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Lay Summary

The high demand for wireless data access is growing exponentially which is partially due to

the increasing number of internet users, and newly emerging technologies and services such

as internet of things (IoT), machine to machine (M2M) connectivity, augmented and virtual

reality (AR/VR), smart televisions and cloud services. In addition, the radio frequency (RF)

based communication has a limited resources and cannot accommodate the endless bandwidth

demand. Therefore, visible light spectrum offers alternative free and large spectrum that is can

be used. Visible light commutation (VLC) uses low-cost commercially available off-the-shelf

front-end devices, such as light emitting diodes (LEDs) and photodiodes (PDs) which eases its

adaptation and enables significant energy and cost saving by reusing the existing lighting in-

frastructures for communication purposes. The data is transmitted on radiated optical intensity

of the optical domain. Energy and spectrum efficient digital modulation techniques have been

adopted for data transmission over VLC link. However, these techniques are affected by high-

power peaks that induce signal distortion that is introduced by limited operating region of the

light source. In this thesis, solutions to reduce the high power peaks challenge are implemented

and their performance is investigated through simulation, analytical, and experimental studies.
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Abstract

Visible light communication (VLC) is an optical wireless communication (OWC) technology
that has the potential to provide high data rate transmission for indoor applications. VLC is
a promising alternative technology with a large and unlicensed spectrum to complement the
congested radio frequency (RF) based communication to meet the exponential growth and pop-
ularity of smart devices, and data-intensive services and applications. The use of low-cost com-
mercially available front-end devices, further highlights the attraction of VLC system. How-
ever, nonlinear dynamic range of front-end devices and optical channel impairments limit full
exploitation of VLC available modulation bandwidth. To fully benefit from the inherent re-
sources and mitigate these limitations, multicarrier modulation (MCM) techniques are adopted.
However, these techniques are affected by high peak-to-average power ratio (PAPR) which
imposes constraints on the limited dynamic range of the front-end devices and the average radi-
ated optical power. The main focus throughout this thesis is to reduce the high PAPR of MCM
modulation techniques based VLC system by implementing pilot-assisted (PA) technique. Ad-
ditionally, performance of PAPR reduced modulation techniques is investigated through ana-
lytical, simulation, and experimentally.

This thesis first presents background of VLC system principles including the front-end devices,
VLC channel, system impairments and challenges, and employed solutions. The principles,
limitations, and performance of MCM modulation variants that are implemented in this work
are presented. Moreover, principles of PAPR challenge in MCM based VLC, PAPR evalua-
tion, impact on the transmitted signal as well as the existing PAPR reduction techniques are
discussed. Looking at the gap, a PA is implemented as PAPR reduction technique which is
presented in this work including its implementation and performance.

Following that, analytical investigation of clipping noise that leads to distortion in a VLC sys-
tem due to front-end devices limitations is presented. To minimise the clipping noise, PAPR of
the system is reduced by the PA technique. The analytical BER performance of the system with
PAPR reduction is verified through simulation and then compared to that of the conventional
system without PAPR reduction at similar clipping levels. The PA proposed system shows
better BER performance at all clipping levels.

Finally, multiple experimental studies on PAPR reduction of PA technique are presented. Two
experimental demonstrations on the efficacy of PA PAPR reduction for pulse-amplitude mod-
ulated discrete multitone modulation (PAM-DMT) and direct current optical orthogonal fre-
quency division multiplexing (DCO-OFDM) based VLC using a single blue LED are presented.
These studies are comparing the bit-error-rate (BER) performance of the proposed systems with
conventional counterparts over a range of sampling rate. This shows that, the proposed systems
perform better than conventional systems without PAPR reduction. The results are validated
through simulation. Other two experimental studies on the previous systems with parameters
optimisation and available modulation bandwidth utilisation are presented, which show that the
proposed systems outperform the conventional systems in terms of BER. This is followed by
investigating the PA PAPR reduction effect on the achievable data rate of a wavelength division
multiplexing (WDM) based VLC system using three different LEDs for PAPR reduced DCO-
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OFDM and PAM-DMT systems. The proposed systems have achieved more than 8% data rate
higher than that of conventional systems without BER performance degradation.
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Chapter 1
Introduction

1.1 Motivation

The demand for wireless access is growing exponentially and is expected to surge significantly

in the near future. This is primarily due to the increase in the number of internet users and

newly emerging technologies and services such as internet of things (IoT), machine to ma-

chine (M2M) connectivity, augmented and virtual reality (AR/VR), smart televisions and cloud

services [1]. It is estimated that nearly two-thirds of the global population will have internet

access by the year 2023 which means that 5.3 billion internet users compared to 3.9 billion

users in 2018 [2]. The number of the global connected devices to the network will be more than

three times of the number of total population and half of that connected devices will be M2M

connections by 2023. Therefore, the overall number of connected M2M is expected to reach

to 14.7 billion in 2023 [2]. The global internet protocol (IP) traffic growth has increased three

folds between 2017 and 2022 which means that the internet traffic generated has reached 396

Exabytes per month by 2022. Non-PC devices have contributed 81% of the global IP traffic [1].

This rapid growth in connectivity and huge demand for high data rate is expanding the necessity

for more resources of the limited available radio frequency (RF) spectrum and infrastructures

of existing networks. Therefore, supporting technologies and complementary networking in-

frastructures are required to complement the congested, licensed and expensive RF spectrum.

Various technologies are considered as candidate solutions with higher frequency spectrum to

ease the demand on the RF technology such as millimetre waves (mm-Wave) and visible light

communications (VLC) [3].

VLC systems have been attracting enormous research interest as an attractive complementary

solution for the congested frequency spectrum of RF. VLC occupies the nano-meter wave-

length region ranging between ∼380 nm and ∼780 nm of the electromagnetic spectrum (EM).

Additionally, VLC has a unique property that enables a dual functionality of illumination and

high speed wireless communication. Moreover, it offers huge and unlicensed spectrum for high

data rate transmission. In addition, the use of low-cost commercially available off-the-shelf
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front end devices, such as light emitting diode (LED)s and photodetector (PD)s, further high-

lights the attraction of VLC technology. Furthermore, significant energy and cost saving can be

enabled by reusing the existing lighting infrastructures for communication purposes [4]. VLC

technology is a potential candidate for a range of innovative applications such as indoor com-

munication, indoor positioning and localisation, M2M communication, underwater communi-

cations, and IoT [5,6]. In addition, VLC system offers inherent security and can be employed in

homes, offices, intelligent transportation systems and places where sensitive electronic devices

exist such as in hospitals and areas that are non RF friendly environments [5–9]. Visible light

communication consortium (VLCC) was established to provide standardisation for VLC tech-

nologies. The standardisation draft for light communication (IEEE 802.15.7-2018) was issued

and approved by Institute of Electrical and Electronics Engineers (IEEE) group for short-range

optical wireless communications (OWC) [10]. The IEEE 802.15.7 is the completed standard

by IEEE for MAC and physical layers [11].

The advancement of solid-state lighting (SSL) LEDs, their low cost, long operational lifetime,

high energy efficiency, and easy maintenance enable wide adoption of LED in most illumination

applications. As a result, LED lighting is expected to dominate 84% of the illumination market

in 2030 [5]. Consequently, this enables the emergence of VLC for data connectivity. There-

fore, innovative applications have emerged due to the advancement and advantages of LEDs

technologies. Moreover, the fast-switching speed property of LED enables the data modulation

on the radiated intensity with eye safety consideration [12]. This property allows for data trans-

mission using the intensity of the LED in addition to the prime illumination functionality. The

advantages of VLC technology have enabled enormous research interest in recent years for var-

ious VLC applications such as indoor communication [13, 14], positioning [15–17], vehicular

communication [18–21] and underwater communication [22, 23].

The VLC system uses off-the-shelf incoherent optical components which restrict the signal

propagation and reception mechanism to intensity modulation and direct detection (IM/DD).

Modulation techniques such as on-off keying (OOK), pulse amplitude modulation (PAM) and

pulse position modulation (PPM) can be implemented straightforward for the VLC system [24].

However, the performance of such schemes degrades as their spectral efficiency increases due

to the high inter-symbol interference (ISI) [7]. Optical orthogonal frequency division multi-

plexing (O-OFDM) technique is an alternative candidate for VLC for its advantages such as

simplified single-tap equaliser, multi-path propagation resilience, ISI mitigation and robustness
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against channel frequency selectivity [25–28]. The O-OFDM signal is required to be real and

positive to meet the the IM/DD requirement. Therefore, Hermitian symmetry is imposed into

the time domain signal of the O-OFDM to obtain a real signal [29]. The unipolar O-OFDM sig-

nal can be obtained by various techniques such as direct current (DC) bias, clipping at zero level

and unpopular methods. The widely employed modulation technique in VLC system is direct

current optical orthogonal frequency division multiplexing (DCO-OFDM) where DC bias is

added to the signal to create a unipolar signal. However, the unipolar signal is obtained at a sig-

nificant energy loss [29]. Various unipolar O-OFDM modulation techniques were proposed as

energy efficient alternatives to the widely known DCO-OFDM such as: asymmetrically clipped

optical orthogonal frequency division multiplexing (ACO-OFDM) [30], unipolar orthogonal

frequency division multiplexing (U-OFDM) [31], Flip-OFDM [32] and pulse-amplitude mod-

ulated discrete multitone modulation (PAM-DMT) [33]. In these techniques, the frame struc-

tures are exploited to realise a unipolar signal. However, the restrictions imposed on their frame

structures result in spectral efficiency losses which make their spectral efficiency equal to half

of that of DCO-OFDM.

In spite of the advantages of applying O-OFDM for the VLC, they all are effected by inherent

high peak-to-average power ratio (PAPR). The O-OFDM variants whose signals comprises of

the sum of independent subcarriers in the time domain which results in individual subcarriers

added up coherently to produce high PAPR peaks [34]. Consequently, high electrical peaks

must be clipped at lower and/or upper levels to contain the signal swing inside the inherently

limited dynamic range of LED to avoid driving the optical driver into and beyond its satura-

tion region [35]. As a result, this clipping constraint induces undesirable signal distortion and

clipping noise which degrade the performance of the system. Therefore, the high electrical

PAPR values must be reduced to benefit from the dynamic range of the optical light source in

full. Reducing the high PAPR values will help the optical light source to operate inside its lin-

ear dynamic region and hence, reduces the clipping distortion of the transmitted signal caused

by the nonlinearity [26, 36]. Various solutions have been proposed to address the PAPR chal-

lenge. The electrical PAPR reduction techniques are classified into distortion and distortion-

less techniques. The distortion techniques are the ones distort the signal to achieve PAPR

reduction at the expense of system performance. This include: clipping and filtering [37–41],

peak windowing [42], companding [43] and peak cancellation [44, 45]. On the other hand, the

distortion-less techniques include multiple signalling and probabilistic techniques, and coding

techniques. The multiple signalling and probabilistic techniques work in one of two ways.
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The first way is achieved by generating multiple permutations orthogonal frequency division

multiplexing (OFDM) signal and selecting the signal with the lowest PAPR for transmission.

The second way relies on modifying OFDM signal by introducing phase shifts, adding peak

reduction carriers or modifying constellation points [37]. This includes techniques such as:

selective mapping (SLM) [26, 46–49], partial transmit sequence (PTS) [39, 50–53], tone in-

jection (TI) [54], tone reservation (TR) [55], active constellation extension (ACE) [56, 57],

constrained constellation shaping [58]. Coding techniques for PAPR reduction purposes in

OFDM includes, linear block coding [59–61] and turbo coding [62–64]. The importance of

optimal condition of the O-OFDM signalling prior to transmission has encouraged significant

research effort being directed towards PAPR property and average transmitted power reduction

techniques in O-OFDM. Therefore, this research on PAPR reduction of the transmitted optical

power under the restricted dynamic range of the VLC system is well motivated.

In this work, pilot-assisted (PA) technique is considered and implemented for PAPR reduction

and its performance for O-OFDM based VLC system is studied through simulation, analyti-

cal, and experimentally. PA technique is an effective solution for high PAPR peaks reduction

which was proposed in [26]. PA technique is used to rotate the data frame phase by a randomly

generated pilot sequence in order to avoid coherent addition of the subcarriers as much as pos-

sible. Number of phase iterations are used to rotate the phase of data symbol in the frequency

domain and evaluate the PAPR in the time domain that is obtained by inverse fast Fourier trans-

form (IFFT) operation. The pilot sequence that generates the lowest PAPR signal is embedded

with the data symbols for transmission. The pilot symbol’s phase is chosen based on the SLM

algorithm while the maximum likelihood (ML) algorithm is used to recover the pilot phase at

the receiver side [65]. The performance of PA is evaluated using PAPR metric and its impact on

the bit-error-rate (BER), signal-to-noise-ratio (SNR) and achievable data rate of the O-OFDM

based VLC system is studied experimentally and compared to the performance of the conven-

tional system without PAPR reduction. Furthermore, the PA PAPR reduction impact on the

clipping noise caused by the nonlinearity of LED is presented in this thesis. Generalised details

of the PA technique for O-OFDM based VLC system is presented in Chapter 3.

1.2 Objectives

The aim of this thesis is to reduce the high PAPR peaks of O-OFDM modulation techniques

based VLC for the purpose of improving the system performance. The effect of reducing the
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high PAPR peaks on the clipping noise is investigated analytically and verified through simu-

lation, then the results are compared with counterpart conventional system without PAPR re-

duction technique implemented. An implementation of PA technique to reduce the high PAPR

of O-OFDM variants is carried out experimentally for single and wavelength division multi-

plexing (WDM) VLC links. The experimental performance of PA scheme is verified through

simulation. The performance of the proposed system is compared with conventional system

without PAPR reduction. Furthermore, system performance optimisation through the used pa-

rameters and signal processing techniques is achieved to overcome limitations such as clipping

noise that are imposed by frond-end devices of VLC system. In order to achieve these aims,

specific objectives are as follows:

• Investigate, analytically, the impact of reducing the PAPR of O-OFDM signalling on the

clipping noise then verify the results through simulation.

• Compare the obtained analytical and simulation results with that of conventional systems

without PAPR technique implemented.

• Develop a PA based VLC system simulation framework that reduces the high PAPR

peaks in O-OFDM modulation techniques.

• Evaluate, through simulation, the PAPR reduction gain using PA technique on differently

distributed O-OFDM modulation techniques.

• Investigate, through simulation, the PAPR reduction impact using PA technique on the

SNR and BER performance of the O-OFDM based VLC systems.

• Develop an experimental test-bed for a single blue LED VLC link, in order to investigate

the performance of the PA PAPR reduced selected O-OFDM modulation techniques.

• Develop an experimental test-bed for VLC link with three-wavelengths, in order to in-

vestigate the performance of PAPR reduction of the O-OFDM techniques based WDM

system.

• Compare the performance of the PA systems with the conventional counterpart systems

without PA.
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1.3 Contributions and Publications

The major contributions to knowledge made in this thesis will be outlined in this section in

addition to the publications completed in the development of these contributions.

1.3.1 Contributions to Knowledge

The first major contribution of this thesis is to investigate the effect of PAPR reduction of

DCO-OFDM system in the presence of double-sided clipping. The PAPR reduction is obtained

by PA technique. The double-sided clipping is introduced to the time domain signal due to

the limitation of the front-end devices of VLC system. The signal clipping introduces clipping

noise and signal distortion to the transmitted signal. The attenuation factor and the variance of

the clipping noise of the received waveform are determined in closed-form which included in

the derivation and calculation of the system SNR. The system’s BER performance of the PAPR

reduced pilot-assisted DCO-OFDM (PA DCO-OFDM) system is investigated at three different

clipping levels. The clipping levels are varied by the amount of the forward DC biasing that is

added to the transmitted signal to fit the dynamic range of the light source. Analytical study of

the proposed system performance in terms of BER is obtained and verified through simulation

at the selected clipping levels. The BER performance of PA DCO-OFDM is then compared to

that of conventional DCO-OFDM without PAPR reduction.

Another key contribution of this thesis is to evaluate and reduce the high PAPR peaks of the

PAM-DMT waveform by implementing the PA technique. The system performance is investi-

gated experimentally using a single blue LED for VLC link. The experimental performance of

PA scheme is verified through simulation. The system parameters are optimised and the per-

formance of the resulting pilot-assisted PAM-DMT (PA PAM-DMT) is utilised with adaptive

bit and power loading and investigated experimentally in terms of BER and achievable data

rate. The performance of PAPR reduced PA PAM-DMT and conventional PAM-DMT without

PAPR reduction are compared in terms of BER over a range of sampling rates. The proposed

PA PAM-DMT has achieved better BER performance in comparison to that of conventional

PAM-DMT.

Finally, Another major contribution of this thesis is to reduce the undesirable high PAPR of

DCO-OFDM and PAM-DMT using PA technique to minimises signal clipping and nonlinear-

ity distortion caused by front-end devices, and maximise achievable data rate while maintaining
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the error performance. PA DCO-OFDM and PA PAM-DMT based WDM VLC systems using

three different off-the-shelf LEDs are experimentally demonstrated and their performance are

investigated. WDM system is utilised to efficiently modulate the three different wavelengths.

Additionally, signal processing technique (bit and power loading) is applied to improve the

system performance by utilising the available bandwidth of each wavelength. Evaluation of

PA DCO-OFDM and PA PAM-DMT systems’ data rate and BER per wavelength are carried

out and then compared to that of conventional DCO-OFDM and PAM-DMT without PAPR re-

duction respectively. The PA DCO-OFDM and PA PAM-DMT based WDM VLC system have

achieved more than 8% data rate higher than that of their conventional counterparts without

BER degradation.

1.3.2 List of Publications

Over the course of investigating the aforementioned contributions to knowledge, the following

publications have been contributed:

1.3.2.1 Journal Papers

• H. Alrakah, T. Gutema, S. Sinanovic and W. Popoola, “PAPR Reduction in DCO-OFDM

Based WDM VLC”, in Journal of Lightwave Technology, vol. 40, no. 19, pp. 6359-6365,

1 Oct.1, 2022, doi: 10.1109/JLT.2022.3196505.

• H. Alrakah, M. Hijazi, S. Sinanovic and W. Popoola, “Clipping Noise in Visible Light

Communication Systems with OFDM and PAPR Reduction”, in Photonics (Under Re-

view).

1.3.2.2 Conference Papers

• H. Alrakah, T. Gutema, S. Sinanovic and W. Popoola, “PAPR Reduction in PAM-

DMT based WDM VLC”, in 2022 13th International Symposium on Communication

Systems, Networks and Digital Signal Processing (CSNDSP), 2022, pp. 174-178, doi:

10.1109/CSNDSP54353.2022.9907952.

• H. Alrakah, T. Gutema, F. Offiong, and W. Popoola, “PAPR Reduction in DCO-OFDM

and PAM-DMT Based VLC Systems”, in Conference on Lasers and Electro-Optics,
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Technical Digest Series (Optica Publishing Group, 2022), paper JTh3B.38.

• H. Alrakah, S. Sinanovic and W. Popoola, “Pilot-Assisted PAPR Reduction in PAM-

DMT based Visible Light Communication Systems”, 2021 IEEE Latin-American Con-

ference on Communications (LATINCOM), Santo Domingo, Dominican Republic, 2021,

pp. 1-6, doi: 10.1109/LATINCOM53176.2021.9647764.

• K. Akande, F. Offiong, H Alrakah and W. Popoola, “Performance Comparison of MIMO

CAP Receivers in Visible Light Communication”, in 2018 11th International Symposium

on Communication Systems, Networks and Digital Signal Processing (CSNDSP), 2018,

pp. 1-5, doi: 10.1109/CSNDSP.2018.8471813.

1.4 Thesis Outline

This chapter provides an overview of the motivations behind VLC system including the wireless

access demand and growth, the advancements of VLC technologies, concepts, and applications.

Additionally, VLC system advantages and limitation are introduces, which suggest that VLC

can provide high speed data transmission over a short distance in comparison with RF tech-

nologies. Techniques to overcome VLC system main challenges which are considered in this

work are introduced. Furthermore, the objectives, aims, contribution to knowledge, list of pub-

lications, and thesis outline of this thesis are presented in this chapter. The remainder of the

thesis is structured as follows:

Chapter 2 provides background information on OWC system focusing on VLC system. The

background review includes the principles of the front-end devices, modelling of the VLC

channel, noise, system impairments and challenges, and employed solutions. Description of

single-carrier modulation techniques is given. Furthermore, O-OFDM modulation variants that

are implemented in this work such as DCO-OFDM, ACO-OFDM and PAM-DMT are presented

including principles, performance and limitations. Additionally, signal processing techniques

that are adapted for performance improvement are presented.

Chapter 3 presents the principles of PAPR challenge in VLC system, PAPR evaluation in

O-OFDM based systems and its effect on the transmitted signal. In addition, the existing PAPR

reduction techniques that are proposed for OFDM based systems are discussed. Detail de-

scription of PA technique is presented including its implementation in O-OFDM and PAPR
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reduction gain.

Chapter 4 presents an analytical study of the effect of PAPR reduction on the clipping noise that

is induced by front-end devices of VLC system. The considered system (DCO-OFDM) with

PAPR reduction technique included (PA DCO-OFDM) is described in the presence of clipping

noise and the analysis of the attenuated received signal is given. The BER performance of the

PAPR reduced PA DCO-OFDM system is given in the presence of clipping noise in addition

to comparison with its counterpart conventional system without PAPR reduction implemented.

Simulation result of error performance of the PA DCO-OFDM system is presented to validate

the analytical result.

Chapter 5 presents experimental study of PA PAM-DMT system performance in a indoor sin-

gle VLC link. The description of PA PAM-DMT based VLC system and the PAPR reduction

procedure and gain through PA are presented. Additionally, the experimental setup, methodol-

ogy, data transmission, and empirical results showing the PAPR effect on the error performance

of the system are presented. The validation of the empirical results through simulation is given.

Study of the experimental error performance of PA PAM-DMT system after its optimisation

through signal processing techniques is presented in this chapter. The experimental optimised

error performance result with comparison to conventional system without PAPR reduction is

given as well.

Chapter 6 describes experimental demonstration and performance investigation of PAPR re-

duction in PA DCO-OFDM and PA PAM-DMT based WDM VLC utilising three different

LEDs. Experiment setup of WDM system, system optimisation including wavelengths opti-

misation are presented. Systems performance in terms of BER and achievable data rate are

presented and compared with the conventional systems without PAPR reduction.

Chapter 7 provides a conclusion for all the works presented in this thesis, limitations and

suggested future work.
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Chapter 2
Background and Literature Review

2.1 Introduction

In this chapter, the background concepts underlining this thesis, such as VLC technology

and O-OFDM modulation scheme and its variant such as DCO-OFDM, ACO-OFDM and

PAM-DMT are presented. The state-of-the-art regarding these concepts in the literature are

presented in this thesis to give a solid background for the used technology and techniques that

are developed and implemented in this thesis. The background review include the principles of

the front-end devices of VLC system, modelling of the optical wireless channel, signal process-

ing techniques that are adapted for performance improvement, the fundamentals and challenges

of the above mentioned technologies and techniques.

2.2 Optical wireless communications

The early forms of visual based communications are smoke signals, beacon fires. The earliest

practical visual based communication system was the development of the optical telegraph

by Claude Chappe 1792 [66]. However, the first historical information transmission using

light was initially introduced and demonstrated by Alexander Graham Bell and his assistance

Charles Sumner Tainter in 1880 [67]. The photophone invention in 1880 is considered to be the

first practical OWC system that used the sunlight as a carrier to convey a voice messages over

a distance of 200 m. The photophone based systems were outperformed and eclipsed by the

success of radio-based communication in late 1890s due to their limited range and dependence

on weather conditions [68]. The semiconductor based light sources advancement facilitated

the emergence and development of optical communications. Gfeller’s and Bapst’s pioneering

work in 1979 that introduced an infrared based OWC system, where 260 Mbps of data rate

was achieved in short range wireless indoor environments [69]. OWC systems based on free

space optical (FSO) communication for different range were studied extensively for back-haul

applications [70, 71]. The invention of the blue LED by Isamu Akasaki enabled the existence
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of the power efficient white light LED technologies [72]. This is in turn enabled Prof. Masso

Nakagawa and his fellow researchers at Keio University in Japan to consider the white LEDs

for lighting and communication purposes [73]. Many interesting applications have emerged

due to this dual functionality of white LEDs. The dual functionality of LED is based on the

fast-switching speed property which enabled the widespread of the VLC system [74]. This

property allows for information to be propagated on the LED radiated power by rapid, steady

flickering intensity without being perceived by human eyes. The high frequency switching

property of LED is not available with other lighting technologies, hence, the VLC based LED

systems provide the illumination and high speed connectivity simultaneously.

In OWC, there is high interest in using the VLC as it offers huge and unlicensed spectrum for

high data rate transmission ranging between 400 THz and 800 THz (380 nm - 780 nm) when

compared to the RF spectrum. The use of low-cost commercially available off-the-shelf front

end devices, such as LEDs and PDs, further highlights the attraction of VLC system. VLC

system is a potential candidate for many applications such as indoor positioning, underwater

communications and internet of things (IoT). In addition, VLC system offers inherent security

and can be employed in homes, offices and places where sensitive electronic devices exist such

as in hospitals and areas where wired and radio-frequency (RF) wireless communications are

not suitable [7–9, 75]. Furthermore, it can enable significant energy and cost saving by reusing

the existing lighting infrastructures for communication purposes [4].

The first adaptation of VLC based LED device in the literature was reported in [76], where the

modulation of an audio message is demonstrated using a visible beam emitting light from an

LED traffic light. Full research into VLC for indoor environment and home network has started

afterwards with the pioneering work in [77] by Tanaka et al, where wireless home networking

is proposed using white coloured LEDs. Full duplex Ethernet point-to-point free space link

established by the Reasonable Optical Near Joint Access (RONJA) in 2001, achieving 10 Mbps

over a distance of 1.4 km [78]. VLCC was established by major research and industrial parties

in Japan soon after in 2003 to provide standardisation for VLC technologies. The standardis-

ation draft for light communication (IEEE 802.15.7-2018) was issued and approved by IEEE

group for short-range OWC [10]. Using off-the-shelf LEDs and WDM technique, data rate of

15.7 Gbps have been achieved over a free space link of 1.6 m [79].

In order to fully realise the full advantages of VLC, the challenges associated with its deploy-

ment must be addressed. The VLC challenges emanate from its system components, the VLC
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system components are shown in Fig. 2.1. The challenges can be related to the transmitter,

channel, and the receiver. Various solutions including signal processing have been proposed

to mitigate these challenges in order to achieve a reliable communication link. The challenges

and the solutions that are employed to mitigate their impact on the VLC link are discussed in

details in this chapter.

2.3 Front-End Devices

DC
Bias

VLC 
Channel

bits

LED

Modulation
+

Pre-processing
⊕ LED

Drive

bits

PD

Post-processing 
+

Demodulation

Figure 2.1: VLC system components.

The optical front-end in the VLC system can be divided into two main parts, transmitter and

receiver as presented in Fig. 2.1. The VLC transmitter consists of a single or multiple light

sources emitting at a single or multiple wavelengths. In addition, other optical components

are used at the transmitter side such as lenses, reflectors and diffusers. In the other end, re-

ceiver incorporates a single or multiple photodetectors with the aid of other optical components

such as lenses (concentrators), reflectors and filters. In the frond-end system design, the opti-

cal transmitter has to achieve the quality of service requirement while meeting the eye-safety

standards. The optical receiver is required to capture enough photons to ensure appropriate

detection of the transmitted signal [80]. SSL sources such as LEDs and laser diode (LD)s are

the possible candidates for VLC transmitters. Photodetectors such as P-type intrinsic N-type

photodiode (PIN-PD) and avalanche photodiode (APD) are suitable choice for VLC receivers

due to their relatively high responsivity.

2.3.1 The Light Emitting Diode

LEDs are the most suitable light sources for VLC system due to their low power consumption,

low cost, vast deployment as illumination source. LEDs radiate incoherent light by spontaneous

emission process. This occurs when forward bias current is applied across a p-n junction of

semiconductor materials which excites electrons in the material to move to higher energy level
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[81,82]. In the spontaneous process, the emitted photon is assumed to have same energy of the

band-gap of the semiconductor’s material. Then the thermal energy above absolute zero excites

the electrons to travel to higher unstable energy level and when these electrons return to their

original stable energy level, photons are emitted. The photons are emitted with energy that is

proportional to the difference between the two energy levels. Assuming an electron drops back

from the higher level E2, to the original lower energy level E1, a photon is emitted with energy

Ep = E2 − E1. The frequency f and the wavelength λ of the emitted photon is related to

energy difference levels and the emitted photon energy can be given by the following [81]

Ep = E2 − E1 = hf =
hc

λ
(2.1)

where h is the Planck’s constant and c is the speed of light. The incoherent light radiation is a

result of a random process with no phase correlation between different photons in the energy

level transition [81].

The radiation pattern of a LED can be approximated using a generalised Lambertian radiation

model. The semi-angle at half power that is representing the field of view of a LED, Φ1/2, is

used to characterise the radiation pattern. Therefore, the distribution of the radiant intensity

pattern of a transmitter at angle, ϕ, is given by [83]:

Ro(ϕ) =


(m1 + 1)

2π
cosm1 ϕ for Φ ∈ [−π/2, π/2]

0 for ϕ ≥ π/2
(2.2)

wherem is the Lambertian order expressing directivity of the light source beam, which is given

by:

m1 =
− ln 2

ln(cos(Φ1/2))
(2.3)

The Lambertian order m1 is related to the transmitter semi-angle, Φ1/2, at half power hence,

for commercially available LEDs, the Φ1/2 is around 60°, which corresponds to m1 = 1 [83].

The angle at the maximum radiated power corresponds to ϕ = 0 [81]. Based on a desired ap-

plication, a desired radiation pattern can be obtained using multiple LEDs and optical elements

to minimise the radiated power loss, and interference and maximise the system throughput.

This results in communications coverage improvement and spectral efficiency enhancement

per unit area. The overall VLC system performance is affected by the current-voltage (I-V) and
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luminance-current (L-I) transfer function of the light source. An ideal light source is assume

to have a linear I-V and L-I transfer function. However, the commercially available LEDs have

nonlinear I-V and L-I transfer function. The nonlinearity of the transmitter front-end limits its

dynamic range which restricts the transmitted signal swing. Therefore, the nonlinearity dis-

torts the transmitted signal and degrades the system SNR. The linear dynamic range of the

light source is limited between its turn-on voltage and the optical power saturation. The turn-

on voltage results in a lower level clipping distortion of the transmitted signal, whereas, the

optical power saturation causes an upper level clipping of the signal. These clipping distor-

tions contribute to the transmitted signal power, resulting in the average transmitted power by

the transmitter within the linear region of its dynamic range. For example, blue LED (Vishay

VLMB1500-GS08) has linear dynamic range between 20-100 mA where the waveform can be

transmitted within this range without clipping nor saturation [84].

The frequency response of the transmitter is directly proportional to the system throughput.

The frequency response of a LED is approximated with a low pass filter response. The 3-dB

bandwidth of a LED is commonly used to contrast the frequency profile. The 3-dB bandwidth

of a LED is proportional to the input bias current while considering the linear region of the

LED dynamic range. The 3-dB bandwidth of common available LEDs is ranging between 10s

of KHz and a few MHz, e.g. Vishay VLMB1500-GS08 LED has a 3 dB bandwidth of 11.7 MHz

at input current of 20 mA. The low modulation bandwidth of a LED represents a bottleneck in

achieving high speed communication based VLC. The roll-off of the frequency response of

a LED is important since the modulation bandwidth of the LED can exceed the known 3-dB

when equalisation algorithms are used. Practical frequency responses of three different RGB

LEDs, Red: 598-8D10-107F, Green: 598-8081-107F and Blue: 598-8D90-107F are measured

against the input bias current and their 3 dB values found to be 25.6 MHz, 37 MHz and 60.6

MHz at input bias current of 45 mA, 50 mA and 45 mA respectively, as shown in Fig. 6.4 of

Section 6.3.2. Different types of LEDs are available such as white-coloured LEDs, phosphor-

converted LED (PC-LED), micro-sized gallium nitride GaN LEDs, resonant cavity LEDs and

organic LEDs.

2.3.2 The Laser Diode

Light amplification by stimulated emitted radiation (LASER) diodes (LDs) is another light

source candidate for VLC system that generates light. The light radiation in LDs is based on
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stimulated emission as the name suggests. The stimulated emission is a result of an external

energy source (forward bias) that is incident on an atom in upper level energy E2, which forces

the atom to transit to lower energy level E1. The energy change is emitted as a photon with the

same phase and frequency of the incident which makes the emitted radiation coherent. The pho-

ton excitation by the external source stimulates the emission of another photon and so on [81].

The emitted photons enters a cavity with two different reflection ends, one with almost 100%

reflection while the other is with very low reflection proprieties to allow for monochromatic

light emission with very narrow wavelength band. This results in highly directional photons

emission of the LD which is generally characterised by a Gaussian function [81, 85].

2.3.3 Photo-Detector

The key device in the front-end receiver of the optical system is a PD that converts the incoming

optical signal into an equivalent electrical signal to retrieve the original transmitted data. Semi-

conductor photodetectors are commonly used in optical communication systems and known as

Optical to Electrical converters (photodiodes). PD is characterised by light collection pattern,

bandwidth, spectral response, detection area, sensitivity and noise figure. The signal generated

by a PD is proportional to the instantaneous received optical power that is detected on the PD

detection area. The detected optical signal is generally weak, having propagated through com-

munication channel, hence, the PD must meet rigorous performance requirement such as high

sensitivity, low noise level and sufficient bandwidth to achieve a desired data rate. Trade-off

between bandwidth, gain, cost, etc is often considered to achieve the optical conversion which

affects the PD’s performance [81,86]. The challenge at the receiver side is to capture sufficient

photons to ensure correct detection of the transmitted signal. Ideally, large detection area of the

receiver would allow to collect large number of photons. However, large detection area has a

high capacitance which results in undesirable low bandwidth. Therefore, optical components

such as concentrators are used [80].

The ratio of the number of the generated electron-hole pairs to the incident photons at the

PD detection area in a given time is expressed as the quantum efficiency ηqe and defined as

follows [81]

ηqe =
Electrons output

Photons input
(2.4)
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A common type of PD is the P-type intrinsic N-type photodiode (PIN), which is made up of

an intrinsic material layer that is sandwiched between two layers of P-type and N-type semi-

conductor materials. In PIN, an incident photon is absorbed in the intrinsic layer which creates

a photon-hole pair resulting in an electrical current flow. Another type of commonly used

photodetector is APD, which uses the same principles in PIN photodiode with combination of

significant photon amplification through avalanche effect to obtain a higher current from an

incident photon, hence, higher gain [86]. This requires a higher revers bias current than that

needed for a PIN photodetector leading to higher power requirement. The gain results in a

higher sensitivity which promotes APD to applications where low optical power is expected at

the detection area such as long range VLC systems and underwater OWC.

Single photon avalanche diode (SPAD) is another type of photodetectors in the optical field with

high gain similar to APD. The SPAD operates in the Geiger region, where a single incident

photon induces an avalanche effect that are directly detectable which allows for individual

photons to be detected [87]. SPAD photodetectors have the highest sensitivity when compared

with other PDs types. Therefore, SPADs are considered for severely attenuated received optical

power scenarios such as downhole monitoring [88]. The bandwidth of SPAD is limited by the

dead time which is required to detect newly arriving photons which quantifies the recovery time.

The nonlinear response of a SPAD is another drawback due to the limitations in the maximum

number of photons that SPAD can detect [88].

2.4 VLC Channels and Noise

The radiated power by a VLC optical source is incoherent and as a result, intensity modula-

tion (IM) is adapted, where the modulating waveform x(t) is impressed upon an instantaneous

radiated intensity of the optical source of the VLC system. The radiated intensity is then de-

tected using direct detection (DD) process to generate a proportional photo-current using a PD.

Thus, the VLC channel is referred as IM/DD channel.

The VLC channel can be modelled as a baseband linear, time-invariant system model as shown

in Fig. 2.2, and can be expressed as follows:

y(t) = ζRPD(h(t) ∗ x(t)) + w(t) (2.5)

where x(t) and y(t) denote the channel input and output waveforms respectively, h(t) is the
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+

𝑤(𝑡)

𝑥(𝑡) 𝑦(𝑡)ζ · 𝑅PD · ℎ(𝑡)

Figure 2.2: VLC channel model.

impulse response of the VLC channel, w(t) is the additive white Gaussian noise (AWGN),RPD

represents the responsivity of the photodetector in A/W, ζ is the electrical-to-optical conversion

coefficient of optical source in W/A and “∗” symbol denotes the convolution operation. The

two main sources of noise at the VLC receiver are shot and thermal noises. The shot noise is

due to random fluctuation of the received photo-current, where the thermal noise is generated

by the receiver electronics. The both noises are signal-independent noise and hence, the w(t)

can be modelled as AWGN with total noise variance, σ2w, and can be given by the following:

σ2w = σ2shot + σ2thermal (2.6)

The shot noise variance, σ2shot, can be estimated by the following [89]:

σ2shot = 2qRPDPoptB (2.7)

where q denotes the electron charge, Popt is the received average optical power at the photode-

tector and B is the transmission bandwidth. The variance of the thermal noise, σ2thermal, is

expressed by the following [89]:

σ2thermal =
4KBTB

RL
(2.8)

where KB is the Boltzmann’s constant, T is the operating temperature in Kelvin and RL is the

load resistance in Ω.

In (2.5), the x(t) corresponds to the instantaneous optical radiated power by the optical source

and y(t) is the generated photo-current by the receiving PD, which is proportional to the re-

ceived instantaneous power over the PD’s detection surface.

As the FSO channel input, x(t), represents instantaneous optical power rather than amplitude

signal, two fundamental constraints are imposed on the transmitted signal, x(t). First, x(t)
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must be non-negative and that is given by [81]:

x(t) ≥ 0, (2.9)

Secondly, a maximum transmitted optical power, Pmax, must meet the eye safety requirement.

Hence, the average transmitted power of x(t) is restricted by a specified maximum power,

Pmax, and that is given by [81]:

Pmax ≥ lim
T→∞

1

2T

∫ T

−T
x(t) dt (2.10)

The radiant intensity of the optical source at beam’s angle, ϕ, is given by:

P (ϕ) = Ro(ϕ)Pt (2.11)

where Ro(ϕ) is the radiant intensity pattern of the optical source at angle, ϕ, and given in (2.2)

and Pt is the transmitted power.

The channel impulse response is determined by the VLC frond-ends frequency response in

addition to the light reflections due to the multipath propagation. The frond-ends response is

generally emulated by a low-pass frequency response, which can be estimated practically by

the overall channel response in a line of sight (LOS) link. This limits the low-pass effect of

the VLC channel into a DC channel gain. In VLC system, the LOS link length is short and

the channel is considered non-frequency selective channel. Thus, the path loss depends on the

square of the distance between the optical source and the photodetector. Therefore, a VLC

link with a Lambertian optical source, a receiver with an optical filter with gain, T (ψ) and

non-imaging concentrator with gain, g(ψ), the LOS scenario channel impulse response for a

receiver with a detection area, APD, at distance, d, from the transmitter and angle, ϕ, is shown

in Fig. 2.3, and can be expressed as follows [81]:

hLOS(t) =
APDRo(ϕ)

d2
T (ψ)g(ψ) cosψ δ

(
t− d

c

)
(2.12)

where Ro(ϕ) is the radiant intensity pattern of the optical source at transmittance angle, ϕ,

which is given in (2.2), ψ is the angle of incidence, c is the speed of light in free space,

δ

(
t− d

c

)
is the Dirac function and represents the signal propagation delay. The LOS channel

impulse response expression in (2.12) assumes that ϕ < 90° and ψ < field of view (FOV) and

19



Background and Literature Review

the distance d≫
√
APD. The non-imagining concentrator gain, g(ψ), is given by:

g(ψ) =


n2r

sin2ΨFOV
0 ≤ ψ ≤ ΨFOV

0 ψ > ΨFOV

(2.13)

where nr is the refractive index of the optical concentrator and the FOV of the receiver, ΨFOV ≤

π/2. The non-imaging concentrator is usually used in exchange for large-area detector for in-

door VLC system. Large-area detector increases the manufacturing cost in addition to junction

capacitance which decreases the detector bandwidth and increases noise of the receiver. There-

fore, optical concentrator is a cost-effective method to increase the overall effective detection

area of the receiver. The effective detection area of the optical receiver at radiation incident

angle, ψ, is given by [81]:

Aeff(ψ) =

Ar cosψ 0 ≤ ψ ≤ π/2

0 ψ > ΨFOV

(2.14)

where Ar is the active area that is collecting the radiation incident at angle ψ, which is usually

smaller than the FOV of the optical receiver.

Transmitter

LED

∅
Φ1
2

𝑑

Receiver
PD

ΨFOV𝜓

Figure 2.3: Line-of-Sight (LOS) propagation model.

Alternatively, the VLC channel can be characterised in frequency domain by applying the fast
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Fourier transform (FFT) into the channel impulse response to attain the frequency response of

the channel, H(f), and can be obtained as follows [83]:

H(f) =

∫ ∞

−∞
h(t)e−j2πft dt (2.15)

The channel DC gain can be given from (2.15) as follows:

H(0) =

∫ ∞

−∞
h(t) dt (2.16)

The DC gain of the channel in LOS scenario can be estimated as follows [83]:

HLOS(0) =


APDRo(ϕ)

d2
T (ψ)g(ψ) cosψ 0 ≤ ψ ≤ ΨFOV

0 ψ > ΨFOV

(2.17)

where ϕ is the transmittance angle, ψ is the angle of incidence, ΨFOV is the PD FOV, APD is

the active detection area of the PD, Ro(ϕ) is the radiation intensity and given in (2.2), d2 is the

distance between the transmitter and the receiver, T (ψ) is the optical band-pass filter gain at

the PD. The received power for a LOS scenario can be calculated using (2.17) and expressed

as follows [81]:

Pr−LOS = HLOS(0)Pt (2.18)

There could be non-directional LOS propagation with multi-order paths due to light reflections

in indoor environments. Non-line of sight (NLOS) links are often referred to as a diffuse links

and more complex to predict. In contrast to LOS links, NLOS links have a higher path loss

and require a higher transmit power and a receiver with a larger collecting area. NLOS link

modelling depends on many factors such as the room dimensions, plaster walls, ceiling, floor,

various moving objects and partitions in the room between the transmitter and the receiver, the

window size of the room, etc. [81,83]. In general, the received power for NLOS link is defined

as:

Pr−NLOS = (HLOS(0) +HNLOS(0))Pt (2.19)

=

(
HLOS(0) +

∑
refl

Hrefl(0)

)
Pt (2.20)
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where Hrefl(0) represents the reflected paths gain. The radiated intensity that passes through a

NLOS link arrives at the receiver through multiple paths with different gains at varying times.

Thus, the impulse response is obtained by integrating all the multipath propagated components

and detected at the receiver. The NLOS impulse response of multipath propagation is generally

estimated using the Ray-tracing algorithm presented in [90] to generate an impulse response

that includes higher-order reflections presented at the receiver. It is achieved by dividing a

room surfaces into sub-blocks that act as receiving optical rays as given in (2.17) and illustrated

by the NLOS paths in Fig. 2.4. Then, each reflective sub-block re-emits its corresponding

optical rays with a reflectivity factor, ρ, as first-order Lambertian emitter with radiant intensity

given in (2.2). However, replicas of the optical re-emitted signal will reach the receiver with

different delays and path losses as a result of the diffused channel which would lead to ISI

if the maximum delay spread of the diffused channel approaches the symbol duration [90].

In another approach, the received optical power of the NLOS link is evaluated using a single

reflection only [69]. While, higher-order reflections, which arrive much later at the receiver

than first-order reflections, may be ignored.

LED

PD

Figure 2.4: LOS and NLOS propagation paths between a VLC frond-end devices.
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2.5 VLC system Impairments

The limited bandwidth of VLC system that has a LED as a light source is a major challenge.

In addition, LED has a nonlinear operating region which restricts the transmitted signal ampli-

tude swing and results in clipping of signals with high PAPR. Furthermore, the VLC link is

generally short, hence, the range of transmission is limited due to the radiated optical power

attenuation with distance. There are other challenge resources associated with the VLC link

such as ambient light noise that significantly decrease the link SNR, resulting in BER degrada-

tion. Thus, signal processing techniques are adapted to address those challenges and improve

the VLC system performance. In order to enhance the bandwidth of the VLC light source

and compensate for the nonlinearity effect, the following signal processing techniques can be

employed.

2.5.1 Bandwidth Enhancement

The modulation bandwidth of VLC system is generally low and the following techniques can

be employed for enhancement.

• Blue filtering: Typically, white illumination is obtained by blue-emitting LED with yel-

low phosphor coating on the top of the blue LED chip such as in the case of PC-LED.

The low modulation bandwidth is due to the slow time response when the entire white

spectrum is detected at the receiver which limits the 3 dB bandwidth of the light source

to ∼ 2-3 MHz [91]. However, the slow response of the yellow phosphor can be filtered

out using a blue filter at the receiver, hence, the modulation bandwidth of the LED can be

increased up to ∼ 20 MHz. The filtering of the yellow response results in power penalty

due to the yellow components energy loss [12].

• Pre-Equalisation: The frequency response of LED is pre-equalised by employing an

analogue circuit at the transmitter to increase the usable modulation bandwidth of a sin-

gle LED [92]. The transmitted data is equalised by three parallel different drivers (low,

medium and high) frequencies prior to biasing process. The pre-equalisation process

requires initial measurement of the actual frequency response of the LED to design suf-

ficient resonant frequency for equalisation. The pre-equalisation process is reported to

increase the modulation bandwidth of a single LED to 45 MHz and increase the system

data rate from 40 Mbps to 80 Mbps [12, 92]. Multiple LEDs are pre-equalised using a
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driving technique to form a single link that achieves an aggregate bandwidth after tun-

ing the frequency response of each LED by a resonant driving technique is reported

in [93]. This technique improves the bandwidth of employed 16 LEDs from 2.5 Mhz

to 25 MHz. The modulation bandwidth of the LED can be optimised in addition to the

pre-equalisation process with bit and power loading technique when multi-carrier modu-

lation (MCM) techniques are employed. To achieve this, larger constellation format can

be assigned adaptively for the subcarriers that corresponds to higher modulation band-

width while ensuring the error probability, P T
e , is kept below a specified forward error

correction (FEC) target. An another pre-equaliser is reported in [94], where a new model

is proposed to compensate for the low frequency response of a white LED. Firstly, a

LED frequency response model with one zero and two poles is proposed then used to

design a pre-equaliser. The zero and poles of the equaliser can be adapted by the LED’s

to obtained an almost flat response improving the frequency response bandwidth of the

white LED from ∼1.5 MHz to about 100 MHz. Furthermore, data rate of 180 Mbps is

demonstrated over 1.5 meters link with BER around 10−3 using OOK modulation tech-

nique [94].

• Post-Equalisation: Post-equalisation process uses a simple first order equaliser (zero

forcing equaliser (ZFE)) which is performed at the receiver side followed by an am-

plification process. The proposed system is reported to improve the bandwidth from 3

MHz to 50 MHz and has yielded data rate of 100 Mbps [12]. The post-equaliser can

be combined with pre-equaliser and work has been reported in [95] where the LEDs’

frequency response bandwidth is increased by 65 MHz. The ZFE is a frequency-domain

equaliser (FDE) which can be used to compensate for the optical channel impairments

and can be implemented by multiplying the received OFDM symbols with the inverse

of the estimated channel impulse response, and the resulting equalised symbol, X̃[k], is

given by [96]:

X̃[k] = H̃−1[k]× Y [k] (2.21)

where H̃−1[k] is the inverse of the estimated channel impulse response (CIR), H̃[k], and

Y [k] is the received OFDM symbol. The CIR estimation can be found in (5.9). The ZFE

is subject to noise enhancement at the amplification stage. Therefore, minimum mean

squared error (MMSE) can be considered to minimise the error and avoid the noise en-

hancement [97]. Moreover, adaptive equalisers such as least mean squares (LMS) and

recursive lease squares (RLS) can be implemented for high-speed VLC systems as they
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are immune to noise enhancement and can be automatically adapted to the time-varying

response of the VLC channel. The adaptive equalisers include decision feedback equal-

izer (DFE) and feedforward equaliser (FFE) have been implemented for VLC systems to

achieve high data rate where training symbols are used for the adaptive equalizer weight

adaptation [12, 98]. Training symbols lead to spectral efficiency losses, especially when

the channel is time-variant, resulting in high computational complexity costs. There-

fore, a trade-off must be considered between the adaptive equalizer gain and the spectral

efficiency loss as well as the complexity of the computational process.

2.5.2 Nonlinearity Effect Compensation
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Figure 2.5: The current-output power of an LED with bias current IDC and Pbias.

In the VLC system, LED is biased by a constant current source (DC bias current) that supports

the entire forward voltage range across the LED. This is required to convert the transmitted

bipolar signal to a unipolar corresponding signal for the incoherent transmission. The bias cur-

rent is combined with the data waveform current, producing the total forward current through

the LED. The total forward current through the LED and the system constraints imposed by the

front-end devices yield the radiated optical power. Thus, the radiated optical power is propor-

tional to the DC bias current [36]. However, the commercially available LEDs have nonlinear

transfer function between the DC bias current and the output optical power. The nonlinear re-
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lation is because of the p-n junction barrier and the saturation effect of the LED. The LED’s

nonlinear transfer characteristic can be described by the nonlinear relation between the DC

bias current, IDC, and the forward voltage, Vpp, which can be translated into nonlinear relation

between the transmitted electrical power, Pelec, and the radiated optical power, Popt [99].

The nonlinearity of the LED limits its dynamic range which restricts the transmitted signal

swing. Therefore, the nonlinearity distorts the transmitted signal and degrades the system BER

performance. Thus, to minimise the nonlinearity distortion of the VLC system, the transmitted

data signal should be within the linear dynamic region of the LED. The linear dynamic region

of the LED is limited between its turn-on voltage and the optical power saturation as shown

in Fig. 2.5. The turn-on voltage results in a lower level clipping distortion of the transmitted

signal, whereas, the optical power saturation causes an upper level clipping of the signal. The

overall VLC system performance is affected by the clipping noise caused by the limited dy-

namic region of the front-end of the system where, these clipping distortions contribute to the

average transmitted power by the LED within the linear region of its dynamic range [12,36,99].

Therefore, the data carrying signal should be transmitted within the linear dynamic region of

the LED and this can be achieved by biasing the LED at the mid-point of its linear dynamic

region. However, signals with high PAPR peaks is highly affected by the nonlinearity distortion

and clipping noise caused by the limited dynamic range of the LED.

The nonlinearity effect of the LED has been compensated by different methods in the literature.

Pre-distortion has been employed to compensate for the nonlinearity effect in [100], where a

pre-distorter is used as a linearisation technique to compensate for the LED nonlinearity over

a range of input current. Post-distortion technique has been applied in [101], to estimate and

compensate for the nonlinearity effect of the LED at the receiver. Signal clipping technique

is a simple method to overcome the nonlinearity distortion especially when MCM techniques

are employed as they are affected by high PAPR values. Signal clipping makes the amplitude

of the signal fall within the linear dynamic region of the LED where, the transmitted signal is

clipped at the transmitter and the clipping process can be symmetrical or at lower and/or upper

levels [26,36,102]. Clipping process usually degrades the error rate performance of the system

because it is not reversible process at the receiver.
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2.6 Modulation Techniques of VLC

The incoherent optical sources are widely believed to be prominent transmitter choices for VLC

system due to their low cost, simplicity of design and ease of implementation. Due to incoherent

optical sources’ bandwidth limitations, modulation techniques with high spectral efficiency are

crucial to the design of high speed VLC systems. The transmission mechanism in VLC system

is IM/DD which restricts the transmitted waveform to be real and positive [81]. Different

modulation techniques have been proposed and implemented in order to enable modulation

techniques for the IM/DD optical systems.

Single-carrier modulation techniques such as OOK, pulse-width modulation (PWM), PPM and

PAM can be simply implemented for VLC systems. However, the limited frequency response

and the time dispersive channel of the VLC front-ends result in an ISI which degrades the

performance of the system at high speed transmission. Therefore, at high data rate transmission,

single-carrier modulation schemes require complex equalisation process at the receiver side. As

a result, the performance of such schemes degrades as their spectral efficiency increases [7].

Another modulation approach for VLC systems implementation is single-carrier frequency di-

vision multiplexing (SCFDM) which is a promising key technology for long term evolution

(LTE) network [103]. SCFDM has similar throughput and complexity performance of the well-

known orthogonal frequency division multiple access (OFDMA) however, the SCFDM has bet-

ter PAPR [103]. SCFDM variants including asymmetrically clipped optical single-carrier fre-

quency division multiplexing (ACO-SCFDM), enhanced asymmetrically clipped optical single-

carrier frequency division multiplexing (E-ACO-SCFDM) and layered/enhanced asymmetri-

cally clipped optical single-carrier frequency division multiplexing (L/E-ACO-SCFDM) are

proposed for VLC system in [104, 105]. In L/E-ACO-SCFDM, multiple information layers

transmitted simultaneously to increase the spectral efficiency of ACO-SCFDM with its inher-

ited low PAPR [104].

On the other hand, MCM techniques such as discrete multi-tone (DMT) modulation variants

are regarded as convenient modulation candidates for VLC systems. This is due to their ad-

vantages such as simplified equalisation process, multi-path propagation resilience, ISI miti-

gation and robustness against channel frequency selectivity [26–28]. Different DMT modula-

tion variants have been proposed for the IM/DD systems such as DCO-OFDM, ACO-OFDM

and PAM-DMT. DCO-OFDM is a widely used modulation scheme for VLC system due to
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Figure 2.6: Block diagram of Multi-carrier modulation techniques based VLC system.

its high spectral efficiency when compared to other DMT techniques [106]. In addition, the

light sources such as LEDs requires a DC bias, IDC, to turn them on which already exists in

DCO-OFDM for unipolar waveform conversion purpose [26]. Moreover, using DCO-OFDM

in VLC offers an efficient use of the limited modulation bandwidth of illumination LEDs used

in VLC [107]. However, DC bias is required to create the unipolar signal which results in

significant energy losses [106]. ACO-OFDM and PAM-DMT systems are proposed in [108]

and [33] respectively to overcome the energy losses in DCO-OFDM. In ACO-OFDM and

PAM-DMT systems, the properties of Fourier transformation are used to exploit the frame

structures. Therefore, the time-domain signal is clipped at the zero level to realise the unipolar

signal and the DC bias is required only to turn on the light source [27]. Thus, ACO-OFDM and

PAM-DMT are considered energy efficient schemes. However, the spectral efficiency of these

schemes is half of the spectral efficiency in DCO-OFDM [109].

2.6.1 Single-Carrier Modulation Techniques

In OOK modulation scheme, the presence and absence of light intensity are used to encode

the incoming binary bits. It is therefore possible to control illumination by adjusting the light

intensity of the OOK two binary states without compromising the system performance. Sim-

ilarly, multi-level intensity can be used to encode the binary bits with M-ary pulse-amplitude

modulation (M-PAM) [110]. The M-PAM exploits the (log2M ) levels to increase the spectral

efficiency compared to OOK technique [111]. In the PPM, the incoming data bits are mod-

ulated into shorter duration with position index that varies the optical pulse position. PPM

technique is more energy efficient with non-return-to-zero (NRZ) than OOK, however, PPM

requires more bandwidth in order to achieve similar data rates of OOK [112]. Variable pulse
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position modulation (VPPM) is a variant type that is controlled by the width of the pulse and

would support dimming in conjunction with PPM to prevent the visible light flickering. The

VPPM technique was proposed in IEEE 802.15.7 and considered as a combination of PPM and

PWM techniques [113].

2.6.2 Multi-Carrier Modulation Techniques

2.6.2.1 DCO-OFDM

DCO-OFDM modulation technique general process is illustrated in Fig. 2.6. Information bi-

nary bits are generated and mapped into complex-valued multi-level, (M), quadrature am-

plitude modulation (QAM) symbols. The number of bits, b, that are mapped in each M in

M -QAM symbols is given by M = 2b. The mapped symbols are then modulated into orthogo-

nal subcarriers X[k], with subcarrier spacing ∆f = 1
NTs

, where N is the DCO-OFDM symbol

length. The sampling period Ts = 1
fs

, where fs is the Nyquist sampling frequency and must be

fs ≥ 2B, and B is the available bandwidth of the optical system.

The optical source is modulated by the intensity of a baseband real-valued waveform which

means that the time-domain signal of DCO-OFDM must be real and positive. The real-valued

signal is obtained by imposing Hermitian symmetry on the mapped symbols in frequency do-

main which is given by: X[k] = X∗[N − k], for k = 1, 2, . . . N/2 − 1, where X[0] =

X[N/2] = 0 [114]. The DCO-OFDM frame in frequency domain is given by:

X[k] =
[
0, X1, . . . , XN/2−1, 0, X

∗
N/2−1, . . . , X

∗
1

]
(2.22)

Applying the IFFT transformation on the frequency domain frame of DCO-OFDM in (2.22)

transforms the the waveform to time-domain signal, x[n], and given by [29]:

x[n] =
1√
N

N−1∑
k=0

X[k] ej2π
kn

N
; 0 ≤ n ≤ N − 1 (2.23)

where k is the subcarrier index and N is the IFFT/FFT length, which should be set to an even

power of two value in order to satisfy the IFFT/FFT operation computational complexity of

O(N log2(N)).
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The last few samples of each discrete time-domain waveform of DCO-OFDM are repeated

at the beginning of each symbol as cyclic prefix (CP). CP length, (NCP), must be greater

than the channel delay spread to guarantee the ISI mitigation. Therefore, the DCO-OFDM

symbol length becomes (N + NCP). The CP is prefixed at the beginning of DCO-OFDM

symbols to transform the linear convolution with the optical channel to circular one, which

helps to equalise the effect of the channel efficiently in frequency domain using a single-tap

equalizer [29]. The unipolar time-domain baseband waveform of DCO-OFDM is achieved by

adding a sufficient DC bias level to the signal [115]. Details of DC bias requirements can

be found in Fig. 2.8. Zero level clipping is applied on the transmitted waveform to clip any

remaining negative peaks followed by digital-to-analogue converter (DAC) process to obtain

a continuous time-domain waveform x(t). DCO-OFDM waveforms are demonstrated in Fig.

2.7. The resulting continuous time-domain waveform x(t) is used to modulate the optical

source then the data signal is transmitted over the optical channel.

At the receiver, the received signal is detected by a PD which converts the received optical

radiation into a current signal prior to the trans-impedance amplifier (TIA) which converts

the current to corresponding voltage signal, y(t). The voltage signal is then amplified to an

appropriate level for analogue-to-digital converter (ADC) process. The received time-domain

waveform, y(t), is expressed by:

y(t) = x(t) ∗ h(t) + w(t) (2.24)

where x(t) is the transmitted time-domain waveform, h(t) is the optical channel impulse re-

sponse, w(t) is the AWGN at the receiver and “∗” symbol denotes a convolution operation. The

received serial waveform is converted to discrete time-domain waveform, y[n], by the ADC

then to parallel prior to the CP removal as shown in Fig. 2.6. The FFT property is then ap-

plied to obtain the frequency domain waveform and convert the convolution to a multiplication

process. The FFT process is given by the following [29]:

Y [k] =
1√
N

N−1∑
n=0

x[n] e−j2π kn

N
; 0 ≤ k ≤ N − 1 (2.25)

The frequency domain waveform, Y [k], is expressed as follows:

Y [k] = X[k]×H[k] +W [k] (2.26)
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where H[k] is the CIR at sample k, X[k] is the transmitted signal at sample k, and W [k] is the

frequency domain estimated AWGN at sample k, at the receiver. The data symbols are then

extracted and the channel effect is estimated and the data carrying symbols are equalized using

a ZFE that is given as follows:

X̂[k] =
Y [k]

H[k]
(2.27)

Reverse processes are then followed to recover the transmitted signal as shown in Fig. 2.6.

The equalised data symbols are QAM demodulated, followed by BER calculation based on the

demodulated binary streams. Representation of DCO-OFDM discrete time-domain waveforms

is shown in Fig. 2.7, note that the same samples are plotted in (b), (c) and (d).
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Figure 2.7: DCO-OFDM waveform visualisation, (a) DCO-OFDM discrete time-domain sig-

nal, x[n], (b) Number of samples of DCO-OFDM discrete time-domain signal,

x[n], (c) DC biased DCO-OFDM samples, xdc[n], and (d) DCO-OFDM clipped

DC biased samples, xclip[n].

The DC bias is employed for DCO-OFDM waveform to convert it from bipolar to unipolar

waveform and to facilitate the minimum signal clipping caused by the frond-ends devices of
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the VLC system. The DC bias can be defined as a βDC multiple of the standard deviation, σx,

of the signal in the time domain as shown in (2.28). The ideal DC bias point should be placed

at the centre of the linear region of the light source dynamic range. The dynamic range of the

optical source is the linear region between the turn-on voltage point and the saturation power

point of the light source. The non distorted time-domain waveform of DCO-OFDM follows

Gaussian distribution when the length of IFFT operation length is > 64 [36]. The DC bias

required to convert the bipolar signal in DCO-OFDM to unipolar is written as follows [116]:

BDC = βDC

√
E{x20(t)} (2.28)

where E[·] is the statistical expectation, x20(t) is the time-domain signal power before clipping

and βDC is a non negative constant. The electrical power penalty due to the DC bias addition

to the DCO-OFDM waveform in comparison with the bipolar OFDM is given by [106]:

BdB
DC = 10 log10(β

2
DC + 1) (2.29)
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Figure 2.8: Power penalty due to DC bias addition to DCO-OFDM compared with bipolar

OFDM signal.

Bipolar DCO-OFDM requires a large BDC value to have the signal mean power placed in the

centre of the light source dynamic range as shown in Fig. 2.8, ensuring lower and upper level

clipping minimisation [36]. BDC cannot be generalised for all constellation sizes because the

additional dissipation of electrical power that caused by DC bias addition increases as the mod-

ulation order,M , increases. An estimation of the power penalty based on (2.29), at a BER target

of 10−4 due to the DC bias requirement is shown in Fig. 2.8. This power penalty is calculated

at the sufficient BDC as shown in Table. 2.1 which is added to bipolar OFDM signal to make
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the real-valued signal x(t) unipolar. The condition BDC ≥ |min[x(t)]| must be met to avoid

any lower level clipping of x(t) by the front-ends devices of the VLC system. OFDM signals

QAM level 4 8 16 32 64 128 256 512 1024

βDC 2 2.2 2.5 2.7 3 3.15 3.3 3.8 4.15

sufficient BdB
DC 6.9 7.6 8.6 9.2 10 10.4 10.75 11.9 12.6

small BdB
DC 3.9 - 6 - 7.3 - 9 - -

Table 2.1: Required DC bias levels for real-valued DCO-OFDM to be converted to unipolar

signal as a function of modulation order.

have high PAPR in general and it is practically impossible to convert all its negative samples

into corresponding unipolar ones by adding DC bias. To investigate the effect of different DC

bias levels on the clipping noise level, electrical power and therefore the BER performance, the

transmitted signal is biased by a sufficient and a small DC bias BDC values for comparison as

listed in Table 2.1. The BDC addition increases the electrical power dissipation and reduces the

clipping noise as shown in Fig. 2.9. The effect of clipping noise is negligible when a sufficient

BDC values is used. For a given BER, the required Eb(elec)/N0 is approximately equal to that

of the bipolar signal plus the DC bias level in dB [108, 116] .

As the OFDM signals have high PAPR peaks, the signals have to be bias to an appropriate level

to fit the linear dynamic range of the light source. Otherwise, the signal is clipped by the front-

ends devices and distorted due to clipping noise which results in BER performance degradation

as shown in Fig. 2.9.

The DCO-OFDM signal must be real and positive values to modulate the intensity of the light

source of the IM/DD based VLC system. Real-valued signal is obtained by imposing Hermitian

symmetry on the frequency domain signal [117]. The useful bandwidth of DCO-OFDM is

limited to the upper side band (USB) whereas the lower side band (LSB) occupied by the

Hermitian symmetry. The USB conveys the useful information and the LSB is redundant. The

DCO-OFDM uses orthogonal subcarriers at different frequencies to convey the information

bits. This means that, the orthogonality is guaranteed by transmitting the DCO-OFDM symbols

with equal subcarrier spacing. Therefore,N subcarriers are evenly divided across the frequency

range from − 1

2Ts
to

1

2Ts
, where Ts = 1

fs
, is the signal sampling period. The spectral efficiency

of DCO-OFDM with a constant loading of modulation format assumption can be defined as
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Figure 2.9: BER performance of DCO-OFDM with sufficient and smaller DC bias values listed

in Table. 2.1, using [4, 16, 64, 256] QAM modulation orders over AWGN channel.

[117]:

ηDCO =
Number of bits within DCO-OFDM frame

Duration of the frame
Available bandwidth

bits/s/Hz (2.30)

Which can be written as follows:

ηDCO =

N−2
2

log2 (M)

(N+NCP)Ts

B
bits/s/Hz (2.31)

where N is the IFFT/FFT length, M is the constellation size and NCP is CP length. The USB

available system bandwidth,B, is assumed to beB =
fs
2

and Ts =
1

fs
where fs is the sampling

34



Background and Literature Review

frequency and fs = 2B for simplicity. Therefore, the spectral efficiency can be given by:

ηDCO =
N−2
2 log2 (M)× fs

B(N +NCP)

=
N−2
2 log2 (M)× 2B

B(N +NCP)
bits/s/Hz

(2.32)

Therefore, the spectral efficiency of DCO-OFDM can be given by:

ηDCO =
(N − 2) log2 (M)

(N +NCP)
bits/s/Hz (2.33)

For large DCO-OFDM frame length, N , the spectral efficiency of the DCO-OFDM in (2.33),

can be approximated to the following:

ηDCO ≈ log2(M) bits/s/Hz (2.34)

The time-domain signal, x(t), of the real-valued bipolar OFDM follows Gaussian distribution

for large N ≥ 64, with zero mean and variance σ2x, where σx is the standard deviation of

x(t) [108]. The average power of an OFDM frame is given as:

Pavg = E[x2(t)]

= σ2x

(2.35)

Therefore, the energy per bit can be denoted as follows:

Eb =
Average power of the OFDM frame × Duration of the frame

Total number of bits within the frame
. (2.36)

Assuming constant constellation size, M , this can be written as:

Eb =
σ2xNTs

N−2
2 log2(M)

. (2.37)
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Since Ts = 1/fs and fs ≥ 2B for large value of N , the energy per bit can be defined as:

Eb =
σ2xN

1
fs

N−2
2 log2(M)

,

=
σ2xN

N−2
2 · 2B log2(M)

,

≈ σ2x
B log2(M)

.

(2.38)

From (2.38), the SNR per bit can be given by:

Eb

No
=

σ2x
BNo log2(M)

,

=
σ2x

σ2n log2(M)
.

(2.39)

where No is the single sided power spectral density (PSD) of the aAWGN and σ2n is the noise

variance at the receiver.

A suitable DC bias BDC is required to convert x(t) to unipolar signal and to avoid the nonlin-

earity distortion. However, this required a very high BDC as the DCO-OFDM inherently have

high PAPR. If a large BDC is added to the signal, the optical energy-per-bit to the single sided

noise power Eb(opt)/N0 becomes very large which makes DCO-OFDM energy inefficient tech-

nique. Sufficient BDC value is used instead of large DC bias as shown in Fig. 2.8 and Table.

2.1 to avoid large clipping levels as it is unpractical to convert all negative values to positive

ones, which means clipping is practically unavoidable and can only be minimised by PAPR

reduction techniques employment [116].

2.6.2.2 ACO-OFDM

The principle of ACO-OFDM is to load the useful information QAM symbols on the odd sub-

carriers and set the even subcarriers to zeros. Following the system structures in block diagram

in Fig. 2.6, the complex-valued odd subcarriers are converted to real-valued by imposing Her-
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mitian symmetry X[k] = X∗[N − k], for k = 1, 2, . . . N/2 − 1. Thus, the frequency domain

frame of ACO-OFDM is given by [106]:

X[k] =
[
0, X1, 0, X3 . . . , XN/2−1, 0, X

∗
N/2−1, . . . , X

∗
1

]
(2.40)

where N is the length of the ACO-OFDM frame. X[0] and X[N/2] are set to zero. X[k]

in (2.40) is the input of IFFT which translates the frequency domain signal X[k] to discrete

time-domain waveform x[n] which can be expressed by:

x[n] =
1√
N

N−1∑
k=0

X[k] ej2π
kn

N
; 0 ≤ n ≤ N − 1 (2.41)

Skipping even subcarriers creates a symmetry in the time-domain signal, x[n], which allows

clipping the negative samples of ACO-OFDM signal without the need of DC bias to achieve

unipolar samples. This symmetry is given in (2.44) which can be achieved by loading the

modulated symbols into the odd subcarriers then clip the signal x[n] as shown in (2.45) without

loosing any useful information as the clipping noise falls on the even subcarriers only [102,116].

The IFFT output is real-valued time-domain baseband waveform of the ACO-OFDM which is

used to modulate the light source intensity. The symmetry property can be proven from (2.41)

as follows [102]:

x[n] =
1√
N

N−1∑
k=0

X[k] ej2π
kn

N

x

[
n+

N

2

]
=

1√
N

N−1∑
k=0

X[k] e
j2π(n+N

2 )k

N

=
1√
N

N−1∑
k=0

X[k] e
j2πkn

N ejπk.

(2.42)

By selecting and modulating the even subcarriers only, the time-domain signal can be written

as:

x

[
n+

N

2

]
= −x[n] (2.43)

However, loading the complex-valued QAM symbols onto the odd subcarriers only, the ob-

tained symmetry can be given by: [
n+

N

2

]
= x[n] (2.44)
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Clipping the negative peaks of the time-domain signal of ACO-OFDM is represented by the

following [118]:

xc[n] =
1

2

(
x[n] + |x[n]|

)
(2.45)

The zero level clipping is distortion-less as the clipping noise affects only the even subcarriers

which are not carrying any useful information. The resulting signals in (2.41), (2.44) and (2.45)

are shown in Fig. 2.10, where the same samples are illustrated in (b) and (c).
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Figure 2.10: (a) ACO-OFDM discrete time-domain signal. (b) Symmetric ACO-OFDM time-

domain samples. (c) Clipped symmetric ACO-OFDM time-domain samples. (b)

and (c) are the same samples before and after clipping at zero level respectively.
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Figure 2.11: 4-QAM ACO-OFDM constellation points illustration,X[k] at the transmitter and

Y [k] at the receiver.

Clipping the negative peaks of x[n] results in amplitude reduction by exactly 50% as shown by

the constellation diagram in Fig. 2.11. This means that, half of the signal power in ACO-OFDM

is lost due to negative peaks clipping and 3 dB penalty should be applied to its SNR when

compared with bipolar OFDM [102, 108]. The BER performance of ACO-OFDM is plotted in

Fig. 2.12. This shows the ACO-OFDM requires 3 dB more power than the same bipolar OFDM

QAM size to achieve the same BER performance. At the receiver side, the received signal is

demodulation and the information can be recovered from the odd subcarriers after applying

FFT on the received symbols whereas the even subcarriers are discarded [108]. Re-scaling

the odd subcarriers carrying information by a factor of 2 can be applied after FFT process to

compensate the energy loss due to the zero level clipping.

In ACO-OFDM, half of the active subcarriers are used to carry information representing the

odd subcarriers whereas the even subcarriers are set to zero. Therefore, the subcarriers carrying

useful data is only N/4 independent unipolar subcarriers. As results, the spectral efficiency of
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Figure 2.12: BER Comparison of ACO-OFDM and bipolar OFDM over flat channel using [4,

16, 64, 256] QAM levels.

ACO-OFDM system can be defined using (2.30) as follows:

ηACO =

(N−2)
4

log2 (M)

(N+NCP)Ts

B
bits/s/Hz (2.46)

For large ACO-OFDM frame length, N , the available system bandwidth is assumed to be B =
fs
2

and Ts =
1

fs
where fs is the sampling frequency. Therefore, the spectral efficiency of

ACO-OFDM can be rewritten as follows:

ηACO =
(N−2)

4 log2 (M)× fs
fs
2 (N +NCP)

bits/s/Hz

=
(N−2)

2 log2 (M)

(N +NCP)
bits/s/Hz

(2.47)
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Therefore, the spectral efficiency of ACO-OFDM, ηACO, is given by:

ηACO =
(N − 2) log2 (M)

2(N +NCP)
bits/s/Hz (2.48)

The length of CP is often selected to be around 5 samples and constant M constellation size

loading is assumed for simplicity. Therefore, the ηACO in (2.48) can be approximated to the

following:

ηACO ≈ 1

2
log2M bits/s/Hz (2.49)

The statistics of real-valued ACO-OFDM time-domain signal, xACO(t), follows a truncated

Gaussian distribution [102]. Due to ACO-OFDM’s symmetry, negative peaks can be removed

by clipping at zero level without signal distortion. This clipping leads to a factor of 2 require-

ment that is introduced at the transmitter to re-scale the ACO-OFDM unipolar signal xclip(t)

which induces an overall SNR penalty of 3 dB. ACO-OFDM technique is power efficient be-

cause no DC bias is required when compared with DCO-OFDM as the DC biasing increases

the dissipated electrical and optical power at the transmitter substantially [102].

2.6.2.3 PAM-DMT

In PAM-DMT, the imaginary components of the complex-valued PAM symbols are modulated

and, the real parts are not used and set to zeros. This results in X[k] = ȷBPAM[k], where

BPAM[k] is the M -PAM symbols carrying useful data that are loaded on the imaginary compo-

nents where k = 1, 2, . . . , N/2− 1 and N = 2(Nsubs +1) where Nsubs is the active subcarriers

carrying information [33]. A VLC system optical source is modulated by a real-valued base-

band waveform which means that the time-domain signal of PAM-DMT must be real and pos-

itive. The real-valued time-domain signal is achieved by imposing a Hermitian symmetry on

the PAM mapped symbols in the frequency domain which is given by: X[k] = X∗[N/2 − k],

where X∗ indicates the conjugate of X and X[0] = X[N/2] = 0. The PAM-DMT frame in

the frequency domain with the Hermitian symmetry is given as follows:

XH =
[
0, X1, . . . , XN/2−1, 0, X

∗
N/2−1, . . . , X

∗
1

]
(2.50)

Applying IFFT operation of size N to the frequency domain signal results in corresponding
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discrete time-domain signal x[n]. This can be expressed as follows [33, 102]:

x[n] =
1√
N

N−1∑
k=0

X[k] eȷ2πk
n

N
(2.51)

where n = 0, 1, 2, . . . , N − 1. This is can be rewritten by:

x[n] =
1√
N

N−1∑
k=0

X[k]
(
cos 2πk

n

N
+ ȷ sin 2πk

n

N

)
(2.52)

By selecting the imaginary part of the time-domain signal the following is obtained:

x[n] =
−2√
N

N/2−1∑
k=0

ȷX[k] sin
(
2πk

n

N

)

=
−2√
N

N/2−1∑
k=1

BPAM[k] sin
(
2πk

n

N

)
(2.53)

whereBPAM[k] is theM -PAM modulated symbol that is loaded on the imaginary parts ofX[k].

The time-domain waveform follows an anti-symmetry property which can be visualised in Fig.

5.1. The anti-symmetry, x[n] = −x[N − n], if N is even this means that |x[n]| = |x[N − n]|.

Therefore, the clipping of the negative peaks in the time-domain PAM-DMT signal x[n] does

not affect the useful information as the same information are loaded on the positive components

of the second half of the waveform. This means that zero level clipping distortion only affects

the real components of the subcarriers, and the useful data can be recovered from the imaginary

components as shown in Fig. 2.13 [33].

In PAM-DMT system, the bipolar signal is clipped at zero level to convert the bipolar signal

into a unipolar one. Therefore, the DC bias is not required for this purpose which decreases

the electrical and optical power dissipation. Thus, this makes PAM-DMT more power efficient

when compared to DCO-OFDM. However, a minimum DC bias is still required due to the turn

on voltage of the used optical light source. In comparison with bipolar OFDM at an appropriate

constellation format, PAM-DMT system has 3 dB fixed penalty as half of the power is lost due

to clipping at zero level. In addition, the PAM-DMT technique is more attractive than the

ACO-OFDM since all of the subcarriers in PAM-DMT are used to carry information. Hence,
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(a) Real components of clipped PAM-DMT wave-

form.
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(b) Tx and Rx imaginary components of clipped

PAM-DMT waveform.

Figure 2.13: Clipped PAM-DMT waveforms.

the PAM-DMT performance can be optimised by employing bit and power loading techniques

to be optimally adapted to the frequency response of the channel. The spectral efficiency of

PAM-DMT is similar to that of DCO-OFDM in (2.33), and can be given by:

ηPAM−DMT =
(N − 2) log2 (M)

(N +NCP)
bits/s/Hz (2.54)

This can be approximated for large PAM-DMT frame length, N , by the following:

ηPAM−DMT ≈ log2(M) bits/s/Hz (2.55)

where M denotes the constellation order of M -PAM modulation. It should be noted that the

BER performance ofM -PAM has to be compared to that ofM2-QAM. This makes the spectral

efficiency of PAM-DMT comparable to that of ACO-OFDM at the same BER performance.

2.6.2.4 Other MCM Techniques

A number of MCM modulation approaches exist to obtain unipolar for IM/DD systems, that

can provide an energy efficient alternatives to DCO-OFDM. In addition to the aforementioned

techniques, this include the following techniques:
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Figure 2.14: BER Comparison of PAM-DMT and theoretical M -PAM over flat channel using

[2, 4, 8, 16 and 32]-PAM levels.

• U-OFDM and Flip- OFDM:

U-OFDM and Flip-OFDM were proposed in [31] and [32] respectively. The concept and

the performance of both systems are identical. The time-domain signal is obtained in a

similar manner as in DCO-OFDM. Then to achieve the unipolar signal, the time-domain

signal is divided into two blocks: a positive block and a negative one. In the positive

block, the original signal frame is used and the negative samples are set to zero. In the

negative block, the original signal frame is multiplied by −1, to switch the frame signs

then set all the negative samples to zero. This processes result in unipolar signal con-

taining all the positive and negative samples of frame in the time domain. Each block is

transmitted separately. Increasing the number of samples in the signal frame decreases

the spectral efficiency of these two techniques. At the receiver side, the original signal is

recovered by subtracting the negative block from the positive block which results in dou-

bling the noise at every resulting sample. Therefore, a 3 dB power penalty is introduced

to the system’s SNR when compared with bipolar OFDM at appropriate constellation
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format. This indicates that the spectral efficiency of U-OFDM and Flip-OFDM is similar

to that of ACO-OFDM and PAM-DMT at appropriate constellation size which is half

of the spectral efficiency of DCO-OFDM due to the imposed restrictions on their frame

structures [31, 32, 102].

• Enhanced unipolar orthogonal frequency division multiplexing (eU-OFDM): the

concept of eU-OFDM is to form a single time domain eU-OFDM frame by superimpos-

ing multiple U-OFDM time-domain streams. The superimposing process at the transmit-

ter and demodulation process at the receiver are detailed in [119]. eU-OFDM technique

increases the spectral efficiency of U-OFDM to approach that of DCO-OFDM without

the need DC biasing, apart from the turn-on requirement. Thus, the technique avoids

energy losses due to the biasing of the light source. eU-OFDM scheme achieves signif-

icant saving in terms of electrical and optical power dissipation at the cost of increasing

computational complexity in the modulation and demodulation processes [119].

• Superposition modulation techniques based on PAM-DMT:

The superimposed modulation techniques are rely on the frame structure of PAM-DMT

to superimpose multiple inherent unipolar time-domain signal streams at different mod-

ulation depths that used to modulate the light source. The modulation depth, D, is the

number of superimposed layers of data streams. Enhanced pulse-amplitude modulated

discrete multitone modulation (ePAM-DMT) was proposed in [120], to achieve equiv-

alent spectral efficiency of DCO-OFDM with lower energy requirement. The concept

of ePAM-DMT is to design a hierarchy frame that converts all the inter-stream inter-

ference into the real part of the subcarriers to avoid signal distortion and the data can be

transmitted and recovered using the imaginary components only. The ePAM-DMT frame

generation starts with a PAM-DMT frame at depth-1 and another depth is superimposed

and so on. Procedure of this technique is detailed in [120]. The spectral efficiency of this

scheme is approximately the same to that of DCO-OFDM as the optimal combinations of

constellation format at each stream depth and their relative scaling factors have been de-

termined and applied at different spectral efficiencies. However, the ePAM-DMT suffers

from high PAPR values and optical power dissipation.

Another superposition modulation technique based on PAM-DMT is augmented spectral

efficiency discrete multitone (ASE-DMT) that was proposed in [121]. ASE-DMT make

use of most available subcarriers in the OFDM frame. The superimposed waveform gen-
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eration starts with conventional PAM-DMT at first depth. However, selective loading of

the imaginary and real components of the subcarriers is employed unlike conventional

PAM-DMT. Higher levels depths can only be superimposed on the first depth stream if

the data symbols in frequency domain are loaded on the real components of the subcar-

riers. The superimposing process is arranged in the frequency domain for each depth.

After generating all the depths, Hermitian symmetry is imposed into each depth stream

to guarantee a real-valued time-domain waveform that is obtained by IFFT operation.

This is followed by zero level clipping and CP addition. The zero level in the first is

distortion less to the information at the same depth because the all the clipping distortion

fall into the real components of the subcarriers. The overall waveform of the ASE-DMT

is generated by superimposing the waveforms of all depths. The ASE-DMT technique

avoids the losses of spectral and energy efficiency in ePAM-DMT and close the gap to the

spectral efficiency of DCO-OFDM at the cost of doubling the computational complex-

ity. This scheme increases the undesirable high PAPR values which limits the system

performance due to the nonlinearity distortion and clipping noise.

• Superposition modulation techniques based on ACO-OFDM:

Many superposition modulation techniques based on conventional ACO-OFDM have

been proposed for VLC system based IM/DD mechanism. This includes asymmetrically

DC-biased optical orthogonal frequency division multiplexing (ADO-OFDM) [122]. The

ADO-OFDM uses the odd subcarriers to load conventional ACO-OFDM and even sub-

carriers to load DCO-OFDM. A transmitter is developed to transmit both ACO-OFDM

and DCO-OFDM waveforms and the data can be recovered at the receiver using conven-

tional methods. The clipping distortion of the odd-indexed subcarriers falls on the even-

indexed subcarriers which can be estimated and cancelled at the receiver. This results

in a 3 dB penalty to the system SNR. Similar approach is hybrid asymmetrical clipped

orthogonal frequency division multiplexing (HACO-OFDM) [123]. In HACO-OFDM,

ACO-OFDM is loaded on the odd-indexed subcarriers and PAM-DMT is loaded on the

even-indexed subcarriers to improve the spectral efficiency of U-OFDM. At the receiver,

the loaded ACO-OFDM subcarriers are demodulated first to allow for the clipping dis-

tortion to be estimated followed by the loaded PAM-DMT subcarriers which are affected

with minimal distortion from the clipping noise of the ACO-OFDM subcarriers. The

real components of the even-indexed subcarriers remain unused which leads to spectral

efficiency loss comparing with DCO-OFDM.
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Other ACO-OFDM superposition approaches include spectral and energy efficient op-

tical orthogonal frequency division multiplexing (SEE-OFDM) in [124] and enhanced

asymmetrically clipped optical orthogonal frequency division multiplexing (eACO-OFDM)

[4] where both techniques use similar principles. A similar concept was proposed in [125]

under the term layered asymmetrically clipped optical orthogonal frequency division

multiplexing (LACO-OFDM).

2.7 Summary

A detailed review of the state of the art of the VLC has been given in this chapter. The re-

view covers the VLC front-end devices, channel modelling, link impairments and employed

digital signal processing (DSP) techniques to overcome those impairments and improve the

system performance. In addition, different modulation techniques are discussed with a focus

on O-OFDM techniques that are considered and implemented in this thesis. The performance

and inherit constraints of the O-OFDM modulation techniques are also included in this chapter.
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Chapter 3

Peak-to-Average Power Ratio

3.1 Introduction

This chapter presents the principles of PAPR challenge in VLC system, PAPR evaluation in

O-OFDM based systems and its effect on the transmitted signal. In addition, the existing PAPR

reduction techniques that are proposed for OFDM based systems are discussed. Detail de-

scription of PA technique is presented including its implementation in O-OFDM and PAPR

reduction gain.

The O-OFDM signal in the time domain is the sum of a number of independent and identically

distributed samples, follows the Gaussian distributions according to the central limit theorem

(CLT) [126]. The CLT theorem holds for any practical frame length N ≥ 64. The O-OFDM

frame length, N , includes Hermitian symmetry that introduces some form of correlation into

the frame but the distribution of the time-domain waveform, x(t), is still Gaussian for large N .

This implies the possibility of coherent addition of individual subcarriers in the time domain of

the O-OFDM frame which results in high peaks. These peaks are often measured with respects

to the average electrical power of the time-domain signal via the metric of electrical PAPR [26].

The PAPR values imply the ratio of the maximum instantaneous power to the average power of

the O-OFDM waveform.

The high PAPR peaks are undesirable in OWC system due to the limited operating dynamic

range of the front-end devices. As a result, it is impossible to accommodate all signal swings

within the limited linear dynamic region of the light source without clipping the signal at lower

and/or upper level. On the other hand, the light source would be operating at its saturation

region to contain all the signal swing which is undesirable as well. Therefore, the PAPR peaks

will cause the optical source to operate outside its linear dynamic region to contain full am-

plitude swings of the signal. In addition, signal clipping at lower and/or upper level clipping

is imposed by the frond-end devices of the system. This in turn restricts the average trans-

mitted optical power and induces distortion, and clipping noise to the transmitted signal. This
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results in SNR reduction and system performance degradation [26]. To avoid the aforemen-

tioned undesirable affect of the inherent high PAPR peaks of the O-OFDM system, the high

PAPR values must be reduced to benefit from the full linear dynamic range of the light source.

Various solutions have been proposed in the literature to address the PAPR challenge for the RF

and OWC systems. The most common and effective solutions and techniques will be included

and discussed in this chapter.

3.2 PAPR of Optical OFDM Systems

There are several used metrics to measure the high peaks of a transmitted signal including,

cubic metric (CM) in [127], instantaneous-to-average power ratio (IAPR) in [128], peak-to-

mean envelope power ratio (PMEPR) in [129] and the commonly used PAPR [26]. PAPR metric

is a widely used metric to measure high power peaks of a time-domain signal, and will be used

throughout this work. The PAPR is the ratio between the maximum power and the average

power of the real-valued discrete time-domain signal x[n] [130]. To sufficiently capture all the

signal peaks across the O-OFDM frame, the the frequency domain signal is over-sampled using

zero padding process. The adequate oversampling factor is L = 4 [26]. Thus, the time-domain

frame length, N , becomes NL. Therefore, the PAPR of the real-valued discrete time-domain

O-OFDM signal is defined as:

PAPR ≜
max

0 ≤ n ≤ NL− 1
|x[n]|2

E[|x[n]|2]
(3.1)

where E[·] denotes the statistical expectation. The PAPR of an O-OFDM signal increases as

the signal length, N , increases. The theoretical maximum possible PAPR value of an O-OFDM

signal is 10 log10(Nsubs) in dB which is excessively high, where Nsubs is the number of active

subcarriers. However, such a high value is a rarely reached [131]. An effective statistical way

to characterising PAPR is the complementary cumulative distribution function (CCDF). The

CCDF is a widely used measure for PAPR reduction and defined as the probability that the

O-OFDM frame PAPR exceeds a predefined value, PAPR0, which can be expressed as the

following [131]:

PPAPR = Pr{PAPR ≥ PAPR0} (3.2)
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where PPAPR is the probability that PAPR exceeds a particular threshold of PAPR0. Illustration

of PAPR of a MCM technique is shown in Fig. 3.1 and Fig. 3.4 in this chapter. The high

PAPR peaks of an O-OFDM frame appear when individual subcarriers added up coherently in

the time domain and is dependant on the time-domain frame length [34]. This is illustrated by

using 4-QM conventional O-OFDM with varying the number of subcarriers to form different

frame lengths, N = [64, 256, 1024, 2048] for the investigation. In addition, the oversampling

of the signal will be included in the frame length to obtain an accurate PAPR. The PAPR is

measured by CCDF means and shown in Fig. 3.1. The PAPR values are independent from the

QAM constellation size used, hence, 4-QAM is used for simplicity.
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Figure 3.1: PAPR CCDF plot for 4-QAM O-OFDM usingN = [64, 256 and 1024] subcarriers

and up-sampling factor L = 4 to demonstrate the effect of N size on the system

PAPR.

3.3 PAPR Reduction Techniques for Optical OFDM based Systems

The O-OFDM waveform has large PAPR peaks that would drive the optical driver at the trans-

mitter into its power saturation point, resulting in distortion among the subcarriers, and cor-
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rupting the signal spectrum, hence, degrading the system BER performance. To avoid such a

problem, the average power of the signal may be reduced which reduces the SNR and degrades

the system performance [37]. Therefore, the high PAPR issue is preferable to be solved rather

than reducing the average optical power. Many solutions have been proposed in the literature

to address the PAPR challenge.

The electrical PAPR reduction techniques are classified into distortion and distortion-less tech-

niques. The distortion techniques are the ones distort the signal to achieve PAPR reduction at

the expense of system performance degradation. This include: clipping and filtering [37–41],

peak windowing [42], companding [43] and peak cancellation [44, 45]. On the other hand, the

distortion-less techniques include multiple signalling and probabilistic techniques, and coding

techniques. The multiple signalling and probabilistic techniques work in one of two ways.

The first way is generate multiple permutations OFDM signal and select the signal with the

lowest PAPR for transmission. The second way relies on modifying OFDM signal by introduc-

ing phase shifts, adding peak reduction carriers or modifying constellation points [37]. This

includes: SLM [26, 46–49], PTS [39, 50–53], TI [54], TR [55], ACE [56, 57], constrained con-

stellation shaping [58]. Coding techniques for PAPR reduction purposes in OFDM includes,

linear block coding [59–61] and turbo coding [62–64].

Clipping is the simplest and most common used peak reduction technique. In signal clipping,

any desired level of PAPR reduction gain can be attained, where part of the signal is clipped

to fit the linear operating dynamic region of the light source. This is achieved at the cost

of deteriorating the system BER performance [26, 47]. Another clipping method for optical

network was proposed in [132] where the signal is clipped symmetrically then the clipping-

noise-cancellation (CNC) algorithm is applied to mitigate the clipping noise effect. Classical

SLM algorithm is another approach, where alternative sequences U carrying the same infor-

mation are produced by multiplying the data vector by random phase sequences to change the

PAPR proprieties. The data with lowest PAPR values is selected for transmission. The PAPR

reduction gain increases when the number of phase sequences used increases. This method is

limited by the spectral efficiency loss due to the number of side information that is transmitted

with each data sequence for recovery [26, 47, 48]. Various methods based on SLM scheme is

reported in [46, 133]. TI scheme uses correction method for PAPR reduction by remapping

the original data that produces large PAPR peak into several new positions [47]. This method

reduces the PAPR of the signal at the cost of complex transmitter, more signal power for trans-
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mission and additional IFFT operations [47]. The PTS is another PAPR reduction technique

that is used to partition the input OFDM data symbol into a subsets where these subsets are ro-

tated with multiple factors. the modified subsets are then combined together again to generate

a candidate data symbol and the candidate with the lowest PAPR value is selected for trans-

mission. The PTS can achieve higher PAPR reduction gain when compared to SLM however

PTS holds a higher computational complexity [134]. A Comparison of the PAPR reduction

techniques is shown in Table. 3.1.

TR scheme is another method to reduce PAPR peaks which reserves subset of the transmitted

subcarriers called peak reduction tones (PRT) for PAPR reduction [55]. The TR scheme re-

quires optimised PRT position to perform efficiently and avoid performance degradation with

non-optimal PRT position. The PRT position can be achieved with the iterative gradient al-

gorithm (IGA). However, it is not straightforward to find the optimal PRT position and IGA

requires long iteration times to converge which make the TR scheme with IGA is not suitable for

real time implementation [55]. Pilot-assisted (PA) technique is an effective solution for PAPR

reduction in O-OFDM systems [26]. PA technique is used to rotate the phase of data symbols

block by a randomly generated pilot in order to avoid coherent addition of the subcarriers as

much as possible. The pilot symbol’s phase is chosen based on the SLM algorithm while the

ML algorithm is used to recover the pilot phase at the receiver side [65]. Generalised details

of the PA technique procedure and implementation for O-OFDM is included in this chapter. A

Comparison of the PAPR reduction techniques is shown below in Table. 3.1.

Comparison Metrics

Technique PAPR Gain Complexity BER Degradation Side Information Power Loss

Clipping Any desired Low Yes No Yes

Coding ≈ 3.5 High No Yes Yes

PTS ≈ 3.5 High No Yes No

SLM ≈ 2 High No Yes No

PA ≈ 3 Low No No No

Table 3.1: PA in comparison with existing PAPR reduction techniques. Complexity refers to

the computational complexity and PAPR gain is in dB.

53



Peak-to-Average Power Ratio

3.3.1 Pilot-Assisted PAPR Reduction Technique for Optical OFDM system
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Figure 3.2: Block diagram illustrating the pilot-assisted (PA) implementation in optical-

OFDM system. S/P: serial-to-parallel converter, PA: pilot-assisted, U: number of

data blocks with Nsubs, U+1: U blocks with embedded PA symbol, CP: cyclic pre-

fix addition, P/S: parallel-to-serial converter, DAC: digital-to-analogue converter,

DC: direct current, TIA: transimpedance amplifier, ADC: analogue-to-digital con-

verter.

Pilot-assisted (PA) is an effective PAPR reduction technique for O-OFDM based system that

was proposed in [26]. PA rotates the phase of individual subcarriers to avoid the possibility of

them added up coherently in the time domain of the O-OFDM waveform. General implemen-

tation process of PA for O-OFDM is illustrated by the block diagram in Fig. 3.2.

O-OFDM system is affected by high PAPR peaks and to address the PAPR problem, the PA

technique is applied as a high PAPR values reduction solution. The implementation process

of PA for O-OFDM based VLC system is described in this section. Primarily to the PAPR

reduction process, the incoming data bits are mapped into modulation formats such as M -

QAM. The M -QAM symbols are formed into data carrying subcarriers (active subcarriers),

X[m], with length of Nsubs, then grouped into clusters of U of data symbols to form Xu
m, u =

1, 2, . . . , U . The data carrying frames are represented as: Xu[m], wherem = 0, 1, . . . , Nsubs−

1. Pilot sequence, Xp, with the same length of X[m], amplitude Ap[m] and phase θp[m]

is generated and used to rotate the phase of block U then embedded with the data carrying

subcarriers block, U , which becomes Û = (U + 1) as shown n Fig. 3.3. The pilot symbol

is represented as Xp[m] = XU+1 = Ap[m]ejθp[m] [26] . The phase of the PA sequence is

represented as θip; i = 1, 2, . . . , nm; p = 1, 2, . . . , P , which is used to rotate the data carrying
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symbols phase, θiu; i = 1, 2, . . . , nm; u = 1, 2, . . . , U , to obtain the phase rotated signal Xmp

as described in (3.3) [135].
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Figure 3.3: An O-OFDM block of frames, Û , showing the data carrying subcarriers, Nsubs,

and pilot-assisted symbols.

Xmp =



a11 θ11 + θ1p · · · a1u θ1u + θ1p · · · a1U θ1U + θ1p 1 θ1p

a21 θ21 + θ2p · · · a2u θ2u + θ2p · · · a2U θ2U + θ2p 1 θ2p
...

...
...

...
...

...

ai1 θi1 + θip · · · aiu θiu + θip · · · aiU θiU + θip 1 θip
...

...
...

...
...

...

anm1 θnm1 + θnmp · · · anmu θnmu + θnmp · · · anmU θnmU + θnMp 1 θnmp


(3.3)

where aiu is the QAM symbol amplitude, θiu is the phase of the ith subcarrier of the uth symbol

and θip is the phase of the ith pilot subcarrier of the pth pilot symbol sequence. For a given

subcarrierm, the phase of each data entryXu[m], u = 1, 2, . . . , U andm = 0, 1, . . . , Nsubs−1
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is rotated by θp[m] while its amplitude is scaled by Ap[m]. The resulting signal is given by:

X̂u[m] = Xu[m]×Ap[m]ejθp[m]. (3.4)

The pilot phase, θp[m], could take any value between 0 and 2π. However, the pilot phase,

θp[m], is set to 0 or π values only to maintain the original constellation of the input data QAM

symbols, while the amplitude is constrained to unity in order to preserve the electrical power

of the information signals. The implementation process of PA technique for PAPR reduction of

O-OFDM system can be summarised as follows [26]:

• Group the QAM symbols into U blocks comprise of active subcarriers, Nsubs, to obtain

Xu[m], where u = 1, 2, . . . , U. and m = 0, 1, . . . , Nsubs − 1.

• Generate multiple iterations of pilot sequence candidates, R, with Nsubs length, Xr
p[m],

where r = 1, 2, . . . , R.

• Select the amplitude, Ap[m], of the pilot sequence, Xr
p[m], to be ±1 only.

• Randomly set the pilot sequence phase θp[m] to 0 or π values only.

• Rotate the phase of the current block, U , by θp[m] of every pilot iteration r.

• Evaluate the PAPRr of each iteration of Xr
p[m] in the time domain using (3.1).

• Select the pilot iteration Xp[m] = X r̃
p[m] with the minimum PAPR value for PAPR

reduction and transmission with the corresponding frames blocks U ; where [35],

r̃ = argmin (PAPRr
1≤r≤R

) (3.5)

• Embedding the pilot sequence X r̃
p[m] into the corresponding frames block, U , makes the

number of frames per block Û = (U + 1).

Due to the fact that the light sources of the VLC system transmit the data by an incoherent

light intensity, the O-OFDM waveform are required to be real-valued and unipolar. Therefore,

Hermitian symmetry is imposed into the data blocks, XU+1[m], while the unipolar waveform

can be obtained by methods such as: DC bias, clipping at zero level, etc. The Hermitian

symmetry, X[m] = X∗[N/2−m] , is imposed into the data symbols in the frequency domain,
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where X∗ indicates the conjugate of X and X[0] = X[N/2] = 0. The O-OFDM frame in the

frequency domain with the Hermitian symmetry is given by:

XH[k] =
[
0, X1, . . . , XN/2−1, 0, X

∗
N/2−1, . . . , X

∗
1

]T
(3.6)

To capture all the signal peaks across the IFFT operation efficiently, zero padding is inserted

into the frequency domain in (3.6). The optimum value for the oversampling factor, L = 4,

[130]. Hence, (3.6) can be expressed by:

X[k] =

0, X[k], 0, 0, . . . , 0︸ ︷︷ ︸
N(L-1)/2

, 0, 0, 0, . . . , 0︸ ︷︷ ︸
N(L-1)/2

, X∗[NL− k]


T

(3.7)

whereN = 2(1+Nsubs) andNsubs is the number of active subcarriers in each O-OFDM frame.

This value of U is generally selected to obtain a good trade off between performance and the

computational complexity as the PAPR increases as U increases. Furthermore, the number

of iterations, R, is selected to an optimal value to achieve an effective PAPR reduction gain

and low computational complexity [135]. An IFFT operation is applied into the frequency

domain frames to obtain discrete time-domain corresponding frames, x[n] followed by PAPR

evaluation. The electrical PAPR of the time-domain frames is defined in (3.1). CP is not usually

considered during the PAPR evaluation as it has negligible impact on the PAPR result. The

parallel O-OFDM frames are then converted from parallel into a serial one followed by DAC

to obtain the continuous time-domain signal x(t) as shown by the system block diagram in Fig.

3.2. The PAPR reduction gain of the PA scheme of the time-domain signal of the O-OFDM is

shown in Fig. 3.4.

At the receiver side, the incoming optical radiation is detected then converted into electrical

current signal by the PD, followed by trans-impedance amplifier (TIA) that turns the current

signal into a voltage corresponding one. This is followed by ADC to obtain a discrete time-

domain signal yu[n]. The signal, yu[n], is then converted back to parallel and FFT operation is

applied in order to obtain a frequency domain signal Y u[k] as illustrated in the block diagram in

Fig. 3.2. The redundant part (Hermitian symmetry) of the received frames blocks is discarded.

Therefore, the received frequency domain signal can be given by the following:

Y u[m] = H[m]× X̃u[m]×+W [m]; u = 1, 2, . . . , U + 1. (3.8)
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Figure 3.4: PAPR distribution plot for 16-QAM O-OFDM with and without PAPR reduction

using pilot-assisted with Nsubs = 127 active subcarriers, L = 4, N = 1024 and

U = 5. The mean and variance of O-OFDM signal without PAPR reduction are

11.3 dB and 0.51 dB respectively whereas it has a mean of 11.1 dB and a variance

of 0.14 dB with PAPR reduction technique implemented.

where H[m] is the CIR at sample m, X̃u[m] is the transmitted signal at sample m, and W [m]

is the frequency domain estimated AWGN at sample m with zero mean and variance σ2w. The

transmitted data symbols could be recovered by dividing every data samples m in Y u[m] by

the received pilot samples in Y u+1[m] as follows [26]:

X̂u[m] =
Y u[m]

Y U+1[m]
; u = 1, 2, . . . , U. (3.9)

The received pilot signal at samplem, Y U+1[m] = H[m]×Ãp[m]ejθ̃p[m], where the Ãp[m] and

θ̃p[m] are the received noise corrupted pilot samples amplitude and phase respectively. Thus,

the extracted PA symbols are estimated using ML technique. The ML is an effective detection

method to estimate the statistical parameter θ where the parameter values that are most likely

to generate the observed data are chosen [65]. The estimation method of the corrupted pilot
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sequence using the ML technique is described as follows [26]: the received PA sequences are

extracted from the data blocks, then the corrupted phase θ̂p[m] is estimated using ML technique

to improve the data recovery. The estimate of the angle is taken between two values, (θ̂i = 0

and π) that has the minimum Euclidean distance from the received pilot’s phase θ̃p[m], The

estimate argument is given by the following:

θ̂p[m] = argmin
1≤i≤2

[(θ̃p[m]− θi)
2] (3.10)

The estimated pilot sequence becomes X̂p[m] = ejθ̂p[m], which is equivalent to the following

condition [26]:

X̂p[m] =

+1, if cos (θ̃p[m]) ≥ 0

−1, otherwise.
(3.11)

Therefore, the transmitted data symbols can be estimated by the phase recovered pilot sequence

symbols as [26]

X̂u[m] =
Y u[m]

X̂p[m]
; u = 1, 2, . . . , U. (3.12)
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(a) PA sequence estimation using ML algorithm
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(b) Using pre-knowledge of PA sequence

Figure 3.5: Constellation diagrams of 16-QAM O-OFDM with PAPR reduction using pilot-

assisted with Nsubs = 127 active subcarriers, L = 4, N = 1024, U = 5 and

at SNR = 22 dB. In (a) PA sequence is estimated using ML algorithm and in (b)

pre-knowledge of PA sequence is used to recover the data.
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Finally, the estimated data symbols are mapped onto a QAM demodulator to obtain the binary

bit streams from the estimated demodulated symbols. The received pilot amplitude, Ãp[m],

is constraint to unity. The constraint on the phase and amplitude of the pilot sequence at the

transmitter side makes the estimation process by the ML algorithm suitable at the receiver side

and helps to minimises the number of the estimate combinations that are needed to be searched

for the pilot symbols sequence estimation [26]. The ML condition in (3.11) will estimate all

the noise corrupted pilot phase, hence, the ML estimation result of the pilot sequence phase on

a received data constellation diagram is shown in Fig. 3.5. This is compared with the same data

constellation diagram where a pre-knowledge of the pilot phase is used to recover the data. The

results show the effectiveness of the ML algorithm to correct all the pilot phase in the presence

of noise thus, recover the phase of the rotated transmitted data correctly. This is achieved by

simple ML decoder process to solve the ML criterion in (3.10), where onlyNsubs|·|2 operations

is required.

10 11 12 13 14 15
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O-OFDM 4-QAM,

PA O-OFDM 4-QAM

O-OFDM 64-QAM,

PA O-OFDM 64-QAM

O-OFDM 256-QAM,

PA O-OFDM 256-QAM

Figure 3.6: PAPR CCDF plot for [4-64-256]-QAM O-OFDM with and without PAPR reduc-

tion using pilot-assisted with Nsubs = 127 active subcarriers, L = 4, N = 1024

and U = 5.

The PAPR reduction capability of the PA technique in O-OFDM is shown in Fig. 3.4 as PAPR

values distribution. This capability is affected by the number iterations R of pilot sequence
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which means the more iterations used the higher the probability to achieve lower PAPR signal

and this can be observed from Fig. 3.7. However, an optimum value of R is a practical ap-

proach because at higher number of R the PA PAPR reduction gain is limited. Hence, trade

off between the PAPR reduction gain and the search complexity to find lower PAPR sequence

phase. Moreover, the PAPR of the O-OFDM signal is independent from the constellation for-

mat used to modulate the data symbols as illustrated in Fig. 3.6. Therefore, the PA technique

PAPR reduction gain is not affected by the used constellation size, hence, PA technique can be

implemented with adaptive bit loading algorithm while achieving similar PAPR reduction gain.
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Figure 3.7: PAPR CCDF plot for 16-QAM O-OFDM with and without PAPR reduction using

pilot-assisted technique with R = [2, 5, 10] iterations, Nsubs = 127 active subcar-

riers, L = 4, N = 1024 and U = 5.

3.4 Summary

A detailed review of the state of the art in the PAPR of the MCM techniques based OWC

has been conducted in this chapter. This review covers the undesirable PAPR challenge of

the O-OFDM signal that employed to modulate the intensity of the light source with limited

dynamic range. This also includes the used metrics to measure the high PAPR, PAPR mea-

surement and statistical characterisation method. In addition, PAPR simulation and results of
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different O-OFDM signal are presented in this chapter. Furthermore, PAPR reduction tech-

niques for the MCM modulation systems in the literature are covered. Details of pilot-assisted

(PA) technique that is implemented to reduce the PAPR peaks of O-OFDM systems in this

work is also included in this chapter. This includes the PA technique implementation details,

procedure and performance.

The PA’s PAPR reduction performance is validated for different OFDM based systems in sim-

ulation and experimentally in the rest of the thesis. This including analytical studies for the

minimisation of the clipping noise in the limited dynamic range of light source of the VLC

system.
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Chapter 4
Study of Clipping Noise in PAPR

Reduced DCO-OFDM System

4.1 Introduction

In this chapter, analytical study of clipping noise that leads to distortion in a DCO-OFDM based

VLC system due to front-end devices limitations is presented. To mitigate the clipping noise,

PAPR of the DCO-OFDM is reduced by the PA technique. The analytical BER performance

of the system with PAPR reduction is verified through simulation and then compared to that

of the conventional DCO-OFDM system without PAPR reduction at similar clipping levels.

The proposed PA DCO-OFDM system shows better BER performance at all clipping levels.

Specific contributions of this manuscript are as follows:

• Analytical investigation of a PAPR reduction using PA scheme in PA DCO-OFDM based

VLC system in the presence of clipping noise.

• The PA technique is applied to reduce clipping/non-linear distortion and improve the

error performance of the system.

• The BER performance of the PA DCO-OFDM is investigated analytically at different

clipping levels and compared to the performance of conventional DCO-OFDM without

PAPR reduction.

• The analytical comparison is verified through simulation at the selected clipping levels

for the compared systems.

In VLC system, the saturation effect of the light source (LED) results in a limited linear dy-

namic range of the transmitter front-end devices. MCM signals based on OFDM, such as

DCO-OFDM, ACO-OFDM and PAM-DMT with multi-level M -QAM/PAM, follow Gaussian

and half-Gaussian distribution for a large number of subcarriers ≥ 64. As a result, such signals

have a high PAPR, and transmitted by the optical transmitter in a nonlinear fashion [99]. The
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nonlinear distortion and high PAPR result in transmitted signal clipping. The clipping is gener-

ally caused by front-end devices limitation of the VLC system and the insufficient forward DC

biasing. Therefore, this degrades the system BER performance or increases the electrical SNR

requirement due the nonlinear distortion. In order to alleviate this issue, Pilot-assisted (PA)

technique is implemented on the OFDM signal to reduce its high PAPR peaks. PAPR reduction

minimises the clipping noise and the nonlinearity effect which allows for higher input power

and maximises the available SNR of the system. PA technique is an effective solution for PAPR

reduction in optical OFDM based systems [26]. In this work, PA is applied on DCO-OFDM

for PAPR reduction purpose by rotating the phase of the transmitted OFDM data frame using

a randomly generated pilot sequence. The phase rotation is used in order to avoid coherent

addition of subcarriers as much as possible. The used pilot sequence phase is selected based on

the SLM algorithm [46] while recovered at the receiver side by ML algorithm [65].

4.1.1 The Aim of this Study

In this chapter, the DCO-OFDM modulation technique is considered with PAPR reduction

using PA technique in (PA DCO-OFDM) with the presence of double-sided clipping is investi-

gated analytically. The clipping is due to VLC front-end devices limitation. The signal clipping

introduces clipping noise and signal distortion to the transmitted signal. The attenuation factor

and the variance of the clipping noise at the received waveform are determined in closed-form

which included in the derivation and calculation of the system SNR. The system’s BER perfor-

mance of the clipped PAPR reduced PA DCO-OFDM is investigated at three different clipping

levels. The clipping levels are varied by the amount of the forward DC biasing that is added to

the transmitted signal to fit the dynamic range of the light source. Adding insufficient forward

DC biasing results in upper and/or lower clipping of the transmitted time domain signal. Hence,

reducing the forward DC biasing from its optimal point increases the signal clipping at the bot-

tom side. The clipping noise attenuation can be modelled at the receiver as additive zero-mean

complex-valued Gaussian noise according to the Bussgang theorem and the CLT [136], [126].

This investigation is verified through simulation and analytical studies at the selected clipping

levels and then compared to that of conventional DCO-OFDM without PAPR reduction.
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Figure 4.1: Block diagram of the PA DCO-OFDM based VLC system.

4.2 System Description

The system model considered in this study is illustrated in Fig. 4.1. First, a random bit stream

is generated and encoded into complex-valued quadrature amplitude modulation (QAM) sym-

bols X[m] for m = 1, 2, . . . , N2 − 1, where m is the active subcarriers index in the OFDM

frame, and N is the OFDM frame size. The number of bits b that are mapped on each M -QAM

symbol is given by b = log2(M). The QAM symbols’ vector X[m] is considered with a unit

variance. The conventional OFDM waveform is complex and bipolar. However, the transmis-

sion mechanism in OWC system is IM/DD which requires a real and positive waveform. This

requirement is met by imposing Hermitian symmetry on the OFDM frame in the frequency

domain, X[l] = X∗[N − m]. The OFDM frame in the frequency domain is given by the

following [114]

X[k] =
[
0, X1, . . . , XN

2
−1, 0, X

∗
N
2
−1
, . . . , X∗

1

]
(4.1)

where k is the subcarrier index with size N and X[0] = X[N/2] = 0. The utilisation factor

for the OFDM frame’s double-sided bandwidth B is denoted by GB where GB = (N − 2)/N .

The total number of enabled subcarriers on the OFDM frame is GB × N . The OFDM frame

activates all subcarriers which can enable different modulation format, M , across the OFDM

frame. The average electrical power of the M -QAM symbol, Ps(elec) = Pb(elec) × log2(M),

where Pb(elec) is the average electrical power per bit of the M -QAM symbol. The high PAPR

peaks of the time domain signal are reduced using PA technique by rotating the phase of X[k]
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prior to IFFT process as detailed in Section (6.2.2). The X[k] symbols are then modulated into

orthogonal subcarriers by applying an IFFT of size N to obtain a discrete time domain signal

x[n] as follows

x[n] =
1√
N

N−1∑
k=0

X[k] ej2π
kn
N ; 0 ≤ n ≤ N − 1 (4.2)

where j =
√
(−1). In general, a CP is included in OFDM-based systems to combat ISI

and inter-carrier interference (ICI). This is done by copying the last few samples of the OFDM

frame to the beginning of that frame to transform the linear convolution with the optical channel

to a circular one. The CP length,NCP, must be greater than the channel delay spread to mitigate

ISI, hence the frame length becomes (N + NCP) [29]. The CP is omitted in this work for

simplicity as it has negligible impact on the electrical SNR, spectral efficiency and electrical

PAPR values of the system [26].

The discrete time-domain signal x[n] is approximately Gaussian distributed with zero mean

and variance of σ2x according to CLT [126]. The average electrical power of the time domain

signal x[n] is proportional to its variance, σ2x [116]. Therefore, to achieve a specific SNR, x[n]

should be scaled properly in relation with σ2x. Hence, the signal is scaled by a factor, α, to

produce a specific σ2xscaled
of the scaled signal xscaled[n]. The variance, σ2xscaled

, of the scaled

signal is given as follows

σ2xscaled
= α2 × σ2x (4.3)

where σ2x is the variance of x[n].

Light sources such as LEDs has limited dynamic range between [imin, imax], that corresponds

to minimum and maximum current points, respectively. To efficiently utilise that dynamic

range, structure-specific signal pre-clipping has to be performed within the range [kb, kt], which

denotes the predefined bottom and top clipping levels, respectively as shown in Fig. 4.2. Then,

the pre-clipped PA DCO-OFDM signal is biased to fit the linear dynamic range of the LED

by a bias current, ibias. The biasing process is employed to facilitate minimal bottom and top

levels signal clipping by placing the signal mean in the middle of the LED’s linear dynamic

region [36]. The pre-clipping levels can be defined as follows

kb = imin − ibias, kt = imax − ibias (4.4)

66



Study of Clipping Noise in PAPR Reduced DCO-OFDM System

In the zero signal clipping scenario, the signal clipping is defined as: kb = −∞, and kt = +∞.

The PA DCO-OFDM clipping levels can be negative and/or positive as long as the two clipping

levels are not equal, kb < kt. In insufficient biasing scenarios, the signal is pre-clipped at

bottom level, kb. Moreover, the signal is pre-clipped at top level, kt. Therefore, the clipped

signal xclip[n] can be expressed as follows

xclip[n] =


kt if xscaled[n] ≥ kt,

xscaled[n] if kb < xscaled[n] < kt,

kb if xscaled[n] ≤ kb.

(4.5)

When an OFDM time domain signal is clipped, it changes its mean and, as a result, its average

optical power. To achieve a maximal signal power and to transform the electrical signal into

an optical one, the linear dynamic range Pmin and Pmax should be mapped by the clipping

levels, kb and kt as depicted in Fig. 4.2. Hence, to form such mapping, an input biasing power

Pbias = ζ × ibias, is required and can be expressed as

Pmin = ζ(kb + ibias), Pmax = ζ(kt + ibias) (4.6)

where ζ is the electrical to optical conversion coefficient.

The clipped continuous time domain waveform x(t) is obtained from the clipped signal, xclip[n],

following the DAC process to modulate the intensity of the optical source. In general, the entire

forward voltage range across the LED is supported by a sufficient constant bias current source

which converts the bipolar time domain baseband waveform to a unipolar signal. The bias cur-

rent is combined with the data waveform current, producing the total forward current through

the LED. Since the radiated optical power by the LED is proportional to the forward current,

the data waveform, the bias current ibias and the system constraints imposed by the front-end

devices are described in terms of optical power [36]. Therefore, the average transmitted optical

power through the LED is given as

Popt = ζ × E[x(t)] + Pbias (4.7)

The PA DCO-OFDM frame is assumed to be transmitted within the -3 dB bandwidth of the

used LED, hence, the optical channel is flat over the entire transmitted OFDM frame. The
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optical power
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Figure 4.2: An illustration of VLC optical source electrical signal to optical signal conversion.

signal is unlikely to be clipped at the receiver side. For example, the PD has a linear dynamic

range much higher than that of the transmitter, that needs very high amount of radiated power

in order to drive the PD to its saturation region. At the receiver, a PD converts the received

optical radiation into a current signal prior to a TIA which converts the current signal to the

corresponding voltage. The voltage signal is then amplified to an appropriate level to obtain

y(t) prior to an ADC process. The received time domain waveform y(t) is given by

y(t) = h(t)⊛ xclip(t) + wrx(t) (4.8)

where h(t) is the channel impulse response (CIR), wrx(t) is the received white Gaussian noise

with variance σ2wrx
, and ⊛ denotes a convolution operation. The received signal y(t) is then

converted to a discrete time domain signal y[n] by the ADC block followed by serial-to-parallel

(S/P) transformation. The received signal is distorted by zero-mean real-valued bipolar AWGN

wrx(t) which consists of the receiver’s shot and thermal noises. The FFT is applied on y[n]

which transforms the signal back to the frequency domain and given by
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Y [k] =
1√
N

N−1∑
n=0

y[n] e−j2π kn
N ; 0 ≤ k ≤ N − 1 (4.9)

The obtained frequency domain symbol Y [k] can be expressed as follows

Y [k] = H[k] ·Xclip[k] +Wrx[k] (4.10)

The AWGN Wrx[k] noise after the FFT operation can be modelled as zero-mean complex

AWGN with two sided power spectral density of N0/2 per dimension and a variance of σ2wrx
=

BN0 [36]. The embedded pilot sequence is extracted from the received data symbols, then its

phase and amplitude are estimated based on the ML algorithm. The estimated pilot phase is

used to reverse the phase rotation carried out at the transmitter. The received data symbols are

then demodulated before being converted to bit streams followed by BER calculation based on

the demodulated binary streams. In the simulation process for the analytical study validation,

similar parameters and approach are used to investigate the system at an ideal case with no

clipping introduced in addition to three clipping levels.

4.3 Analysis of Clipping Noise

The clipping of PA DCO-OFDM time domain signal changes the signal mean and, as a result,

its average optical power. Since xclip[n] is approximately Gaussian, the nonlinear distortion

effects caused by the clipping operation can be modelled according to the Bussgang theorem,

and expressed as follows [136]

xclip[n] = κ · xscaled[n] + wclip[n] (4.11)

where κ denotes the clipping attenuation factor and wclip is the nonlinear distortion i.e. clip-

ping noise imposed by the pre-clipping process and system front-end devices constraints. The

nonlinear distortion wclip is uncorrelated with the transmitted signal xscaled[n], E[xscaled[n] ·

wclip[n]] = 0 where E[·] is the statistical expectation. The attenuation factor κ is a constant that

is given as [36]
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κ =
E[xscaled[n] · xclip[n]]

σ2xscaled

(4.12)

where σ2xscaled
is the variance of xscaled[n]. The nonlinear distortion wclip is a non-Gaussian

noise. However, due to the CLT, its representation in the frequency domain follows a Gaussian

distribution with a zero mean and a variance σ2wclip
. The variance of the clipping noise is given

as follows [36, 137]

E[wclip] = E[xclip], (4.13a)

σ2wclip
= E[w2

clip]− E[wclip]
2, (4.13b)

σ2wclip
= E[x2clip]− κ2σ2xscaled − E[xclip]

2. (4.13c)

Applying a FFT property to the received signal y[n] translates the signal to the frequency do-

main and converts the convolution operation to multiplication one. In the frequency domain, the

clipping noise wclip[n] is transformed into additive Gaussian noise according to CLT. There-

fore, additive Gaussian noise component with zero-mean and variance σ2wclip
is present at each

modulated subcarrier in addition to the additive white Gaussian noise wrx[n]. Therefore, the

received signal in the frequency domain can be calculated as follows [36]

Y [k] = H[k] (κ ·X[k] +Wclip[k]) +Wrx[k],

= κH[k]X[k] +H[k]Wclip[k] +Wrx[k].

(4.14)

where Y [k] is the desired received signal, H[k] is the channel response at subcarrier k, X[k]

is the transmitted symbols, Wclip[k] is the clipping noise, and Wrx[k] is the additive white

Gaussian noise. The received signal can be expressed as the summation of the desired signal,

clipping noise and the receiver noise with zero mean for both noise signals as shown in (4.14).

The SNR at the kth subcarrier is represented by Γ[k], and can be expressed as follows [36]

Γ[k] =
κ2 1

GB
|H[k]|2

σ2wclip
|H[k]|2 + σ2wrx

. (4.15)

whereGB is the double-sided bandwidth utilisation factor of the optical OFDM frame and σ2wrx
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is the receiver noise power. The attenuation factor can be simplified from (4.12) as follows [36]

κ = Q(kbnorm)−Q(ktnorm) (4.16)

where Q is the Q-function [36]. kbnorm and ktnorm are the normalised bottom and top clipping

levels respectively, and can be expressed as follows [36]

kbnorm =
kb

σxscaled

(4.17)

ktnorm =
kt

σxscaled

(4.18)

The clipping noise variance is given as [36]

σ2wclip
= κ+ kbnormϕ(kbnorm)− ktnormϕ(ktnorm) + k2bnorm

[1−Q(kbnorm)] + k2tnormQ(ktnorm)− κ2−

[ϕ(kbnorm)− ϕ(ktnorm) + kbnorm [1−Q(kbnorm)]+

ktnormQ(ktnorm)]
2

(4.19)

where ϕ(·) is the probability density function (PDF) of the standard Gaussian distribution which

is given by

ϕ(u) =
1√
(2π)

exp

(
−u2

2

)
(4.20)

The complementary cumulative distribution function (CCDF) of the PDF of the standard Gaus-

sian distribution, Q(·), is given as

Q(u) =
1√
(2π)

∫ ∞

u
exp

(
−x

2

2

)
dx (4.21)

The average electrical power of the clipped time domain signal is given by [36]

E[xclip[n]] = ϕ(kbnorm)− ϕ(ktnorm) + ktnormQ(ktnorm)+

kbnorm [1−Q(kbnorm)].
(4.22)
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The BER of the kth subcarrier can be approximated as follows [36]

BER[k] ≈ 4(
√
M − 1)√

M log2(M)
Q

(√
3× Γ[k]

M − 1

)
+

4(
√
M − 2)√

M log2(M)
Q

(
3

√
3× Γ[k]

M − 1

)
(4.23)

4.4 Results and Discussion

The performance of PA DCO-OFDM and conventional DCO-OFDM systems are compared in

the presence of double-sided signal clipping under AWGN channel in terms of BER and as

a function of electrical SNR. The analytical study is verified by simulation for both systems.

The two systems are simulated using 4-QAM modulation format and IFFT/FFT size of 2048.

The optical path gain coefficient, the system bandwidth and the electrical to optical conversion

coefficient, ζ, are constrained to unity. The optical source is assumed to be an LED with a

linear dynamic range between imin = 5 mA and imax = 50 mA, which is assumed to be

the source of clipping noise [36]. No clipping at the receiver is assumed. The two systems

are compared at ideal case with no clipping introduced in addition to three clipping cases for

analytical and simulation BER performance. In the three clipping cases, the clipping levels are

calculated according to the amount of the added bias current, ibias, to the transmitted signal

and the LED’s linear dynamic range where, ibias = 9.8 mA is selected as in [36]. Hence, the

bipolar signal is pre-clipped prior to biasing process at bottom level, kb = imin − ibias, and

at top level, kt = imax − ibias. In the first case (case 1), both signals are clipped at bottom

level, kb = -4.8 and top level, kt = 40.2. In second case (case 2), the signals are clipped at kb =

-3.8 and kt = 41.2, whereas, it is clipped at kb = −3 and kt = 42 in third case (case 3). This

clipping levels are obtained by reducing the ibias which increases the lower clipping level. The

data signal is generated, scaled, clipped and biased in MATLAB as detailed in Section 4.2 to

form the DCO-OFDM signal. In addition, the same data symbols with the same process and

parameters are generated with PAPR reduction algorithm using R = 10 iterations to generate

the PA DCO-OFDM signal. This process is implemented to investigate the effect of reducing

the high PAPR peaks of the signal on the system BER performance. Furthermore, the two

signals are compared in terms of BER at the same scaling factor and biasing point for every

clipping level. In addition, as a benchmark for comparison with existing results, (ideal case and

case 1) for DCO-OFDM in [36] is selected, and signal scaling, biasing and clipping levels are

included. Hence, the average transmitted optical power Popt = 10 mW. In the ideal case where

no clipping is introduced to the transmitted signals, the two systems have achieved identical
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BER performance as illustrated in Fig. 4.3a. In the clipping case 1, the ibias is found to be 9.8

mA, and σxscaled
= 4.9 mA for DCO-OFDM as obtained in [36]. Whereas, reducing the PAPR

of the signal in PA DCO-OFDM with same scaling factor α and ibias realised at σxscaled
= 4.69

mA. This scaling and biasing setup yield the following normalised clipping levels. In DCO-

OFDM, the normalised bottom clipping level kbnorm = - 0.98, and the normalised top clipping

level ktnorm = 8.2. In PA DCO-OFDM, kbnorm = -1.02, and ktnorm = 8.57. The analytical and

simulation of this case for the two systems are illustrated in Fig. 4.3b.
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Figure 4.3: Analytical and simulation BER for PA DCO-OFDM and conventional DCO-

OFDM. (a) ideal case (zero clipping), (b) case 1 (minimum clipping), (c) case

2 (more clipping), (d) case 3 (severe clipping).

In the second case (case 2), the bias current is reduced to ibias = 8.8 mA, which increases

the lower clipping level, hence, increases the clipping noise. Furthermore, this modifies the

normalised clipping levels to be, kbnorm = -0.78, and ktnorm = 8.4 for DCO-OFDM While,

for PA DCO-OFDM kbnorm = -0.81, and ktnorm = 8.78. The BER performance of this setup is

73



Study of Clipping Noise in PAPR Reduced DCO-OFDM System

shown in Fig. 4.3c for both systems.

In the third case (case 3), the normalised clipping levels are modified by reducing the bias

current, ibias = 8 mA. This results in increasing the lower level clipping where kbnorm = −0.61,

and ktnorm = 8.57 for DCO-OFDM While for PA DCO-OFDM, kbnorm = −0.64, and ktnorm
= 8.95, which are shown in Fig. 4.3d.

In all clipping cases, the PA DCO-OFDM has achieved better BER performance than that of

conventional DCO-OFDM without PAPR reduction as shown in Fig. 4.3b, 4.3c and 4.3d. PA

DCO-OFDM requires less ibias to convert the signal’s negative peaks to positive, hence, PA

DCO-OFDM is more efficient in terms of optical power than the conventional DCO-OFDM.

Furthermore, PA DCO-OFDM is expected to perform better under clipping conditions as shown

in Fig. 4.3, by reducing the high peaks of the OFDM waveform which results in minimising the

nonlinearity effect and the clipping distortion. As a result, system SNR is maximised hence,

better BER performance of the system is observed. In addition, PA DCO-OFDM allows the

signal to have more swing within the linear dynamic range of the system transmitter and reduces

the upper and/or lower level clipping effect. The error floor observed in the results is caused

by the clipping. And in all cases, the error floor is lower with PAPR reduction technique

implemented.

4.5 Summary

The clipping noise in PAPR reduced system (PA DCO-OFDM) is investigated in this work.

This includes the clipping noise attenuation factor and the variance of clipping noise at the

received waveform which are determined in closed-form. The SNR of the system is calcu-

lated based on the determined attenuation factor and noise variance. The system’s analytical

BER performance of the clipped PAPR reduced PA DCO-OFDM is verified through simula-

tion studies at different clipping levels. The BER of PA DCO-OFDM is then compared to

that of conventional DCO-OFDM without PAPR reduction at the selected clipping levels. The

PA DCO-OFDM has achieved better BER performance than that of conventional DCO-OFDM

without PAPR reduction in the all used clipping levels. The high PAPR values reduction of the

transmitted signal in PA DCO-OFDM reduces the clipping noise hence, enhances the system

BER performance. PAPR reduction has the potential to reduce the transmitted average optical

power by reducing the required bias power Pbias which results in increasing the reliability of
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the LED and hence, its lifetime span. The BER gain can be used to increase the transmitted

optical power for longer transmission distance and/or higher achievable data rate.
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Chapter 5
PAPR Reduction in PAM-DMT based

VLC Systems

5.1 Introduction

In this chapter, The high PAPR peaks of the PAM-DMT system is evaluated and reduced by im-

plementing the PA technique and the system performance is investigated experimentally for a

VLC system. The experimental performance of PA scheme is then verified by simulation. The

performance of PAPR reduced PA PAM-DMT and conventional PAM-DMT without PAPR

reduction are compared in terms of BER. The system parameters are optimised and the per-

formance of the resulting PA PAM-DMT is utilised with adaptive bit and power loading and

investigated experimentally in terms of BER and achievable data rate. The performance of

PA PAM-DMT is compared to that of conventional PAM-DMT. Specific contributions of this

work are as follows:

• Experimental demonstration of a PAPR reduction using PA scheme in PA PAM-DMT

based VLC system.

• For the first time, the PA technique is applied to a PAM-DMT based VLC system ex-

perimentally to reduce clipping/nonlinear distortion, and minimise the error performance

while maintaining the achievable data rate.

• Comparison of PA PAM-DMT system’s data rate and BER with that of conventional

PAM-DMT without PAPR reduction.

• The experimental study is verified through simulation.

PAM-DMT was proposed in [33], to improve the spectral and energy inefficiency of ACO-OFDM

and DCO-OFDM respectively. In PAM-DMT, the PAM symbols are modulated onto the imag-

inary components while, the real parts are set to zeros. PAM-DMT activates all subcarriers and
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allows for asymmetrical clipping at zero level and transmit only the positive samples of the

DMT signal.

Despite the advantages of the PAM-DMT technique, it is affected by high PAPR due to coherent

addition of the individual subcarriers in the transmitted frame. PAPR induces signal distortion

which is undesirable in OWC systems due to the limited dynamic range of the system front-

end devices. This in turn restricts the average transmitted optical power and causes system

performance degradation [26]. Various solutions have been proposed to address the PAPR

challenge. PA scheme is use in this work to address PAPR challenge. PA is an interesting

solution for the reduction of the PAPR in OFDM systems. This technique uses a random pilot to

rotate the phase of the data frame in order to avoid the coherent addition of the subcarriers [26].

5.2 System Description

5.2.1 Optical PAM-DMT System

In PAM-DMT, the imaginary components of the complex-valued PAM symbols are modulated

and, the real parts are not used and set to zeros. This results in X[k] = ȷBPAM[k], where

BPAM[k] is the M -PAM symbols carrying useful data that are loaded on the imaginary compo-

nents where (k = 1, 2, . . . , N/2−1) andN = 2(Nsubs+1) whereNsubs is the active subcarriers

carrying information [33]. An optical source in a VLC system is modulated by a real-valued

baseband waveform which means that the time domain signal of PAM-DMT must be real and

positive. The real-valued time domain signal is achieved by imposing a Hermitian symmetry on

the PAM mapped symbols in the frequency domain which is given by: X[k] = X∗[N/2 − k],

where X∗ indicates the conjugate of X and X[0] = X[N/2] = 0. The PAM-DMT frame in

the frequency domain with the Hermitian symmetry is given as follows:

XH =
[
0, X1, . . . , XN/2−1, 0, X

∗
N/2−1, . . . , X

∗
1

]
(5.1)

To sufficiently capture all the signal peaks across the IFFT length, zero padding is inserted into

the frequency domain for oversampling. The value for the oversampling factor is chosen at

L = 4 similar to [26], hence (5.1) can be given as follows:
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XH =

0, X(k), 0, 0, . . . , 0︸ ︷︷ ︸
N(L-1)/2

, 0, 0, 0, . . . , 0︸ ︷︷ ︸
N(L-1)/2

, X∗(NIFFT − k)

 (5.2)

The corresponding discrete time domain signal x[n] is obtained by applying sizeNIFFT IFFT to

the frequency domain signal , where NIFFT = N × L which can be expressed as follows [33]:

x[n] =
−2√
NIFFT

NIFFT/2−1∑
k=1

BPAM[k] sin

(
2πk

n

NIFFT

)
(5.3)

where n = 0, 1, 2, . . . , NIFFT − 1.Then CP is inserted at the beginning of each PAM-DMT

frame to eliminate the ISI in dispersive channel [26]. The time domain waveform follows an

anti-symmetry property which can be visualised in Fig. 5.1. As a result of the anti-symmetry

x[n] = −x[N − n], the clipping of the negative peaks in the time domain PAM-DMT signal

x[n] does not affect the useful information as the same information are loaded on the positive

components of the second half of the waveform. This means that zero level clipping distortion

only affects the real components of the subcarriers, and the useful data can be recovered from

the imaginary components [33].

A continuous time domain signal x(t) of the system is obtained by feeding the discrete signal

x[n] in (5.3) into a DAC which is then used to modulate the intensity of the light source [26].

At the receiver, the real components of the subcarriers are ignored while the imaginary part is

selected and re-scaled by a factor of 2. The signal is transformed back to frequency domain

using FFT then extracted then equalized and demodulated to recover the useful information

[138].

5.2.2 High PAPR Reduction in PAM-DMT

PAM-DMT allows asymmetric clipping at zero values and convey the useful information on the

positive parts of the PAM-DMT signal x[n] which makes full use of the all available subcarriers

in the PAM-DMT frame [33]. However, the inherent high PAPR problem of the system must be

addressed to benefit from the full dynamic range of the light source. The high PAPR problem

will cause the following: 1) the optical source will have to operate outside its linear dynamic

region to contain full amplitude swings of the signal, 2) the upper level clipping by the frond-
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Figure 5.1: PAM-DMT time domain signal and clipped part.

end devices of the system results in clipping noise and distortion introduced to the transmitted

signal [35]. To address the PAPR problem, the PA is applied to reduce the high PAPR of the

PAM-DMT system by rotating the phase of the PAM-DMT signal. However, its extension to

PAM-DMT technique is not straightforward. In this section, PA technique implementation for

PAM-DMT system is described and realised in the VLC system experimentally. The electrical

PAPR of the over-sampled time domain PAM-DMT symbol is defined as follows [26]:

PAPR =

max
0 ≤ n ≤ NIFFT − 1

(|x[n]|2)

E[|x[n]|2]
(5.4)

where E[·] is the statistical expectation. The PAPR is evaluated using the CCDF and it is the

most used measure for PAPR reduction [26]. The CCDF is defined as the probability that the

PAM-DMT frame PAPR exceeds a predefined reference value. High PAPR peaks appear when
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individual subcarriers added up coherently in the time domain [34].

The procedure of PAPR reduction using PA technique in PAM-DMT is described as follows

[26]:

• Group the frequency domain frames of PAM-DMT into U blocks comprise of active

subcarriers Nsubs; where, Xu[k], u = 1, 2, . . . , U.

• GenerateRmultiple iterations of pilot sequence candidates withNsubs length,Xr
p, where

r = 1, 2, . . . , R.

• Select the sequence Xr
p amplitude Ap(k) to be ±1 only.

• Randomly set the pilot sequence phase θp(k) to 0 or π values only, where k = 1, 2, . . . , Nsubs.

• Rotate the block U phase by θp(k) of every pilot iteration r.

• Calculate the PAPRr value of each iteration of Xr
p.

• Select the pilot iteration Xp(k) = X r̃
p(k) with minimum PAPR value for transmission;

where [35],

r̃ = argmin (PAPRr
1≤r≤R

) (5.5)

• convert the selected pilot sequence Xp(k) into the imaginary domain.

• Embedded the pilot sequence Xp(k) into the corresponding block U of frames for high

PAPR reduction, and thus the number of frames per block U will become Û = (U + 1).

In this work, the high PAPR peaks of the transmitted signal is reduced where the number of

PAM-DMT frames are grouped to form a block U , and U = 5 frames per block. This value is

selected because the PAPR increases as U increases [26]. The considered number of iterations

is selected to R = 10 iterations because it shows a good trade off between performance and

complexity [135]. CP is not used during the PAPR evaluation in this work as it has negligible

effect on the PAPR of the system.

At the receiver, the received PA sequences are extracted from the data blocks, then estimated

using ML technique. The ML is an optimum detection method to estimate the statistical pa-

rameter θ where the parameter values that are most likely to generate the observed data are
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Figure 5.2: An experimental setup for VLC system using a single Blue LED.

chosen [65]. The ML technique is used in our work as follows [26]: at the receiver, the re-

ceived PA sequences are extracted from the data blocks, then its noise corrupted phase θ̂p(k) is

estimated using ML technique to improve the data recovery. The estimate of the angle is taken

between two values, (θ̂i = 0 and π) that has the minimum Euclidean distance from the received

pilot’s phase θ̃p. The estimate argument is given by the following:

θ̂p(k) = argmin
1≤i≤2

[(θ̃p(k)− θi)
2] (5.6)

The estimated pilot sequence becomes θ̂p(k) = ejθ̂p(k), which is equivalent to the following

condition [26]:

θ̂p(k) =

+1, if cos (θ̃p(k)) ≥ 0

−1, otherwise.
(5.7)

In addition, the pilot’s sequence amplitude, Âp(k) is maintained to unity using the condition

given in (5.7). The estimated PA phase θ̂p(k) with recovered amplitude, Âp(k), is then used

to recover the phase of the corresponding subcarrier k for the corresponding block U of the

received data prior to the equalisation process. The PA PAM-DMT system’s PAPR reduction

gain is discussed in the results section 5.4.

5.3 Experimental Setup and Data Transmission

An experiment is employed to evaluate the performance of PA PAM-DMT in a VLC system as

illustrated in the experimental setup in Fig. 5.2 and the block diagram of the PA PAM-DMT
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Figure 5.3: An experimental block diagram for PA PAM-DMT based VLC system using a single

Blue LED.

Figure 5.4: The laboratory setup photograph of the optical VLC system showing the computer,

the single Blue LED, optical lenses, AWG, oscilloscope and the photodetector.
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based VLC system is shown in Fig. 5.3. The real laboratory setup of the optical system is shown

in Fig. 5.4. The system transmitter consists of a computer that controls a waveform generator,

LED (Vishay VLMB1500-GS08) and a Bias-Tee. An amplified PD (PDA10A-EC-Si, 200-

1100 nm, 150 MHz BW) is used as the optical signal receiver. The system performance in this

work is investigated at d = 100 cm link distance. A longer distance measurement is possible

using a higher power LED. A PA PAM-DMT signal is generated in MATLAB as detailed in

section 5.2.1, and converted into an analogue waveform using arbitrary waveform generator

(AWG) (Keysight 33622A) employed at 100 MHz transmission speed. The generated signal

is DC biased using a bias-tee (ZFBT-4R2GW+). The DC bias is required for optical OFDM

modulation techniques such as DCO-OFDM to convert the bipolar signal into a unipolar. This

bias is not required for the unipolar PA PAM-DMT. However, a minimum DC bias is still

required due to the turn on voltage of the used LED.

Two identical aspheric condenser lenses (ACL50832U-A) are used at the transmitter (LED)

and the photo-receiver ends to collimate the output light of the LED and focus the light into the

detection area of the PD respectively. The receiver is an amplified fixed gain detector which

includes a reverse-biased PIN photo-diode, mated to a TIA. PD converts the received optical

radiation into an electrical current signal which is converted afterwards into a voltage signal

by the TIA [26]. The received signal is then captured with a digital oscilloscope (Keysight

MSOX3104T - 1 GHz) and processed afterwards off-line using MATLAB. The received signal

is equalized subsequently using zero forcing equalizer then demodulated using a PAM demod-

ulator. The entire system 3 dB bandwidth is measured at 11.7 MHz.

The PA PAM-DMT system is investigated at different input current IDC values to find the mid

point of the linear region of the used LED. The IDC point is selected in the linear region of the

LED to avoid upper level clipping as much as possible. The operating point in this experiment

is chosen to be around 3.31V which corresponds to a 20 mA input current to the LED as

indicated in Fig. 5.5a as the PAM-DMT signal is clipped at zero level and only minimum DC

bias is required due to the turn on voltage of the LED. Increasing the IDC value increases the

received optical power before the saturation point of the LED which causes system performance

degradation as shown in Fig. 5.5b. However, minimising the clipping distortion due to front-

end devices limitation is the priority of this work.

The system SNR is calculated at different input signal peak-to-peak voltage (Vpp) at the AWG
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Figure 5.5: Characteristics of LED (Vishay VLMB1500-GS08).

using the CIR at the corresponding Vpp in frequency domain at the receiver side using (5.8).

SNR[k] =
|H[k]|2 × |X[k]|2

|W [k]|2
(5.8)

where H[k] is the CIR at sample k, X[k] is the transmitted signal at sample k and W [k] is

the frequency domain estimated noise for sample k at the receiver. H[k] is estimated using the

prior knowledge of an embedded pilot to the transmitted signal as follows in (5.9):

H̃[k] =
Y [k]

X[k]
(5.9)

where Y [k] is given as follows in (5.10):

Y [k] = X[k]×H[k] +W [k] (5.10)
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The noise estimate of the system is evaluated as shown below in (5.11):

W̃ [k] = Y [k]− H̃[k]X[k] (5.11)

The PA PAM-DMT system performance is investigated and compared to the conventional PAM-DMT

without PAPR reduction in terms of received SNR and BER as detailed in Section (5.4).

5.4 Results and Discussions

In this work, the conventional PAM-DMT and PA PAM-DMT systems are compared in terms of

PAPR values using the same random data streams, transmission parameters and system setup.

The CCDF value of 10−4 is used in this work as a metric to compare the PAPR of both tech-

niques. It can be observed from Fig. 5.6 that a PAPR reduction gain of 2.75 dB is achieved by

applying PA scheme to the PAM-DMT system in PA PAM-DMT. At least one out of every 104

PAM-DMT frames has its PAPR greater than 17.5 dB. This is compared to values of 15.4 dB

and 14.75 dB for PA PAM-DMT with R = 5 and 10 iterations respectively.
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Figure 5.6: PAPR CCDF plot for PA PAM-DMT and PAM-DMT.

The distributions of the PAPR values of PAM-DMT and PA PAM-DMT for an 8-PAM constel-

lation order are shown in Fig. 5.7. The PAM-DMT PAPR range is between 11.69 and 18.32 in

dB. However, with PAPR reduction scheme used in PA PAM-DMT, the PAPR spread is con-

siderably reduced to values between 12.08 and 15.16 in dB. This is a reduction of more than
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3 dB in the range of PAPR values which translates to reducing the peak power and the aver-

age transmitted optical power. This results in minimising the signal distortion due to clipping

caused by the front-end devices of the system hence, improves the system performance.

(a) PAM-DMT PAPR distribution without high peaks reduction.

(b) PA PAM-DMT PAPR distribution with high peaks reduction.

Figure 5.7: Distribution of the PAPR values of optical PAM-DMT and PA PAM-DMT.

The system PAPR reduction gain of PA scheme shown in Fig. 5.6 and Fig. 5.7, is obtained using

modulation format of 8-PAM, number of active subcarriers Nsubs = 127, zero padding factor L

= 4, data frames per block U = 5, PA iterations at R = 5 and 10 iterations and IFFT length N =

1024 for 105 frames. This result quantifies the PA PAM-DMT PAPR reduction gain compared

to the conventional PAM-DMT scheme. For instance, at a CCDF of 10−4, the PA PAM-DMT

yield almost 3 dB compared to the conventional PAM-DMT without PAPR reduction.

To determine the BER performance of PAM-DMT and PA PAM-DMT systems, the time do-

main signal x[n] of both systems is normalised to unity prior to DAC. Then, the time do-

main signal is transmitted over a range of different transmit power levels Vpp. The system

SNR is calculated at different Vpp using the CIR at the corresponding Vpp as presented in
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(5.8). This operation is carried out in the frequency domain at the receiver side after estimating

the pilot sequence embedded to the transmitted signal using ML estimator to recover the data

phase. The SNR of the PA PAM-DMT system is marginally higher than that of the conven-

tional PAM-DMT for all transmit power levels Vpp and and modulation format as shown in Fig.

5.8. The BER calculated from the equalized PAM demodulated symbols and plotted versus its

transmit power level Vpp.

The BER performance of the system shows that, the PA PAM-DMT BER is marginally better

than that of the conventional PAM-DMT for 4-PAM and 8-PAM levels as shown in Fig. 5.9. The

BER of both techniques saturates beyond input Vpp of 300 mV. The PA technique reduces the

high PAPR peaks in PA PAM-DMT system as shown in Fig. 5.6 with system BER performance

improvement as illustrated in Fig. 5.9. The system BER approaches an error floor due to the

limited number of transmitted symbols and the nonlinearity effect of the light source.
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Figure 5.8: Experimentally measured SNRs of PAM-DMT and PA PAM-DMT at a range of Vpp

= [100 - 500] mV, sampling rate = 100 MHz and IDC = 20 mA. PAPR reduction

at R = 10 iterations, U = 5 data frames per block, zero padding factor L = 4,

Nsubs = 127 active subcarriers and IFFT length NIFFT = 1024.

The BER performance improvement in the PA PAM-DMT system is a result of reducing the

high PAPR peaks which increases the peak-to-peak of the optical modulation amplitude of

the signal and minimises the signal distortion from clipping hence, improving the SNR of the

system. The SNR of the PA PAM-DMT is marginally higher than that of the basic PAM-DMT
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Figure 5.9: Experimental BER plot for PAM-DMT and PA PAM-DMT using [4, 8]-PAM, U = 5

data frames per block, Nsubs = 127 active subcarriers, L = 4 and IFFT length

NIFFT of 1024.

for all given input Vpp and modulation orders as shown in Fig. 5.8. This is evident by expressing

the SNR in terms of PAPR as shown in (5.12). The system SNR as a function of the signal

average power Pavg = E[x2(t)] = σ2x is:

SNR =
|H0|2 max[|x[n]|2]

σ2n × PAPR
(5.12)

where |H0|2 is the time invariant channel gain and σ2n is the system noise variance which cal-

culated using (5.11) [139]. The system SNR improvement as a function of the system’s PAPR

reduction as expressed in (5.12). This expression is used to simulate the error performance

which is presented in Fig. 5.10, using first order low pass filter and σ2n = 1.1 × 10−5. The

simulation corroborates the experimental result of Fig. 5.9 that reduced PAPR does improve

the BER. However, the nonlinearity effect is not considered for this simulation studies for both

compared systems. Hence, the BER in Fig. 5.10 does not approach an error floor as in Fig. 5.9.

Reducing the PAPR of the VLC system allows for higher input power levels for LEDs, increases

the system SNR and minimises the non-linearity effects caused by the LED’s upper and lower

clipping points. In addition, the PAPR reduction has the potential to reduce the transmitted

average optical power which results in increasing the reliability of the LED and hence, the
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Figure 5.10: BER simulation of PAM-DMT and PAPR reduced PA PAM-DMT measured at

different values of Vpp, PAPR reduction at R = 10 iterations, upsampling factor

L = 4, Nsubs = 127 active subcarriers and FFT length NIFFT = 1024.

lifetime of the LED.

5.5 System Optimisation

5.5.1 Optical PAM-DMT with Bit and Power Loading

The PA PAM-DMT and PAM-DMT systems are optimised in this section using the experimen-

tal setup detailed in Section (5.3). VLC system has frequency-selective channel response which

is attributed to the front-end devices frequency-dependent response and the optical channel it-

self [79]. In PAM-DMT system, the useful information is transmitted on the positive imaginary

components of the DMT signal which activates all subcarriers of the frame. Therefore, the

PAM constellation format can be allocated adaptively at each subcarrier k to maximise the

achievable data rate at a target BER. Thus, the VLC channel response and SNR per subcarrier

SNRk are estimated to allocate a suitable PAM constellation size to each subcarrier k based on

the Levin-Campello algorithm [140]. This allows for higher modulation formats to be used for

the subcarriers with higher SNR while ensuring that, the error probability P T
e , is kept below

the FEC target of 3.8×10−3 [79]. In addition, the algorithm allows more power to be allocated

to the subcarriers that require additional minimal energy to be elevated into higher constella-
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tion size while preserving the P T
e . The adaptive bit and power loading based on [140], can be

formulated to optimise the following problems on each active subcarrier k [28]:

maximise bk = log2Mk (5.13a)

subject to BER(Mk, SNRk ) ≤ PT
e (5.13b)

N
2
−1∑

k=1

ν2k = Nsubs (5.13c)

where bk is the number of bits per symbol with bk > 2 bits and ν2k is the power loading factor.

BER(Mk , SNRk ) is the theoretical BER equation ofMk-PAM at subcarrier k at corresponding

SNRk and can be approximated by the following [120]:

BER (Mk,SNRk) ≈ 2

log2Mk
×
(
1− 1

Mk

)
×

min(2,
√
Mk)∑

l=1

Q

(
(2l − 1)

√
6× SNRk

M2
k − 1

)
(5.14)

where Q(·) is Gaussian Q-function. The overall data rate, Rb, of the bit and power loaded

system can be calculated by [79]:

Rb =

N
2
−1∑

k=1

log2Mk

(N +NCP)/2B
(5.15)

where B is the single-sided modulation bandwidth of the system, and NCP is the CP size. The

NCP = 5 is found to be sufficient for ISI mitigation in this experimental study.

5.5.2 End-to-End Link Characterisation and Optimisation

The VLC system transmitter is a blue LED as mentioned in the experimental setup in Section

(5.3). The LED driving current point (IDC) is a very important parameter which determines

the available signal amplitude range and the distortion caused by the LED non-linearity and

system frond-end devices clipping [79]. Hence, measuring the effect of driving current points
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of the LED is essential to find and select the optimum point for data transmission. This is

accomplished by measuring the optical power of the LED at different bias current points by

placing a Photo-diode Power Sensor (S120C) with Optical Power Meter (PM100USB) at the

receiver side over a distance of 1 m. The received optical power at current points range [2-

150] mA is measured and shown in Fig. 5.5b with the corresponding voltage in Fig. 5.5a.

It shows that the highest received optical power appears to be at 130 mA. However, this bias

current point is not necessarily to be the optimum point. Therefore, measuring the system data

rate at IDC points range is essential process to find the optimum IDC value while ensuring

that the P T
e , is kept below the predefined FEC target of 3.8 × 10−3. This process is carried

out by transmitting an OFDM signal using the system parameters mentioned in Section 5.4, at

modulation bandwidth which is chosen to be low by using sampling frequency of 200 MSa/s

for the AWG. Note that AWG, (Keysight 81180A) and oscilloscope, (Keysight MSO-X3104T)

are used in the optimisation and data transmission of this section. The minimum stable voltage

Vpp for the AWG is found to be 200 mV. The selection of this parameter is to ensure system’s

stability and to eliminate any possible distortion caused by other parameters. The highest data

rate is achieved at IDC = 20 mA as shown in Fig. 5.11. The system shows a satisfying BER

level below a predefined BER target of 3.8×10−3. Selecting the driving bias current point IDC

of the LED allows for non-linear distortion minimisation and system’s SNR maximisation.
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Figure 5.11: Data rate Rb and BER at LED’s Bias current IDC points at 200 mVpp and 200

MHz sampling rate.
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At the optimum IDC point, the transmitted signal can be scaled to fit the linear region of the LED

by adjusting its maximum Vpp voltage at the AWG prior to the transmission. This performed by

fixing the above mentioned parameters including the IDC at its optimum value, then increase the

Vpp gradually and measure the system data rate and its corresponding BER. This process shows

that, the optimum Vpp value is found to be 450 mV, where the highest data rate is achieved as

shown in Fig. 5.12, while the BER level is below the predefined FEC target.
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Figure 5.12: Data rate and BER at Vpp values and IDC = 20 mA and sampling rate of 200

MSa/s.

At the optimum IDC and Vpp values the 3 dB bandwidth of the used LED is 11.7 MHz as shown

in the LED’s frequency response in Fig. 5.13.

5.5.3 Optimised Link Performance

Fig. 5.14 compares the experimental BER of PA PAM-DMT and conventional PAM-DMT at

varied transmission rates and the optimisation process detailed in Section 5.5. The PA scheme

results in improved system BER. This is due to the PAPR reduction which minimises the

clipping noise and distortion level in the system. Consequently, the system SNR is improved

and hence enhanced the BER performance. At higher transmission rates, far beyond what the

available link bandwidth can support, severe distortion in the system causes error in the PA
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Figure 5.13: LED frequency response at optimum values of IDC and Vpp.

pilot sequence estimation. This is shown to result in the BER of PA system approaching that of

the conventional system with no PAPR reduction. The results demonstrate that the PA PAPR

reduction approach can be used to improve the system performance while retaining the high

transmission rate capability of the PAM-DMT system.
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Figure 5.14: Experimental BER and data rate of PA PAM-DMT and PAM-DMT with bit and

power loading.
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5.6 Summary

The high PAPR of the time domain signal of PAM-DMT x[n] is studied and reduced using PA

technique in PA PAM-DMT. The number of iterations R can be modified to obtain different

levels of PAPR reduction i.e. a gain of 2.75 dB is achieved by R = 10 pilot iterations. This

PAPR reduction is obtained with BER performance improvement. The SNR of the proposed

scheme is higher than that of its counterpart. This is proven in an experimental proof-of-concept

study for PA PAM-DMT system and compared with PAM-DMT system over a VLC channel.

In addition, PA scheme is used to reduce the PAPR of PAM-DMT in VLC system, improve the

error performance without data rate degradation. The achieved BER and SNR enhancement by

the PA scheme can be traded for longer range and/or higher data rate transmission compared to

the conventional system with no PAPR reduction. Furthermore, the PA scheme has the potential

to reduce the transmitted average optical power, resulting in increased reliability and lifetime

of the LED.
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Chapter 6
PAPR Reduction in O-OFDM based

WDM VLC System

6.1 Introduction

In this chapter, the effect of reducing the high PAPR in DCO-OFDM and PAM-DMT based

WDM VLC system is studied experimentally in terms of achievable data rate and BER. Exper-

imental demonstration of PA DCO-OFDM and PA PAM-DMT based WDM VLC using three

different low-cost off-the-shelf LEDs is investigated and presented. WDM system is utilised

to efficiently modulate the three different wavelengths. DCO-OFDM and PAM-DMT are con-

sidered in this study and due to their high PAPR peaks and the limited dynamic range of VLC

front-end devices, the PA technique is applied to reduce their high PAPR. The reduction of

PAPR minimises the signal clipping and nonlinearity distortion caused by the optical source.

Furthermore, each wavelength available bandwidth is utilised using adaptive bit and power

loading.

MCM techniques such as DMT modulation variants are regarded as convenient modulation

candidates for VLC systems. This is due to their advantages such as simplified equalisation

process, multi-path propagation resilience, ISI mitigation and robustness against channel fre-

quency selectivity [26–28].

Different DMT modulation variants have been proposed for the VLC systems such as DCO-OFDM,

ACO-OFDM and PAM-DMT. DCO-OFDM is a widely used modulation scheme for VLC sys-

tem due to its high spectral efficiency when compared to other DMT techniques [106]. In

addition, the light sources such as LEDs require DC current IDC to turn them on which al-

ready exists in DCO-OFDM for unipolar waveform conversion purpose [26]. Moreover, using

DCO-OFDM in VLC offers an efficient use of the limited modulation bandwidth of illumi-

nation LEDs used in VLC [107]. However, DC bias is required to create the unipolar signal

which results in significant energy losses [106]. ACO-OFDM and PAM-DMT systems are pro-

posed in [108] and [33] respectively. In ACO-OFDM and PAM-DMT systems, the properties
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of Fourier transformation are used to exploit the frame structures. Therefore, the time domain

signal is clipped at the zero level to realise the unipolar signal and the DC bias is required only

to turn on the light source which makes them power efficient techniques [27]. However, the

spectral efficiency of these schemes is half of the spectral efficiency in DCO-OFDM [109].

Despite MCM techniques advantages, they are affected by high PAPR peaks. Various solutions

have been proposed to address the PAPR challenge. PA technique is implemented in this work

for PAPR reduction. PA technique is an effective solution for the PAPR reduction in optical

OFDM systems which was proposed in [26]. PA technique rotates the data frame phase by

a randomly generated pilot in order to avoid coherent addition of the subcarriers as much as

possible. The pilot symbol’s phase is chosen based on the SLM algorithm while the ML algo-

rithm is used to recover the pilot phase at the receiver side [65]. Implementation details of the

PA technique in O-OFDM and its PAPR reduction gain in DCO-OFDM and PAM-DMT based

VLC system is presented in this chapter.

Specific contributions of this chapter are as follows:

• Experimental demonstration of a PAPR reduction using PA scheme in PA DCO-OFDM

and PA PAM-DMT based VLC system.

• For the first time, the PA technique is applied to a WDM based VLC system to reduce

clipping/nonlinear distortion, and maximise achievable data rate while maintaining error

performance.

• Evaluation of PA DCO-OFDM system’s data rate and BER per wavelength and then

compared to that of conventional DCO-OFDM without PAPR reduction.

• Evaluation of PA PAM-DMT system’s data rate and BER per wavelength and then com-

pared to that of conventional PAM-DMT without PAPR reduction.

The PA DCO-OFDM and PA PAM-DMT based WDM VLC system have achieved more than

8% data rate higher than that of their conventional counterparts without BER degradation.
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6.2 Experimental Test-Bed for WDM System

6.2.1 Optical Pilot-assisted based WDM DMT

Different OFDM modulation variants have been proposed for VLC systems i.e. DCO-OFDM

and PAM-DMT. In this chapter, DCO-OFDM and PAM-DMT with PAPR reduction are con-

sidered for this study. Conventional OFDM waveform is complex and bipolar. However, the

IM/DD requirement can be met by imposing Hermitian symmetry on the DMT subcarriers

frame which results in real-valued DMT waveforms, X[k] = X∗[N −k], where N is the DMT

frame length, and k is the subcarrier index. In the frequency domain, subcarriers at X[0] and

X[N/2] are assigned to zero values. In DCO-OFDM, DC bias is used to convert most of the

negative real-valued into positive samples. However, in PAM-DMT the DC bias is required

only to turn on the light source.

In DMT system based WDM VLC, the available modulation bandwidth of the light source

results in SNR response variation, which restricts the assigned constellation size and leads to

spectral efficiency losses. To overcome this, larger constellation format can be assigned on the

subcarriers that have higher SNR. Therefore, the spectral efficiency can be maximised by bit

and power loading algorithm. This is achieved by estimating the available SNR per subcarrier

(SNRk ). To generate the real-valued DMT signal, a random bit sequence generation for each

light source of the WDM system is performed off-line in MATLAB as shown in the transmit-

ter’s DSP (Tx-DSP) of the system block diagram in Fig. 6.2 in the case of DCO-OFDM, and

Fig. 6.3 for the case of PAM-DMT. Primarily, estimation of the VLC channel response and the

available SNRk of each light source (LED) is performed by multiple OFDM frames. This es-

timation is obtained by the error vector magnitude (EVM) method [141]. Given the estimated

SNRk , QAM constellation size per subcarrier (Mk ) is adaptively allocated into subcarrier k

with its corresponding relative energy, ν2k , based on the Levin-Campello Algorithm [140]. The

constellation format and power adaptive allocation are performed based on a predefined error

probability target P T
e . This allows for higher modulation formats to be loaded into the sub-

carriers with higher SNR while ensuring that, the error probability P T
e is kept below a FEC

target of 3.8 × 10−3 [79]. In addition, the algorithm allows for more power to be loaded into

the subcarriers that required additional minimal energy to be elevated to higher constellation

format while preserving the P T
e . The adaptive bit and power allocation can be formulated to

optimise the problems on each active subcarrier k as mentioned in (5.13) [28].
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BER(Mk , SNRk ) is the theoretical BER equation of Mk-QAM at subcarrier k with the avail-

able corresponding SNRk and can be approximated by the following [28]:

BER (Mk,SNRk) ≈
4

log2(Mk)
×
(
1− 1√

Mk

)
×

2∑
l=1

Q

(
(2l − 1)

√
3× SNRk

Mk − 1

)
(6.1)

whereQ(·) is the Gaussian Q-function. The BER(Mk , SNRk ) is the theoretical BER equation

of Mk-PAM at subcarrier k at corresponding SNRk and can be approximated as presented in

(5.14) [120]. The overall data rate, Rb, of the bit and power allocation system per wavelength

can be calculated as evaluated in (5.15) [79].

The allocated bits and power based on the available SNRk per light source (LED) are mapped

into QAM symbols in DCO-OFDM system case, while mapped in PAM symbols in the case

of PAM-DMT system. The QAM symbols are then transformed from serial to parallel to form

columns of active subcarriers length Nsubs. Then the Hermitian symmetry is imposed to the

QAM symbols and loaded into orthogonal subcarriers of lengthN with subcarrier spacing equal

to the symbol duration. Due to the high PAPR peaks of the time domain waveform, the PAPR is

reduced using PA scheme as detailed in Section (6.2.2), in the frequency domain. The symbols

are then multiplexed into a time domain signal by sizeN IFFT followed by CPs insertion. In the

case of PAM-DMT the time domain signal is clipped at zero level for unipolar transformation

purpose and transmit the imaginary part only as detailed in 5.2.1. This is followed by up-

sampling process then PAPR reduction evaluation and parallel to serial conversion prior to a

pilot signal insertion for synchronisation purposes for each wavelength waveform.

At the receiver side, the off-line receiver’s (Rx-DSP) part is illustrated in the system block dia-

gram in Fig. 6.2 for the DCO-OFDM system, and Fig. 6.3 for the PAM-DMT system. The re-

ceived waveforms are processed with synchronisation then down-sampling processes followed

by serial to parallel conversion, and CPs removal. A FFT operation is then applied to each

waveform which provides the QAM/PAM symbols in the frequency domain. The QAM/PAM

symbols carrying data are then extracted from the PA embedded pilots. The phase and ampli-

tude of the embedded PA pilots are estimated based on the ML technique. The estimated pilots

phases are used to recover the phase of the corresponding received data QAM/PAM symbols.

A prior estimated channel response of each light source is used to equalise the correspond-

ing signal based on the single-tap zero-forcing equalisation process. The equalised signals

are QAM/PAM demodulated, followed by BER calculation based on the demodulated binary

100



PAPR Reduction in O-OFDM based WDM VLC System

streams.

6.2.2 WDM-VLC System with PAPR Reduction

DCO-OFDM and PAM-DMT systems are a spectral efficient and power efficient optical DMT

variants respectively. This is results of that, DCO-OFDM requires DC bias to produce an

unipolar signal for intensity modulation. While, in PAM-DMT the DC bias is required only to

turn on the used LEDs. Furthermore, the spectral efficiency of PAM-DMT is half that of the

DCO-OFDM at the same modulation format [7]. However, the DCO-OFDM and PAM-DMT

waveforms comprise of the sum of independent subcarriers in the time domain which results

in individual subcarriers added up coherently to produce high PAPR [34]. Consequently, high

electrical peaks must be clipped at lower and/or upper levels to contain the signal swing inside

the dynamic range of the light source [35]. The high electrical PAPR values must be reduced

to benefit from the dynamic range of the optical light source in full. Reducing the high PAPR

values will help the light source to operate inside its linear dynamic region and hence, reduces

the clipping distortion of the transmitted signal caused by the frond-end devices of the system

[26].

To address the PAPR problem, the pilot assisted (PA) technique is applied to reduce the high

PAPR values of the system. PA rotates the phase of individual subcarriers to avoid the possi-

bility of them added up coherently. The implementation process of PA for DCO-OFDM based

VLC WDM system is described in this section while, it is described in Section (5.2.2) for the

PA in PAM-DMT system. The electrical PAPR values of the time domain signal is defined in

(5.4) [26].

The procedure of PAPR reduction using PA technique in DCO-OFDM is described as follows

[26]:

• Group the frequency domain frames of DCO-OFDM into U blocks comprise of active

subcarriers Nsubs; where, Xu[k], u = 1, 2, . . . , U.

• GenerateRmultiple iterations of pilot sequence candidates withNsubs length,Xr
p, where

r = 1, 2, . . . , R.

• Select the sequence Xr
p amplitude Ap[k] to be ±1 only.

• Randomly set the pilot sequence phase θp[k] to 0 or π values only, where k = 1, 2, . . . , Nsubs.
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• Rotate the block U phase by θp[k] of every pilot iteration r.

• Calculate the PAPRr value of iteration Xr
p.

• Select the pilot iteration Xp = X r̃
p with minimum PAPR value for transmission; where

[35],

r̃ = argmin (PAPRr
1≤r≤R

) (6.2)

• Embedded the pilot sequence Xp[k] into the corresponding block U of frames for high

PAPR reduction, and thus the number of frames per block U will be Û = (U + 1).

The high PAPR peaks of each LEDs is reduced where the DCO-OFDM number of frames are

grouped to form a block U , and U = 5 frames per block. This value is selected because

the PAPR increases as U increases [26]. The considered number of iterations are selected to

R = 10 iterations because it shows a good trade off between performance and complexity [135].

CP is not used during the PAPR evaluation as it has negligible impact on the PAPR results. At

the receiver, the received PA sequences are extracted from the data blocks, then estimated using

ML technique. The ML technique is used in this work as presented in Section (5.2.2) [26].

At the receiver, the received PA sequences are extracted from the data blocks, then its noise

corrupted phase θ̂p[k] is estimated using ML technique to improve the data recovery. The

estimate of the angle is taken between two values, (θ̂i = 0 and π) that has the minimum

Euclidean distance from the received pilot’s phase θ̃p. The estimate argument is expressed in

(5.6) and (5.7). In addition, the pilot’s sequence amplitude, Âp[k] is maintained to unity using

the condition given in (5.7). The estimated PA phase θ̂p[k] with recovered amplitude, Âp[k], is

then used to recover the phase of the corresponding subcarrier k for the corresponding block U

of the received data.

The systems’ PAPR reduction gain using PA scheme is shown in Fig. 6.1 for PA DCO-OFDM,

and in Fig. 5.6 for PA PAM-DMT. This results quantify the PAPR reduction gain compared to

the conventional DCO-OFDM and PAM-DMT scheme respectively. For instance, at a CCDF

of 10−4, the PA DCO-OFDM yield almost 3.5 dB compared to the DCO-OFDM as illustrated

in Fig. 6.1. The PA PAPR reduction gain in PAM-DMT is shown in Fig. 5.6, and discussed in

Section (5.4).
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Figure 6.1: PAPR CCDF plot for PA DCO-OFDM and DCO-OFDM using Nsubs = 1023 ac-

tive subcarriers, 16-QAM, up-sampling factor = 16, U = 5 data frames per block

and PAPR reduction at R = 10 iterations.

6.3 Experimental Demonstration of PA in WDM VLC systems

6.3.1 Experimental Setup

The experimental setup details are presented in this section. The WDM system is considered for

this work which uses three different single colour LEDs for the PAPR reduced PA DCO-OFDM

and PA PAM-DMT transmissions. The WDM light sources are selected from Dialight with

three different colours (wavelengths) namely, red (R), green (G) and blue (B). The module

numbers of the RGB LEDs are Red: 598-8D10-107F, Green: 598-8081-107F and Blue: 598-

8D90-107F with dominant wavelengths of 635 nm, 525 nm and 470 nm respectively [142]. The

RGB single colour beams are combined at the transmitter side (Tx) by two Thorlabs dichroic

mirrors that are dependent on the incident light wavelength. The light beams are separated at

the receiver side (Rx) using two similar dichroic mirrors as an optical bandpass filter as shown

in the system block diagram in Fig. 6.2.
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Figure 6.2: PA DCO-OFDM experimental setup block diagram.

The experimental setup starts with generation of DMT signals for each wavelength of the WDM

system as detailed in section (6.2.1) for DCO-OFDM system and section 5.2.1 for PAM-DMT

system. The generated digital signal is then loaded to a AWG (Keysight M8195A) for digital

to analogue conversion. The sampling rate of the AWG is set to 16 GSa/s. Each AWG output

is amplified by an amplifier (Mini-Circuits ZHL-1A-S+). Each amplified signal is then fed

into a bias-tee (Mini-Circuits ZFBT-4R2GW). The amplified bipolar information signal is then

superimposed with the DC-bias. Low DC bias values result in large zero-level clipping of the

signal which degrades the system performance. High DC bias values cause upper level clipping

of the waveform and optical power saturation at the LEDs which results in system performance

degradation. As a result, DC bias optimisation is required for each wavelength to avoid system

performance deterioration. Therefore, the optimum DC bias point of each LED is evaluated as

detailed in Section (6.4). The bias-tees outputs are then connected to the corresponding LEDs

for intensity transmission over a free space channel. The half power angles of the selected

LEDs are wide (i.e. 70◦), therefore, aspheric condenser lenses (L1-3: Thorlabs ACL50832U-

A) are used at the output of each LED to collimate its light into a set of dichroic mirrors (M1

and M2). The dichroic mirror (M1: Thorlabs DMLP567L) has a transmission band of 584-800

nm and cut-off wavelength of 567 nm. This mirror is used to pass the light of the red LED and

reflects the output of the green LED into the transmission path. The second dichroic mirror

(M2: Thorlabs DMLP490L) has a transmission band of 505-800 nm with cut-off wavelength

of 490 nm. M2 is used to pass the red and green LEDs’ lights while reflecting the light of the

blue LED. The LEDs’ lightwaves are combined by the dichroic mirrors into a single beam and

transmitted simultaneously over the channel for a distance of d = 1 m.

At the receiver, the same setup configuration of the mirrors is used to separate the received light

intensity of the three LEDs as shown in the receiver side of the system block diagram in Fig.
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6.2. Two different dichroic mirrors are used in the path of the received light beam to direct the

light intensity of each LED into the desired wavelength region. The first mirror (M3) is similar

to (M2) which reflects the blue LED light to its corresponding receiver while passes the red and

green lights through. Similar to (M1), another mirror (M4) is used to pass the red LED light

towards its receiver while reflects and directs the green wavelength towards its desired receiver.

Each LED wavelength is then focused into the desired receiver detection area by an aspheric

condenser lens (L4-L6). The selected receivers are PIN PDs (New Focus 1601 AC) with a

3 dB bandwidth of 1 GHz each. The PDs convert the incoming optical radiations into electrical

current signals. Each PD has a built-in TIA with a gain of 10 V/mA, which converts the received

current signal into a voltage signal. Then, the received signals are captured by a high speed

oscilloscope (OSC: Keysight MSO-X 3104T) and sent back to MATLAB for off-line processing

as shown in the off-line receiver’s (Rx-DSP) part of the system block diagram in Fig. 6.2 for

PA DCO-OFDM, and Fig. 6.3 in the case of PA PAM-DMT. In the receiver DSP domain,

each waveform is synchronised and down-sampled. This followed by the CP removal and

FFT operation which provides the QAM/PAM signals in the frequency domain. The carrying

information subcarriers are extracted and the phase and amplitude of the embedded PA pilots

are estimated using ML technique. In the case of PA PAM-DMT system, The imaginary part

of the subcarriers is only considered, while the real part is ignored. Moreover, the signal is

scaled by a factor of 2 to preserve the overall signal energy due to the energy loss caused by

clipping at zero-level at the transmitter side. The pilots estimated phases are used to recover

the corresponding received subcarriers phase. This process is followed by the equalisation and

QAM/PAM demodulator processes in the DSP domain. The BER of each LED is then evaluated

from the QAM/PAM demodulated symbols. Details of each system off-line DSP are presented

in Fig. 6.2 for PA DCO-OFDM, and Fig. 6.3 in the case of PA PAM-DMT.

6.3.2 DC Bias Points Optimisation

The experimental data transmission in this work is WDM based VLC system using three single

colour LEDs (RGB) in the visible light spectrum. The driving bias current (IDC) of each LED

is optimised. The 3-dB of each wavelength is commonly proportional to the input current IDC

of each LED as shown in Fig. 6.4. However, this can drive the light source into the nonlinear

region of its dynamic range. The IDC of LEDs determine the output optical power and the

achievable data rates. Therefore, the optimum IDC points of the used LEDs are found where

the amount of nonlinear distortion is minimised and the available SNR is maximised for each
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Figure 6.3: PA PAM-DMT experimental setup block diagram.
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Figure 6.4: The measured LEDs’ 3-dB versus bias current (IDC).

LED. Selecting the IDC points allows for scaling the transmitted signal to fit the linear dynamic

region of each LED. The selected LEDs are assumed to be the main nonlinearity source in the

overall system due to their limited dynamic ranges compared to the other system components.

The optimisation process starts with selecting the driving bias current point IDC of each LED

using the system experimental setup in section (6.3.1). The available channel bandwidth and

SNR at each subcarrier, SNRk, per wavelength are estimated by transmitting multiple pilot

frames of 4-QAM based optical OFDM. The available SNRk of received pilot frames is esti-
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Figure 6.5: The system measured data rates versus bias current (IDC) for optimisation process.

mated by EVM method [141]. The IDC per wavelength is selected to minimise LEDs nonlin-

earity effect and maximise the available SNRk, and as a result, increase the achievable data rate

per wavelength.

The following parameters are used for the system optimisation processes: the data symbol rate

Rs is set to 1 GBaud and with oversampling factor L of 16 samples per symbol, the WDM data

transmission is performed at a 16 GSa/s sampling rate per wavelength. The number of data

carrying subcarriers, Nsubs is set to 1023. The OFDM frame length, (IFFT/FFT) size, is set to

N = 2048 subcarriers to utilise the available modulation bandwidth of each light source. The

CPs with adequate size is then inserted at the start of each OFDM frame to efficiently eliminate

the ISI by single-tap equalizer. A CP size of NCP = 5 is found to be sufficient for ISI removal

at spectral efficiency loss of less than 0.20%. To optimise the driving bias current point (IDC),

the Vpp of the AWG is set to its minimum possible value which is found to be 75 mV, to avoid

LEDs nonlinearity effect. Next, the IDC is increased gradually, and the data rate of the system

is measured for each LED. The optimum IDC values for the red and blue LEDs are found to be

45 mA, while for the green LED is 50 mA as shown in Fig. 6.5.
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Figure 6.6: The system measured data rates versus signal depth (Vpp) for optimisation process.

The optical power dissipation is 72 mW for the Red LED, 102 mW for the Green

LED and 70 mW for the Blue LED.

6.3.3 Signal Depth Levels Optimisation

The measured IDC points are used to find the optimum peak-to-peak voltage Vpp values for

each selected LED. The modulation signal depth, Vpp of each waveform is performed at the

AWG output by adjusting the Vpp of each LED. The optimum Vpp points are found by increas-

ing its value gradually and measuring the data rate for each LED at the found optimum IDC

points which are mentioned in Section 6.3.2. The optimum Vpp values are found to be as fol-

lows: 450 mV for the red LED, 300 mV for the green LED and 150 mV for the blue LED as

shown in Fig. 6.6. The optimum IDC points and Vpp values for each LED are used to estimate

the available SNRk at subcarrier k based on the channel gain at subcarrier k as shown in Fig.

6.7. The available measured SNRk determines the QAM/PAM modulation format and corre-

sponding power to be loaded adaptively at the subcarrier k for each LED. In the setup, the IDC

and Vpp values are optimised for conventional DCO-OFDM and PAM-DMT systems then ap-

plied directly to PA DCO-OFDM and PA PAM-DMT for comparison. As a result, the highest

possible data rates are achieved per wavelength for the used equipment, setup and parameters.
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Figure 6.7: The LEDs’ channels gain per subcarriers of the optimisation process.

6.4 Data Transmission Results and Discussion

6.4.1 Single LED High-speed VLC System

In this section, a single blue LED is used for experimental demonstration of a PAPR reduced

DCO-OFDM system with bit and power allocation algorithm. DCO-OFDM is considered for

this study including the DCO-OFDM system description with bit and power loading in Section

6.2.1. The real-valued OFDM signal is generated for the intensity modulation transmission

using Nsubs, zero padding factor L = 4, data frames per block U = 5, PA iterations at R = 10

iterations and IFFT length N = 1024. The rest of the system parameters are defined in Section

(5.4). The QAM modulation formats per subcarrier k of the OFDM frame are selected based on

the available estimated SNRk and the VLC channel response of the used LED. This estimation

is performed by multiple of 4-QAM OFDM frames and obtained by EVM algorithm [141].

Given the estimated SNRk , QAM constellation size per subcarrier (Mk ) is adaptively allo-

cated into subcarrier k with its corresponding relative energy, ν2k , based on the Levin-Campello

Algorithm [140]. The QAM format and power adaptive allocation are obtained based on a pre-

defined probability target P T
e of 3.8 × 10−3 [79]. This process is detailed in Section (6.2.1).

Then, the PAPR of the time domain signal of DCO-OFDM is reduced by PA as detailed in

Section (6.2.2), and the PAPR reduction gain is illustrated in Fig. 6.8. The system is optimised
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for the experimental setup of the single blue LED VLC system shown in Fig. 5.2, using the

experimental setup process detailed in Section (5.3). Note that AWG, (Keysight 81180A) and

oscilloscope, (Keysight MSO-X3104T) are used in the optimisation and data transmission of

this section. The data transmission is carried out at the selected optimum IDC input current of

20 mA, and Vpp = 450 mV using the system equipments and optimisation process detailed in

Section (5.5.2).
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Figure 6.8: PAPR CCDF plot for PA DCO-OFDM and DCO-OFDM using Nsubs = 127 active

subcarriers, 16-QAM, up-sampling factor = 4, U = 5 data frames per block and

PAPR reduction at R = 10 iterations.

The experimental demonstration of the single blue LED performance for the PAPR reduced

PA DCO-OFDM system is illustrated in Fig. 6.9. The BER performance of PA DCO-OFDM

and conventional DCO-OFDM at varied transmission rates between (40 - 1000) MSa/s and

the optimisation process detailed in Section (5.5). The PA scheme improves the system BER

performance without data rate performance degradation. This is due to the PAPR reduction

which minimises the clipping noise and distortion level in the system. Consequently, the system

SNR is improved and hence, the BER performance is enhanced. At higher transmission rates,

far beyond what the available link bandwidth can support, severe distortion in the system causes

error in the PA pilot sequence estimation. This is shown to result in the BER of PA system
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approaching that of the conventional system with no PAPR reduction. The results demonstrate

that the PA PAPR reduction approach can be used to improve the system performance while

retaining the high transmission rate capability of the DCO-OFDM system. The system’s BER

enhancement can be employed for longer distance and/or higher data rate transmissions while

keeping the BER below a predefined FEC target.
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Figure 6.9: Experimental BER and data rate of PA DCO-FDM and DCO-OFDM using a blue

LED.

6.4.2 WDM Based High-speed VLC System

The WDM system’s data transmission and results discussions are presented in this section. The

experimental data transmission in this work is a WDM based VLC system using DCO-OFDM

and PAM-DMT with PA PAPR reduction technique. The considered WDM system uses three

single colour LEDs in the visible light spectrum. The simultaneous data transmission and

reception over the three communication channels includes crosstalk between all channels which

makes the systems very close to practical applications. Moreover, the modulation bandwidth

of each wavelength in the WDM systems is utilised with adaptive bit and power loading for

spectral efficiency maximisation. In addition, both systems PAPR is reduced per wavelength

by 10 iterations PA to minimise their nonlinearity effect and clipping distortion. The optimised

driving bias current (IDC) and peak-to-peak voltage (Vpp) of each LED are used for the data
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transmission. The IDC of LEDs determine the output optical power and the achievable data

rates of the WDM systems.

6.4.2.1 DCO-OFDM Based WDM VLC
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Figure 6.10: DCO-OFDM SNR and bits loaded per subcarrier for each LED.

The available measured SNRk determines the QAM modulation format and corresponding

power to be loaded adaptively at the subcarrier k for red, green and blue LEDs as shown in Fig.

6.10. The achieved data rate of the PAPR reduced PA DCO-OFDM per wavelength is com-

pared to that of conventional DCO-OFDM without PAPR reduction. Both systems are using

the same parameters, experimental equipment, setup and bit and power loading. The achieved

data rates and BER results of PA DCO-OFDM compared with DCO-OFDM per LED spectrum

are tabulated in Table. 6.1. The aggregate data rate for the PA DCO-OFDM is 7.41 Gb/s for

the WDM system, whereas, the conventional DCO-OFDM WDM system achieved 6.92 Gb/s.
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This shows that, an increment of more than 8% in data rate without BER degradation when the

high PAPR values are reduced by PA DCO-OFDM.

Achieved Data Rate in Gbps and BER

Scheme Metric Red Green Blue

DCO-OFDM
Rb 2.37 2.36 2.19

BER 0.0025 0.0018 0.0014

PA DCO-OFDM
Rb 2.45 2.47 2.49

BER 0.0024 0.0015 0.0012

Table 6.1: PA DCO-OFDM and DCO-OFDM performance comparison at optimum values.

6.4.2.2 PAM-DMT Based WDM VLC

The available measured SNRk of PAM-DMT determines the PAM modulation size and corre-

sponding power that to be loaded adaptively at the subcarrier k for red, green and blue LEDs as

shown in Fig. 6.11. The PAPR reduced PA PAM-DMT data rate per wavelength is compared

to that of conventional PAM-DMT without PAPR reduction. Note that both systems are using

the same experimental setup and bit and power loading. The PA PAM-DMT data rate and BER

results of each LEDs are tabulated in Table. 6.2. The aggregate data rate for the PA PAM-DMT

is 3.4885 Gb/s on the WDM system, where, the conventional PAM-DMT based WDM system

achieved 3.2339 Gb/s. This shows that, an increment of more than 8% in data rate without BER

degradation when the high PAPR values are reduced by PA PAM-DMT.

Achieved Data Rate in Gbps and BER

Scheme Metric Red Green Blue

PAM-DMT
Rb 1.0774 1.0917 1.0648

BER 0.0014 0.0010 0.0002

PA PAM-DMT
Rb 1.1689 1.1734 1.1462

BER 0.0011 0.0008 0.0001

Table 6.2: PA PAM-DMT and PAM-DMT performance comparison at optimum values.
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Figure 6.11: PAM-DMT SNR and bits loaded per subcarrier for each LED.

6.5 Summary

VLC can achieve high data rate transmission with multicarrier modulation techniques. The

common variants are DCO-OFDM and PAM-DMT which offers a spectral and power efficient

modulation solutions for VLC respectively. However, similar to other multicarrier modulation

schemes, these modulation techniques suffer from high PAPR values. In this chapter, the effi-

cacy of pilot-assisted PA PAPR reduction system in DCO-OFDM and PAM-DMT based VLC

is demonstrated experimentally. Single LED and WDM are applied using single and three

off-the-shelf LEDs. PA DCO-OFDM and PA PAM-DMT are compared to the conventional

DCO-OFDM and PAM-DMT respectively, based on achievable data rate and BER. The avail-

able modulation bandwidth of each LED is utilised by adaptive bit and power loading in both

systems and their counterparts. The proposed systems reduce the high PAPR values, hence,
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reduce the clipping noise and minimise the nonlinearity effect of each wavelength. Thus, the

PA systems have achieved more than 8% data rate higher than that of their counterparts with no

PAPR reduction. This data rate increment is achieved without BER performance degradation.

The DCO-OFDM with PAPR reduction in PA DCO-OFDM is demonstrated experimentally

using a low-cost available blue LED. The BER performance of PA DCO-OFDM is optimised

and evaluated and compared to that of conventional DCO-OFDM without PAPR reduction. The

optimisation values, parameters and setup are performed for the conventional DCO-OFDM and

then applied directly on PA DCO-OFDM for comparison. The PA DCO-OFDM performs better

than conventional DCO-OFDM in terms of BER at the same data rate level.

In the WDM system, the DCO-OFDM and PAM-DMT with PAPR reduction are demonstrated

experimentally using three different wavelengths using low-cost available LEDs. The system

parameters such as the driving bias current points, IDC, and peak-to-peak voltage, Vpp, of the

LEDs are optimised. In addition, each LEDs’ available modulation bandwidth is fully utilised

with adaptive bit and power loading. The PAPR of DCO-OFDM and PAM-DMT are reduced

by R = 10 iterations PA scheme. Therefore, the nonlinearity effect and the clipping distortion

of the system caused by the limited dynamic range of the LEDs and high PAPR of the modu-

lation scheme are reduced. As a result, the PA DCO-OFDM and PA PAM-DMT systems result

in data rate increment by more than 8% when compared to that of conventional DCO-OFDM

and PAM-DMT without PAPR reduction. This summaries that, PA DCO-OFDM increases

the system data rate by more than 500 Mb/s, and the PA PAM-DMT system results in more

than 250 Mb/s data rate increment in comparison with the conventional counterpart systems.

PA DCO-OFDM and PA PAM-DMT increase the system data rate by reducing the clipping

noise and maximising the system SNR without BER degradation. The SNR and BER gain

of PA DCO-OFDM and PA PAM-DMT systems can be employed for longer distance and/or

higher data rate transmissions while keeping the BER below a predefined FEC target. In ad-

dition, the PAPR reduction of the system allows for higher input power levels and minimises

the nonlinearity effects caused by the LEDs’ upper and lower clipping levels. The PA scheme

has the potentials to reduce the transmitted average optical power which results in increasing

the reliability of the LEDs and hence, the lifetime of the used LEDs. This can be summarised

that, the PA technique performs similarly in Gaussian and truncated Gaussian MCM systems

by reducing their high PAPR peaks which improves their performance in based VLC systems.
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Chapter 7
Conclusion and Future Work

7.1 Conclusions

VLC has the potential to provide high speed transmission for indoor and short-range con-

nectivity links. VLC is a promising technology that can be considered an alternative to the

RF-based communication to meet the exponential growth and popularity of smart devices and

data-intensive services and applications. The use of low-cost commercially available front-end

devices, such as LEDs and PDs further highlights the attraction of VLC technology. How-

ever, the limited dynamic ranges of the front-end devices and optical channel impairments limit

full exploitation of VLC available modulation bandwidth. To fully benefit from the inherent

resources and mitigate these limitations, multicarrier modulation (MCM) techniques such as

optical orthogonal frequency division multiplexing (O-OFDM) are adopted. However, these

techniques are affected by high peak-to-average power ratio (PAPR) which imposes constraints

on the limited dynamic range of the front-end devices and the average radiated optical power.

Therefore, the PAPR of the investigated MCM techniques was reduced to eliminate the high

PAPR challenge. The main focus throughout this thesis was to reduce the high PAPR of MCM

modulation techniques based VLC by implementing PA technique and its performance was in-

vestigated through analytical, simulation, and experimentally. An overview of the motivation

behind VLC, advancements of its technologies, applications, challenges and solutions for those

challenges were introduced in chapter 1 along with the thesis main contributions and the thesis

outline. Chapter 2 provided background information of VLC principles, related technologies,

challenges and proposed solutions in the literature. Chapter 3 presented overview of the PAPR

challenge in MCM modulation techniques based VLC system and the existing proposed PAPR

reduction techniques in the literature. In addition, detail description of PA technique is pre-

sented including its implementation and performance.

In chapter 4, the high PAPR of PAM-DMT signal x[n] is studied and reduced using PA tech-

nique results in PA PAM-DMT with PAPR reduction. The high PAPR peaks of were reduced

by R = 10 iterations pilot sequences and a gain of 2.75 dB was achieved. This PAPR re-

duction gain of PA PAM-DMT results in higher SNR of the system, hence, BER performance
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improvement in comparison with conventional PAM-DMT. This was proven in an experimen-

tal proof-of-concept study for PA PAM-DMT system and compared with PAM-DMT system

using a single blue LED over 1 m VLC link. The BER performance of the PA PAM-DMT sys-

tem was improved without data rate degradation when compared to that of PAM-DMT without

PAPR reduction. The achieved BER and SNR enhancement due to the implementation of PA

technique can be traded for longer range and/or higher data rate transmission. Furthermore,

the PA technique has the potential to reduce the transmitted average optical power which can

increase the reliability and lifetime of the LED.

In chapter 5, the nonlinearity of the front-end devices and the limited modulation bandwidth

of the light source practically were addressed for a single LED and WDM based VLC system.

DCO-OFDM and PAM-DMT were implemented with PA technique as a PAPR reduction so-

lution. Firstly, the efficacy of PA in DCO-OFDM based VLC is demonstrated experimentally

using a single blue LED for data transmission over 1 m link. The system parameters were

optimised and available modulation bandwidth of the light source was utilised by adaptive bit

and power loading. The performance of PA DCO-OFDM and the conventional DCO-OFDM

were compared based on the achievable data rate and BER. The proposed system reduces the

high PAPR values, hence, reduces the clipping noise and minimises the nonlinearity effect of

the front-end devices. Thus, the proposed system has achieved more than 8% data rate higher

than that of the conventional DCO-OFDM without PAPR reduction. This data rate increment

is achieved without BER performance degradation.

Secondly, DCO-OFDM and PAM-DMT systems with PAPR reduction were demonstrated ex-

perimentally for WDM system using three different LEDs. The systems parameters such as

the driving bias current points, IDC, and peak-to-peak voltage, Vpp, of the LEDs were opti-

mised. In addition, each LEDs’ available modulation bandwidth is fully utilised with adaptive

bit and power loading. Additionally, the PAPR of DCO-OFDM and PAM-DMT were reduced

by R = 10 iterations PA technique. Therefore, the nonlinearity effect and the clipping dis-

tortion of the system caused by the limited dynamic range of the LEDs and high PAPR of the

modulation schemes were reduced. As a result, the PA DCO-OFDM and PA PAM-DMT sys-

tems result in data rate increment by more than 8% when compared to that of conventional

DCO-OFDM and PAM-DMT without PAPR reduction. This summaries that, PA DCO-OFDM

increases the system data rate by more than 500 Mb/s, and the PA PAM-DMT system results in

more than 250 Mb/s data rate increment in comparison with the conventional counterpart sys-
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tems. PA DCO-OFDM and PA PAM-DMT increase the system data rate by reducing the clip-

ping noise and maximising the system SNR without BER degradation. The SNR and BER gain

of PA DCO-OFDM and PA PAM-DMT systems can be employed for longer distance and/or

higher data rate transmissions while keeping the BER below a predefined FEC target. In addi-

tion, the PAPR reduction of the system allows for higher input power levels and minimises the

nonlinearity effects caused by the LEDs’ upper and lower clipping levels. The PA techniques

has the potentials to reduce the transmitted average optical power which results in increasing

the reliability of the LEDs and hence, the lifetime of the used LEDs.

Chapter 6 presented analytical investigation of clipping noise that leads to signal distortion in

DCO-OFDM based VLC system due to front-end devices limitations. DCO-OFDM modu-

lation technique was considered for this study with double-sided clipping of its time domain

signal. To minimise the clipping noise, high PAPR of the system was reduced by the PA tech-

nique. The investigation included the derivation of the attenuation factor and noise variance of

the clipping noise of a received waveform in closed-form. Then the SNR of the system was

calculated based on the derived attenuation factor and noise variance. The analytical BER per-

formance of the clipped PA DCO-OFDM was studies at different clipping levels then verified

through simulation at those clipping levels. The analytical and simulation BER performance

were compared to that of the conventional system without PAPR reduction at similar clipping

levels. The PA proposed system shows better BER performance at all clipping levels. The high

PAPR values reduction of the transmitted signal in PA DCO-OFDM reduces the clipping noise

hence, enhances the SNR of the system which results in better BER performance. PAPR reduc-

tion has the potential to reduce the transmitted average optical power by reducing the required

bias power Pbias and minimising the signal distortion. This in turns can increase the reliability

of the LED and hence, its lifetime span. The BER gain can be used to increase the transmitted

optical power for longer transmission distance and/or higher achievable data rate.

7.2 Limitations and Future Work

The experimental studies presented in this work are carried out under an ideal synchronisation

process between the system front-end and this cannot be possible in practical scenarios which

results in channel estimation error. In addition, training pilots are included in the data transmis-

sion to simplify the channel estimation at the receiver end which results in an overhead frames

which limits the system throughput. On the other hand, the system components restricts the
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experimental studies due to their physical properties. For instant, the distance of the optical

link of each experimental study is limited by the link budget whcih is determined by the light

source, optical components and photodetector. Higher PAPR reduction gain of PA is limited by

the computational complexity of searching for the optimal phase to reduce the high PAPR of

each group of symbols of the O-OFDM frames.

For future work, the phase of data carrying symbols in this work was rotated by a randomly

generated pilot sequence phase, θp[m], that is set to 0 or π values only. However, the pilot

phase, θp[m], could take any value between 0 and 2π. Therefore, another extension of this

research could be investigating the expand of the pilot phase, θp[m], to more values between 0

or 2π, to increase the PAPR reduction gain. This study could include the PAPR reduction gain,

BER performance, complexity of searching the optimal phase sequence at the transmitter and

recovering the phase at the receiver side. This could be studied through simulation and extended

to experimental study. Additionally, the effect of any higher PAPR reduction gain achieved on

the average transmitted optical power and the required DC bias to fit the transmitted signal into

the linear dynamic range of the frond-end devices.

Real-time implementation of PAPR reduction through PA technique for a VLC system to con-

vey information signal on the radiated optical intensity. This implementation could be using a

field programmable gate arrays (FPGA) device to validate the performance of PA. Addition-

ally, numerical and experimental adaptation of PA technique for multiple-input and multiple-

output (MIMO) based VLC system.
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