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Abstract

The work presented in this thesis extends and contributes to the research in reducing the high Peak-
to-Average Power Ratio (PAPR) in optical-Orthogonal Frequency Division Multiplexing (OFDM)
systems using probabilistic-based and hybrid techniques. Whereas the high PAPR problem has
been extensively studied and a number of solutions provided for the conventional Radio Frequency
(RF)-OFDM systems, there are only a few solutions proposed specifically for PAPR reduction
in optical-OFDM systems. Although the probabilistic-based techniques such as Conventional
Selected Mapping (CSLM) and Data Position Permutation (DPP) result into significant PAPR
reduction performance with negligible Bit Error Rate (BER) degradation, the resulting increase in
both hardware and computational complexity as a result of a large number of Inverse Fast Fourier
Transform (IFFT) operations that have to be performed to generate the candidate signals is still a

major drawback.

In order to reduce the complexity, in this research, two techniques which are applied in optical-
OFDM systems are proposed. The first technique is the hybrid method composed of a modified
CSLM and pu-law companding techniques called Low Complexity Hybrid Selected Mapping
(LCHSLM). The proposed method achieves almost 50% reduction in complexity compared to
CSLM with less BER degradation. The second technique based on lexicographical permutations
called Lexicographical Symbol Position Permutation (LSPP) works by dividing the optical-OFDM
symbol into a number of sub-blocks and performing lexicographical permutations to obtain the
candidate signals after the IFFT operations. In the proposed LSPP, all the candidate permutation
sequences are not obtained at once unlike in the DPP where the number of candidate permutation
sequences increases at a factorial rate of growth as the number of sub-blocks increases resulting in

a more complex system.

Additionally, the research proposes an algorithm where a threshold PAPR value is introduced and
the candidate signals are generated until a candidate with a PAPR value less or equal to the threshold
is obtained. The results show that the complexity in terms of IFFT operations can be reduced
substantially depending on the selected threshold and the number of candidate signals. Furthermore,
the research introduces a new algorithm based on the global gain (net gain) to determine the most
suitable number of permutation candidate sequences to achieve a reasonable PAPR reduction
performance without increasing the time and hardware complexity to levels that the systems cannot

tolerate.
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1 Introduction

1.1 Overview

Visible Light Communication (VLC) technology has recently attracted considerable attention
from researchers in academia, industry and governments around the globe due to its numerous
advantages such as interference-free communication, high levels of security, low cost due to the
utilization of the license-free spectrum, availability of the Light Emitting Diode (LED) used for
communication, low power consumption, ability to perform indoor localization among others [1-3].
In order to attain the higher data rates required nowadays, multi-carrier modulation techniques
such as Orthogonal Frequency Division Multiplexing (OFDM) have been considered for practical
implementation in VLC systems [4—6]. In addition to the higher data rates, OFDM also has high
spectral efficiency, can combat Inter-Symbol Interference (ISI) in a diffuse optical channel without
the need for complex equalization filters at the receiver and it is easy to be practically implemented

using Inverse Fast Fourier Transform (IFFT) and Fast Fourier Transform (FFT) operations [7].

Most of the practical VLC systems currently deployed use Intensity Modulation with Direct
Detection (IM/DD) and therefore the optical carrier used for modulating the light intensity must
be real and unipolar. The real valued signal is usually obtained by constraining the signal to
the Hermitian symmetry before the IFFT operation. To obtain a unipolar signal, a number of
approaches have been considered resulting in different forms of optical-OFDM. A suitable Direct
Current (DC) bias can be added resulting in Direct Current biased Optical-OFDM (DCO-OFDM)
[8]. On the other hand, in Asymmetrically Clipped Optical-OFDM (ACO-OFDM) [9], no DC bias
is added and the unipolar signal is obtained by clipping the signal at the zero level. However, the
spectral efficiency is half of that of DCO-OFDM since half of the subcarriers are used. In Pulse
Amplitude Modulated (PAM)-Discrete Multitone (DMT) modulation [10], only the imaginary parts
of all the subcarriers are modulated using PAM symbol levels before the IFFT operation and the
entire negative excursion of the resulting time domain signal is clipped just like in ACO-OFDM.
Other variants of optical-OFDM include Asymmetrically Clipped DC biased Optical-OFDM
(ADO-OFDM) [11] that simultaneously transmits ACO-OFDM and DCO-OFDM signals on the
odd and even subcarriers respectively, Flip-OFDM [12] and Layered ACO-OFDM [13].

Regrettably, despite the advantages of OFDM, the multi-carrier nature of OFDM means that there
will be constructive addition at certain instants of the subcarriers after the IFFT operation leading to
a higher peak value. Consequently, this will result in a high Peak-to-Average Power Ratio (PAPR)
[14].
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It is important to keep the devices at the transmitter such as the LED, the Digital-to-Analog
Converter (DAC) and the power amplifier in the linear region of operation for reliable transmission.
However, this is difficult to achieve in practice due to the high PAPR and as a consequence, the

high peaks are often clipped leading to signal distortion and an increase in Bit Error Rate (BER).

Therefore, a lot of attention has been put on PAPR reduction and several techniques have been
proposed in the traditional OFDM for Radio Frequency (RF) communication systems. These
techniques are summarised in literature [14—-19]. However, since the transmitted signal in VLC
must be real and positive due to the use of IM/DD as earlier pointed out, most of these techniques

cannot be directly applied in VLC systems.

In this thesis, an extensive survey of PAPR reduction techniques for both RF and optical-OFDM
systems available in literature is presented. In the proposed taxonomy, the techniques are categorised
into three broad categories. The first category is the signal scrambling techniques such as coding-
based including block codes [20, 21], convolutional codes [22, 23], fountain codes [24—28] and
probabilistic-based such as Selected Mapping (SLM) [29-32] and Partial Transmit Sequence (PTS)
[33]. The second category is the signal distortion techniques such as signal clipping [34, 35], peak
windowing [36, 37] and companding techniques [38—41]. The third category which is introduced in
this thesis is the hybrid techniques [42] which combines two or more techniques in order to benefit

from the advantages of either technique.

The Conventional Selected Mapping (CSLM) is a popular method because of its significant PAPR
reduction performance with negligible BER degradation. In CSLM, multiple candidate signals are
generated by multiplying the OFDM symbol in the frequency domain with random phase sequences.
The candidate signal after the IFFT operation with the least PAPR is selected for transmission and
the Side Information (SI) associated with this candidate signal is transmitted for efficient recovery
at the receiver. However, the large number of IFFT operations that are required to generate the
candidate signals makes this approach complex. Moreover, the higher the number of candidate
signals, the better the performance in terms of PAPR reduction, making this CSLM method more
complex in practical implementation. In order to solve the complexity problem associated with
the CSLM method, this thesis proposes a novel hybrid technique based on the modified CSLM
and p-law companding techniques called Low Complexity Hybrid Selected Mapping (LCHSLM)
scheme. The aim is to reduce the complexity of the CSLM and achieve a reasonable PAPR reduction
performance with minimal BER degradation. It is demonstrated through computer simulations
that the proposed technique significantly reduces the PAPR compared to using CSLM or u-law
companding alone in addition to achieving almost 50% reduction in complexity.

Related to the CSLM technique, symbol or bit interleaving [43] and the Data Position Permutation
(DPP) [44] techniques also involve the generation of multiple candidate signals and the one with
the least PAPR is selected for transmission. Specifically, in the DPP technique, the OFDM symbol
is divided into S sub-blocks which are then permutated to generate the candidate permutation
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sequences. However, in the DPP technique, the number of candidate permutation sequences that
can be generated is limited since it is given by S! and therefore as the number of sub-blocks
increases, the number of permutation sequences increases at a factorial rate of growth leading to a
more complex transmitter system as a result of the large number of IFFT operations that have to
be performed. In order to solve the complexity problem associated with the DPP method, in this
thesis, a novel technique based on lexicographical permutations called Lexicographical Symbol
Position Permutation (LSPP) is introduced. To this end, the three different ways of selecting the
U permutation candidate sequences, that is, adjacent, interleaved, and random are compared in
terms of PAPR reduction performance by computer simulation using Complementary Cumulative
Distribution Function (CCDF) diagrams. Simulation results show that random lexicographical
permutation sequences give a slightly better PAPR reduction performance compared to adjacent
and interleaved lexicographical permutations. Furthermore, the thesis introduces an algorithm for
complexity reduction using LSPP by setting a threshold PAPR value and generating the permutation
candidate sequences one by one until a candidate sequence with PAPR below the threshold is
reached. In this way, if the m-th, (m <U ) permutation sequence satisfies the threshold condition,
then U — m candidate sequences are not generated and consequently, U — m IFFT operations are
not performed. This new method does not only reduce the PAPR but also results in a significant

reduction in computational complexity.

Finally, since different application environments require different PAPR values and complexity, this
thesis introduces a new algorithm based on the global gain (net gain) to determine the most suitable
number of permutation candidate sequences to achieve a reasonable PAPR reduction performance

without increasing the time and hardware complexity to levels that the systems cannot tolerate.

1.1.1 Problem Statement

The high PAPR problem has been extensively studied and there are several techniques that have
been proposed for the conventional RF-OFDM systems. These techniques cannot be applied
directly in optical-OFDM for VLC systems since the practical VLC systems currently deployed
use IM/DD and therefore the optical carrier used for modulating the light intensity must be real and
unipolar. There are only a few solutions that have been proposed explicitly for use in optical-OFDM
systems. All the proposed solutions have advantages and disadvantages over one another when
they are implemented, i.e., each technique must sacrifice one or more performance parameters for
PAPR reduction. It has been suggested [16, 45], that the following factors must be considered when
selecting a particular technique for PAPR reduction: PAPR reduction capability, computational
complexity, spectral spillage, BER degradation and loss in throughput due to the SI. For example,
clipping techniques are simple to implement and result in significant PAPR reduction but introduce
in-band distortion and out-of-band radiation leading to high BER performance degradation. On the
other hand, probabilistic-based techniques such as CSLM and DPP are distortion-less techniques
that achieve significant PAPR reduction performance at the expense of increased computational

complexity. The complexity in CSLM is caused by two main factors: firstly, due to the generation
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and multiplication of the random phase sequences with the OFDM symbol and secondly as a result
of the many IFFT operations that must be performed to generate the candidate signals. Although
there is no generation and multiplication of the random phase sequences with the OFDM symbol in
the DPP technique, the complexity is escalated by the fact that the number of candidate sequences
increases at a factorial rate of growth as the number of sub-blocks increases. These challenges led

to the research questions of this thesis given below:

1. How can significant PAPR reduction performance be achieved with minimal side effects of

the techniques used such as increase in complexity and BER degradation?

This question is answered by introducing a new hybrid technique for PAPR reduction
composed of a modified CSLM and p-law companding techniques. The new technique is
less complex in terms of the number of IFFT operations compared to the CSLM and achieves
a significant PAPR reduction performance with minimal BER degradation. The details of

this research are given in Chapter 4 and have been published [42].

2. Which category of lexicographical permutation sequences among random, adjacent, and in-

terleaved gives better PAPR reduction performance and how can the complexity be reduced?

This question is answered firstly, by developing algorithms to generate the three categories of
lexicographical permutations and compare the PAPR reduction performance by simulation
using CCDF diagrams and secondly by developing an algorithm for complexity reduction
using LSPP by setting a threshold PAPR value and generating the permutation candidate
sequences one by one until a candidate sequence with PAPR below the threshold is reached.
To this end, we compare both the simulation and mathematical formulation to establish
the effectiveness of the proposed algorithm. The results from this research are given in
Chapters 5 and 6, partly published [46] and submitted for publication [47].

3. How can the PAPR reduction performance and computational complexity be optimized for
different application scenarios that require different levels of PAPR values and computational

complexities?

This question is answered by introducing a new algorithm based on the global gain (net gain)
to determine the most suitable number of permutation candidate sequences to achieve a rea-
sonable PAPR reduction performance without increasing the time and hardware complexity
to levels that the systems cannot tolerate. The results of this research are given in Chapter 6

and have been submitted for publication [47].

1.1.2 Thesis Contribution

This thesis makes original contributions to the body of knowledge in the field of VLC technology,
specifically focusing on the high PAPR which is a major drawback affecting the implementation of
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OFDM as a modulation technique in VLC systems. The main contributions of this thesis are as

follows:

(1)

(ii)

(iii)

(iv)

1.2

In the first contribution, an extensive survey of PAPR reduction techniques available in
literature is presented. In the taxonomy presented, the available PAPR reduction techniques
are categorised into three broad categories, namely, signal scrambling techniques such as
coding, PTS and SLM techniques; signal distortion techniques such as signal clipping,
peak windowing and companding transforms such as p-law and A-law transforms. The
third category which is introduced are the hybrid techniques which combines two or more

techniques in order to benefit from the advantages of either technique.

In the second contribution, a new hybrid technique for PAPR reduction for ACO-OFDM
communication systems is presented. This technique is composed of a modified CSLM
together with t-law companding techniques. The results show that this technique is able

to achieve a considerable PAPR reduction performance with low complexity and negligible
BER degradation.

In the third contribution, a new PAPR reduction technique based on lexicographical permu-
tations of the OFDM symbols in frequency domain for DCO-OFDM systems is presented.
Furthermore, a new way of reducing the complexity based on a threshold PAPR value is
introduced. This is based on the fact that different applications and scenarios require differ-
ent PAPR reduction performance. The results show that the complexity in terms of IFFT
operations can be reduced substantially depending on the selected threshold and the number

of candidate signals used.

In the final contribution, a comparison of the different categories of lexicographical permuta-
tions, namely, random, interleaved and adjacent in terms of PAPR reduction performance is
presented. The results show that random lexicographical permutations achieve a better PAPR
reduction performance compared to interleaved and adjacent lexicographical permutations.
However, the random lexicographical permutations require a large number of sub-blocks
to avoid the possibility of generating repeated candidate sequences. Therefore, interleaved
and adjacent lexicographical permutation sequences can be preferred in situations where the
number of OFDM subcarriers is small. Furthermore, a new method of obtaining the most
suitable number of candidate permutation sequences based on global (net) gain to achieve a
reasonable PAPR reduction performance without increasing the computational complexity

beyond system requirements is introduced.

Thesis Organization

This chapter provides a brief introduction together with the problem statement and the original

contributions of this thesis. The rest of the thesis is organized as follows:

Chapter 2 presents a review of VLC as well as a general description of the OFDM system while
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emphasizing the main aspects that need to be modified in order for the conventional OFDM used in
RF systems to be used in VLC systems. This is followed by a review of the current optical-OFDM
techniques proposed in literature as well as the factors to be considered when selecting a particular
optical-OFDM technique.

Chapter 3 presents the PAPR problem in OFDM systems. In Chapter 2, the high PAPR problem is
identified as the main challenge in the practical implementation of OFDM systems. Additionally,
in this chapter, a detailed survey and classification of the PAPR reduction techniques available in
literature is presented. Furthermore, the chapter includes a discussion of the factors that can be
used to determine the trade-offs between the PAPR reduction capability of a technique and other

design factors such as complexity, BER and bandwidth requirements.

Chapter 4 presents the new hybrid technique proposed for ACO-OFDM systems. In Chapter 3, it is
pointed out that no single technique can achieve a high PAPR reduction without compromising other
performance parameters in the system such as complexity, BER and bandwidth. Therefore, the
best strategy is to employ hybrid techniques that combine two or more PAPR reduction techniques.
The technique presented in this chapter incorporates a modified CSLM and companding techniques
to achieve a considerable PAPR reduction performance with low complexity when compared to

CSLM or companding technique used individually.

Chapter 5 presents a new PAPR reduction technique based on lexicographical permutations called
LSPP for PAPR reduction in DCO-OFDM systems. Furthermore, a new way of reducing the
complexity is introduced based on a threshold PAPR value. It is demonstrated that the complexity
in terms of IFFT operations can be reduced substantially depending on the selected threshold and

the number of candidate signals.

Chapter 6 presents a comparison of PAPR reduction of the different categories of lexicographical
permutations, namely, random which was presented in Chapter 5, interleaved and adjacent which
are introduced in this chapter. Furthermore, this chapter presents a new method of obtaining the
most suitable number of candidate permutation sequences to achieve a reasonable PAPR reduction

performance without increasing the computational complexity beyond system requirements.

Chapter 7 concludes by highlighting the most important results in this thesis and future research

directions are presented.



2 Optical-OFDM for Visible Light

Communication Systems

This chapter presents the main concepts in Orthogonal Frequency Division Multiplexing (OFDM)
while emphasizing the specific aspects that need to be modified in order for the conventional OFDM
used in Radio Frequency (RF) applications to be applied in Visible Light Communication (VLC)
systems. In Section 2.1, an overview of VLC is presented in which the main concepts, applications
and standardization efforts in VLC are discussed. Section 2.2 presents the fundamental concepts
in OFDM modulation scheme used in RF communication systems. This section introduces the
OFDM system architecture and explains the building blocks in the OFDM system. A fundamental
concept of the cyclic prefix is discussed and it is shown mathematically that this cyclic prefix
has the potential to combat Inter-Symbol Interference (ISI) which is a key advantage of OFDM
systems over single-carrier systems. In Section 2.3, an overview of optical-OFDM is presented.
The key differences between optical-OFDM and RF-OFDM are discussed in this section, which is
followed by a discussion of the various optical-OFDM techniques presented in literature. Finally,
the chapter concludes with a discussion on the factors to be considered when selecting a particular

optical-OFDM technique in Section 2.4.

2.1 Overview of Visible Light Communication

The current and future high speed wireless demands such as Virtual Reality (VR), Augmented
Reality (AU), Internet of Things (IoT), driverless cars, telemedicine, Artificial Intelligence (Al),
etc. will be unable to be met by current RF communication systems. It was predicted that the
demand for RF spectrum will exceed the supply by 2035 [48] and that more than 70 percent of the
global population will have mobile connectivity by 2023 [49]. It was further predicted by Cisco
that by 2023, the global mobile devices will grow to 13.1 billion up from 8.8 billion in 2018 shown

in Figure 2.1 representing almost a 50% increase [49].

Therefore, there has been a growing interest from academia, governments, industry and standard-
ization bodies to solve this impending spectrum crunch and alternative solutions such as use of
millimeter-wave [50] and VLC [51] have been proposed. However, use of millimeter-wave has its
own challenges such as lack of security, requirement for much smaller cells implying high costs in

deployment, absorption by gases and moisture which reduces the range and signal strength.

VLC refers to a type of communication system that uses the Light Emitting Diode (LED) or the

laser as an optical source to emit light in the visible light spectrum (380nm-780nm) shown in
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Figure 2.1: Global growth of mobile devices and connections (Source: [49])

Figure 2.2 for both illumination and data communication [7].
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Figure 2.2: Visible light in the electromagnetic spectrum in the context of other
communication technologies

It is expected that VLC will be an integral part of the Fifth Generation (5G), Sixth Generation
(6G) mobile communication standards and beyond [1]. VLC is currently used as a complementary
technology in situations where the RF technology is of limited use, for example in underwater [52]
and mining tunnels [53]. Therefore, VLC will remain in use as a complementary technology to RF
technology to support high data rate communication anywhere and anytime because of its unique
features which include: Firstly, the visible light spectrum is unlicensed and this means there are
no utilization tariffs. Secondly, VLC is a highly secure technology since light does not penetrate
through walls and other objects. Thirdly, VLC is immune to electromagnetic interference and
therefore, it can be used in places such as hospitals and air crafts. Lastly but most importantly, VLC
uses LED lights which are ubiquitous implying that the already existing lighting infrastructure can

be used for both illumination and data communication.

The increasing popularity and usage of solid-state lighting that is slowly replacing the old incan-
descent light bulbs with LED bulbs has been one of the main drivers towards VLC technology.
The LED is preferred over an incandescent light bulb due to its long life expectancy, high power
efficiency, high reliability, high tolerance to humidity and minimal heat generation [51]. The
solid-state lighting is expected to gain more popularity after the recent implementation of phased
banning of incandescent light bulbs in countries such as the European Union, United States, Brazil,

Canada, Australia and many other countries around the world [54].
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2.1.1 Brief History of VLC

The transmission of information using optical radiation from one point to another through air dates
back to antiquity times when it is interpreted in a broad sense. For instance, in about 800 BC,
Romans and Greeks used fire beacons for signaling and by around 150 BC, smoke signals were
being used by native Americans for the same purpose of signaling. Claude Chappe developed the
Semaphore in France in 1794. The semaphore was a method of signaling by means of flags or
lights and messages were read by telescopic sightings. This semaphore was used by the French sea

navigators [7].

The major development in the area of VLC was by Alexander Graham Bell (1847-1992) who was
best known for his invention of the telephone but also had several other inventions attributed to his
name. In the early 1880, Bell successfully demonstrated the transmission of an audio signal using a
mirror vibrated by a person’s voice. This experimental demonstration of VLC using sunlight as the
source was called the photophone shown in Figure 2.3 [2]. Bell and his assistant Charles Summer
Tainter demonstrated this wireless transmission over a distance of 213 m. Bell’s experiment did not
go very far because of the crudity of instruments used and the nature of intermittent radiation of
sunlight. However, the idea of the photophone led to the birth of fiber-optic communications that
achieved popular worldwide usage starting in the 1980s. VLC is a version of optical communication
that uses unguided media as opposed to fiber optic communication that uses a fiber optic cable for

transmission of light signals.

Figure 2.3: The photophone invented by Alexander Graham Bell (Source: [2])

The major turning point in the history of VLC was the discovery of the phenomenon of electrolumi-
nescence in 1907 by H.J. Round. Round showed that light was generated at the cathode by passing
an electrical current through a crystal of silicon carbide (SiC) [55]. In 1936, George Destriau
also observed that electroluminescence was produced when an electric field was applied to Zinc

Sulphide (ZnS) powder suspended in an insulator [56].

In 1955 Rubin Braunstein reported infrared emissions from several semiconductors including
Gallium Arsenide (GaAs) , Silicon-Germanium (SiGe), Gallium Antimonide (GaSb) and Indium
Phosphide (InP) [57]. Braunstein further reported in 1957 that rudimentary devices could be used
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for non-radio communications over a short distance. He had set up an optical communications link
[58].

The next major milestone came with the demonstration of visible-spectrum (red) LED by Allen
and Cherry in 1961 [59]. The very first blue-violet LED was discovered in 1972 by Herb Maruska
and Wally Rhines using magnesium-doped gallium nitride at Stanford University [60]. These
developments started a new era in the area of optical communication and from then a number
of researchers have been participating on a global scale in the area of LED-based and optical

communication in general.

The initial commercial developments of fiber-optic communication systems started around 1975

when a system was developed that was capable of operating at a bit rate of 45 Mbps [61].

The term VLC was coined by Nakagawa and his team at Keio University in Japan towards the
end of the 1990s [1, 51]. They demonstrated the first VLC system using white LED for data

transmission.

In 2011, Hass et al. at the University of Edinburgh, UK proposed a high speed wireless communi-
cation system based on optical radiation transmitted over a line of sight called Light Fidelity (Li-Fi)
[62].

In [63] Yeh et al. demonstrated a VLC system at a data rate of 37 Mbps for a distance of up to
1.5 m using white-light phosphor-LED. The authors note that the bandwidth of phosphor-LED can
be increased from 1 MHz up to about 12 MHz using the analogue pre-distortion technique without

using the blue filter.

In [64], Xicong et al. experimentally demonstrated a VLC system that can transmit up to 40 Mbps
for a distance of 200 cm using a large off-the-shelf LED panel with dimensions of 60 x 60 cm?.
Using a low complexity multi-band Carrierless Amplitude and Phase (CAP) modulation scheme,

the authors were able to increase the transmission distance up to 2 m with the same data rate [65].

Recently, in [66], Rui et al. demonstrated the transmission at 15.73 Gbps in a VLC system
over a distance of 1.6 m by applying Forward Error Correction (FEC) and wavelength division
multiplexing to efficiently modulate four wavelengths in the visible light spectrum using the
commercially available components. In order to achieve the high data, the authors utilize OFDM

modulation technique with adaptive bit loading.

These practical demonstrations show the potential of using the already existing lighting infrastruc-

ture for both illumination and data communication.

The increasing research activities in the area of VLC communication in academia, industry and
standardization bodies has mainly been driven by the increasing popularity and developments

in solid-state lighting technology. The solid state light bulbs have a longer life and are highly
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energy efficient compared to the original incandescent light bulbs. These lighting sources will
remain dominant in the near future. Therefore, VLC technology will remain popular due to its low
research, development and installation costs because the same lighting fixtures can be used for both
illumination and data communications simultaneously and has several other applications including
indoor positioning, underwater communication, providing RF safe communication in hospitals,

home/office networking.

2.1.2 A Brief Overview of LED Properties

LED lights have two most important basic properties, i.e. luminous intensity and the transmit
optical power. The luminous intensity, measured in candela (cd) is defined as the measure of the
wavelength-weighted power emitted by a light source in a particular direction per unit solid angle

and it is related to illumination at an illuminated surface. The luminous intensity, / is given by

Ao

="
dQ)

(2.1)
where () is the spatial angle and & is the luminous flux, which can be obtained from the energy
flux, @, as given by [51]

780
D =K, V(A)®D.(A)dA (2.2)
380
where V(1) is the standard luminous curve, and K, is the maximum visibility which is about
683 Im/W when the wavelength A = 555nm. The transmit optical power, F; represents the total

radiated energy from all directions from the LED and is given by
Amax 27
p= / ®.d6d (2.3)
Amin 0
where Apin and Apax are determined from the responsivity curve of the photo diode.

Figure 2.4 shows a scenario of an office environment using LED-based lighting panels for both

illumination and wireless data connection to the users.

In this case, the dominant transmission mode is the Line of Sight (LoS). Assuming a Lambertian

radiation pattern by the LEDs, the radiation intensity at the desk surface is given [7]

ml-l—l
27

1(2) =1(0) cos™ () (2.4)

where & is the angle of irradiance with respect to the axis normal to the transmitter surface, 7 (0) is
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Figure 2.4: LoS propagation model in an office a typical office environment

the center luminous intensity and m; is the measure of the directivity of the light beam also called

the order of Lambertian emission given by

In(2)

In(cos Py /) 2.5)

m; —

where @ /; is the semi-angle of the LED which is the angle measured with respect to the LED’s

light emission center line at which the radiant intensity falls to 50% of its maximum value.

2.1.3 Received Power of Line of Sight Path

For the LoS path, the horizontal luminous intensity at a point (x,y,z) is given by

Loy = 1(0)cos™ () /d* cos(y) (2.6)

where v is the angle of incidence with respect to the axis normal to the receiver surface and d is

the distance from the LED to the detector’s surface.
The received optical power is given by
P.=H(0)P, 2.7

where H(0) is the Direct Current (DC) channel gain given by [51]

Ot 1)Ag o om
HO) =) 2z (2)Ts(w)g(w)cos(y), 0<y <y, 08

O’ II/> II/C
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where A is the area of the photo detector, 7; () is the gain of the optical filter, y, is the width of

field of view at the receiver, g (y) is the gain of the optical concentrator given by

g(y) =< sin“y, v (2.9)

where n denotes the refractive index.

Table 2.1: System parameters for the VLC link in a typical office environment

Parameter Value

Room size (L X W x H) 5mx5mx3m
Location (4 LEDs) (1.25,1.25,3), (1.25,3.75,3), (3.75,1.25,3), (2.5,2.5,3)
Semi-angle at half power 15° and 75°
Transmit power per LED 20 mW

Number of LEDs per array 60 x 60(3600)
Center luminous intensity 300-910 1x
Receive plane above the floor 0.85 m

Active area (A) 1 cm?
Half-angle FOV 60°

Elevation 90°

Azimuth 0°

Optical filter gain 1.0

Refractive index of the lens at PD | 1.5

One of the possible application areas of VLC is in an office environment. Consider a typical office
environment of size 5 m X 5 m x 3 m (Length x Width x Height) as shown in Figure 2.4 with four

LEDs and a Photo Detector (PD) as the receiver with parameters given in Table 2.1.

For the non-LoS or diffuse path, the light must first hit a reflective surface (for example, another
wall or other objects in the room) and then arrive at the PD and all the reflections must be considered.

However, the impulse response is mainly dominated by the first reflection [51].

Figures 2.5a and 2.5b show the distribution of optical power at a PD considering LEDs with
semi-angle at half power of 15° and 75° respectively. It can be observed that there is an almost
uniform power distribution at the center of the room with maximum and minimum power levels of
14.5 dB and -14.5 dB respectively depending on the half angle of the LED.

Figures 2.6a and 2.6b show the distribution of horizontal illuminance at a PD with the LED lights
with specifications as listed in Table 2.1. From these figures, it can be observed that maximum
values of illuminance of 568.10 1x and 911.69 Ix are obtained at the center of the room for one
LED and four LEDs respectively. The sufficient illuminance required by International Organisation
for Standardisation (ISO) of 300 to 1500 Ix [51] is obtained at all the places in the room. Therefore,
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Figure 2.5: Optical power distribution of a LoS at the receiving plane given the

parameters in Table 2.1

LED lighting has the potential to provide sufficient illumination as well as data communication

simultaneously.
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2.1.4 Applications of VLC
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Figure 2.6: Illuminance distributions given the parameters in Table 2.1

The inherent features of VLC such as license free spectrum, immunity to electromagnetic inter-

ference, high security, low cost and high data rates make it an attractive candidate in a number

of applications requiring wireless communication technology. Some of the current and potential

future applications of VLC are discussed next.

Intelligent Transportation Systems

Intelligent Transportation Systems (ITS) refers to the use of advanced information and communi-

cation technologies in the transportation sector to help improve road traffic management, reduce
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accidents, reduce congestion and ultimately provide a more intelligent use of transport networks.
Recently, there has been increasing interest in the use of VLC in ITS to replace or complement the
existing RF systems [67-69]. VLC-based systems can be deployed in ITS systems by utilizing
the existing infrastructure such as the LED-based traffic lights, billboards and the LED-based car
head lights to minimize road traffic accidents by providing information regarding road terrains,
driving speeds, pedestrian crossing warning signs, etc. Although this information is currently being
provided by RF technology in the form of Dedicated Short-Range Communication (DSRC), VLC
can provide the unique features which are needed such as low latency, high reliability and high

security [68].

Hospital Environments

Hospitals around the world are increasingly adopting E-health which is a broad group of activities
that use electronic means to deliver health-related information, resources and services. E-health has
widely been supported by the medical devices such as blood pressure monitors, infusion pumps,
patient monitors that are increasingly becoming wireless. E-health services result in large amounts
of data and thus reliable communication systems with sufficient capacity in hospitals are urgently
needed to distribute and exchange these large data amounts. In order to allow for flexibility and
re-modification of the health facilities, the use of communication cables should be avoided. This
means that wireless technologies have to be greatly used. The main current wireless technologies
in an indoor hospital environment are Z-wave, Bluetooth, ZigBee, Wireless Fidelity (WiFi) and
Low-power wide area networks which are all based on the highly congested and costly radio
frequency spectrum [70]. In addition, considering the safety of the patients, medical personnel
and precision instruments, electromagnetic radiation of the communication systems in hospitals
should be kept as low as possible. These strict requirements have led to the abandonment of RF
technologies in some departments such as casualty ward and theatre and limiting the power radiated
by the communication equipment. Medical devices such as infusion pumps and patient monitors
require more stringent set of security protocols and require constant connectivity. In addition

medical data is critical and should be protected against intruders.

Therefore, VLC has emerged as a promising solution in hospital environments and various solutions
have been proposed by researchers [71]. In [71], a VLC system is proposed for transmission of
medical data in hospitals. The researchers use Channel Inversion Pre-coding (CIP) to reduce
the interference and the results show improved performance compared to the conventional VLC
systems. In [72], an indoor hospital transportation robot known as HOSPI is developed. In HOSPI,
the installed lighting in the building is combined with the navigational sensors of the robot to

improve the control system.
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Underwater Communication

The increasing dependence of human life on the water and its associated activities has meant
that activities such as underwater exploration, sports activities such as diving have increased.
Consequently, there is a need to find a reliable communication system for data transmission
in underwater environments [73—75]. The underwater environment is a challenging one due to
factors like multi-path propagation, strong signal attenuation especially over long ranges and time
variations of the channel. Several researchers have demonstrated using VLC for transmission of

data in underwater environments [52].

Underground Mines

VLC is a promising technique in underground mines in order to realize both communication and
illumination at the same time. Reliable communication and monitoring systems are needed in
underground mines due to the presence of toxic gases, falling debris, etc. in order to guarantee the
safety of the miners and improve productivity in underground mines. Because of the complexity in
underground mines, traditional wire-line communication systems such as coaxial cable, twisted
pair and fiber optics are not easily realizable. Besides a sharp increase in the attenuation makes
the traditional wireless communication systems based on RF technology unreliable. Consequently
technologies such as Bluetooth, ZigBee, infrared and ultra-wide-band have been applied in un-
derground mines to some extent. However, VLC is superior to these technologies specially for
short range communications due to its numerous advantages outlined earlier. Consequently, many

researchers have studied the possibility of VLC application in underground mines [53].

The working face and the mining roadway in underground mines are considered in [53] and the
characterization of the optical channel path-loss and shadowing effects are performed. Results
show that the path-loss exponent is linear in the log domain and the value of the path-loss exponent
of non-LoS is larger than that of LoS. Additionally, the Root Mean Square (RMS) delay spread is

inversely proportional to the distance between the transmitter and the receiver.

Aircraft Wireless Communication

The provision of an in-flight data communication system for passengers is becoming a trend in the
current modern aircrafts. Some of the service providers provide WiFi solutions and aircraft-to-earth
data communication links [76]. These solutions are however not economical to implement since
they result into a low baud rate providing less user experience to passengers who are used to the
high data connectivity on ground. Moreover, using the RF spectrum may interfere with the existing
flight navigation systems [77]. VLC would be an alternative to these systems since the existing

infrastructure like LED lights can be used for both illumination, reading and data communication.
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Manufacturing Environments

The current wireless technologies such as Wireless Local Area Network (WLAN), Bluetooth
and ZigBee have limited bandwidth rendering them ineffective in manufacturing environments.
Nevertheless, numerous components such as sensors, robotic arms, conveyor belts, monitoring
systems, mobile devices, machines and equipment need to be connected together to communicate
and exchange data without using communication cables that would be problematic since these
components can be very many in a manufacturing environment. This makes the use of VLC
attractive since the existing lighting infrastructure in a factory can be used for data communication,
sensing, indoor positioning and lighting at the same time [78]. In addition to high bandwidth,
VLC also ensures security of the data since light does not penetrate walls and therefore there is no

possibility of eavesdropping compared to using RF technology.

2.1.5 VLC Standardization

The potential applications of VLC have grown in the recent years and the VLC industry as a whole
requires standards in order to facilitate product development by allowing products from diverse
suppliers to be interconnected and by facilitating innovation to create a large market for common
products. Therefore, there has been a number of efforts aimed at creating standards in VLC. The
first efforts resulted into the creation of the Visible Light Communication Consortium (VLCC)
in Japan in 2003. The members of VLCC created two standards in 2006 that were accepted by
the Japan Electronics and Information Technology Industries Association (JEITA) in 2007. These
standards include the JEITA CP-1221, which covers the basics of VLC communication system and
the JEITA CP-1222 which is a standard for Visible Light ID System [2]. Both of these standards
have small data rates of up to 4.8 Kbps. Furthermore, in 2013, the JEITA CP-1223 visible light
beacon system standard was approved as an improved version of the JEITA CP-1222 [79].

IEEE 802.15.7

Due to the potential of VLC technology and the increasing interest of researchers in both academia
and industry in this technology, IEEE introduced IEEE 802.15.7 which was approved in 2011 [80].
This standard defines the physical and Medium Access Control (MAC) sublayer in an optically
transparent media using light wavelengths and promises data rates sufficient to support audio and
video multimedia services [80]. This standard also involves the mobility of the optical link and
considers the compatibility issues in various lighting infrastructures, problems due to interference
from natural day light sources, artificial illumination sources such as incandescent lamps and noise.
The standard adheres to the approved eye safety standards and also accommodates the optical

camera communication technology.

This standard was required to solve the unique challenges in VLC usage that render the existing

802.11 and IrDA standards insufficient [81]. The standard covers issues such as network topologies,
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collision avoidance, dimming control support, visibility support, coloured status indication, colour

stabilisation, performance quality parameters and acknowledgment.

This standard proposes On-Off-Keying (OOK), colour shift keying (CSK) and Variable Pulse
Position (VPP) modulation techniques for both indoor and outdoor VLC systems. In this standard,
multiple diverse network topologies such as peer-to-peer and star configurations are supported with
the highest achievable data rate for indoor communication up to 96 Mbps. However, the data rate
could be improved significantly by employing a Multiple Input-Multiple Output (MIMO) system
and other advanced modulation formats [6, 82].

ITU-T G.9991 Standard

The International Telecommunication Union (ITU) released the ITU-T G.9991 Standard in March
2019. This standard defines the VLC system architecture and gives the specifications for the
physical layer, data link layer and the management layer for high speed indoor optical wireless

communication transceiver system using visible light and infrared communications [79, 83].

2.2 Overview of Orthogonal Frequency Division Multiplexing

OFDM is a digital Multi-carrier Modulation (MCM) scheme that extends the concepts of single-

subcarrier modulation by using multiple subcarriers within the same channel.

When compared to the conventional Frequency Division Multiplexing (FDM) system, where a guard
band is necessary between the subcarriers resulting in an inefficient spectrum usage, in an OFDM
system, instead of transmitting a high-rate data stream with a single-subcarrier, closely spaced
subcarriers that are orthogonal to each other are transmitted in parallel. Each of these subcarriers is
modulated at a low symbol rate using the conventional digital modulation schemes such as M-ary
Quadrature Amplitude Modulation (M-QAM), for example, 16-Quadrature Amplitude Modulation
(QAM), 64-QAM, 256-QAM, etc or M-ary Phase Shift Keying (M-PSK), for example, Quadrature
Phase Shift Keying (QPSK) or Binary Phase Shift Keying (BPSK). The combination of several
subcarriers enables data rates similar to the conventional single-carrier modulation schemes within
the same bandwidth. As shown in Figure 2.7, OFDM is more spectrally efficient compared to FDM

and single-carrier modulation systems [84].

As will be described in Section 2.2.2, OFDM uses the Inverse Fast Fourier Transform (IFFT)
operation for modulation and multiplexing operation. This results in a sinc-shaped spectrum
of the individual subcarriers. Therefore, each OFDM subcarrier has significant side lobes over
the frequency range that includes many other subcarriers [85]. This is one of the disadvantages
of OFDM, i.e. it is quite sensitive to frequency offset and phase noise. However, the resulting
interference will be insignificant as long as the subcarriers are orthogonal to each other and the

transceivers are well synchronized with each other.



Chapter 2. Optical-OFDM for Visible Light Communication Systems 19

Single-Carrier Modulation f >

- - - >
Multi-Carrier Modulation f

| |

| . |

€ Saved Bandwidth ﬂ:

|

| i

| |

OFDM f >

Figure 2.7: Comparing the bandwidth utilization between single-carrier modulation,
conventional FDM system and OFDM system

OFDM has recently become a popular modulation scheme for wideband digital communication
systems and is used in applications such as audio broadcasting, digital television broadcasting,
digital subscriber line, internet access, power line networks, Fourth Generation (4G), 5G mobile

communication systems and VLC systems [9, 10, 86—89].

The main advantage of OFDM compared to single-subcarrier modulation is its ability to cope with
severe channel conditions, for example attenuation, selective fading due to multipath channel, etc
without the need for complex equalization filters at the receiver. The low symbol rate makes the
use of a guard interval in form of a cyclic prefix practical, making it possible to combat ISI in a

dispersive channel.

2.2.1 Brief History of OFDM

The history of FDM which is a precursor of OFDM can be traced in the 1870s when researchers
such as Alexander Graham Bell, Elisha Gray and Thomas Edison started researching on ways
of transmitting several non-interfering telegraph channels aimed at increasing the capacity of the
telegraph transmission lines [90]. FDM had two main challenges. Firstly, there was wastage of
scarce wireless frequency spectrum in form of guard bands between the subchannels which was
introduced to solve the problem of Intercarrier Interference (ICI). Secondly, each subchannel in
FDM required a separate set of modulators and demodulators leading to very complex systems. The
first challenge was solved by a proposal by Robert W. Chang of Bell Labs in 1966 who proposed

to use subchannel signals with overlapping but non-interfering frequencies for transmission [91].
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Chang’s proposal marked the beginning of the introduction of OFDM.

The next key milestone in the development of OFDM came in 1971 with the proposal by Weinstein
and Ebert who introduced the idea of using the Fast Fourier Transform (FFT) to generate orthogonal
signals [92]. The FFT is an efficient and fast implementation of the Discrete Fourier Transform
(DFT). The use of the cyclic prefix to eliminate ISI was proposed by Peled and Ruiz in 1980 [93].

The actual practical realizations of OFDM started in the mid-1980s when OFDM was used in
wireless communications [94] and wired communications [95]. OFDM has also been used in
long distance optical communication networks where it can help to reduce chromatic dispersion
[96] and Passive Optical Networks (PONs) [97]. OFDM also forms the basis for the 4G wireless
communication systems and is used in 4G wireless cellular standards such as Long-Term Evolution
(LTE) and Worldwide interoperability for Microwave Access (WiMAX) [98]. Also, the wireless
Local Area Network (LAN) standards such as 802.11 a/g/n are based on OFDM [99]. It is a key
wireless access standard in the 5G networks and beyond [86, 87]. OFDM has also been widely
investigated for use in VLC [9, 10, 88, 89] with data rates in excess of 40 Mbps realised [64].

2.2.2 Conventional OFDM System Description

In this section, the conventional OFDM system used in RF wireless communication is presented.
Figure 2.8 shows the block diagram of the conventional OFDM system including both the trans-
mitter and receiver sections. The different sections in the block diagram are described in the next

paragraphs.

X(K) x(n) :
> exp(j2z f.t)
Data l l i l il Bit Mapper Add PIS
[ Source Coding Interleaver (QAM/PSK) 2l i cP *
DAC
Transmitter
Wireless
YK y(n)
: Remove CP
Data ) Bit de- De-mapper o
[ sink HDQCOdmgHinterleaver (@am/psk) J€T P75 Equalization FET S;P
Receiver

Channel
Figure 2.8: Block diagram of the transmitter and receiver in a conventional OFDM
System. S/P: serial-to-parallel converter, P/S: parallel-to-serial converter, CP: cyclic
prefix, DAC: digital-to-analog converter, ADC: analog-to-digital converter, LPF: low
pass filter

exp(—j2zft+6)

At the OFDM transmitter, the input data stream is first coded using the FEC techniques such as
convolutional codes, block codes, etc. This is followed by the bit interleaver. The input bits are then

grouped and mapped onto source data symbols using a digital modulation scheme such as M-QAM
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or M-PSK. This mapping is usually performed based on Gray coded constellation mapping. The

stream of data symbols is then converted from serial-to-parallel resulting in X, where

X = [X(0),X(1),--- . X(N—1)], (2.10)

where N is the total number of subcarriers.

X is then passed through the IFFT module in order to generate the N time domain samples. The

n-th time domain sample loaded onto the k-th subcarrier is given by

) .11

It can be shown that for large values of N, using the central limit theorem that x(n) follows a
Gaussian distribution for both its real and imaginary components. This is due to the addition of a
large number of independent and identically distributed (i.i.d.) random variables. This is true for

any practical number of subcarriers, typically for N > 16 [100].

A cyclic prefix is then added to the time domain signal x(n) and then converted from parallel-to-
serial before being converted to analog by the Digital-to-Analog Converter (DAC). The resulting
baseband analog signal is passed through a Low Pass Filter (LPF) resulting in a continuous time
analog signal x(7) which is then up-converted by a carrier frequency f, and then transmitted across

a wireless channel.

When an OFDM signal is transmitted through a wireless channel, noise will be added to it. In this
thesis, this noise is modelled as Additive White Gaussian Noise (AWGN) with zero mean and

variance G]%. At the receiver, the signal is first down converted by mixing it with the signal

s(t) =exp(—j2nft+0), (2.12)

where 0 is the phase offset between the phase of the receiver Local oscillator (LO) and the carrier
phase at the start of the received OFDM symbol. The resulting signal, y(z) is then passed through
LPF and converted from analog-to-digital to obtain the baseband discrete time signal.

The cyclic prefix is then removed and the resulting signal converted from serial-to-parallel to

generate the time domain signal given by

y = [(0),y(1),--- ,y(N—1)] (2.13)
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The signal y is then fed to the FFT module to produce the frequency domain signal
Y=[Y(0),Y(1),---, Y(N—1)] (2.14)
The k-th frequency domain symbol is given by

1 & 27k
V() = 5 L omew(-j7") 2.15)
n=0

Equalization is then performed to obtain the estimates of the transmitted symbols. This is followed
by parallel-to-serial conversion before demodulation. Finally, if interleaving and coding processes
were done at the transmitter, the reverse processes of de-interleaving and decoding are performed

to obtain the estimate of the transmitted data stream.

2.2.3 Cyclic Prefix in OFDM

The cyclic prefix is an important component in an OFDM system used to combat ISI. Consider a

frequency selective channel modeled with L channel taps,

h(l) = h(0), h(1),-- h(L—1) (2.16)

The received symbol y at a time instant n can be given by [101]

y(n) =h(0)x(n) +h(1)x(n—1)+---+h(L—1)x(n—L+1)4+w(n), (2.17)

N /

ISIcomponent

where w(n) represents the AWGN component at time instant, n. From Equation (2.17), it can be
observed that the received symbol y(n) at the time instant n experiences ISI from the previous
L — 1 transmitted symbols.

Considering two OFDM symbols, x(n) = x(0), x(1),--- ,x(N—1) and ¥(n) =%(0), %(1),--- ,¥(N—
1) where x(n) and %(n) are the IFFT samples of the modulated samples X (n) and X (n) respectively.

The two OFDM blocks of symbols transmitted sequentially can be given as follows

£(n) = #(0), #(1),-- &N — 1), x(0), x(1),--- .x(N — 1) +4d(n) (2.18)

J

Previous OFDM symbol block  Current OFDM symbol block
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The received symbols y(0) and y(1) corresponding to the transmitted symbol x(0) and x(1)

respectively from the current OFDM symbol block can be given as follows

¥(0) = h(0)x(0) +h(1)E(N = 1) + -+ h(L—1)5(n— L+ 1) +w(0) (2.19)
ISI component from the pr;/ious OFDM symbol block

and

¥(1) = h(0)x(1) +A(1)x(0) + h(2)E(N 1) + -+ h(L— Di(n—L+2) +w(1)  (2.20)

ISI component from the previous OFDM symbol block

It is clear from Equations (2.19) and (2.20) that y(0) and y(1) experience ISI from (N —1), (N —
2),--,X(n—L+1) and ¥(N — 1), X(N —2),---,%(n — L+ 2) symbols respectively from the
previous OFDM symbol block.

The addition of the cyclic prefix combats ISI as follows: Consider a modified transmission scheme
where the last Lcp samples from the OFDM symbol block are added to the beginning of the symbol

as shown in Figure 2.9.

chsamples from end of the symbol are L ., samples from end of the symbol are
appended at the beginning of the symbol appended at the beginning of the symbol
CcP Previous OFDM symbol cp Current OFDM symbol

Figure 2.9: OFDM Symbols with Cyclic Prefix (CP)

The resulting transmitted bit stream can be expressed as follows

¥(n) = £(0), #(1).- &N — 1), x(N — Lep), (N —Lep +1).--- x(N 1),
Previous OFDI\\Z symbol block (‘i)

(2.21)
x(0), x(1),-+- ,x(N—1) +w(n)
Current Ol;l,)M symbol
For this transmission scheme, y(0) is given by
y(0) = h(0)x(0) +fz(1)x(N— 1)+-+h(L—1)x(N—L+ 1)J—|—w(0) (2.22)

ISI from the same OFDM symbol
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Therefore if Lcp > L — 1, inter-OFDM symbol can be avoided and the ISI is restricted to samples
from the same OFDM symbol. The samples, y(n) are given by [102]

(0)x(0) +A(1)x(N — 1) + -+ h(L—1)x(N —L+1) + w(0)
(0)x(1) +A(1)x(0) + -+ h(L—1)x(N = L+2) +w(1)

<
—~
(=)
~—
Il
> =

(2.23)

YN =1) = h(0)x(N—1) +h(1)x(N —2) + -+ h(L—1)x(N—L) + w(N —1)

It can be observed from Equation (2.23) that the output y(n) is a circular convolution between the

channel filter 42(n) and the input x(n) expressed as

(0), y(1),---,y(N=1)] = [4(0), h(1),---,A(L—1), O,---,0]

(2.24)
®y[x(0), X(1),---,x(N =1)] + [w(0), w(1),--- ,w(N = 1)],

where the operator ®, denotes the circular convolution of modulo N. Therefore, the output y can

be written as

y =h®,x+w. (2.25)

Since circular convolution can be represented by multiplication in the frequency domain, taking
the IFFT of y(n) will result into [101]

Y (k) = H(k)X (k) + W (k),0<k<N-—1 (2.26)

In vector notation, Equation (2.26) can be represented as follows

Y (0) H(0) 0 0 X(0) W (0)
vy | _ o H.(.l) 0 x(:1) . Wfl) o)
Y(N-1) 0 0 ... HN-D||xn-1] |ww-1)

which can be written as

Y = H) X" + W (2.28)
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where Y7 is the transpose of Y, X' is the transpose of X, W' is the transpose of the noise
vector, W and the diagonal matrix [H] represents the channel matrix with channel coefficients
H(k),0<k<N-1.

Impact of the Cyclic Prefix on the Data Rate

As explained above, the minimum length of the cyclic prefix required to combat ISI'is L — 1, where
L is the number of channel taps/channel coefficients in the wireless channel. This L — 1 is also the

delay spread of the wireless channel [103].

However, since the samples x(N — Lcp), x(N —Lcp+1),--- ,x(N — 1) are simply repeated at the
beginning, they do not carry any additional information. Therefore, the effect of addition of a long

cyclic prefix is loss in throughput of the system which can be computed as follows

Lep—1

Loss in throughput = ———,
oss in throughpu N Lop—1

(2.29)

where N is the total number of subcarriers and L is the total number of channel coefficients. As N

becomes very large, then

. Lep—1
NS N+ Lop— 1 (2.30)
Therefore, for a large N, the loss in throughput can be considered to be negligible. However, as
N increases, the decoding delay at the receiver also increases since the system has to wait for the
arrival of the entire block of N samples in order to begin the demodulation process. Therefore,

there is a trade-off for increasing N versus the decoding delay.

2.3 Overview of Optical-OFDM

In practical VLC systems, the modulation and demodulation of the optical carrier are usually ob-
tained through Intensity Modulation with Direct Detection (IM/DD) [7]. In IM/DD, the information
is modulated onto the instantaneous power of the optical carrier and the detector will generate a
current that is proportional to the instantaneous optical power. Therefore, only the intensity of the

optical signal is detected, and there is no frequency or phase information.

The RF-OFDM discussed in Section 2.2 has been considered for practical implementation in VLC
systems due to its numerous advantages including its ability to combat multi-path induced ISI
in a dispersive optical channel without the need for complex equalization filters at the receiver.

Also, the possibility of combining OFDM with any other multiple access schemes makes OFDM



Chapter 2. Optical-OFDM for Visible Light Communication Systems 26

Table 2.2: Comparison of Optical-OFDM and RF-OFDM system characteristics

Description Optical-OFDM RF-OFDM

Transmitter signal | Real and unipolar Complex and bipolar
Modulation Intensity modulation | Both intensity and phase
Detection Direct detection Coherent (mainly)

Media Lightwave RF electromagnetic waves

highly attractive in VLC systems where multiple LEDs are used for both illumination and data

communication.

In spite of the advantages of OFDM used in RF communication systems, it cannot be applied in a
straightforward manner to VLC systems without significant changes due to the reasons given in
Section 2.3.1.

2.3.1 Optical-OFDM versus RF-OFDM

In VLC systems, the information is carried by fluctuations in light intensity which is detected by
the front end optical devices and decoded at the receiver. This incoherent or direct transmission
technique is referred to as IM/DD [2]. Whereas the RF signal is complex and bipolar, the optical
power of the LED is intrinsically limited to be real and positive valued. As a result, the information
bearing signal in optical-OFDM systems is also limited by the same fundamental constraints.
Furthermore, eye safety and linearity considerations as well as the dynamic range of the front-end
opto-electronic elements bring additional limitations to the transmitted signal [7]. Table 2.2 gives
a summary of the comparison between the typical system characteristics in Optical-OFDM and
RF-OFDM.

The real OFDM signal is generally obtained by constraining the frequency domain input to the IFFT
to have Hermitian symmetry. The resulting bipolar output has to be made unipolar. To this end,
two main approaches have been proposed. The first approach is to add a suitable DC component to
the bipolar signal resulting in what is called Direct Current biased Optical-OFDM (DCO-OFDM)
[8]. The DCO-OFDM technique uses both the even and odd subcarriers but results in an increase in
optical power which is undesirable in VLC systems. To that end, the second approach was proposed
where the unipolar signal is generated by clipping the entire negative excursion resulting in what
is called the Asymmetrically Clipped Optical-OFDM (ACO-OFDM) [9]. With ACO-OFDM, by
limiting the modulated symbols to only the odd subcarriers, the resulting clipping noise will be
orthogonal to the transmitted information. Hence, the integrity of the transmitted information
will be preserved. The Pulse Amplitude Modulated (PAM) Discrete Multitone (DMT) [10] also
utilizes a similar principle like ACO-OFDM and in this technique only the imaginary parts of all
the subcarriers are modulated using PAM symbol levels.

Due to the fact that the ACO-OFDM uses only half of the subcarriers and the PAM-DMT does not

modulate information on real parts of the subcarriers, these two schemes are less spectrally efficient
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compared to DCO-OFDM. However, the DCO-OFDM technique is less power efficient compared
to both ACO-OFDM and PAM-DMT due to the addition of the DC offset. It is because of this
that hybrid techniques were proposed to strike a balance between power efficiency and spectrum

efficiency. In the next Sections, the different Optical-OFDM techniques are discussed.

2.3.2 Direct Current biased Optical-OFDM

X(k) X, () x(n)
. P/S and x(t) Optical
S/P Mapper Hermitian IFFT addition of DAC > Source ‘Fi
Source (QAM/PSK) Symmetry & g

DC Bias

& Clip ]
I vic |
| Channel |

— — ——

Y(N) y(t) ‘
Data S/P &

Ly symbol FFT CP A

(QAM/PSK) extraction Removal

Figure 2.10: Block diagram of the DCO-OFDM system

A
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Figure 2.10 shows the schematic diagram of the DCO-OFDM communication system including
both the transmitter and the receiver. In this system, the real signal is obtained by imposing the
Hermitian symmetry prior to the IFFT operation and a suitable DC offset is added to the signal to
make it positive. The remaining negative peaks are clipped resulting in a real and unipolar signal
suitable for transmission in an optical channel. At the DCO-OFDM transmitter, the transmitted
bit stream is converted from serial-to-parallel and then mapped onto source data symbols using a
digital modulation scheme such as M-QAM or M-PSK to obtain X given as

X = [X(0),X(1),- . X(N/2—1)] 2.31)

In this system both the even and odd subcarriers are used to carry information and therefore the

input to the IFFT module constrained to Hermitian symmetry is given by

Xy = [0,X(0),X(1),--- . X(N/2—1),0,X*(N/2—1),--- . X*(0)], (2.32)

where X* denotes the complex conjugate of X.

The n-th time domain real sample of the signal is now obtained by taking the N-point IFFT of
Equation (2.32) as follows



Chapter 2. Optical-OFDM for Visible Light Communication Systems 28

1 NS 27k
x(n) =ﬁk§)XH(k)exp (j 7;\7”) (2.33)

where N is the total number of subcarriers and Xp (k) is the k-th subcarrier of the signal X. Due to
the use of Hermitian symmetry, and X (0) = X (N/2) = 0, the total number of unique data carrying
subcarriers in the DCO-OFDM system is N /2 — 1. The signal x(n) is then converted from parallel
to serial and a cyclic prefix is appended in order to combat ISI. The continuous time domain signal,
x(r) is then obtained by converting x(n) from digital to analog using the DAC. A DC offset, DCh;as
is added to x(7) to ensure that the transmitted signal is unipolar. It should be noted that a large DC
bias will lead to an increase in optical power and therefore a suitable DC offset relative to the RMS
value of the signal x(7) is added [89] and hence

DChiss = N1/ (x()[*), (2.34)

where 7 is a constant and the DC bias is defined as the bias of 10log(n?+ 1) dB [89].

The remaining negative peaks will then be clipped resulting in a real and unipolar signal that is
subsequently fed to the LED for transmission in the VLC channel. Figures 2.11, 2.12 and 2.13
illustrate respectively the time domain signal after the IFFT operation, after adding a suitable DC
offset (7 dB) and after zero clipping to obtain a real and unipolar signal suitable for transmission in
a VLC optical channel.

At the receiver, the PD converts the received optical signal to an electrical signal which is then
amplified by an amplifier, typically, a transimpedance amplifier. The signal y(¢) is then converted
from analog to digital by the Analog-to-Digital Converter (ADC) and a serial-to-parallel conversion
is performed before it is fed to the FFT module to obtain the frequency domain signal Y (k). Data
symbol extraction is then performed to obtain X (k) which is an estimate of X (k). QAM or QPSK
de-mapping is then performed on X (k) and a parallel-to-serial conversion is then performed to
obtain the received data bits.
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Figure 2.11: Signal x(n) after IFFT operation
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Figure 2.12: Signal x(¢) after adding a suitable DC offset (7 dB)
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Figure 2.13: Signal x(¢) after zero clipping

Effect of DC Bias on the output signal

For smaller constellations such as 4-QAM and 16-QAM, a smaller DC bias such as 7 dB results
in better Signal-to-Noise Ratio (SNR) performance as shown in Figure 2.14. If a large DC bias
such as 13 dB is used, the bit errors due to the clipping noise reduce for large constellations such as
64-QAM and 256-QAM and this can be seen in Figure 2.15.

2.3.3 Asymmetrically Clipped Optical-OFDM

Figure 2.16 shows the block diagram of an ACO-OFDM [9] system including both the transmitter
and the receiver sections showing the main components. At the ACO-OFDM transmitter, the
transmitted bit stream is converted from serial-to-parallel and then mapped onto source data
symbols using a digital modulation scheme such as M-QAM or M-PSK to obtain X given by
Equation (2.31).

In an ACO-OFDM system, only the odd subcarriers are used to carry data symbols while the even
subcarriers are used to form a bias signal that ensures the transmitted OFDM signal is positive.
Further, the input to the IFFT is constrained to Hermitian symmetry to ensure that the IFFT output
is real. Therefore, the input to the IFFT is given by
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Figure 2.14: BER against SNR curves for DCO-OFDM communication system for
4-QAM, 16-QAM, 64-QAM and 256-QAM with a DC bias of 7 dB

Xp = [0,X(1),0,X(3),--- . X(N/2—1),0,X*(N/2—1),--- . X*(1)] (2.35)

The IFFT transform of Equation (2.35) is taken using Equation (2.33) resulting in a real time
domain signal that follows half-wave symmetry

x(n)=—x(n+N/2),0<n<(N/2-1) (2.36)

Therefore, the negative signal excursion can be clipped without any loss of information.

The next step is to convert x(n) from parallel-to-serial and addition of the cyclic prefix to combat
ISI. The time domain signal is then converted from digital to analog to obtain the continuous time

domain signal x(z).

At the receiver, the received optical signal is detected by PD and converted from optical to electrical
signal. The analog electrical signal is converted to a digital signal and the cyclic prefix is removed
before the FFT operation. It was shown in [9] that the clipping distortion only affects the even
subcarriers when transformed to the frequency domain and the data carrying subcarriers are not
impaired at all. Since the data is transmitted only on the odd subcarriers, the transmitted data can be
recovered by a simple FFT operation before appropriate de-mapping and converting from parallel

to serial to recover the transmitted bit stream.



Chapter 2. Optical-OFDM for Visible Light Communication Systems 31

100 T T T
—6—4QAM DCO-OFDM,13dB
- +--16QAM DCO-OFDM,13dB
- %-64QAM DCO-OFDM,13dB
256QAM DCO-OFDM,13dB

0 5 10 15 20 25 30 35 40
SNR [dB]

Figure 2.15: BER against SNR curves for DCO-OFDM communication system for
4-QAM, 16-QAM, 64-QAM and 256-QAM with a DC bias of 13 dB
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Figure 2.16: Block diagram of the ACO-OFDM system
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2.3.4 Pulse Amplitude Modulation Discrete Multi-tone

In PAM-DMT [10], only the imaginary parts of the subcarriers are modulated using PAM symbol
levels and all the subcarriers are used except the O-th and N /2-th subcarriers. Therefore, the input

to the IFFT module can be represented as

X =[0,X(1),X(2),-- . X(N/2—-1),0,X*(N/2—1),--- . X*(1)], (2.37)

where, X (k) = ib(k),k =1,2,--- ,N/2— 1 is a real-valued PAM signal and X* is the complex

conjugate of X.

As shown in [104], the time-domain signal x(n) after the IFFT operation follows symmetry as
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x(n)=—-x(N—n),(0<n<N/2) (2.38)

Therefore, the PAM-DMT signal, xpap (1) can be clipped at zero without any loss of information

as

b ZO’
xpam (1) = z(”) z(')io (2.39)
,  x(n

The clipping noise is orthogonal to the desired information and therefore the data can be easily
demodulated from the imaginary part of the subcarriers at the receiver. Unlike in ACO-OFDM, all

the subcarriers are used to carry the data symbols resulting in a higher spectral efficiency.

2.3.5 Hybrid Optical-OFDM Modulation Techniques

The three basic Optical-OFDM techniques discussed above i.e. DCO-OFDM, ACO-OFDM and
PAM-DMT have some limitations when it comes to practical implementation systems. For example,
the DCO-OFDM system requires the addition of a DC offset in order to obtain a unipolar signal.
This makes it less power efficient. Moreover, the increase in optical power is undesirable in
VLC systems where it is required that the transmitted power be kept as low as possible due
to stringent eye-safety regulations especially for indoor VLC systems. On the other hand, the
ACO-OFDM system uses only half of the subcarriers with the even subcarriers not used for data
transmission. Consequently, this results in a reduction in spectral efficiency. In a similar way, the
PAM-DMT technique is also less spectrally efficient compared to the DCO-OFDM technique since

the transmitted data is only modulated on the imaginary parts of the subcarriers.

Therefore, in order to strike a balance between spectral efficiency and power efficiency, several
hybrid Optical-OFDM techniques [11, 13, 104] have been recently proposed for more realistic
practical implementations. These techniques are referred to as hybrid techniques because they
involve the three basic Optical-OFDM techniques i.e. DCO-OFDM, ACO-OFDM and PAM-DMT

in their structures. These techniques are discussed in the next Sections.

Asymmetrically Clipped Direct Current biased Optical-OFDM

The Asymmetrically Clipped DC biased Optical-OFDM (ADO-OFDM) was proposed by Dis-
sanayake et al. [11]. This technique is a hybrid combination of both ACO-OFDM and DCO-OFDM
and it works by modulating information on both the odd and the even subcarriers but these two
sets are treated differently. The resulting time domain signal from the odd subcarriers is clipped
after the IFFT operation to generate xpoco and due to the orthogonality property, the clipping

noise only affects the even subcarriers. An appropriate DC bias is added to the unipolar time
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domain signal from the even subcarriers after the IFFT operation to generate xpco. Both xaco and
xpco are appropriately added together to generate the time domain signal that undergoes further
processing at the transmitter including addition of the cyclic prefix to combat multipath induced ISI.
At the receiver side, the information that was transmitted on odd and even subcarriers is recovered
separately and combined to obtain the transmitted information. The ADO-OFDM is spectrally
more efficient compared to the ACO-OFDM since both the odd and even subcarriers are modulated
with information unlike in ACO-OFDM where it is only the odd subcarriers that are modulated.
It is more power efficient since the DC bias is added to only the even subcarriers compared to
DCO-OFDM where the bias is added to both the odd and even subcarriers.

Hybrid Asymmetrically Clipped Optical-OFDM

Utilizing a similar approach that was used for the ADO-OFDM technique, Bilal and Mohsen [104]
proposed the Hybrid Asymmetrically Clipped Optical-OFDM (HACO-OFDM) technique which
is a combination of both ACO-OFDM and PAM-DMT techniques. In this hybrid scheme, the
ACO-OFDM is used to modulate the odd subcarriers and PAM-DMT is used to modulate the
imaginary parts of the even subcarriers drawn from a real one-dimensional (1D) constellation such
as M-PAM. The clipping noise can be estimated and canceled at the receiver. The technique is less
complex and is more power efficient since it does not require addition of the DC bias. It is also
spectrally more efficient since all the subcarriers are used unlike the ACO-OFDM technique where

only the odd subcarriers are used.

Layered Asymmetrically Clipped Optical-OFDM

Wang et al. [13] proposed the Layered Asymmetrically Clipped Optical-OFDM (LACO-OFDM)
technique which consists of multiple layers of ACO-OFDM signals. Let L-layer LACO-OFDM
refer to a layered ACO-OFDM with L layers, and layer / ACO-OFDM denote the /-th layer in
LACO-OFDM.

In the n-th ACO-OFDM layer, only the 2/~! (2k + 1)-th, (k=0,1,--- ,N/2' — 1) subcarriers are
modulated, denoted as X X()?O,k' After the IFFT operation, the negative signal excursion of the

time domain signal can be clipped without loss of information resulting in xgéo’n. In LACO-
OFDM, different layers of ACO-OFDM are combined together in the time domain and transmitted
simultaneously. The time domain LACO-OFDM signal with L layers can be written as

L
I
XL-ACOn = Y, {x,&éo”J =01 N-1 (2.40)
i=1

In LACO-OFDM, for a maximum number of layers L = log, (N — 1), the spectral efficiency is
(2—4/N) times that of conventional ACO-OFDM which converges to 2 for large values of N.
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2.4 Factors for Optical-OFDM Technique Selection

There are several Optical-OFDM modulation techniques as discussed in the previous Sections. In
order to select an appropriate technique, a number of factors should be considered including the

following:

2.4.1 Bandwidth Efficiency, ngw

Although the VLC spectrum can be considered to theoretically have an infinite bandwidth, other
considerations limit the amount of the available bandwidth for distortion free communication.
These factors include the LED modulation bandwidth [105], photodetector area and channel
configurations, e.g. LoS, non-LoS and diffuse configurations. The bandwidth efficiency is defined
by [106]

Ry,
BWiys

NBw = (2.41)

where BWyy is the system bandwidth and Ry, is bitrate of the system.

Techniques that utilize both the odd and even subcarriers such as DCO-OFDM are preferred
because they are more bandwidth efficient compared to those that do not use all the subcarriers
such as ACO-OFDM.

2.4.2 Power Efficiency, np

In VLC systems, the transmitted power is usually limited by eye safety regulations especially for
indoor VLC systems [7]. In addition, due to the use of portable battery powered equipment, it
is desirable to ensure a longer battery life and this also puts a limit on the amount of power that
is transmitted. The modulation techniques are usually compared in terms of the average optical
power required to achieve a desired Bit Error Rate (BER) performance or the SNR over a given

transmission link distance.

The power efficiency of a modulation technique is defined by [106]

np = Epulse
P Eb

where Eysc 18 the energy per pulse and E,, is the average energy per bit.

(2.42)

The DCO-OFDM technique involves the addition of a DC bias which increases the average
transmitted power making it less power efficient compared to the ACO-OFDM technique.
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2.4.3 Transmission Reliability

It is desirable to have a communication system with as few errors as possible. However, errors
in a communication system are inevitable due to induced noise, signal distortion and ISI induced
during the transmission process. There are a number of ways to improve the transmission reliability
including coding, modulation and using diversity schemes. The ISI is eliminated in Optical-OFDM

systems due to the addition of an appropriate cyclic prefix.

2.4.4 Other Factors

There are a number of other factors that affect the choice of a modulation scheme. The modulation
scheme should be simple to implement and should be cost effective. Achieving a high power
efficiency and/or high bandwidth efficiency will be of no use if the modulation technique is deemed
too costly and expensive since VLC systems are intended to be produced in large quantities in
order to meet the high demand [7].
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3 Peak-to-Average Power Ratio Problem in
OFDM Systems

This chapter presents the theoretical concepts of the Peak-to-Average Power Ratio (PAPR) problem
which is considered as a serious drawback affecting the practical implementation of both Radio
Frequency (RF) and optical-Orthogonal Frequency Division Multiplexing (OFDM) communication
systems. Section 3.1 introduces the PAPR problem and discusses some of the implications of the
high PAPR in Visible Light Communication (VLC) systems. Section 3.2 discusses the definition
of the PAPR problem and the theoretical bounds of PAPR in both single-carrier and multicarrier
OFDM systems. Section 3.3 discusses the factors that can be used to determine the trade-offs
between PAPR reduction capability of a technique and other design considerations. Section 3.4
discusses the PAPR reduction techniques proposed in literature. Finally, in this chapter, we propose
that the best strategy for PAPR reduction is to use hybrid techniques that take advantage of one or
more techniques for PAPR reduction without sacrificing other performance parameters.

3.1 Introduction to PAPR

The current and future high speed wireless demands such as Virtual Reality (VR), Augmented
Reality (AU), Internet of Things (IoT), driverless cars, telemedicine, Artificial Intelligence (Al),
etc. require transmission technologies that can deliver high data rates. One of these technologies
is OFDM, which in addition to higher data rates also has the ability to cope with severe channel
conditions, for example attenuation and selective fading due to multipath channel without the need
for complex equalization filters at the receiver. Moreover, the low symbol rate in OFDM makes
the use of a guard interval in the form of a cyclic prefix practical, making it possible to combat

Inter-Symbol Interference (ISI) in a dispersive channel.

Therefore, OFDM has been considered for high data rate applications as a key wireless access
standard in the Fifth Generation (5G) networks and beyond [86, 87]. OFDM has also been widely
investigated for use in VLC systems [9, 10, 88, 89] with data rates in excess of 40 Mbps realized
[64, 65].

However, since the composite OFDM signal is a result of different subcarriers that are modulated
independently, some of the subcarriers can add constructively leading to large signal envelope
variations in the time domain when the input sequence to the Inverse Fast Fourier Transform (IFFT)
is highly correlated. This is usually characterized by a high PAPR. The high PAPR is a serious
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problem in both RF-OFDM and Optical-OFDM that remains unresolved. The following are some
of the implications of the high PAPR in OFDM systems:

1. Firstly, with a high PAPR it is impossible to contain the entire signal in the linear range of
the transmitter devices like the power amplifier and the Digital-to-Analog Converter (DAC)
without lower and/or upper clipping. Clipping of the signal will lead to distortion and an

increase in Bit Error Rate (BER) leading to unreliable transmission.

2. Secondly, operating the transmitter devices beyond their linear ranges into the saturation
region in order to accommodate all the large signal swings will lead to spectral growth in
form of inter-modulation among the subcarriers and this will consequently lead to BER

degradation.

3. Thirdly, it would be possible to design the transmitter devices with a large dynamic range.
However, these will be more complex and will lead to an increase of the component devices
at the transmitter which will subsequently lead to an increase in the overall cost of the

transmitter.

4. Lastly, in VLC systems, the optical sources in particular, the Light Emitting Diode (LED)
experience a significant drop in efficiency when they are operated outside their linear dynamic

range due to the droop effect [7].

Considering the importance of OFDM and the seriousness of the high PAPR, a number of techniques
have been proposed in the literature that could be employed to deal with this problem of the high
PAPR. These techniques are described in Section 3.4.

3.2 The OFDM System Model

Figures 2.8, 2.10 and 2.16 illustrate the general schematic diagrams for the OFDM system in
both RF-OFDM (Figure 2.8) and Optical-OFDM (Figures 2.10 and 2.16). For details regarding
the operation of the RF-OFDM and Optical-OFDM systems, refer to Chapter 2. Because the
composite OFDM signal is a summation of several subcarriers modulated independently, a high
PAPR can result if these subcarriers are added constructively after the IFFT operation as illustrated
in Figure 2.11. In this case, the received signal y(¢) will possess a significant amount of distortion.
The PAPR of the OFDM signal can be reduced by modification of the signal characteristics in both

time domain and frequency domain as will be explained later in Section 3.4.

3.2.1 Definition of the Peak-to-Average Power Ratio Problem

The PAPR is a measure of the power fluctuation in the composite OFDM signal and a high PAPR
can appear in the OFDM signal when the N independent subcarriers are added to the same phase.
The high PAPR leads to major inefficiencies in the performance of devices with limited dynamic

range at the transmitter such as the LED, power amplifier and the DAC.
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In a general sense, the electrical PAPR can be defined as the ratio of the peak power to average

power of the analog transmitted signal and is given by

max{|x(n)|2}’

()P

where x(n) represents the time domain signal after the IFFT operation and (-) denotes the statistical

PAPR{x(n)} = (3.1)

expectation. Additionally, the PAPR in dB can be written as

PAPR(dB) = 10log,,(PAPR) (3.2)

3.2.2 The CCDF of the PAPR

The cumulative distribution function (CDF) of the PAPR is widely a widely used performance
metric for evaluating PAPR reduction techniques in multi-carrier communication systems. In the
literature, the Complementary Cumulative Distribution Function (CCDF) of the PAPR is commonly
used instead of the CDF itself, as it provides a more intuitive representation of PAPR exceeding a
given threshold value, PAPRy.

In [107], an approximate expression for the CCDF of the PAPR of a multi-carrier signal with
Nyquist sampling rate is derived using the central limit theorem. Specifically, it is shown that for a
large number of subcarriers, the real and imaginary parts of the time domain signal samples follow
Gaussian distributions, each with a mean of zero and variance of 0.5. Consequently, the amplitude
of a multi-carrier signal has a Rayleigh distribution, while the power distribution becomes a central

chi-square distribution with two degrees of freedom.

The CDF of the amplitude of a signal sample is given by
F(PAPRg) = | — e PAPR0 (3.3)
and the CCDF of a data block is derived as follows [108]

CCDF = Pr{PAPR > PAPRy} = 1 — Pr{PAPR < PAPR,} = 1 — F (PAPR,)"

=1- (1 - eiPAPRO)N (34)

where N is the number of subcarriers.
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The frequency domain signal is usually oversampled L times in order to obtain an accurate approxi-
mation of the PAPR of the time domain signal. This oversampling is normally obtained through
padding the frequency domain OFDM symbol with N(L — 1) zeros. Consequently, Equation (3.4)

can be written as follows

oaN
CCDF = 1 — (1 _ e—PAPRO) , (3.5)

where « is the oversampling factor. It was shown in [109] that the discrete time domain signal can
have about the same amplitude as the continuous time domain signal when an oversampling factor

of L = 4 is used and this corresponds to an oversampling factor of o = 2.8 [109].

3.2.3 Theoretical Bounds in PAPR

While analyzing the PAPR reduction requirements of an OFDM signal for a particular system, it is
necessary to know the theoretical maximum values of the PAPR that can arise in the system. The
high PAPR is a serious issue in OFDM systems compared to single-carrier systems. In the next

Sections, the PAPR bounds of both single-carrier systems and OFDM systems are derived.

PAPR in a single-carrier system

Consider a single-carrier system with Binary Phase Shift Keying (BPSK) modulated symbols. Let
the symbol stream in this system x(0),x(1),... be given as +a, —a, +a, ... and so on. The power
in each symbol is a. Also, in this system, the power in each symbol is peak power at any given

time instant. Therefore

Peak Power = Average Power = <|x(n) |2> = a? (3.6)

In this case, the PAPR will be given as

max{|x(n)|2} 2

PAPR {x(n)} = ——— 2 == —1=04dB. (3.7)

(k) @

The relationship in Equation (3.7) above clearly shows that the PAPR in single-carrier systems is
0 dB, i.e. there is no deviation of the instantaneous power from the mean power.
PAPR in OFDM systems

Considering an M-ary Phase Shift Keying (M-PSK) modulated OFDM system, the signal con-

stellation has the same amplitude level, thus the power across all the subcarriers is constant, i.e.
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X (k)| = a.

The n-th IFFT sample, x(n) is given by the IFFT operation

1! 21tkn
x(n) ==Y X(k)exp (j ) (3.8)
N & N
The average power in the symbols is given by
1 Nt 2mwkn 2
Average Power = <|x > N2 Z <|X >< exp (] ¥ )
1 N=l 1 N=1 a2 (3.9)
L (xWP) = =5
N2 N? = N
The peak power of the OFDM signal is given by [45]
21k ?
2Tkn
oglnég(N‘x( ) = 0Znen | N Z X (k)exp <_] N ) ©-10)

Recognizing that the maximum peak power will occur when all the subcarriers coherently added,

the peak power of the OFDM signal will always be less than or equal to the highest peak, i.e

max_|x(n)]* < lNz_’lmax|X(k)|2 _ (N 2—a2 (3.11)
0<n<N o Nk:() n N n .

The PAPR of the OFDM signal is obtained from Equation (3.1) as follows

max{|x(n)|2} 2

< <N (3.12)
(em)Py — /N

Therefore, the PAPR of an M-PSK modulated signal is always less than N, where N is the total

number of subcarriers.

PAPR{x(n)} =

Figure 3.1 shows the CCDF curves for a Direct Current biased Optical-OFDM (DCO-OFDM)
system with N = 32,64,128,256,512 and 1024 subcarriers. In order to obtain the CCDF curves,
an oversampling factor of L = 4 was used for a 16-Quadrature Amplitude Modulation (QAM)

DCO-OFDM communication system with 10° data blocks generated. As can be observed from
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the CCDF curves, as the number of subcarriers increases, the PAPR of the DCO-OFDM system

increases. This confirms the theoretical derivation above and also the CCDF in Equation (3.4).
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Figure 3.1: PAPR performance of a DCO-OFDM system with N =
32, 64, 128, 256, 512 and 1024 subcarriers

3.3 Factors for PAPR Reduction Technique Selection in OFDM

Systems

As discussed in the previous Sections, most of the existing PAPR reduction techniques in literature
have some drawbacks. Therefore, it is not only the PAPR reduction capability that should be
considered when selecting an appropriate PAPR reduction technique, but also other design factors
such as bandwidth and complexity should be considered. The key idea is to select a technique with
as high PAPR reduction capability as possible while putting other design factors into consideration.
The following factors can be used to determine the trade-offs between the PAPR reduction capability
and other design factors [16, 45].

1. High PAPR reduction capability: The PAPR reduction technique should have a high PAPR

reduction capability with as few undesirable side effects as possible.

2. Low implementation complexity: The complexity both in terms of hardware complexity
and time complexity introduced as a result of the PAPR reduction technique should be
as low as possible. In techniques such as Selected Mapping (SLM) and Partial Transmit
Sequence (PTS), the complexity increases with the number of candidate signals but also the

PAPR reduction performance improves with an increase in the number of candidate signals.
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Therefore, there exists a trade-off between PAPR reduction capability and computational

complexity in such techniques.

3. No increase in bandwidth: Bandwidth is a scare resource, and therefore the increase in
bandwidth due to the use of the PAPR reduction technique should be kept minimum. The
increase in bandwidth normally occurs in techniques such as coding and multiple signal
representation techniques that require transmission of the Side Information (SI). There
exists a trade-off between increase in bandwidth and distortion of the signal. Non-blind
techniques suffer from increase in bandwidth without distorting the signal whereas blind
techniques suffer from increased signal distortion without increasing the bandwidth. This
signal distortion eventually results in BER performance degradation and it should be kept as
low as possible. Even though the bandwidth in VLC systems can be considered as infinite,
the actual bandwidth is limited by the modulation bandwidth of the LED. Therefore, the
increase in bandwidth due to the use of the PAPR reduction technique should be carefully
considered in both Optical-OFDM and RF-OFDM.

4. No BER performance degradation: The main aim of PAPR reduction technique is to make
systems better including having a better BER performance. Therefore techniques that lead to
an increase in BER performance degradation should be carefully considered. Furthermore,
those techniques that involve the transmission of the SI can result into worse BER perfor-
mance if the SI is not received correctly. Therefore, in such techniques the SI should be

coded in order to minimize the possibility of errors.

5. No spectral spillage: The PAPR reduction technique can destroy the OFDM main features
such as the ability to combat ISI. The spectral spillage should be kept as low as possible and
therefore, techniques such as clipping are not desirable even though they can result into high

PAPR reduction performance.

6. No power increase in transmit signals: For RF communication systems, the power in the
transmit signals should be kept constant. In VLC systems, the transmit optical power is
limited by several design factors and also the stringent eye safety regulation standards.
Therefore techniques that lead to an increase in transmit power such as active constellation

extension may not be suitable for RF and VLC communication systems.

7. High efficiency and cost savings: The efficiency of the PAPR reduction technique and the
cost saving in terms of additional hardware that is introduced and the saving realized as a
result of using devices such as the power amplifier, DACs with reduced dynamic ranges
should be considered when choosing an appropriate PAPR reduction technique. The most
efficient PAPR does not need to be the least achievable PAPR.

From the available PAPR reduction techniques proposed in literature, it is not enough to achieve
a high PAPR reduction performance alone, other design factors as discussed above should be
considered. However, it is not possible to satisfy all the design requirements such as no increase

in complexity, no spectral spillage, no bandwidth increase and no increase in the overall cost.
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Therefore there should be a compromise between the required PAPR reduction performance and

other design factors.

The PAPR reduction performance can be achieved in the frequency domain and time domain
by modifying the frequency and/or time characteristics of the signal. These modifications are
transmitted to the receiver in form of SI. This SI should be correctly received otherwise there will
be BER performance degradation. In order to ensure that the SI is received correctly, some form of
coding needs to be performed on this information. Some systems such as voice communication
are more error tolerant and in other systems are less error tolerant. Therefore, since the coding
introduces additional complexity and increase in bandwidth, the coding scheme used should
correspond with how tolerant the system can be to errors. On the other hand, blind techniques that
not require the transfer of SI can be used in systems that are more tolerant to errors. Non-blind
techniques are typically more complex and can require a higher bandwidth, but they often provide
better performance in terms of BER. However, the performance of these techniques can still be
impacted by errors in the transmission of the SI. While coding the SI can reduce the probability of

errors occurring, it is not possible to guarantee error-free transmission through coding alone.

It is also important to note that when the PAPR is reduced, there may be some form of cost savings
at the transmitter since linear systems such as the power amplifiers and DACs with reduced dynamic
ranges could be used. However, the additional cost in form of filters and other components at the

receiver should also be taken care of to determine the overall cost savings.

3.4 PAPR Reduction Techniques

The high PAPR is a serious drawback that affects the practical implementation of both RF-OFDM
and Optical-OFDM systems mainly due to the use of devices and components with limited dynamic
range at the transmitter such as DACs, power amplifiers and LEDs in case of VLC systems. This
high PAPR leads to amplitude clipping when the signal goes outside the linear range leading to
severe distortion and an increase in BER degradation. It would be possible to deal with this problem
of high PAPR by using devices with a large dynamic range but this would increase the overall
cost of the systems and its undesirable especially in VLC systems where the costs should be kept
as low as possible in order to cater for the high demand that is currently present and expected to
increase in the near future. Moreover, the high PAPR may lead to an increase in the transmitted
optical power which is unacceptable in VLC systems where there is a strict requirement in terms of

transmitted power due to stringent eye safety regulation standards.

Therefore, in order to solve the problem of high PAPR, many researchers have proposed several
techniques to deal with this challenge in RF-OFDM systems and most recently in Optical-OFDM
systems. Several review papers in literature propose different classifications of these techniques [15,
37,45, 108, 110].
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Vijayarangan et al. [110] propose two broad types of the PAPR reduction techniques, i.e signal
scrambling techniques and signal distortion techniques. The signal scrambling techniques may
further be divided into two categories: those without explicit SI such as Hadamard transform and
dummy sequence insertion techniques and those with explicit SI which are further divided into
two subcategories, i.e. coding based schemes such as block codes and probabilistic schemes such
as SLM, PTS, interleaving and active constellation extension. The second broad category is the
signal distortion techniques such as signal clipping, peak windowing and companding transforms
such as p-law and A-law transforms. The signal scrambling techniques are all variations on how to
scramble the codes to decrease the PAPR while the signal distortion techniques reduce the high

PAPR directly by distorting the signal before amplification [110].

Relatedly, Rahmatallah et al. [37] propose a classification of the PAPR reduction techniques into
three broad categories: signal distortion techniques such as clipping and filtering, peak windowing,
companding transforms and peak cancellation, multiple signaling and probabilistic techniques
such as SLM, PTS, interleaving, tone reservation, and coding techniques such as the use of linear
block codes, Golay complementary sequences and Turbo coding. The classification proposed by

Sandoval et al. [15] adds another category of hybrid techniques to the taxonomy presented in [37].

Rajbanshi [45] classified the PAPR reduction techniques into two categories, i.e. deterministic
and probabilistic approaches. The deterministic approaches reduce the PAPR by guaranteeing that
the PAPR of the OFDM signal does not exceed a predetermined threshold while the probabilistic
approaches minimize the probability that the PAPR of the signal does not exceed a predefined limit.

Yong et al. [108] argue that the PAPR reduction techniques can be classified into five approaches, i.e.
clipping technique, coding technique, probabilistic (scrambling) technique, adaptive predistortion

technique, and Discrete Fourier Transform (DFT)-spreading technique.

Finally, in the classification proposed by Geetha and Mahadevaswamy [111] , the PAPR reduction
techniques are classified into two categories. The first category is the signal distortion techniques
such as clipping and filtering, peak windowing, companding transforms. The second category is

the signal non-distortion techniques such as SLM and PTS.

In this thesis, we use the classification proposed in [110] but add another category of hybrid
techniques. Hybrid techniques combine two or more techniques in order to benefit from the
advantages of either technique. Hybrid techniques have recently gained much attention because
they can achieve better overall performance in terms of PAPR reduction performance and other
design considerations such as complexity, BER degradation and the overall cost of the system.
Figure 3.2 provides the proposed taxonomy of the PAPR reduction techniques with three categories
i.e. signal scrambling techniques, signal distortion techniques and hybrid techniques with examples
and subcategories of the techniques under each category. In the next Sections, some of these

techniques are discussed.
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Figure 3.2: Taxonomy of PAPR reduction techniques

3.4.1 Signal Distortion Techniques

The signal distortion techniques include among others, signal clipping, peak windowing and use of
companding transforms such as pt-law and A-law transforms. These techniques reduce the high
PAPR by directly distorting the OFDM signal before amplification. These techniques are quite
simple to implement and do not require the transmission of extra SI. However, a major disadvantage
of these techniques is that they result into in-band distortion and out-of-band radiation and may
result into severe BER degradation especially if the parameters such as companding and clipping

parameters are not selected appropriately.

Clipping

Clipping is the simplest signal distortion PAPR reduction technique that achieves the PAPR
reduction simply by clipping the signal peaks that exceed a predetermined threshold before the
signal is passed through the power amplifier. This method uses a clipper that limits the signal
envelope to a predefined clipping level, C if the signal exceeds that level and allow the signal to
pass through if it is below that level. The output signal of a soft threshold can be given as [112,
113]

Al(N)] = x(n) for |x(n)] <C 3.13)
Ce’® for |x(n)| > C,

where x(n) represents the OFDM signal in the time domain and 0 is the angle of x(n).

Clipping is generally a non-linear process performed at the transmitter. However, the receiver
needs to know the location of the clip and the clipping level in order to be able to reconstruct the
signal. Because it is difficult to obtain such information, the clipping technique normally results in

in-band distortion and out-of-band radiation which severely affects the BER performance of the
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system. Filtering can reduce out-of-band radiation even though it can reduce in-band radiation.
However filtering can also lead to peak regrowth which can be partially solved by repeated clipping
and filtering [34]. Repeated clipping and filtering will also lead to an increase in computational

complexity to the system [35].

Peak windowing

In peak windowing, unlike in the clipping technique the out-of-band radiation is minimized by
using narrowband correcting functions such as Gaussian window, Kaiser, Hamming or cosine

window which are multiplied with the OFDM signal to minimize the out-of-band radiation [36].

In order to reduce the PAPR, the window function must be aligned with the OFDM signal samples
in such a way that its valley is multiplied by the higher signal peaks while the higher amplitudes of
the window are multiplied by the lower signal peaks. This action attenuates the signal peaks in a

much smoother way resulting in reduced signal distortion [37].

In peak windowing, the OFDM signal is multiplied with several windows and therefore the resulting
spectrum is a convolution of the two spectrums, i.e. the spectrum of the original OFDM signal
and the spectrum of the window being used. Therefore, the window should be as narrowband as
possible but not too long in the time domain since this may lead to many signal samples being

affected resulting in an increase in the BER [36].

Irrespective of the number of subcarriers used, in peak windowing, PAPR reduction up to 4 dB can

be achieved making peak windowing an effective technique in PAPR reduction [36].

Peak cancellation

In the peak cancellation technique, a cancellation waveform generator is used to generate the
peak cancellation waveform that is scaled, shifted and subtracted from the OFDM signal at those
instances where the OFDM signal exhibits high peaks [114, 115]. The peak cancellation waveform
is bandlimited to certain tones so that it has sharp and unique peaks in counter phase to the largest
peaks of the OFDM signal. The peak cancellation process can be performed after the IFFT block
as shown in Figure 3.3 by subtracting the peak cancellation waveform from the OFDM signal at

those instances where a peak higher than the threshold is detected.

Compared to peak windowing, the peak cancellation technique does not generate out-of-band
radiation. However, it has higher computational complexity compared to the peak windowing
technique [116].

Companding

Due to the similarity of the OFDM signal and the speech signal in a sense that large signals
only occur infrequently, Wang et al. [38] introduced the pu-law companding technique that had
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Figure 3.3: Peak cancellation process. S/P: serial-to-parallel converter, D/A: digital-
to-analog converter, HPA: high power amplifier

earlier on been used to improve speech processing algorithms but this time for PAPR reduction
in OFDM signals. The p-law companding technique is a compression technique that achieves
PAPR reduction through compressing large amplitudes and expanding the smaller amplitudes. As
shown in Figure 3.4, the time domain signal after the IFFT operation, x(n) is compressed before it

is converted to analog form by

Aln [1+u‘x(T"”}

) =

sgn[x(n)] (3.14)

where sgn[x(n)] is the signum function of x(n), A is the normalization constant such that 0 <
Ix(n)| /A < 1. At the receiver side, a reverse process (expansion of the signal) is performed before

the IFFT operation using the inverse of Equation (3.14) given by

A y(n)[In(1+ )
ye(n) == {exp ( — 1] sgn[y(n)] (3.15)
u A
Input o N
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Figure 3.4: OFDM schematic employing y-law companding for PAPR reduction.
S/P: serial-to-parallel converter, P/S: parallel-to-serial converter, D/A: digital-to-
analog converter, A/D: analog-to-digital converter, PA: power amplifier

Apart from the y-law companding transform, there is a number of other companding transforms

that have been proposed in literature including hyperbolic tangent companding transform [39],
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Figure 3.5: Conventional selective mapping for DCO-OFDM (Source: [46])

linear symmetric transforms [40], linear asymmetric transforms [117] and exponential companding

transform [41].

The non-linear companding transform techniques can be considered as a special form of the clipping
technique. However, unlike the clipping technique, non-linear companding transforms enlarge
the small signal amplitudes increasing their resilience to channel noise while compressing the
large amplitudes, while the clipping technique does not change the small signal amplitudes. Also,
non-linear companding transforms compand the signal at the transmitter using a strict monotone
function and therefore the original signal can be easily recovered at the receiver using a reverse
function whereas the clipping technique deliberately clips the signal at those instances where the
amplitude exceeds a certain threshold and therefore it is hard for the original signal to be recovered

at the receiver leading to an increase in BER degradation.

The companding techniques have the advantage of providing good performance in terms of both
BER and PAPR reduction performance. They also do not lead to throughput loss since there is no

transmission of SI and they can be implemented with low complexity.

3.4.2 Signal Scrambling Techniques

Conventional Selected Mapping for DCO-OFDM

Figure 3.5 illustrates the block diagram of a DCO-OFDM transmitter system using the Conventional
Selected Mapping (CSLM) for PAPR mitigation. Let X = X (k)ivz/ gil denote the input data symbol
in the frequency domain, where X (k) ~ .4'(0,02) denotes the M-ary Quadrature Amplitude

Modulation (M-QAM) symbol mapped on the k-th subcarrier with zero mean and variance ¢2.

(1)
In CSLM, a set of U pseudo-random phase sequences, Pé'g)LM = Ae/% " where Gk(u) € [O, 27r] ,0<
u < U — 1 are multiplied component wise with the input data symbol to generate U different

candidate sequences. In a DCO-OFDM communication system, both the odd and even subcarriers
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are used and to ensure a real time domain signal, the input to the IFFT is constrained to Hermitian
symmetry. Therefore, the input to the IFFT will be given as

% N
XS (k) = X (N —k) for 0 <k < . (3.16)
where Xébé)LM(O) = Xélg)LM (N/2) =0and X* is the complex conjugate of X. The U time domain
candidate signals are generated by taking the N-point IFFT of the input frequency domain signals
as follows:

u 1 Nl u 27'L'kn
XEJS)LM(n) = ﬁ k_OX((JS)LM(k) exp (J N ) , (3.17)

where 0 <n <N —1.

The PAPR of the U time domain candidate signals is calculated according to Equation (3.1) and
the candidate signal with the least PAPR is converted from parallel-to-serial, an appropriate cyclic
prefix is often appended to combat ISI and Intercarrier Interference (ICI) that could be an issue
in a dispersive optical wireless communication channel. The continuous time domain signal x(7)
is obtained by feeding the discrete time domain signal x(n) to the DAC. A Direct Current (DC)
offset, DCpiys is added to x() to ensure that the transmitted signal is unipolar. However, a large
DC bias will lead to an increase in optical power and a small DC bias will lead to an increase in
clipping noise leading to poor BER performance. Therefore, a suitable DC offset relative to the
Root Mean Square (RMS) value of the signal x(¢) is added [89] and is given by

DChiss = M1/ ([x(1)[?), (3.18)

where 1) is a constant and the DCy;,q is defined as a bias of 10log (n2 + 1) dB. Next, the remaining
negative peaks are clipped resulting in a real and unipolar signal that is subsequently fed to the

LED for transmission in the VLC channel.

Figure 3.6 presents the PAPR performance for CSLM. As shown in the figure the higher the number
of candidate signals, V, the better the PAPR performance. As earlier indicated, these candidate
sequences are generated through multiplication of random phase sequences with the input data
symbol. This increases the complexity of the transmitter system. In addition, in CSLM, the SI
is transmitted using a separate channel and this will require that some form of coding is used to

ensure that the SI is received correctly leading to more complexity and bandwidth inefficiency.

Partial Transmit Sequence

In the PTS technique [33] for PAPR reduction in OFDM systems shown in Figure 3.7, the input
sequence, X of N symbols given by X = [X(0),X(1),...,X (N — 1)] is partitioned into U disjoint
sub-sequences of equal length, X ye {0,1,...,U — 1} such that
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Figure 3.6: PAPR reduction performance of the original OFDM system and CSLM
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x=Y) x® (3.19)

For PTS, the partitioning sub-sequences can be divided into three categories, i.e. adjacent, in-
terleaved and pseudo-random sub-sequences. Using the pseudo-random sub-sequences has been
shown to provide better PAPR reduction performance [118]. Next, the sub-sequences are indepen-
dently transformed into time domain by taking the IFFT operation to obtain x*, u € {0,1,....U — 1}
time domain sub-sequences which are then multiplied by the phase rotation factors, b* = /%,
where ¢, = [0,27),0 < u < (U — 1). The PAPR of each resulting sub-sequence is computed and
the phase factors are selected in such a way so as to minimize the PAPR of the overall signal given
by

U-1
x= Y b'x" (3.20)
u=0

In the PTS, the optimal PAPR can be found after an exhaustive search of computations. In other
words, the search complexity also increases exponentially as the number of sub-sequences increases.
This makes the technique complex to implement. Generally, the selection of the phase factors

is limited to a set of elements to reduce the search complexity [108]. Another way to reduce
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Figure 3.7: PTS technique block diagram

the computational complexity is to use a preset threshold PAPR [119]. Using this approach, the
PAPR values are searched through the phase optimizer and the search will be stopped once the
PAPR drops below the threshold. However, in situations where significantly low PAPR values are
required, the search complexity will still be high. In the PTS technique, U IFFT operations are
required for each data block and |log, W"| bits of SI is required, where W represents the number
of allowed phase factors. This makes the PTS technique less bandwidth efficient since it requires

the transmission of a huge amount of SI.

Coding Techniques

Some error detection and correction codes have been considered for PAPR reduction by taking
advantage of some of the properties of these codes. These codes have attracted much attention
because they can be used to provide dual functions: error detection and correction, as well as PAPR

reduction.

Linear Block codes

Wilkinson and Jones [20] proposed a 3/4 rate block code for both error detection and PAPR
reduction by simply transforming 3 bits to 4 bits by adding the odd parity bit. In doing so, the
minimum PAPR of 2.48 dB can be obtained for a system using Quadrature Phase Shift Keying
(QPSK) modulation. The major shortcoming of this approach, is that it can only be used for PAPR
reduction for only 4-bit code words. This is because when sequences with long bit streams are

used, the code words with high PAPR values cannot be eliminated.

In a related approach, a block code rate of 1/2 is proposed for an OFDM system using QPSK
modulation with 4 subcarriers [21]. In this scheme, a block of 4 bits, b = [by by b, b3] is encoded
by a 4 x 8 generator matrix, G and this is followed by a phase rotation vector, p to obtain the

encoded output as

x=b.G+ p(mod2) (3.21)
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After considering all the possible MY possibilities (N = 4 subcarriers and M = 4 number of bits
per subcarrier in QPSK modulation), the generator matrix and the phase rotation vector that gives a
minimum PAPR of 2.48 dB are given by [120]

10010110
01 010101
G= (3.22)
001100O0T11
000O0OT1T1T171

Ngajikin et al. [120] proposed a Modified Code Repetition (MCR) technique for PAPR reduction.
Code repetition is a forward error correction technique where the idea is to repeat the input bits &
times. For example, for kK = 4, if the input bit is 0, then 0000 will be transmitted and if the input
bitis 1, then 1111 will be transmitted. In the MCR technique [120], the last bit of the code word
(LSB) is modified by toggling it up, i.e changing from O to 1 and vice versa. For example, if the bit
to be transmitted is 1, the conventional code repetition will result into 1111 for £ = 4 and this will
have a maximum PAPR but when the MCR is used, the output will be 1110 and its PAPR will be

less than that of the conventional code repetition [120].

Jiang and Zhu [121] proposed the Complement Block Coding (CBC) for PAPR reduction in OFDM
systems. In this technique, complementary bits are added to the information bits. If the code length
K is the number of subcarriers and k complement bits are used, the number of information bits in a
block will therefore be K — k. The CBC technique can provide error detection capabilities as well
as PAPR reduction since the possibility of generating a code with all 1s or all Os does not arise in
this code. In this technique, up to 3.0 dB PAPR reduction can be achieved when using coding rate

R > (N —2)/N for long size frames, where N is the number of subcarriers [121].

This technique can provide almost the same PAPR reduction performance compared to the tech-
niques in [20, 21, 120] but with higher coding rate and less implementation complexity. Therefore,
in the CBC, the bandwidth efficiency is improved which is an important consideration in wireless

communication systems design.

Fountain Codes

Fountain codes are a class of erasure codes with a property that a potentially limitless sequence of
coded symbols can be generated from a set of source symbols and these symbols can be recovered
at the receiver from any subset of encoded symbols equal to or slightly higher than the source
symbols [24]. They are rateless codes in a sense that they do not exhibit a fixed code rate. This
packet coding property matches the N-dimensional property of OFDM systems and as a result,
fountain codes have been used for PAPR reduction in addition to error detection and correction
[25-27]. The simplest fountain codes are the random linear (RL) codes and the first practical

realization of the fountain codes is the Luby Transform (LT) codes [28]. There are two fundamental
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principles underlying the LT codes: LT codes must generate new packets called symbols on the
fly, and several of these symbols combined together may reconstruct the original data [28]. The
encoding (symbol creation) consists in randomly taking the initial data blocks and combining them

together. The XOR operation is used due to its ability to perform a reverse operation [28].

In [25], the authors proposed the SLM scheme for random linear (RL) codes and two LT coded
PAPR reduction schemes, i.e. Symbol-wise SLM and Multi-symbol SLM based on SLM. In these
schemes, for each encoded symbol, Q symbols are generated and the one with the least PAPR is
considered for transmission. These methods are complex since they require a large number of
IFFT operations proportional to the number of candidate encoded symbols. This complexity can
be reduced by introducing a threshold PAPR and stopping the encoding process for a particular
symbol when a candidate with a PAPR below the threshold is obtained [27].

The main advantage of using fountain codes for PAPR reduction is that there is no transmission
of SI which makes these techniques more bandwidth efficient, a critical factor in the design of

wireless communication systems.

Convolutional Codes

Convolutional codes are very useful and currently widely deployed in systems that require error
correction in real time such as Digital Video Broadcasting-Terrestrial (DVB-T), Digital Video
Broadcasting-Satellite (DVB-S) and tactical communication systems such as Wideband Network
Waveform (WNW) [22]. Lower code rate results in better BER performance. However, the BER
increases as the code rate and the constraint length decrease [23]. It was found out through computer
simulations in [22] that a code rate of 1/2 gives almost the same PAPR reduction performance
as the uncoded OFDM signal but the PAPR performance degrades significantly as the code rate
is decreased from 1/2 to 1/4 and 1/8. Therefore, the convolutional code parameters such as the

code rate and the constraint length need to be appropriately selected to avoid an increase in PAPR.

3.4.3 Hybrid Techniques

Hybrid techniques are methods for PAPR reduction that combine two or more techniques. These
techniques have recently attracted a lot of attention from researchers because they take advantage of
each of the techniques used [15]. Moreover, no single PAPR reduction technique can satisfy all the
requirements of the OFDM communication system such as low PAPR, no BER degradation, low
complexity, etc. Therefore, the best strategy is to employ hybrid techniques. Examples of hybrid
techniques are methods that combine coding based and probabilistic techniques, coding based and
signal distortion techniques, probabilistic based and signal distortion techniques. Probabilistic
techniques such as SLM and PTS achieve significant PAPR reduction performance but at the
expense of increased complexity, mainly as a result of an increased number of IFFT operations
required to generate candidate signals and data rate loss due to the SI that has to be transmitted

for information recovery. Signal distortion techniques such as clipping and filtering and use of
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companding transforms are simple to implement and can achieve significant PAPR reduction but at
the expense of increased signal distortion leading to BER degradation. On the other hand, coding
based techniques such as use of forward error correction codes, although complex can present good

error control properties.
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4 Low Complexity Hybrid SLM for PAPR
Mitigation for ACO-OFDM

This chapter presents our results which were published in [42].

The high Peak-to-Average Power Ratio (PAPR) is the main challenge facing Asymmetrically
Clipped Optical-OFDM (ACO-OFDM). We propose a new hybrid technique that incorporates
a modified Selected Mapping (SLM) and companding called Low Complexity Hybrid Selected
Mapping (LCHSLM) for PAPR mitigation in ACO-OFDM systems. It is demonstrated through
computer simulations that our proposed system significantly reduces the PAPR compared to the
conventional SLM or companding alone. In addition, LCHSLM achieves a significant reduction in

complexity compared to conventional SLM without Bit Error Rate (BER) degradation.

4.1 Introduction

Asymmetrically Clipped Optical-OFDM (ACO-OFDM) is an attractive modulation technique
in Visible Light Communication (VLC) systems due to its high power efficiency compared to
the Direct Current biased Optical-OFDM (DCO-OFDM) [4, 9]. In addition, as an Orthogonal
Frequency Division Multiplexing (OFDM) scheme, ACO-OFDM also has the ability to combat
Inter-Symbol Interference (ISI) caused by a dispersive optical channel, high spectral efficiency and
the ability to offer higher data rates without the need for complex equalizers at the receiver [7]. In
spite of these advantages, the high Peak-to-Average Power Ratio (PAPR) caused by the possibility
of the ACO-OFDM signals adding coherently in the time domain resulting in high signal peaks
remains a major challenge. The high PAPR implies that the various components that make up
the optical transmitter have to operate outside their limited linear dynamic range leading to major

inefficiencies.

Accordingly, various PAPR mitigation techniques have been proposed for OFDM. These include
clipping and filtering [34], pre-coding [122, 123], non-linear companding [124] and multiple signal
representations such Selected Mapping (SLM) [32] and Partial Transmit Sequence (PTS) [33, 125].

Non-linear companding techniques such as p-law and A-law achieve PAPR reduction through
increasing the small amplitude peaks and decreasing the large amplitude peaks. Consequently, the

small amplitude peaks are made more resilient to channel noise.

In SLM, multiple candidate signals representing the same information are generated and the
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candidate signal with the lowest PAPR is selected for transmission. This results into high complexity
caused by the large number of Inverse Fast Fourier Transform (IFFT) blocks required to generate
these candidate signals. Recent research in SLM has been focused on reducing its complexity
[32, 126, 127]. A low complexity SLM is proposed in [126], whereby certain conversion matrices
are used to lower the complexity. However due to the use of one conversion, the computational
complexity will be about one half of the conventional SLM. To further reduce the complexity,
more conversion matrices are used which leads to Bit Error Rate (BER) degradation. In [127], a
low complexity SLM based on the Fast Hartley Transform (FHT) is proposed. Since this uses the
FHT, hardware adaptation and modification may need to first be implemented before it can be fully
adapted for ACO-OFDM that currently uses IFFT/Fast Fourier Transform (FFT). In [32] a low
complexity SLM system for PAPR mitigation for Optical-OFDM is proposed. Specifically, the
system uses partitioning and recombination to generate 2V? candidate sequences from V IFFTs.
However, since SLM is a probabilistic technique, the extent of PAPR reduction is limited. Moreover,

the large number of partial candidate sequences increases the overall complexity.

A single PAPR mitigation technique cannot generally meet all the demands of ACO-OFDM
systems such as significant PAPR reduction, no or less signal distortion and low complexity
simultaneously. Therefore, hybrid schemes for PAPR reduction have been proposed and have
shown better performance compared to the conventional methods. For example, in [128], a hybrid
technique comprising PTS and p-law companding shows better PAPR and BER performance at
higher values of Signal-to-Noise Ratio (SNR). This scheme suffers from high complexity of the
PTS section.

Motivated by the need to reduce the complexity of SLM and achieve a significant PAPR reduction,
in this chapter, we propose a hybrid approach called Low Complexity Hybrid Selected Mapping
(LCHSLM) for PAPR mitigation for ACO-OFDM. We utilize the properties of IFFT and Hermitian
symmetry to reduce the complexity of the conventional SLM. The p-law companding technique is
then used to further reduce the PAPR.

The rest of the chapter is organized as follows: Section 4.2 presents the proposed scheme for PAPR
mitigation. Section 4.3 gives the results along with a detailed analysis and discussion and finally

the concluding remarks are given in Section 4.4.

4.2 Proposed Scheme (LCHSLM)

Figure 4.1 illustrates LCHSLM. Compared to the Conventional Selected Mapping (CSLM), LCH-
SLM scheme is a hybrid of modified CSLM and p-law companding techniques.

In our scheme, instead of reducing the number of candidate sequences, we can reduce the number
of IFFTs as follows. Consider two candidate sequences X"(k) and X! (k) that are constrained to

Hermitian symmetry according to Equation (2.35), then
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Figure 4.1: Proposed Method-LCHSLM for ACO-OFDM

IFFT{X°(k) + jX"(k)} = IFFT{X°(k)} + JIFFT{X' (k)} = x° + jx' (4.1)

Therefore, the two time domain signals x” and x! can be recovered from the real and imaginary
components of the IFFT operation at the receiver [32]. Hence, instead of using V IFFTs for V

candidate sequences, we use V /2 IFFTs. This results into a significant reduction in complexity.

Similar to CSLM, after the IFFT operation, the candidate signal with the lowest PAPR will be
selected. The next step is to further reduce the PAPR of the selected candidate signal using t-law
companding.

The p-law companding is a compression technique that has been used to reduce PAPR in OFDM
systems. It works by expanding small signal amplitudes making them more resilient to channel

noise and decreasing the large amplitudes [124].

The p-law expression for compressing the signal at the transmitter is given by

Aln |1+ p il
wm) = i)

sgn[x(m)] 4.2)
where sgn[x(m)] is the signum function and A is the normalization constant such that 0 <
lx(m)/A| < 1.

In our LCHSLM, at the receiver side before the FFT operation, a reverse process (expansion of the

signal) will be carried out using the expression given by the inverse of Equation (4.2) given by

() = 5 exp | PO o) @43)

After the FFT operation, the frequency domain symbols are extracted before demodulation to

obtain the estimate of the original data.
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4.2.1 Complexity Analysis

In this section we analyze the complexity of LCHSLM as compared to CSLM. We first analyze
the complexity without the t—law companding technique and then discuss the time complexity
introduced by this technique. The complexity of CSLM method considering no oversampling
can be given in terms of complex additions and complex multiplications. In order to generate
V candidate signals, V 4N-point IFFT operations are required in ACO-OFDM. Therefore, the

complexity in terms of complex multiplications and complex additions are given by [32]

Complex multiplications = 2V Nlog,4N 4.4)
Complex additions = 4V Nlog,4N 4.5)

where N is the total number of subcarriers. In LCHSLM, for V candidate signals, we require V /2
4N-point IFFT operations. Therefore, the complexity of our proposed scheme in terms of complex

multiplications and complex additions is given by Equations (4.6) and (4.7)

Complex multiplications = V Nlog,4N (4.6)
Complex additions = 2V Nlog,4N +VN /2 (4.7)

The Computational Complexity Reduction Ratio (CCRR) of our LCHSLM over CSLM is given by
[32]

Complexity of LCHSLM

CCRR=1—
Complexity of CSLM

x 100% (4.8)

For example, consider V = 16 candidate signals and N = 64 subcarriers. For CSLM, the number of
complex multiplications calculated by Equation (4.4) is 16,384 while for LCHSLM, the equivalent
number of complex multiplications calculated by Equation (4.4) is 8,192 giving a CCRR of 50%.
Considering the same example, for CSLM, the number of complex additions calculated by Equation
(4.5) 1s 32,762 while for LCHSLM, the equivalent number of complex additions is 16,896 given by
Equation (4.7) resulting in a CCRR of 48.4%. Therefore using, LCHSLM for ACO-OFDM results

into significant complexity reduction.

The complexity introduced by the tt-law companding can be analyzed in terms of the time com-
plexity introduced by this technique. Consequently, Equation (4.2) can be simplified as
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xc(m) =kiIn(14kp |x(m)|)sign[x(m)], form=1,2,---,n 4.9)

where n = 4N, k| = 1n(1";+“)sign[x(m)] and kp = [ /A.
From Equation (4.9), considering one time domain sample, it can be observed that the number of
real additions and real multiplications is fixed, therefore, the time complexity is ¢/(1). Considering

all the time domain samples, the time complexity becomes n x € (1) = 0(n).

The time complexity introduced by u-law companding increases linearly as n increases but is

considerably small for low values of n.

4.3 Results and Discussions

The PAPR reduction performance of the proposed LCHSLM was compared to the CSLM, u-law
companding and CSLM combined with p-law companding techniques using computer simulations.
Table 4.1 shows the simulation parameters. 10* data blocks were generated randomly and each
block was oversampled by an oversampling factor of L = 4 in order to approximate the true value
of PAPR. The channel considered was an Additive White Gaussian Noise (AWGN) channel which
is appropriate for VLC.

Table 4.1: Simulation Parameters

| Simulation Parameter | Value

Number of subcarriers N =128

Oversampling factor L=4

Number of candidate signals |V = 8 for CSLM, 16 for LCHSLM
Modulation scheme 16 QAM

Type of companding u-law

Companding parameter u=2,4

Number of data blocks 10*

Figures 4.2 and 4.3 show the PAPR reduction performance of LCHSLM compared to CSLM,
u-law companding and CSLM combined with p-law companding techniques for PAPR reduction
in ACO-OFDM systems. Table 4.2 shows the PAPR comparison for the above techniques at a
Complementary Cumulative Distribution Function (CCDF) of 102

As shown in Figures 4.2, 4.3 and Table 4.2, for a given threshold, the LCHSLM performs better
than CSLM, u-law companding and CSLM combined with p-law companding techniques. For
comparison purposes, the same number of IFFTs were considered. As illustrated in Section 4.2.1,
LCHSLM produces twice as many candidate signals compared to CSLM for the same number of
IFFTs. In our case, we consider 16 candidate signals for LCHSLM and 8 candidate signals for

CSLM. Note that in the two scenarios, these candidate signals are produced by the same number
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Figure 4.2: PAPR reduction performance of LCHSLM compared to CSLM and
u-law companding techniques
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Figure 4.3: PAPR reduction performance of CSLM with p-law companding and
LCHSLM

Table 4.2: PAPR reduction comparison for CSLM, u-law companding, CSLM
combined with p-law companding and the proposed LCHSLM

PAPR reduction method PAPR (dB)
Original ACO-OFDM 15.8

CSLM 8.8

u-law companding (u=2) 8.4

CSLM with p-law companding (u=2) 7.5
Proposed LCHSLM (u=2) 6.1
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of IFFTs. From Figures 4.2, 4.3 and Table 4.2, we note that our proposed LCHSLM (u = 2)
achieves significant PAPR reduction gains of 9.7 dB, 2.7 dB, 2.3 dB and 1.4 dB respectively
for original ACO-OFDM without any PAPR mitigation, CSLM, u-law companding (¢ = 2) and
CSLM combined with u-law companding (u=2) companding techniques at a CCDF of 10~2. This
is attributed to the fact that LCHSLM is a combined scheme that takes advantage of both CSLM
and u-law companding techniques. In other words, in addition to reducing the complexity of the
CSLM by almost 50% as illustrated in Section 4.2.1, the proposed scheme performs better also
in terms of PAPR reduction for the same number of IFFTs. Therefore, given the same level of
complexity which is determined by the number of required IFFT blocks to generate the candidate
signals, LCHSLM performs better than the CSLM in terms of PAPR reduction because of the fact
that twice the number of candidate signals will be generated. In addition, further PAPR reduction is
achieved by appropriately applying p-law companding. Even though pi-law companding introduces
additional time complexity described in Section 4.2.1, the additional PAPR reduction as a result of

this combination is advantageous in most practical applications requiring low PAPR.

The effect of u-law companding on BER performance is an aspect that should be carefully
investigated. This is because p-law companding is a distortion based PAPR reduction technique

and can lead to BER degradation if the companding parameters are not carefully selected.

10°

102} —=—Original ACO OFDM

—— ACO OFDM p-Law-,u=2
ACO OFDM p-Law-, ;=4

——ACO CSLM, 8-N point IFFTs

3]
10
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Figure 4.4: Comparison of BER of LCHSLM, CSLM and pu-law companding
techniques.

Figure 4.4 shows the comparison of BER of the proposed LCHSLM, CSLM, u-law companding and
ACO-OFDM without any PAPR mitigation technique applied. Although the BER performance is
almost the same, it is shown that LCHSLM and pu-law companding performs better than CSLM and
ACO-OFDM without any PAPR reduction technique applied. This is because in -law companding,
the small signal amplitudes are amplified making them more resilient to the channel noise. In

addition, the average power of the signal is increased through companding leading to better BER
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performance. Furthermore, the higher the value of u, the better the PAPR reduction at the cost of
BER degradation. Therefore, an appropriate choice of t needs to be considered for LCHSLM and

in this case, a value of u = 2 was considered as appropriate.

4.4 Conclusion

We have proposed and verified the performance of a new hybrid PAPR reduction scheme for ACO-
OFDM called LCHSLM. The proposed scheme achieved a better PAPR reduction as compared
to CSLM and u-law companding techniques in addition to achieving almost 50% reduction in
complexity for the CSLM. Moreover, due to the companding technique, with an appropriate choice
of the companding parameter, U, there is a gain in BER performance, attributed to the fact that the

small amplitude signals are amplified making them more resilient to the channel noise.
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S PAPR Reduction in Optical-OFDM using
Lexicographical Permutations with Low
Complexity

This chapter presents our results which were published in [46].

Efficient utilization of the spectrum, increased resilience to Inter-Symbol Interference (ISI) and
simpler channel equalization are becoming important considerations in the design of wireless
communication systems including Visible Light Communication (VLC) systems. In this regard,
Orthogonal Frequency Division Multiplexing (OFDM) has become a preferred modulation tech-
nique in wireless communication systems design. However, one of its major challenges is the
high Peak-to-Average Power Ratio (PAPR) that leads to major inefficiencies. Symbol Position
Permutation (SPP) is a distortion-less technique that achieves substantial PAPR reduction without
Bit Error Rate (BER) degradation. However, the existing works focus on PAPR reduction using
SPP for the Radio Frequency (RF) OFDM and the use of this technique in optical-OFDM is not
properly investigated. Therefore, in this chapter, we present a new PAPR reduction technique based
on lexicographical permutations called Lexicographical Symbol Position Permutation (LSPP) for
PAPR reduction in Direct Current biased Optical-OFDM (DCO-OFDM). The proposed scheme
is less complex than the Conventional Selected Mapping (CSLM) scheme since there is no multi-
plication of the phase sequences with the DCO-OFDM symbol to generate the candidate signals.
We further introduce a new way of reducing the complexity by introducing a threshold PAPR and
demonstrate that the complexity in terms of Inverse Fast Fourier Transform (IFFT) operations can

be reduced substantially depending on the selected threshold and the number of candidate signals.

5.1 Introduction

Visible Light Communication (VLC) has lately attracted consideration from researchers in academia,
industry and governments around the globe due to its tremendous advantages such as interference-
free communication, high levels of security, low cost due to the utilization of the license-free

spectrum and availability of Light Emitting Diodes (LEDs) used for communication [1-3].

To attain the higher data rates required nowadays, multi-carrier modulation techniques such
as Orthogonal Frequency Division Multiplexing (OFDM) have been considered for practical
implementation in VLC systems [4, 5]. In addition to the higher data rates, OFDM also can
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combat Inter-Symbol Interference (ISI) in a diffuse optical channel without the need for complex

equalization filters at the receiver [7].

Most of the practical VLC systems currently deployed use Intensity Modulation with Direct
Detection (IM/DD) and therefore the optical carrier used for modulating the light intensity must
be real and unipolar. In a VLC based OFDM system, the real signal is obtained by subjecting the
frequency domain symbol to Hermitian symmetry and to obtain the unipolar signal, two well-known
techniques have been extensively researched and considered in VLC systems, these are, Direct
Current biased Optical-OFDM (DCO-OFDM) [8] and Asymmetrically Clipped Optical-OFDM
(ACO-OFDM) [9]. In a DCO-OFDM system, the unipolar signal is obtained through the addition of
an appropriate Direct Current (DC) bias after the Inverse Fast Fourier Transform (IFFT) operation
and clipping the remaining negative peaks. All the subcarriers are used to carry data symbols unlike
in an ACO-OFDM system where only the odd subcarriers are used and the unipolar signal obtained
by clipping the entire negative signal excursions. Consequently, the DCO-OFDM system is more

spectrally efficient and is preferred in VLC systems.

Regrettably, despite the advantages of OFDM, the multi-carrier nature of OFDM means that there
will be constructive addition at certain instants of the subcarriers after the IFFT operation leading
to a higher peak value [14]. Consequently, this will result in a high Peak-to-Average Power Ratio
(PAPR). It is important to keep the devices at the transmitter such as the Light Emitting Diode
(LED), the Digital-to-Analog Converter (DAC) and the power amplifier in the linear region of
operation for reliable transmission. However, this is difficult to achieve in practice due to the high
PAPR and as a consequence, the high peaks are often clipped leading to signal distortion and an
increase in Bit Error Rate (BER).

Therefore, a lot of attention has been put on PAPR reduction and several techniques have been
proposed in the traditional OFDM for wireless communication. However, since the transmitted
signal in VLC must be real and positive due to the use IM/DD, most of these techniques cannot be

directly applied in VLC systems.

Only a few techniques have been proposed for PAPR reduction in VLC systems. One of these
techniques is clipping and filtering [113] that can be easily implemented, although it results in
significant in-band distortion and out-of-band radiation which leads to performance degradation in
terms of both the spectrum efficiency and the BER. On the other hand, companding transforms
[129-131] such as p-law and A-law offer better PAPR reduction performance with less distortion

but at the cost of increased average power which is unacceptable in VLC systems.

Selected Mapping (SLM) [29-32] based techniques have been observed as the most popular
techniques for PAPR reduction in VLC systems. This is because they are distortion-less and offer
significant PAPR reduction without an observable BER degradation. In SLM, multiple candidate
signals are generated by multiplying the OFDM symbol in the frequency domain with random
phase sequences. The candidate signal after the IFFT operation with the least PAPR is selected for
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transmission and the Side Information (SI) associated with this candidate signal is transmitted for

efficient recovery at the receiver.

Although the methods in [29-32] result in significant PAPR reduction, they result in complex sys-
tems because of two reasons. Firstly, their PAPR reduction performance capability is proportional
to the number of candidate signals that are generated, the higher the number, the better the PAPR
reduction performance. The large number of IFFT operations that have to be carried out to generate
the candidate signals leads to an increase in complexity. Secondly, the complexity is exacerbated

by the generation and multiplication of random phase sequences with the OFDM symbol.

Related to the SLM technique, the symbol or bit interleaving technique [43] and the Data Position
Permutation (DPP) technique [44] also involve generation of multiple candidate signals for PAPR
reduction. In the DPP technique, the OFDM symbol is divided into S sub-blocks which are then
permutated to generate the candidate permutation sequences. Just like in SLM, the candidate
permutation sequence with the least PAPR is selected for transmission and the SI associated with
this candidate permutation sequence is transmitted for efficient recovery at the receiver. However,
in the DPP technique, the number of candidate permutation sequences that can be generated is
limited since it is given by S! and therefore as the number of sub-blocks increases, the number of
permutation sequences increases at a factorial rate of growth leading to a more complex transmitter

system as a result of the large number of IFFT operations that have to be performed.

In this chapter, we focus our attention on PAPR reduction in DCO-OFDM systems using DPP
based on lexicographical permutations. We call our scheme the Lexicographical Symbol Position
Permutation (LSPP) method. We concentrate on DCO-OFDM because it is more spectrally efficient
as compared to ACO-OFDM. Unlike in DPP, in our proposed LSPP, the m-th permutation sequence
can be generated efficiently without generating the previous m — 1 permutations. From the possible
S! sequences, where S is the number of sub-blocks, we determine U random permutation candidate
sequences lexicographically using the factorial number system. Just like in DPP, the candidate
sequence with the least PAPR is selected for transmission and the SI associated with this candidate
sequence is transmitted for efficient recovery at the receiver. Further, we introduce an algorithm for
complexity reduction using LSPP by setting a threshold PAPR value and generating the permutation
candidate sequences one by one until a candidate sequence with PAPR below the threshold is
reached. In this way, if the m-th (m < U) permutation sequence satisfies the threshold condition,
then U — m candidate sequences are not generated and consequently, U — m IFFT operations are
not performed. This new method does not only reduce the PAPR but also results in a significant

reduction in computational complexity.

This chapter is laid out into four sections together with this introductory part. The proposed scheme
for PAPR reduction is described in Section 5.2. In Section 5.3, we present the results together with

a detailed analysis and discussion and finally, the concluding remarks are presented in Section 5.4.
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5.2 Proposed System for PAPR Mitigation

5.2.1 Lexicographical Symbol Position Permutation

The proposed system for PAPR reduction in DCO-OFDM systems using lexicographical permuta-

tions is given in Figure 5.1.

Sub-blocks _
! I X0 Hermitian 0
| X0 J Symmetry
|
|
l Xpay Xp Select
x| | e iti . X
P Ko Lexico —)( SHer:r::Ielsn IFFT candyiate >
| | permutations . Y y .Wllth
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Side Information

Figure 5.1: Proposed Scheme for PAPR mitigation

Let X =X (k)iv:/ 371 denote the input data symbol sequence in the frequency domain, where
X (k) ~ A4 (0,62) is the k-th M-ary Quadrature Amplitude Modulation (QAM) symbol modulated
on the k-th subcarrier with zero mean and variance 6. The input data block is divided into S

permutation sub-blocks, X, () according to

Xp(s) = X5x0+5: X5 1455 X5x 245+ s g (5-1) 9 (5.1

where 0 < s < (S — 1) and N /2S is an integer so that the S permutation sub-blocks have the same
size. For example, if the size of the input data sequence, N/2 = 16, i.e. X = [Xo, X, ,X15] and

the number of permutation sub-blocks, § = 4, then the permutation sub-blocks are given by

(5.2)

The S permutation sub-blocks are then used to generate U random lexicographical permutations,

(v<s !), according to algorithm 5.1, below.
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Algorithm 5.1 An algorithm to generate the lexicographical permutations
Input: Permutation sub-blocks, X,(5), 0 <s < (S—1); Choose U, (U < S!); seti=1;
Output: Permutation sequences X, ), X,(1)," > Xpv—1)

1: fori=1:U do

2:  Randomly generate the m-th permutation sequence index, § (1 < < §!)
3 Set X, =]

4: while X, # [] do

s di= <‘Xb(s) —1)!
6: j:i=1B/d]

7: x = Xp(j)

8: B :=pf modd

9: Append x to X,
10: Remove x from X,
11: Return X, )
12:  end while
13: end for

In order to obtain real-valued time domain signals after the IFFT operation, the permutation

sequences are constrained to Hermitian symmetry according to

) N
X, () (k) = X" () (N = k) for 0 <k < =, (5.3)

where X,,(,y(0) = X", (N/2) = 0 and X* is the complex conjugate of X.

The time domain output candidate signals are generated by taking the N-point IFFT of the input

frequency domain sequences

1 N 2mkn
Xp(u) (n) = i X,y () (k) exp <J N ) (5.4)
k=0

where 0 <n <N —1and X, (k) is obtained from algorithm 5.1. The PAPR values of the time
domain candidate signals is calculated using Equation (3.1) and the candidate signal with the least

PAPR is selected for transmission.

It is important to note that in our proposed LSPP just like in Conventional Selected Mapping
(CSLM), the number of bits required for the SI is log,(U) for each block of information that is
transmitted. This SI is normally transmitted in a separate channel, or it can be embedded in the
transmitted signal and is usually protected by error control codes to prevent erroneous detection at

the receiver [44]. In this thesis, we assume that the SI is transmitted and received correctly.
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5.2.2 Complexity Reduction

The PAPR reduction performance of LSPP is proportional to the number of candidate signals leading
to high computational complexity as a result of a large number of IFFT operations to be performed.
If the first permutation sequence has the least PAPR, then U — 1 unnecessary permutations will
be generated leading to U — 1 unnecessary IFFT operations which makes the system complex. If
the m-th (m < U) permutation sequence has the least PAPR, then U — m unnecessary permutation

sequences are generated and ultimately U — m unnecessary IFFT operations are generated.

In order to reduce the computational complexity of LSPP, we set a threshold PAPR, y and then
generate the candidate permutation sequences one by one while computing the PAPR of the
corresponding candidate signal until we obtain a candidate signal whose PAPR is less than or equal
to y. That candidate signal is considered for transmission. If all the U permutation sequences have
a PAPR that is more than the threshold, 7y then the one with the smallest PAPR among them will be

considered for transmission. Algorithm 5.2 describes our complexity reduction method.

Algorithm 5.2 The proposed algorithm for complexity reduction
Input: Choose S and U (U < S!); select a predetermined PAPR, ; set i = 1;
Output: Transmitted candidate signal, X,
1: while i <U do
Randomly generate a permutation sequence, X, ;) using algorithm 5.1
Calculate the PAPR of X ,;), PAPR;
if PAPR; < 7y then

2

3

4

5 Set X, (;) as X, and consider it for transmission
6: else

7 i+ 4+ and go to step 2

8

9

end if
if i = U then
10: Select X, from Xp(l),Xp(z),. .. ,XP(U) whose PAPR is the smallest and consider it for
transmission
11:  end if

12: end while

5.2.3 Complexity Reduction Analysis

The generation of candidate permutation sequences can be modelled as a Bernoulli distribution
with only two possible outcomes, i.e. PAPR below the threshold or PAPR above the threshold [27].
If the maximum number of permutation sequences U approaches infinity, the number of tries ¥

whose PAPR is less than the threshold can be modelled as a Geometric distribution.

Let p be the probability that the PAPR is less than or equal to the threshold PAPR ¥, Then
p=Pr(PAPR<7y)=(1-— e_Y)aN. According to Geometric distribution, the probability of exactly
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generating m sequences using algorithm 5.2 is

Pr(Y =m) = (1—p)" Vp. (5.5)

Equation (5.5) is applicable when m < U. Therefore, the probability distribution of the random

variable Y can be given as follows

Pr(Y =m) = Ui B (5.6)

The average number of tried candidates (trials before a success is obtained) is

d 1 1-p U-1
¥)=Y Pe(Y =m)m=—-———(1—-p)° . (5.7)
m=1 p p
In order to generate a candidate sequence, 2N-point IFFT operations are required in DCO-OFDM,

where N is the number of data subcarriers. Therefore, the total number of IFFT operations is

1 1- _
FF Tproposeg = 2V == £ (1= p)""] (5.8)

5.3 Results and Discussions

In this section, the PAPR reduction performance of our proposed LSPP for DCO-OFDM com-
munication system is evaluated through conducting simulation experiments using MATLAB®.
In our simulations, we consider a 16-QAM DCO-OFDM communication system with N = 512
subcarriers and 1,000,000 data blocks were generated with each data block oversampled by L = 4
which is sufficient to approximate the true value of the PAPR [109]. For comparison purposes, we
obtained simulation results for the original DCO-OFDM without PAPR reduction, the CSLM and
our proposed LSPP for the same number of candidate signals. The simulation parameters are given
in Table 5.1.

Table 5.1: Simulation Parameters

Simulation Parameter Value

Number of subcarriers N = 512
Number of data blocks 106

Oversampling factor L =4
Modulation scheme 16-QAM

Number of sub-blocks for LSPP S =8, 16
Number of candidate signals U = 4,8, 16, 32
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Figure 5.2 shows the PAPR reduction performance of the original DCO-OFDM system, the CSLM
and the proposed LSPP using Complementary Cumulative Distribution Function (CCDF) defined
by Equation (3.4). It can be seen that at a CCDF = 1073, the PAPR reduction achieved by
our proposed LSPP is quite significant with values of 1.6, 2.4, 2.7 and 3 dB respectively for
U =4, 8, 16 and 32 candidate signals compared to the original DCO-OFDM.

0
100 g . ' '
S T = Original DCO OFDM

—8— CSLM, U=4
—k— LSPP, U=4
—6—CSLM, U=8
—p—LSPP, U=8
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LSPP, U=32
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Figure 5.2: PAPR performance comparison between the original DCO OFDM, LSPP
and CSLM for S = 8 sub-blocks.
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Figure 5.3: PAPR comparison for LSPP with U = 16 and 32 candidate signals for
S = 8 and 16 sub-blocks. For the same number of candidate signals, increasing the
number of sub-blocks improves the PAPR reduction performance.

As compared to the CSLM, our proposed LSPP achieves almost the same PAPR reduction per-
formance with our scheme slightly inferior by 0.36, 0.01, 0.1, 0.05 dB for U =4, 8, 16, 32
candidate signals respectively at a CCDF = 1073 for S = 8 sub-blocks. However, as the number
of sub-blocks is increased from 8 to 16, it can be observed from Figure 5.3 that the PAPR reduction
performance of our proposed LSPP almost approaches that of CSLM. This is because, as the
number of sub-blocks, § increases, the candidate permutation sequences become more uncorrelated

leading to low PAPR values.

Figure 5.4 compares the BER performance of the proposed technique to that of CSLM and the
original DCO-OFDM signal over an Additive White Gaussian Noise (AWGN) channel. From
Figure 5.4, it can be observed that our proposed LSPP and CSLM have almost the same BER
performance with negligible BER degradation. It is quite clear from the results that the PAPR
reduction performance of our proposed scheme is proportional to the number of candidate signals.
However, when the number of candidate signals is increased, the complexity in terms of IFFT
operations increases, hence there is a trade-off between PAPR reduction performance and system

complexity.
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Figure 5.4: Comparison of BER performance of the original OFDM system, the
CSLM and LSPP for U = 8 and 16 candidate signals

5.3.1 Complexity Reduction Analysis
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Figure 5.5: IFFT operations for different v and U

In Figure 5.5, we plot the number of IFFT operations required to generate a candidate signal. The
total number of IFFT operations is given by Equation (5.8). We can observe that the number of

total IFFT operations reduces as the threshold, y increases. This is because, as Y increases, the
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number of candidate signals with PAPR above y will increase and hence will not be generated by
algorithm 5.2 leading to a reduction in the number of IFFT operations. This reduction in IFFT

operations can be analysed using the complexity reduction equation given by

2NU — IFFTproposed

C lexity Reduction =
omplexity Reduction SNU

x 100%, 5.9

where IFFTproposeq 18 given by Equation (5.8), N is the number of subcarriers and U is the number
of candidate signals.

In Figure 5.6, we plot the complexity reduction performance for our proposed LSPP. The complexity
reduction is calculated using Equation (5.9) and the results are summarised in Table 5.2. We can

observe that the complexity reduction is proportional to ¥ when the number of candidate signals U
is constant.
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Figure 5.6: Complexity reduction performance for different y and U

Table 5.2: Complexity Reduction

No. of candidate signals, U | Complexity Reduction %

8.0dB 8.5dB| 9.0dB
10.5 | 36.6 59.5

8 22.3 | 60.6 79.2

16 40.0 | 79.1 89.6

32 61.2 | 89.5 94.8
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When 7 is fixed, the number of candidate signals, U has an influence on complexity reduction.
For instance, as given in Table 5.2 and Figure 5.6, when 7y is 8 dB, the complexity reduction is
10.5, 22.3, 40.0 and 61.2% for U = 4, 8, 16 and 32 respectively. When ¥ = 9dB and U = 16, the
complexity reduction that is achieved is 90% and when 7 is increased to 10dB, the complexity
reduction achieved increases to 96% for U = 32 candidate signals. The increase in complexity
reduction as Y is increased corresponds to the reduction in the number of IFFT operations as y

increases given in Figure 5.5.

5.4 Conclusion

DCO-OFDM is an attractive modulation technique in VLC due to its high spectral efficiency
compared to ACO-OFDM and its ability to combat ISI as a multi-carrier modulation technique.
However, one of the major shortcomings of DCO-OFDM is the high PAPR of the transmitted signal
which affects the system performance due to the presence of non-linear components like the DAC,

power amplifier and LED whose performance is highly influenced by the PAPR.

In this chapter, we have proposed and experimentally demonstrated through computer simulations
a new PAPR reduction technique called LSPP that effectively reduces the PAPR compared to the
original DCO-OFDM with no PAPR mitigation. The proposed technique has almost the same PAPR
reduction performance compared to the CSLM with less complexity since there is no multiplication

of the phase sequences at the transmitter to generate the candidate signals as is done in CSLM.

Further, we also presented and analysed a new way to further reduce the complexity by introducing
a threshold PAPR, since different applications require different PAPR performance. We show
through our results that the complexity in terms of IFFT operations can be reduced substantially
depending on the selected threshold y and the number of candidate signals, U. For example, when
Y =9 dB and U = 16, the complexity reduction that is achieved is 90% and when y = 10 dB, the

complexity reduction achieved is 96% for U = 32 candidate signals.
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6 Adaptive PAPR Reduction in
Optical-OFDM Systems using
Lexicographical Symbol Position

Permutation

This Chapter presents our results in a paper recently submitted in [47].

It is clearly established that optical communication systems employing Direct Current biased
Optical-OFDM (DCO-OFDM) as the modulation scheme experience high Peak-to-Average Power
Ratio (PAPR). This negatively affects the system performance mainly at the transmitter due to
the presence of non-linear devices and components such as the power amplifier, the Digital-
to-Analog Converter (DAC) and the optical source, leading to bit error rate degradation and
system inefficiency. In the previous chapter, Lexicographical Symbol Position Permutation (LSPP)
technique was introduced as a technique for reducing the PAPR in DCO-OFDM systems. However,
the existing works only focus on using random lexicographical permutation sequences. In this
chapter, we look at the effectiveness of adjacent and interleaved lexicographical permutations in
terms of PAPR reduction performance and compare the results with using random lexicographical
permutation sequences. The results show that random lexicographical permutation sequences
perform better than interleaved and adjacent lexicographical permutation sequences. Unfortunately,
the generation of random lexicographical permutation sequences requires a constraint to avoid the
generation of the repeated permutation sequences with the same PAPR values, which increases the
time complexity. Adjacent and interleaved lexicographical permutation sequences can be preferred
for a small number of sub-blocks especially for systems with a small number of subcarriers. All
three categories achieve a negligible bit error rate degradation compared to the original DCO-
OFDM system. Importantly, we introduce a new method of obtaining the most suitable number of
candidate permutation sequences to achieve a reasonable PAPR reduction performance without

increasing the computational complexity beyond the system requirements.
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6.1 Introduction

6.2 Introduction

Multiple signaling and probabilistic techniques, such as Symbol Position Permutation (SPP) [132]
and Selected Mapping (SLM) [30-32, 42], have gained popularity for mitigating the Peak-to-
Average Power Ratio (PAPR) in optical-Orthogonal Frequency Division Multiplexing (OFDM)
systems. These techniques effectively reduce PAPR without significantly degrading the Bit Error
Rate (BER). SLM and SPP generate multiple candidate signals from the same optical-OFDM
symbol and transmit the signal with the lowest PAPR, while transmitting the corresponding index

to the receiver as side information.

SLM generates candidate signals by multiplying V random phase sequences with the optical-
OFDM symbol in the frequency domain. On the other hand, SPP obtains V candidate sequences
by permuting Q sub-blocks from the frequency domain optical-OFDM symbol. While SPP is
less complex than SLM, it requires simultaneous generation of multiple candidate permutation

sequences, increasing system complexity.

In Chapter 5, the Lexicographical Symbol Position Permutation (LSPP) method was presented
for PAPR mitigation in Direct Current biased Optical-OFDM (DCO-OFDM) systems [46]. LSPP
generates V random permutation candidate sequences lexicographically based on the factorial
number system. Building upon this work, this chapter focuses on comparing the PAPR reduction
performance of random [46], adjacent, and interleaved lexicographical permutations in DCO-

OFDM systems using the Complementary Cumulative Distribution Function (CCDF).

Different application environments require varying complexity levels in terms of hardware and
time. To address this, the global gain concept [45] is used to determine the suitable number of can-
didate permutation sequences for PAPR reduction in DCO-OFDM systems, avoiding unnecessary
computational complexity. The DCO-OFDM system is chosen due to its higher spectral efficiency
compared to Asymmetrically Clipped Optical-OFDM (ACO-OFDM), as it uses both odd and even

subcarriers to carry data symbols [89].

The remaining sections of this chapter are structured as follows: Section 6.3 explains the global
gain concept, while Section 6.4 presents the algorithm for generating adjacent and interleaved per-
mutations, along with determining the optimal number of candidate sequences. Section 6.5 presents
simulation results comparing LSPP with adjacent and interleaved lexicographical permutations
against LSPP with random permutations from Chapter 5. Finally, Section 6.6 provides concluding

remarks.
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6.3 Background

6.3.1 Global Gain

For the purpose of determining the most suitable number of candidate permutation sequences to
circumvent increasing the PAPR, it is worthwhile to consider the various factors taken into account
when choosing a PAPR reduction technique or algorithm. In this thesis, two factors are considered,
i.e. PAPR reduction performance and the resulting increase in computational complexity. We
consider these two factors because in LSPP, the number of candidate permutation sequences is
directly proportional to the PAPR reduction performance and this can lead to an increase in both
hardware and time complexity as a result of a large number of Inverse Fast Fourier Transform

(IFFT) operations required to generate the candidate signals.

For a given scenario and set of requirements, we propose to use the global gain (net gain) for the
system which we define as a particular case of the fitness/objective function-based approach [45],
where the two factors of interest under consideration are the PAPRreduction performance and the

computational complexity.

Therefore, under given Visible Light Communication (VLC) link configurations, such as diffuse,
directed line of sight, non-directed line of sight and tracked, the PAPR reduction performance can

be expressed in relative terms as follows

PAPR
7, = —10log,, <—aﬁ“> (6.1)
PAPRpefore
Similarly, the relative increase in computational complexity is given by
Complexit
Z = —10logyq | P X Wafter ) 6.2)
Complexityyefore

Accordingly, if o, represents the weights of factors related to the significance level of PAPR
reduction a = 1 and increase in computational complexity a = 2 in the system, the aggregate fitness

value is [15]

2
=Y .z, (63)
a=1

where

2
Y o, =1. (64)
a=1
Based on aggregate fitness values, the appropriate number of candidate permutation sequences
can be chosen in order to achieve the desirable PAPR reduction performance as well as satisfy the

computational complexity requirements of the system.
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6.4 Adjacent and Interleaved Lexicographical Permutation Se-

quences

The V lexicographical permutation sequences from the possible Q! permutation sequences gen-
erated from Equation (5.2) can be random, interleaved or adjacent. The adjacent and interleaved
lexicographical permutation sequences are given by

() _ y(0) (1) 2) (V-1)
sz —Xg+0xA’Xg+1xA’Xg+2A""’Xg+VA—1 (6.5)

where A = 1 for adjacent lexicographical permutations and A = 2 for interleaved lexicographical
permutations. 6,0 < ¢ < (Q!— AV) is the index of the first permutation in the lexicographical
orderand 0 <v < (V —1).

The adjacent and interleaved lexicographical permutations can be generated from algorithm 6.1.

Algorithm 6.1 An algorithm to generate interleaved and adjacent lexicographical permutations

Input: Input: Permutation sub-blocks, X(q), 0<q¢g<(Q—1);SelectV,V €{0,1,---,0!'}; Set
the index of the first permutation sequence, ¢,0 < ¢ < (Q!— AV); Select either, A = 1 for
adjacent or A = 2 for interleaved permutations; Set i = 1;

Output: Either adjacent or interleaved lexicographical permutation sequences,

X[(O)’X[(l)’ .. ,Xl(Vil)

I: SetA=1orA=2

2: fori=1:V do

3. Set XI(V) =]

4 while X\? #[] do

5: w:= <‘X1§q))—l>!

6: ji=l¢/0]

7: Y= X,SJ)

8: ¢:=¢mod

9: ¥ 1s appended to Xl(v)
Y is removed from X,E‘”

_
T

end while

12: Xl(v) is returned

13: ¢ = ¢+ A and go to step 3.
14: end for

—_
—_

6.4.1 Most Suitable Number of Candidate Permutation Sequences

In order to determine the most suitable number of candidate permutation sequences, we use the

global gain defined in Section 6.3.1.

Figure 6.1 illustrates the procedure for obtaining the most suitable number of candidate permutation

sequences where (s is the global gain required for a particular system, o7 and o, are the levels of
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Figure 6.1: Algorithm for obtaining the most suitable number of candidate permuta-
tion sequences based on global gain.

importance attached to PAPR reduction performance and the computational complexity respectively

and Vg 1s the most suitable number of candidate permutation sequences for a particular scenario.

Furthermore, we need to specify the value of the CCDF of the PAPR in order to compare the global
gains. The typical values of CCDF of the PAPR used in the available literature are between 1072

and 10~* [15] and therefore in this thesis, we use 1073 as a reference for global gain calculations.

In order to generate V lexicographical candidate permutation sequences, V 2N-point IFFT opera-

tions are required. Therefore the complexity is given by

Complexity = 2VN (6.6)

6.5 Results and Discussions

In this section, computer simulation was used to compare the performance of the different categories
of lexicographical permutation sequences particularly random [46], interleaved and adjacent
described in Section 6.4 in terms of PAPR reduction performance and BER degradation performance.
We did this by considering a DCO-OFDM communication system with a 16-Quadrature Amplitude
Modulation (QAM) constellation and the total number of subcarriers, N = 256. We generated
approximately 10° data blocks and each block was oversampled by an oversampling factor of
L = 4 which is commensurable to correctly provide the true value of the PAPR [109]. In addition,

we obtained the results for the DCO-OFDM communication system using the same constellation
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without any PAPR reduction technique applied. In Table 6.1 we list all the parameters that we used

during our simulation.

Table 6.1: Simulation Parameters

Simulation Parameter Value
Modulation scheme 16-QAM
Number of subcarriers N =256
Number of data blocks 10°
Number of candidate sequences V = 8, 16, 32
Number of sub-blocks 0=16
Oversampling factor L=4
DCoffset 13 dB

10° w w

Original DCO OFDM
—&—Random, V=8

—k— Interleaved, V=8
—6— Adjacent, V=8
—p—Random, V=16
—e—Interleaved, V=16
—+— Adjacent, V=16
—#—Random, V=32
—o—Interleaved, V=32
—+— Adjacent, V=32

Prob(PAPR > PAPR, )
=

_.
.
W

1074 I I I | I I I I I
7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12

PAPR, (dB)

Figure 6.2: Comparing the PAPR performance of DCO-OFDM versus the three
types of lexicographical permutations: random, interleaved, and adjacent for Q = 16
sub-blocks and the number of candidate signals, V = 8,16 and 32.

6.5.1 Performance of Lexicographical Symbol Position Permutation Cate-

gories

Figure 6.2 illustrates the performance of the three categories of lexicographical symbol position
permutation sequences i.e. random [46], interleaved and adjacent in terms of PAPR reduction
performance using the CCDF defined by Equation (3.4). The results of the original DCO-OFDM
system are also included for reference purposes. In Figure 6.2, the PAPR threshold values, PAPR
and the CCDF of the PAPR are plotted on the abscissa and ordinate respectively. It can be noted that
the PAPR reduction performance achieved by LSPP using random lexicographical permutations

[46] is slightly better when compared to LSPP using interleaved and adjacent lexicographical
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permutations. For example, at a CCDF of 103, the PAPR values are respectively 11.26 dB, 8.62 dB,
8.70 dB, and 8.80 dB for the original DCO-OFDM system, LSPP using random permutations,
LSPP using interleaved permutations and LSPP using adjacent permutations when the number
of candidate permutation sequences, V = 8 and the number of subblocks used to generate the
candidate permutation sequences being Q = 16. This represents a difference of 0.08 dB and
0.18 dB respectively for LSPP using interleaved and LSPP using adjacent permutation sequences
respectively when compared to LSPP using random permutations. When the number of candidate
permutation sequences is increased from V = 8 to V = 16 and V = 32, the performance of
LSPP using random permutation sequences remains slightly better as compared to LSPP using
interleaved and adjacent permutation sequences. This better performance of LSPP using random
permutation sequences can be attributed to the fact that the permutation sequences are more
uncorrelated compared to interleaved and adjacent lexicographical permutations. Furthermore,
from Figure 6.2, it should also be observed that LSPP using interleaved permutation sequences
performs better in terms of PAPR reduction as compared to LSPP using adjacent permutation
sequences. There is a difference of about 0.1 dB and this can also be attributed to the fact that the
interleaved lexicographical permutation sequences are more uncorrelated as compared to adjacent

lexicographical permutation sequences.

It should be noted that in order to generate the random lexicographical permutation sequences,
the number of sub-blocks, Q should be sufficiently large so that the possibility of generating
repeated permutation sequences with the same PAPR is minimized. This situation of generating
repeated random lexicographical permutation sequences can be avoided by setting up a constraint
in algorithm 5.1 that might increase the time complexity. Therefore, the adjacent and interleaved

lexicographical permutation sequences can be preferred for low values of Q.

Figure 6.3 shows the BER performance comparison of a 16-QAM DCO-OFDM communication
system using LSPP for PAPR reduction employing random, interleaved and adjacent lexicographical
permutation sequences. Further, the results of the original DCO-OFDM communication system
are also included for comparison purposes. From Figure 6.3, it can be noted that three categories
of LSPP can achieve almost the same BER performance and the BER degradation is negligible
when compared to the original DCO-OFDM communication system without any PAPR mitigation
applied. The results are not surprising since LSPP, regardless of the category of lexicographical
permutation sequences, is a distortionless technique, and therefore no BER degradation is expected

except in cases where the SI is received in error.
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Figure 6.3: Comparing the BER performance of DCO-OFDM versus the three types
of lexicographical permutations: random, interleaved, and adjacent for Q = 16 sub-
blocks and the number of candidate signals, V = 8,16 and 32

6.5.2 Analyzing suitable permutation sequence candidates to minimize com-

putational complexity

In determining the most suitable number of candidate permutation sequences to avoid an increase
in computational complexity beyond the system requirements, we considered LSPP using random
lexicographical permutations since it gives better PAPR reduction performance compared to using

adjacent and interleaved lexicographical permutations.
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Figure 6.4: Z, and Z, for different candidate sequences

In Figure 6.4, we plot Z; from Equation (6.1) and Z, from Equation (6.2) on the left vertical axis
and right vertical axis respectively for different numbers of candidate permutation sequences, V. As

V increases, the absolute values of both Z; and Z; increase but the rate of increase decreases as V
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is increased beyond about 8 candidate sequences. For example, fromV =2 uptoV =8, Z; and Z;
increase respectively by 135% and 190% while for V from 8 to 16 Z; and Z, increase respectively
by 19% and 37%. This rate of increase decreases further as V is increased. The implication here
is that as V is increased, the benefit achieved in terms of PAPR reduction performance increases

rapidly up to a certain V' and then the rate of this increase decreases significantly as V is increased.

0o 04

0

0 02 04 06 08

No. of Permutation Sequences (V) 2

Figure 6.5: Global gain for different numbers of candidate sequences at different
levels of importance attached to PAPR reduction performance (o) and computational
complexity (o3)

In Figure 6.5, we present the results for the global gain (Q)) for different numbers of candidate per-
mutation sequences under different levels of importance attached to PAPR reduction performance
(o1) and the resulting increase in computational complexity (07). It is clear that the values of (o)

and (0,) affect the resultant Q).

Table 6.2: Global gain, () values for different numbers of random lexicographical

permutation sequences at a CCDF = 102 and number of subcarriers, N = 256 for

three different cases i.e. Case 1 (07 = 0.8,0, =0.2), Case 2 (0] = 0.2,0, = 0.8)
and Case 3 (0] = 6, =0.5)

V | PAPR (dB) | Complexity Global Gain, ()
Casel | Case2 Case 3
2 1990 1024 —0.205 | —2.309 | —1.257
9.14 2048 —0.529 | —4.648 | —2.589
8 | 8.67 4096 —0.948 | —7.010 | —3.979
16 | 8.30 8192 —1.399 | —9.381 | —5.390
32 | 8.05 16384 —1.894 | —11.762 | —6.828
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Figure 6.6: Global gain for different numbers of random lexicographical permutation
sequences, V ata CCDF = 103, number of subcarriers, N = 256.

In Figure 6.6 and Table 6.2, the global gain values for three different cases are presented: 1)
when o7 = 0, = 0.5 implying that equal significance is attached to both the PAPR reduction
performance and increase in computational complexity; 2) when o7 = 0.8and 0, = 0.2, i.e. PAPR
reduction performance is more significant compared to increase in computational complexity; and

3) 01 =0.2and o, = 0.8 , i.e. increase in computational complexity is more significant.

From Equations (6.1) and (6.2), a higher value of Z; is desirable since it represents a lower
PAPR value and similarly a higher value of Z, is desirable since it represents a lower complexity.
Therefore, from Equation (6.4), a higher value of the global gain, () is desirable. However as
shown in Figure 6.6, it is necessary to select the most suitable value of the global gain based on the

significance that is attached to computational complexity and the PAPR reduction performance.

As the PAPR reduction performance becomes more significant, the global gain reduces due to the
increase in the computational complexity generated by the number of IFFT operations required
to generate the candidate signals. Therefore, the most suitable number of permutation candidate
sequences should be selected to achieve an acceptable PAPR reduction performance without going

above the computational complexity that the system can tolerate.
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6.6 Conclusion

DCO-OFDM is a modulation technique for VLC systems that is attractive due to its ability to deal
with Intercarrier Interference (ICI) and Inter-Symbol Interference (ISI) that are frequently present in
dispersive optical channels. Additionally, the DCO-OFDM communication system can achieve very
high data rates which are required in today’s applications such as, indoor localization, virtual reality,
telemedicine and sensing. However, one the challenges that affects the practical implementation
of DCO-OFDM is its resulting high PAPR that results in the signal when the subcarriers are
summed constructively. This consequently negatively affects the system performance mainly at the
transmitter due to the presence of non-linear devices and components such as the power amplifier,
the Digital-to-Analog Converter (DAC) and the Light Emitting Diode (LED) leading to BER

degradation and system inefficiency.

Therefore, several techniques have been proposed by researchers to deal with the problem of high
PAPR. Among the techniques is LSPP which is a distortionless technique that yields significant
reductions in PAPR with negligible BER degradation.

In this chapter, we perform a comparative study in terms of PAPR reduction performance of
the different categories of lexicographical permutation sequences, i.e. random, interleaved and

adjacent.

By using computer simulations, we have shown that using random lexicographical permutation
sequences provides better PAPR reduction results compared to using interleaved and adjacent lexi-
cographical permutation sequences. For a small number of sub-blocks, the adjacent and interleaved
lexicographical permutation sequences are preferred since there is no possibility of generating the
same permutation sequence unlike in random lexicographical permutations. Although this can be
minimized by setting up a constraint that stops the generation of the same permutation sequences

in random lexicographical permutation sequences, there will be an increase in time complexity.

Our results also show that the three categories of lexicographical permutation sequences provide
almost the same BER performance compared to the original DCO-OFDM without any PAPR

reduction technique applied.

Furthermore, we propose a new method based on global gain for determining the most suitable
number of candidate permutation sequences to achieve a reasonable PAPR reduction performance

without leading to unacceptable levels of computational complexity for the system.
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7 Conclusion

This research was motivated by the challenges that affect the practical implementation of probabilistic-
based techniques for Peak-to-Average Power Ratio (PAPR) reduction in optical-Orthogonal Fre-
quency Division Multiplexing (OFDM), which is the most widely used modulation technique in
Visible Light Communication (VLC) systems due to a number of advantages such as ability to
combat Inter-Symbol Interference (ISI), high data rates and ease of practical implementation using
Inverse Fast Fourier Transform (IFFT) and Fast Fourier Transform (FFT) operations. This research
has made significant contributions to the field, which are summarized in Section 7.1. Additionally,
Section 7.2 provides insightful recommendations for future work that can build upon this research

and further advance the field.

7.1 Contributions

This thesis proposed a Low Complexity Hybrid Selected Mapping (LCHSLM) technique for PAPR
reduction for Asymmetrically Clipped Optical-OFDM (ACO-OFDM) systems. This was motivated
by the literature findings, where it is established that no single PAPR reduction technique can meet
all the demands of optical-OFDM systems such as significant PAPR reduction, no or less signal
distortion and low complexity simultaneously. The research therefore, proposed a hybrid scheme
composed of a modified Selected Mapping (SLM) and u-law companding techniques. From the
mathematical analysis and simulation results, the proposed scheme achieves better PAPR reduction
performance when compared to Conventional Selected Mapping (CSLM) and u-law companding

techniques when used individually in addition to achieving almost 50% reduction in complexity.

The thesis also introduced a novel technique based on lexicographical permutations called Lexico-
graphical Symbol Position Permutation (LSPP). To this end, the three different ways of selecting
the U permutation candidate sequences, that is, adjacent, interleaved, and random were compared in
terms of PAPR reduction performance by computer simulation using Complementary Cumulative
Distribution Function (CCDF) diagrams. Although the simulation results show that random lexico-
graphical permutation sequences give a slightly better PAPR reduction performance compared to
adjacent and interleaved lexicographical permutations, they require a large number of sub-blocks
to avoid generating repeated permutation sequences that will have the same PAPR values leading
to an increase in complexity. Therefore, the interleaved and adjacent permutations can be preferred
for a smaller number of sub-blocks especially in systems where the number of subcarriers is small.
Furthermore, the thesis introduced an algorithm for complexity reduction using LSPP by setting

a threshold PAPR value and generating the permutation candidate sequences one by one until a
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candidate sequence with PAPR below the threshold is reached. In this way, if the m-th, (m < U)
permutation sequence satisfies the threshold condition, then U —m candidate sequences are not
generated and consequently, U — m IFFT operations are not performed. This new method does not

only reduce the PAPR but also results in a significant reduction in computational complexity.

Motivated by the fact that different scenarios and application environments require different degrees
of complexity reduction and complexity, to further reduce the complexity in the proposed LSPP,
the thesis proposed two solutions. In the first solution, an algorithm where a threshold PAPR
value is introduced and the candidate signals are generated one at a time until a candidate with
PAPR value less or equal to the threshold is obtained. The results show that the complexity in
terms of IFFT operations can be reduced substantially depending on the selected threshold, y and
the number of candidate signals, U. For example, when ¥ =9 dB and U = 16, the complexity
reduction that is achieved is 90% and when ¥ = 10 dB, the complexity reduction achieved is 96%
for U = 32 candidate signals. The second solution is the introduction of a new algorithm based
on the global gain (net gain) to determine the most suitable number of permutation candidate
sequences to achieve a reasonable PAPR reduction performance without increasing the time and

hardware complexity to levels that the systems cannot tolerate.

7.2 Recommendations for Future Work

The work presented in this thesis provides fascinating methods and results for PAPR mitigation
in optical-OFDM systems. However, it can also be extended in the following suggested research

directions:

The hybrid PAPR reduction technique proposed for ACO-OFDM communication systems considers
a combination of t-law companding and modified SLM techniques. New studies could consider a
combination of other PAPR reduction techniques such as Partial Transmit Sequence (PTS), Symbol
Position Permutation (SPP) and coding techniques. Additionally, the research can be extended by
hardware implementation of the hybrid techniques to verify their performance in terms of PAPR
reduction performance, hardware and time complexity, and other performance parameters such as
Bit Error Rate (BER) degradation and bandwidth utilization.

While determining the global gain to determine the most suitable number of candidate permutation
sequences, two performance parameters were considered, namely, PAPR reduction and the resulting
increase in computational complexity in terms of IFFT operations. In addition to these, new studies
could take into consideration other performance parameters such as BER performance degradation,

increase in bandwidth, cost savings, etc.

In the proposed techniques, the Side Information (SI) was transmitted using a separate channel
and we assumed that it was received without error. Even though the VLC technology is considered

to have infinite bandwidth, the practical bandwidth is limited by the modulation bandwidth of the
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Light Emitting Diode (LED). Therefore, instead of transmitting the SI in a separate channel which
decreases the bandwidth efficiency, new studies could consider introducing blind SI detection

techniques so as to improve the bandwidth utilization efficiency.

Finally, this thesis has proposed PAPR reduction using lexicographical symbol position permutation
for Direct Current biased Optical-OFDM (DCO-OFDM) systems. This can be extended to cover
other modulation schemes for optical-OFDM including Multiple Input-Multiple Output (MIMO)-
OFDM, which has been identified as a key technology for Fifth Generation (5G) communication
systems. Moreover, since in VLC, the LED is utilized for both data communication and lighting, it
would be interesting to see how dimming control schemes can be implemented in our proposed

techniques.
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