ... 55

1X



List of Figures

3.8
3.9
3.10
3.11
3.12

3.13

4.1

4.2

4.3

4.4

4.5

4.6
4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15
4.16

4.17

Simulation results of capacity with different bias current for Method 1 and

Method 2 using OFDM modulation scheme . . . . . ... .. ... ... .. 56
Simulation results of capacity per channel use against bias current . . . . . . . 57
The block diagram of the experimental setup . . . . . . . . ... ... ..... 58
Performance of the link in terms of EVM for different sampling rates . . . . . . 59
Achieved sampling rates using 25% and 20% reference EVM at different bias

CUITENE .« . v v v ot et e et e e e e e e e e e e 60
Achieved bit rate per channel use considering 25% and 20% reference EVM at

different bias current . . . . . . ... oL oL 60

Graphical illustration of PS-8-PAM using various parameters, A. When A = 0,
the distribution becomes uniform. . . . . .. ... ... 0000000 66
Shaping gain for different entropy values. The inset figure shows how the shap-
ing gain approaches the ultimate gain. Dashed black lines show the ultimate
shaping gain. . . . . . . ... L 68
Graphical illustration for probabilistic shaped 64-QAM with four different en-
tropy values showing (a) H = 4.5 bit/symbol, (b) H = 4.80 bit/symbol, (c)

H = 5.40 bit/symbol, (d) H = 6.00 bit/symbol (uniform distribution) . . . . . 68
PS-4-PAM with symmetrical PMF, decision boundaries and thresholds . . . . . 71
The effect of rate parameter, A and SNR per symbol (Es/Ny) on the normalised

third decision point, 7¢p, of PS-4-PAM . . . . . . . ..o 0000000 72

Error performance of PS-16-PAM at different entropy levels and uniform 16-PAM 74
Error performance of PS and uniformly distributed PAM for different modula-

tion orders at equal net entropy rates under AWGN channel condition . . . . . 75
Error performance of PS and uniformly distributed QAM for different modula-
tion orders under AWGN channel condition . . . . ... ... ... .. .... 76
Error performance of PS and uniformly distributed quadrature amplitude mod-
ulation (QAM) at the same net entropy values . . . . . .. ... ... ..... 77
The effect of rate parameter, A and SNR per symbol, E;/Ny on the normalised
third decision point, 7¢p, of PS-4-PAM . . . . . .. ..o 00000000 78
Error performance of PS and uniformly distributed QAM for different modula-
tion orders in log-normal fading channel witho? = 0.1 . . . . ... ... ... 80
Error performance of M-QAM for different modulation orders in Rayleigh fad-
ing channel. The inset shows the SER above 35dBSNR. . . . . ... ... .. 81

Block diagram of a transmitter with probabilistic shaping, and symbol-wise
mutual information (MI) and bit-wise demapper generalised mutual informa-
tion (GMI) rates under a given channel . . . . . . . ... ... .. ... .... 82
Mutual information with SNR per symbol, defined as a ratio of signal energy to
noise power spectral density, for uniformly distributed and probabilistic shaped
16-QAM, 64-QAM, and 256-QAM. The Shannon’s capacity limit is shown as

areference. . . . . ... 83
Experimental setup with transmitter and receiver side offline DSP steps . . . . 88
Channel SNR response versus individual subcarriers for different signal depth
at30mADCbias . . . . . .. 90
The entropy and power allocation (a) showing bit loading and channel capacity
per subcarrier and (b) power loading per subcarrier . . . . ... ... ..... 91



List of Figures

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

5.1

5.2

53

54

5.5

5.6

5.7
5.8

59

5.10
5.11

5.12

5.13

5.14

Graphical illustration of PS-1024-QAM with four different entropy values at

subcarrier index of (a) 50 (b) 100 (¢) 150 and (d)200 . . . .. ... ... ... 92
Measured GMI per subcarrier for fixed-rate, bit-power loading and PS-based
OFDM schemes . . . . . . . . . . o 92
Experimental setup with the picture of the setup at the transmitter and receiver

sides, and signal generation and detection DSPsteps . . . . .. ... ... .. 95
Channel SNR response versus individual subcarriers for the red, green, and

blue links at the optimum DC biasand Vpp . . . . . .. ... ... .. .... 96
Channel gain versus individual subcarriers for the red, green, and blue links at

the optimum DCbiasand Vpp . . . . . . . . ... ... oL, 97
Entropy allocation per subcarrier in PS and bit-power loading for red, green,
andbluelinks . . . . . . ... 98
Measured GMI per subcarrier in PS and bit-power loading based OFDM schemes

for red, green, and blue links . . . . . ... ... ... .. L. 98
NGMI per subcarrier in PS and bit-power loading based OFDM schemes for

red, green, and blue links . . . . ... ... oL L oL Lo 99

A basic chirp signal with M = 64 and B = 100 kHz. In (a) the frequency,
fo (t) is shown while (b) shows the real and imaginary parts of the basic chirp,
o (t) ....................................... 105

A FSCM signal with M = 64 and B = 100 kHz, using m = [0, 1,12, 33, 63].
The frequency of f,, (t) is shown in (a) while the real part of the signal, x,, (t)

isplottedin(b). . . . . . . . ... e 106
An FSCM symbol with M = 4 and m = 3 showing (a) the real part of I [£]
and (b) v [n] whichisthe IFFTof I'[k]. . . . ... .. ... ... .. ..... 108

A power spectral density (PSD) of 4-FSCM modulating signal (after the Hermi-
tian symmetry and IFFT operation). A symbol is spread across four frequency
TONES. . . . . . e 109
A PSD of an 4-FSK signal, each frequency tones representing a different symbol. 109
Signal processing steps of FSCM-based VLC. The Hermitian symmetry oper-
ation provides I' [k] as shown in (5.6). The IFFT of I' [k] results iny [n]. . . . . 110
BER of FSCM for different modulation orders under AWGN channel condition 114
The magnitude response of the LPF considered for band-limited channel simu-

lation . . . . . .. e e 115
A PSD of 4-FSCM modulating signal (after the Hermitian symmetry and IFFT
operation) after a LPF showninFig. 54 . . . .. ... ... ... ... .... 115
Error performance of FSCM and FSK in a channel with limited bandwidth . . . 116
BER approximation error of FSCM for M = [4, 8,16, 32, 64] due to using the
approximated BER in (5.33) instead of the BERin (5.22) . . .. ... ..... 119
Power and bandwidth efficiencies for various modulation schemes. The Shan-
non’s limit is also shown at three different BER values. . . . . ... ... ... 120

Experimental setup with signal processing steps. Details of transmitter and
receiver DSPs are shown in Fig. 5.6. Note that the chirp waveform displayed on
the oscilloscope is captured in real-time when an analogue signal is transmitted. 122
BER performance of BPSK scheme at different transmission rates ranging from
I00MBdto500MBd . . . .. ... ... 123

X1



List of Figures

5.15

5.16

5.17

5.18

BER performance of FSK scheme with M = [4, 16, 64] at 300 MSa/s achieving
Ry = [150, 75, 28.125] Mb/s for each modulation order, respectively . . . . . 123
BER performance of FSCM with M = [4,16,64] at 300 MSa/s resulting
Ry = [150,75,28.125] Mb/s for each modulation order, respectively . . . . . 124
BER performance of FSCM with M = [4,16,64] at 400 MSa/s achieving
Ry, = [200, 100, 37.5] Mb/s for each modulation order, respectively . . . . . . 125
Summary of experiment result showing the bit rate and Vpp trade-off . . . . . 125

Xii



List of Tables

3.1

4.1

5.1

Simulation Parameters . . . . . . . . . ... ...
Summary of Data Rateand FECOHResults . . . . . . ... ... .......

Power and Bandwidth Efficiency Comparisons . . . . . . .. ... ... ...

xiii



List of Abbreviations

ACO-OFDM

ADC

AFSK

AIR

APD

APSK

AWGN

BER

BPSK

CCDM

CP

CSK

CSS

DAC

DC

DCO-OFDM

DD

DFE

DMT

DSP

EMI

ENOB

EVM

FEC

asymmetrically clipped optical orthogonal frequency division

multiplexing (OFDM)
analogue-to-digital converter
asymmetric frequency shift keying
achievable information rate
avalanche photodiode
asymmetric phase-shift keying
additive white Gaussian noise
bit error rate

Binary phase shift-keying
constant composition distribution matcher
cyclic prefix

colour shift keying

chirp spread spectrum
digital-to-analogue converter
direct current

DC-biased optical OFDM
direct detection

decision feedback equaliser
discrete multi-tone

digital signal processing
electromagnetic interference
effective number of bits

error vector magnitude

forward error correction

X1V



List of Abbreviations

FFT

FPGA

FSCM

FSK

GMI

GPS

GS

HD-FEC

IEEE

IFFT

IM/DD

M

IoT

IR

IrDA

ISI

LASER

LED

LLR

LoS

LPF

MAP

MMSE

NGMI

NLoS

NRZ-OOK

OFDM

OOK

fast Fourier transform

field programmable gate arrays

frequency shift chirp modulation
frequency shift keying

generalised mutual information

global positioning system

Geometric shaping

hard decision forward error correction
Institute of Electrical and Electronics Engineers
inverse fast Fourier transform

intensity modulation and direct detection
intensity modulation

Internet of Things

infrared

Infrared Data Association

intersymbol interference

light amplification by stimulated emitted radiation
light emitting diode

log-likelihood ratio

line-of-sight

low pass filter

maximum a-posteriori

minimum mean square error

normalised generalised mutual information
non-line-of-sight

non-return-to-zero on-off keying (OOK)
orthogonal frequency division multiplexing

on-off keying

XV



List of Abbreviations

owcC Optical wireless communication
PAM pulse amplitude modulation
PAM-DMT pulse amplitude modulated-discrete multitone modulation
PAPR peak-to-average power ratio

PDF probability density function

PIN p-type intrinsic n-type

PMF probability mass function

PPM pulse position modulation

PS probabilistic shaping

PSD power spectral density

PSK phase shift-keying

QAM quadrature amplitude modulation
QPSK quadrature phase shift keying

RF radio frequency

RMS root-mean-square

RRC root-raised cosine

RZ-O0OK return-to-zero OOK

SD-FEC soft-decision forward error correction
SER symbol error rate

SNR signal-to-noise ratio

TIA transimpedance amplifier

U-OFDM unipolar OFDM

UuwocC Underwater optical wireless communication
VLC visible light communication

WDM wavelength division multiplexing

XV1



List of Mathematical Symbols

o offset bias current

¥ instantaneous SNR per symbol

o7 average SNR per symbol

YEM Euler—Mascheroni constant 0.57722

A (ipias) distortion factor in terms of bias current

€ inverse average symbol energy

¢ (Tbias) signal scaling factor

i spectral efficiency in bit/s/Hz

K LED electrical-to-optical conversion factor

A i log-likelihood ratios

A PS rate parameter

W mean of log-normal fading irradiance

1/,3 power loading factor

Eav average symbol energy

or mean and standard deviation of log-normal fading irradiance
o2 noise variance of additive white Gaussian noise
O'SQhOt shot noise variance

Jt2hermal thermal noise variance

Te minority carriers lifetime

b1/2 semi-angle at half power

v, concentrator field-of-view (FoV)

Y angle of incidence of light with respect to the receiver axis
A photodetector active detection area

Aest (V) effective optical signal detecting area

B transmission bandwidth

Brax maximum bandwidth within the dynamic ranges
C theoretical channel capacity limit (in bit/s)

c chirp rate

D,, decision region

XVvii



List of Mathematical Symbols

exp () ore

f3dB

receiver distance from transmitter

energy per bit

SNR per bit

average symbol energy

SNR per symbol

statistical expectation

exponential function

—3 dB modulation bandwidth of an LED

probability density function

shaping gain

concentrator gain

Hermitian symmetry

entropy

channel frequency response

channel impulse response

log-normal fading irradiance

mutual information between X and Y

radiant intensity of an LED at angle ¢

bias current of the LED

maximum allowable bias current of the LED
mid-point bias current of the LED

bias current at maximum bandwidth within the dynamic ranges
bias current at maximum optical power within the dynamic ranges
Boltzmann’s constant, 1.380649 x 10723 J/K
subcarrier index

natural logarithm

modulation order

bandwidth linear functions slope the dynamic ranges
optical power linear functions slope the dynamic ranges
modulo operator

the number of subcarriers (the order of FFT)
single-sided noise power spectral density (PSD)

additive white Gaussian noise

XViil



List of Mathematical Symbols

probability distribution

bit error probability

target bit error probability

maximum optical power within the dynamic ranges
noise power

received average optical power at the photodetector
symbol error probability

Gaussian Q-function

inverse Gaussian Q-function

elementary electron charge, 1.602176634 x 10~ C
photodetector responsivity in Ampere per Watt (A/W)
bit rate

code rate

Load resistance

lower bound to the mutual information

symbol rate

threshold points

constellation points

operating temperature in K

symbol duration

sample duration

transmission factor of the filter

time domain digital signal

electrical modulating signal

output photodetector current

XiX



XX



Chapter 1
Introduction

1.1 Background

The technological developments in wireless communication over the past few decades have
greatly improved connectivity, allowing people and devices to easily access information. The
technology has greatly improved since the introduction of the early generation wireless net-
works. This has led to the advancement of the 5G and upcoming beyond 5G and 6G networks,
each of which is expected to offer enhanced performance and capacity to meet the growing
demand for digital applications and services [2,3]. As the capacity of these networks improves,
the network can be utilised by more people and devices, which in turn leads to a lot more data

traffic at all levels of the network.

According to Cisco’s Visual Networking Index, global internet usage was projected to increase
at a rate of 26% per year between 2017 and 2022 and to reach a yearly rate of 4.8 zettabytes by
2022 [4]. This is supported by the November 2022 Ericsson mobility report [5], which shows
that global mobile network data traffic is nearly doubling every two years. Specifically, it grew
by 38% between the third quarter of 2021 and the third quarter of 2022 [5]. According to Erics-
son’s report, excluding traffic generated by fixed wireless access, total global mobile data traffic
was projected to reach approximately 90 exabytes per month by the end of 2022. Furthermore,
it is estimated to expand nearly fourfold, reaching 325 exabytes per month by 2028. However,
when considering fixed wireless access, the report anticipated total mobile network traffic to
reach approximately 115 exabytes per month by the end of 2022 and a staggering 453 exabytes
per month by the end of 2028. In this era of high-definition video sharing and streaming, usage
from popular social media platforms makes up the largest part of video traffic. Out of all global
mobile network traffic in 2022, video constitutes around 70%, a share that is forecasted to in-
crease to 80% in 2028. The continued growth in the number of Internet of Things (IoT) device
models and chipsets with an ever-expanding set of supported features in extended reality (XR)-
type services, including augmented reality (AR), virtual reality (VR), and mixed reality (MR)
combined with machine-to-machine applications will continue to drive the scale and capacity

of the network infrastructure.
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As the demand for high-speed communication continues to grow, there is increasing pressure
on the available spectrum to meet the needs of a wide range of applications and services. As
more and more devices rely on wireless communication, the limited RF spectrum available is
becoming congested, leading to slower data rates and reduced reliability. This has led to a
scenario commonly known as a ”spectrum crunch”, as the demand for this resource outstrips
the supply [6,7]. Governments and regulatory bodies around the world are working to address
this issue by allocating additional spectrum for use and finding ways to optimise the use of
existing resources. This has spurred the search for alternative technologies that can provide the

high data rates needed to meet the increasing demand.

One such technology that has gained attention in recent years is visible light communication
(VLC) which uses the visible light spectrum to transmit data [8]. VLC has several advantages
over traditional radio frequency (RF) communication technologies, including the availability of
a large and unlicensed spectrum in the visible light domain, which is free from electromagnetic
interference (EMI). In addition, VLC has inherent security, as the light waves used for com-
munication cannot pass through solid objects and can only be received within line-of-sight.
Advances in solid-state physics, such as the development of more efficient and compact light-
emitting diodes (LEDs) and photodetectors, have also contributed to the feasibility of VLC as
a communication technology. LEDs are widely used in modern lighting systems, making VLC
a potentially cost-effective solution for communication in a variety of settings. This created an
influx of research works which have proposed VLC as a plausible technology to supplement

developments in RF-based networks.

One application of VLC that has garnered particular interest is LiFi, which is a high-speed
bidirectional light-based networking solution that is proposed to work seamlessly with other
RF access technologies [9, 10]. LiFi has the potential to provide high data rates in a variety
of settings, including homes, offices, and public spaces. Advances in digital signal processing
have also contributed to the feasibility of VLC as a communication technology. Modulation
techniques, such as on-off keying (OOK), pulse-amplitude modulation (PAM), as well as op-
tical orthogonal frequency-division multiplexing (OFDM) can be used to encode data onto the

light signals used for communication, enabling high data rates to be achieved.

Despite the significant progress made in VLC and LiFi research, much of this work has focused
on improving the data rate that can be achieved over a VLC network, without considering en-

ergy and spectral efficiency. In addition, these advancements are not specifically designed for
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resource-constrained devices, such as IoT nodes with electrical and computing power limita-
tions. On the contrary, there is a need for the development of energy-efficient signal processing
techniques that can effectively transmit data while minimising energy consumption. However,
there have been relatively few works that focus on the energy and spectral efficiency constraints
of devices in VLC. Moreover, the energy consumption required to achieve high-speed VLC has

not been thoroughly explored in the literature.

1.2 Research Motivation and Scope

One of the key challenges in designing and optimising a VLC system is to improve its energy
and spectral efficiency. Energy efficiency is important as it can help to reduce the power con-
sumption and operating costs of VLC systems, while spectral efficiency is crucial for supporting

many users or applications in a given frequency band.

An important theoretical framework for understanding the relationship between signal-to-noise
ratio (SNR), bandwidth, and the capacity of a communication channel is the ultimate capacity
limit, which was formulated by Shannon in 1948 [11]. According to Shannon’s theory, the
capacity of a communication channel is directly proportional to the bandwidth of the channel
and the logarithm of the SNR. The capacity is a linear function of the bandwidth, but a loga-
rithmic function of the SNR. This means that increasing the bandwidth of a VLC system can
significantly increase its capacity while increasing the SNR has a less pronounced effect. For
instance, a 10 increase in bandwidth will increase the capacity by 10, but a 10x increase in
SNR will only increase the capacity by about 2x. As a result, it is important to optimise not

only the SNR but also the bandwidth of a VLC system to maximise its capacity.

One approach to optimising the bandwidth of a VLC system is to investigate the interrelation-
ship between the driving current of LEDs, the modulation bandwidth, the SNR, and the attain-
able capacity in VLC systems. This can help to optimise the performance of VLC systems by

identifying the optimal operating conditions for different system parameters.

Another approach is to optimise the SNR term and maximise the available channel capacity
for any given bandwidth that is available for use. This can be realised by adjusting the dis-
tribution of source symbols using signal shaping techniques. Conventional data transmission
schemes transmit each symbol with equal probability, which is not optimal for the additive

white Gaussian noise (AWGN) channel [12]. By using signal shaping techniques, it is possible
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to optimise the distribution of source symbols and improve the spectral efficiency of a VLC
system. This can help to close the gap between the spectral efficiency of a VLC system and

Shannon’s channel capacity.

An alternative approach towards enhancing the energy of VLC systems is to use orthogonal
modulation schemes. These schemes have the potential to be energy-efficient and have appli-
cations in low-power and low-rate networks. However, orthogonal modulations may sacrifice
spectral efficiency to approach Shannon’s limit. As a result, it is important to carefully balance
the trade-offs between energy efficiency and spectral efficiency when designing VLC systems

using orthogonal modulations.

Hence, novel techniques are developed to optimise the spectral and energy efficiency of VLC
systems. Figure 1.1 summarised the scope of this thesis showing the focus in each chapter.
In Chapter 3, a framework identifying the optimal operating conditions for different system
parameters is developed. This framework is then used in Chapter 4 to approach the ultimate
capacity limit by optimising the distribution of source symbols using signal shaping techniques
targeting a spectrally efficient system. In addition, the framework is combined with an energy-
efficient orthogonal modulation scheme in Chapter 5 to approach the capacity limit targeting a
sensitivity-constrained system. With these approaches, it is possible to improve the capacity and
performance of VLC systems. Therefore, this thesis explores these techniques and identifies
the most effective approaches towards enhancing the energy and spectral efficiency of VLC

systems.

1.3 Research Objectives

The thesis aims to explore techniques and identify the most effective approaches towards en-
hancing the energy and spectral efficiency of VLC systems. Novel signal processing techniques
to improve the energy and spectral efficiency of VLC systems will be developed and the effec-
tiveness of these techniques will be assessed through a combination of theoretical analysis,
simulations, and experimental demonstrations. The developed techniques will be compared
to the state-of-the-art to determine the extent of their performance improvements. A variety of
performance metrics, including achievable information rate (AIR), error performance measured
by bit error rate (BER) and symbol error rate (SER), spectral and energy efficiency, will be used

to evaluate the techniques. To accomplish these aims, the following specific objectives are set:
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Figure 1.1: Summary of the research scope

To thoroughly review the literature to understand the fundamental parameters of LED-
based VLC that influence achievable information rate. These include studying the inter-
relationship between driving current, the LED’s modulation bandwidth, output optical

power, channel amplitude and SNR responses.

To investigate methods for optimising the DC bias of an LED to enhance the capacity by
increasing the modulation bandwidth at higher driving currents while minimising signal
distortion. This will involve developing and evaluating frameworks examining the impact

of nonlinear distortion and SNR ratio.

To investigate adaptive information bit and power loading as a means of utilising the
channel frequency response of a VLC channel effectively and evaluate the challenges

associated with it.

To develop a signal processing technique to optimise the distribution of source symbols
for a VLC channel using signal shaping and improve the spectral efficiency of a VLC

system.

To develop and evaluate performance of an alternative energy-efficient modulation tech-

nique for using VLC systems in low-power, low-rate networks, particularly in IoT.
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* To implement the proposed techniques with minimum complexity as possible and vali-
date them through a combination of theoretical analysis, simulations, and experimental

demonstrations.

1.4 Thesis Contributions

This thesis has made original contributions by:

1. Developing an analytical framework to investigate the optimum direct current (DC) bias
point in VLC systems. To achieve this, two different approaches were explored. The first
method involved increasing the DC bias from the mid-point of the linear region, which
allowed for modulation in the saturation region. The second method involved increasing
the DC bias while keeping the modulating signal within the dynamic range. Through
the analysis, the optimal DC bias point that provides maximum capacity by increasing
the modulation bandwidth was determined. To validate these findings, a PAM-based
VLC experiment was conducted, which confirmed the analytical results. This analytical
framework and the experimental results contribute to the advancement of VLC technol-

ogy, providing insights into the optimal DC bias point for improved system performance.

2. Analysing the error performance of probabilistically shaped quadrature amplitude mod-
ulation symbols under a Gaussian noise-limited condition and providing closed-form an-
alytical expressions. The analysis is based on an optimum maximum a posteriori (MAP)
detector derived for the probabilistic shaping scheme. This approach is then extended to
transmission in optical channels with turbulence-induced fading, such as those encoun-
tered in underwater and free-space optical communication. In all channel conditions, PS
improves the system performance compared to the conventional uniformly distributed
symbols. The practicality of PS is validated through two proof-of-concept experiments
demonstrating transmission rates close to channel capacity limits. The first experiment
uses a single low-power LED to achieve a transmission rate of over 1 Gbps, a 27%
improvement over the conventional method. The second experiment employs a wave-
length division multiplexing (WDM)-based visible light communication (VLC) system
with three off-the-shelf LEDs to achieve an aggregate transmission rate of nearly 11
Gbps, a 25% improvement over the conventional method. These contributions provide

valuable insights into the potential of PS for improving the performance of VLC systems.
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3. Introducing an alternative frequency shift chirp modulation (FSCM) technique that is
energy-efficient and compatible with VLC systems. The theoretical framework of FSCM,
including the modulation and demodulation processes and the error performance, is pro-
vided. A proof-of-concept experimental demonstration is also conducted. The FSCM
technique is shown to be promising for improving energy efficiency in low-power and

low-rate VLC applications.

1.5 List of Publications

The following publications have been contributed in journals and conference proceedings.

Journal Papers

[J1]. T.Z. Gutema, H. Haas and W. O. Popoola, ”Bias Point Optimisation in LiFi for Capacity
Enhancement,” in Journal of Lightwave Technology, vol. 39, no. 15, pp. 5021-5027,
Aug.1, 2021, doi: 10.1109/JLT.2021.3083510.

[J2]. T.Z. Gutema, H. Haas and W. O. Popoola, ”"WDM Based 10.8 Gbps Visible Light Com-
munication With Probabilistic Shaping,” in Journal of Lightwave Technology, vol. 40,
no. 15, pp. 5062-5069, 1 Aug.1, 2022, doi: 10.1109/JLT.2022.3175575.

[J3]. T. Z. Gutema, H. Haas and W. O. Popoola, ”On Symbol Error Performance of Probabilis-
tic Shaping in Noise-Limited and Fading Channels,” in IEEE Open Journal of the Com-
munications Society, vol. 4, pp. 1218-1228, 2023, doi: 10.1109/0JCOMS.2023.3278972.

[J4]. H. T. Alrakah, T. Z. Gutema, S. Sinanovic and W. O. Popoola, "PAPR Reduction in
DCO-OFDM Based WDM VLC,” in Journal of Lightwave Technology, vol. 40, no.
19, pp. 6359-6365, 1 Oct.1, 2022, doi: 10.1109/JLT.2022.3196505.

Conference Papers

[C1]. T.Z. Gutema, H. Haas and W. O. Popoola, “OFDM based visible light communication
with probabilistic shaping,”, in Proceedings of the Workshop on Light Up the IoT (LIOT
’20). Association for Computing Machinery, New York, NY, USA, 1-5, 2020, doi:
10.1145/3412449.3412548.
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[C2]. T.Z. Gutema and W. O. Popoola, ’Single LED Gbps Visible Light Communication with
Probabilistic Shaping,” 2021 IEEE Global Communications Conference (GLOBECOM),
2021, pp. 1-6, doi: 10.1109/GLOBECOM46510.2021.9685753.

[C3]. T.Z. Gutema and W. O. Popoola, "Energy Efficient Frequency Shift Chirp Modulation
for Visible Light Communication,” 2023 IEEE International Symposium on Personal,

Indoor and Mobile Radio Communications (PIMRC), [under review].

[C4]. H. Alrakah, T. Z. Gutema, F. Offiong and W. Popoola, "PAPR Reduction in DCO-OFDM
and PAM-DMT Based VLC Systems,” 2022 Conference on Lasers and Electro-Optics
(CLEO), 2022, pp. 1-2.

[C5]. H. T. Alrakah, T. Z. Gutema, S. Sinanovic and W. O. Popoola, "PAPR Reduction in
PAM-DMT based WDM VLC,” 2022 13th International Symposium on Communica-
tion Systems, Networks and Digital Signal Processing (CSNDSP), 2022, pp. 174-178,
doi: 10.1109/CSNDSP54353.2022.9907952.

1.6 Thesis Outline

The thesis is organised into six chapters. The subsequent chapters are structured in the follow-

ing way.

Chapter 2 provides a comprehensive overview of VLC technology, including its key features,
benefits, and potential challenges. It also covers the various components of a VLC transmitter
and receiver, as well as the optical channel link. The chapter discusses the different modu-
lation techniques that are compatible with VLC and evaluates their performance in terms of
energy and spectral efficiency. In addition, the chapter introduces an alternative probabilistic
shaping technique, in which symbols are generated at varying probabilities. Finally, the chapter

compares and discusses related literature on the topic of the thesis.

Chapter 3 presents a framework for studying the relationship between driving current and
achievable information rates in VLC systems. Two different approaches for determining the
optimal drive current (bias point) for intensity-modulated VLC systems are discussed. One
approach allows for some nonlinear distortion, while the other aims to increase bandwidth at
higher drive currents resulting in SNR reduction. The chapter also covers the characteristics of

LEDs, including radiated optical power and modulation bandwidth, and how these are affected
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by the drive current. Based on these discussions, the principles and methods of bias point
optimisation are described, along with the VLC channel model assumptions and link capacity.
Simulation results and experimental validation of one of the optimisation methods are also

provided to illustrate these concepts.

Chapter 4 covers the concept of probabilistic shaping, including the generation of a Gaussian-
like distribution and its implementation, is discussed. The chapter also formulates performance
metrics for probabilistic shaping in terms of symbol-wise and bit-wise information rates. The
error performance of probabilistic shaping-based uncoded QAM under Gaussian noise-limited
conditions is analysed, and analytical expressions are provided. These results are compared
with those for conventional uniformly distributed uncoded QAM symbols. In addition, proba-
bilistic shaping is applied in conjunction with optical OFDM modulation as a proof-of-concept
implementation, resulting in the efficient use of available modulation bandwidth and the demon-
stration of transmission rates close to channel capacity limits. Two experimental demonstra-
tions are presented: one using a single low-power LED, and the other using a WDM-based

visible light communication system with three off-the-shelf LEDs.

Chapter 5 examines the use of frequency shift chirp modulation in a VLC system for low-
power and low-rate applications. The chapter introduces methods for generating and detecting
FSCM signals and analyses the error performance of FSCM in noise-limited and frequency-
selective channels with limited modulation bandwidth using Monte Carlo simulations. The
chapter also presents a proof-of-concept experimental demonstration of an FSCM-based VLC
system, along with a comparison of its performance to other conventional modulation schemes.
This chapter differs from Chapter 4 in that it aims to enhance energy and targeting a sensitivity-

constrained VLC system for IoT applications, rather than focusing on increasing the data rate.

Chapter 6 summarises the main findings of the research in this thesis, highlighting the key
points that have been discovered. It also addresses the limitations of the study and identifies
potential directions for further research. The purpose of this chapter is to give a comprehensive

overview of the completed work and suggest areas that may be worthy of future exploration.
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Chapter 2

An Overview of Visible Light
Communication

2.1 Introduction

In the past few decades, there is an exponentially rising demand for wireless communication
technology. To keep up with this need, different parts of the electromagnetic spectrum have
been explored for use of communication. Optical wireless communication (OWC) is one of the
prominent technologies that entails the transmission of information-carrying signal over optical
radiation over the free-space channel. In OWC, the infrared (IR), ultraviolet, and visible light
frequency ranges are commonly used. In VLC, information is transmitted by changing the
intensity of the optical source according to a message signal. This is carried out at a rate faster

than the human eye can detect the intensity variation.

Despite the recent increasing interest in VLC for short-reach wireless connectivity, light has
been used as a communication means from ancient times by human beings. In ancient China, a
smoke signal was used to communicate over long distances [13]. Meanwhile, torches were used
to convey information in ancient Greece [14]. By the end of the eighteenth century, an optical
telegraph in which information is encoded in the position of the paddles was used in France
[15]. Using the optical telegraph, it was possible to send information much faster over long
distances at a cheaper operating cost [15]. Perhaps the most prominent attempt towards wireless
communication is the photophone by Alexander Graham Bell and his team. The photophone is
the first wireless telephone which used sunlight and a vibrating mirror to transport voice signal.
OWC gained attention in the 1970s when infrared communication was deployed for indoor
applications [16]. Later, the formation of the Infrared Data Association (IrDA) promotes the

research and development of IR-based short-range communications [17].

The use of light emitting diode (LED) for wireless indoor communication was first demon-
strated in [18, 19]. These studies paved the way to further demonstration of LED-based VLC

including the implementation of various optical digital modulation techniques and technologies
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of LEDs. Global standards for short-range VLC were also provided by the Institute of Electri-
cal and Electronics Engineers (IEEE) in 2011 at first [20], which is then revised in 2018 [21].

These standards cover the physical layer and medium access control layer design specifications.

Research works in recent years have proposed VLC as a plausible technology to supplement
developments in the RF-based networks [22,23]. That is mainly associated with the problem
which is known as “spectrum crunch” in radio frequency (RF)-based communication. The
continued rapid growth of data traffic is demanding high-capacity communication systems,
which is causing spectrum shortage in the RF domain [24]. However, in the optical domain,
a large and unlicensed spectrum, free from EMI, and with inherent security is available [23].

This has sparked tremendous interest in technologies involving VLC.

Moreover, the technological advances in solid-state physics enable to have energy-efficient
LEDs which reduce energy consumption by more than 80% [25]. Besides, LEDs have a longer
service lifetime than incandescent bulbs [26]. Due to that, LEDs are becoming market stan-
dards for illumination [26]. This is further shown by Haitz’s law which is considered as the
LED counterpart to Moore’s law. Haitz’s law states that “the cost per useful light emitted by
an LED fall by a factor of 10, while the amount of light generated per LED package increase
by a factor of 20, for a given wavelength” [27]. This is illustrated in Fig. 2.1 using data in [28].

This means that over time, LEDs have become more efficient at producing light and cheaper to
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Figure 2.1: Haitz’s law illustrating the exponential increase of luminosity per package of LEDs

over time, while the cost per lumen drops exponentially. The solid lines show these trend lines.
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use, making them an increasingly attractive option for lighting and other applications. Haitz’s
law has largely held true since it was first proposed in the late 1990s, with steady improvements
in LED technology leading to significant increases in luminous efficacy and decreases in cost.
This is important for VLC because it exploits this existing lighting infrastructure for communi-
cation. Moreover, LEDs can provide fast-switching capability which allows information to be
encoded in radiating optical power without being perceived by the human eye [8,23]. These
exciting characteristics of LED enable VLC to draw increasing interest for indoor wireless

communications [23].

In this chapter, an overview of VLC technology is presented starting with some basic features
of VLC including its advantages, application areas and potential challenges in the technology.
The chapter also describes system components in the transmitter, receiver as well as optical
channel link. The modulation techniques which are compatible with VLC are also presented.
The performance of these schemes is characterised in terms of energy and spectral efficiency.
However, these conventional schemes use symbols generated with equal probability. An alter-
native probabilistic shaping technique in which symbols are generated at different probabilities
is introduced in this chapter. The chapter also includes a comparative discussion of related

literature to the theme of the thesis.

2.2 Features of VLC Systems

VLC has lots of advantages that make it suitable communication technology to be used in vari-
ous application areas. There are also some limitations and challenges that need to be addressed
to take the technology further. In the following, these benefits, possible application areas, and

limitations of VLC are discussed.

2.2.1 Advantages of VLC

Some of the compelling benefits of VLC are listed below.

* Large and unlicensed spectrum in the optical domain:
The amount of available spectrum in the visible light domain is vast covering from
400 THz to 800 THz (380 nm to 780 nm). Combined with the infrared spectrum, the vis-

ible light spectrum is about 2,600 times larger than a radio frequency covering from the
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very low frequency (VLF) to extremely high frequency (EHF) (3 kHz to 300 GHz) [29],
as shown in Fig. 2.2 [1,30]. Most importantly, unlike the RF spectrum, the visible light
spectrum is unregulated. This presents a wide range of academic and commercial possi-

bilities for VLC [31].

* Free from electromagnetic interference (EMI):
VLC is naturally safe from any EMI including RF signals. This makes VLC suit-
able for communications in EMI-sensitive areas such as hospitals, military installations,

aerospace applications, and petrochemical industries [32].

* Inherent security and spatial reuse:
Optical radiations in VLC do not pass-through walls, rather communication is well-
confined in a certain coverage area. Therefore, VLC is immune to potential snooping.
This is an inherent property of light which also allows having co-existing of many links
in closed areas interference-free. For example, a single room can be divided spatially for

many transmission links to increase the data density [33,34].

* Easy implementation and low cost:
The signal processing techniques sought in VLC are simple to implement compared to
coherent signal reception techniques in RF-based communication [35]. Furthermore, the
front-end devices in VLC are widely available at low-cost. The energy consumption
of LEDs is low compared to the other lighting technologies, which makes them part
of the green technology [36]. Consequently, LEDs are being continuously integrated
for lighting purposes. VLC can leverage this existing infrastructure for communication
[9,35]. However, when LEDs are used for communication purposes, signal processing
techniques used for communication, such as modulation and DC bias optimisation, can
have an impact on the amount of optical light required for lighting infrastructures. Thus,
when LEDs are utilised for both lighting and communication, the requirements of both
scenarios need to be taken into account during the development of the system to ensure

sufficient illumination and reliable communication.

2.2.2 Application Areas of VLC

The advantages listed above make VLC an attractive communication technology to be used in a

wide range of applications, from high-speed indoor internet access to vehicular communication.
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Figure 2.2: The electromagnetic spectrum, comparing the bandwidth of visible light domain
with RF spectrum (Picture adapted from [1]). Visible light and infrared spectrum are 2,600
times larger than the radio frequency spectrum (VLF to EHF).

An overview of some of the application areas of VLC is outlined as follows.

* Indoor wireless communication:
VLC can be used to provide internet access to homes and offices which are nowadays
equipped with LED-based lighting fixtures. The light fixtures, besides illumination pur-
poses, can be designed to provide internet as an access point to users in the room [23,37].
A fully connected wireless communication system of VLC forms LiFi which empow-
ers high data rate and bidirectional multiuser communication [1]. There are numerous
research activities in these regards demonstrating VLC in indoor environments and data
rates have increased from a few megabits per second (Mbps) to gigabit per second (Gbps)

transmission rates [38—42].

* Underwater communication:
Acoustic communication is the most common underwater communication technology.
However, the acoustic medium has a relatively low propagation speed, and therefore
limited bandwidth and high energy consumption. Underwater optical wireless commu-
nication (UWOC), however, can provide high-speed transmission with low latency for
short-reach underwater links [43]. The recent notable achievements demonstrating high-
speed transmission include [44-48]. For long-reach underwater links, UWOC and acous-

tic communication can form a hybrid network to complement each other [49].

* Indoor localisation:
In various indoor sectors, LEDs are being adopted and it is more likely to be omnipresent.
In such environments, the unique identification of LEDs can provide flexible, accurate,

and ubiquitous indoor navigation in areas where the global positioning system (GPS)
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cannot be present [50]. VLC-based indoor positioning system has been demonstrated to

deliver high accuracy and high resolution localisation [51-53].

* Vehicular communication:
Vehicle lights can be used to establish vehicle-to-vehicle (V2V) communication. The
V2V communication system enables transmitting of signal between two or more vehicles
and sharing of vital information such as vehicle speed for platooning [54]. Communi-
cation can also be established between vehicles and traffic lights and/or signs creating
infrastructure-to-vehicle (I2V) communication [55]. This has the potential to have an

intelligent transportation system [56].

Other applications of VLC include in-flight connectivity where the LED lights inside the cabin
can be used as VLC transmitter and illumination service [57]. Another application area is
an integration of VLC with the power line in which the existing power line infrastructure is
used to provide connectivity while exploiting energy-efficient LED illumination for wireless

downlink [58].

2.2.3 Challenges

Despite the above compelling benefits and application of VLC, there are several basic system
and network-level issues that need to be identified and addressed in the research and develop-

ment of VLC. Some of these challenges are highlighted below.

* Limited modulation bandwidth of LEDs:
Commercially available off-the-shelf LEDs are mainly manufactured for lighting pur-
poses. Therefore, the modulation bandwidth of these LEDs is usually limited to only a
few MHz [8,59]. A typical blue LED has a -3 dB bandwidth of around 20 MHz [60],
and if phosphor coating is applied to convert the blue light into white, the bandwidth is
further reduced to 2 MHz [61]. There are some efforts to enhance the modulation band-
width. Blue filtering is one of the common methods in which the slow phosphor spectral
component is suppressed [62]. Using this method the modulation bandwidth of an LED
can be improved up to ~ 20 MHz. Still, the overall frequency response of a VLC system
is frequency-selective due to the limited modulation bandwidth of LEDs and front-end
devices [63,64]. This limits the data rate that can be achieved in VLC. For high-speed
VLC, therefore, it is incumbent to operate beyond the —3 dB modulation bandwidth of
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LEDs. This can be achieved by implementing appropriate signal processing techniques

at the transmitter and/or the receiver such as pre-coding and equalisation [65, 66].

Nonlinear response of LEDs:

An LED has a nonlinear optical power response to the input electrical power. That is
because the optical power increase linearly with the input current and saturates [67].
Modulation of LEDs in the nonlinear region leads to distortion [68,69]. Consequently, it
is common practice to use only the linear response region of the LEDs by applying proper
direct current (DC) bias and signal swing. However, this will fundamentally limit the
dynamic range. In order to minimise any nonlinear distortion associated with operating
beyond the dynamic range of the LED, the bias point can be optimised. Alternatively,
digital signal conditioning can be implemented on the transmitter and/or receiver side. A
signal processing in a transmitter includes pre-distortion to linearise the dynamic range,
apply clipping or scaling to limit the modulating signal in the linear region, while an

equaliser can be employed to compensate for distortion at the receiver [70-72].

Modulation signal requirement:

VLC is based on modulating the intensity of the optical light source — intensity modu-
lation (IM). The instantaneous output of modulated signal is real-valued. Moreover, an
LED requires a non-negative modulating signal to radiate optical power as LEDs work in
a forward bias. This means that the modulation techniques for VLC need to satisfy these
requirements [35,69]. This incurs additional restrictions not to use established digital
modulation techniques from other communication technologies. Despite that, there are

several efficient digital modulation techniques which satisfy the IM conditions.

Transmission link distance:

The link distance that can be achieved in VLC is relatively short due to the sharp decrease
in the optical power of LEDs with distance. Using optical devices such as aspherical con-
denser lenses in the transmitter and receiver, a line-of-sight (LoS) and directional optical
transmission can be established. However, this impacts the distribution of illumination
and reduces coverage of non-line-of-sight (NLoS) communication. Also, it should be
noted that the amount of radiation optical power is subjected to regulation. Other light
sources, from lighting fixtures such as fluorescent, and incandescent, could introduce
background noise and interference to the communication link. This could potentially

have an impact on the signal quality at the receiver.
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In addition to the above challenges in VLC, one needs to address network issues such as full-
duplex communication, mobility and shadowing. A communication system should be built
based on uplink and downlink capabilities. There are research works towards this. For example,
LiFi is designed to provide this feature by realising fully networked wireless system [9]. Despite
the confined nature of light is important to provide a secure and spatially dense network, it is
also a challenge for mobility. That is because to provide reliable uninterrupted connectivity,
a user device in a VLC network must be able to detect signals from a transmitter within the

network coverage area [73].

2.3 System Components in VLC

In the following, the basic elements of VLC system are presented. Figure 2.3 shows the

schematic of a typical VLC system. As any communication system, it consists of three main

parts: transmitter, receiver, and channel. Each of these parts will be discussed below.
{
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Figure 2.3: System components of a typical VLC link, showing the transmitter, channel and

receiver blocks

2.3.1 Optical Transmitters

The transmitter comprises electrical and optical components that modulate the output signal of
an optical source via IM. The digital information bits are usually mapped into digital symbol
representations which are then mapped into a sequence of samples by employing an appropriate
modulation technique. This is carried out in the digital domain and hence requires digital signal
processing (DSP). Then a digital-to-analogue converter (DAC) transforms the digital signals

into an equivalent analogue modulating signal.

A driver circuit is one of the important elements of an optical transmitter. It controls the amount

of current flowing into the optical source in proportion to the modulating signal. The driver cir-
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cuit is commonly used to convert the modulating signal into a unipolar signal, often by adding
a DC bias. This is because the optical sources (such as LEDs) operate in forward-bias only.
Having a negative amplitude leads to signal distortion. Therefore, DC bias is an offset to the
modulation signal which makes sure that the signal has non-negative amplitudes. Moreover,
the amount of optical power radiated from an optical source is proportional to the driving cur-
rent. Also, the optical source modulation bandwidth increase as bias current increases [74,75].
However, emitted optical power as a function of the driving current is not completely linear as
it saturates at a higher bias current. Therefore, it is essential to determine the optimum bias
point that provides maximum optical power and modulation bandwidth while minimising the
nonlinear distortion that may arise from an increase in bias current. This will be the focus of

Chapter 3 which presents bias point optimisation for capacity enhancement.

The optical source is used to convert the information-carrying electrical signal into optical
intensity. The most commonly used light sources are LEDs and laser diodes. The choice of
the source depends on the application area. LEDs are incoherent light sources as photons are
emitted in the spontaneous emission process. The radiation pattern of LEDs is modelled by
using a generalised Lambertian radiant intensity. It is mainly characterised by the semi-angle
at half power, ®;/5 which represents the field-of-view (FoV) of an LED. The LED’s @, 5 is
related to the Lambertian order, m by, m = —In(2)/In (cos (®;,)) [35]. Generally, the
radiant intensity of an LED at angle ¢ is given by [35]:

m+1

ILED ((b) = o COSm (¢) . (2.1)

Most commercially available LEDs have a semi-angle at half power, ®1 /5 = 60° which corre-
sponds to Lambertian order m = 1. Generally, LEDs have wider radiation patterns compared
to laser diodes, and thus are favourites for indoor and short-range VLC applications. The out-
put radiation can be focused by using optics such as aspherical condenser lenses. These will

collimate the light beam onto the receiver!.

On the contrary, laser diodes are coherent optical sources as optical power output is gener-

ated by stimulated emission of photon radiation. Hence, the acronym light amplification by

!The collimation of the light reduces the FoV of the LED and influences the illumination intensity/coverage.
However, in this thesis, the focus is on the communication side not on the illumination. Therefore, the illumination
intensity/coverage loss due to collimation is not discussed here. However, the illumination requirements are defined
by the considered application. As per the communication, the option is to collimate the LED lights to focus on the
receiver (i.e. photodetector).
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stimulated emitted radiation (LASER) [8]. Laser diodes are mostly used for long-range com-
munication due to their high-power and directional optical radiation beam profile. They are
also commonly used in underwater optical wireless communication [49,76]. This is due to the
relatively superior modulation bandwidth and the optical power that can be obtained from laser
diodes compared to LEDs. However, the amount of optical power is still subjected to eye safety

regulations [8].

2.3.2 Optical Receivers

The optical receiver of a VLC system detects an incident optical light and converts into electri-
cal data to recover the transmitted information bit. Its main component is a photodetector that
converts the received photons to electrons through the photoelectric effect [77]. The amount
of electrical current is proportional to the impinging instantaneous optical power [35]. Hence,
a direct detection (DD) of received optical signal. Combined with the IM at the transmitter,
an intensity modulation and direct detection (IM/DD) system provides simple and low-cost
transceiver implementation without the need for complex transceiver designs as in coherent
systems. However, in IM/DD system only amplitude/intensity of signal is modulated losing the

optical carrier’s frequency and phase information [8].

Photodetectors have a very small detection active area. For example, the detection area of a
commercially available PDA10A is 0.8 mm? [78]. Therefore, to focus the incoming optical
light onto the active areas of the photodetector, optical systems such as an aspheric condenser
or concentrator lenses are commonly used. Furthermore, an optical filter can be applied before
the photodetector to detect only the wavelength of interest. The optical filter can also reduce

the unwanted noise from ambient light.

The most widely used photodetector types for VLC systems are the p-type intrinsic n-type (PIN)
photodetector or avalanche photodiode (APD) [8]. The PIN photodetector has no internal gain
and therefore has a smaller gain compared to APD photodetectors. However, PIN photodetec-
tors are cheaper and offer a larger active detection area which makes it easier for implementa-
tion. These features make PIN photodetectors the favourite for indoor VLC applications. While
APD photodetectors have higher sensitivity, they are susceptible to noise amplification due to

the internal amplification process [8].
The sensitivity of a photodetector, which quantifies the amount of current the photodetector
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can produce for a given instantaneous optical power in A/W, is usually small. This is usually
below 1 A/W for PIN photodetectors, while it is higher than unity for APD photodetectors. The
combination of a photodetector with a transimpedance amplifier (TIA) yields a better overall
gain. Besides, the TIA converts the detected photocurrent into a voltage signal. Finally, an
analogue-to-digital converter (ADC) is used to transform the signal from the analogue into a
digital representation. In the digital form, the DSP unit carries out the demodulation process to

recover the transmitted digital information bits.

The two primary sources of noise at the optical receiver are due to photon fluctuation (known
as shot noise) and the resistive nature of receiver electronics (known as thermal noise) [8]. For
a constant optical power impinging on a photodetector, the number of incoming photons per
time fluctuates and the mean follows the Poisson distribution. This random nature of photons
leads to shot noise (also known as Quantum noise). For a large number of photons detected at
a photodetector, the shot noise can be modelled by a Gaussian distribution [8]. The variance of

the shot noise can be estimated by [8]:
Us2h0t = 2qRPoptBa (22)

where the electron charge is denoted by ¢, and P, is the received average optical power at the
photodetector. The transmission bandwidth is denoted by B. The thermal noise, meanwhile, is
random electrical noise that is caused by the random motion of charge carriers in a conductor.
It is present in all electrical circuits, and its impact increases with temperature. It has a constant
power spectral independent of frequency and therefore can be considered white noise. Besides,
the thermal noise follows a Gaussian distribution, and its noise variance is given as [8]:

Othermal — RL (23)

where Kp is the Boltzmann’s constant, 7" is the operating temperature in Kelvin. The load
resistance is denoted by Ry,. Other sources of noise in an optical receiver include the noise
from the dark current which exists without any input optical power and noise from background
radiation including ambient light and the Sun [8]. All in all, PIN-based receivers are usually

regarded as thermal noise limited while APD-based receivers are shot noise limited [79].
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2.3.3 VLC Channel Model

A VLC channel can be modelled as a baseband linear time-invariant system with impulse re-
sponse, h (t) [35]. Alternatively, the channel can be described by a frequency response, H (f)

as:

ng:/mh@mﬂ%ﬁa, (2.4)

—00

which is the Fourier transform of A (¢). Figure 2.4 shows such a VLC channel model. In this

x(t) —> kRh({) —>BD— )

n(t)

Figure 2.4: Channel model with modulating signal x (t), output photodetector current y (t),
additive noise n(t), and an impulse response h (t). R represents the responsivity of the pho-

todetector while k is LED’s electrical-to-optical conversion factor.

model, x (t) denotes the input modulating electrical signal and the output photodetector current

is represented by y (¢). Consequently, the equivalent received signal can be summarised by:
y(t)=rkR(h(t)®z(t))+n(t), (2.5)

where “ ® ” denotes the convolution operation, « is the electrical-to-optical conversion factor
of LED in W/A, and R is the responsivity of the photodetector. The noise is mainly due to shot
noise and thermal noise, which is represented by n (). Both shot noise and thermal noise can be
considered as white and Gaussian [8], and independent of transmitted optical power. Hence, it
is acceptable to model n (¢) as additive white Gaussian noise (AWGN) with total noise variance

written as:

2 _ 2 2
On = Oghot + Othermal’ (26)

2 . . . . . 2 . . . .
where o3 . is shot noise variance given by (2.2) while o7} ..., 1S thermal noise variance given

by (2.3).
For indoor VLC, the LoS link is dominant and the channel can be well-characterised by the
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channel DC gain, H (0) = [ h(t)dt [80,81]. For an LoS channel model, as shown
in Fig. 2.5, the channel DC gain can be estimated by considering only the direct propaga-
tion path. Suppose the LED emits a radiation pattern described by the radiation intensity

Itgp (¢) given by (2.1). The receiver located at distance d and angle ¢ with respect to the
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Figure 2.5: Geometrical representation of a LoS VLC channel model

transmitter detects irradiance of Ipp (¢, d) = I gp (¢) /d>. Thus, the received optical power
is Popt = Ipp (¢, d) Aegr (1). Here, Aeq (1) denotes the effective optical signal detecting
area given by [35]:

A S ) — — (&
p (0) = L AT W) gW)cos(0) 0w < ¥ o
0, 0> U,

where A is the photodetector active detection area, v is the angle of incidence of light with
respect to the receiver axis, Ts (¢) is the transmission factor of the filter, g5 (¢) is the concen-
trator gain, and W, is the concentrator FoV which is usually ¥, < 7/2. Therefore, using (2.1)

and (2.7), the channel DC gain is obtained as:

() - | T OT @ g Weos(v), 0S¥, o8

0, 0> ..
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It can be seen that the channel DC gain is proportional to d~2. Besides, for a constant d and
It Ep (), the effective way to increase H (0) is to increase the active area of the photodetector

and/or increase the concentrator gain.

2.4 Modulation Techniques for VLC

One of the key challenges in VLC is the efficient encoding and transmission of information
via visible light and the accurate extraction and decoding of the received signal by the receiver.
This is where modulation and demodulation techniques come in. IM/DD is a type of modulation
technique used in VLC systems. It is a simple and efficient way of encoding information onto
a light wave by modulating the intensity of the light. That is, the information to be transmitted
is represented by the variations in the intensity of the light wave. By rapidly switching between
various intensity levels, the information can be transmitted to a receiver. The photodetector
directly detects the intensity of the light and converts it into an electrical signal. This signal is

then processed to extract the encoded information and decode it.

There are several modulation techniques that are commonly used in VLC, each with its own
advantages and disadvantages. Some of the most common modulation techniques categorised

as pulse modulation and optical OFDM are presented in this subsection.

2.4.1 Pulse Modulation Techniques

Pulse modulation techniques use discrete levels of signal amplitude to represent information
bits/symbols. These modulation techniques are widely used in IM/DD systems. Some examples
of pulse modulation techniques include OOK, pulse amplitude modulation (PAM), and pulse

position modulation (PPM).

OOK is the classical and simplest modulation technique used for IM/DD in optical commu-
nication [8]. In OOK, a binary “1” is typically represented by a high-intensity light, while
a binary “0” is represented by a low-intensity light. According to the standard outlined in
IEEE 802.15.7-2018 [21], the reduction of radiant power due to modulation can be minimised
by refining the intensity levels of both bit “1” and “0”. Therefore, OOK is a binary mod-
ulation scheme which provides limited bandwidth efficiency. Depending on the duration of

the intensity varies during a symbol duration, OOK can be designed to be in non-return-to-
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zero OOK (NRZ-OOK) or return-to-zero OOK (RZ-OOK). In NRZ-OOK, the optical pulse is
transmitted for the entire symbol duration, while in RZ-OOK pulse is transmitted to a certain
duration of the symbol interval. RZ-OOK offers power efficiency over NRZ-OOK but comes
at the cost of increased bandwidth requirements. Figure 2.6 illustrated a NRZ-OOK and 50%

RZ-OOK signal with two levels of optical power outputs.
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Figure 2.6: OOK signalling showing NRZ-OOK optical output (a) and 50% duty cycle RZ-
OOK (b)

Improved bandwidth efficiency can be obtained by transmitting multiple intensity levels in a
symbol duration using a M-ary PAM (M-PAM) scheme, where M denotes the modulation
order which is also the number of optical power levels [82]. Therefore, unlike OOK which
transmits 1 bit, in M-PAM, log, M bits are transmitted in a single symbol duration. For
bipolar PAM, the signal amplitudes take discrete levels of A,, = (2m — 1 — M) d, where
m =1,2,---, M and d is the Euclidean distance in which 2d is the distance between adjacent
signal amplitudes. This kind of signal representation requires a suitable DC bias to ensure that
all the pulses are positive. Figure 2.7 shows a 4-PAM optical signalling representation (after
an appropriate DC bias is applied) which transmits 2 bit/symbol. A higher bit per symbol can
be achieved using higher modulation order, hence improving bandwidth efficiency. However,
the performance is affected by nonlinearity from LED as a larger dynamic range is required as
M increases [83]. Moreover, the required signal-to-noise ratio (SNR) increases. In terms of
system performance, M -PAM signalling is susceptible to intersymbol interference and requires

complex equalisers at the receiver to mitigate [84].

A power efficient approach to circumvent limitations of PAM is to transmit a constant power

over only a fraction of symbol duration [8]. PPM is an orthogonal modulation technique in
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Figure 2.7: 4-PAM signalling showing the output optical power for the four amplitude levels

which log, M information bit is transmitted by position of an optical pulse divided in M
equidistance time slots of a symbol duration Ty, i.e. T, = Ty/M. Figure 2.8 shows 4-PPM
where different pulse positions are encoded inside a frame of a symbol duration. PPM wave-
form have low duty cycle 1/M, only transmitting during 7.. This makes PPM suitable for
power limited systems. Also, the power efficiency of PPM improves as M increases. However,
at the expense of an increased bandwidth requirement and greater complexity [8]. Besides,
PPM suffers a peak-to-average optical power ratio and is sensitive to receiver synchronisation

which requires complex equalisation [85-87].
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Figure 2.8: 4-PPM signalling showing the output optical power for the first two amplitude

levels
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2.4.2 Optical OFDM

The required modulation bandwidth of pulse modulation schemes increases as the transmission
rate increases. However, the modulation bandwidth of commercially available LEDs is limited
to only a few MHz [8,59]. Consequently, at a high data rate, pulse modulation schemes suffer
from intersymbol interference (ISI). Moreover, the LED frequency response is usually mod-
elled as a low-pass filter [63], which makes a VLC system frequency-selective [64]. It is incum-
bent to utilise all the available bandwidth including beyond the —3 dB modulation bandwidth
of LEDs to realise a high-speed VLC system. Therefore, modulation techniques with higher
spectral efficiencies are needed. In that regard, OFDM is a convenient modulation scheme.
OFDM offers efficient use of the available spectrum and it is robust against channel frequency
selectivity [84]. It also allows for low-complexity single-tap equalisers implementation in the

frequency domain.

In optical OFDM, the available bandwidth is divided into multiple narrowband sub-channels,
carrying a portion of the transmitted data. Each subchannel is called a subcarrier. The sub-
carriers are spaced apart at regular intervals and are orthogonal to each other. This allows the
subcarriers to be transmitted simultaneously without interfering with each other. In each of
the subcarriers information symbols generated by a conventional modulation scheme, usually
M-ary QAM (M-QAM), is utilised. Figure 2.9 shows the system block diagram of an optical
OFDM including the signal generation, transmission and detection. In the transmitter, informa-
tion input bits are mapped into M -QAM constellations. Then the serial-to-parallel (S/P) block
converts M -QAM symbol streams into parallel blocks of symbols which are then assigned to
individual subcarriers. An inverse fast Fourier transform (IFFT) operation is applied to gen-
erate a time domain OFDM signal. However, to satisfy the IM/DD system requirement the

modulating signal needs to be unipolar and real-valued.

A real-valued time domain signal is obtained by imposing Hermitian symmetry to parallel
QAM symbols. This is realised by mapping the negative frequencies of subcarriers with the
complex conjugate of the data on the positive subcarriers. The Hermitian symmetry oper-
ation is shown in a block with HH in Fig. 2.9. Based on how a unipolar time domain sig-
nal is obtained, various types of optical OFDM schemes are proposed. A DC-biased opti-
cal OFDM (DCO-OFDM) is one of the most widely used spectrally efficient optical OFDM
modulation schemes. In DCO-OFDM, a direct current bias is added to generate a unipolar

signal [35,88-90]. The additional DC requirement makes the scheme power inefficient com-
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Figure 2.9: A block diagram illustration of DCO-OFDM communication system. H denotes
a Hermitian symmetry operation, S/P is serial-to-parallel conversion while P/S is parallel-to-

serial conversion.

pared to other forms of OFDM. However, uses all the available bandwidth efficiently [90, 91].
An alternative energy-efficient optical OFDM type is asymmetrically clipped optical OFDM
(ACO-OFDM). In ACO-OFDM, in addition to the Hermitian symmetry, only the odd subcar-
riers are used for data transmission and the even subcarriers are set to zero [92]. This results
in an asymmetric OFDM signal in the time domain, and by clipping and transmitting only the
positive parts, ACO-OFDM signal is obtained. This approach results in an inherent unipo-
lar signal, eliminating the requirement for DC biasing. However, only half of the available
bandwidth is used for transmission [91]. More forms of unipolar OFDM schemes have been
proposed to provide an energy-efficient alternative to DCO-OFDM. These include pulse am-
plitude modulated-discrete multitone modulation (PAM-DMT) [93], flipped OFDM [94], and
unipolar OFDM (U-OFDM) [95]. However, all these schemes including ACO-OFDM have a
reduced spectral efficiency compared to DCO-OFDM [84]. In this thesis, only DCO-OFDM
will be considered for a spectrally efficient system. Furthermore, it should be noted that the

power inefficiency associated with DCO-OFDM is not addressed in this study.

The DCO-OFDM frame is formed such that X [k] = X* [Ngpr — k|. In addition to this,
X [0] = X [Nppr/2] = 0, where Nppr is the number of subcarriers (the order of fast Fourier

transform (FFT)), and k = 0,2, - - - , Npp — 1 is the subcarrier index [90,96]. Mathematically,
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this can be expressed as:

X[kl =4{0,X[1],X[2], -, X [Nppr/2 —1],0, X" [Nppr/2 — 1], -+ , X" [2] , X" [1]}.
(2.9)
Here, [ - |* denotes a complex conjugate operation. The waveform can then be expressed in

the time domain as:

] ! NFFT_lX (k] e (ﬂmk) 0<n<N 1 (2.10)
T |n| = XP 5 SN s FFrT — 1. .
VNFFT {5 Nrpr

To mitigate inter-symbol interference (ISI) caused by the multipath propagation of the OFDM
signal, a cyclic prefix (CP) can be added. The CP is a copy of the last part of the OFDM
symbol, and it is appended to the beginning of the symbol before it is converted into serial and

transmitted [96].

At the receiver, data recovery starts with serial-to-parallel (S/P) conversion followed by re-
moving the CP. The FFT operation transforms the received signal into its frequency domain
equivalent to recover the data modulated onto each subcarrier. At this stage, the symmetry
component is removed and a single-tap frequency domain equalisation can be employed on
each subcarrier to retrieve the transmitted QAM symbols. Finally, after the parallel-to-serial

conversion, QAM symbols are demodulated to recover the transmitted information bits.

2.5 Energy and Spectral Efficiency in VLC

Energy efficiency and spectral efficiency are two important metrics used to evaluate the perfor-
mance of VLC systems. Energy efficiency refers to the ability of a communication system to
transmit information with a low amount of energy. It is typically measured in bit per Joule (b/J),
which indicates the number of bits of information that can be transmitted using a single Joule
of energy. A communication system with high energy efficiency can transmit a large amount
of information using a small amount of energy, making it more efficient and cost-effective.
Spectral efficiency, on the other hand, refers to the ability of a communication system to utilise
the available spectrum efficiently. It is typically measured in bit per second per Hertz (b/s/Hz),
which indicates the number of bits of information that can be transmitted using a single Hertz of
bandwidth. A communication system with high spectral efficiency can transmit a large amount

of information using a small amount of bandwidth, making it more efficient and capable of sup-
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porting more users or applications. In general, both energy efficiency and spectral efficiency
are important metrics for evaluating the performance of VLC systems. Communication sys-
tems that are energy-efficient can reduce their power consumption and operating costs, while
systems with high spectral efficiency can support more users or applications in a given fre-
quency band. Improving both energy efficiency and spectral efficiency can help to maximise
the capacity and performance of VLC systems. However, there is a trade-off between energy

efficiency and spectral efficiency.

To understand the trade-off between energy and spectral efficiency, it is important to start with
the limiting capacity of a linear channel formulated by Claude Shannon in [11]. It estimates
the maximum bit rate that can be transmitted error-free at a given bandwidth B and average
signal power constraint Py, in a channel with a Gaussian distributed noise of average power
Px. Mathematically, the theoretical channel capacity limit C' (in bit/s) which can be achieved

in an error-free transmission for any specific modulation or coding scheme is given by [11]:

P
C = Blog, <1+PS> = Blog, (1 + SNR). @2.11)
N

Here, SNR is the signal-to-noise power ratio, which can also be defined in terms of SNR per bit.
Given the symbol duration 7, the average signal power of the transmitted symbol can be written
in terms of average symbol energy as, P; = Ey/Ty = FEsRs, where Ej is the average symbol
energy and Ry is the symbol rate. Equivalently, Ps can be expressed in terms of energy per bit,
Ey, assuming a modulation order M. This is because E5 = Ey, logs M and Ry = Ry, /log, M.
Therefore, Py = EsRs = Fp Ry. On the other hand, the noise power, Py = NoB where N is
the single-sided noise PSD. Consequently,

P, E E
SNR = Lx Dol .
PN NoB N,

(2.12)

Here, the SNR per bit, SNRy, = E},/Nyp. While n = Ry /B is the spectral efficiency (in
bit/s/Hz = bit/symbol) which measures the amount of information bit that can be transmitted
in a given bandwidth. Using (2.12), it is possible to re-write the capacity limit in (2.11) and
formulate the maximum spectral efficiency for an AWGN channels as:

C DN
=— =1 14+ =—n). 2.1
"B 0g2< Non> (2.13)
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Rearranging (2.13) for SNRy, gives:

B, 27-1
No n

) (2.14)

Equation (2.14) implies that SNR is an increasing function of the spectral efficiency. This is
shown graphically in Fig. 2.10 (in solid dark line). Therefore, there is a trade-off between
spectral efficiency and SNR requirement (sensitivity). That is, for a high spectral efficiency,
high SNR is required. From (2.14), the lower bound of energy which is the minimum amount

of SNR required to achieve an infinitesimal spectral efficiency can be found by:

E oM _1
SNRy, g = | =2 — lim —In2=—1.5917 dB. 2.15)
’ Ny min 10 n

This clearly shows that the trade-off between energy efficiency and spectral efficiency is an
important consideration in the design and optimisation of VLC systems. The optimal trade-
off between these two metrics will depend on the specific requirements and constraints of the
communication system, such as the number of users or applications it needs to support, the

available bandwidth and power, and the operating environment.
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Figure 2.10: Comparison of spectral efficiency vs SNR per bit of different modulation schemes
limited by AWGN channel at BER = 3.8 x 1073. The Shannon capacity is also shown for

reference.
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For applications which do not require high-speed data transmission, energy efficiency is the pri-
ority. These systems employ sensitivity constrained modulation schemes. On that regard, OOK
can be seen as a benchmark. OOK offers a favourable balance between system performance
and implementation complexity [9]. For a given bit rate, I?;,, the bandwidth requirement of
NRZ-OOK is inverse of the bit duration, 1/73, which is the bit rate R},. That is, Book = Rp.
Therefore, the spectral efficiency of OOK is, noox = 1. Orthogonal modulation schemes
such as PPM provide energy efficient system implementation at the cost of bandwidth. In these
schemes, with increasing M, the energy efficiency tends toward the lower bound of energy, i.e.
—1.5917 dB. In M-PPM, a number of log, M information bits is encoded by the position of an
optical pulse within M equidistant time slots of a symbol duration. Therefore, for an identical

bit rate Ry, the bandwidth requirement of M -PPM is:

1 M 1 M

B = — = —_— = R
PPN T T log, M Ty logy M

(2.16)

The spectral efficiency of M-PPM is then nppy = 710%\2/\/[ <1

Alternatively, modulation schemes with highest spectral efficiency can be chosen for high data
rate transmission. These include PAM, phase shift-keying (PSK) and QAM. However, it comes
at the cost of more SNR requirement. The goal of such systems will be to approach the capac-
ity limit. For M-PAM, the bit rate is a product of the bandwidth used and the number of bits
encoded in each symbol. That is Ry, = Bpawm log, M. Thus, the spectral efficiency is simply
the number of information bits encoded: npan = logy M. Similar spectral efficiency can be
obtained in M-PSK and M-QAM. Unlike PAM, in PSK, the phase is varied in accordance
with the digital information being transmitted. While in QAM, phase and amplitude modula-
tions are combined using 2-dimensional in-phase and quadrature constellation points to encode
information bits. Note that this spectral efficiency values represent theoretical maximum val-
ues that assume ideal channel conditions and perfect receiver performance. In practice, the
actual spectral efficiency may be lower due to various factors that can degrade the quality of
the transmitted signal and reduce the accuracy of the receiver. Overall, Fig. 2.10 shows the
spectral efficiency against the amount of SNR per bit required to achieve a representative bit
error rate (BER) = 3.8 x 1073 in AWGN channel condition. Binary phase shift-keying (BPSK)
and OOK achieve 1 bit/s/Hz spectral efficiency albeit the amount of SNR required is reduced
by approximately —3 dB in BPSK. Higher spectral efficient systems can be realised using PAM

or QAM schemes in which its efficiency increase with M. For low-rate applications, PPM is
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is a convenient scheme as it provides energy efficient system alternative. In Chapter 5, another
energy efficient modulation technique for low-data rate and low-power VLC applications is

proposed.

2.6 Probabilistic Constellation Shaping

In the previous section, the trade-off between energy and spectral efficiency has been dis-
cussed. It is clear that enhancing energy and spectral efficiency and optimising the use of
available scarce resources (energy and bandwidth) are crucial requirements of any communi-
cation system, including VLC. Yet, the theoretical upper bound of the information rate that can
be achieved in an AWGN channel under a power constraint is limited to C' as given by (2.11).
This is possible only when the channel is fed by a transmitter source with a Gaussian distribu-
tion [11]. On the contrary, in conventional data transmission, each symbol is transmitted with
equal probability. This uniform distribution of input symbols is not a perfect fit for the AWGN
channel. Furthermore, the spectral efficiency is a coarse granular which can only lead to a dis-
crete integer level. For example, = log, M for M-QAM. Consequently, it does not allow for
optimal utilisation of the channel capacity [12]. Thus, there exists a gap to the Shannon channel
capacity [11,97]. Therefore, it is important to optimise the distribution of source symbols using

signal shaping to close the gap.

Geometric shaping (GS) is one of the signal shaping techniques, where non-equidistant con-
stellation points are used to approximate a Gaussian distribution [98]. In GS, symbols have
equal probabilities and the goal is to have a signal constellation with a Gaussian-like geome-
try [99-102]. GS is typically based on ring constellations denoted which combines amplitude
and phase-shift keying known as asymmetric phase-shift keying (APSK). Therefore, it does
not require a distribution matcher, which maps input information bits into symbols with a de-
sired probability distribution. However, the unequally spaced constellation points increase the
DSP complexity and require a DAC with higher effective number of bits (ENOB) [103]. More-
over, determining the optimal constellation points for an arbitrary channel is not simple [104].
Another shaping method which has attracted significant interest is probabilistic shaping (PS).
Here, the approach is to generate a Gaussian-like distribution over the signal structure. There-
fore, in PS, the probability of occurrence of the constellation points are modified, rather than the
positions, to form a Gaussian-like distribution [105-107]. Unlike GS, in PS, the probability of

symbols can be optimised using a single parameter to fit an arbitrary channel condition [104].
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Moreover, the fixed constellation positions make the DSP implementation simpler [104]. In

this thesis, the focus is to the application of PS in VLC.

(a) (b)

Figure 2.11: Graphical illustration of 64-QAM in geometric shaping (a) and probabilistic

shaping (b) with the constellation points

In order to have Gaussian source, symbols must be continuous and not restricted to a limited
range of amplitudes. To realise this, the DAC and ADC need to have high resolutions. More-
over, the unlimited range of amplitudes result in large peak-to-average power ratios. These
make a continuous Gaussian signalling difficult to work with in practice [104]. The way around
this is to use discrete level of symbols which provide a Gaussian-like distribution. Several
Gaussian-like distributions with discrete amplitudes across a finite range have been proposed
to generate a Gaussian source. Some examples include exponential distribution, Pareto distri-
bution, and Maxwell-Boltzmann distribution. These distributions determine the rate of infor-
mation (entropy) based on the distribution of symbols, which in tern set a parameter called rate
parameter, A\. For a modulation order, M, in the exponential distribution symbols at constella-

tion points denoted by s; are chosen by:

\_ exp(=Alsil)
where,
M
Z(N) =) exp(=Alsil), A>0. (2.18)
=1

This distribution was applied to generate PS-based PAM symbols in direct detection system

and has shown a 10% increase in the net data rate [108]. Meanwhile, in Pareto distribution the
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probability of occurrence of symbols at a constellation point s; is given by:

oy
P M 2.19
(i) = W, (2.19)
where,
A
T
Z(N) =) Asit o, A0, (2.20)

and s; , is the minimum valued symbol among all symbols. In [109], it was shown that PS
using Pareto distribution improves the performance of the colour shift keying (CSK) schemes.
The other option of distribution is the Maxwell-Boltzmann distribution. Here, the probability

of symbols at each constellation is selected from the Maxwell-Boltzmann distribution given by:

_ 12
P(s;) = 22l (z &';Z' ), 2.21)
where,
M
Z(N) =) exp(=Alsi®),  A>0. (2.22)
=1

In all cases, Z () is a normalisation factor which makes sure that the Zf\i 1 P (si) = 1. Among
the above Gaussian-like input distributions, it has been proven that the Maxwell-Boltzmann
distribution is the optimal probability to maximise the entropy (and hence capacity) of the
AWGN channel [106, Sec. IV], [110, Sec. VIII-A]. Due to this, in the literature that reports
PS work, the Maxwell-Boltzmann distribution has been used frequently as an optimal Gaussian
source [111-114]. In this thesis, the focus is towards using the Maxwell-Boltzmann distribution

to generate a Gaussian-like PS input source and evaluate its potential in VLC systems.

Transforming independent and equiprobable input bits into a sequence of shaped output sym-
bols with a desired distribution is the task of a distribution matcher. A constant composition
distribution matcher (CCDM), proposed in [115], has drawn considerable interest to imple-
ment PS in optical fibre communication and achieve record-setting transmission rates and dis-
tances [12,104,111, 116]. The CCDM creates a target symbol distribution based on Maxwell-
Boltzmann distribution by fixing the number of occurrence of symbols in each block length to
ns. That is a constellation point appears exactly n; times out of the total block length giving

ng = Zf\il n;. That leads to a probability mass function (PMF), P (s;) = ["1 e m} .

ng’ ? ng
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One of the benefits of using PS is a reduction in the amount of symbol energy. This is because in
PS low-energy symbols (which are in the lower standard deviation of the Gaussian-like distribu-
tion) are transmitted more frequently than high-energy symbols. This will reduce the amount of
average transmitted symbol energy at a specific error rate compared to the uniform distribution.
This gain is known as shaping gain [106]. The gain in average energy, and thus consequently
in SNR, will result in strong noise resilience and an increase in the achievable information rate
for applications with limited signal power. The ultimate shaping gain which can be achieved
using a continuous Gaussian symbol distribution is limited to e/6 ( ~ 1.53 dB) [110,117,118].
Therefore, the target of any practical system is to approach this ultimate shaping gain. Another
advantage of PS is that it provides continuous and adaptive entropy transmission [12]. This is
particularly important for multicarrier systems in which different levels of information bits are
transmitted based on the channel frequency response [119—-121]. In such systems, PS can pro-
vide a better fit to the channel response and achieves the desired data rate including approaching
the channel capacity limit. PS has shown to be an optimum technique in optical fibre communi-
cations to achieve record-setting transmission rates and distances [12,104, 111, 116, 122, 123].
Similar works have been reported enhancing the achievable information rate (AIR) of a VLC

system [119-121, 124, 125].

2.7 Related Literature Comparative Discussion

The nonlinear distortion and limited modulation bandwidth of LEDs can have a negative im-
pact on the performance of VLC systems. Therefore, techniques for enhancing the modulation
bandwidth and mitigating distortion are important in VLC system design. One approach is to
design the signal waveform in a way that is resistant to nonlinear distortion, such as by clip-
ping the signal or scaling the amplitudes to fit within the linear range of the system. Another
approach is to linearise the system nonlinearity, either at the transmitter or the receiver, through
techniques such as pre-distortion or post-distortion. In high-speed VLC, the limited modula-
tion bandwidth of LEDs can be a bottleneck, so optical OFDM in conjunction with adaptive
information loading techniques have been proposed to increase the data rate. This section dis-
cusses these and other methods proposed in the literature for enhancing the performance of

VLC systems.
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Nonlinearity Mitigation and Enhancing the Modulation Bandwidth

Nonlinear distortion can degrade the performance of a VLC system, so distortion mitigation
is crucial in a VLC system design. One way to tackle this problem is to design the signal
waveform in such a way that it is not affected by nonlinear distortion. This can be realised
by clipping the lower and/or upper bounds of the signal. Alternatively, the signal amplitudes
can be scaled to fit in the linear region. These two methods are usually combined with DC
bias point optimisation. In [72], a numerical method based on minimum mean square error
(MMSE) criterion is proposed to optimise the DC bias that improves the BER performance.
In [71], a low-complexity search algorithm is developed that finds the optimum biasing point, in
addition to clipping, to maximise the system performance by enhancing the effective SNR of the
system. The nonlinear modulation characteristics of LEDs were studied, and the bias current is

optimised to minimise the error performance while increasing the modulation bandwidth [75].

Another approach is to linearise the system nonlinearity so that the input signal can be trans-
mitted with minimal distortion or distortion-free. This signal processing can be carried out
either at the transmitter or the receiver. In the transmitter, the transmitted signal is pre-distorted
and transmission through the nonlinear system will reconstruct the original signal. Such work
was reported in [70], where a pre-distortion technique combined with signal shaping is used
to improve the link capacity. In [126], the nonlinearity is modelled by an equivalent discrete-
time circuit which is then used to develop a nonlinear pre-distorter which inverts the distortion
and enhances VLC link performance. While in [127], pre-distortion is applied with signal
companding to improve system error performance. In the receiver side, it usually involves em-
ploying equalisers. A nonlinear feedforward decision feedback equaliser (DFE) was applied to
compensate for nonlinearity in [74]. However, it has also been shown that the traditional linear
equaliser is unable to recover the signal that has been distorted by the nonlinear LED response,
and the nonlinear DFE is only effective when the signal is not highly distorted [126]. Re-
cently, a pre-distortion scheme which is based on the Wiener-Hammerstein model was shown
in a software-defined VLC link to mitigate nonlinearity in [128]. This was followed by an-
other work which compared Hammerstein and Wiener VLC channels models [129]. In this
work, a post-distortion based on the Hammerstein channel model was shown as a superior
model to improve the system error performance. Overall, most of the existing works consid-
ered pre/post-distortion to linearise the dynamic range of the transmitted or apply clipping to

limit the modulating signal in the linear region.
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In this thesis, Chapter 3 presents two frameworks for optimising the DC bias of an LED to
increase bandwidth at higher bias currents while minimising signal distortion. The proposed
techniques involve either allowing for some nonlinear distortion or reducing signal swing while

benefiting from higher bandwidth. The optimisation is also validated through experiment.

Adaptive Information Loading

For a high-speed VLC, the modulation bandwidth of LEDs is often a limiting factor. This means
that the LED’s ability to transmit data is restricted to a relatively narrow range of frequencies.
As a result, the data rate that can be achieved using LEDs is often much lower than the data
rate that can be achieved using other types of optical communication systems. To overcome this
limitation and achieve higher data rates, it is necessary to modulate the signal beyond the —3 dB
bandwidth of the LED. This can be accomplished using OFDM in conjunction with adaptive
information loading (also known as adaptive bit loading). The available SNR of each subcarrier
in all frequency ranges is estimated and information bits are allocated according to this pre-
estimated SNR. Along with the bit allocation, the power in each subcarrier can be optimised to
maximise the SNR resulting in adaptive bit-power loading. With such system, it is possible to
transmit data at much higher rates, making LED-based communication systems more suitable
for high-speed applications. Examples of literature demonstrating high data rate transmissions
using a single LED include [40, 41, 59]. A wavelength division multiplexing (WDM)-based
VLC has also been explored for higher data rates in [130-132].

In adaptive bit-power loading, discrete integer-level bits per symbol are allocated to each sub-
carrier. For example, for a given subcarrier, the pre-estimated SNR can accommodate 64-QAM
which is 6 bit/symbol. Another subcarrier with lower SNR can only accommodate M < 64
which could be 5, 4, 3, or 2 bit/symbol. This does not provide the best possible fit for VLC
channel frequency response. Thus, there still exists a capacity gap relative to the channel ca-
pacity limit formulated by Shannon [11]. To close this gap, the amount of information loaded
should be adjusted to each subcarrier continuously, based on the pre-estimated SNR. This can
be realised by PS-based optical OFDM. For such a scheme, a fixed modulation order, M-QAM
symbols with different probabilistic distributions are applied to individual subcarriers based on
the pre-estimated SNR. This provides continuous entropy loading that makes efficient use of

the available bandwidth well beyond the —3 dB point.
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Related literature applying PS in optical OFDM 2 in free-space VLC channel using LEDs in-
clude [119,124]. While in UWOC system using laser diodes include [124, 125, 125]. In [119],
a single LED VLC with PS-based OFDM is reported. However, despite the channel’s capacity
to accommodate higher modulation orders, the work is limited to PS with 256-QAM. Besides,
subcarriers that are assigned to a group with the same QAM modulation order in the bit-loading
scheme, are allocated with the same entropy in PS-256-QAM. This is contrary to the continuous
entropy allocation that should fit the channel SNR response. A laser diode-based UWOC ap-
plying OFDM with PS-256-QAM has also been demonstrated to improve transmission capacity
in [120, 125]. A similar approach with an laser diode-based VLC system using a higher-order
format (PS-1024-QAM) is also reported in [124].

The rate adaptive feature of PS has also been employed for multiuser VLC access networks
which adapt the rate based on a user’s distance with PS in [121]. Just recently, a work which
integrates PS with CSK was reported for enhancing the received SNR [109]. Also, in [133],
PS is applied with spatial modulation-based VLC to improve system spectral efficiency. Here,
PS is applied both to spatial and constellation symbols based on the user’s location and SNR to

maximise the achievable rate.

In this thesis, PS has been studied for use in optical OFDM-based VLC systems. In Chapter 4,

the principle of adaptive entropy loading using PS is presented. The experimental demonstra-

tion of PS in both a single LED and WDM VLC systems is also discussed.

Energy Efficient Modulation Scheme

A low-rate wireless network requires simple, low-cost, and reliable communication with limited
power consumption [134]. For such networks, energy efficiency is significantly important as
applications using the network such as Internet of Things (IoT) use batteries which are intended
to be used for a long duration [134, 135]. Meanwhile, VLC uses energy-efficient, low-cost, and
ubiquitous LEDs and it is a suitable candidate for low-power systems [136]. Thus, using robust

and sensitivity-constrained modulation techniques for VLC is essential.

Pulse modulation schemes are commonly used in IM/DD systems. Among various forms of

pulse-based modulation schemes, OOK offers a good balance between system performance and

*In some literature, a digital baseband type of OFDM which uses bit-power loading based on pre-estimated SNR
is also referred as discrete multi-tone (DMT).
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implementation complexity [8,9]. However, it is generally considered to be less energy effi-
cient compared to other techniques. On the other hand, orthogonal modulation techniques such
as PPM and frequency shift keying (FSK) can provide an energy-efficient system alternative at
an expense of spectral efficiency [137-139]. In such schemes, the energy efficiency improves
as the modulation order increases. PPM has been implemented in [86, 140], and shown in an
experimental demonstration in [137, 141]. Nevertheless, PPM suffers a high peak-to-average
power ratio (PAPR) and is sensitive to receiver synchronisation which requires complex equal-

isation [85-87].

An alternative orthogonal modulation technique which overcomes the limitations of PPM is
FSK. It maintains a constant amplitude envelope as the amplitude of the transmitted signal
remains unchanged regardless of the data being transmitted. This property makes FSK rel-
atively easier to equalise or adjust the balance of the signal to remove distortions caused by
the transmission medium. As a result, FSK requires simpler equalisation compared to other
types of digital modulation [82, 142]. Inspired by these, several energy-efficient FSK mod-
ulation technique which satisfies unipolar and real-valued constraints of the IM/DD system
were proposed [143, 144]. In [143], an energy-efficient unipolar variant of FSK which trans-
mits the positive and sign flipped negative amplitudes in two consecutive symbol periods is
proposed for low-data rate and low-power 1oT applications. An asymmetric frequency shift
keying (AFSK) which uses two rectified frequency tones to represent two symbols was also
proposed for VLC [144]. In both cases, it was shown that the proposed FSK modulation is
energy efficient relative to OOK and PAM. Yet, the FSK in [143] requires a complex maximum

likelihood receiver.

In a communication system using FSK, the information is conveyed by shifting the frequency
between two or more predetermined frequencies. On the other hand, a VLC channel is fre-
quency selective by its nature [64]. Therefore, the channel response, or the amount of attenua-
tion or amplification applied to different frequencies, is not the same for all frequencies. This
means that the FSK symbols, which are transmitted at different frequencies, may not be re-
ceived with the same strength. If the FSK symbols are mapped onto frequency regions where
the channel has a large attenuation, the signal strength of those symbols will be reduced, making
them more difficult to detect accurately. This can lead to errors in the communication system,

reducing its performance.
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One way to address this issue is to map each symbol to all frequencies linearly within the avail-
able bandwidth. This means that each symbol is spread out over a range of frequencies rather
than being concentrated at a single frequency. That is a symbol is mapped to all frequencies
linearly within the bandwidth forming a frequency shift chirp modulation (FSCM); also known
as chirp spread spectrum (CSS) in LoRa [145, 146]. This can help to reduce the impact of the
frequency selective channel, improving the performance of the system. This scheme has been
studied well in literature including the error performance analysis and transmitter design for

RF-based communication system [145, 147, 148].

There has been significant progress in VLC and LiFi research, but these advancements are
not specifically aimed at resource-constrained devices [149]. The electrical and computing
power limitations of IoT nodes require the development of energy-efficient modulation. Such
a scheme should be able to transmit data effectively while minimising energy consumption.
Despite their limitation discussed above, pulse-based modulation techniques, such as OOK and
PPM, and FSK have been considered more suitable for resource-constrained. In this thesis,
an alternative energy-efficient modulation technique called FSCM is proposed for low-data
rate and low-power VLC applications. In Chapter 5, the principle of FSCM including signal

generation and detection, error performance, and experimental demonstration is presented.

2.8 Summary

In this chapter, a comprehensive overview of VLC system relevant to the thesis has been pre-
sented. The chapter begins with a brief overview of VLC and its current status as a focus of
research in optical wireless communication. It also provides introduction to VLC and its poten-
tial as a promising technology for various communication applications. The features of a VLC
system, including its advantages over other communication technologies, its potential applica-
tion areas, and the challenges that need to be addressed in order to fully realise its potential have
been presented. Moreover, the system components in VLC, including the optical transmitters
and receivers that are used to transmit and receive the optical signals, as well as VLC channel
model, which represent the characteristics of the channel through which the optical signals are
transmitted have been described. In addition, the chapter covers the various modulation tech-
niques used in VLC, including pulse modulation techniques such as OOK, PAM, and PPM, as
well as optical OFDM.
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The chapter also discusses energy and spectral efficiency in VLC, highlighting the importance
of maximising the use of the available bandwidth and minimising energy consumption in order
to achieve high data rates and low-power communication. It is noted that finding a balance
between energy efficiency and spectral efficiency is crucial when designing VLC systems. The
optimal balance between these two metrics will depend on the specific needs and limitations
of the communication system, such as the number of users or applications it needs to support,
the available bandwidth and power, and the operating environment. The chapter also covers a
discussion of probabilistic shaping, a technique used to improve the performance of high-speed
VLC systems by optimising the signal constellation in the presence of noise. PS allows for
continuous and adaptive entropy transmission, which is especially useful for optical OFDM-
based VLC systems where different levels of information bits are transmitted in each subcarrier
based on the channel frequency response. The chapter also includes a comparative discussion

of related literature to the theme of the thesis.

This thesis will explore ways to improve the limited modulation bandwidth of LEDs, utilise
adaptive information loading with PS, and implement energy-efficient modulation schemes for
low-power applications. These techniques will be examined in more depth in subsequent chap-

ters, as outlined in the introductory chapter.
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Chapter 3
Bias Point Optimisation of LEDs for

Capacity Enhancement

3.1 Introduction

Significant research effort has been put towards the development of high-speed VLC. Yet,
such a system needs to address the challenges associated with the relatively low modulation
bandwidth of commercial LEDs [150]. Various techniques such as pre- and post-equalisation,
high-order modulation with OFDM have been explored to optimise the modulation bandwidth
and achieve high data rates in the range of several Gb/s using a single LED [41,42]. It has
also been demonstrated that the LED modulation bandwidth increases as bias current increases
until it saturates [74,75]. However, an LED is a nonlinear device. That is, its emitted optical
power as a function of the driving current is not completely linear. Consequently, driving
the LED in the nonlinear region distorts the transmitted signal and deteriorates the system
performance [68]. Therefore, it is imperative to optimise the DC bias point of an LED to
benefit from increasing bandwidth at driving current while minimising any nonlinear distortion
associated with operating beyond the dynamic range of the LED. This way, the achievable

transmission capacity of the LED-based VLC system is enhanced.

In this chapter, two different methods of choosing the optimum DC bias point for intensity mod-
ulated VLC systems are discussed. The first approach considers increasing the DC bias from
the mid-point of the linear region for higher modulation bandwidth which also leads to nonlin-
ear distortion. Here, the effect of distortion on the system capacity is evaluated. The second
approach investigates increasing the DC bias while keeping the modulating signal within the
dynamic range of the transmitter. In this approach, the signal power is compressed, and the op-
tical modulation index is reduced. As such, the SNR decreases as DC bias increases. Thus, the
optimum DC bias that provides maximum capacity by increasing the modulation bandwidth is
evaluated. Moreover, these optimisation techniques can be used together with existing pre/post
equalisation and precoding/pre-distortion techniques. An experimental validation of the second

optimisation method is also presented.
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The remainder of the chapter is organised as follows. The characteristics of an LED, including
its optical power and modulation bandwidth, and how these characteristics are affected by the
drive current will be described in Section 3.2. The theoretical study of bias point optimisation,
including the system design and principles of the optimisation methods will be discussed in
Section 3.3. Specifically, the VLC channel model assumption and link capacity, as well as the
bias point optimisation itself, will be examined. Simulation results and discussions will also
be presented to further illustrate these concepts. In Section 3.4, an experimental validation of
one of the optimisation methods, including the experiment setup and results, will be presented.

Finally, the key points discussed in this chapter will be summarised in Section 3.5.

3.2 Characteristics of LED

An LED is a semiconductor device with p-type and n-type junctions confined inside a hetero-
junction. When an LED is connected to a forward bias current, electrons are excited to the
higher energy state (conduction band). As an electron in the excited state is unstable, it returns
to the ground state spontaneously emitting a photon. This process is known as spontaneous
emission. It is attributed to the spontaneous optical power radiation of LEDs. The amount of
energy released due to this spontaneous emission is equivalent to the energy band-gap of the
material made from. The peak wavelength (colour) of the radiated optical power is also mainly
determined by the band-gap energy of the junction which in turn depends on the semiconductor

material [8,77].

Photons are radiated in random directions incoherently and only some of the radiated photons
contributed to the light in the desired direction. Yet, the radiated optical power increases as the
driving current increases. However, the response becomes nonlinear for a larger current. This is
attributed to two reasons. The first is when the drive current increase, the junction temperature
in the active area increases and it reduces the efficiency of the LED. Second, the increase
in drive current causes an overflow of carriers in the active region. This will not increase
the carrier concentration in the active region. Hence, the optical power saturates and leads to
distortion in the modulating signal [8,77]. A visual illustration of an LED response using a
random modulating signal, x (¢) is shown in Fig. 3.1. In this instance, the LED is biased at i}s
by adding an offset current « to the mid-point bias current ¢,,;q, that is 4h45 = %miq + @ such

that imid = Imax/2. Here, iyax denotes the maximum allowable bias current before saturation.
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Figure 3.1: Graphical illustration of an LED response biased at iy;,s using a random modu-

lating signal, x (t). The maximum allowable bias current of the LED is iyax and the mid-point

is imid = imax/Q.

Another important characteristic of an LED is its bandwidth. The modulation bandwidth of an
LED determines the transmission rate and channel capacity of a VLC system. The frequency
response of an LED depends on the driving current, carrier recombination lifetime in the active
region, and the junction and parasitic capacitance. Therefore, the modulation bandwidth is
limited by the response rate, which by itself is affected by the minority carriers lifetime, 7. of
the semiconductor. The —3 dB modulation bandwidth, which is defined as a frequency at which

the power of an arbitrary transmitted signal drops by half, can be given as [77]:

V3

2T Te

f3aB = (3.1)

The modulation bandwidth of commercially available LEDs is often limited to only a few MHz
[8,59]. However, like the optical power output, the modulation bandwidth is proportional to the
drive current. Therefore, using an optimum drive current is important to benefit from increasing

bandwidth at a higher driving current while minimising the resulting signal distortion.

In the subsequent discussions, the transmission bandwidth of the VLC link and the optical
power output of the LED are modelled as a function of the bias current. The relationship is

linear within the dynamic range and a constant value is assumed outside this region. Therefore,
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the optical power can be written as:

mOibia& Z.mid < Z.bias < Z‘rnaxP
Pot = 3.2)

Prax, Thias = Tmaxp -

Similarly, the modulation bandwidth can be formulated as:

MBibiass ‘mid < hias < lmaxp

B — 3.3)

Braxs Thias = tmaxpg -

In the above equations, mp and mo denote the slopes of the linear functions of the dynamic
ranges with a maximum bandwidth, By, at drive current 7y, and maximum power, Ppax at
drive current ¢y, , respectively. For most LEDs the maximum bias current before saturation in
bandwidth and optical power are identical. Therefore, imaxy = tmaxp = %max. In the following

section, the DC bias point optimisation problem as well as the VLC system model is presented.

3.3 Theoretical Study

A considerable amount of nonlinearity in VLC systems comes from the LED. That is because
the relationship between the DC bias current and the output optical power is not fully linear.
Thus, to minimise the effect of nonlinearity distortion on VLC systems, the data carrying signal
should be within the linear dynamic range of the LED [151]. This is usually achieved by biasing
the LED at the mid-point of its dynamic range [152]. In this work, two different approaches
of choosing the DC bias (operating) point are explored. In the first approach, the modulating
signal amplitude is kept constant while the bias current is increased from the mid-point of the
dynamic range. In this approach, some of the signal go into the nonlinear region, introducing
some distortion but operating at higher bias current offers much higher bandwidth. The second
approach will be to increase the bias point while keeping the signal within the dynamic range of
the LED. Thus, the signal power is reduced while the bandwidth is increased. In this method,

the response of the LED is considered to be distortion-free.
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3.3.1 System Design and Assumptions

The bias point optimisation technique in this chapter is based on the channel model provided in
the introductory chapter of Section 2.3.3. Therefore, the VLC system with linear, time-invariant
channel model shown in Fig. 2.4 is considered. The challenge in both methods is to find the
optimum DC bias point that maximises the link capacity. Other sources of distortions are not
considered in this work. Therefore, the modulating signal bandwidth is assumed to be less than

the LED bandwidth.

In a LiFi system, the LoS communication link is typically the dominant link due to the fact that
the power contributed by the NLoS paths is usually much smaller compared to the LoS signal
power [81]. The channel DC gain, H(0) is determined by the combination effect of the LoS
and NLoS paths. In this thesis, a LoS link characterised by its channel DC gain is considered.
If both NLoS and LoS links are to be considered, H(0), which is a scaling factor in the SNR

evaluation, will be different. However, the optimisation process remains the same.

In the bias point optimisation analysis to follow, the focus is on optimising the bias point at the
fixed access point, which could be a ceiling or desk lamp, using a commercially available LED.
The optimisation process is carried out during the setup phase to ensure efficient and optimal
operation of the system during data communication. The optimisation can also be applied to a
mobile user device where the process would be carried out independently for each device due
to the continuously changing channel conditions. Consequently, there may be differences in the
absolute optimum operating points for different users. The value of the optimised bias point is
affected by several factors, including the LED and photodetector characteristics such as radiant
intensity, active area and field of view, as well as the distance and orientation between the
transmitter and receiver, and any obstacles in the path between them. These factors determine
the channel DC gain, which in turn affects the available SNR. This chapter presents techniques
for obtaining the optimum bias point, which is independent of the multiple access technique
being used. Therefore, the proposed bias point is not affected by the specific method used to

allow multiple users to access the system simultaneously.

For a VLC system with sufficient DC bias and a Gaussian distributed signal, the link capacity
can be adequately represented by the Shannon equation given by (2.11). The SNR and B are
functions of the bias current, iy;,s. Therefore, in both methods the task will be to evaluate the

optimum iy, that maximises the capacity.
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3.3.2 Bias Point Optimisation

Two different biasing methods are examined to evaluate the effect on SNR and consequently
the capacity of the link. In the first method (Method 1, hereafter), the effect of distortion on
SNR is studied by increasing the bias current and driving the LED into saturation region. In
the second method (Method 2, hereafter), the LED is operating in the non-saturation region
by compressing the modulating signal within the linear region. In this method, the result of

squeezing the signal in linear region on SNR is studied as the driving current is increased.

Graphical illustration of these two methods is shown in Fig. 3.2 using a bias current against

optical power output response of a typical VLMB1500 LED [153]. Here, a Gaussian distributed
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Figure 3.2: Graphical illustration demonstrating the two bias optimisation methods: bias opti-

misation with constant signal amplitude and distortion and bias optimisation with no distortion

modulating signal and two instances of offset currents, & = [0,10] mA and thus biasing at
ibias = Tmid + @ = [20,30] mA are considered. Input signal biased at i1,;,s = 20 mA is labelled
(a) while (b) shows the signal biased at ipi,s = 30 mA. When 1,5 = 20 mA is used, the LED

is modulated in the linear region only and can be considered as distortionless (illustrated in the
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black-solid Gaussian input and output signal labelled (a)). In Method 1, when iy, = 30 mA,
there is modulation of LED in the nonlinear region and results in distortion (shown in red-dash
Gaussian input and distorted output signal labelled (b): M1). The amount of distortion should
be estimated by comparing the signal power in the non-linear region to the total signal power
and evaluate the resulting SNR and distortion ratio. In Method 2, when iyi,s = 30 mA, the
signal is compressed within the linear region of the LED (shown in red-solid Gaussian output
signal labelled (b) M2). In this method, distortion is negligible, and the signal scaling factor
needs to be evaluated to estimate the SNR. In the following, these two proposed methods are

discussed in details.

Method 1: Bias Optimisation with Constant Signal Amplitude and Distortion

Due to the modulation of LED into the nonlinear region, the transmitted signal is distorted. The
amount of distortion can be estimated as a ratio of power in saturation region to the total signal
power. Therefore, the distortion factor, A can be expressed as a function of the bias point,
Ibias = fmid + (¢ @s: ,
. Jimee " @2f (@) du
A (Zbias) = 00 2 ) (34)
o 22 f () dx

where f (x) is the probability density function (PDF) of x(t), imax is the maximum allowable

drive current before saturation and « is offset from the mid-point current, ¢,,;q, as shown in
Fig. 3.1. In this equation, the numerator represents the signal power loss due to distortion while
the denominator represents the total signal power. For computational simplicity, the zeroth
moment expressions of (3.4) which can be simplified to ratio of two cumulative distribution
functions is used. This gives:

Jimete £ (2) da

A (ipias) & *}aiof @ (3.5)

Equation (3.5) is reasonable approximation of (3.4). To illustrate the validity of the approxima-
tion, numerical evaluation of equations (3.4) and (3.5) is carried out and the values are plotted
in Fig. 3.3 assuming a Gaussian distributed signal z(t). It shows that up to 35 mA bias current,
equations (3.4) and (3.5) have similar values and above 35 mA equation (3.5) underestimates

the distortion by less than 4%.
Due to the operation in the nonlinear region, the signal power is attenuated. Using the distortion
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Figure 3.3: Distortion factor, A as function of inias using equations (3.4) and (3.5)

factor in (3.5), the attenuated signal power can be evaluated by:
Pi=(1-AE [|x (t)ﬂ . (3.6)

This shows that out of the transmitted modulating signal power, E [|x (t)|2}, only the infor-
mation within the linear region is considered part of the important information-carrying signal
power. The rest of modulating signal power, which is the information contained in the distor-
tion region, contributes to interfering power. This is evaluated by using the distortion factor in
(3.5) as follows:

P = AE [|z: (t)ﬂ . 3.7)

In the above equations, E [-] denotes the statistical expectation. This interfering power depends
on the probability distribution of the signal and the biasing current, and it does not necessarily
take into account the white power spectral density. The electrical SNR of the VLC model with
distortion can then be expressed as:

k?R2H? (0) P,
o2+ Kk2R2H2(0) P’

SNRMl ('L'bias) = (38)

where H (0) = [°°_h(t) dt is the channel DC gain, which can be also evaluated by (2.8). The

—0o0
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second term in the denominator (3.8) accounts for the distorted signal power. Subsequently, for
Method 1, the link capacity as a function of bias current Cyp; (ipias) is obtained by combining

(2.2), (2.3), (2.6), (3.2), (3.3), and (3.8) for immid < Thias < tmax aS:

K2R2H? (0) P,

2 (quoibias + 21;?T) MBibias + #2R2ZH? (0) Py

CMi1 = MBibiaslogy | 1+ (3.9)

Method 2: Bias optimisation with no distortion

In this method, the bias current is increased while the signal is compressed within the linear
region of the LED. The signal scaling factor, ( is used to keep the modulating signal within the

linear dynamic range of the LED. As a function of bias current, ¢ can be written as:

tmax —’bias , max |x(t)‘ > 2 _ Z'b.
¢ (ipias) = { "0 o (3.10)
1, otherwise.

In Method 2, as the signal, x(t) is constrained to the linear region only, there is negligible

distortion. Thus, the electrical SNR is reduced to:

K2R2H? (0) C2E []a: (t)ﬂ

SNRM2 (ibias) = o2

3.11)

Similar to Method 1, the link capacity as a function of the bias current for Method 2, Ci2 (ibjas)

is obtained as:

K2R2H? (0) C°E [|x (t)ﬂ

CyM2 = MBibias logs | 1+ . KT : (3.12)
2 (quOZbias + RIE > MBlbias

The link capacity expressions (3.9) and (3.12) are a product of a monotonically increasing
linear function and a decreasing logarithmic function. Hence, there exist an optimum bias
current, %bias, which provides maximum link capacity. This optimum bias current with 4,,;4 <

Tbias < imax Will satisfy:

3CM1\2(ibias):O and 9?Chrja (ivias)

- : < 0. (3.13)
Oibias allz)ias
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A closed-form analytical solution to (3.13) is untractable. However, a solution can be ob-
tained with root-finding numerical methods. Moreover, to show the effect of the bias current

on achievable capacity, a graphical solution of (3.13) is explored.

3.3.3 Simulation Results and Discussions

This section presents simulation results of the bias optimisation methods. In the simulation, a
commercially available off-the-shelf LED VLMB1500 is used [153]. Its optical power response
is characterised and presented in Fig. 3.4. The maximum allowable bias current before satura-
tion in power is 40 mA for this particular LED. The response up to this current is fitted with a

line which shows a firm coefficient of determination, R? = 0.9916. The modulation bandwidth
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Figure 3.4: Characteristics of VLMB1500 LED at different bias current showing measured

output optical power and a linear fit with R?> = 0.9916

response is also measured and shown in Fig. 3.5. Similarly, the maximum bias current before
saturation in bandwidth is 40 mA. The line fit in the dynamic region shows a strong coefficient

of determination R? = (0.9999.

For the simulation example presented here, a maximum drive current of 40 mA is considered
based on the VLMB1500 LED whose characteristics are plotted in Fig. 3.4 and Fig. 3.5. The

bias current is started from the mid-point (20 mA) and increased to the maximum (40 mA)
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aiming to graphically determine the optimum drive current which provides maximum capacity.

The simulation parameters are summarised in Table 3.1.

The first evaluation is carried out to the impact of the bias point optimisation methods to the
signal power and the result is shown in Fig. 3.6. In Method 1, the signal power remains un-
changed until the signal reaches the saturation region. Once the bias current reached around
35 mA, some content of the signal will be modulated in the saturation region. Therefore, the
signal power is distorted. The signal power is reduced by about 3 dB when biased at 40 mA
compared to 30 mA. The distorted signal power adds to the interfering signal power as given
by (3.7). In Method 2, as the the bias current is increased, the modulating signal is kept in the
linear region by decreasing the signal swing. This is done by multiplying the modulating signal
by the scaling factor, ¢ given by (3.10). Consequently, the signal power is always decreasing

with increasing bias current.

Once the signal power against the bias current is estimated, the resulting SNR is evaluated using
(3.8) and (3.11) for Method 1, and Method 2, respectively. The result is plotted at Fig. 3.7. The
SNR in Method 1, stays fairly constant up to 27 mA. This is due to the fact the signal power is

constant and there is no distortion up to this bias current. Furthermore, the impact of noise is
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Table 3.1: Simulation Parameters

Parameter Value

Average transmitted signal power, E [|x (t) |2} 1'W

Maximum allowable bias current, 7y, 40 mA

Slope of the dynamic range (bandwidth), mp 370.30 MHz/A

Slope of the dynamic range (power), mo 14.15 mW/A
Maximum bandwidth, By« 23.952 MHz
Maximum optical power, Ppax 0.6838 mW

Electrical-to-optical conversion factor of LED, x  14.15 mW/A

Channel DC Gain, H (0) 1
Responsivity of photodetector, R 0.28 A/W
Electron charge, ¢ 1.6021x10719 C
Boltzmann’s constant, Kg 1.3806x 10723 J/K
Absolute temperature, T’ 300 K
Load resistance, Ry, 50 Q
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Figure 3.6: Signal power against bias current for Method 1 and Method 2
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Figure 3.7: SNR against bias current for Method 1 and Method 2

minimal. However, as the bias current goes above 27 mA, there is a sharp decline in SNR as
this is the bias current from which the impact of interference and noise gets stronger. On the
contrary, the SNR in Method 2, is lower than in Method 1 only up to around 28 mA. However,
there is no sharp decline as the impact is mainly from the reduction in the signal swing. Yet,
there is a moderate reduction in SNR as the bias current increases due to the reduction in signal

power and slight rise in noise.

The challenge in both bias optimisation method is to find the optimum bias current that max-
imises the modulation bandwidth which satisfies (3.13). The link capacity is linearly propor-
tional to the modulation bandwidth while it is logarithmic proportional to SNR. The modulation
bandwidth of the LED increases linearly with increasing bias current, shown in Fig. 3.5. While
the SNR of both methods decreases as the bias current is decreased, shown in Fig. 3.7. There-
fore, the question is whether the increase in bandwidth can compensate the reduction in SNR
and results is capacity gain. The result of the capacity as the bias current is presented in Fig. 3.8.
For both methods, the capacity increase until it reaches the maximum and declines. The opti-
mum bias point, for maximum capacity with Method 1, is obtained at 27.4 mA. This shows that
the gain from the linear increment in the electrical bandwidth is not sufficient to compensate

for the distortion of signal power beyond this optimum point. Also, in Method 2, the capacity
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increases as bias current increases until the optimum bias point is 33.7 mA. Both approaches
record identical maximum capacity of about 590 Mbps for the parameters used. Note that
the results in Fig. 3.8 provide the maximum achievable information rate using a Gaussian dis-
tributed signal and AWGN channel. For commonly used modulation formats, there will always
be a performance gap from the maximum capacity predicted by (3.9) and (3.12). This capacity

gap can be approached through probabilistic symbol shaping and channel coding [154].

600 F T T —x - - T T T T T T .|
P \
\
500 \ J
\
\
\
“» 400 \ 1
j% \
=) '
23001 i 1
é \
3 ‘\
© 200 N 1
N
N
N
LN
100 [ ~ T
= = = Method 1 s ~
Method 2 S e

O 1 1 1 1 1 1 1 1 1
20 22 24 26 28 30 32 34 36 38 40

bias current, ipi.s (mA)

Figure 3.8: Simulation results of capacity with different bias current for Method 1 and
Method 2 using OF DM modulation scheme

Another important aspect to compare the results of the bias optimisation methods is to evaluate
the capacity per channel use which can estimate the spectral efficiency in bit/s/Hz. This result in
capacity per channel use is shown in Fig. 3.9. In terms of efficient use of the available bandwidth
at their respective optimum bias points, Method 1 is preferable with 30.6 bit/s/channel as against
27.5 bits/s/channel for Method 2. However, data transmission that uses Method 1 must be able
to cope with any distortions introduced by this method or high transmission error rate will

ensuc.
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Figure 3.9: Simulation results of capacity per channel use against bias current

3.4 Experimental study

In this section, the experimental validation of Method 2 is presented. This method is preferred
as it benefits more from the linear increase of modulation bandwidth as the DC bias is increased
and there is no nonlinear distortion to contend with. Furthermore, for illustration purpose and

simplicity, PAM-based VLC is implemented in the experiment.

3.4.1 Experiment Setup

A block diagram of the experimental setup is shown in Fig. 3.10. At the transmitter side,
uniformly distributed random integers are generated and mapped into 4-PAM symbols. After
up-sampling by oversampling factor of four, rectangular pulse shaping is applied to generate
pulse signal. This offline signal generation is done in MATLAB. The pattern is then uploaded to
an arbitrary waveform generator (AWG: Keysight 33622A) to generate the modulating signal.
The sampling rate in the range of 40 MSa/s to 200 MSa/s are used in performance evaluation.
The output of the AWG and the DC bias current from a DC power supply are combined using
a bias-tee (Bias-Tee: Mini-Circuits ZFBT-4R2GW+). The output signal from the bias-tee is
connected to the LED (VLMB1500-GS08). Since the half-power semi-angle of the LED is wide
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Figure 3.10: The block diagram of the experimental setup

(i.e. about 65° [153]), aspheric condenser lenses (Thorlabs ACL4532) are used to collimate the

output light from the transmitter and focus it into the detection area of the photodetector.

At a receiver side with a link distance of 0.5 m, a photodetector (PD: ThorLabs PDA10A) is
used to detect the intensity modulated signal. The receiver has a -3 dB bandwidth of 150 MHz
and a built-in TIA with a gain of 5 V/mA. The received electrical signal is captured by an
oscilloscope (OSC: Keysight MSO7104B) followed by offline processing in MATLAB. The
post-processing includes alignment of received signal to transmitted, normalisation of the am-
plitude level, and matched filtering. For performance evaluation, the root-mean-square (RMS)

error vector magnitude (EVM) is measured for different sampling rates of transmission.

3.4.2 Results and Discussions

Having determined the dynamic range of the LED as shown in Fig. 3.4 and Fig. 3.5, to validate
the optimum biasing point which provides maximum capacity, five different biasing points are
considered in a transmission experiment. These biasing points are all within the dynamic range
of the LED. For each of these biasing points, the modulating PAM signal is scaled to fit the lin-
ear operating region of the LED. This is achieved by adjusting the peak-to-peak voltage (V pp)
output of the AWG. These values are, Vpp = [540, 360,240, 120,40] mV at bias currents,
ibias = 20,25, 30, 35, 38] mA, respectively.

To investigate the achievable transmission rate, the EVM metric at different sampling rates
of the AWG are measured for all biasing points. The result is depicted in Fig. 3.11. It can

be seen that the EVM increases as the transmission rate increases. Most importantly, the EVM
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performance gets better when biasing current is increased from 20 mA to 30 mA and gets worse
at higher biasing currents. The prediction that bandwidth will increase as bias current increases

until it reaches a point of saturation is supported by this observation.

35 T T T T T T T T T
30 n
—~ 255 4
=
=
>
M 20 .
—8—20 mA
15* —9—25mAA
30 mA
—4+—35 mA
—#— 38 mA
10 1 1 1 1 1 1 1 1 1

40 60 80 100 120 140 160 180 200
sRate (MSa/s)

Figure 3.11: Performance of the link in terms of EVM for different sampling rates

The performance is further demonstrated in Fig. 3.12 by plotting the maximum attainable sam-
pling rates at two EVM values against the bias current. In choosing these reference EVM
values, the BER required to achieve the 7% hard decision forward error correction (HD-FEC)
threshold of BER < 3.8 x 1073 is considered which can be achieved with 25% EVM or lower.
The equivalent EVM is obtained by applying EVM = 1/ V/SNR and the theoretical 4-PAM
BER expression [155]:

BER ~ i (3@ (MESNR> +2Q (3,/§SNR>) : (3.14)

where )(-) is the Gaussian Q-function. The result shows that a maximum sampling rate of
190 MSa/s, equivalent to 95 Mbit/s, is attained at 30 mA, considering a 25% EVM. This is
an increase from 140 MSa/s (equivalent to 70 Mbit/s) when the LED is biased at 20 mA, in
the middle of its dynamic range. Above the 30 mA bias current, the transmission rate drops.

Similar trend is obtained at a lower EVM value of 20%.
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Figure 3.12: Achieved sampling rates using 25% and 20% reference EVM at different bias

current

The bit rate per channel use (spectral efficiency in bit/s/Hz) is also shown in Fig. 3.13. This
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Figure 3.13: Achieved bit rate per channel use considering 25% and 20% reference EVM at

different bias current
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is obtained by evaluating the ratio between the achievable data rate at the bias current to the
LED’s modulation bandwidth at the same bias current. At the 25% reference EVM for the 4-
PAM, 30 mA biasing provides 4.7 bit/s/channel use, higher than at other bias points. Overall,
from Fig. 3.12 and Fig. 3.13, it can be seen that the optimum bias point is not in the middle of
the dynamic range but at 31 mA. This agrees quite closely with the 33.7 mA obtained from
the simulation. This validates the simulation result of Method 2 bias optimisation discussed in
the previous subsection. Thus, by using the optimum DC biasing and keeping the modulating
signal power within the LED’s dynamic range, transmission with higher rate is attained and

consequently the link capacity is enhanced.

3.5 Summary

In this chapter, it has been shown that the modulation bandwidth of an LED increases as the
DC bias increases from the midpoint of its linear region. The effect of this on the SNR has been
examined, and two techniques for choosing the optimal DC bias point that maximises the link
capacity, which is a measure of the amount of data that can be transmitted over a VLC channel,

have been presented.

The first approach involves allowing the input signal swing to enter the saturation region of the
LED as the bias point is increased. However, this results in nonlinear distortion that decreases
the SNR. The second method involves constraining the input signal to the LED’s dynamic
range, which is the range of input values over which the device operates linearly, without any
nonlinear distortion. Simulation results of the attainable capacity using these two methods have
been presented, and it has been found that the optimal bias point does not lie at the middle of

the dynamic range.

The simulation finding has been further validated through a PAM-based VLC experiment. The
experimental results show that by increasing the bias current from the midpoint of the linear
region (20 mA) to the optimal bias current (30 mA), the transmission rate can be increased by
about 36%. Optimising the DC bias is also a valid approach to enhance the performance of
an optical OFDM system, which can be combined with adaptive bit-power loading to increase
the system’s capacity. In such systems, the amount of information bit/symbol depends on the
pre-estimated channel response in individual subcarriers, such as the channel gain and SNR.

When the bias current is increased, the modulation bandwidth and channel gain also increase,
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allowing more subcarriers to carry information bits. Consequently, the aggregate achievable
information rate also increases. These optimisation approaches can also be combined with
other techniques, such as pre/post equalisation and precoding/pre-distortion, to achieve even

greater gains.

Overall, the modulation bandwidth of an LED is strongly influenced by the DC bias and choos-
ing the optimal bias point can significantly increase the link capacity in a VLC system. By
considering both the impact on the SNR, modulation bandwidth and the LED’s dynamic range,
it is possible to identify the optimal bias point and improve the performance of the system.
These optimisation techniques can be used in combination with other approaches to further

enhance the VLC system capabilities.
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Chapter 4

Visible Light Communication Using
Probabilistic Shaping

4.1 Introduction

The modulation bandwidth of LEDs can often be a limiting factor in achieving a high-speed
VLC system. One way to overcome this limitation is to use OFDM in conjunction with adap-
tive information and power loading. This will allow modulation of the signal beyond the —3 dB
bandwidth of the LED. In this system, the available SNR of each subcarrier in all frequency
ranges is estimated, and information bits are allocated accordingly. This allows for the trans-
mission of data at much higher rates, making LED-based communication systems more suitable

for high-speed applications [40,41, 59].

The adaptive bit-power loading approach, however, has a limitation in that it only allows for
discrete integer-level bits per symbol to be allocated to each subcarrier. This does not provide
the optimal fit for the VLC channel frequency response, leading to a capacity gap compared to
the channel capacity limit formulated by Shannon [11]. To close this gap, the amount of infor-
mation loaded should be continuously adjusted to each subcarrier based on the pre-estimated
SNR. This can be achieved using PS-based optical OFDM, where different probabilistic distri-
butions are applied to individual subcarriers based on the pre-estimated SNR. This continuous
entropy loading allows for efficient use of the available bandwidth well beyond the bandwidth
of LED.

In addition to improving the use of the limited modulation bandwidth of a VLC channel, PS
reduces the amount of symbol energy required in transmission. This is because PS provides a
Gaussian-like distribution over the signal constellation. Therefore, low-energy symbols, which
have a lower standard deviation in the Gaussian-like distribution, are transmitted more fre-
quently than high-energy symbols. This reduction in average symbol energy at a specific error
rate, compared to a uniform distribution, is known as shaping gain [106]. The resulting shap-

ing gain can be used to increase the SNR, which results in increased noise resilience and a
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higher achievable information rate. This makes PS a valuable technique for improving the

performance of VLC systems, particularly in high-speed applications.

In this chapter, the basic principle of PS including the generation of Gaussian-like distribution
and its implementations are discussed. The performance metrics of PS in terms of symbol-wise
and bit-wise information rates are formulated. In literature, the error performance of proba-
bilistically shaped QAM symbols has not been studied. To address this gap, the symbol error
rate (SER) of PS-based uncoded QAM with modulation order, M, (PS-M-QAM) under Gaus-
sian noise-limited condition is analysed, and analytical expressions are provided. The analysis
is based on an optimum maximum a-posteriori (MAP) detector derived for the probabilistic
shaping scheme. The results are compared with the conventional uniformly distributed un-
coded QAM symbols. The PS approach is also extended to Rayleigh and log-normal fading
channel conditions and expressions to estimate the PS performance in the presence of fading
are derived. The presented analysis is based on symbol error rate and therefore agnostic of
the choice of bits-to-symbol distribution matcher. As a proof-of-concept implementation, PS
is applied in conjunction with OFDM modulation to load information bits continuously and
adaptively fit the channel response. PS provides efficient use of the available modulation band-
width and transmission rates close to the channel capacity limits are demonstrated. In the first
experimental demonstration, a single low-power LED is used to achieve beyond 1 Gbps. In
the second experimental demonstration, a WDM-based VLC which used three (red, green, and

blue) off-the-shelf LEDs is employed to realise nearly 11 Gbps transmission.

The chapter is arranged in the following way. Section 4.2 covers the principle of probabilistic
shaping, which involves generating a Gaussian-like distribution of signal. The error perfor-
mance of probabilistic shaping is analysed in both AWGN in Section 4.3 and fading channels,
including log-normal fading and Rayleigh fading channels, in Section 4.4. The performance
metrics of PS in terms of the symbol-wise and bit-wise achievable information rates are dis-
cussed in Section 4.5. Following these, the principle of entropy loading using PS for optical
OFDM is presented in Section 4.6. These metrics will be used to measure the performance
of experimental demonstrations of probabilistic shaping in single LED-based and WDM-based
high-speed VLC systems presented in Section 4.7. Finally, Section 4.8 provides concluding

remarks of the chapter.
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4.2 The Principle of Probabilistic Shaping

According to Shannon’s theory in [11], the information rate of an AWGN channel, which is a
type of communication channel characterised by the presence of Gaussian noise, is limited by
a theoretical upper bound given by (2.11). This upper bound can be achieved when the channel
is fed by a transmitter source with a Gaussian distribution. In other words, if the input symbols
at the transmitter are chosen from a Gaussian distribution, it is possible to achieve the highest
possible information rate in the AWGN channel, given a certain power constraint. Probabilistic
shaping is a technique that involves using a probability distribution, in this case, a Gaussian
distribution. Input symbols are selected from the Gaussian distribution in order to maximise
the information rate and approach the theoretical upper bound of the channel capacity. A Gaus-
sian distribution, however, is characterised by continuous symbols with infinite amplitudes. In
practical communication aspects, this leads to a high peak-to-average power ratio (PAPR) and
it is impossible to implement due to limitations in digital-to-analogue and analogue-to-digital
converters [104]. Therefore, symbols should be represented in a discrete and finite level of am-
plitudes to approximate the Gaussian distribution. The common distribution which gives such
a Gaussian-like distribution is the Maxwell-Boltzmann distribution [106]. It has been shown
that the Maxwell-Boltzmann distribution can maximise the entropy and the ultimate 1.53 dB

shaping gain can be achieved [106, 110, 118].

For probabilistic shaped M-PAM (PS-M-PAM), given M-PAM symbols which are chosen
independently from a set, z,,, = {2m —1— M}, m =1,2,--- , M, the PMF of a constellation
point z,,, can be generated from the Maxwell-Boltzmann distribution given in (2.21). This can

be rewritten as:

o 1 _)\|zm|2
PX (SUm) - ZM 176_/\‘33]_‘26 s (41)
j:

with A > 0, which is a rate parameter used to search for the optimum PMF depending on the
choice of entropy and average symbol energy. For A = 0, (4.1) reduces to the uniform distri-
bution with, Px = 1/M, and as X increases, the constellation distribution becomes Gaussian
with reduced variance. A graphical illustration of PS-8-PAM with different rate parameter, A
is shown in Fig. 4.1. As A reduces from 0.0902 in (a) to 0.0408 in (c), the probability of the
outer signal amplitude being generated increases. And when A = 0, the distribution becomes

uniform with a probability of 1/8.

A distribution matcher transforms uniformly distributed input information bits to Maxwell-
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Figure 4.1: Graphical illustration of PS-8-PAM using various parameters, \. When A = 0, the

distribution becomes uniform.

Boltzmann-distributed PAM output symbols. A CCDM, proposed in [115], provides a fixed
length and invertible encoders and decoders. For a given rate parameter and modulation order
M, the CCDM creates a distribution such that a symbol z,,, appears n,, times in each fixed

total length of CCDM blocks ng. Therefore, this will create a PMF, Px = [ﬂ .. ”—M} .

ng’ ? ng

The entropy of the system, which quantifies the unpredictability of information content, can be

determined from (4.1) as:

M
H =E[~log, (Px (tm))] = = Y Px (m)logs (Px (xm)), 4.2)

m=1

where E [-] denotes expectation operation. Meanwhile, the average symbol energy can be eval-

uated as:
M

av = Y |ml|* Px (2m). (4.3)

m=1

For unifrom distribution, the entropy in (4.2) reduces to:

M
1
Hy=> 7 1082 M = logy M, (4.4)

m=1
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and the average symbol energy in (4.3) to:

Mo
gav,u:ZM(2m—1—M)2:

m=1

(M?-1). 4.5)

Wl

Note that, the H in PS is less than uniform distribution for the same M. Also, as \ increases,
shaped symbols results in fractional numbers of bit/symbol such that 1 < Hs < logy M. The

fraction nature of entropy is important to realise adaptive and continuous entropy allocation.

The shaping gain, G which quantifies the reduction in average symbol energy in PS compared

to a uniform distribution symbol can be evaluated by:

G = Sav.u (4.6)

B fav, ps,

provided that the entropy of PS , H,s = H, = log, M. Therefore, one needs to numerically
determine A which satisfies the equal entropy and use this A to evaluate the average symbol
energy of PS symbols, {.y, ps. Since PS has lower H at the same modulation order, M, higher
orders, (i.e., 2M) should be used while it is M for uniform distribution. Figure 4.2 shows
the shaping gain for increasing entropy values relative to the ultimate shaping gain, 7e/6 ~
1.5329 dB. The gain increases with entropy until it approaches the ultimate gain asymptotically,
as shown in the inset figure. A key factor in the implementation of PS is finding the optimal
PMF. As can be seen from Fig. 4.2, larger shaping gain can be found at higher entropy values.
Therefore, to maximise the PS gain, a rate parameter which increases the entropy rate should be
used. For that, the channel SNR response must be known or estimated a priori. More discussion
will be made in Section 4.6 as part of the experimental study that demonstrates PS achieving

near channel capacity transmission rate.

The constellation of a square M-QAM can be considered as two orthogonal v/A —PAM con-
stellations. This means every QAM symbol can be considered as two consecutive PAM symbols
that represent real and imaginary parts of the QAM symbol. The PMF of an M-QAM constella-
tion is, therefore, the product of the respective constituent PAM probabilities, while the entropy
is twice the 1-dimensional entropy. Figure 4.3 shows graphical illustration of 64-QAM signal
with four different entropy scenarios generated using the one-dimensional 8-PAM signal PMF
shown in Fig. 4.1. In this work, most of the analyses are carried out with 2-dimensional QAM
signals. For ease of analysis and graphical representation, some analysis are implemented using

1-dimensional PAM signal and extended to QAM cases. In this case, it will be stated explicitly.

67



Visible Light Communication Using Probabilistic Shaping

1.55 |- ultimate shaping gain b
165829 -—————————==
1.5¢F 1
)
=
G 1.45¢F ]
=l 1.534
G 153298~ —— — — — — — — — — — 4
O 1.4 1.5321 117
o0
g
2 1.53
= 1.35 1
n ' 1.528 1
5 6 7 8 9 10
1.3+ 1
125 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10

Entropy, H (bit/symbol)

Figure 4.2: Shaping gain for different entropy values. The inset figure shows how the shaping

gain approaches the ultimate gain. Dashed black lines show the ultimate shaping gain.

0.05

Figure 4.3: Graphical illustration for probabilistic shaped 64-QAM with four different entropy
values showing (a) H = 4.5 bit/symbol, (b) H = 4.80 bit/symbol, (c) H = 5.40 bit/symbol,
(d) H = 6.00 bit/symbol (uniform distribution)
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4.3 Error Performance Analysis of PS in AWGN Channel

In this section, the theoretical error performance of PS is presented. The analysis is based on
symbol error rate and therefore agnostic of the choice of bits-to-symbol distribution matcher.
The SER of PS-based uncoded QAM with modulation order, M, (PS-M-QAM) under Gaussian
noise-limited condition is analysed, and analytical expressions are provided. The results are

compared with the conventional uniformly distributed uncoded QAM symbols.

The optimum detection scheme for PS is based on the MAP detector. This is because the detec-
tion needs to take the priori symbol distribution into account, unlike the maximum likelihood
detector that does not [156]. In the following, the analysis is based on a 1-dimensional PAM

signal and it is easily extended to a 2-dimensional QAM signal.

Consider an AWGN channel such that the received symbols over a symbol duration are defined
as Y = X + Z, where X is the transmitted input PAM symbols and Z is an independent
and identically distributed noise vector with Gaussian random variable N(u = 0,02). The
input symbols, X take values from {x,x2, - ,z,,} according to the priori PMF given by
(4.1). Given the the transmitted symbols X, the memoryless and two-dimensional circularly

symmetric channel conditional probability density is given by [156]:

1 Yy— 2
Py x (ylzm) = 2 €xp <—202m|) ) 4.7)
n

To;

where 02 = Ny /2 is the noise variance of the channel, and Ny denoting the single-sided noise
power spectral density. The posterior distribution, Px|y (7,|y) can be used to estimate the
unknown transmitted symbol given the channel conditional probability distribution in (4.7) and
the marginal received symbols distribution, Py (y). Based on the Baye’s theorem, this can be

expressed as follows [157]:

Px (zm
Py (aly) = AL Py o). @8

The marginal distribution, Py (y) is independent of the value transmitted and it is the same for

all symbols. Therefore, (4.8) can be further simplified to:
Pxy (Zmly) = Px (xm) Py x (Ylzm) - (4.9)
The MAP detector is thus based on maximising the argument of Py (z.,|y) in (4.9), which
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can be written as [156]:

i > arg max Py|y (wm|y) = arg max [Px (zm) Py|x (y|zm)] -

1<m<M

1<m<M

(4.10)

In the following, the optimum symbol, m is simplified substituting (4.1) and (4.7) in (4.10):

[ 1 1 _l—em?
m = arg max M—_we_k‘meiNe ’ No ] (4113)
1<m<M _ijl e~ AlT; 7Ny
(a) [ Azm? _ly—am|®
= arg max |e mle  No (4.11b)
1<m<M |
I _ly—eml?
@ arg max |In <e_)‘|m’"|2e s )] (4.11¢)
1<m<M |
r _ 2
= arg max | — A\ |zm|? — M} (4.11d)
1<m<M | No
c Y 1
(:)arg max —fO/\]me— ‘y—xm]ﬂ (4.11e)
1<m<M | 2 2
Y 1
= arg max —70)\ ]mm\2 —5 <|y|2 + |:vm|2 - nym)} (4.116)
1<m<M |
1
@ arg max |yry, — = (1 4+ NoA) |33m|2] . 4.11g)
1<m<M 2

In the above simplification, the following assumptions are carried out; (a): positive constants
does not change the value and hence are dropped, (b): In (-) is an increasing function, (c):
Np/2 is a positive number and multiplying by a positive number does not affect the result,
(d): |y|? is the same for all m and hence it is dropped. Note that for uniform distribution
in which, A = 0 and Px (z,,) = 1/M, reduces to the maximum likelihood detector with,
m = arg max Py|y (y|z,m) = arg max (—|y — #,|*) = arg min (Jy — ,,|). From (4.11g),
1<m<M 1<m<M 1<m<M
it is possible to determined the decision region, D,,, for all m and 1 < m’ < M where m’ # m

as:

1
D,, = {y ER:y(zm —xpy) > 5 (14 NoA) (]a:m]2 - \xm/\Z) } . (4.12)
Note that from (4.12), there are at most M — 1 threshold points, ¢, where Dy, = Dypyq1.

The symbol error probability of the detection scheme is determined by accumulating the prod-

uct of the priori distribution and the probability of error that occurs when the received symbol
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is not in the D,,, given x,, is transmitted. This can be written as:

M
Po=) px(zm) Y, / Py |x (Ylzm) dy (4.13)
m=1

1<m/<M
m'#m

4.3.1 Symbol Error Probability of PS-PAM

In this section, the error probability 4-PAM is derived. Using this as an example, a general SER
of M-PAM is derived which is then used to derive the SER of M-QAM.

The signalling diagram of 4-PAM with amplitude levels of x,,, = {£1, £3} \/ Es/&ay is shown
in Fig. 4.4. Here, LI is the symbol energy while &, is the average symbol energy.

Py Ps
p]_ p4
T T T
| I I
Dl - . ! D2 r' D3 - . ! = D A
_3|°s thy _IEs th, s th 3/°s
é:ﬁv é:av é:av é:av

Figure 4.4: PS-4-PAM with symmetrical PMF, decision boundaries and thresholds

For the 4-PAM scheme, the decision boundaries are determined using (4.12) as:

Dlz{yeR:y<—2(1+NoA),/£ES}, (4.14a)

_{yeR 2 (1+ No)) £ <y<0} (4.14b)
Ey
:{ye]R 0<y<2(1+NoA) g}’ (4.14¢)
E;
{ye]R y > 2(1+ NoA) = } (4.14d)
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Thus, the decision thresholds where D,,, = D, are:

| E
Tth, = —2 (1 + No)) g—s (4.15a)

Ting = 0, (4.15b)

| Es
Tthy = 2 (1 + NoA) 6 (4.15¢)

Generally, the threshold points of A/-PAM can be induced as:

Ten,, = (2m — M) (1 +N0/\)1/fs. (4.16)

Note that unlike the uniform distribution symbols, the MAP threshold points depend on the
noise level and the shaping rate parameter, A. This is further illustrated in Fig. 4.5 considering
anormalised third threshold point, Ty, = 7, /+/Es/Eav at different SNR per symbol ( Es/No)
conditions. For equiprobable symbols where A = 0, Ty, = 2. As ) increases, the threshold
point increases and moves to the outer constellation point. The increase is higher in noisy

channel (Es/Ny = 10 dB) compared to a channel with less noise (E5/Ny = 16 dB).

2.2 T T T T
10 dB ]
2.15 | ]
o !
91! 12 dB ]
\-E/ i
5 14 dB ]

= 905!

' 16 dB— |
2 i
0 0.2 0.4 0.6 0.8 1

A

Figure 4.5: The effect of rate parameter, A\ and SNR per symbol (Es/Ny) on the normalised
third decision point, Ty, of PS-4-PAM
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Taking advantage of the symmetry in amplitude and using (4.13), the error probability can

therefore be evaluated as:

[ee] E T‘thl ES
Ps_2p1/ (y!a:——fwg )dy+2p2/ p(ylx—— £> dy
Tthy av —00 av

(4.17a)
o0 E
+ 2p2/ p (ylx =— S) dy
Tthy Sav
Tthl -+ 3 gTi _Tthl — gTi Tthz + A/ {E‘Ti
=2p1Q — + 2p2Q — +2p2@ T
= = V¥
(4.17b)

=2mQ <(1 — 2Np)) \/ 52 ffo) +2p2@Q <( +2N0)\)1/§2 ﬁo) (4.17¢)
+ 2p2@Q (\/ ; ]€0>

Using the fact that po = ps, as shown in Fig. 4.4, and € £ 1/&av, (4.17c) can be further
simplified to:

—9 Z Pm@ ( (1+ (2m — 4) No)) %ffs) . (4.18)

0

This provides the error probability of PS-4-PAM as a function of rate parameter, and SNR.

From the decision boundary expressions in (4.14), (4.16), and the SER of 4-PAM in (4.18),
regular patterns can be drawn for general M-PAM signal. This general form of symbol error

performance of PS-M-PAM is given as:

E;
=2 Z Pm@ ( (1+ (2m — M) NoX) 4 /2€NO> . (4.19)

Note that for equiprobable symbols, A = 0 and p,, = 1/M for all m and (4.19) reduces to the

error probability of a conventional uniform M-PAM.

To illustrate the impact of A on SER given in (4.19), the SER of PS-16-PAM is shown in
Fig. 4.6 for different A values. The PS-16-PAM symbols are generated with entropy rates,
H ={3,3.2, 3.6, 3.92} bit/symbol using A = {0.0331, 0.0250, 0.0132, 0.0047}. The SER of
uniform 16-PAM (H = 4 bit/symbol) is also shown for comparison. The result shows that PS

achieves better energy efficiency and the gain increases as the A increases. However, it comes
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at the cost of reduced net information rate: as A increases, H decreases. Thus, to maximise the
PS gain with optimum entropy level, the knowledge of the channel SNR response of the system
is required, from which optimum PMF and thus the entropy is determined by the choice of
optimum A. This optimisation process is realised by minimising the gap between the entropy of
symbols to the pre-estimated channel capacity. This will be discussed further in an experimental

study that demonstrates how PS achieves near channel capacity transmission in Section 4.6.
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Figure 4.6: Error performance of PS-16-PAM at different entropy levels and uniform 16-PAM

To evaluate the PS error performance independent of a choice of rate parameter, comparison at
equal net entropy rates is crucial. Therefore, the SER performance at equal net entropy rates, by
using PS-M-PAM symbols against uniform symbols of lower order, is carried out and shown in
Fig. 4.7. The results are also validated with Monte Carlo simulations. Here, H = 2 bit/symbol
(PS-8-PAM and uniform 4-PAM), H = 3 bit/symbol (PS-16-PAM and uniform 8-PAM), and
H = 4 bit/symbol (PS-32-PAM and uniform 16-PAM) are considered. In all cases, PS has
better SER performance than the uniform signal with 1.13 dB, 1.37 dB, 1.43 dB SNR gains at
SER = 1073 for H = {2, 3, 4} bit/symbol, respectively. This validates that the SNR gain is not
necessarily associated with the entropy reduction. In fact, at equal entropy rates, PS approaches
the ultimate 1.53 dB shaping gain. Higher SNR gain can be obtained by using PS-QAM which

uses two orthogonal PS-PAM constellations. This will be discussed in the following subsection.
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Figure 4.7: Error performance of PS and uniformly distributed PAM for different modulation

orders at equal net entropy rates under AWGN channel condition

4.3.2 Symbol Error Probability of PS-QAM

The error probability of M-QAM can be determined from the error probability of v M-PAM
with half the total energy as [156]:

2

Es/2

Using (4.20) and the half energy form SER of PS-M-PAM given by (4.19), the SER of PS-M -
QAM is obtained as:

vVM-1 E vVM-1 i
P,=4 me QmiS —4 me QmiS , (4.21)
m=1 NO m=1 NO
where,
2
0, = (1 + <2m — \/M) No/\) c. (4.22)
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For PS-4-QAM, all constellation points are in an equal constellation ring with same probabili-

ties. Hence, A = 0, ¢ = 1, and €2,,, = 1. Consequently, (4.21) reduces to:

E; E;
P, = 2@( NO) - Q? ( NO) : (4.23)

which is the same as the symbol error probability of uniformly distributed 4-QAM.

The SER of PS-QAM given by (4.21) corroborated with Monte Carlo simulation is shown in
Fig. 4.8. For comparison, the SER of the conventional uniformly distributed QAM is also in-
cluded. In this illustration, PS-M-QAM symbols with M = {16, 64, 256} are generated with
entropy, H = {3.6, 5.4, 7.2} bit/symbol using rate parameter, A\ = {0.1353, 0.0408, 0.0119},
respectively. The entropy of PS-M-QAM is thus set to be 0.9 x logy M of the uniform coun-
terparts. The performance improvement from PS over the uniformly distributed symbols is

evident from the result. For all modulation orders shown and ranges of SNR, the PS outper-
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Figure 4.8: Error performance of PS and uniformly distributed QAM for different modulation

orders under AWGN channel condition

forms uniform distribution. For instance, at SER = 1073, about 2.12 dB, 2.89 dB, 3.45 dB
SNR improvement is obtained from PS-16-QAM, PS-64-QAM, and PS-256-QAM over the

corresponding uniform QAM symbols, respectively.
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The SER performance comparison is also repeated at equal net entropy rates by using PS-
M-QAM symbols against uniform symbols of lower order (///4-QAM) and the result is pre-
sented in Fig. 4.9. Entropy rates, H = 4 bit/symbol (PS-64-QAM and uniform 16-QAM),
H =6 bit/symbol (PS-256-QAM and uniform 64-QAM), and H = 8 bit/symbol (PS-1024-QAM
and uniform 256-QAM) are considered. In all cases, PS has better SER performance than the
uniform signal with SNR gains of 1.16 dB, 1.41 dB, and 1.52 dB for H = {4, 6, 8} bit/symbol,
respectively, at SER = 1073, These shaping gains are higher than PS-PAM and achieve the

ultimate shaping gain.
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Figure 4.9: Error performance of PS and uniformly distributed QAM at the same net entropy

values

4.4 Error Performance in Fading Channels

2, where

In a fading wireless channel, the received instantaneous signal power is scaled by |h
the channel coefficient, / is a random variable. Thus, the instantaneous SNR per symbol is
defined as v = |h|? Es/Ny, and the average SNR per symbol becomes 5 = WES /Ny. Due to
the impact of fading on the received signal amplitude, the decision threshold of M-PAM given
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in (4.16) for noise-limited condition will now change to the generalised form given by:

1 [E,
ren,. = (2m — M) (!h\Q + No/\) =2 /5—. (4.24)

The effect of h and A on the normalised third decision threshold point, 7;,, is demonstrated in

Fig. 4.10. For this instance, SNR = 10 dB is considered. For equiprobable case (A = 0), and

3
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Figure 4.10: The effect of rate parameter, \ and SNR per symbol, E5/Ny on the normalised
third decision point, Ty, of PS-4-PAM

strong attenuation (b = 0.5), the threshold is 7, = 1 as against Ty, = 2 with h = 1. This
figure shows that the threshold is no longer fixed but varies with A for any given A and Np. In

noise-limited case, this depends on the SNR and A as it was shown in Fig. 4.5.

The average symbol error probability in the a fading channel then becomes [158]:

Ps\Fading = /0 Py (’7) Py (7) dv, (4.25)

where p. (7y) is a probability density function (PDF) of the instantaneous SNR which depends
on the nature of the fading channel. P; () is evaluated by the SER expression defined in (4.13)
and takes into account the impact of fading on decision thresholds given by (4.24). However,

this leads to an expression which is not tractable. Therefore, in the following subsections, a
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sub-optimum tractable SER of Rayleigh and log-normal fading channel conditions with the
decision threshold based on (4.16) is presented. It should be noted that the analysis can be

easily extended to other fading models.

4.4.1 Log-normal Fading Channel

The average symbol error probability in the presence of log-normal fading can be evaluated

using (4.25) and its irradiance PDF, p,, () = py (), given by [159]:

1 1 In (I/Io) — p)?
pr (1) =  exp —(n”OZ 2 ) (4.26)
\/2mo7
where ¢ = —0?/2 and o are the mean and standard deviation of In (1), respectively. From

(4.21) and (4.26), the SER of PS-M-QAM in log-normal fading channel can be evaluated, using

a Gauss-Hermite quadrature integration [160, equation 25.4.46], as:

4N VM-1 4 N VM-1
Ps ~ ﬁ;wn — me (Fn Qmﬁ) - ﬁnzlwn mzl me <Fn V Qmﬁ)

(4.27)

I, = Ipexp <1/m/20% — O'?/Q) ) (4.28)

Here, {v,,} and {w,,} denote the zeros and weights of the N'*"-order Hermite polynomial with

where,

n = 1,2,---, N, respectively. The accuracy of (4.27) depends on the order of the Hermite

polynomial.

The SER performance comparison between PS-QAM in log-normal turbulence channel (ex-
pression (4.27)), validated with Monte Carlo simulation, and the corresponding uniformly dis-
tributed symbols is shown in Fig. 4.11. For this figure, the turbulence strength, a% = 0.1 and
Hermite polynomial order, N = 20, which gives effective approximation to a numerical in-
tegration, are considered. Using similar input rates as in the AWGN case, the PS-M-QAM
symbols with entropy, H = {3.6, 5.4, 7.2} bit/symbol are generated for M = {16, 64, 256}
respectively. The result demonstrates performance improvement from PS compared to the uni-
form distribution. At SER = 1073, for instance, PS-16-QAM, PS-64-QAM, and PS-256-QAM
yield SNR gains of about 2.02 dB, 2.83 dB, 3.40 dB compared to the uniformly distributed
QAM symbols, respectively. At the same SER and o7 = 0.1, the fading penalty is about 4.5 dB
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for both schemes. These results reveal that PS can efficiently improve system performance in a

log-normal fading channel as well.

1071}

1072 ¢

SER

—6— PS-16-QAM (Theory)
%  PS-16-QAM (Simulation)
—-=@-- Uniform 16-QAM
—&— PS-64-QAM (Theory)
+  PS-64-QAM (Simulation)

1073 ¢

1074 L | --—=-- Uniform 64-QAM b
F | —p— PS-256-QAM (Theory) \
x  PS-256-QAM (Simulation) \D
—-—p>-— Uniform 256-QAM \
\
1079 1 1 1 \ :,
0 5 10 15 20 25 30 35 40

SNR (dB)

Figure 4.11: Error performance of PS and uniformly distributed QAM for different modulation

orders in log-normal fading channel with 0’% =0.1

4.4.2 Rayleigh Fading Channel

The PDF of the instantaneous SNR for the Rayleigh fading channel is given by [158]:

1
py () = = exp <—z> ) (4.29)

Using (4.21) and (4.29) in (4.25), the symbol error probability of PS-M-QAM in Rayleigh

fading channel is estimated as:

~ & QY N 2 Qw7 4 2+ QY
PS =~ 2 Z Pm 1 — | — pm 1 — P — — tan -
2+ Q75 2+Qpy \ 7 Oy

m=1
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Figure 4.12 shows the SER PS-QAM evaluated by (4.30) and its Monte Carlo simulation vali-
dation. To illustrate, the PS-M-QAM symbols with M = {16, 64, 256} and entropy, H = {3.6,
5.4, 7.2} bit/symbol are generated, respectively, similar to the AWGN cases. The theoretical
uniformly distributed QAM performance under the Rayleigh fading condition is also plotted
for comparison. The result demonstrates performance improvement from PS compared to the

uniform distribution. At a particular SER of 1073 , for instance, PS-16-QAM, PS-64-QAM,

x1073

100 N 3

1071 ¢

1072 ¢

SER

10-3 —6— PS-16-QAM (Theory)
F %  PS-16-QAM (Simulation)
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Figure 4.12: Error performance of M -QAM for different modulation orders in Rayleigh fading
channel. The inset shows the SER above 35 dB SNR.

and PS-256-QAM yield SNR gain of about 1.63 dB, 2.59 dB, and 3.27 dB compared to the re-
spective uniform QAM symbols. While at the same SER, the fading penalty is about 21 dB for
both schemes. These results demonstrate that PS can effectively improve system performance

in a Rayleigh fading wireless channel.

4.5 Achievable Information Rates of PS

In the following, the achievable information rate is presented as a performance metric of prob-
abilistic shaping. The focus will be on both symbol-wise and bit-wise decoding achievable

information rates.
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Figure 4.13: Block diagram of a transmitter with probabilistic shaping, and symbol-wise mu-
tual information (MI) and bit-wise demapper generalised mutual information (GMI) rates un-

der a given channel

Consider transmitted input symbols X and the corresponding output symbols Y under a mem-
oryless channel, as shown in Fig. 4.13. The symbol-wise input X is consists of complex M-
QAM symbols with unit energy, i.e. E [|X|?] = 1. The modulation order denoted by M takes
on 2™ symbols, where m is number of bits per symbol. Only the case where m is even con-
sidered. Thus, M-QAM has a square constellation and can be decomposed into its constituent

one-dimensional v M -PAM constellation.

4.5.1 Mutual Information

Mutual information measures the amount of information that can be obtained from output ran-
dom variable Y after observing the transmitted input symbols X. It is determined by the en-

tropy of the received symbol, H (Y") and the conditional entropy H (Y| X') and defined as [161]:

I(X;Y)=H(Y)-H(Y|X)=E [1og2 PY'XW] .

4.31
Py (y) @30

Here, Py |x (y|x) is the channel conditional probability density function, and Py (y) is the
marginal distribution of Y. Given the the transmitted symbols X, the memoryless and two-
dimensional circularly symmetric channel conditional probability density is given by (4.7).
Meanwhile, the marginal distribution of Y can be found using the marginal distribution of X

denoted as Px (z) and Py|x as:

Py(y)= > Pyx(yle)Px(2). (4.32)
zeX, yey
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To evaluate the mutual information using (4.31), a Monte Carlo simulations of IV input-output
pairs (z, yx) of the channel can be used as an estimation. This gives achievable information

rate in bit per symbol, Rgyyr as a lower bound to the mutual information I (X;Y"). That is:

Py x (yr|or)

4.33
Py (y) *33)

1 N
k=1

In Fig. 4.14, the simulation result of mutual information in bit per symbol evaluated using (4.33)
is showed. For probabilistic shaped symbols, the entropy used in the simulation for 16-QAM,
64-QAM, and 256-QAM is 3.8, 5.7, and 7.6 bit/symbol, respectively. The Shannon’s capacity

limit in bit/symbol is also shown as a reference. As the SNR increases, the mutual information

10 T T T T
——PS \)&\X\) R
— = =Uniform c}d P

Mutual Information (bit/symbol)

SNR (dB)

Figure 4.14: Mutual information with SNR per symbol, defined as a ratio of signal energy to
noise power spectral density, for uniformly distributed and probabilistic shaped 16-QAM, 64-
QAM, and 256-QAM. The Shannon’s capacity limit is shown as a reference.

of 16-QAM, 64-QAM, and 256-QAM, for both uniformly distributed and probabilistic shaped,
saturate to 4, 6, and 8 bit/symbol, respectively. The gain in probabilistic shaping in each of these
modulation orders can be seen in the regions where the SNR is lower than the SNR threshold

where the mutual information starts to saturate. That is, in the low SNR regime, the mutual
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information of a probabilistic shaped symbols approaches the Shannon capacity limit. This can
be seen in the the inset figure in Fig. 4.14. It shows that at 7 bit/symbol mutual information,
0.83 dB can be gained from probabilistic shaping over the uniformly distributed symbols while

the gap to the Shannon’s limit with the probabilistically shaped symbols is only about 0.72 dB.

4.5.2 Generalised Mutual Information

Mutual information is an important metric if the receiver and its decoders are not considered.
Therefore, it generally provides the upper bound of an achievable information rate for a given
input and a memoryless channel. However, a practical system will have a bit-wise demap-
per and binary decoder, as shown in Fig. 4.13. The symbol-wise shaped input X consists of
m bit levels which can be represented by logical entities B = By, --- , B,, and the decoder
operates on bit-wise metrics. The effective performance metrics to accurately represent the
achievable information rate of such a system with ideal binary soft-decision forward error cor-

rection (SD-FEC) decoding is the generalised mutual information (GMI) [162-164].

For a memoryless AWGN channel with independent and identically distributed discrete input,
X = (1,22, -+ ,xn) and the corresponding output, Y = (y1,¥2, - ,yn), the GMI can be
calculated through the use of Monte Carlo simulation. This involves generating a large number
of random samples from the joint distribution of the variables in question. By averaging the
mutual information calculated from each of these samples, it is possible to estimate the GMI

with a high degree of accuracy as [111]:

N

N m
1 bn,i .
GMI ~ >~ ~log, P (z) Z §_ log, (1 +elD A) : (4.34)

n=1

The first term in (4.34) is the entropy of the constellation. The second term calculates the impact
of channel noise from measured channel statistics and the probabilistic distributions. Moreover,
bn,i € {0,1} is the ith bit of the n'" transmit symbol, and the soft bit-wise demapper output,
A, ; are the log-likelihood ratio (LLR) computed with 2D Gaussian auxiliary channel as [111]:
_lve—a|?
Seexie ¥ Px ()

_lyg=af?

ZIEXZ e 203 PX (x)

Ay = log

, (4.35)

where x| and x} denote the set of constellation points whose ith bit is 1 or 0, respectively. o2
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is the noise variance of the AWGN channel.

For an optical OFDM-based VLC, the GMI is measured from each data subcarriers. Once the
GMI of each subcarrier is evaluated from the measured channel statistics and the distributions

of the received symbols using (4.34), the overall data rate of the VLC system is obtained as:
NrET _ 4
2k GMIg

Ry, = % Ry, 436
b Nrrr + Ncp ° (4-36)

where R is the symbol rate, and N¢p is the cyclic prefix size. Note that the data rate in (4.36)

is an aggregate data rate before removing the FEC OH and an ideal FEC is assumed.

4.5.3 Normalised Generalised Mutual Information

GMI measures the number of information bits per symbol of a system with modulation order
M that can be reliably transmitted through a channel. GMI can be normalised by the M, and a
metric which quantifies the number of information bits per transmit bit, called the normalised
generalised mutual information (NGMI) can be derived. Like GMI, NGMI is regarded as a re-
liable SD-FEC threshold for uniform as well as probabilistically shaped symbols [163]. NGMI
is given by:

H — GMI

NGMI =1 — —+—— 4.37
g A (4.37)

with 0 < NGMI < 1, and H representing the source entropy as in (4.2). For uniform M-QAM,
H = log, M, and thus, (4.37) reduces to NGMI = GMI/ log, M. Note that, similar to NGMI,
the forward error correction (FEC) code rate R. quantifies the number of information bits per
transmit bit [163]. Therefore, for a system with an ideal binary FEC, error-free decoding is
possible if NGMI = R, while in a practical system NGMI = R. 4 § with § > 0. The required
amount of ideal FEC overhead (OH) to achieve error-free post-FEC can also be inferred from

the NGMI using [119]:
1 —-NGMI

OH = NGMI (4.38)

For example, if the NGMI of a system is 0.8, it can be inferred from the NGMI value that
an ideal FEC with R, = 0.8 and 25% FEC OH will be able to produce error-free post-FEC

transmission.
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4.6 Optical OFDM with PS

Various forms of OFDM modulation schemes have been proposed for VLC [84]. These mod-
ulation techniques should satisfy the requirement of intensity modulation (IM) to generate real
and unipolar LED modulating signals. A DCO-OFDM is one of the most widely used spec-
trally efficient optical OFDM modulation schemes [90, 96]. In DCO-OFDM, a direct cur-
rent bias is added to generate a unipolar signal. Furthermore, to realise real-valued OFDM
waveform, Hermitian symmetry is imposed on the subcarriers of the OFDM frames such that
X [k] = X* [Nppr — k] and X [0] = X [Nppr/2] = 0 where Nppt is the number of subcar-

riers, and k is the subcarrier index as formulated in (2.9).

The response of a VLC channel is frequency-selective due to the limited modulation bandwidth
of LEDs, and the channel itself [64]. Consequently, different subcarriers have different SNR
values. Applying a fixed-rate OFDM, by allocating QAM signal with a fixed modulation order,
to all subcarriers leads to underestimating the channel capacity [41]. Alternatively, the entropy
of the system should be allocated adaptively for each subcarrier to maximise the AIR. This
is attained by estimating the available SNR of each subcarrier, SNRy, before the actual data

transmission.

In the conventional bit-power loading scheme, the estimated SNRy is used to adaptively as-
sign the subcarriers with different QAM formats. It allows for higher modulation orders to be
used in the subcarriers with higher estimated SNR. This is achieved while ensuring the target
probability of error, PbT . In this work, the HD-FEC threshold of 3.8 x 10~3 which imposes
7% coding overhead is assumed. The bit-power loading which is based on the Levin-Campello
algorithm [165]. The algorithm uses a modified form of the water-filling algorithm to optimise
the bit and power distribution across the bits in a way that maximises the overall SNR of the
system. The basic idea is to assign more information bits to subcarriers with higher SNR pro-
vided that the BER is less than the target BER. This involves the following optimisation on
each OFDM subcarrier:

maximise my = logy My (4.39a)
subject to BER (M, SNRy) < PE (4.39b)
NF2FT 1
> V= Nue. (4.39¢)
k=1
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Here, m;, is the number of bit/symbol per subcarrier, N, is the number of active data subcar-
riers with my, > 2 bit/symbol, V,f is the power loading factor, and BER (M}, SNRy) given by
(4.40) [166], is the theoretical BER of M}-QAM for subcarrier k£ with SNR.

2
4 1 3SNRy

The constraint in the adaptive bit-power loading technique is that it applies discrete integer-
level bit allocation onto each subcarrier which is not a perfect fit for the channel frequency
response. However, PS-based entropy loading can provide a better fit to the channel response
and thus approach the channel capacity limit [167]. For PS-based optical OFDM scheme, dif-
ferent probabilistic constellation distributions with a fixed modulation order, M -QAM symbols

are applied to individual subcarriers based on the pre-estimated SNR.

The PS-M-QAM constellation points are taken from x = {x1, za, ---, xps} with PMF
Px (z;), in which its 1-dimensional PMF is chosen from the Maxwell-Boltzmann distribution
shown in (4.1). To achieve a transmission rate close to the channel capacity in a subcarrier, Cy,
the entropy of PS-AM-QAM at subcarrier k, Hj should approach C. This involves adjusting

Px using an optimum rate parameter, A which can be expressed as follows:

My,

minimise |~ Y Px (2;)logy Px (z;) — C (4.41a)
e

subject to  Cj = logy (1 + SNRy) . (4.41b)

The following experimental demonstration will employ these two entropy loading optimisation

processes and subsequently, performance comparisons will be made.
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4.7 Experimental Demonstration of PS in VLC

In this section, the performance of experimental demonstrations of probabilistic shaping in

single LED-based and WDM-based high-speed VLC systems is presented.

4.7.1 Single LED High-speed VLC with PS

This section details the experimental setup and results that demonstrate the performance com-

parison of adaptive bit-power loading and PS using a single low-power LED.

4.7.1.1 Experimental Setup

The block diagram in Fig. 4.15 lays out the signal generation and detection process for the

DCO-OFDM VLC system. In the transmitter DSP , a stream of binary input is generated and

Binary Output
QAM Demapping

Binary Input Parallel to Serial

QAM Mapping Equalisation
Serial to Parallel Channel Estimation

Hermitian Symmetry

—

IFFT CP Removal

Adding CP Serial to Parallel

Parallel to Serial Matched Filter

Tx. DSP

Pulse Shaping Synchronisation

(o (e (. .) asC

Figure 4.15: Experimental setup with transmitter and receiver side offline DSP steps

Rx. DSP

then mapped into M -QAM symbols. In the bit-power loading scheme, different QAM formats
are applied, while for OFDM with the PS technique, a fixed M-QAM with different probabilis-
tic constellation distributions is employed based on the pre-estimated SNR. After applying the
Hermitian symmetry, each symbol is loaded onto the orthogonal subcarriers by employing an
IFFT. The OFDM frame size is set to Ngpr = 1024 subcarriers. Cyclic prefixes (CPs) are in-
serted at the start of each OFDM frame. A value of Ncp = 5 is found to be sufficient for the ISI
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to be removed [38,40]. The symbols can then be multiplexed into serial time-domain output.
A root-raised cosine (RRC) pulse shaping filter is employed to utilise the limited bandwidth of
the optical link effectively [168]. The waveform pattern is then uploaded to an arbitrary wave-
form generator (AWG: Keysight 81180A) to generate the electrical modulating signal. The
sampling rate of the AWG is set to 2 GSa/s. The output of the AWG is superimposed on the
DC bias current via a bias-tee (Bias-Tee: Mini-Circuits ZFBT-4R2GW+). The output signal
from the bias-tee is connected to the LED (VLMB1500-GS08). Since the half-power semi-
angle of the LED is wide (1.e. about 65°), aspheric condenser lenses (Thorlabs ACL4532) are
used to collimate the output light from the transmitter and focus it into the detection area of the

photodetector.

At a receiver side with a link distance of 1 m, a photodetector (PD: ThorLabs PDA10A) is used
to detect the intensity modulated signal. The receiver has a —3 dB bandwidth of 150 MHz and a
built-in TIA with a gain of 5 V/mA. The received electrical signal is captured by an oscilloscope
(OSC: Keysight MSO7104B) followed by processing in MATLAB. The received waveform
from the oscilloscope is synchronised and then matched filter is applied. This is followed by
removal of CP, and FFT operation. This provides the received QAM signal in the frequency
domain at each of the subcarriers. The estimated frequency response of the system is used to

equalise the received signal which can then be demodulated using the QAM demodulator.

Primarily, the channel response and available SNR at each subcarrier, SNRy, are estimated
using pilots composed of multiple 4-QAM-based OFDM frames. The SNR for each OFDM
subcarriers is obtained by evaluating the EVM of the received pilot 4-QAM signal [169]. Note
that, in PS-based OFDM, 1024-QAM symbols are mapped into individual subcarriers. The PS-
1024-QAM symbols are generated from two orthogonal 32-PAM symbols. The choice of this
higher modulation order allows utilising the available SNR to the full extent. However, it comes
with a requirement of a greater number of sample points which goes beyond the memory depth
of the available devices. Consequently, the GMI performance of PS-based system is evaluated
offline from experimentally measured channel response. To carry out a fair comparison, this
offline performance measurement is repeated for the bit-power loading technique as well and
used to make a comparison with the PS technique. In addition, the performance of uniformly-

loaded 8-QAM and 16-QAM OFDM technique are also investigated.
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4.7.1.2 Experimental Results and Discussions

The VLC data transmission is performed at a 2 GSa/s sampling rate with an oversampling factor
of 4 sample per symbol. Hence, the symbol rate, Rs = 500 MBaud. The DC bias point of the
LED is a crucial parameter of the experiment. Details of the DC bias optimisation process is
presented in Chapter 3. In this experiment, an optimum DC bias of 30 mA is applied to the LED
which is measured to give approximately 21 MHz -3 dB electrical bandwidth. At the selected
bias point, the system performance as a function of the modulation signal depth, (peak-to-peak

voltage, Vpp) is investigated. The SNR distribution per subcarrier is shown in Fig. 4.16. As

30 T T T T T T T T T T

25

0 50 100 150 200 250 300 350 400 450 500
Subcarrier Index

Figure 4.16: Channel SNR response versus individual subcarriers for different signal depth at
30 mA DC bias

expected, the SNR improves as Vpp increases. Yet, for all measurements, there is a sharp SNR
drop at then 256" subcarrier, which is at 125 MHz frequency. This is due to harmonic distortion
that can be caused by nonlinearities in electronic components used in the experiment. Despite
reducing the number of bits that could be loaded onto this subcarrier, this will not affect the
system error performance as bits are allocated based on the estimated SNR. Consequently, the
VLC channel response at the optimised values for the DC bias at 30 mA and the modulation

signal depth at 2 V is used in the adaptive bit-power loading and PS-based OFDM techniques.

The adaptive bit allocated per subcarrier is shown in Fig. 4.17 (a) along with the channel ca-
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pacity which is also used as source entropy for PS-based OFDM. The entropy of the bit-power
loading system takes only discrete integers with a maximum of 9 bit/symbol. Among 511 data
subcarriers, 364 subcarriers are loaded with 2 bit/symbol or more. The corresponding power

loading per subcarrier is also shown in Fig. 4.17 (b). On the contrary, the PS scheme takes

1 0 T T T T T T T T T T
Bit-power Loading
Channel Capacity

(a)

Entropy (bits)

O 1 1 1 1 1 1 1 . . 1
0 50 100 150 200 250 300 350 400 450 500

Subcarrier Index

Figure 4.17: The entropy and power allocation (a) showing bit loading and channel capacity

per subcarrier and (b) power loading per subcarrier

continuous entropy values and applies a fixed 1024-QAM signal. The graphical illustration of
PS-1024-QAM signal at different subcarriers is shown in Fig. 4.18. Note that the distributions
become more shaped as the entropy decrease, and the probability of occurrence of outer point

may converge to zero.

To evaluate the information rates in each of the schemes, the GMI is evaluated from the exper-
iment data. Figure 4.19 shows the GMI versus different subcarriers for bit-power loading and
PS-1024-QAM. The GMI of uniformly-loaded 8-QAM and 16-QAM OFDM and the Shan-
non capacity limit of the channel are also presented as a performance reference. The uniform
8-QAM and 16-QAM OFDM schemes result in a maximum of 3 and 4 bit/symbol GMI per sub-
carrier, respectively in the high SNR region. As expected, this decreases with decreasing SNR.
The GMI of the bit-power loading exhibits a gap to the capacity limit, and declines sharply
in a staircase manner when the SNR drops. While the GMI of PS-1024-QAM approaches the

Shannon capacity across all subcarriers, realising a near capacity transmission rate.
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(a) (b)
%1073

Figure 4.18: Graphical illustration of PS-1024-QAM with four different entropy values at
subcarrier index of (a) 50 (b) 100 (c) 150 and (d) 200
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Figure 4.19: Measured GMI per subcarrier for fixed-rate, bit-power loading and PS-based
OFDM schemes
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In terms of NGMI, for the bit-power loading, the lowest NGMI is 0.8260 and requires an
overall FEC OH of approximately 7%. Meanwhile, for PS the minimum NGMI is 0.9679
and reduced the required overall OH to just below 2%. The aggregate data rate of bit-power
loading is 888.82 Mbps. While for PS, 1.13 Gbps can be achieved, indicating an increase of
27.13% compared to the bit-power scheme. These results clearly demonstrate with PS, the

VLC information rate can be enhanced substantially.

4.7.2 WDM-Based High-speed VLC with PS

This section details the experimental setup and results that demonstrate the performance com-

parison of adaptive bit-power loading and PS in a WDM-based VLC system.

4.7.2.1 Experimental Setup

The system block diagram along with the picture of the setup in the lab is shown in Fig. 4.20.
The signal generation and detection process of DCO-OFDM is implemented in MATLAB. In
the transmitter side, a stream of binary input is generated and then mapped into M -QAM sym-
bols. In the bit-power loading scheme, different QAM formats are applied at each subcarrier
based on the pre-estimated SNR. For the PS-based OFDM system, a fixed M-QAM with dif-
ferent probabilistic constellation distributions is applied. Hermitian symmetry is imposed, and
each symbol is loaded into orthogonal subcarriers by applying an IFFT. The OFDM frame
size is set to Nppr = 2048 subcarriers. Cyclic prefixes (CPs) are inserted at the start of each
OFDM frame. A value of Ncp = 5 is found to be sufficient for the ISI to be removed [38, 40].
The symbols can then be multiplexed into serial time-domain output. The waveform pattern is
then uploaded to an arbitrary waveform generator (AWG: Keysight M8195A). The sampling
rate of the AWG is set to 16 GSa/s. Note that the modulating signals, for the three colours, are
generated using different seeds and are thus independent of each other. Each output signal from
the AWG is amplified (Amp1, Amp2, Amp3: Mini-Circuits ZHL-1A-S+) and fed into bias-tees
(Bias-Tee: Mini-Circuits ZFBT-4R2GW+) which superimpose the OFDM signal with the DC
bias current. Each bias-tee output is used to drive off-the-shelf red, green, and blue (598-8D10-
107F, 598-8081-107F, 598-8D90-107F) micro-LEDs which have dominant wavelengths of 630
nm, 525nm, and 470nm, respectively. Since the half-power semi-angles of the LEDs are wide
(i.e. about 70°), aspherical condenser lenses (.1, L2, L3: Thorlabs ACL4532) are used to col-

limate the output light from individual transmitters. The modulated output signals of all three
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colours of LEDs are combined with dichroic mirrors as shown in Fig. 4.20. The first dichroic
mirror (DM1: Thorlabs DMLP605L), which has a 620 - 800 nm transmission band and 605
nm cut-on wavelength, transmits red while reflecting the green signal. Another dichroic mirror
(DM2: Thorlabs DMLP490L), with 505 - 800 nm transmission band and 490 nm cut-on wave-
length, passes red and green while reflecting the blue signal. At this level, a combination of the

red, green, and blue collimated light signal is attained.

The receiver is 50 cm away from the transmitter. It consists of the same configuration of
dichroic mirrors to separate and send each colour to its respective photoreceiver. One dichroic
mirror (DM3: Thorlabs DMLP490L) reflects the blue light while the other (DM4: Thor-
labs DMLP605L) separates the green. Aspherical condenser lenses (L4, L5, L6: Thorlabs
ACL50832) are used to focus the light into the active detection area of photodetectors (PD:
New Focus 1601 AC). The receiver has a —3 dB bandwidth of 1 GHz and a built-in TIA with a
gain of 700 V/A. The output signal of each receiver is captured by using the three channels of
a high-speed oscilloscope (OSC: Keysight MSO7104B) sampling at 4 GSa/s and followed by
signal processing in MATLAB. The received waveform from the oscilloscope is resampled and

symbols synchronised. The CPs are then removed and the symbols demodulated.

In the experiment, the channel response and available SNR of each subcarrier, SNRy, are es-
timated using pilots composed of multiple 4-QAM-based OFDM frames. The SNR for each
OFDM subcarrier is obtained by evaluating the EVM of the received pilot 4-QAM signal [169].
Note that, in PS-based OFDM, 1024-QAM symbols are mapped into individual subcarriers for
the red and blue links while 256-QAM is used in the green link. The PS-M-QAM symbols
are generated from two orthogonal v/AM-PAM symbols. The choice of this higher modulation
order allows utilising the available channel to the full extent. However, it comes with a re-
quirement of a greater number of sample points which goes beyond the memory depth of the
available oscilloscope. Consequently, the GMI performance of PS-based system is evaluated
offline from experimentally measured channel response. To carry out a fair comparison, this
offline performance measurement is repeated to the bit-power loading technique and used to

make a comparison with the PS technique.
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4.7.2.2 Experimental Results and Discussions

The WDM-based VLC data transmission is performed at a symbol rate, R = 1.4 GBaud. The
DC bias point of the LEDs is a significant parameter of the experiment. For each LED, the
optimum driving point is determined by minimising the possible signal distortion while the
information bits to be loaded is maximised. Details of the DC bias optimisation process is
presented in Chapter 3. Accordingly, the DC bias of the red, green, and blue LEDs are found
as 45 mA, 50 mA, 45 mA at which the —3 dB modulation bandwidths are 22 MHz, 32.4 MHz,
and 51.5 MHz, respectively. Through an iterative process, the optimum values of modulating
signal amplitude which maximise the SNR responses of the red, blue, and green LED links are

found to be 450 mV, 350 mV, and 200 mV, respectively.

Figure 4.21 shows the overall SNR response of the system per subcarrier index at these op-
timum DC bias points and Vpp. In all measurements, a drop in SNR is observed at certain
subcarrier indices due to nonlinear harmonic distortion in the system. This distortion is caused
by nonlinearities in the electronic components used in the experiment. The harmonic distortion
occurs at integer multiples of 125 MHz, specifically at the 183™ (125 MHz), 366" (250 MHz),
549" (375 MHz), 731% (500 MHz), and 914%™ (625 MHz) subcarriers. Despite reducing the
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Figure 4.21: Channel SNR response versus individual subcarriers for the red, green, and blue

links at the optimum DC bias and Vpp

number of bits that could be loaded onto these subcarriers, it does not affect the system error
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performance as bits are allocated based on the estimated SNR. All the links exhibit comparable

SNR responses in all frequency ranges.

The overall frequency response in terms of the channel gain of the system for each colour is
also presented in Fig. 4.22. The amount of optical power detected by individual photodetectors
is important to the channel gain. Even though the amount of optical cross-talk is found to be
minimal, a substantial portion of power is lost due to the dichroic mirrors. The optical power
detected by the red, green, and blue receivers with the dichroic mirrors in the setup is found to

be only 91%, 89%, and 95% of the setup without the dichroic mirrors, respectively.
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Figure 4.22: Channel gain versus individual subcarriers for the red, green, and blue links at

the optimum DC bias and Vpp

The adaptive bit allocated per subcarrier and the rate used in the PS schemes for each of the links
is shown in Fig. 4.23. The entropy of the bit-power loading system takes only discrete integers.
For red, green, and blue links a maximum of 8 bit/symbol, 7 bit/symbol, and 8 bit/symbol are
allocated. Besides, for red, green, and blue links 902, 953, and 857 data subcarriers, respec-
tively, are loaded with at least two or more bit/symbol. The PS scheme is set to take continuous
entropy values equal to the corresponding channel capacities. A fixed 1024-QAM signal level is
applied in all subcarriers to both red and blue links, as these links can have above 8 bit/symbol
entropy. Meanwhile, the green link can allocate just below 8 bit/symbol with which 256-QAM

is employed.

97



86

GMI (bits/symbol)

0
0

Entropy (bits)
@

T T
Bit-power Loading
PS-1024-QAM 1

100 200 300 400 500 600 700 800 900 1000
Subcarrier Index

(a) Red

Entropy (bits)

w

Bit-power Loading
PS-256-QAM

~

S

0 L L L L L L L L d 1
0 100 200 300 400 500 600 700 800 900 1000

Subcarrier Index

(b) Green

Bit-power Loading
PS-1024-QAM

Entropy (bits)

0 L L L L L L . |
0 100 200 300 400 500 600 700 800 900 1000

Subcarrier Index

(¢) Blue

Figure 4.23: Entropy allocation per subcarrier in PS and bit-power loading for red, green, and blue links
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Figure 4.24: Measured GMI per subcarrier in PS and bit-power loading based OFDM schemes for red, green, and blue links
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The performance of the bit-power loading and PS schemes is analysed by evaluating the GMI
values in each of the colours. These GMI results at different subcarriers applying bit-power
loading and PS are shown in Fig. 4.24 for each colour. The GMI of Shannon’s channel capacity
of each link based on AWGN channel is also presented as a reference. In all three links, the PS-
based OFDM technique approaches Shannon’s capacity, while the bit-power loading exhibits a

gap to the capacity limit across all subcarriers.

The NGMI result per subcarrier for each colour is also shown in Fig. 4.25. The PS has the
highest and almost consistent NGMI values with average NGMI = {0.9757, 0.9712, 0.9760}
while for the bit-power loading the average NGMI = {0.9362, 0.9400, 0.9391} for the red,
green, and blue links, respectively. The corresponding FEC OH requirement in each scheme

for each colours is shown in Table 4.1.
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Figure 4.25: NGMI per subcarrier in PS and bit-power loading based OF DM schemes for red,

green, and blue links
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In terms of data rate, in PS, an aggregate data rate of 10.81 Gb/s is achieved. This is only
with under 3% overall FEC OH requirement. The aggregate net data rate after the FEC OH
reductions in each colour is 10.52 Gb/s. Meanwhile, using bit-power loading, only 8.60 Gb/s
aggregate data rate with approximately 7% overall FEC OH requirement is attained. The net
data rate after the FEC OH reduction is 8.04 Gb/s. The summary of data rates achieved in
each scheme for each colour is shown in Table 4.1. The result indicates that PS improves the
capacity by almost 25.7% (which is about 30.8% if the net data rate is considered) compared
with the bit-power loading scheme and with a lower FEC OH requirement. At the same FEC
OH of 3%, the gain is even higher at over 45.1%. These results clearly demonstrate that the

VLC information rate can be enhanced substantially with the application of PS and WDM .

Table 4.1: Summary of Data Rate and FEC OH Results

Data Rate (Gb/s) | FEC OH (%) | Net Rate (Gb/s)

BPL PS BPL | PS | BPL PS

Red 2.84 3.61 6.81 | 249 | 2.65 3.52
Green 2.99 3.65 6.38 | 2.97 | 2.80 3.54

Blue 277 3.55 648 | 2.46 | 2.59 3.46

Aggregate | 8.60 10.81 — 8.04 10.52

4.8 Summary

In this chapter, the use of VLC with PS is examined through both theoretical and experimen-
tal studies. The symbol error performance of PS with a MAP detection scheme is analysed,
with closed-form analytical expressions being validated through Monte Carlo simulations. A
framework is presented that demonstrates how PS can be used to trade energy efficiency for
spectral efficiency, and how the design parameters can be chosen. The effect of the shaping rate
parameter, which determines the probability distribution and therefore the source entropy and
spectral efficiency, on the error performance of PS is also examined. The results of this study
show that PS outperforms the use of a uniform distribution, and significantly reduces the SNR

required to achieve a certain error probability.
Two experiments were conducted to demonstrate the practicality of this approach. In the first
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experiment, a single low-power LED was used to achieve a data rate near the capacity limit.
In the second experiment, a WDM-based VLC system was used, with three LEDs of different
colours being independently modulated for parallel and simultaneous data transmission. In
both experiments, the achievable rates of PS and adaptive bit-power loading techniques were
compared. Unlike the bit-power loading optimisation method, PS provides continuous entropy
loading, allowing for efficient use of the available bandwidth beyond the —3 dB point. In the
first experiment, PS resulted in an aggregate achievable information rate of 1.13 Gbps, a27.13%
increase over the bit-power loading achievable information rate. In the second experiment, PS
resulted in an aggregate achievable information rate of 10.81 Gbps, a 25.7% increase over the

bit-power loading approach.

Overall, the use of VLC with PS has been demonstrated to be an effective method for increasing
spectral efficiency and achieving higher data rates. The symbol error performance of PS was
shown to outperform the use of a uniform distribution, requiring a lower SNR to achieve a
certain error probability. This approach was then successfully implemented in two experimental
demonstrations, resulting in significant increases in achievable information rate compared to the
use of adaptive bit-power loading. These results demonstrate the potential for PS to be used
in visible light communication systems to maximise information rate and approach capacity

limits.
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Chapter 5
Frequency Shift Chirp Modulation for

Visible Light Communication

5.1 Introduction

A low-rate wireless network is a type of communication network that operates at a relatively
low-data transmission rate and is designed to be simple, low-cost, and reliable [134]. These
types of networks are often used in applications where power consumption is a major concern,
such as the Internet of Things (IoT), where devices are often powered by batteries that need
to last for an extended time [134, 135]. One solution for addressing the power consumption
needs of low-rate wireless networks is to use VLC, which utilises energy-efficient, low-cost,
and widely available LEDs as the means of transmitting data [136]. VLC is well-suited for
low-power systems due to its inherent energy efficiency, making it an attractive option for use
in low-rate wireless networks. However, to effectively utilise VLC in low-rate wireless net-
works, robust and sensitivity-constrained modulation techniques must be employed. Robust
modulation techniques are those that can withstand interference and other disruptions, ensuring
that data can be transmitted and received with high reliability. Sensitivity-constrained modu-
lation techniques, on the other hand, are designed to minimise the amount of power needed to
transmit data, thereby reducing the overall energy consumption of the system. By combining
these two approaches, VLC can be used to transmit data with high reliability and low-power

consumption, making it an ideal choice for use in low-rate wireless networks.

Modulation techniques such as OOK, and PAM are relatively easy to implement and have been
thoroughly studied [82, 84, 170, 171]. While it is possible to achieve a 1 bit/s/Hz spectral ef-
ficiency with OOK, it is generally considered to be less energy efficient compared to other
techniques [82]. Spectral efficiency of logy M bit/s/Hz can be achieved with M-ary PAM (M-
PAM) but the required SNR increases with increasing M. On the contrary, in orthogonal mod-
ulation techniques such as M-ary PPM (M-PPM) and M -ary FSK (M -FSK), the energy effi-
ciency improves as M increases at an expense of spectral efficiency [137-139]. Nevertheless,

PPM suffers high PAPR and is sensitive to receiver synchronisation which requires complex
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equalisation [85-87]. Meanwhile, FSK has a constant envelope property and requires relatively
simpler equalisation [82, 142]. In [143], energy-efficient FSK compatible with VL.C has been
proposed for low-data rate and low-power IoT applications. An FSK-based underwater VLC
has also been demonstrated in [172]. However, in frequency selective channels and applica-
tions where the modulation bandwidth is limited such as VLC, its performance degrades [145].
That is because FSK symbols mapped onto frequency region where the channel attenuation is
larger will lead to erroneous detection. To overcome this, a symbol can be mapped to all fre-
quencies linearly within the bandwidth forming a frequency shifted chirp signal, and hence the
name frequency shift chirp modulation (FSCM); also known as chirp spread spectrum (CSS)
in LoRa [145, 146]. This scheme has been studied well in literature including the error perfor-

mance analysis and transmitter design for RF-based communication system [145, 147, 148].

In this chapter, an FSCM that is compatible with a VLC system for low-power and low-data
rate application is studied. FSCM signal generation and detection process is presented. Fur-
thermore, the error performance in noise-limited and frequency-selective channels with lim-
ited modulation bandwidth is analysed and validated with Monte Carlo simulations. Finally,
a proof-of-concept experimental demonstration of the FSCM-based VLC system as well as its

performance comparison with other conventional modulation schemes is presented.

The remaining sections of the chapter are structured as follows. The theoretical principles of
FSCM are first introduced in Section 5.2. The demodulation process for detecting an FSCM
signal in an AWGN channel is then presented in Section 5.3. Section 5.4 discusses the error
performance and energy efficiency of FSCM in an AWGN channel, while Section 5.5 compares
the energy and spectral efficiency of FSCM with other conventional modulation techniques. In
Section 5.6, the experimental demonstration of the FSCM-based VLC system is presented and
its performance is compared with other conventional modulation schemes. Finally, Section 5.7

provides a summary of the key points covered in the chapter.

5.2 Frequency Shift Chirp Modulation

A chirp signal produces a sinusoidal waveform whose frequency increases linearly over time
using the entire allocated bandwidth for transmission [146]. Suppose a baseband transmission
bandwidth, B in which a sample is transmitted every Tyample = 1/B. A chirp modulator with

a cardinality of M/ sends a symbol at a symbol duration of Ty = M X Tgample = M/B.
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A chirp which transmits a symbol starting at the lowest frequency (0 Hz) and increasing linearly
up to the highest frequency (i.e. B) is called a basic chirp [148]. The basic chirp can be regarded
as transmitting a symbol “0”, while the subsequent symbols [1,2,--- , M — 1] are transmitted
by cyclically shifting the frequency of the basic chirp. Hence, the name FSCM [145]. The

frequency of a basic chirp is given by:
folty=ct, 0<t<T, (5.1)

where c is a chirp rate in which the frequency of the signal changes over a symbol duration,
¢ = B/T, [Hz/s]. Consequently, the continuous-time domain waveform of a basic chirp is

defined by: .
xo (t) = exp <j27r/ fo (1) d7'> = exp (jﬂ'ct2) . (5.2)
0

An illustration of the waveform of a basic chirp, z () with M = 64 and B = 100 kHz
is shown in Fig. 5.1. It shows the frequency increasing linearly from 0 Hz to the maximum

frequency which is 100 kHz.
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Figure 5.1: A basic chirp signal with M = 64 and B = 100 kHz. In (a) the frequency, fo (t)

is shown while (b) shows the real and imaginary parts of the basic chirp, x (t).
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The chirp signal for M different symbols can be generated by cyclically shifting the basic
chirp frequency. When the shifted frequency reaches the highest frequency within the symbol
duration, it wraps down and starts from 0 Hz. For symbols m = 0,1, M — 1, this can be

realised by applying the modulo operator as follows:

Fin (1) = mod (;1 + fo (t) ,B> — mod <? +et, B) . (5.3)

S S

This results in a frequency shift chirp modulated signal, x,,, (¢). Figure 5.2 shows an example
of FSCM signal with M = 64 and B = 100 kHz generated for symbols m = [0, 1,12, 33, 63]

demonstrating the cyclic shift as m increases from 0 to 63. The basic chirp with m = 0 has a
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Figure 5.2: A FSCM signal with M = 64 and B = 100 kHz, using m = [0, 1,12, 33, 63]. The
frequency of fm, (t) is shown in (a) while the real part of the signal, x, (t) is plotted in (D).

frequency which increases linearly from 0 Hz up to the 100 kHz bandwidth. The next symbol,
m = 1 starts from 1/75, reaches B, and wraps down to 0 Hz, and increases the frequency
within the symbol duration. More pronounced shifts in starting frequency, wrapping back to
0 Hz when maximum bandwidth is reached, and increasing linearly again can be observed in
larger symbols m = 12, m = 33, and m = 63. Particularly in m = 63, which is the largest

symbol for this 64-FSCM, the starting frequency, 63 /75 is almost close to the B and thus wraps
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down to 0 Hz in the shortest time and linearly increases again in the rest of the symbol duration.
For all of these symbols, the real-time domain waveform shown in Fig. 5.2 (b) represents the

frequency variations in Fig. 5.2 (a).

The continuous-time chirp symbol can be represented by M samples of x,, (¢) taken at a sam-
pling rate, Fyample = B over the symbol duration [145]. This is particularly important for digi-
tal implementation of this scheme in hardwares such as field programmable gate arrays (FPGA).

Therefore, with digital samples (5.2) can be reformulated as:

xo [n] = exp (j7TCt2) =nTympre (5.4a)
. B 2
= exXp .]ﬂ-f (nTsample) (5.4b)
S
B2
= exp <j7rMn2B2> (5.4c)
n2
= T — 5.4d
exp <J7T M> ; (5.4d)
where n = 0,1,--- , M — 1. Similarly, the digital samples of z,, [n] can be obtained by
cyclically shifting the frequency of the basic chirp by m samples as:
mod <m Tt B> (5.52)
TS ‘t nTsamplc
m M
= (11 + nTsampley Ts ) (55b)
= <;n + ) (5.5¢)
= mod (m (5.5d)
Moreover, g [n] repeats itself after every M samples, ie., o [n+ M] = xo[n], for all n.

Consequently, the m*™ digital FSCM signal can be written as x,,, [n] = zg [n + M].

Despite the property mentioned above, which simplifies the implementation of ., [n], the
FSCM is a complex-valued signal and therefore incompatible with VLC systems in its orig-
inal form. While a real-valued chirp signal can be obtained by considering only the real part
of x, [n] (as shown in Fig. 5.2 (b)), this work considers a complex-valued FSCM. The need
for a complex-valued FSCM stems from the digital implementation approach and the chosen
detection method. This choice enables easier and cost-effective implementation of the FSCM

system into future hardware setups.
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To generate a real and unipolar modulating signal, the DCO-OFDM approach used for complex-
valued QAM signals is followed. This technique applies an IFFT on the FSCM signal and its
Hermitian symmetry to generate a real-valued modulating signal. The input vector to the IFFT

1S written as:

R =10 2m 0] @m (1] -+ @ [M =1] 0 2y [M =1] - 2, (1] 25, [0]],  (5.6)

where £ = 0,1,--- ,Nypprandn = 0,1,--- , M — 1. Nyippr denotes the order of IFFT. It
can be seen from (5.6) that I" [k] requires at least Nippr = 2 (M + 1). In Fig. 5.3, an FSCM
symbol with M = 4 and m = 3 formed with (5.6) is shown as illustration. In this figure, (a)
shows the real part of I' [k] and (b) shows 7 [n] which is the IFFT of I" [k]. It clearly shows a

symbol m = 3 mapped across all available frequencies k = 1,2, 3,4.
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Figure 5.3: An FSCM symbol with M = 4 and m = 3 showing (a) the real part of T [k] and
(b) ~y [n] which is the IFFT of T [k].

Note that this additional signal processing takes place in the transmitter, effectively represent-
ing the FSCM waveform in the frequency domain. As a result, the transmitted signal is the
equivalent time-domain representation of digitised FSCM signal. This encoding technique typ-
ically spreads the FSCM symbol across multiple frequency tones, as opposed to the conven-
tional FSK. This can be further illustrated by comparing the PSD of the transmitted waveform
of the 4-FSCM and 4-FSK schemes. Figure 5.4 depicts the PSD of the transmitted wave-
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form generated from 4-FSCM, while Figure 5.5 illustrates the PSD of 4-FSK. In the 4-FSCM
scheme, a symbol is spread across all available frequency tones, with each tone separated by
Af = Fs/Nwpr = 0.1 x F;. Conversely, in 4-FSK, each symbol is allocated to a single

frequency tone, with different frequency tones representing different symbols.

T T T
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ol m=0123"

m=20,1,2,3

B)

Power (d

-100 4 1 1 1 1 4
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Figure 5.4: A PSD of 4-FSCM modulating signal (after the Hermitian symmetry and IFFT

operation). A symbol is spread across four frequency tones.

Power (dB)
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Figure 5.5: A PSD of an 4-FSK signal, each frequency tones representing a different symbol.

109



Frequency Shift Chirp Modulation for Visible Light Communication

5.3 Detection of FSCM Signal in AWGN Channel

In this section, the detection process of FSCM signal is discussed. Consider an ideal noise-

limited channel shown in Fig. 5.6 with FSCM signal generation and detection steps.

i Bit-to-symbol | """ FSCM Zm |1 Hermitian Symmetry i
'\ Mapping Modulation IFFT I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(Symbol-to-bit| ™ [ FSCM | ¥m 7] FFT ’
'\ Demapping Demodulation Remove Symmetry |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.6: Signal processing steps of FSCM-based VLC. The Hermitian symmetry operation
provides I [k] as shown in (5.6). The IFFT of T [k] results in v [n].

After applying the FFT and removing the Hermitian symmetry, the received FSCM signal can
be given by:
Ym [n] = T [n] + w [n], (5.7)

where w [n] is an AWGN sample. The recovery of symbols from y,,, [n] involves multiplying it
with the complex conjugate of the basic chirp signal, x{ [n], and taking the FFT to the product

[145]. The product is evaluated as:

Um [n] = ym [n] 25 [0] (5.82)
a _(m+n)? ot
= exp (yr i ) exp <—J7rM> + 1 [n] (5.8b)
2
— exp (jWWM2nm)> +adn], (5.8¢)

where w [n] = w [n] ) [n] is also an AWGN noise. The above process is known as dechirping

and it unwraps the linear frequency shift into a constant frequency within the symbol duration.
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Following dechirping, the FFT is applied to v,, [n] to result in:

1 = —j2mnl
Vi ll] = == 2 vm 1] eXp< J 7 ) (5.92)
n=0
M-1 2 .
= 3/[ 2 (exp <j7r(m+]\/[2nm)> +w [n]> exp <_Ji;ml> (5.9b)
M—-1 2 .
= \/1M > <exp <j7r (m? + 2;;” 2ni) )) + W) (5.9¢)

FWI], ifl=m
_ (5.9)

w i, otherwise.

- e (J@;*)M: (oo (27 =0)) vy 590)
)

Here, W [I] denotes the FFT of w [n]. From (5.9), it can be seen that V;, [{] is an impulse
located at the m™ bin while it is noise only in the other M — 1 bin locations. Therefore, the
received symbol can be detected easily by finding the index where the envelope of V;;, [I] is
maximum. That is,

m = arg max |V, []] . (5.10)
0<I<M-1

5.4 Error Performance in AWGN Channel

In this analysis, M equiprobable, equal energy FSCM orthogonal signals transmitted over an
AWGN channel is assumed. Moreover, symbols are demodulated based on the envelope de-
tector of an orthogonal signal shown in (5.10). Let us define independent random variables
Ry = |Viu (]|, 0 <1 < M — 1. It has been shown that Ry has a Rician distribution with
shape parameter x = 52 / 202 = Ej /Ny [155]. Here, E5 = logy M X Ej, is the average symbol
energy, Ey, is the bit energy, and 02 = Ny /2, is the single-sided noise PSD. The PDF of Ry is
then given by [155]:

r ST 72 + s
Pro (10) = ~51o (0—20) exp <_ s > (5.11)

where o > 0 and Iy (-) is the modified Bessel function of the first kind with order zero.

Meanwhile R; for 1 <[ < M —1, is a Rayleigh distributed random variable with a PDF [155]:

r r2
PR, (1) = U—;exp < ¢ >, (5.12)

202
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and r; > 0. If a symbol m = 0 is assumed to be transmitted, the symbol will be detected

correctly if R; < Ry for 1 < < M — 1. This probability of detecting the symbol correctly

can be written as:
P. =P[Ry < Ryp,R2 < Ry, -+ ,Ry—1 < Ry
:/ PRy <rg,Ry <rg,--+ ,Ry—1 < ro|Ro = 10] PR, (T0) dro
0

= /OOO (P[R; < rg])MflpRO (ro) dro.

In (5.13c¢), the symbol equiprobable condition is applied. And,

ro
P [Rl < 7”0] = / PRy (7’1) dTl
0

2
r
=1—exp <_%‘02)’

which can be expanded, using the binomial expansion, to:

r2 M-1 Ml n (M —1 nr2
(mew(-5)) = e (M) e (52)
0

n—=

Substituting (5.11) and (5.15) into (5.13c¢) gives:

M-1
M—-1 o0 nr2\ ro sTo ré + 52
P. = _1)" _Nro\To (7) 0 d
= ><n )/0 exp< 202>020 9 exp (<105 Yar,
M-1
M —1 00 1 2 2
_ (1)n< >/ 7"210(57“2(])6XP<(72+ )7“204-5 >dr0
e n 0o O o 20
M—1
M-—-1 ns?
— -1 -
X 0 (M) e (e o,
where,
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In (5.17b), a change of variable is introduced such that:

7= rovn + 1
s (5.18)

Vn 1

and the integration reduces to 1 as it covers the full area of a Rician distribution. Therefore,

é:

using (5.17¢) and noting that k = s% /202 = E/Ny = log, M x E}, /Ny, correct error detection

can be written as:

M-1
(-)" (M —1 n IDN
P.= — logo M — |. 5.19
nz;)n—i-l n exp n—l—log2 Ny ( )

Then the probability of a symbol error becomes P, = 1 — P, and can be given by:

M-1 n+1
(-1) M—-1 n Ey
P = § — - logy M — ). 2
= n +1 n xp n+1 082 Ny (5.20)

The bit error probability (BER) can be evaluated by taking the relation P, = M __p a:

2(M—1)
M-1 n+1
M (—)"* M -1 n Ey
Pp= ——— L - logy M2 | . 21
b 2(]\4—1);1 nt 1 < n >eXp< n+1 22Ny (5-21)

It can be seen that the bit error probability of FSCM signal is the same as orthogonal and
non-coherent FSK as both schemes employ orthogonal signalling with non-coherent envelope
detection [155]. The BER of FSCM has also been reduced using further approximations to
[147,173]:

M E
P~y %@ (m  E @ log, M+ m)) .6

where yenv & 0.57722 is the Euler—Mascheroni constant. Figure 5.7 shows the BER of FSCM
given in (5.21) for M =4, 8, 16, 32, and 64, also validated by Monte Carlo simulations. It

can be seen that for a given BER of FSCM signal, the amount of SNR required decreases as
M increases. This allows the FSCM signal to achieve arbitrary small bit error at low SNR by

increasing M which increase the energy efficiency, albeit at the cost of spectral efficiency.

In noise-limited channel scenarios the error performance of FSCM is the same as FSK. How-

ever, for channels with limited transmission bandwidth such as in VLC, FSCM outperforms
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Figure 5.7: BER of FSCM for different modulation orders under AWGN channel condition

FSK. This is because, in FSCM, a symbol is represented by samples which are allocated through
the entire bandwidth leading to an averaging of the effect of bandwidth limitation. On the con-
trary, an FSK symbol is mapped only onto a certain frequency and a symbol allocated in a
frequency where the channel attenuation is larger will contribute to a higher error. To validate
this, a simulation is carried out in a band-limited channel with noise using a first-order low pass
filter (LPF). The LPF is designed in such a way that its cut-off frequency is the bandwidth of
the FSCM and FSK signals. Moreover, the signal bandwidth is kept constant when the modu-
lation order is increased by decreasing the separation frequency between consecutive symbols.
Therefore, using the illustration shown in Fig. 5.4, the FSCM and FSK signal have a normalised
modulation bandwidth of 0.5 Hz/sample/sec, making the normalised —3 dB bandwidth of the
LPF 0.5 Hz/sample/sec. The amplitude response of this LPF is shown in Fig. 5.8. To illustrate
the impact of the LPF, the PSD of 4-FSCM signal depicted in Fig. 5.4 is shown in Fig. 5.9 after
the LPF. As expected, symbols in higher frequencies are attenuated more than the symbols in
low frequencies. Note that for FSK this means m = 3 has a severe attenuation impact than
m = 0, if the PSD of 4-FSK shown in Fig. 5.5 is considered. For FSCM, however, the same

content of m = 3 is still available in other less attenuated frequencies.
The error performance simulation result is shown in Fig. 5.10. As expected, with increasing
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Figure 5.8: The magnitude response of the LPF considered for band-limited channel simulation
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Figure 5.9: A PSD of 4-FSCM modulating signal (after the Hermitian symmetry and IFFT
operation) after a LPF shown in Fig. 5.4
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M, for all modulation orders, FSCM outperforms FSK. Moreover, the SNR required to achieve
a given BER improves for FSCM but not for FSK.
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Figure 5.10: Error performance of FSCM and FSK in a channel with limited bandwidth

5.5 Energy and Spectral Efficiency Comparison

In FSCM, the number of bits that can be transmitted in a symbol duration 7§ is logy M. There-

fore, the bit rate is Ry, = log:ﬁsM = log]@MB. With that, the spectral efficiency in bits/s/Hz
becomes:
logy M
n= 28277 (5.23)

M
This shows that increasing M does not lead to a linear increase in bit rate in FSCM. A high
bandwidth is required for high data rate for a given M. Moreover, unlike QAM or PAM, the
spectral efficiency decreases with higher modulation orders. However, this improves sensitivity
(required SNR per bit) and with increasing M, the energy efficiency tends toward the lower
bound of energy, i.e. —1.5917 dB. This makes FSCM a convenient scheme for low-power and

low-rate applications.

An alternative way to compare energy and spectral efficiency of FSCM scheme with other

modulation schemes is by using OOK as a reference. The amount of power required relative
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to OOK to achieve a specific BER at a given bit rate, R}, can be used as a reference for other

modulation schemes. This analysis of power efficiency is presented in the following subsection.

The BER of OOK is given as [155]:

_ Ey\ P ook
BERoox = Q (, /No> ) ( N ) . (5.24)

And, solving for the signal power,

P.. ook = NoRy (@™ (BERooK))”. (5.25)

Similarly, the BER of M-PAM is given by [155]:

M-1 6logy M Ex,
BERpaM =2 [~ | Q [/~ =2 ] . 2
PAM <M10g2M>Q< M2 -1 N0> (526)

In order to relate BERpan to BERooxk, (5.26) is further approximated to:

Glog, M E
BERpay ~ Q <, /M;g?_“\;;) . (5.27)

The approximation from (5.26) to (5.27) incurs relatively higher approximation error for larger
M but decrease sharply when the SNR increases. Substituting Ey, = Ps pam/ R, and solving

for P pam gives:

M? -1 2
P, =(— |V ~1(BE .
, PAM (610g2 M) ol (Q7" (BERpam)) (5.28a)
M? -1
=|—| P . 2
(610g2 M) s, OOK (5.28b)

Equation (5.28b) gives the estimation of power required at a given bit rate for M/ -PAM relative
to the OOK modulation scheme. The power requirement of 2-PAM is 3 dB lower than OOK
but higher orders of PAM require more power than OOK.

For BPSK and quadrature phase shift keying (QPSK), the BER is given by [155]:

(5.29)

2E, 2P, BlQPSK
BERpqrsk = @ ( ) =Q |\ =

No | NoRy,
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The amount of power requirement is thus:

1 _ 2
B Blopsk = 5 Nofty (Q~" (BERg|qpsk)) (5.302)
1
= SP. ook (5.30b)

From (5.30b), BPSK and QPSK reduce the amount of power required by 3 dB relative to OOK.

For M-QAM, an approximation of its error probability can be estimated using (5.27) with the
error probability of /M -PAM at half the total energy as:

3log, M E
BERGaM ~ Q (, /MgilNz> . (5.31)

The error due to the approximation is low for larger M and decrease sharply when the SNR

increases. Similarly, the power requirement can be found as:

M—-1 2
P, =—— ) N, ~1(BE 32
 QAM <310g2 M> oR, (Q~' (BERqam)) (5.32a)
M—-1
=|—|F; . 5.32b
(310g2M> ., OOK ( )

While 4-QAM reduces the power by 3 dB relative to OOK, larger M-QAM come with more

power requirement.

For FSCM, the exact BER is given by (5.21) which is approximated by (5.22). In order to
compare the BER with OOK, (5.22) is approximated to the following expression:

Ey Fs, rsom
BE ] 1 M—| = 1 M-————. .
Rrscm ~ Q (\/ 082 Ng> Q <\/og2 NoR ) (5.33)

The approximation error from using (5.33) instead of the exact (5.22) is relatively low for larger

M and the error is infinitesimal at larger SNR. This is shown in Fig. 5.11 with very small errors
for larger M which approaches to 0. Therefore, solving for Ps pscy from (5.33), the power

requirement of FSCM compared to OOK can be determined by:

1 2
P, = N, 1 (BE 34
JFSOM = jo oRy (7' (BERpscum)) (5.34a)
1
P ook 5.34b
log, M , OOK ( )
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Figure 5.11: BER approximation error of FSCM for M = [4, 8,16, 32, 64] due to using the
approximated BER in (5.33) instead of the BER in (5.22)

It is also possible to evaluate the the amount of power required to achieve the maximum bit rate
given in (2.11) and use as a reference to other modulation schemes. The power to achieve the

maximum possible bit rate is:

P e = NoB (27/% — 1) (5.35)
Solving for Ny from (5.25):
P,
Ny = 5, OOK -, (5.36)
Ry, (Q~! (BERooK))
and substituting in (5.35), the power requirement can be rewritten as:
B/R
P, i = [ ___ (380/5 1) P, oox. (5:37)
(@~ (BERooK))

The summary of power (normalised to the power requirement of OOK) and the bandwidth ef-

ficiencies considering a given bit rate R}, at a specific BER is shown in Fig. 5.12. The FSCM
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Figure 5.12: Power and bandwidth efficiencies for various modulation schemes. The Shan-

non’s limit is also shown at three different BER values.

shows an improvement in terms of the amount of power required as the modulation order in-
creases, relative to the power required in OOK. However, this is at the cost of larger bandwidth
requirement. Therefore, sacrificing the spectral efficiency. The modulation schemes such as
PAM and QAM, on the contrary, provide better spectral efficiency relative to the OOK, and
improves as the modulation order increases. However, the amount of power required is higher
than OOK and increases as the modulation order increases. The Shannon’s limit relative to the
OOK scheme is also shown at three different BER values (10_3, 1079, and 10_9). The re-
sults indicate that at a specific relative power requirement, spectral efficiency increases as BER
is reduced. Alternatively, at a specific spectral efficiency, power efficiency increases for lower
BER values. Note that Fig. 5.12 relates to Fig. 2.10, but with one key difference. In Fig. 5.12,
the power and bandwidth efficiencies for various modulation schemes are evaluated in relation
to OOK, while Fig. 2.10 shows the spectral efficiency versus SNR per bit performance at a

specific BER. The summary of this comparison is also provided Table 5.1.
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Table 5.1: Power and Bandwidth Efficiency Comparisons

Modulation Scheme Average Power Relative Power (dB) Bandwidth

OOK Py, 00K 0 Ry,
M-PAM (f2=) Poook  10logig (o) omr o

BPSK 3P, 00K —3.0103 Ry,

QPSK 3P.. 00K —3.0103 IRy,
M-QAM (ﬂﬁ) Fs ook 10logy (3{2@5\4) Iogi w7 1t
M-FSCM wgrFs 0ok —10logyg (logy M) 5z Ry,

5.6 Experimental Demonstration

This section details the experimental setup and results that demonstrate FSCM-based VLC

system and compare its performance with other conventional modulation schemes.

5.6.1 Experiment Setup

The system block diagram for the experiment demonstration with signal processing steps is
shown in Fig. 5.13. In addition to the FSCM, FSK and BPSK schemes are tested and their
performance is compared. For FSCM and FSK, a random stream of binary input is gener-
ated and mapped into FSCM and FSK symbols with modulation levels of M = [4, 16, 64].
A real-valued signal is generated by applying IFFT to the chirp waveform and its Hermitian
symmetry. The minimum sample size of Nyppp = 2(M + 1) is used for FSCM and FSK while
for BPSK Nippr = 64 is used. The serial time-domain signal is then pulse-shaped using the
RRC filter with an upsampling factor of 4 sample per symbol and loaded to an arbitrary wave-
form generator (AWG: Keysight 81180A). The output of the AWG superimposed with the DC
bias current from the bias-tee (Bias-Tee: Mini-Circuits ZFBT-4R2GW+) modulates the LED
(150505BS73300). Aspheric condenser lenses (Thorlabs ACL4532) are used to collimate the
output light from the LED and focus it into the active area of the photodetector. On the receiver

side, a photodetector receiver (PD: ThorLabs PDA10A) detects the intensity modulated signal
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and is captured by an oscilloscope (OSC: Keysight MSO7104B). Then the received signal is

demodulated to recover the transmitted information bits.

‘ Tx DSP P Resampling
Binary
Input BER
i > Evaluation
Binary —
Output
Rx DSP 4{ Resampling %7 S

Figure 5.13: Experimental setup with signal processing steps. Details of transmitter and re-

ceiver DSPs are shown in Fig. 5.6. Note that the chirp waveform displayed on the oscilloscope

is captured in real-time when an analogue signal is transmitted.

5.6.2 Results and Discussion

To investigate BER at different transmission rates, the sampling rate of the AWG is set to
[0.4,0.8, 1.2, 1.6] GSa/s with the modulation signal depth, (peak-to-peak voltage, Vpp) ranging
from 50 mV to 1 V. The DC bias is set to 20 mA at which the —3 dB modulation bandwidth is
around 7 MHz while the optical power is 6 mW. When comparing the achievable data rate, the

7% HD-FEC threshold BER of 3.8 x 1073 is considered.

The BER versus Vpp performance of BPSK at different bit rates is shown in Fig. 5.14. As
expected, the BER improves as Vpp increases which is related to an increase in SNR. With
BPSK, a 200 Mb/s bit rate can be achieved under the target BER at 400 mV. By increasing the
order of PSK, a higher data rate can be obtained but at larger SNR per bit. Therefore, only

BPSK results is shown in this work.

In Fig. 5.15, the BER performance of FSK at 300 MSa/s is shown. The BER performance im-
proves as M is decreased from 64 to 4. This agrees with the simulation results in Fig. 5.10 for
a channel with limited bandwidth. The reason is that when M increases under the same mod-
ulation bandwidth, the separation frequency between consecutive symbols, given by Af =

Feample/Nirrr = [30,8.82,2.31] MHz, decreases with M = [4, 16, 64], respectively. That

122



Frequency Shift Chirp Modulation for Visible Light Communication

10°
1071 E
ﬁ 1072 £
m F
—©6— BPSK 100 MBd
—— BPSK 200 MBd
BPSK 300 MBd
—s— BPSK 400 MBd
1073 L
10’4 I I | I | I 1 1 |

0 100 200 300 400 500 600 700 800 900 1000
Vpp (mV)

Figure 5.14: BER performance of BPSK scheme at different transmission rates ranging from
100 MBd to 500 MBd
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Figure 5.15: BER performance of FSK scheme with M = [4, 16, 64] at 300 MSa/s achieving
Ry, = [150, 75, 28.125] Mb/s for each modulation order, respectively
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leads to intersymbol interference and thus erroneous reception in 64-FSK than in 4-FSK. Over-
all, a bit rate of R}, = [150, 75, 28.125] Mb/s can be achieved under the target BER with a
requirement of Vpp = [200, 250, 300] mV for M = [4, 16, 64] FSK, respectively.

The transmission at 300 MSa/s is repeated for FSCM and the result is shown in Fig. 5.16.
Unlike the FSK, in FSCM the performance improves with increasing M, which consolidates
the simulation result shown in Fig. 5.10. This is because in FSCM a symbol is represented by
M samples allocated in all frequencies, and the reduction in separation frequency has relatively
lower impact on its performance. This is an important characteristic to have for an energy-

efficient system as increasing M improves the BER at lower SNR. To evaluate the achievable
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Figure 5.16: BER performance of FSCM with M = [4, 16, 64] at 300 MSa/s resulting
Ry, = [150, 75, 28.125] Mb/s for each modulation order, respectively

data rate of the system with FSCM, the experiment is repeated at 400 MSa/s and the result is
shown in Fig. 5.17. Using FSCM with M = [4, 16, 64] a bit rate of Ry, = [200, 100, 37.5] Mb/s

can be achieved for each modulation order, respectively.

124



Frequency Shift Chirp Modulation for Visible Light Communication

100

1071

1072

10—3

BER

1074

1075

1076

T T T T T T T T T
—— 4-FSCM 400 MSa/s
—— 16-FSCM 400 MSa/s
L 64-FSCM 400 MSa/s
1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Vpp (mV)

Figure 5.17: BER performance of FSCM with M = [4, 16, 64] at 400 MSa/s achieving

Ry, =

[200, 100, 37.5] Mb/s for each modulation order, respectively

The summary of the achieved data rate versus the required Vpp under the target BER is shown

in Fig. 5.18. The BPSK and 4-FSCM achieve the highest data rate while BPSK comes with
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Figure 5.18: Summary of experiment result showing the bit rate and Vpp trade-off
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the reduction of Vpp. However, in FSCM, the increasing M improves the energy efficiency
(i.e. the amount of Vpp required to achieve the target BER) of the system and 64-FSCM is
the most energy efficient of all schemes under test. In FSK, the Vpp requirement increases
with increasing M. In terms of transmission rate, a higher bit rate under the target BER is

demonstrated in FSCM which is 200 Mb/s while only 150 Mb/s is the highest in FSK.

5.7 Summary

In this chapter, an energy-efficient frequency shift chirp modulation technique compatible with
VLC systems is presented. A theoretical framework of FSCM is provided, including the mod-
ulation and demodulation processes and the error performance, as well as a proof-of-concept
experiment. It is shown to be a promising modulation technique for VLC systems to improve

energy efficiency.

The error performance of FSCM in noise-limited and frequency-selective channels with limited
modulation bandwidth is analysed, and the results are validated through simulations. FSCM is
shown to be different from FSK, as symbols are mapped to a range of frequencies within the
available bandwidth, allowing for a reduction in the impact of the frequency-selective channel

and improving system performance.

A proof-of-concept experiment is also conducted to demonstrate the use of FSCM in a VLC
system and compare its performance to other conventional modulation schemes. In the ex-
periment, it is shown that FSCM can be used to realise an energy-efficient VLC system, with
64-FSCM being the most energy efficient of all the schemes tested. In terms of transmission
rate, a higher bit rate of 200 Mb/s is demonstrated for FSCM, compared to the highest rate of
150 Mb/s in FSK.

FSCM is characterised by improved error performance with increasing the modulation order,
which also represents the number of samples allocated in all frequencies for each symbol.
Therefore, the increase of modulation order improves the energy efficiency of the system, as
it results in a lower target BER at lower SNR. However, it also results in a lower data rate.
The potential application of FSCM in low-power and low-rate networks makes it a promising
option for the integration of VLC in various systems. Overall, the results presented in this

chapter provide a strong case for the use of FSCM in VLC systems.
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Chapter 6

Conclusion and Outlook

In this chapter, a summary of the research presented in this thesis is presented. The main
findings of the research will be highlighted, along with relevant conclusions. In addition, an
outline of the limitations of this research work will be provided. Based on these limitations,

potential areas for future research will be recommended.

6.1 Summary of the Work

There has been a significant increase in data traffic recently, which has led to the exploration
of using optical frequencies to supplement RF-based wireless communication systems. One
promising technology in this area is VLC, which transmits data using LEDs over the visible
light spectrum and utilises existing lighting infrastructure for communication. VLC is a popu-
lar choice for short-range wireless connectivity because it is energy efficient, low cost, and has
a widespread availability of front-end devices. However, one of the main challenges in design-
ing and optimising a VLC system is improving its energy and spectral efficiency. To address
this challenge, the objective of this thesis is to explore techniques and identify the most effec-
tive approaches for enhancing the energy and spectral efficiency of VLC systems. To achieve
this goal, new signal processing techniques are developed, and their effectiveness is evaluated

through a combination of theoretical analysis, simulations, and experimental demonstrations.

A comprehensive overview of the VLC system relevant to the thesis is provided in Chapter 2.
It highlights the many advantages of VLC for various communication applications, including
a large, unlicensed spectrum in the optical domain, free from electromagnetic interference, in-
herent security and spatial reuse, ease of implementation, and low cost. The chapter describes
some potential application areas for VLC, including indoor wireless communication, under-
water communication, indoor localisation, and vehicular communication. However, several
challenges must be addressed to fully realise the potential of VLC, including the limited mod-
ulation bandwidth of LEDs, which impacts the efficiency of VLC systems, and the nonlinear
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response of LEDs. The chapter also provides background information on the system com-
ponents of VLC, including the optical transmitters and receivers used to transmit and receive
optical signals, as well as the VLC channel model. It covers various modulation techniques
used in VLC, such as pulse modulation techniques (OOK, PAM, and PPM) and optical OFDM.
The chapter emphasises the importance of energy and spectral efficiency in the design of VLC
systems, as maximising the use of available bandwidth and minimising energy consumption
can help achieve high data rates and long-distance communication. In this regard, the chapter
introduces probabilistic shaping as a technique to improve the performance of high-speed VLC
systems by optimising the signal distribution. PS allows for continuous and adaptive entropy
transmission, which is particularly useful for optical OFDM-based VLC systems. The chapter
also includes a comparative discussion of related literature on techniques to improve the limited
modulation bandwidth of LEDs, utilise adaptive information loading with PS, and implement

energy-efficient modulation schemes for low-power applications.

The characteristics of an LED are studied in relation to the DC bias point, including its optical
power response and modulation bandwidth. Chapter 3 examines the optimisation of the bias
point in order to increase capacity by enhancing the modulation bandwidth at higher driving
currents while minimising signal distortion. Two methods are proposed: one allows the input
signal to enter the saturation region of the LED, which leads to an increase in the modula-
tion bandwidth but also causes nonlinear distortion that reduces the SNR. The other method
constrains the input signal to the LED’s linear operating range, avoiding nonlinear distortion
but potentially limiting the increase in the modulation bandwidth. Simulation results and a
PAM-based VLC experiment both demonstrate that the optimal bias point is found beyond the
midpoint of the LED’s dynamic range. These results suggest that the capacity of a VLC system
can be optimised by properly selecting the DC bias point, taking into account the impact on the
SNR and modulation bandwidth. These optimisation techniques, when combined with other

approaches, have the potential to significantly improve the capabilities of a VLC system.

In Chapter 4, the use of probabilistic shaping in VLC systems is examined. This technique
optimises the distribution of source symbols for the VLC channel and has the potential to sig-
nificantly enhance the system’s performance. The symbol error performance of PS is analysed
using a maximum a posteriori detector and closed-form analytical expressions are provided and
validated through Monte Carlo simulations. A framework is also presented that demonstrates

how PS can be used to trade energy efficiency for spectral efficiency and how the design pa-
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rameters can be chosen. The results show that PS outperforms the use of a uniform distribution
and significantly reduces the required SNR to achieve a certain error probability. The practical-
ity of this approach is demonstrated through two proof-of-concept experiments, in which the
achievable rates of PS are compared to those of the conventional adaptive bit-power loading
technique. Unlike the bit-power loading optimisation method, PS provides continuous entropy
loading, allowing for efficient use of the available bandwidth beyond the —3 dB point and al-
lowing for transmission rates close to channel capacity limits. In the first experiment, using a
single low-power LED, PS resulted in an aggregate achievable information rate of 1.13 Gbps,
which is 27.13% higher than the rate achieved with the bit-power loading technique. In the sec-
ond experiment, using a WDM-based VLC system with three independently modulated LEDs,
PS resulted in an aggregate achievable information rate of 10.81 Gbps, 25.7% higher than with
the bit-power loading approach. Overall, VLC with PS has been shown to be a reliable way
to increase spectral efficiency and data rates, and its symbol error performance outperforms
that of a uniform distribution by requiring a lower SNR to achieve a certain error probabil-
ity. This technique has also been demonstrated to significantly increase achievable information
rates compared to adaptive bit-power loading. These findings suggest that PS has the potential

to be utilised in VLC systems to maximise information rate and approach capacity limits.

An energy-efficient frequency shift chirp modulation technique that is compatible with VLC
systems has been introduced in Chapter 5. The theoretical foundation of FSCM, including its
modulation and demodulation processes, is presented. The error performance of this technique
is also analysed in noise-limited and frequency-selective channels, demonstrating better energy
efficiency compared to other equivalent modulation techniques. A proof-of-concept experiment
is conducted to demonstrate that FSCM can be used to create an energy-efficient VLC system.
This technique is characterised by improved error performance as the modulation order in-
creases, as it is an orthogonal modulation scheme like FSK. However, unlike FSK, symbols in
FSCM are mapped to a range of frequencies within the available bandwidth, which allows for
resilience in band-limited frequency-selective channels. The potential application of FSCM in

low-power and low-rate networks makes it a promising option for VLC system integration.

Overall, this thesis has focused on the development and evaluation of techniques to optimise
the spectral and energy efficiency of VLC systems. Through the introduction of a framework
identifying optimal operating conditions and the use of signal shaping and energy-efficient

modulation techniques, it is possible to significantly improve the capacity and performance
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of VLC systems. The approaches described in this thesis provide a promising direction for
enhancing the efficiency of VLC systems and can potentially lead to more widespread adoption

of this technology.

6.2 Limitations and Recommendations for Future Work

This study has contributed to the understanding and enhancement of energy and spectrum effi-
ciency in VLC. However, there are several factors that may have limited the scope and extent
of the findings. In this section, the limitations of the study will be discussed. In addition, sug-

gestions for future research to build upon and address the remaining questions will be made.

The results reported in this thesis are subject to variability in the devices and link environment,
which may lead to different values if the experiments were to be repeated. To ensure the re-
producibility of this thesis, it is essential to consider the impact of device variability and the
implementation of signal processing techniques. To facilitate replication of the work and com-
parison of results, the part numbers of all devices used in the experiments have been provided.
Moreover, all measurements have been taken with as many data sample points as possible, using
the maximum memory depth of the devices, to ensure statistically representative data transmis-
sion for robust characterisation of the communication link. It is also crucial to emphasise the
need for calibration of the setup to ensure an accurate alignment between an LED and a PD of

a VLC system, which is essential to optimise the system performance.

One limitation of this study is that it only focused on the communication aspect of LED-based
VLC systems and did not consider the impact of communication techniques on lighting per-
formance. To address this limitation, future research could explore the optimisation of both
communication and lighting performance in LED-based systems. This could involve inves-
tigating different modulation techniques and the DC bias optimisation that could balance the
requirements of both applications. By considering both aspects of LED-based systems, a more

comprehensive understanding of their potential benefits and limitations can be gained.

A framework for optimising the capacity of a VLC system through bias point optimisation is
presented in Chapter 3. In the simulation results presented, realistic parameters of the LED
and photodetector, which are measured in experiments, are used. However, an ideal channel
DC gain is assumed in the analysis. The channel gain value has a significant impact on the

SNR and therefore the capacity of the system. Other sources of distortion that could affect

130



Conclusion and Outlook

the modulated signal and its proper detection are not considered. As a result, it is assumed
that the modulating signal bandwidth is less than the LED bandwidth. In addition, only the
line-of-sight link is considered in the analysis, as it is typically the dominant link in a LiFi
system and the signal power from non-line-of-sight paths is much smaller in comparison. The
optimal bias point will depend on various factors such as the distance and orientation between
the transmitter and receiver, as well as any obstacles in the path between them. To accurately
estimate these optimal bias points, knowledge of the channel state information, including the
LoS and NLoS channel gains, is needed. However, it should be noted that the channel gain is
simply a scaling factor in the SNR expression and does not affect the validity of the optimisation
process. This means that while the absolute optimal operating points may differ for different

users, the process for obtaining these optimal points remains the same.

One possible research area for future research is the combination of bias point optimisation
techniques with pre/post equalisation and precoding/pre-distortion. By combining the bias
point optimisation methods discussed in this thesis with pre/post equalisation and precoding/pre-
distortion, the performance of the VLC system can be further enhanced. Pre/post equalisation
can be used to mitigate intersymbol interference in the system, while precoding/pre-distortion
can compensate for nonlinearities. By exploring the use of these techniques in combination
with bias point optimisation, future research can significantly improve the capabilities and per-

formance of VLC systems.

The research presented in Chapter 4 explores the use of PS in VLC. PS is a relatively new
technique that is being actively researched and developed in various communication fields and
has the potential to significantly improve the performance of VLC system, making it more
competitive with other forms of communication. However, the effectiveness of this process
depends on the distribution matcher. In this thesis, a constant composition distribution matcher
(CCDM) is used in all studies. CCDM generates amplitude sequences with a fixed composition
based on the Maxwell-Boltzmann distribution. Therefore, the distribution matcher determines
the optimal distribution of symbols based on the desired rate parameter and channel conditions.
Despite ongoing efforts to develop distribution matchers with low storage and computational
complexity, current state-of-the-art distributions are still far from achieving this goal. The
CCDM, in particular, uses arithmetic coding and has high computational complexity. This is
particularly impactful in multicarrier modulation techniques such as OFDM. For optical OFDM

employed in this work, each subcarrier is assigned different entropy values, and as a result, each
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subcarrier has a unique symbol distribution that requires an independent distribution matcher
and dematcher, greatly increasing complexity. Therefore, further research in the development
of distribution matchers with low storage and computational complexity could be beneficial.
This may require interdisciplinary study in the fields of information theory and digital signal
processing. Such research could potentially result in more efficient and effective distribution

matchers that could be applied to various communication technologies, including VLC systems.

The theoretical error performance analysis of probabilistically shaped symbols presented in
this work is based on the symbol error rate (SER). Therefore, it is independent of the choice
of bits-to-symbol distribution matcher. However, if the bit error rate (BER) of probabilisti-
cally shaped symbols is to be evaluated, the implementation of the chosen distribution matcher
should be taken into account, as it depends on the specific matcher used. Furthermore, the
distribution dematcher is sensitive to errors and typically requires a forward error correction
(FEC). This involves the use of FEC encoding in conjunction with the PS distribution matcher
at the transmitter and FEC decoding with the distribution dematcher at the receiver. The order
in which shaping and coding are applied in the transmitter and receiver is an open research
question that could be explored in the future. Therefore, it would be valuable to investigate
the BER performance of probabilistically shaped symbols. This could involve exploring the
impact of different distribution matchers and FEC schemes, as well as determining the optimal

combination of shaping and coding rates to maximise SNR gain.

The frequency shift chirp modulation (FSCM) introduced in Chapter 5 is designed to provide
an energy-efficient modulation technique for use in low-power, low-rate VLC networks, par-
ticularly in the IoT. The theoretical basis of FSCM has been established and the concept has
been demonstrated in an experiment. However, the experimental demonstration was carried
out using discrete lab components, such as a signal generator and an oscilloscope, and the
signal generation/detection is carried out in offline signal processing. While this can serve as
a proof-of-concept demonstration, one potential area of future research could be a real-time
implementation of FSCM-based VLC using a FPGA. This approach could potentially offer
benefits for low-power, low-rate applications and could be a valuable addition to the field of
VLC. In this implementation, it will be important to consider issues such as power consump-
tion and cost, as well as potential applications for this technology. Overall, the development and
implementation of FSCM-based VLC systems using FPGA could lead to significant advances

in the field and could have a wide range of practical applications.
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