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Abstract 
In recent years, new difficulties have been faced in data transmission rates due to 
advances in next-generation communications. New spectrum resources, including 
terahertz, millimetre, and visible light, have gained prominence as research topics. 
Visible light communication (VLC) has a lower deployment cost than the other 
resources because it allows for concurrent illumination and communication. Unlike 
conventional wireless communications, VLC operates in the 400-800 THz band and has 
unique physical characteristics, including superior resistance to electromagnetic 
interference, secure confidentiality, and high data throughput. This suggests that VLC 
can be developed as a powerful wireless technique for next-generation 
communication. VLC utilises light-emitting diodes (LEDs) to modulate the intensity of 

optical power at the transmitter before transmission over the channel and direct 
detection at the receiver via a photodetector. The critical challenge in VLC systems is 
the modulation bandwidth limitation experienced by commercial LEDs, which causes 
severe reductions in overall throughput. To overcome this challenge, one of the most 
promising solutions is the adoption of advanced modulation formats such as orthogonal 
frequency division multiplexing (OFDM). OFDM is a specific case of frequency division 
multiplexing (FDM) and a popular candidate technology for VLC systems because of 
its robustness against multipath propagation and high spectral efficiency. Due to the 
division of available bandwidth into several subcarriers. Moreover, it allows for more 
extensive data rates without the need for sophisticated equalisers at the receiver. 
These exceptional features of OFDM mean that it is deemed to be a robust modulation 
technique capable of significantly improving VLC systems. 

  Although conventional OFDM modulation has been considered a successful 
modulation technique for wired and wireless communications systems in several 
applications, there are still various areas that need to be developed. The large peak-
to-average power ratio (PAPR) of the signal is thought to be the main barrier to the 
achievement of high performance by OFDM systems. In particular, the addition of DC-
bias to OFDM symbols and then passing them via the restricted linear dynamic range 
of the LED renders these schemes unsuitable for some VLC applications where energy 
economy is paramount. 
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The primary emphasis of this research is the development of a unique method 
for OFDM with application to visible light communication (VLC). It is dedicated to 
improving OFDM performance by reducing the PAPR and computational complexity, 
thereby enhancing the non-linear region and broadening the limited bandwidth 
associated with LEDs. In order to address such negative elements of OFDM systems, 
a novel technique based on an OFDM scheme is proposed in this thesis. Here, the C-
transform which combines the Walsh-Hadamard transform (WHT) and discrete cosine 
transform (DCT) into an orthogonal signal. The proposed transform uses a novel type 
of optical orthogonal frequency division multiplexing called C-OFDM. 

  



iii 
 

 

Glossary of Abbreviations 
 

5G Fifth generation 

6G Sixth generation  

(M-PAM) Multi-level pulse amplitude modulation 

ACO-OFDM Asymmetrically clipped optical OFDM 

ADC Analogue to digital converter 

ADO-OFDM Asymmetrically clipped DC-biased optical OFDM 

APD Avalanche photodiodes 

AWGN Additive white gaussian noise 

BDC Block diagonal structure 

BER Bit error rate 

BW Bandwidth 

CA Complex addition 

CAP Carrier-less amplitude and phase 

CCDF Complementary cumulative distribution Function 

CCRR Computational complexity reduction ratio 

CDMA Code division multiple access 

CFO Carrier frequency offset 

CIR Channel impulse response 

CM Complex multiplication 

CP Cyclic prefix 

CT C-transform 

DAB Digital audio broadcasting 

DC Direct Current 

DCO-OFDM DC-biased optical OFDM 

DCT Discrete cosine transform 

DD Direct detection 

DFT Discrete fourier transform 
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DHT Discrete hartley transform 

DMT Discrete multi-tone 

DSL Digital subcarrier loop 

DVB digital video broadcasting 

EOC Electrical to optical converter 

EMI Electromagnetic interference 

FDM Frequency division multiplexing 

FFT Fast fourier transform 

FHT Fast hartley transform 

FIR Finite impulse response 

F-OFDM Fast OFDM 

FOV Field of view 

FSO Free space optical 

GaAs Gallium arsenide 

GaN Gallium nitride 

Ge Germanium 

GRO Gray reverse order 

GSM Global system for mobile communication 

HPA High power amplifier 

HS Hermitian symmetry 

IBI Inter-Block interference 

ICI Inter-Carrier interference 

IDCT Inverse DCT 

IDFT Inverse DFT 

IFFT Inverse FFT 

IM Intensity modulation 

IMT  International mobile telecommunications 

InGaAs Indium gallium arsenide 

IoT Internet-of-Things 

IR Infra-red 

ISI Intersymbol interference 
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ITU International telecommunication union 

LED Light emitting diode 

Li-Fi Light fidelity 

LOS Line-of-sight 

LPF Low-pass filter 

LTE Long term evolution 

MCM Multicarrier modulation 

MIMO Multiple-input and multiple-output 

NLOS Non-line of sight 

NR  New radio 

NRZ Non-return to zero 

NTT Nippon telephone and telegraph 

OFDM Orthogonal frequency division multiplexing 

OLED Organic LED 

OWC Optical wireless communications 

P/S Parallel-to-Serial 

PAM Pulse amplitude modulation 

PAPR Peak-to-average power ratio 

PD Photodetector 

PGR Postgraduate research 

PSD Power spectral density 

PTS Partial transmit sequence 

QAM Quadrature amplitude modulation 

RA Real addition 

RF Radio frequency 

RM Real multiplication 

RGB Red, Green and Blue 

RO Real operation 

Rx Receiver 

S/P Serial-to-parallel 

SCs Subcarriers 
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SLM Selective mapping 

SNR Signal-to-noise ratio 

SSL Solid-state lighting 

TDMA Time division multiple access 

TI Tone injection 

TR  Tone reservation 

TOV Turn-on voltage 

Tx Transmitter 

uHDD Ultrahigh data density 

uHSSLLC Ultrahigh-speed with low delay communications 

uMUB Universal mobile ultra-broadband 

VLC Visible light communications 

WDM Wavelength division multiplexing 

Wi-Fi wireless fidelity 

WiMAX Worldwide interoperability for microwave access 

WPLED White phosphor LED 

ZP Zero padding 
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Chapter 1 
1 Introduction 

This chapter provides an overview of the critical aspects that will be addressed and discussed. 

Specifically, we focus on the following points: the background, problem statement, research 

aims and objectives, thesis organization, original contributions, and a list of publications and 

awards. 

1.1 Background 

Demand for ultra-fast mobile networks has recently increased dramatically, but broadband 

communication services are still essential. The need to communicate anywhere and at any time 

has motivated researchers to develop and improve existing infrastructure. They aim to develop 

future technologies that will meet the needs of next-generation communication networks, such 

as the sixth generation (6G), which is the next wave of mobile telecommunication following 

today’s 5G standards. Compared with existing 5G systems, 6G is intended to increase capacity, 

data transmission speed and spectral and power efficiency, and to improve services. 

Simultaneously, long battery life and the achievement of the lowest possible implementation 

costs are also deemed essential [3, 4]. 

Furthermore, developments in modern society have forced researchers to find a novel 

telecommunications technology that meets essential requirements such as in providing smart 

homes and cities and smartphones. All of these improvements will result in an expansion of 

current volumes of mobile and wireless traffic which are expected to be 1000 times greater than 

current communication levels over the next ten years [5]. Moreover, in its vision of the Network 

Society, Ericsson predicted that there would be 50 billion connected devices by 2020. More 

than 15 billion of these would be enabled for video [6], increasing the number of 

communication devices involved in what is known as the ‘Internet of Things’ (IoT). That will 

change users’ daily lives which will become more comfortable, safe, and efficient [7]. 
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According to one prediction [8], the number of connected devices will reach more than seventy 

billion worldwide by 2025. 

 Therefore, 5G networks should include smaller-cell microcells in higher densities, with 

an extended spectrum in a more power-efficient network with mobile convergence to meet these 

requirements. It has been claimed [9] that 5G systems may provide Gbps levels at any time and 

anywhere. Moreover, by 2023, 5G-enabled mobile devices and connections will account for 

over 10% of all mobile devices worldwide with 1.4 billion 5G-capable smartphones in use 

bringing the total number to 13.1 billion compared to 8.8 billion in 2018 [10]. This could only 

be achieved with a lot more spectrum than the currently available for international mobile 

telecommunications IMT systems via the International Telecommunication Union (ITU) 

process. As 5G is marketed all over the world, research communities across the globe are 

beginning to look beyond 5G, and 6G is expected to evolve towards green networks which 

provide high-quality and energy-efficient service (see Figure 1.1). It is expected that 6G will be 

available by 2030 [11]. However, significant improvements in the communications network 

system are necessary in order to achieve the requirements for the next generation of 

applications. The vision of the next revolution in communication involves unprecedented 

advances and the integration of traditional land mobile networks with emerging satellite, air, 

and underwater acoustic networks to provide access to the network at any time, anywhere [12]. 

Three novel 6G services have been identified [13]: (i) ultrahigh data density (uHDD); (ii) 

universal mobile ultra-broadband (uMUB), (iii) ultrahigh-speed with low delay 

 

 

Figure 1-1: Exponential growth in the rate of data transfer in wireless communication 
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communications (uHSLLC). To accomplish these services, potential and associated beneficial 

technologies must be considered to form sustainable and socially resilient networks spanning 

both terahertz and visible-light communication (VLC) [14, 15]. Therefore, scientists are 

increasingly turning to optical wireless communication (OWC) technologies because of their 

wide bandwidth, license-free spectra, and inexpensive implementation costs so as to meet the 

rapidly expanding demand among end-users for data volumes and bandwidth. 

A communications technology that utilises light as a transmission medium is commonly 

known as optical communication technology. This is an area of enormous interest in the 

telecommunications research community. Optical wireless communication (OWC) is a wireless 

communication technique that uses an unlicensed spectrum of 670 THz and can give very high 

data rates. Moreover, OWC can be classified into two categories according to its use of two 

wavelength spectra: (i) the infrared (IR) spectrum for IR communication; and (ii) the visible 

light spectrum for VLC [16]. This includes indoor or outdoor OWC with a wide range of 

applications, as shown in Figure 1.2. For two decades now, VLC has achieved close attention 

as an important supplementary communications technology for indoor short-distance 

communication systems to satisfy the demand for a high data rate, Rb, and it is growing 

exponentially. According to the latest study from Cisco, 24 Exabytes expect to increase 

monthly. Most of this evolution relates to indoor communications, where the rates of growth of 

indoor wireless communication are increasing faster than those of outdoor wireless 

communication by 20% [10]. VLC systems utilise visible light for communication, occupying 

 

OWC

outdoorIndoor 

VLC IR IRVLC

 

Figure 1-2: Indoor and outdoor OWC 
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a frequency spectrum of 430–790 THz corresponding to wavelengths of 380 nm to 750 nm. In 

other words, the bandwidth (BW) is approximately 350 THz. Figure 1.3 depicts the 

electromagnetic spectrum’s frequency distribution for visible light, RF, and other forms of 

electromagnetic environment for indoor and outdoor wireless communication. Also, VLC is 

provided with an unlicensed that is more remarkable than the whole RF spectrum by 10000 and 

an Rb faster than conventional WiFi by 10 times. As a further benefit, VLC is potentially more 

energy-efficient, widely available, and ecologically friendly, with no risk to human health or 

RF interference in communication processes. Several conference papers [17-20] in Japan 

produced the first reports of VLC utilising light-emitting diodes (LED), but it took several years 

for a comprehensive scientific paper to be published [21]. LEDs and photodetectors (PD) are 

used in tandem to transmit data while also lighting up the room, , in processes known as 

intensity modulation (IM) and direct detection (DD) respectively [16]. The utilisation of LEDs 

within the VLC system has several advantages compared with general lighting sources such as 

incandescent bulbs and fluorescent lamps. They can be modified at speeds that surpass the 

human eye’s perceptual ability (>100 Hz), allowing them to fulfil safety standards for human 

vision. Moreover, LEDs have a unique capacity to integrate solid-state lighting with data 

transfer. VLC systems that use LEDs have additional benefits, including high brightness levels, 

longer lifespan, environmental friendliness, durability, inherent data security, and better 

transmission speeds. Table 1.1 summarises the comparison between other available lighting 

sources and LEDs in terms of light levels, luminous efficiency, heat and hours of life. Therefore, 
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Figure 1-3: VLC in the electromagnetic spectrum 
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the utilisation of LEDs as light sources results in lower levels of greenhouse gas emissions [22, 

23]. 

In general, there are essentially two ways to generate light using three types of visible 

LEDs. The first type of LED is known as RGB, which uses a technique of combining the colours 

red, green and blue with wavelengths of 625, 525 and 470 nm respectively at a precise ratio so 

that white light can be obtained [16].  Although this LED has a bandwidth of up to 10s MHz, 

control of the combination of the three colours to produce white light can be difficult [24]. On 

the other hand, this LED is attractive for applications that involve changes in colour [16]. The 

utilisation of an RGB LED at Gbps in WDM with a blue filter on the receiver side has been 

demonstrated [25-27] ; however, the utilisation of the RGB LED leads to colour balancing 

issues [28]. Blue-chip + phosphor or white phosphor LEDs (WPLEDs) represent a second way 

to produce white light. In this case, the blue LED is coated with yellow phosphor. This 

straightforward LED method provides data translation and illumination in a single room [29] 

but, due to the delayed reactivity of the phosphor layer, WPLED bandwidth is reduced to a few 

MHz [25, 29]. As mentioned earlier, the VLC technology provides a considerable bandwidth 

at THz level, but the use of an LED as a transmitter causes a reduction in bandwidth to MHz. 

According to some studies [30, 31], the bandwidth and data rate might be developed by utilising 

equalisers and blue filters at the cost of increasing the system’s computational complexity. 

Digital signal processing algorithms, including equalisers and artificial neural network-based 

classifiers, have also pushed data rates into the Gb/s region [32, 33].  

Bandwidth constraints are the primary obstacle to excellent performance in VLC 
 

Table 1.1: Comparison of light sources 

Source of light Light Heat Lifespan (hours) Luminous efficiency  

Incandescent bulb 5% 95% 1000 51 lm/W  
1st industrial light 

source 

Fluorescent 25% 75% 10,000 90 lm/W  
Whit light 

LED >50% < 50% >50,000 200 lm/W  
Compact 
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systems. Therefore, advanced modulation formats such as orthogonal frequency division 

multiplexing (OFDM) and carrier-less amplitude and phase modulation (CAP) have become 

prevalent due to their higher spectral efficiency and adaptability [34, 35]. CAP is a multi-level, 

multi-band modulation scheme that is very similar to the quadrature amplitude modulation 

(QAM) technique in terms of its conception. However, CAP uses two finite impulse response 

(FIR) band-pass filters, which form Hilbert pairs to enable complex symbol alphabets. 

Furthermore, both methods have set ultra-high data rates, but more commonly this is achieved 

with OFDM [36]. 

OFDM is an exceptional case of frequency division multiplexing (FDM). It is a popular 

candidate technology for VLC systems because of its robustness against multipath propagation 

and its high spectral efficiency due to the division of available bandwidth into several 

subcarriers [37]. Moreover, it allows for more extensive data rates without the need for 

sophisticated equalisers at the receiver [16, 38]. These exceptional features of OFDM mean that 

it is deemed to be a robust modulation technique capable of significantly improving VLC 

systems. 

1.2 Problem Statement   

 As stated in the preceding section, the ever-increasing bandwidth needs of current and 

upcoming communication systems are driving research in optical wireless communications. 

VLC ensures a large bandwidth that might be used as a supplementary communication 

 

Table 1.2: Comparison of VLC and RF communication system 

Parameter VLC (indoor system) RE system 

Bandwidth ~ 400THz Regulated and limited 

Power consumption Low Medium 

Security High Low 

EM interference None Present 

Services Illumination and communication Communication 

Distance Short Short and long 

Coverage Narrow and wide Mostly wide 

Mobility Limited Good 

Noise Sun light and other ambient lights All electrical/electronic appliances 
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technique to alleviate the spectrum congestion that RF communication systems are now 

experiencing, resulting in faster data rates [37]. Figure 1.4 depicts the overcrowding of the UK 

RF spectrum which results in premium licencing costs and bandwidth restrictions [39]. In order 

to compare standard RF-based communication systems to VLC systems,  Table 1.2 summarises 

several of the most crucial characteristics. The ability to control and concentrate the light beam 

by utilising lenses is another advantage of VLC over RF technology, thereby enhancing power 

levels at the receiver side. 

 In addition, VLC is also capable of transmitting communications with little interference 

since the light beam is not susceptible to RF interference. However, the vast bandwidths 

accessible in VLC networks which are the backbone of contemporary communication 

technologies are nevertheless not available to end-users on the access network. This is due to 

the bandwidth constraints of the LED devices which are at the heart of VLC technology. The 

benefits listed above have prompted many research investigations into VLC technology in the 

scientific community in the last two decades. In VLC, the information signal is encoded by 

modulating the intensity of the light by LED, known as intensity modulation (IM) and direct 

detection (DD) at the receiver side using a photodetector. As a result, the modulation format 

used with VLC has to be interoperable with the IM/DD technique, which requires real and 

positive data.  
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Figure 1-4: The UK RF spectrum. 
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On the other hand, the available literature shows that the challenges in VLC include: (i) 

bandwidth limitation, due to the commercial LEDs, the VLC technology could not occupy the 

entire bandwidth, which is ~ 400 terahertz; (ii) LED non-linearity; (iii) inter-symbol 

interference (ISI) caused by the multipath channel [16, 30, 40, 41]. The bandwidth limitation is 

the essential bottleneck preventing the achievement of high performance in visible light 

communications systems such as in terms of data rates, BER and high capacity. Also, this 

limitation is a significant barrier in meeting the modern demand for fast communication 

technology which is growing annually and exponentially. One promising solution is the 

adoption of an advanced modulation technique such as orthogonal frequency division 

multiplexing (OFDM). Conventional OFDM utilises an inverse fast Fourier transform (IFFT) 

at the transmitter to convert frequency domain symbols into the time domain and a fast Fourier 

transform (FFT) at the receiver to recover the signal. An OFDM technique was first proposed 

in optical communication in 2001 by Hui [42]. In VLC technology, the electrical power 

transmitted is converted into the optical domain with the use of intensity modulation (IM) 

through the LED, which needs a real positive signal. 

On the other hand, the output of the IFFT could be imaginary and negative. Half of the 

spectrum bandwidth is used to achieve the real OFDM signal. The real signal is achieved by 

inserting Hermitian Symmetry (HS) into the transmitted data as the input to the IFFT. 

Moreover, a real OFDM signal could be obtained from a real transform as a discrete cosine 

transform (DCT). Fast OFDM (F-OFDM) was reported for the first time in 2002 [43] using 

IDCT and DCT to convert frequency domain symbols into the time domain and to recover the 

signal at the receiver. The issue of negativity can be solved by adding a DC bias which is usually 

added to the VLC system [44, 45]. It has been shown in the literature that there are two 

techniques to produce positive OFDM signals with regard to IM/DD modulation [46]: 

• DC-biased optical OFDM (DCO-OFDM), which comes at the cost of lower 

power efficiency.  

• Asymmetrically clipping optical OFDM (ACO-OFDM), which entails 

reductions in spectral efficiency. 

Other techniques based on the above schemes are known as asymmetrically clipped DC-

biased optical OFDM (ADO-OFDM). This combines the concepts of DCO-OFDM and  ACO-

OFDM by sending them simultaneously on the even and odd SCs, respectively [44]. One study 

[46] concluded that “optimal values are found for several configurations and it is shown that in 

a number of cases ADO-OFDM requires less optical power than existing schemes (DCO-
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OFDM) and (ACO-OFDM)”. 

Although conventional OFDM modulation has been considered a successful modulation 

technique for wired and wireless communications systems in several applications, there are still 

various areas that need to be developed. The large peak-to-average power ratio (PAPR) of the 

signal is thought to be the main barrier to the achievement of high performance by OFDM 

systems. In particular, the addition of DC-bias to OFDM symbols and then passing them via 

the restricted linear dynamic range of the LED renders these schemes unsuitable for some VLC 

applications where energy economy is critical [47].   

The primary emphasis of this research is the development of a unique method for OFDM 

with application to visible light communication (VLC). It is dedicated to improving OFDM 

performance by reducing the PAPR and computational complexity, thereby enhancing the non-

linear region and broadening the limited bandwidth associated with LEDs. In order to address 

such negative elements of OFDM systems, a novel technique based on an OFDM scheme is 

proposed in this thesis. Here, the C-transform combines the Walsh-Hadamard transform (WHT) 

and discrete cosine transform (DCT) into an orthogonal signal. The proposed transform uses a 

novel type of optical orthogonal frequency division multiplexing called C-OFDM. 

1.3 Research Aims and Objectives 

The primary objective of this study is to investigate and evaluate the performance of the 

proposed C-transform in the context of Visible Light Communication (VLC). The study aims 

to understand the advantages and drawbacks of OFDM by conducting a thorough literature 

review on VLC and its technological challenges. The research focuses on utilizing the C-

transform to enhance the efficiency of VLC systems. The study also involves developing an 

optimization tool to analyse DCO-OFDM, F-OFDM, and C-OFDM (using C-transform) design 

structures in VLC, leading to the creation of new VLC systems. To achieve these research aims, 

the study outlines the following specific goals: 

• Conducting a comprehensive literature review on VLC and the technological 

challenges it faces to establish a solid foundation for the research. 

• Utilizing the C-transform technique to enhance the efficiency of VLC systems, 

specifically in the context of C-OFDM. 

• Developing an optimization tool to analyse and compare the design structures 

of three different VLC systems: DCO-OFDM, F-OFDM, and C-OFDM 

(utilizing the C-transform). This step aims to propose novel VLC system 
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configurations. 

• Complete development of the C-OFDM system and gather results for various 

performance metrics, including BER, PAPR, power penalties, and 

computational complexity. These results will be compared against existing 

DCO-OFDM and F-OFDM approaches. 

• Assessing and comparing the PAPR and computational complexity of the 

proposed C-OFDM system with those of other existing optical OFDM schemes, 

both theoretically and mathematically. 

• Investigating the impact of LED non-linearity effects on VLC when employing 

the C-OFDM technique. 

• Analysing the performance of C-OFDM in the presence of multipath channels, 

and making comparisons with conventional OFDM and F-OFDM in similar 

scenarios. 

 

1.4 Thesis organisation  

There are seven chapters in this thesis, and its structure is depicted in the diagram in Figure 1.5 

which offers a general sense of the organisation of the study and how the chapters are linked. 

An overview of the contents of this thesis is as follows: 

Chapter 2: The literature review introduces the most important publications on the 

topic of OFDM, describing its history, the design of OFDM systems and their merits as well as 

problems encountered. Moreover, the use of OFDM in VLC and the challenges faced are also 

discussed. 

Chapter 3: The C-transform is explained in terms of implementation, and its 

advantages and disadvantages based on the OFDM scheme. Furthermore, the computational 

complexity involved in the use of the C-transform is compared with that of FFT and DCT 

transforms. 

Chapter 4: A comparative study is described of the peak-to-average power ratio and 

computational complexity of three different orthogonal frequency division multiplexing 

(OFDM) formats for visible light communication. The schemes investigated are conventional 

DC-biased OFDM, fast OFDM, and C-transform-based OFDM (C-OFDM) which uses a 

Walsh-Hadamard matrix in conjunction with a discrete cosine transform. The investigation 
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considers these systems when transmission occurs over additive white Gaussian noise and 

band-limited channels. The proposed system results in lower PAPR and computational 

complexity relative to conventional OFDM. An improvement of 5dB in PAPR is achieved at 

10-3 of CCDF along with reduced computational complexity. 

Chapter 5: A comprehensive investigation is conducted of the effects of the non-

linearity of LEDs in VLC utilising C-OFDM. VLC depends on the electro-optical output of the 

light-emitting diodes commonly used in visible light communication systems that are generally 

non-linear in nature. This is particularly problematic when using advanced modulation formats 

such as orthogonal frequency-division multiplexing (OFDM) which have high peak-to-average 

power ratios due to clipping and distortion. An improvement of ~2.5 dB in power penalty at a 

BER of 10-4 in comparison to OFDM has been achieved. 

Chapter 6: A study of indoor channel characteristics for VLC taking into consideration 

multipath channels and various forms of modulation is presented. Performance is evaluated 

from simulations of different OFDM formats in terms of the ratio Eb/No, with BER as a function 

of energy per bit to noise power spectral density. 

Chapter 7: The findings of the study are summarised, discussed and conclusions are 

drawn. The key accomplishments of the research are addressed, along with comments on the 

study’s objectives as specified in Chapter 1. The chapter ends with a review of the study’s 

achievements and suggestions are made for future work based on the findings. The main 

conclusion is that C-OFDM has the advantages of resistance to multipath channel dispersion 

and a lower PAPR than the other OFDM schemes considered. 
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Figure 1-5: Thesis plan and structure. 
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1.5 Original contributions    

The key contributions to knowledge made in this research are as follows: 

In Chapter 4, a novel optical OFDM scheme based on the C-transform called C-OFDM 

is demonstrated and an improvement of 5 dB has been achieved in terms of PAPR at 10-4 of 

CCDF, which is due to the C-transform having the block diagonal structure (BDS). 

Furthermore, the computational complexity of the C-OFDM system is reduced by 52-75% 

compared to the FFT. Moreover, despite the influence of the bandwidth limitation of LEDs, the 

proposed C-OFDM system offers an improvement of several dBs for fc=1B and 0.5B. 

In Chapter 5, an investigation is detailed of LED non-linearity effects on VLC utilising 

C-OFDM. The C-OFDM is shown to exhibit the highest degree of independence from non-

linearity and yields superior bit-error-rate results. An improvement of ~2.5 dB in power penalty 

at a BER of 10-4 compared to OFDM has been achieved. 

In Chapter 6, the indoor channel characteristics of the use of C-OFDM for VLC are 

investigated. Its superiority in performance compared to the other OFDM systems is 

demonstrated. The proposed system is resistant to multipath channel dispersion and has a lower 

PAPR than other O-FDM techniques. 
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Chapter 2  
2 Visible Light Communication Principles 

The literature review introduces the most significant publications on the subject of OFDM in 

this chapter, including their history, the design of their systems, advantages, and drawbacks. 

Additionally, the usage of OFDM in VLC and the difficulties encountered are also covered. 

 

2.1 Evolution of Mobile Communications Networks 

Since the first analogue communications network appeared in the 1980s, mobile 

communication networks have advanced tremendously. This revolution is not a one-step 

operation but a series of generations with varying standards, capabilities, and procedures. 

Almost every 10 years, a new generation is released. Figure 1.1 shows the exponential growth 

in the data transfer rate in wireless communication [14, 48].  

The first-generation mobile network was built by Nippon Telephone and Telegraph 

(NTT) in Tokyo, Japan, for voice services and had a data rate of up to 2.4 kbps, was deployed 

in the 1980s utilising analogue signals to transfer data. There was no uniform wireless standard, 

which resulted in various problems such as difficult hand-off, poor transmission efficiency, and 

lack of security [12]. However, 2G has been built on digital modulation techniques such as 

Time Division Multiple Access (TDMA) and Code Division Multiple Access (CDMA) in 

comparison to first-generation (CDMA) systems. 2G has a 64kbps data rate, allowing it to offer 

enhanced voice services and Short Message Services (SMS). The GSM (Global System for 

Mobile Communication) was the leading mobile communication standard throughout the 2G 

period [15]. In the year 2000, the third generation was planned with the purpose of allowing for 

high-speed data transfer. The 3G network offers a  2 Mbps data transmission rate and high-

speed Internet access [49]. It provides sophisticated services, such as video services, 

navigational mapping, and TV streaming that are not enabled by 1G and 2G networks. The 3rd 

Generation Partnership Project (3GPP) was formed to define technical specifications and 
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continue the progress being made by developing mobile standards and technologies to 

accomplish global roaming [50]. In the late 2000s, the fourth generation mobile system was 

invented, which is an IP-based network system. The goal of moving to an all IP system is to 

provide a single platform for all of the technologies that have been produced so far. It offers 

speeds of up to 1Gbps [49, 50]. Latency, computational complexity, power penalty, cost, high-

quality performance, and end-to-end dependability are all trade-offs in 5G. In contrast, 6G will 

be built in a comprehensive manner to fulfil network needs, including ultra-high reliability, 

capacity, efficiency, and low latency in light of the anticipated economic, social, technical, and 

environmental backdrop of the coming years.  

There is a growing desire for the global system to become entirely wireless, requiring 

access to information at any time and from any location with the highest quality, speed, and 

bandwidth as well as cost reductions. Therefore, the new generations of wireless 

communication will be anticipated to use frequency ranges not previously considered for 

cellular standards, and especially the terahertz band and visible light communication, in order 

to achieve the aforementioned criteria.  

2.2 Visible Light Communication (VLC) 

The concept of light communication has been used since the year 150 BC when smoke signals were 

implemented. Since then, light communication was improved for the long-range firing relay and 

insertion encoder techniques through the use of smoke signals in 400 BC. Then, in 800 BC, the 

ancient Greeks and Romans used fire beacons to communicate [16, 25]. In 1792, the French 

engineer Claude Chappe built the first optical telegraph network and managed to denote 196 

symbols for information. Alexander Graham Bell then implemented the first Free Space Optical 

(FSO) link in 1880. He was able to modulate a speech signal into a light signal by using a vibrating 

mirror and crystalline selenium cells in both the transmitter (Tx) and receiver (Rx). However,  Bell’s 

system had several disadvantages and, most importantly, it used intermittent sunlight.  

However, Bell’s work is well known as the first viable illustration of VLC that uses sunlight 

as a means of transmission [16, 25]. FSO was used mainly in secure military applications in the 

1970s. Recent years have seen an increasing use of OWC technology. Subsequently, in 2001, at the 

Nakagawa Laboratory of Keio University (Japan), the first VLC using the state-of-the-art 

semiconductor lighting (SSL) technology known as the light-emitting diode (LED) involved a light 

source and data communication at the same time [20]. 

VLC is mainly used for indoor applications and provides illumination and data 

communication simultaneously through the frequency spectrum from ~ 430 up to 790 THz. 
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Additionally, VLC can used indoor situation with a wide range of applications that have 

attracted considerable research attention over the last two decades. This is due to its many 

advantages such as huge bandwidths, 10,000 times > RF, the absence of licensing requirements, 

health hazards or threats to human safety, high power efficiency, and a lack of electromagnetic 

interference (EMI) as well as low implementation costs when the infrastructure is already 

present [47].  

The field of VLC research activity has seen much recent growth involving the scientific 

community. VLC provides both data transfer and lighting at the same time, and there are three 

parts to every communication system: a transmitter, a propagation medium ℎ(𝑡𝑡), and a receiver. 

Figure 2.1 demonstrates a VLC block diagram utilising an LED to modulate the intensity of 

optical power within the transmitter side, known as the intensity modulation (IM) technique. 

On the receiver side, the direct detector (DD) technique is used by implementing a 

photodetector (PD) to detect the received signal 𝑦𝑦(𝑡𝑡). Unlike RF-based communication in VLC, 

the transmitted signal 𝑥𝑥(𝑡𝑡) should be real and non-negative. Thus, in VLC, the utilisation of a 

driving circuit guarantees that the optical power output by the LED is constantly positive. The 

transmitted power 𝑃𝑃𝑡𝑡 had been described mathematically as [51]: 

𝑃𝑃𝑡𝑡 ≥  𝑙𝑙𝑙𝑙𝑙𝑙
𝑇𝑇→∞

1
2𝑇𝑇

� 𝑥𝑥(𝑡𝑡) 𝑑𝑑𝑡𝑡.
𝑇𝑇

−𝑇𝑇
 (2.1) 

 

𝑥𝑥(𝑡𝑡)  ≥ 0. (2.2) 

 
 

 

Figure 2-1: Block diagram of a typical VLC system. 

h(t)

x(t) y(t)
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2.2.1  LED Devices 

LEDs are light sources that emit narrowband light in the ultraviolet, visible, and infrared wavelength 

regions. Because of Isamu Akasaki and his team’s creative efforts [52], white LED lighting is now 

achievable. Their development of the energy-efficient blue LED has had worldwide influence on 

lighting energy usage, earning them the Nobel Prize for Physics in 2014. 

There are essentially two ways to generate light using three types of visible LEDs. The first 

type of LED is known as RGB, and this LED uses a technique combining the colours red, green 

and blue with wavelengths (625, 525 and 470), respectively by a precise ratio so that white light 

can be obtained [16]. Figure 2.2  shows the RGB LED with three LEDs and one optical combined 

in single package. Although this LED has a bandwidth of up to 10s MHz, it is difficult to control 

the combination of the three colours to produce white light [24]. On the other hand, this LED is 

attractive for changeable colour applications [47].    

The second type is the blue chip + phosphor or white phosphor LED (WPLED). In this type, 

the blue LED will be coated with yellow phosphor because of its low cost and straightforward 

production procedure [47]. Figure 2.3 illustrates the block diagram of a WPLED. Due to the 

phosphor layer’s slow reaction, the WPLED bandwidth shrinks to a few MHz [25, 29]. However, 

it has been claimed that up to 20 megahertz could be developed [30]. 

 A VLC system employing a phosphorescent white-LED as a transmitter has been found 

to allow a data throughput of 2.5 Gbps [53]. This result was accomplished by extending the 

bandwidth of the utilised phosphorescent white-LED involved using hardware pre-equalisation 

methods. Due to their ability to send data on parallel streams of wavelength channels, which 

may be separated using optical filters at the receiver, RGB LEDs enable the system to reach 

 

White Light∑ 

R

G

B

 

Figure 2-2: Block diagram of RGB LED 
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substantially faster data speeds. With off-the-shelf multicoloured LEDs, a data rate of 15.7 Gbps 

has been proven experimentally [34]. Furthermore, the micro-LED (μ-LED) has attracted much 

attention in recent years due to its high 3-dB bandwidth which surpasses 800 MHz [54-56]. A 

violet μ-LED with an active area of 435 μm2 and a 3-dB bandwidth of 370 MHz has been used 

to achieve a data throughput of 7.9 Gbps [55], and a blue μ-LED was recently used to provide 

a data throughput of 11.7 Gbps [56]. 

Finally, the organic light-emitting diode (OLED) is a novel SSL approach that allows 

lighting and data communication. OLEDs have numerous features that make them attractive for 

lighting and visualisation applications; in particular, their low-cost manufacture and low power 

consumption. In addition to the possibility of production in different shapes and sizes, their light 

weight and flexibility are also fascinating features. Moreover, the efficiency of OLEDs is improving 

every year [57]. However, low charge mobility and high capacitance restrict the modulation 

bandwidth for OLEDs to a few tens of MHz, making them slower than other LEDs [58]. 

Nonetheless, with better design and manufacturing techniques, it has been shown that higher data 

rates are possible [58, 59]. Rates of 1.13 Gbps were recently achieved at 245 MHz modulation 

bandwidth within a 2 m distance [59].  

 

The limited modulation bandwidth of LEDs, which acts as a first-order low-pass filter 

(LPF), is a bottleneck in a VLC network, despite the numerous aforementioned benefits of 

LEDs, as reported in the literature [2, 16, 28, 47]. This is the primary obstacle to achieving large 

capacity in VLC systems. The bandwidth is defined as the difference in frequency (Hz) between 

the highest and lowest signal frequency components, while it may also be defined as the range 

of frequencies where the signal’s power spectral density (PSD) is greater than zero. 

 

White Light

Blue LED

Phosphor Layer 

 

Figure 2-3: Block diagram of WPLED 
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Additionally, the -3 dB bandwidth is the most commonly used bandwidth specification in VLC 

systems (see Figure 2.4 ).  Thus, -3 dB results when the input signal has been attenuated by 

70.7 and 50 per cent respectively of its original electrical and optical transmitted signals [60]. 

This is because the signal power in the electrical domain is proportional to the square of the 

current 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 ∝  𝐼𝐼2. Alternatively, in an optical domain, the optical power is proportional to the 

photocurrent 𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡 ∝  𝐼𝐼𝑜𝑜  [61]. Thus the -3 dB bandwidth for electrical and optical domains can 

be defined as follows: 

(−3𝑑𝑑𝑑𝑑)1
2�  𝐸𝐸𝑒𝑒𝑒𝑒 𝑃𝑃𝑜𝑜𝑃𝑃𝑒𝑒𝑃𝑃 =  10 log10 ��

𝐼𝐼𝑜𝑜𝑜𝑜𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖
�

2

� =  20 log10 �
𝐼𝐼𝑜𝑜𝑜𝑜𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖
�. (2.3) 

where 𝐼𝐼𝑖𝑖𝑖𝑖 and 𝐼𝐼𝑜𝑜𝑜𝑜𝑡𝑡 input and output current. 

Then �𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜
𝐼𝐼𝑖𝑖𝑖𝑖

� at the half-power (-3dB) as:  

�
𝐼𝐼𝑜𝑜𝑜𝑜𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖
� =  (10)−3

20� =  0.707 = 70.7% .  

 

Alternatively, in the optical domain as follows: 

(−3𝑑𝑑𝑑𝑑)1
2�  𝑜𝑜𝑜𝑜𝑡𝑡 𝑃𝑃𝑜𝑜𝑃𝑃𝑒𝑒𝑃𝑃 = 10 log10 �𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

𝐼𝐼𝑖𝑖𝑖𝑖
�. (2.4) 

then �𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜
𝐼𝐼𝑖𝑖𝑖𝑖

� at the half-power (-3dB) in the optical domain can be presented by: 

�
𝐼𝐼𝑜𝑜𝑜𝑜𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖
� =  (10)−3

10� =  0.501 = 50.1%.   

 

There are several possible causes of the shrinking LED bandwidth and reduction in 

frequency response, such as the injected current, junction capacitance and parasitic capacitance. 

The capacitance values are almost constant; however, the frequency response rises as a function 

of injected current. Furthermore, it can reduce the effects of the reasons mentioned earlier by 

superimposing the continuous signal into a constant DC bias current. In this case, if the device’s 

DC output is 𝑃𝑃(0), the crossbanding optical power output at frequency 𝑃𝑃(𝑓𝑓) is given as [62]: 

𝑃𝑃(𝑓𝑓)
𝑃𝑃(0)

=  
1

�1 + (𝑓𝑓𝑓𝑓)2
. (2.5) 
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where 𝑓𝑓 is the minority carrier’s lifetime, which has two components of a radiative 𝑓𝑓𝑃𝑃 and a 

nonradiative 𝑓𝑓𝑖𝑖𝑃𝑃; note that, in Equation 2.5, a reduction in the effective carrier lifetime leads to 

increased modulation bandwidth      

𝑓𝑓−1 = 𝑓𝑓𝑃𝑃
−1 + 𝑓𝑓𝑖𝑖𝑃𝑃

−1. (2.6) 

 

The correct amount of injected current is critical, because the swing of the transmitted 

signal must be maintained within the linear area of the LED’s dynamic range throughout this 

procedure to prevent clipping the transmitted signal [16]. Also, the transfer function of the 1st 

order LPF LED is given as 

 𝐻𝐻(𝑗𝑗𝑗𝑗) =  1
1+𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝑗𝑗

. (2.7) 

where 𝑅𝑅 is the resistance of the LED, and 𝐶𝐶𝑗𝑗 is its junction capacitance. Therefore the cut-off 

frequency (𝑓𝑓𝑐𝑐) is given as follows [16]:  

𝑓𝑓𝑐𝑐 = 1
2𝜋𝜋𝑗𝑗𝐶𝐶𝑗𝑗

 . (2.8) 

 

 

 

Figure 2-4: A diagram depicting the optical and electrical bandwidths. 

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Frequency (Hz)

Optical Bandwidth

Electrical Bandwidth



23 
 

2.2.2 Photodetector 

Photodetectors are distinguished by their sensitivity, detection area, frequency and spectrum 

responses, and field of view (FoV). PDs are diodes that create a photocurrent (Ip) when their 

depletion area absorbs light, which means that the 𝐼𝐼𝑜𝑜 created is always proportional to optical 

power  (Pr) at the receiver, which is given as [1]: 

𝐼𝐼𝑃𝑃 =  𝜂𝜂 𝑞𝑞𝑃𝑃𝑟𝑟
ℎ𝑣𝑣

 [1 − 𝑒𝑒−𝛼𝛼𝑒𝑒] , (2.9) 

where 𝑞𝑞 and ℎ are the charge of an electron and Planck’s constant, respectively; 𝜂𝜂  𝜂𝜂  represents  

the quantum efficiency, which is the proportion of created charge carriers that contribute to the 

generated 𝐼𝐼𝑃𝑃; 𝑙𝑙  is the length of the photoactive region; 𝑣𝑣 is the photon’s frequency, and 𝛼𝛼 is the 

absorption coefficient. The material used for near-infrared to far-infrared light absorption is 

mainly gallium alloys, whereas an absorption material for visible light is typically silicon (Si). 

Furthermore, it is critical for PDs to exhibit a high response, since responsivity determines the 

ratio of incoming photons to the photocurrent produced. A high response is desired for PDs in 

VLC systems because it naturally leads to a high signal-to-noise ratio, and responsivity ℜ is 

expressed as 

 ℜ =  𝐼𝐼𝑃𝑃
𝑃𝑃𝑟𝑟

=  𝑞𝑞𝑞𝑞
ℎ𝑣𝑣

 [1 − 𝑒𝑒−𝛼𝛼𝑒𝑒]. (2.10) 

 

The reception of a signal after it has been sent over an optical channel is difficult due to 

the faint signal received; hence high responsiveness is preferred. Figure 2.5 depicts the 

responsiveness of several semiconductor materials, including germanium (Ge) and indium 

gallium arsenide (InGaAs), which are not utilised in VLC due to them not absorbing visible 

light at all [63]. As shown in Figure 2.5 (adapted from [1]), an organic photodetector (OPD) 

using polymer semiconductor poly (3-hexylthiophene) (P3HT) provides several advantages 

over the Si PD. A higher responsivity of around 400 nm and shorter cut-off wavelength of about 

650 nm are the most significant advantages of this VLC system compared to the Si PD [1]. 

P3HT was presented for the first time for VLC technology [64]. The semiconductor materials 

used are essential since they determine the wavelength range within which devices can operate. 

As shown in Figure 2.5 , the cut-off wavelength of the silicon is 1060 nm and its wavelength 

range is 400 to 1060 nm. 

Due to their excellent linearity and rapid response, P-type intrinsic N-type photodiodes 
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(PIN PDs) and avalanche photodiodes (APDs) are the most commonly utilised PDs in VLC 

systems. As the name implies, PIN consists of a p-n semiconductor diode with an extra layer of 

intrinsic semiconductor inserted between the p-n layers. The APD differs from the PIN PD in 

that it delivers an essential gain. As can be seen from the Table 2.1, which lists the general 

properties of PIN PDs and APDs [16], the APD provides responsivity between 77 to 130 in 

contrast to PIN at 0.6. This is due to the APD’s gain of 150-250; however, this gain comes at 

the cost of additional noise which must be taken into account in terms of system performance.  

In addition to the above, noise is always a significant factor in evaluations of system 

performance. Noise sources in photodetectors set the lower sensitivity limit of the device. The 

two essential noise sources are shot noise 𝜎𝜎shot
2  and thermal 𝜎𝜎thermal

2  (Johnson) noise. Shot noise 

 

 

Figure 2-5: Relative response of PDs for different materials. 

1800

1.0

0.8

0.6

0.4

0.2

0.0
1600140012001000800600400

Wavelength (nm)

Quamtum
efficiences

90%

70%

50%

30%

10%

InGaAs

Ge
SiP3HT



25 
 

(ambient-induced) is caused by the fluctuation of generated photons and is given by [1]: 

𝜎𝜎𝑠𝑠ℎ𝑜𝑜𝑡𝑡
2 =  2ℜ𝑞𝑞𝑃𝑃𝑃𝑃𝑑𝑑 + 2𝑞𝑞𝐼𝐼𝑏𝑏𝑏𝑏𝑑𝑑. (2.11) 

where the parameters 𝐼𝐼𝑏𝑏𝑏𝑏 and 𝑑𝑑 are the received background noise current and system 

bandwidth respectively.  

Along with the noise caused by ambient light, the Johnson noise linked to the receiver’s 

electronics must also be considered, since this is the most dominant noise source in VLC 

technology. The thermal noise (Johnson noise) is given as follows [65]: 

𝜎𝜎𝑡𝑡ℎ𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒
2 =  

4𝑘𝑘𝑇𝑇𝑑𝑑
𝑅𝑅𝐿𝐿

 . (2.12) 

where 𝑘𝑘 is Boltzmann’s constant, 𝑅𝑅𝐿𝐿 is the load resistance, and 𝑇𝑇 indicates the absolute 

temperature. 

On the other hand, the variances of shot noise and the thermal-noise can be described as additive 

white Gaussian noise (AWGN) [65]. The overall noise variance may thus be expressed as [37]: 

𝜎𝜎𝑡𝑡
2 = 𝜎𝜎𝑠𝑠ℎ𝑜𝑜𝑡𝑡

2 + 𝜎𝜎𝑡𝑡ℎ𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒
2  . (2.13) 

 

2.3 Challenges in VLC 

The literature shows that there are several challenges in VLC, such as bandwidth limitations. 

Due to the characteristics of commercial LEDs, VLC technology cannot occupy the entire 

bandwidth, which is ~ 400 terahertz. ISI, diming and LED non-linearity are other challenges 

[16, 30, 40, 41]. The bandwidth limitation is the essential problem encountered in achieving 

 
Table 2.1: Typical parameters of silicon PIN PD and Si APD 

Parameter PIN APD 

Wavelength range (nm) 400-1100 400-1100 

Peak (nm) 900 830 

Responsivity (A/W) 0.6 77-130 

Quantum efficiency (%) 65-90 77 

Gain 1 150-250 

Rise time (ns) 0.5-1 0.1-2 
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high performance in features of visible light communications systems such as data rate, SNB, 

BER and high capacity. The bandwidth limitation is also a barrier to fulfilling the contemporary 

demand for fast communication technology which is growing exponentially. To overcome the 

bandwidth limitation, the research community has already proposed various possible solutions; 

for instance, implementing a blue filter which reduces received optical power or utilising an 

equaliser at the transmitter or the receiver, which is increasing the system’s computational 

complexity. 

Furthermore, moving from one modulation technique to another is a promising solution, 

such as non-return to zero time-division multiplexing (NRZ-TDM), wavelength division 

multiplexing (WDM), and other advanced modulation techniques. However, specific criteria 

must be taken into account to determine the efficiency of a modulation technique. Firstly, power 

efficiency (𝜂𝜂𝑜𝑜) is the most significant parameter when considering modulation methods 

appropriate for VLC systems. Bandwidth efficiency (𝜂𝜂𝐵𝐵) is also crucial. Although the potential 

bandwidth of the optical carrier signal may be assumed to be boundless, other components of 

the system such as LEDs restrict the transmission bandwidth available for distortion-free 

communication. Also, the reliability of transmission is a significant parameter in a 

communication system, and so it must be ensured that ISI, noise and distortion in the 

transmitted signal is mitigated. Other considerations are the computational complexity and 

implementation costs involved [16, 51]. In addition, the construction of a VLC system with the 

tens or hundreds of LEDs needed to support wireless communication beyond several Gb/s for 

many users remains a significant difficulty in practical situations. Furthermore, ISI caused by 

multipath channels and the non-linearity of the LED are another challenge in VLC systems. 

One promising solution to these problems is to adopt an advanced modulation 

technique, such as orthogonal frequency division multiplexing (OFDM) and carrier-less 

amplitude and phase modulation (CAP). In the mid-1970s, CAP was invented for the first time 

in the Bell Laboratories by Falconer et al[66]. CAP is a multi-level and multidimensional 

modulation scheme, and its operating principle is very similar to that of the QAM technique in 

that it is capable of sending two streams of data in parallel. However, CAP uses a different 

method to generate two orthogonal signals, using two FIR filters whose impulse responses form 

Hilbert pairs[35]. 

Alternatively, OFDM is an excellent solution to the ISI induced by a dispersive or 

multipath channel and is a significant paradigm for improvements in spectral efficiency [38, 

67]. It also provides a high data rate while requiring minimal hardware complexity with a 
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simplified equaliser [43]. It is presently used in most modern and emerging broadband wired 

and wireless communication systems [68], and a number of studies have demonstrated that 

OFDM is a potentially appropriate method for optical communications [45, 69]. 

2.4 Carrier-less Amplitude and Phase Modulation (CAP) 

CAP, a multilevel and multidimensional modulation technique, was initially developed 

in the mid-1970s at Bell Labs by Falconer et al. It shares a fundamental operational principle 

with QAM, as both can transmit two data streams concurrently. However, CAP achieves this 

by employing two FIR filters with impulse responses forming Hilbert pairs, which simplifies 

its structure compared to QAM that requires complex oscillators. It is worth noting that CAP 

has primarily been used in flat fading systems, which are uncommon in VLC (Visible Light 

Communication) systems due to frequency selective channels resulting from bandwidth 

limitations [1]. 

In a flat fading channel, the channel's bandwidth (Bc) is greater than the signal 

bandwidth (Bs). Conversely, a frequency selective or non-flat fading channel occurs when Bc 

is smaller than Bs, which is the case in VLC systems. Non-flat fading introduces varying 

frequency responses for different signal frequency components, leading to increased bit error 

rate (BER) and lower data rates. In contrast, flat fading channels maintain consistent frequency 

responses for all signal frequency components, ensuring better transmission quality. 

The utilisation of m-CAP provides a viable approach to alleviate the necessity of a flat 

fading channel, which is a noteworthy solution for limited bandwidth systems like VLC. 

However, one consideration when implementing m-CAP is that increasing the CAP order, 

denoted as m, necessitates the incorporation of additional FIR filters. Specifically, each 

increment in m by one order involves the inclusion of two FIR filters at the transmitter side 

(one for real data R and another for imaginary data I) as well as two FIR filters at the receiver 

side. Consequently, this augmentation in m leads to an escalation in the computational 

complexity of the system [29]. 

In Figure 2.6 illustrates the concept of m-CAP when alpha α = 0.2 is for different CAP 

orders m = 1, 2, 4, 8, 10. It can be noticed that while m is increased the value of each subcarrier 

s bandwidth is decreased. This contributes towards relaxing the requirement of flat fading 

channel. Therefore, offers improvement in the BER performance as less attenuation occurs to 

the subcarriers. However, as mentioned before there is a trade-off between BER system 

performance and complexity. 
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Figure 2-6: The concept of m-CAP demonstrated in terms of the frequency response for m = 1, 2, 4, 8, 10. 

Figure 2.7 provides an illustration of the m-CAP system's fundamental principle. At the 

transmitter side, random data streams (Datam) are generated, each with a length of 105, for every 

m-CAP order up to the desired number of subcarriers (Datam). These data streams are then 

mapped onto an Mm-QAM constellation, and the constellation diagram for the first subcarrier 

is depicted as the blue diagram in Figure 2.7. The modulation order, denoted as M, is defined 

as 2K, with k representing the number of bits per symbol. In this study, k has been selected as 4 

(16-QAM) for the sake of simplicity and without compromising generality. 

Following the data mapping process, the data is up-sampled ("UP") by inserting zero 

bits between the existing bits to align with the system's sampling rate. Subsequently, the data is 

split into its real (R) and imaginary (I) components, as shown in Figure 2.7. The next step 

involves passing the data through the real filter 𝑓𝑓𝐼𝐼(𝑡𝑡) and the imaginary filter𝑓𝑓𝑄𝑄(𝑡𝑡), which 
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Figure 2-7: Block diagram of  m-CAP system. 

serve as the Hilbert pairs. The impulse responses of these filters are obtained by convolving the 

impulse response of the square root raised cosine (SRRC) filter with a cosine or sine wave, 

resulting in the real and imaginary impulse responses, respectively. It is important to note that 

the frequency of the cosine and sine waves should be at least twice the pulse width of the SRRC 

filter. The roll-off factor α of the RRC filter takes on a value between 0 and 1. Figure 2.8 and 

Figure 2.9 display the time and frequency domains of α, with values set as 0.1, 0.25, 0.5, 0.75, 

D
A
T
A 

D1
QAM-

Mapping
Up 

D
A
T

   A m

Dm
QAM-

Mapping
Up 

R

I

TX

AWGN

D
A
T
A 

D1
QAM-

Demapping

D
O
W
N

D
A
T

   A m

Dm
QAM-

Drmapping

D
O
W
N

R

I

R

I

RX

FIR
filter
 and f1I f1Q

R

I

FIR
filter
and fmI fmQ

FIR
Filter
and g1

I g1
Q

FIR
filter
and gm

I gm
Q

LED

PD



30 
 

and 1. From Figure 2.8, it is evident that increasing α reduces the pulse width and diminishes 

ripples. However, this also leads to an increased pulse width in the frequency domain, resulting 

in inadequate utilization of the frequency bandwidth, as clearly demonstrated in Figure 2.9. 

Thus, selecting an appropriate value for α is a crucial parameter when designing the m-CAP 

system, as the total bandwidth of the system is given by total B.W = ((1 + α) × baud rate). 

Increasing α necessitates more bandwidth, and the choice of α should be carefully considered. 

It is important to note that, for simplicity and without sacrificing generality, the system 

bandwidth is set to unity in this project [70]. 

 

Figure 2-8: Impulse Response of the Raised Cosine Filter [71]  
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Figure 2-9: Frequency domain representation of raised cosine pulse shaping filters [71]. 

To summarise, CAP suffers from higher complexity due to the need for complex signal 

processing techniques to demodulate the signal accurately, making it more challenging to 

implement. It is susceptible to noise and interference, leading to higher error rates and reduced 

performance. CAP requires a larger bandwidth compared to other modulation schemes, limiting 

its spectral efficiency, which can be a constraint in bandwidth-limited environments. It has 

limited compatibility with existing systems and is not as widely supported as other modulation 

schemes. Additionally, CAP can experience nonlinear distortion in certain transmission 

channels, resulting in signal degradation and increased bit error rates. 

2.5 Orthogonal Frequency Division Multiplexing (OFDM) 

The OFDM modulation system is the cornerstone of this study, and the essential principles 

underlying the system are introduced in this section. 

2.5.1 History of OFDM 

Orthogonal frequency division multiplexing (OFDM) is a modulation technique developed over 

a long period to the novel day OFDM. At the beginning of the 1870s, most researchers turned 

to frequency division multiplexing FDM, also known as multi-tone [72]. Alexander Graham 

Bell and his competitors Gray and Edison were in hot pursuit. Bell concentrated on the 

telephone and his efforts in analogue voice transmission, while others focused on discrete-tone 

multiplexed telegraphy where Gray had an earlier novelty. In 1910, George Squier, a major in 
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the U.S. Army Signal Corps, explained for the first time FDM for analogue voice signals with 

one channel of baseband and passband. This was the most significant utilisation of FDM so far 

for the analogue telephone [72]. In response to the low throughput of the first FDM system, a 

system with 5 channels was developed in 1918 by AT&T which did not used the high subcarrier 

SC frequency and repeaters [72]. 

At the end of the 1950s, demand increased for a fast communication system with high 

throughput for military purposes, leading to the modern-day OFDM concept. In the 1960s, 

Franco and Lachs demonstrated a multi-tone code-multiplexing technique in the frequency 

domain which had remarkable spectral efficiency and easy coding [73]. The birth of OFDM 

then followed in 1966 when Robert W. Chang presented a new technique to transmit signals 

simultaneously over a band-limited system in which inter-symbol interference (ISI) and inter-

channel interference (ICI) were prevented. His work was subsequently patented in 1970 [74]. 

However, high complexity was the main barrier that prevented the wide use of OFDM. In the 

early 1970s Weinstein and Ebert utilised the discrete Fourier transform (DFT) for the first time 

for multi-carrier modulation and demodulation. Darlington presented the applicatrion of the 

DFT for the FDM system for the first time in 1971 [73] and ten years later, cyclic extension 

and equalisation algorithms were proposed by Peled and Ruiz and Hirosaki respectively to 

overcome orthogonality issue in ISI and ICI. In 1985, Cimini proposed that OFDM technology 

should be used in mobile communications [73], and in 1987 the technology was also considered 

for digital audio broadcasting (DAB) systems [75]. A few years later, the success of DAB 

communication engineers led to the production of a digital video transmission system (DVB) 

[76]. In August 1991, the potential of utilising OFDM as a modulation technique for digital 

subcarrier loop (DSL) applications was also suggested [77], followed by the introduction of a 

multiple-input and multiple-output (MIMO technique) in 1995 [78, 79]. OFDM has been 

involved in optical communication since 2001 by Rongqing Hui [42]. Moreover, in the last two 

decades, translation schemes have been rapidly improving.  To summarise the history of 

OFDM, Figure 2-10 illustrates the whole history. 
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Figure 2-10: The history of OFDM has led to the current system stage. 
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2.5.2 OFDM in VLC  

OFDM has been applied extensively in wired and wireless communication due to its 

outstanding reputation in resisting ISI without requiring complex equalisers [80]. Moreover, 

OFDM is almost used ubiquitously in wireless fidelity (WiFi), digital audio broadcasting 

(DAB), digital video broadcasting (DVB), satellite communication, and 4G (LTE) and 5G new 

radio (NR) [81, 82]. OFDM has also recently been proposed as a suitable modulation scheme 

for optical wireless communication, mainly by utilising IM and DD techniques at Tx and Rx 

respectively [44]. The OFDM scheme is based on multi-carrier modulation (MCM) where the 

high data rate series is transmitted by dividing it into parallel symbols streams with lower rates 

and then modulating them individually into different subcarriers (SCs) [83]. By adding a guard 

band between each adjacent channel, inter-channel interference will therefore be avoided. 

Moreover, all SCs in OFDM are orthogonal, which means that if one subcarrier is at 

high amplitude, the subcarriers before and after are at zero peaks. Also, OFDM has much higher 

bandwidth efficiency compared to frequency division multiplexing (FDM).  Figure 2-12 shows 

the frequency domain of OFDM and FDM, showing that the effect of ISI caused by the 

multipath propagation has been reduced due to increased symbol duration; put simply, the 

period of the symbol has become longer than the channel delay. Figure 2-13 shows the depiction 

of OFDM with four subcarriers in the time domain. As is evident, each subcarrier in the 

frequency domain is represented in the time domain by an integer number of cycles [84].  

In addition, the OFDM technique basically changes a non-flat fading channel into flat 

fading by transmitting several series of SCs, where flat fading means that the bandwidth of a 

channel 𝑑𝑑𝑐𝑐 is greater than the signal bandwidth 𝑑𝑑𝑠𝑠. Also, when 𝑑𝑑𝑐𝑐 is less than 𝑑𝑑𝑠𝑠 it is known as 

a frequency selective or non-flat fading channel, which is the case in VLC system, as shown in  

Figure 2-11. 
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Figure 2-12: Frequency spectrums of FDM and OFDM systems with four SCs. 
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In other words, in non-flat fading, the signal frequency components will experience different 

frequency responses, resulting in degradation in the BER and, therefore, lower data rates. 

Whereas having a flat fading channel means that the signal frequency components will 

experience the same frequency response.       

Changing from the frequency domain to the time domain is accomplished by utilising 

IFFT. However, the size of IFFT on the Tx side should be chosen carefully, because large IFFT 

reduces the detrimental effect of multipath propagation but at great computational cost. 

Therefore, a trade-off between high performance and computational complexity costs must be 

considered[85]. In addition, the ISI effect can be reduced in OFDM systems by adding a cyclic 

prefix (CP) to the transmitted symbol. In order to reduce the impact of ISI, the CP interval must be 

greater than or equal to the maximum propagation way delay, and the next section explains the CP 

in more detail. Most recently, researchers have proposed replacing the CP with zero padding (ZP)  

[86, 87]. In the case of the CP, the tail of the transmitted symbol is pasted into the beginning of the 

transmitted symbol and, vice versa, copying the front of the transmitted symbol and attaching it to 

the end of the transmitted symbol. Put simply, the transmitted OFDM symbols are thus cyclically 

extended whereas in ZP zeroes are attached at the end of the transmitted OFDM symbol so that 

its length is greater than or equal to the time delay of the system [86]. The FFT is then applied 

to the OFDM symbols at the Rx, allowing the sending signal to be reconstructed [88].  Figure 

2.8 illustrates OFDM with four subcarriers in the time domain. Here, within the symbol interval 

Ts, each subcarrier has precisely an integer number of cycles, and there is an exactly one cycle 

difference between neighbouring subcarriers [89].  

2.5.3 Cyclic prefix (CP) 

In nineteen eighty, [90] introduced the cyclic prefix to reduce the complexity of the equalisation 

and ISI in OFDM system. A cyclic prefix (CP) is regarded as a crucial component of the OFDM 

system since it prevents and eradicates both intersymbol interference (ISI) and intercarrier 

interference (ICI). The length 𝑁𝑁𝑐𝑐𝑜𝑜 of the CP should be longer than the channel delay spread 

Ʈ𝑒𝑒𝑒𝑒𝑚𝑚 [45]. 

𝑁𝑁𝑐𝑐𝑜𝑜 ≥  Ʈ𝑒𝑒𝑒𝑒𝑚𝑚. (2.14) 

 

 Although the CP compensates for the effect of the multipath propagation, it consumes 

a significant amount of spectrum and power. Therefore, the length of a CP utilised in DCO- 
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OFDM needs to be chosen according to the instantaneous parameters of the channel [91], which 

thereby improves overall system performance. The concept of CP is illustrated in Figure 2.14, 

showing a copy of the last part of the OFDM symbol appended to the beginning of the OFDM 

symbol, so that this end part of the output of IFFT is also attached to the start of the output [1, 

45].   

 

To understand the concept of the CP, the frequency selective channel can be modelled as 𝑦𝑦 

(𝑛𝑛), which is a model for a frequency selective channel. 

𝑦𝑦(𝑛𝑛) = ℎ(0)𝑥𝑥(𝑛𝑛) + ℎ(1)𝑥𝑥(𝑛𝑛 − 1) + ℎ(2)𝑥𝑥(𝑛𝑛 − 2) + ⋯ + ℎ(𝐿𝐿 − 1)𝑥𝑥(𝑛𝑛 − 𝐿𝐿 + 1). (2.15) 

It can be seen from Equation 2.15 that the output of  𝑦𝑦(𝑛𝑛)  has L channel taps. Also, the output 

of  𝑦𝑦(𝑛𝑛)  dependents not only in input symbol 𝑥𝑥(𝑛𝑛) but also dependents on 𝑥𝑥(𝑛𝑛 − 1), 𝑥𝑥(𝑛𝑛 − 2) 

and 𝑥𝑥(𝑛𝑛 − 𝐿𝐿 + 1) from the previous symbol. Therefore, this channel has ISI in the time domain, 

which is the same as being frequency selective in the frequency domain, whereas  𝑥𝑥(𝑛𝑛) is the 

transmitted symbol and  ℎ(𝐿𝐿) the channel tap. 

Consider two consecutive OFDM symbols.  

First OFDM symbol Second OFDM symbol 

X0
~

 ,  X1
~, … … . ,  XN−1

~    X0,  X1, . . . , XN−1  

 ↓↓↓↓IFFT↓↓↓↓ ↓↓↓↓IFFT↓↓↓↓ 

  𝑥𝑥0
~, 𝑥𝑥1

~, . . . , 𝑥𝑥𝑁𝑁−1
~   𝑥𝑥0, 𝑥𝑥1, . . . , 𝑥𝑥𝑁𝑁−1  

Transmitted samples of OFDM system 1 Transmitted samples of OFDM system 2 

The output for x0 is 𝑦𝑦(0) 

 

CP

OFDM symbol

NCP Ts

Copying the last part of the OFDM symbol and Add it to the beginning of OFDM symbol. 

 

Figure 2-14: Cyclic prefix extension. 
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𝑦𝑦(0) = ℎ(0)𝑥𝑥(0) + ℎ(1)𝑥𝑥~(𝑁𝑁 − 1) + ℎ(2)𝑥𝑥~(𝑁𝑁 − 2) + ⋯ + ℎ(𝐿𝐿 − 1)𝑥𝑥~(𝑁𝑁 − 𝐿𝐿 + 1). (2.16) 

 

Equation 2.16 shows that there is inter-block interference IBI from the previous OFDM 

symbol 𝑥𝑥~. Therefore, CP has been used to avoid IBI or ICI. With the prefix of 𝑁𝑁𝐶𝐶𝑃𝑃 ≅ 𝐿𝐿 − 1 

samples from the tail of the OFDM symbol, then the total number of samples transmitted is 

𝑁𝑁+𝑁𝑁𝐶𝐶𝑃𝑃. Now consider one OFDM symbol and the addition of CP [92]: 

X0,  X1, … , XN−1  

↓↓↓↓IFFT↓↓↓↓ 

 𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑁𝑁−1  

↓↓↓↓CP↓↓↓↓ 

𝑥𝑥𝑁𝑁−𝐿𝐿, … , 𝑥𝑥𝑁𝑁−2,  𝑥𝑥𝑁𝑁−1, 𝑥𝑥0 , 𝑥𝑥1, … , 𝑥𝑥𝑁𝑁−1 

Now write 𝑦𝑦(0) can be written: 

𝑦𝑦(0) = ℎ(0)𝑥𝑥(0) + ℎ(1)𝑥𝑥(𝑁𝑁 − 1) + ℎ(2)𝑥𝑥(𝑁𝑁 − 2) + ⋯ + ℎ(𝐿𝐿 − 1)𝑥𝑥(𝑁𝑁 − 𝐿𝐿 + 1). (2.17) 

 

To simplify the concept of the CP, it can be assumed that N=4 and the channel tap is 2. 

Then: 𝑦𝑦 =  𝑥𝑥3, 𝑥𝑥0 , 𝑥𝑥1 , 𝑥𝑥2 , 𝑥𝑥3 . Therefore,  

𝑦𝑦(0) = ℎ(0)𝑥𝑥(0) + ℎ(1)𝑥𝑥(3). (2.18) 

 

𝑦𝑦(1) = ℎ(0)𝑥𝑥(1) + ℎ(1)𝑥𝑥(0). (2.19) 

 

𝑦𝑦(2) = ℎ(0)𝑥𝑥(2) + ℎ(1)𝑥𝑥(1). (2.20) 

 

𝑦𝑦(3) = ℎ(0)𝑥𝑥(3) + ℎ(1)𝑥𝑥(2). (2.21) 

From Equations 2.18 - 2.21, there is no IBI. Also, a matrix of a channel output 𝑦𝑦 can be written 

as: 
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�

𝑦𝑦0
𝑦𝑦1
𝑦𝑦2
𝑦𝑦3

� =  �

ℎ0 0 0 ℎ1
ℎ1 ℎ0 0 0
0 ℎ1 ℎ0 0
0 0 ℎ1 ℎ0

�  ×  �

𝑥𝑥0
𝑥𝑥1
𝑥𝑥2
𝑥𝑥3

�. (2.22) 

 

From Equation 2.22, it is clearly seen that the channel taps ℎ circular shift over the OFDM 

symbol 𝑥𝑥 in the time domain. As can be seen ℎ1in the first row and last column have moved to 

the second row in the first column, and ℎ0 which was in the first row and the first column has 

moved to the second row and column and kept moving to the right. Adding the CP leads to 

conversion from linear to circular convolution and removes IBI in the time domain. Therefore, 

the output or the receiving signal  𝑦𝑦 is equal to 

𝑦𝑦 = ℎ ⊛ 𝑥𝑥 + 𝑣𝑣. (2.23) 

where ⊛ denotes the convolution operation and  𝑣𝑣 is the noise. Applying FFT to Equation 2.23 

𝐹𝐹𝐹𝐹𝑇𝑇(𝑦𝑦) = 𝐹𝐹𝐹𝐹𝑇𝑇(ℎ ⊛ 𝑥𝑥 + 𝑣𝑣). (2.24) 

Because the FFT operator is linear, then Equation 2.24 becomes 

𝐹𝐹𝐹𝐹𝑇𝑇(𝑦𝑦) = 𝐹𝐹𝐹𝐹𝑇𝑇(ℎ ⊛ 𝑥𝑥) + 𝐹𝐹𝐹𝐹𝑇𝑇(𝑣𝑣). (2.25) 

Furthermore, because the circular convolution property in the time domain is equal to 

multiplication in the frequency domain, 𝐹𝐹𝐹𝐹𝑇𝑇(⊛) = ×, then Equation 2.25 can be written as 

𝐹𝐹𝐹𝐹𝑇𝑇(𝑦𝑦) = 𝐹𝐹𝐹𝐹𝑇𝑇(ℎ) × 𝐹𝐹𝐹𝐹𝑇𝑇(𝑥𝑥) + 𝐹𝐹𝐹𝐹𝑇𝑇(𝑣𝑣). (2.26) 

Therefore, the PC in the OFDM system has two advantages: firstly, ISI is avoided when the 

CP’s length exceeds the maximum channel delay; and secondly it inhibits IBI or ICI by 

converting the multipath fading channel into flat fading subchannels. On the other hand, 

utilising the CP in the OFDM modulation is not purely positive [86].  

In VLC technology, the transmitted electrical power will change into the optical domain 

by IM through the LED, which needs a real and positive signal. On the other hand, the output 

of IFFT could be imaginary and negative, which is an input to LED. In order to achieve the real 

OFDM signal, half of the spectrum bandwidth is paid. The real signal will be achieved by 

inserting Hermitian symmetry (HS) into the transmitted data as the input of IFFT. Moreover, a 

real OFDM signal could be obtained from a real transform such as a discrete cosine transform 
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(DCT). However, the problem of negative signal can be solved by adding a DC bias, which is 

usually added to a VLC system [44]. In the literature it has been shown that several techniques 

can produce positive OFDM signals with regard to IM/DD modulation: 

• DC-biased optical OFDM (DCO-OFDM) comes at the cost of reducing power 

efficiency.  

• Asymmetrically clipping optical OFDM (ACO-OFDM) comes at the cost of 

reducing spectral efficiency. 

Another technique based on the above techniques is known as asymmetrically clipped 

DC-biased optical OFDM (ADO-OFDM). This newer scheme combines the concepts of DCO-

OFDM and ACO-OFDM by simultaneously applying DCO-OFDM and ACO-OFDM to the 

even and odd SCs respectively [44]. It has been claimed that, in consequence, “optimal values 

are found for several configurations and it is shown that in several cases ADO-OFDM requires 

less optical power than existing schemes (DCO-OFDM) and (ACO-OFDM)” [46]. 

2.5.4 DC biased optical OFDM (DCO-OFDM) 

DCO-OFDM has been described as one of the earlier forms of optical OFDM, where a sufficient 

amount of DC bias is applied to the bipolar signal to produce a positive unipolar signal [37]. 

Figure 2.11 illustrates the DC-biased optical OFDM (DCO-OFDM) system. As can be seen, 

the design is like that of the DCO-OFDM system. However, there are two additional main 

blocks HS and DC-biased to allow the IM/DD modulation technique. As mentioned, the HS 

process occurs at the input of IFFT and the DC is biased before the electrical to optical E/O. 

The LED, in this case, is used at Tx instead of the conventional RF antenna [93].  

Figure 2-15 shows an incoming bitstream d mapped into M-quadrature amplitude 

modulation M-QAM, where M is the constellation order. Then, a serial-to-parallel (S/P) 
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converter is used to divide this stream of symbols c into several parallel subcarriers N, which 

are denoted as X. These symbols are fed to Hermitian symmetry (HS) to generate a real output 

of IFFT to meet the IM condition. This means that, if there are N subcarriers overall, only 𝑁𝑁
2
 

will be used for data transmission and the other half will be flipped as complex conjugate 

counterparts of the previous ones according to the requirements of Hermitian symmetry. Figure 

2-16 provides a visualisation of the phenomena using the Hermitian Symmetry criterion [28]. 

Mathematically, HS is given as follows [46]: 

𝑋𝑋𝑘𝑘 �

0             𝑘𝑘 = 0
     𝑥𝑥𝑘𝑘    0 < 𝑘𝑘 < 𝑁𝑁/2

0        𝑘𝑘 = 𝑁𝑁/2
𝑥𝑥𝑘𝑘 ∗        𝑘𝑘 > 𝑁𝑁/2

. (2.27) 

Consequently, the input to the IFFT is as follows: 

𝑋𝑋∗ = �0, 𝑋𝑋1, 𝑋𝑋2, . . . 𝑋𝑋𝑁𝑁
2� −1, 0, 𝑋𝑋𝑁𝑁

2� −1
∗ , . . . 𝑋𝑋2

∗, 𝑋𝑋1
∗�

𝑇𝑇
. (2.28) 

 

 

Figure 2-15: Block diagram of the DCO-OFDM. 
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The following equation provides the output of IFFT that is more prevalent [47]. 

𝑥𝑥(𝑡𝑡) = 1
√𝑁𝑁

 ∑ 𝑋𝑋(𝑘𝑘)𝑁𝑁−1
𝑘𝑘=0 𝑒𝑒

𝑗𝑗2𝜋𝜋𝑜𝑜𝜋𝜋
𝑁𝑁 . (2.29) 

where 𝑥𝑥(𝑡𝑡) and 𝑋𝑋(𝑘𝑘) are a time sample of OFDM and the data symbols obtained from a 

modulation constellation, and N is the total number of subcarriers. Consequently, Equation 2.29 

may be resolved by including the HS to produce the time domain signal as: 

𝑥𝑥(𝑡𝑡) = 1
√𝑁𝑁

 �𝑋𝑋(0) 𝑒𝑒
𝑗𝑗2𝜋𝜋𝑜𝑜(0)

𝑁𝑁  + ∑ 𝑋𝑋(𝑘𝑘) 𝑒𝑒
𝑗𝑗2𝜋𝜋𝑜𝑜𝜋𝜋

𝑁𝑁 +  𝑋𝑋 �𝑁𝑁
2

�  𝑒𝑒
𝑗𝑗2𝜋𝜋𝑜𝑜𝑁𝑁

2
𝑁𝑁 +

�𝑁𝑁
2 −1�

𝑘𝑘=1

∑ 𝑥𝑥(𝑘𝑘)𝑒𝑒
𝑗𝑗2𝜋𝜋𝑜𝑜𝜋𝜋

𝑁𝑁𝑁𝑁−1
𝑘𝑘=𝑁𝑁

2 +1
�. 

(2.30) 

When Equation 2.27 is added to Equation 2.30,  the latter may be written as follows: 

𝑥𝑥(𝑡𝑡) =  
1

√𝑁𝑁
 

⎣
⎢
⎢
⎡

� 𝑋𝑋(𝑘𝑘) 𝑒𝑒
𝑗𝑗2𝜋𝜋𝑡𝑡𝑘𝑘

𝑁𝑁

�𝑁𝑁
2 −1�

𝑘𝑘=1

 +  � 𝑋𝑋(𝑘𝑘)𝑒𝑒𝑗𝑗2𝜋𝜋𝑡𝑡𝑘𝑘
𝑁𝑁−1

𝑘𝑘=𝑁𝑁
2 +1 ⎦

⎥
⎥
⎤
 . (2.31) 

 

 

Figure 2-16: Hermitian Symmetry (HS) of DCO-OFDM 
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In order to surpass the effects of intersymbol and inter-carrier interference from 

becoming a problem in the optical wireless communication channel, a cyclic prefix (CP) is 

often added to the OFDM signal. The cyclic prefix (CP) must be longer than the channel 

maximum delay spread to reduce the ISI or 25% of the subcarrier’s size [37, 47]. In most cases, 

this cyclic prefix added signal, denoted by the notation 𝑥𝑥𝑐𝑐𝑜𝑜[𝑡𝑡], is real, although it is not always 

positive. Therefore, a specific amount of DC bias needs to be supplied to 𝑥𝑥𝑐𝑐𝑜𝑜[𝑡𝑡] so as to convert 

it into a positive (unipolar) signal. Although OFDM has several benefits, it is susceptible to 

having a high peak-to-average power ratio (PAPR) because it superimposes many subcarriers. 

Consequently, adding a high level of DC bias causes the ratio of optical power per bit to signal 

noise power to become high, making the DCO-OFDM technique inefficient in terms of optical 

energy [46]. Therefore, the best location for the DC bias point would be in the middle of the 

linear range between the voltage at turn-on and that at saturation power. Outside of that linear 

range, clipping distortion of the OFDM signal will occur [94]. Moreover, this could lead to the 

operation of the LEDs outside of the linear region. Consequently, a DC bias level, denoted by 

𝑑𝑑𝐷𝐷𝐶𝐶, which is proportional to the power of 𝑥𝑥𝑐𝑐𝑜𝑜[𝑡𝑡] must be used in order to avoid excess DC 

bias while also reducing the optical power needed [46, 95]. 𝑑𝑑𝐷𝐷𝐶𝐶 is determined according to the 

standard deviation of 𝑥𝑥𝑐𝑐𝑜𝑜[𝑡𝑡] [46] 

𝑑𝑑𝐷𝐷𝐶𝐶 = 𝜇𝜇 �𝐸𝐸�𝑥𝑥𝑐𝑐𝑜𝑜
2 [𝑛𝑛]� , (2.32) 

where 𝜇𝜇 is a constant of proportionality and E{ } is a statistical expectation.  

However, Armstrong [61] defined the DC 𝑑𝑑𝐷𝐷𝐶𝐶 as 10 log10(𝜇𝜇2  +  1) 𝑑𝑑𝑑𝑑, where any 

remaining negative peak after the addition of DC is clipped at zero. Then,  𝑥𝑥𝐷𝐷𝐶𝐶(𝑡𝑡) = 𝑥𝑥𝑐𝑐𝑜𝑜(𝑡𝑡)  +

 𝑑𝑑𝐷𝐷𝐶𝐶 is transmitted through the LED. In the ideal scenario, the strength of optical power that 

comes out of the LED is directly proportional to the amount of electrical current that goes into 

the LED. After that, a flat channel is used to send the LED output signal. 

At the receiver, a photodiode converts the received signal from an optical signal into an 

electrical signal (O/E).  The bottom of Figure 2-15 shows inverse operations at the receiver, 

including removing the DC bias and cyclic prefix and applying FFT to transform the time-

domain signal into a frequency domain signal. Finally, the HS is removed, a parallel-to-serial 

(P/S) converter is applied, and the proper demodulation techniques are used to recover the 

transmitted data successfully. To provide simulation findings here in a manner that is   
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2.5.5 Asymmetrically clipping optical OFDM (ACO-OFDM) 

ACO-OFD methodology may be used to produce a signal with a positive value in order to 

significantly overcome the problem of power inefficiency in DCO-OFDM. A unipolar signal is 

created primarily without the need to include DC bias. By assigning zero to the even subcarriers 

in ACO-OFDM, only the odd subcarriers contain data symbols, and this ensures that the 

transmitted OFDM signal satisfies the non-negativity condition [16, 46]. Figure 2-18 shows 

that the ACO-OFDM transmitter is similar to a DCO-OFDM transmitter where data d has been 

converted by S/P after it has been mapped to only the odd SCs. Thus, the clipping will occur 

only in the even subcarriers since the IFFT input carries data in odd subcarriers [45]. In this 

case, the even subcarriers are given a value of zero, while the odd subcarriers are modulated 

and given Hermitian symmetry assignments. As a consequence, the resulting signal may be 

shown as [96]: 

𝑋𝑋(𝑛𝑛) �
𝑋𝑋(𝑛𝑛) 𝑛𝑛 𝑙𝑙𝑖𝑖 𝑜𝑜𝑑𝑑𝑑𝑑

     0     𝑛𝑛 𝑙𝑙𝑖𝑖 𝑒𝑒𝑣𝑣𝑒𝑒𝑛𝑛
 . (2.33) 

Therefore, the IFFF input is supplied as in Equation 2.34 in order to produce a real-time 

domain signal. However, only 25% of the N subcarriers are intended to carry data owing to the 

Hermitian symmetry requirement as shown in Figure 2-19. 

𝑋𝑋 = �0, 𝑋𝑋1, 0, 𝑋𝑋3, 0, 𝑋𝑋5, . . . 𝑋𝑋𝑁𝑁
2� −1, 0, 𝑋𝑋𝑁𝑁

2� −1
∗ , 0, . . . , 𝑋𝑋5

∗, 0, 𝑋𝑋3
∗, 0, 𝑋𝑋1

∗ �
𝑇𝑇
. (2.34) 

The CP is then added to the IFFT output x(t) before a parallel-to-serial (P/S) converter. 

After that 𝑥𝑥(𝑡𝑡) is clipped to zero to meet the condition of IM/DD because a negative signal 

could not be transmitted through the LED. The 𝑥𝑥𝐴𝐴𝐶𝐶𝐴𝐴(𝑡𝑡) is transmitted through a flat AWGN 

channel, except that only the odd subcarriers in ACO-OFDM are demodulated since only they 

contain the data symbols, while the processing in the receiver is comparable to that of a DCO-

OFDM receiver. 
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Figure 2-17: Block diagram of the ACO-OFDM. 
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Figure 2-18: Hermitian Symmetry (HS) of ACO-OFDM. 
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2.6 Advantages and disadvantages of OFDM 

As mentioned, the OFDM system has several advantages, such as resistance to ISI and 

improving the spectrum bandwidth. However, the drawback of OFDM technique is more 

important. 

2.6.1 Drawbacks of OFDM Systems. 

Although DCO-OFDM modulation has been considered to be a successful modulation 

technique for wired and wireless communication systems in several applications, it has several 

areas that need to be developed as follows: 

• Peak-to-average power ratio (PAPR) 

A high PAPR is considered to be the main barrier to achieving high performance in OFDM 

systems [45]. The PAPR has dual importance, in that: firstly, it should be as low as is achievable 

in order to reduce the system’s dynamic range and prevent the non-linearity issue in 

optoelectronic devices; and, secondly, to fulfil eye safety regulations. Therefore, attention must 

be paid to determining the optimal PAPR ratio. High PAPR leads OFDM to suffer from the 

influence of non-linear distortion [97], and so the PAPR is generally calculated by dividing its 

highest transmitted power by its average transmission [47]: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅 =  
max0≤𝑖𝑖≤𝑁𝑁−1|𝑥𝑥2[𝑛𝑛]|

𝐸𝐸�𝑥𝑥2[𝑛𝑛]�
 . (2.35) 

Multi-carrier modulation (MCM) is based on orthogonal frequency division multiplexing (OFDM), 

such as OFDM with direct current biasing (DCO-OFDM) and asymmetrically clip ped optical 

OFDM with multi-level quadratic amplitude modulation (M-QAM). Consequently, in all these 

techniques signals have a high peak-to-average power ratio (PAPR) and are nonlinearly transmitted 

by the optical front end [98]. The non-linear distortion of the signal causes a reduction in the 

system’s performance, including an increase in BER or SNR [16]. 

• Inter carrier interference (ICI) 

Due to the SCs being close to each other, the carrier frequency offset (CFO) is more likely to 

be present in the OFDM system, which leads to failing the orthogonality condition resulting in 

the introduction of ICI. Tackling the abovementioned issues requires additional complexity for 

the OFDM system, which could significantly affect progress in improving the next generation 

of communications. 
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2.7 Conclusion  

The concept of VLC is presented in this chapter along with its history. Also, the development 

of mobile communication networks is covered, and then problems experienced with VLC 

systems are introduced. Since an OFDM modulation scheme forms the basis of this project the 

history of OFDM is explained and detailed discussions are provided of its advantages and 

disadvantages. The advantages include the reduction of ISI by splitting the available bandwidth 

into several sub-bands and transforming the selective fading channel into a flat fading channel. 

The chapter also covers problems with OFDM, such as offset and PAPR. 
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Chapter 3  
3 C-transform  

The C-transform (CT) is a unitary transform that combines the effect of two transforms: the 

Walsh-Hadamard transform (WHT) and discrete cosine transform (DCT). Rathore and Kaur 

[99] have presented a novel transform for image processing that computes the discrete cosine 

transform DCT via the WHT. Their original idea was to apply the two transforms separately. 

However, in order to reduce complexity, combining them in one transform named the C-

transform [100] was then used to build the OFDM system. This chapter provides an in-depth 

discussion of this transform, analyses its structure and computational complexity, and compares 

it to the DCT-OFDM and DCO-OFDM. Therefore, if it is to be deemed a suitable candidate for 

employment in specialised communication systems, the new transform must be efficient in 

terms of complexity and speed. 

3.1 Discrete Cosine Transform (DCT) 

The DCT-based OFDM system has been shown to be a viable substitute for the 

traditional OFDM system [43]. However, a set of complex exponential functions is not the only 

orthogonal basis on which the MCM approach may be constructed. One set of cosine functions 

may be used as an orthogonal foundation for implementing the MCM system, and this system 

can then be constructed using a discrete cosine transform (DCT). The commonly used DCT is 

given as follows [101, 102]: 

𝐷𝐷𝐶𝐶𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁(𝑟𝑟 , 𝑐𝑐) =

⎩
⎪
⎨

⎪
⎧

1
√𝑁𝑁

       𝑟𝑟 = 0 ,   

�2
𝑁𝑁

  cos �
𝜋𝜋(2𝑐𝑐 + 1)𝑟𝑟

2𝑁𝑁
�   1 ≤ 𝑟𝑟 ≤ 𝑁𝑁 − 1

 . (3.1) 
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where r (0 ≤ r ≤ N-1) and c (0 ≤ c ≤ N-1) are the row and the column of the DCT matrix 

respectively.  

Therefore, a DCT matrix of size eight can be presented as: 

 

 

DCT8𝗑𝗑8 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35
0.5 0.41 0.28 0.1 −0.1 −0.28 −0.42 −0.5

0.46 0.19 −0.19 −0.46 −0.46 −0.19 0.19 0.46
0.41 −0.1 −0.5 −0.28 0.28 0.5 0.1 −0.42
0.35 −0.35 −0.35 0.35 0.35 −0.35 −0.35 0.35
0.28 −0.5 0.1 0.42 −0.41 −0.1 0.5 −0.28
0.19 −0.46 0.46 −0.19 −0.19 0.46 −0.46 0.19
0.1 −0.28 0.42 −0.5 0.5 −0.41 0.28 −0.1 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

. (3.2) 

 

3.2 Walsh-Hadamard Transform (WHT) 

In 1923, Walsh [103] completed an incomplete set of Rademacher functions, resulting in the 

complete orthonormal set of rectangular functions which are commonly referred to as Walsh 

functions. The collection of Walsh functions has been divided into three categories: (i) sequence 

or Walsh ordering, (ii) dyadic or Paley ordering; and (iii) natural or Hadamard ordering. These 

groupings are distinguished by the sequence in which individual functions appear in the three 

forms of orderings. Details of the Walsh and Hadamard order are discussed below. 

The idea of using the WHT function in well-formulated applications such as non-linear 

problems did not emerge until the early 1960s [85]. The WHT has since been used to solve 

various issues in engineering, physics, and other physical sciences. Furthermore, because it can 

effectively be computed using just additions and subtractions of ±1, the WHT has gained 

popularity in various digital signal processing applications [104, 105]. As a result, its hardware 

implementation is likewise more straightforward, and it has also been used in the medical field 

and in the geological as well as biological sciences [104]. 

Rearranging the rows of a Hadamard matrix (H) into a sequence order yields the WHT 

[106]. A lower order H matrix can be used to create the N𝗑𝗑N Hadamard matrix as follows: 

𝐻𝐻𝑁𝑁 =⊗𝑖𝑖 𝐻𝐻2. (3.3) 



50 
 

where 𝐻𝐻2 = �1 1
1 −1� is a Hadamard matrix of 2-point, 𝑛𝑛 = log2 𝑁𝑁 and ⊗ is the presented 

Kronecker product. An illustration of the concept of the Kronecker product of two-dimensional 

square matrices can be given as 

 

�
𝑥𝑥11 𝑥𝑥12
𝑥𝑥21 𝑥𝑥22

� ⊗ �
𝑦𝑦11 𝑦𝑦12
𝑦𝑦21 𝑦𝑦22

� = �
𝑥𝑥11 �

𝑦𝑦11 𝑦𝑦12
𝑦𝑦21 𝑦𝑦22

� 𝑥𝑥12 �
𝑦𝑦11 𝑦𝑦12
𝑦𝑦21 𝑦𝑦22

�

𝑥𝑥21 �
𝑦𝑦11 𝑦𝑦12
𝑦𝑦21 𝑦𝑦22

� 𝑥𝑥22 �
𝑦𝑦11 𝑦𝑦12
𝑦𝑦21 𝑦𝑦22

�
� 

                                                               = �

𝑥𝑥11𝑦𝑦11 𝑥𝑥11𝑦𝑦12 𝑥𝑥12𝑦𝑦11 𝑥𝑥12𝑦𝑦12
𝑥𝑥11𝑦𝑦21 𝑥𝑥11𝑦𝑦22 𝑥𝑥12𝑦𝑦21 𝑥𝑥12𝑦𝑦22
𝑥𝑥21𝑦𝑦11 𝑥𝑥21𝑦𝑦12 𝑥𝑥22𝑦𝑦11 𝑥𝑥22𝑦𝑦12
𝑥𝑥21𝑦𝑦21 𝑥𝑥21𝑦𝑦22 𝑥𝑥22𝑦𝑦21 𝑥𝑥22𝑦𝑦22

�. 

(3.4) 

Therefore, based on an assumption that N=4, and applying Equation 3.3,  n=2 and 𝐻𝐻4 

can be as follows:  

𝐻𝐻4𝑁𝑁4 = 𝐻𝐻2 ⊗ 𝐻𝐻2 = �1 1
1 −1� ⊗ �1 1

1 −1�  =  �
1 �1 1

1 −1� 1 �1 1
1 −1�

1 �1 1
1 −1� −1 �1 1

1 −1�
� 

                                                                                  = �

1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1

�

⎣
⎢
⎢
⎡
𝑆𝑆𝑐𝑐ℎ(0)
𝑆𝑆𝑐𝑐ℎ(3)
𝑆𝑆𝑐𝑐ℎ(1)
𝑆𝑆𝑐𝑐ℎ(2)⎦

⎥
⎥
⎤
. 

 

(3.5) 

 

where (-) is represented by -1 and 𝑆𝑆𝑐𝑐ℎ  is the number of sign-changes in the row. Rearranging 

the rows of 𝐻𝐻4𝑁𝑁4 can generate  𝑊𝑊4𝑁𝑁4. The successive rows in Equation 3.5 have ordered 0,3,1 

and 2 sign changes, which is a Hadamard ordering; if the rows are changed in sequence order, 

the WHT can be written as [103] 

𝑊𝑊𝐻𝐻𝑇𝑇4𝑁𝑁4 = �

1 1 1 1
1 1 −1 −1
1 −1 −1 1
1 −1 1 −1

�

⎣
⎢
⎢
⎡𝑆𝑆𝑐𝑐ℎ(0)
𝑆𝑆𝑐𝑐ℎ(1)
𝑆𝑆𝑐𝑐ℎ(2)
𝑆𝑆𝑐𝑐ℎ(3)⎦

⎥
⎥
⎤
. (3.6) 

 

Alternatively, the WHT matrix may be defined as: 
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𝑊𝑊𝐻𝐻𝑇𝑇𝑚𝑚,𝑜𝑜 =  (−1)∑ 𝑚𝑚𝑖𝑖𝑜𝑜𝑖𝑖
𝑖𝑖−1
𝑖𝑖 . (3.7) 

 

where 𝑛𝑛 =  𝑙𝑙𝑜𝑜𝑙𝑙2(𝑁𝑁) and 𝑥𝑥𝑖𝑖 ∗  𝑢𝑢𝑖𝑖  , which is the ith product operation of bit by bit for the binary 

number representing the integer numbers x, u, and n-1 is the number of binary digits in each 

index. To clarify Equation 3.7, let us assume that W(6,5) where x = 6 and u =5 and x is the sixth 

row while u is the 5th column in W8x8, which are presented in binary as 110 and 101 

respectively. Appling, these numbers in Equation 3.7, would result in: 

 

𝑙𝑙(𝑥𝑥, 𝑢𝑢) = � 𝑥𝑥𝑖𝑖𝑢𝑢𝑖𝑖

𝑖𝑖−1

𝑖𝑖

 

𝑙𝑙(6,5) = � 6𝑗𝑗

3−1

𝑗𝑗=𝑜𝑜

∗  5𝑗𝑗 

𝑙𝑙(6,5) = 𝑏𝑏0(6) ∗ 𝑏𝑏0(5) + 𝑏𝑏1(6) ∗ 𝑏𝑏1(5) + 𝑏𝑏2(6) ∗ 𝑏𝑏2(5) 

𝑙𝑙(6,5) = 0 ∗ 1 + 1 ∗ 0 + 1 ∗ 1 = 1 

𝑊𝑊(6,5) = (−1)1 = −1 

Moreover, a Hadamard matrix in Equation 3.3 is defined as a function of a lower-order 

matrix as in any orthogonal transform [106]: 

𝐻𝐻𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝐻𝐻𝑁𝑁

2� 𝐻𝐻𝑁𝑁
2�

𝐻𝐻𝑁𝑁
2� −𝐻𝐻𝑁𝑁

2�
�. (3.8) 

 

The following example illustrates creating a Walsh matrix (8𝗑𝗑8) by rearranging the rows 

of a Hadamard matrix (8𝗑𝗑8): 
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  𝐻𝐻8𝑁𝑁8 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
1 1 1 1 1 1 1 1
1 −1 1 −1 1 −1 1 −1
1 1 −1 −1 1 1 −1 −1
1 −1 −1 1 1 −1 −1 1
1 1 1 1 −1 −1 −1 −1
1 −1 1 −1 −1 1 −1 1
1 1 −1 −1 −1 −1 1 1
1 −1 −1 1 −1 1 1 −1⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

𝑆𝑆𝑐𝑐ℎ(0)
𝑆𝑆𝑐𝑐ℎ(7)
𝑆𝑆𝑐𝑐ℎ(3)
𝑆𝑆𝑐𝑐ℎ(4)
𝑆𝑆𝑐𝑐ℎ(1)
𝑆𝑆𝑐𝑐ℎ(6)
𝑆𝑆𝑐𝑐ℎ(2)
𝑆𝑆𝑐𝑐ℎ(5)

. (3.9) 

 

W8𝗑𝗑8 =  

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
1 1 1 1 1 1 1 1
1 1 1 1 −1 −1 −1 −1
1 1 −1 −1 −1 −1 1 1
1 1 −1 −1 1 1 −1 −1
1 −1 −1 1 1 −1 −1 1
1 −1 −1 1 −1 1 1 −1
1 −1 1 −1 −1 1 −1 1
1 −1 1 −1 1 −1 1 −1⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

Sch(0)
Sch(1)
Sch(2)
Sch(3)
Sch(4)
Sch(5)
Sch(6)
Sch(7)

. (3.10) 

where H8𝗑𝗑8 is a Hadamard ordering and W8𝗑𝗑8 is a Walsh ordering, and Sch(7) illustrates that in 

this row the sign has changed seven times.  

Also, Sch(0) indicates that the signs of the matrix element remain identical. Hadamard 

ordering could be found by using the bit reversal (BR) of binary number A, then Gray code (G) 

to binary conversion, as illustrated in Table 3.1. Moreover, Figure 3.1 shows the discrete Walsh 

 
Table 3.1: Relation between the Walsh-ordered and Hadamard-ordered Walsh functions 

No A Bit revers of A Gray code of bit revers Hadamard order 

0 000 000 000 0 

1 001 100 111 7 

2 010 010 011 3 

3 011 110 100 4 

4 100 001 001 1 

5 101 101 110 6 

6 110 011 010 2 

7 111 111 101 5 
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function of: (a) Hadamard ordered 8 points; and (b) Walsh-ordered 8 points. 

 

As a result, combining the WHT with other transforms has piqued the attention of many 

researchers and has shown to be a potential contender for next generation of wireless 

communication systems such as DFT. The so-called (WHT-OFDM) system is introduced using 

orthogonal frequency division multiplexing [107]. The fast Walsh-Hadamard-Fourier transform 

method is also described, which combines the computation of the Walsh-Hadamard transform 

with the discrete Fourier transform [108]. 

 

 

 

 

 

 

 

Figure 3-1: Discrete Walsh functions, N = 8 (a) Hadamard-ordered; (b) Walsh-ordered 
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3.3 C-transform matrix 

As mentioned above, DCT and WHT are compressed into one transform, resulting in the CT in 

a certain way. Therefore, the CT can be presented as: 

𝐶𝐶𝑇𝑇8𝑁𝑁8 =
1

√𝑁𝑁
�[(𝐷𝐷𝐶𝐶𝑇𝑇8𝑁𝑁8)^] �{(𝑊𝑊𝐻𝐻𝑇𝑇8𝑁𝑁8)^}𝑇𝑇�� . (3.11) 

 

where (.)ˆ denotes the bit-reversed order and (.)T signifies the transpose. For clarity and without 

a loss of generality, a matrix 8𝗑𝗑8 of the C-transform is shown as follows: 

CT8×8 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝟏𝟏 0 0 0 0 0 0 0
0 𝟏𝟏 0 0 0 0 0 0
0 0 𝟎𝟎. 𝟗𝟗𝟗𝟗 𝟎𝟎. 𝟑𝟑𝟑𝟑 0 0 0 0
0 0 −𝟎𝟎. 𝟑𝟑𝟑𝟑 𝟎𝟎. 𝟗𝟗𝟗𝟗 0 0 0 0
0 0 0 0 𝟎𝟎. 𝟗𝟗𝟏𝟏 −𝟎𝟎. 𝟎𝟎𝟎𝟎 𝟎𝟎. 𝟑𝟑𝟎𝟎 𝟎𝟎. 𝟏𝟏𝟑𝟑
0 0 0 0 𝟎𝟎. 𝟗𝟗𝟏𝟏 𝟎𝟎. 𝟎𝟎𝟎𝟎 −𝟎𝟎. 𝟓𝟓𝟏𝟏 𝟎𝟎. 𝟑𝟑𝟗𝟗
0 0 0 0 −𝟎𝟎. 𝟑𝟑𝟗𝟗 𝟎𝟎. 𝟓𝟓𝟏𝟏 𝟎𝟎. 𝟎𝟎𝟎𝟎 𝟎𝟎. 𝟗𝟗𝟏𝟏
0 0 0 0 −𝟎𝟎. 𝟏𝟏𝟑𝟑 −𝟎𝟎. 𝟑𝟑𝟎𝟎 −𝟎𝟎. 𝟎𝟎𝟎𝟎 𝟎𝟎. 𝟗𝟗𝟏𝟏⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

. (3.12) 

Given that CT is a real orthonormal matrix, its inverse 𝐼𝐼𝐶𝐶𝑇𝑇 is the same as its transpose 

𝐼𝐼𝐶𝐶𝑇𝑇 =  𝐶𝐶𝑇𝑇𝑇𝑇. (3.13) 

Also, for inverse C-transform, matrix 8𝗑𝗑8, N = 8, is given as: 

𝐼𝐼𝐶𝐶𝑇𝑇 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 0.92 −0.38 0 0 0 0
0 0 0.38 0.92 0 0 0 0
0 0 0 0 0.91 0.21 −0.32 −0.18
0 0 0 0 −0.07 0.77 0.51 −0.37
0 0 0 0 0.37 −0.51 0.77 −0.07
0 0 0 0 0.18 0.32 0.21 0.91 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 . (3.14) 

where: 

ICT ∗ CT = I. (3.15) 
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where I is the identity matrix. 

Therefore, the C-transform has two significant features: the first is orthogonality, since 

it is the product of two orthogonal matrices; and, secondly, it has the block diagonal structure 

(BDS) which reduces the number of addition and multiplication operations [100, 109]. The 

result of having BDS is that > 2/3 of the matrix is zero, which leads to reduced numbers of real 

additions and multiplications. Moreover, the N-class matrix C-transform differs from the N / 2 C-

transform matrix only at the bottom of the diagonal block structure, as can be seen in Figure 3.2. 
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Figure 3-2: C-transform matrix for N = 32 
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3.4 Computational Complexity 

One important consideration in determining if a transform is appropriate for usage in real 

communication systems is its computational complexity. This section assesses in further detail 

the proposed CT’s computational cost compared to the DCT, DCT-WHT, and FFT. 

3.4.1 DCT Computational  

The numbers of real additions 𝑅𝑅𝐴𝐴
𝐷𝐷𝐶𝐶𝑇𝑇 and multiplications 𝑅𝑅𝑀𝑀

𝐷𝐷𝐶𝐶𝑇𝑇 and total real operations 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐷𝐷𝐶𝐶𝑇𝑇  

are presented in Equations 3.16, 3.17 and 3.18 respectively [110]. 

𝑅𝑅𝐴𝐴
𝐷𝐷𝐶𝐶𝑇𝑇 =  𝑁𝑁 log2 𝑁𝑁. (3.16) 

 

𝑅𝑅𝑀𝑀
𝐷𝐷𝐶𝐶𝑇𝑇 =  

𝑁𝑁
2

 log2 𝑁𝑁 . (3.17) 

 

𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐷𝐷𝐶𝐶𝑇𝑇 =

3
2

𝑁𝑁 log2 𝑁𝑁. (3.18) 

 

It is important to note that the complexity above should be computed twice when a 

complex constellation is employed, one of which for the real and the other for the imaginary 

components of the signal. The total computational complexity is then given as:  

𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐷𝐷𝐶𝐶𝑇𝑇 = 3𝑁𝑁 log2 𝑁𝑁. (3.19) 

 

3.4.2 WHT+DCT Computational Complexity 

The fast implementation of the WHT followed by the DCT has the following areas of arithmetic 

complexity. That of the WHT only requires real additions and no multiplications at all, as 

follows:  

𝑅𝑅𝐴𝐴
𝑊𝑊𝑊𝑊𝑇𝑇 =  𝑁𝑁 𝑙𝑙𝑜𝑜𝑙𝑙2 𝑁𝑁. (3.20) 
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Also, the previous section has presented the numbers of real additions and 

multiplications and the total real operations for the DCT. Therefore, the entire process of real 

additions and multiplication for this combination of WHT-DCT will be as follows: 

𝑅𝑅𝐴𝐴
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 = 𝑅𝑅𝐴𝐴

𝑊𝑊𝑊𝑊𝑇𝑇 + 𝑅𝑅𝐴𝐴
𝐷𝐷𝐶𝐶𝑇𝑇. (3.21) 

 

𝑅𝑅𝐴𝐴
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 =  𝑁𝑁 𝑙𝑙𝑜𝑜𝑙𝑙2 𝑁𝑁 +  𝑁𝑁 log2 𝑁𝑁 =  2 𝑁𝑁 log2 𝑁𝑁. (3.22) 

 

𝑅𝑅𝑀𝑀
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 =  𝑁𝑁

2
 log2 𝑁𝑁. (3.23) 

 

𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇  =  𝑅𝑅𝐴𝐴

𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 + 𝑅𝑅𝑀𝑀
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 = 2.5 ∗ 𝑁𝑁 log2 𝑁𝑁. (3.24) 

 

3.4.3 IFFT Computational Complexity 

It is important to note that our actual comparison is with the DCT transform; however, an 

additional comparison with the IFFT transform is included to provide more context. According 

to the literature [111], an IDFT matrix needs N(N-1), 𝑁𝑁2 complex addition and multiplication 

operations for direct implementation. On the other hand, there are log2 𝑁𝑁 stages and  𝑁𝑁
2
 

butterflies per stage according to the fast implementation shown in the structure of IFFT 

flowcharts in Figure 3-3 [99].  
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where 𝑤𝑤𝑁𝑁
𝑘𝑘 = 𝑒𝑒𝑗𝑗𝑘𝑘𝑗𝑗 is the Twiddle factor. 

As shown in Figure 3.3b, the individual butterfly is viewed in more detail as: 

𝑃𝑃 =  𝑎𝑎 + 𝑊𝑊𝑁𝑁
𝑘𝑘 𝑏𝑏 

𝑑𝑑 =   𝑎𝑎  −   𝑊𝑊𝑁𝑁
𝑘𝑘 𝑏𝑏 

For any FFT/IFFT implementation, the total number of butterflies 𝑑𝑑𝑢𝑢𝑁𝑁𝑜𝑜
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 needed to 

implement a size 𝑁𝑁𝑁𝑁𝑁𝑁 matrix is:   

BuNo
IFFT  =  N

2
 log2 N. (3.25) 

 

 

Figure 3-3: (a) 8-point 2-radix FFT butterfly flowchart; (b) DIT FFT butterfly. 
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There are two complex additions and one multiplication needed for a butterfly. 

Therefore, the overall computational complexity 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐼𝐼𝐼𝐼𝑇𝑇  , the number of complex additions 

𝐶𝐶𝐴𝐴
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 and multiplications 𝐶𝐶𝑀𝑀

𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 are as follows:  

𝐶𝐶𝐴𝐴
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 = 2(𝑁𝑁

2
log2 𝑁𝑁) =  𝑁𝑁 log2 𝑁𝑁. (3.26) 

 

𝐶𝐶𝑀𝑀
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 = 𝑁𝑁

2
log2 𝑁𝑁. (3.27) 

According to previous studies [100, 112], one complex addition causes two real 

additions, and one complex multiplication causes three real multiplications and additions. Thus, 

the overall computational complexity in terms of real additions, 𝑅𝑅𝐴𝐴
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇, real multiplications, 

𝑅𝑅𝑀𝑀
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇, and the total number of operations, 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒

𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 , is as follows: 

𝑅𝑅𝐴𝐴
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 =  2[𝑁𝑁 𝑙𝑙𝑜𝑜𝑙𝑙2 𝑁𝑁]. (3.28) 

 

𝑅𝑅𝑀𝑀
𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇 = 3[𝑁𝑁 𝑙𝑙𝑜𝑜𝑙𝑙2 𝑁𝑁]. (3.29) 

 

𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐼𝐼𝐼𝐼𝑇𝑇 = 5𝑁𝑁 log2 𝑁𝑁. (3.30) 

3.4.4 CT Computational Complexity 

As mentioned, one of the significant features of the CT is that it has a sparse block diagonal 

structure, with approximately 67% of its matrix being zero. That will reduce its computation to 

𝑁𝑁2
3�  and 𝑁𝑁(𝑁𝑁 − 1) for real multiplication and real summation respectively [113]. Figure 3.4 

depicts the BDS transform butterfly flow graph [114]. 

The total number of butterflies in the C-transform is equal to: 

𝑑𝑑𝑢𝑢𝑁𝑁𝑜𝑜
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 =  1

2
 𝑁𝑁 log2 𝑁𝑁 − 𝑁𝑁 + 1. (3.31) 
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The individual butterfly is more thoroughly examined as shown in Figure 3.4b. 

𝑃𝑃 = 𝑎𝑎𝑞𝑞 + 𝑏𝑏𝑟𝑟 

𝑑𝑑 = 𝑏𝑏𝑤𝑤 + 𝑎𝑎𝑒𝑒 

 

 

Figure 3-4: (a) BDS transform butterfly; (b) one butterfly structure. 
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Moreover, each butterfly has four multiplication and two real summations. Therefore 

the real multiplications  𝑅𝑅𝑀𝑀
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 and real additions    𝑅𝑅𝐴𝐴

𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 can be calculated as 

[100] 

𝑅𝑅𝑀𝑀
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 4 𝑑𝑑𝑢𝑢𝑁𝑁𝑜𝑜

𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒. 

𝑅𝑅𝑀𝑀
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 4 𝑑𝑑𝑢𝑢𝑁𝑁𝑜𝑜

𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒. 

 

𝑅𝑅𝑀𝑀
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 2𝑁𝑁 log2 𝑁𝑁 − 4𝑁𝑁 + 4. (3.32) 

 

𝑅𝑅𝐴𝐴
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 2 𝑑𝑑𝑢𝑢𝑁𝑁𝑜𝑜

𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒. 

𝑅𝑅𝐴𝐴
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 2 [1

2
 𝑁𝑁 log2 𝑁𝑁 − 𝑁𝑁 + 1]. 

 

𝑅𝑅𝐴𝐴
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 =   𝑁𝑁 𝑙𝑙𝑜𝑜𝑙𝑙2 𝑁𝑁 − 2𝑁𝑁 + 2. (3.33) 

Consequently, the total computational complexity of the CT will be as follows [100] 

𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 𝑅𝑅𝑀𝑀

𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 + 𝑅𝑅𝐴𝐴
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒. 

 

𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 = 6

2
𝑁𝑁 log2 𝑁𝑁 − 6𝑁𝑁 + 6. (3.34) 

Note that, when using complex signs, the C transformation’s arithmetic operations will 

be double Equation 3.34. Finally, the most significant parameter used to assess computational 

complexity is the computational complexity reduction ratio (CCRR), which is calculated as 

[115]: 
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𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅 =  �1 −  
𝐶𝐶 − 𝑡𝑡𝑟𝑟𝑎𝑎𝑛𝑛𝑖𝑖𝑓𝑓𝑜𝑜𝑟𝑟𝑙𝑙 

𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐𝑎𝑎𝑟𝑟𝑙𝑙𝑛𝑛𝑙𝑙 𝑡𝑡𝑟𝑟𝑎𝑎𝑛𝑛𝑖𝑖𝑓𝑓𝑜𝑜𝑟𝑟𝑙𝑙 
� x 100% . (3.35) 

The real additions 𝑅𝑅𝐴𝐴 and multiplications 𝑅𝑅𝑀𝑀 and computational complexity for CT, 

DCT, DCT-WHT and FFT under different lengths of the transform N are shown in Table 3.2. 

It is evident that the C-transform is superior in terms of additions, and in terms of 

multiplications is better than the FFT. In addition, Figure 3.5 illustrates the number of additions 

as a function of transform length N and as can be seen, CT has the fewest additions. 

Also, Table 3.3 presents the total computational complexity of the real operation of the 

CT compared with DCT, DCT-WHT and FFT. It is clear that the CT has the lowest 

computational complexity compared with the DCT-WHT and FFT. However, the 

computational complexity of the CT is higher than that of the DCT when N > 16.  

 

 

 

 

 

 

Table 3.2: Real additions RA and multiplications RM in computational complexity for CT, DCT, DCT-WHT and FFT under 
different lengths of the transform N 

N 
C-transform DCT DCT-WHT FFT 

𝑅𝑅𝑀𝑀  𝑅𝑅𝐴𝐴  𝑅𝑅𝑀𝑀  𝑅𝑅𝐴𝐴  𝑅𝑅𝑀𝑀  𝑅𝑅𝐴𝐴  𝑅𝑅𝑀𝑀  𝑅𝑅𝐴𝐴  

4 4 2 4 8 4 16 16 24 

8 20 10 12 24 12 48 48 72 

16 68 34 32 64 32 128 128 192 

32 196 98 80 160 80 320 320 480 

64 516 258 192 384 192 768 768 1152 

128 1284 642 448 896 448 1792 1792 2688 

256 3076 1538 1024 2048 1024 4096 4096 6144 

512 7172 3586 2304 4608 2304 9216 9216 13824 

1024 16388 8194 5120 10240 5120 20480 20480 30720 
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Figure 3-5: Computational cost number. 
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Table 3.3: Total computational complexity for CT, DCT, DCT-WHT and FFT under different lengths of the transform N 

N 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐶𝐶−𝑡𝑡𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝑡𝑡𝑜𝑜𝑃𝑃𝑒𝑒 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒

𝐷𝐷𝐶𝐶𝑇𝑇  𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒

𝐼𝐼𝐼𝐼𝑇𝑇  

4 6 12 20 40 

8 30 36 60 120 

16 102 96 160 320 

32 294 240 400 800 

64 774 576 960 1920 

128 1926 1344 2240 4480 

256 4614 3072 5120 10240 

512 10758 6912 11520 23040 

1024 24582 15360 25600 51200 
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For further comparison, the CCRR is given in Table 3.4, which presents the reduction 

in terms of computational complexity between the transforms and CCRR1, CCRR2 and CCRR3 

denote the CCRR of the CT over the DCT, CT over DCT-WHT and CT over FFT respectively. 

The average computational complexity reduction in CT over FFT is almost 60% in general and 

30% in CT over DCT-WHT. However, CCRR is slightly higher when N is greater than 16 in 

CT over DCT because CT combines two transfers.  

 

 

 

 

 

 

 

 

 

 

 

Table 3.4: The computational complexity reduction ratio for CT, DCT, DCT-WHT and FFT under different lengths of the 
transform N 

N 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝐶𝐶𝑇𝑇  𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒

𝐷𝐷𝐶𝐶𝑇𝑇  CCRR1% 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒
𝑊𝑊𝑊𝑊𝑇𝑇−𝐷𝐷𝐶𝐶𝑇𝑇 CCRR2% 𝐶𝐶𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒

𝐼𝐼𝐼𝐼𝑇𝑇  CCRR3% 

4 6 12 50.0 20 70.0 40 85.0 

8 30 36 16.7 60 50.0 120 75.0 

16 102 96 -6.3 160 36.3 320 68.1 

32 294 240 -22.5 400 26.5 800 63.3 

64 774 576 -34.4 960 19.4 1920 59.7 

128 1926 1344 -43.3 2240 14.0 4480 57.0 

256 4614 3072 -50.2 5120 9.9 10240 54.9 

512 10758 6912 -55.6 11520 6.6 23040 53.3 

1024 24582 15360 -60.0 25600 4.0 51200 52.0 
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3.5 Conclusion  

The crucial idea of the C-transform, which will be utilised throughout the rest of this thesis, has 

been covered in this chapter. The discrete cosine transform (DCT) and Walsh-Hadamard 

transform (WHT), which are two well-known transforms that may be utilised effectively for 

communication systems, were highlighted in a discussion of fast transforms. Meanwhile, the 

C-transform combines the DCT and WHT into a single rapid orthonormal unitary transform. In 

addition, this chapter emphasises how the C transform’s computational complexity is reduced 

when utilised in combination with the DCT, WHT, and FFT transforms as distinct cascaded 

transforms. This chapter serves as a foundation for the systems proposed in this study. In the 

following chapters 4, 5, and 6, the C-transform is used to address more challenging issues such 

as peak-to-average-power ratio (PAPR), the non-linear effect of the LED, multipath dispersion 

mitigation in the C-OFDM system, and complexity reductions. 
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Chapter 4 
4 Performance Comparison of C-OFDM, 

DCO-OFDM and F-OFDM in terms of 

PAPR Reduction 

This chapter details a comparison of three distinct orthogonal frequency division multiplexing 

(OFDM) formats for visible light communication in terms of peak-to-average power ratio and 

computational complexity. The formats under investigation include fast OFDM, standard DC-

biased OFDM, and C-transform-based OFDM (C-OFDM) which combines a discrete cosine 

transform with a Walsh-Hadamard matrix. We look at how these systems perform when 

broadcast across channels with band limitations and additive white Gaussian noise. 

4.1 Introduction  

White light emitting diodes (LEDs) in the current solid-state lighting (SSL) 

infrastructure are being explored for visible light communications (VLCs) as a potential 

solution for future broadband networks. VLC systems offer advantages such as non-

interference with radio frequency (RF) systems, no health concerns, energy efficiency, and 

suitability for sensitive environments like hospitals and aeroplanes. However, VLCs face 

bandwidth limitations due to the low-pass nature of LEDs. To overcome this, advanced 

modulation techniques like OFDM have been proposed. OFDM provides bandwidth efficiency 

and robustness against interference but suffers from a high peak-to-average power ratio 

(PAPR). Various PAPR reduction strategies have been suggested, but some are not directly 

applicable in the optical domain. Recently, the C-transform-based OFDM (C-OFDM) has been 

proposed to reduce PAPR significantly while maintaining BER performance, showing promise 

for VLC applications. 
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4.2 Fast OFDM  

Although the set of complex exponential functions is not the only orthogonal basis that could 

be utilised to construct MCM technique, one set of cosine functions could be utilised as an 

orthogonal basis to implement the MCM system. This system could be created using a discrete 

cosine transform (DCT) [116]. However, F-OFDM excludes complex modulation and allows 

real one-dimensional modulation formats such as pulse amplitude modulation (PAM), which is 

an advantage in OWC utilising the IM/DD technique. However, while the signal generated by 

F-OFDM is still a real signal, it is not yet positive; whereas conventional OFDM generated 

complex signals using complex two-dimensional modulation formats such as QPSK and 

16QAM [117, 118]. The commonly cited IDCT is given as follows [116]: 

 

𝑥𝑥(𝑡𝑡) = �2
𝑁𝑁

� 𝜓𝜓𝑖𝑖 𝑋𝑋𝑖𝑖  cos �
𝑛𝑛𝜋𝜋𝑡𝑡
𝑁𝑁

�
𝑁𝑁−1

𝑖𝑖=0

 . (4.1) 

where 𝑋𝑋𝑖𝑖 are the data symbols obtained from a modulation constellation, 𝑥𝑥(𝑡𝑡) is the time 

sample of OFDM, and 𝜓𝜓𝑖𝑖 is the normalisation factor which is determined by: 

𝜓𝜓𝑖𝑖 =

⎩
⎨

⎧
1

√2
,   𝑛𝑛 = 0              

1,   0 ≺ 𝑛𝑛 ≺ 𝑁𝑁 − 1

  . (4.2) 

 

Similarly, the IFFT is [36] 

𝑥𝑥(𝑡𝑡) =
1

√𝑁𝑁
� 𝑋𝑋𝑖𝑖 𝑒𝑒

𝑗𝑗2𝜋𝜋𝑖𝑖𝑡𝑡
𝑁𝑁

𝑁𝑁−1

𝑖𝑖=0

 . (4.3) 

 

The frequency spacing between two adjacent subcarriers ∆f is the difference between F-OFDM 

and OFDM where values of ∆f are 1/(2T) and 1/T respectively [116]. Figure 4.1 illustrates the 

concept of F-OFDM, and it can be seen that there is a difference in frequency separation 

between neighbouring subcarriers for OFDM (top of Figure 4.1) and F-OFDM (bottom of 

Figure 4.1). It should be noted in Figure 4.1 that F-OFDM can support twice as many 

subcarriers as OFDM, while maintaining the existence of the orthogonality by limiting 
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modulation to one-dimensional formats such as BPSK or PAM. This allows the subcarrier 

spacing to be 1 / (2T), which is half the space required for OFDM at 1 / T  [119-121]. A 

schematic block diagram for the F-OFDM is illustrated in Figure 4.2. There are several 

differences between the F-OFDM technique and the conventional OFDM system, such as the  

 

Figure 4-1: Subcarrier separation for OFDM (top) and F-OFDM (bottom), 

Frequency
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fact that PAM, which is a 1-dimensional constellation and an IDCT, is used to generate the time 

domain signal for F-OFDM. In contrast, QAM, the 2-dimensional constellation and an IFFT, is 

used to create the time domain signal for OFDM. 

4.3 PAPR Performance of OFDM Systems  

As mentioned earlier, adding a large number of SCs in OFDM creates samples with extremely 

high peak values relative to the OFDM average power. The PAPR is the standard measure for 

this phenomenon, which Haas defines for discrete-time signals as [47]: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅 =  
max0≤𝑖𝑖≤𝑁𝑁−1|𝑥𝑥[𝑛𝑛]|2

𝐸𝐸[|𝑥𝑥[𝑛𝑛]|2]  . (4.4) 

In the case of the F-OFDM and typical OFDM the discrete-time signals are as follows:    

 

Figure 4-2: F-OFDM system. 
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𝑥𝑥𝐴𝐴𝐼𝐼𝐷𝐷𝑀𝑀(𝑡𝑡) =
1

√𝑁𝑁
� 𝑋𝑋𝑖𝑖 𝑒𝑒

𝑗𝑗2𝜋𝜋𝑖𝑖𝑡𝑡
𝑁𝑁

𝑁𝑁−1

𝑖𝑖=0

 . (4.5) 

 

 

𝑥𝑥𝐼𝐼−𝐴𝐴𝐼𝐼𝐷𝐷𝑀𝑀(𝑡𝑡) = �2
𝑁𝑁

� 𝜓𝜓𝑖𝑖 𝑋𝑋𝑖𝑖  cos �
𝑛𝑛𝜋𝜋𝑡𝑡
𝑁𝑁

�
𝑁𝑁−1

𝑖𝑖=0

 . (4.6) 

 

Then max0≤𝑖𝑖≤𝑁𝑁−1|𝑥𝑥[𝑛𝑛]|2 ≤ 𝑁𝑁|𝑋𝑋𝑖𝑖|𝑒𝑒𝑒𝑒𝑚𝑚
2   and 𝐸𝐸[|𝑥𝑥[𝑛𝑛]|2] = 𝐸𝐸[|𝑋𝑋𝑖𝑖|2], 0 ≤ 𝑛𝑛 ≤ 𝑁𝑁 − 1. 

Therefore, their PAPR can be written as follows [100, 122]:  

𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅 ≤ 𝑁𝑁 
|𝑋𝑋𝑖𝑖|𝑒𝑒𝑒𝑒𝑚𝑚

2

𝐸𝐸[|𝑋𝑋𝑖𝑖|2] . (4.7) 

More specifically, the addition of N data symbols is required for each output sample of 

size N generated by either the IDCT or IFFT operations. On the other hand, the proposed C-

OFDM system does not operate in this manner. This is because each N output sample from the 

ICT operation includes less than or equal to the total of half of the data symbols (N) since the 

C-transform has a block diagonal structure. As a result, the PAPR for the C-OFDM technique 

scenario may be as follows [100]:   

𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝐶𝐶−𝐴𝐴𝐼𝐼𝐷𝐷𝑀𝑀 ≤
𝑁𝑁
2

 
|𝑋𝑋𝑖𝑖|𝑒𝑒𝑒𝑒𝑚𝑚

2

𝐸𝐸[|𝑋𝑋𝑖𝑖|] . (4.8) 

Therefore, the worst-case scenario for PAPR in the traditional OFDM and F-OFDM 

schemes is of the order of N; however, in the new optical C-OFDM it is N/2. 

4.4 VLC Applications of the Proposed Schemes. 

In this section, the proposed C-OFDM system performance in terms of PAPR and BER is 

examined as an example of a VLC system, together with that of F-OFDM and the traditional 

OFDM systems. 

4.4.1 Test Set-up 

On the transmitter side, block diagrams for each of the OFDM systems tested are presented in 

Figure 4.3. Data d is mapped onto the modulation alphabet, which must be purely real for DCT 

and C-transform-based OFDM systems. Therefore, we modulate C-OFDM and fast-OFDM  
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Figure 4-3: System block diagram 
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(F-OFDM) with pulse amplitude modulation (PAM) and conventional OFDM with quadrature 

amplitude modulation (QAM). The number of bits-per-symbol is set at 𝑘𝑘𝑃𝑃𝐴𝐴𝑀𝑀 = 𝑘𝑘𝑄𝑄𝑄𝑄𝑄𝑄

2
 so as to 

maintain spectral efficiency taking Hermitian symmetry requirements into account plus the fact 

that the DCT transform separates subcarriers by 𝑑𝑑𝑡𝑡 = 1
2𝑇𝑇

 [43, 119]. The data c is then passed 

through a serial-to-parallel converter for every system before either: (a) the inverse C-transform 

in the case of C-OFDM in blue; or (b) transformation by the IDCT is applied in the case of fast 

OFDM (FOFDM) in red; and, finally, (c) Hermitian symmetry generation and transformation 

via IFFT for the case of OFDM in green given as follows [28]:  

𝑆𝑆𝑒𝑒 �

0             𝑙𝑙 = 0
      𝑋𝑋𝑒𝑒    0 < 𝑙𝑙 < 𝑁𝑁/2

0        𝑙𝑙 = 𝑁𝑁/2
                𝑋𝑋𝑒𝑒

∗        𝑁𝑁/2 < 𝑙𝑙 < 𝑁𝑁 − 1

. (4.9) 

where 𝑆𝑆𝑒𝑒 is the Hermitian symmetric output,   𝑋𝑋𝑒𝑒 is the 𝑙𝑙𝑡𝑡ℎ   parallel data stream and 𝑁𝑁 is the 

number of subcarriers. Next, CP is added to the signal before parallelisation and transmission 

by the LED. 

In the literature, the LED can be represented as a first order low-pass filter response as 

follows [2]: 

𝐻𝐻𝑆𝑆(𝑓𝑓) =
1

�1 + �𝑓𝑓
𝑓𝑓𝑐𝑐

�
2

  

 . 
(4.10) 

where HS is the LED model, 𝑓𝑓 is the frequency range of the signal and 𝑓𝑓𝑐𝑐 is the cut-off 

frequency. This model is adopted in the present study. 

At the receiver, AWGN is added to the received data x(t) before serial-to-parallel 

conversion and the removal of CP. Then the data is injected into either the forward C transform 

(C-OFDM), the DCT (F-OFDM), or the FFT (DCO-OFDM). One more step for FFT-OFDM is 

the removal of Hermitian symmetry. Finally, the data 𝑐𝑐′ is de-mapped from the modulation 

alphabet. Interestingly, the C-OFDM scheme is robust against frequency selectivity due to its 

structure, where the WHT distributes the data over all the subcarriers in the same manner as an 

interleave. Thus, the performance penalties associated with deep notches in the channel 

response are avoided, as can similarly be observed in direct sequence spread spectrum systems. 
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4.4.1.1 Proposed System Theory  

The outline of the C-transform is discussed in this section. Firstly, the input data is mapped onto 

modulation symbols 𝑋𝑋 = [𝑋𝑋0, 𝑋𝑋1, 𝑋𝑋2, … , 𝑋𝑋𝑁𝑁−1]. The output of the inverse C-transform can be 

expressed in two steps. The first step is the Walsh-Hadamard transform 𝐻𝐻𝑒𝑒 shown below [109]: 

𝐻𝐻𝑒𝑒 =
1

√𝑁𝑁
 � 𝑋𝑋𝑒𝑒

𝑁𝑁−1

𝑒𝑒=0

(−1)𝑏𝑏(𝑖𝑖,𝑖𝑖). (4.11) 

where g (i, n) is defined as: 

𝑙𝑙(𝑙𝑙, 𝑛𝑛) = � 𝑙𝑙𝑗𝑗

𝑁𝑁−1

𝑗𝑗=𝑜𝑜

∗  𝑛𝑛𝑗𝑗 .  (4.12) 

 

where 𝑙𝑙𝑗𝑗 ∗  𝑛𝑛𝑗𝑗 is the 𝑗𝑗𝑡𝑡ℎ  product operation of bit-by-bit for the binary number which represents 

the integer numbers i and n, and N-1 is the number of binary digits in each index. In matrix 

terms, 𝐻𝐻𝑒𝑒 could be represented as follows: 

𝐻𝐻𝑒𝑒 = 𝑊𝑊^𝑇𝑇𝑋𝑋𝑒𝑒. (4.13) 

Then the output 𝐻𝐻𝑒𝑒 is passed through IDCT in Equation 4.1, given as: 

𝐶𝐶𝑒𝑒 = 𝐷𝐷𝐶𝐶𝑇𝑇^ ∗  𝐻𝐻𝑒𝑒. (4.14) 

where (.)ˆ denotes the bit-reversed order and (.)T signifies the transpose.  

4.5 Simulation Results and Discussion   

The results are considered in relation to performance in terms of complexity, BER and PAPR, 

comparing C-OFDM against conventional and fast OFDM. It is worth mentioning that the 

signal bandwidth of the proposed scheme is half of that of conventional OFDM due to the 

subcarrier spacing being reduced by half by the DCT. 

4.5.1 PAPR Reduction 

The high PAPR is one of the significant disadvantages of the OFDM technique and it is caused 

by the periodic constructive superposition of the SCs. The PAPR can cause a degradation in 
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BER due to SNR limitations, reducing the performance of OFDM systems. However, several 

techniques have been applied to reduce the effect of the PAPR in ODFM systems, albeit with a 

high cost in terms of complexity and reduced data rates and/or increased BER. The PAPR is 

given in Equation 4.4. 

It was found through simulation that C-OFDM had the lowest PAPR for a variable 

number of subcarriers (N = 16, and 64), for 16-QAM and 4 PAM modulations, compared to 

conventional OFDM and DCT-OFDM. The Complementary Cumulative Distribution Function 

(CCDF) has been used in determining the probability that a given OFDM time-domain 

symbol’s PAPR will be greater than a present threshold PAPR0 as follows: 

𝐶𝐶𝐶𝐶𝐷𝐷𝐹𝐹 = 𝑃𝑃𝑟𝑟 = (𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅 > 𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅0). (4.15) 

In Figure 4.4 the CCDF has been plotted in order to gain knowledge of and an intuitive 

understanding of the PAPR statistics. 

 

Figure 4-4: PAPR performance of the proposed system, F-OFDM, and OFDM. 
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Simulation results shown in Figure 4.4 for the C-OFDM, F-OFDM and OFDM systems 

indicate that C-OFDM achieves the lowest PAPR for values of N of 16 and 64. Two reductions 

of ≅ 2 dB and 5dB PAPR are performed relative to F-OFDM and OFDM. This is because BDS 

reduces the likelihood of the constructive superposition of the input samples. Also, Figure 4.4 

shows that the F-OFDM system achieved about 2 dB improvement at CCDF 10-5. Also, Figure 

4.5 indicates that the PAPR for C-OFDM is lower compared to F-OFDM and OFDM across 

the range of SCs. The reason for the increase in the PAPR with greater numbers of subcarriers 

is that the superposition principle increases the alignment and addition of cosine and sine at the 

output of the transforms. Whereas C-OFDM and F-OFDM have less PAPR than OFDM for the 

entire range of subcarriers since only the cosine signal is involved in the power signal. 

Furthermore, the C-transform plays a more significant part in reducing the PAPR 

compared to F-OFDM due to its specific features. A signal with less PAPR is clearly useful for 

communication systems because of the limitations caused by the transmitters’ non-linearity.  

 

Figure 4-5: Measured PAPR for C-OFDM, F-OFDM and OFDM. 
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4.5.2 BER Performance 

In this section a comparative study of BER performance as a function of Eb/No for the proposed 

C-OFDM, F-OFDM and conventional OFDM is carried out over AWGN and bandwidth 

limitation channels.  

4.5.2.1 BER Performance over AWGN Channel 

Figure 4.6 shows the BER performance of C-OFDM, F-OFDM and conventional OFDM 

systems on the AWGN channel. It is noticeable that all three OFDM techniques, C-OFDM, F-

OFDM and typical OFDM, have identical BER performance for M-PAM and M-QAM. The 

BER performance of the proposed method satisfies Shannon’s theory when an AWGN channel 

is considered, as expected. This is because the WHT does not affect the AWGN noise power as 

it is already evenly distributed among all subchannels. Additionally, the WHT has not affected 

the signal strength since it is a unit transformation. 

 

 

 

 

 

Figure 4-6: BER performance as a function of Eb/No for C-OFDM, F-OFDM with 2-PAM, and OFDM with 4-QAM across 
AWGN channel. 
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4.5.2.2 BER Performance under the Influence of the Bandwidth Limitation of the LED. 

However, it is unclear how the system will perform under the influence of the bandwidth 

limitation of the LED. Therefore, we set the bandwidth of the LED fc to be equivalent to half 

the conventional OFDM signal bandwidth B in order to understand its performance. BER 

performance over the optical channel is illustrated in Figure 4.7 and Figure 4.8 the values of 

the BER performance of C-OFDM, FOFDM with 2-PAM and conventional OFDM with 4-

QAM are under the same condition of band-limitation.  

The proposed C-OFDM system offers an improvement of several dBs Eb/No for fc=1B 

and 0.5B. Figure 4.8 shows the BER performance of the proposed system, F-OFDM with 4- 

PAM, and OFDM with 16-QAM, each of which have rather similar graphs. 

  

 

Figure 4-7: BER performance as a function of Eb/No for C-OFDM, F-OFDM with 2-PAM and OFDM with 16-QAM 
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4.5.3 Computational Complexity 

In Figure 4-9 and Figure 4-10 computational complexity and CCRR are illustrated. As in the 

previous subsection, the computational complexity of the C-OFDM system is reduced 

compared to the FFT. When N is low, the reduction ratio is approximately 75%, which falls to 

around 50% when N is increased, as reflected by the CCRR on the right-hand axis. A noticeable 

reduction of between 52-75% can be observed as the number of subcarriers increases. In other 

words, using the C-transform reduces computational complexity compared to conventional 

OFDM. Figure 4.9, also shows that the C-OFDM has slightly higher computational complexity 

when N > 32 relative to FOFDM, where CCRR is F-OFDM: C-OFDM at N ≥16. 

 

 

 

 

 

Figure 4-8: BER performance as a function of Eb/No for C-OFDM, F-OFDM with 2-PAM and OFDM with 4-QAM 
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Figure 4-10: CCRR shows when N is low, the reduction ratio is approximately 75%, which falls to around 50% when N 
is increased comparing to FFT, 

 

 

 

Figure 4-9: Computational complexity comparison of CT, DCT and FFT 
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4.6 Conclusion  

In this chapter, a novel OFDM scheme has been proposed using the C-transform, which is a 

combination of a DCT with a Walsh transform that leads to a block diagonal matrix. The 

performance of the proposed CT is investigated by comparing it with conventional and fast-

OFDM variants in terms of PAPR, BER and computational complexity. The theoretical analysis 

of the CT indicates reduced computational complexity compared with typical OFDM. The 

computational complexity of the C-OFDM system is reduced by 52-75% in comparison to the 

FFT. Moreover, the BER over the AWGN channel has the same curve compared with that of 

conventional OFDM for 4- and 16-QAM.  

The decrease in PAPR of the proposed C-OFDM that was discussed in this chapter is 

another benefit. According to simulation results, the PAPR of the transmitted signal in the case 

of the C-OFDM system is about 2 dB lower than that of the DCT-OFDM and ≅ 5 dB lower 

than that of the DFT-OFDM systems at 10-4 of CCDF. This is because the C transform’s block 

diagonal structure allows for maximal signal superposition and an addition requirement of N/2 

rather than N as would be in the case of the DCT-OFDM and OFDM systems.
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Chapter 5 
5 LED Non-linearity Effect on VLC 

Utilising C-OFDM  

The electro-optic output of light-emitting diodes commonly used in visible light communication 

systems is generally nonlinear in nature. This is particularly problematic when using advanced 

modulation formats such as orthogonal frequency-division multiplexing (OFDM) which have 

a high peak-to-average power ratio due to clipping and distortion. This chapter incorporates 

into the system architecture the so-called C-transform, which utilises a Walsh–Hadamard 

matrix in conjunction with a discrete cosine transform to deterministically spread the 

information and reduce the peak-to-average power ratio (PAPR). Several bias points along the 

electro-optic transfer function were selected for comparison purposes, and the new transform 

was compared with more traditional formulations of OFDM. 

 

5.1 Introduction 

Nevertheless, the light-emitting diodes (LEDs) used in VLC have two key challenges. 

Firstly, the intrinsic low-pass nature of LEDs leads to bandwidth limitations. This has 

traditionally been the fundamental challenge associated with VLC [1, 25]. This challenge has 

mainly been overcome by using advanced modulation formats such as OFDM to deliver higher 

spectral efficiency [28, 34]. Digital signal processing algorithms, including equalisers and 

artificial neural network-based classifiers, have also pushed data rates into the Gb/s regions [32, 

33]. The second major LED-based challenge relates to the non-linearity in the electro-optic 

transfer function (see Figure 5.1), which causes issues because the signals are intensity-

modulated onto the optical power [123]. Figure 5.1 depicts the linear region with a DC bias 

point around 350 mA to ensure the system is working in the linear area. The solid red line in 

Figure 5.1 shows the measurement curve between the injected current and the output optical 
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power of LED. Also, the dashed lines are different linearised fitting functions of the LED. The 

relationship between the optical power output and the forward current is non-linear because of 

the way LEDs are built. Therefore, linearising the non-linear area of the LED and using PAPR 

reduction methods are two ways to overcome the non-linearities of LEDs.  

 Predistortion has been proposed as one method for linearising the relationship between 

the output optical power and the forward current [122]. On the other hand, this method needs a 

precise model to construct pre-distortion and linearisation across the LED dynamic range. 

Elgala claimed that a proposed pre-distorter model is valid for all LEDs [123]; however, it has 

been reported  that a “polynomial model is employed to describe the non-linear transfer function 

of the optical sources from which a predistortion function can be designed to linearise the non-

linear region. The problem encountered while using the predistortion technique is that the non-

linear transfer function of the optical sources can change due to many reasons, one of which is 

the temperature of the transmitter” [94], where a percentage of the energy from LED is lost as 

heat. Consequently, the device’s temperature is raised, which alters the non-linear relationship 
 

 

Figure 5-1: Non-linear LED transfer function[2]. 
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between optical power output and forward current. Therefore, the predistortion function is 

insufficient to preserve the device’s linearity. As a result, this situation necessitates the use of 

dynamic feedback to change the LEDs’ instantaneous non-linear transfer function [37].  

PAPR reduction is another way to overcome the non-linearity issue of LEDs. Clipping, 

coding, selected mapping (SLM), the partial transmit sequence (PTS), tone reservation (TR), 

tone injection (TI) and other techniques may be applied to solve the PAPR issue in conventional 

radio frequency (RF) communication systems, as summarised elsewhere [122, 124]. In the RF 

domain, power amplifiers introduce a nonlinear distortion. Furthermore, DC-biased OFDM 

requires a high bias to avoid low-end clipping, which significantly degrades the system’s power 

efficiency. Consequently, reducing the PAPR in the VLC OFDM technique is even more 

important. In asymmetrically clipped OFDM, subcarrier mapping is utilised to guarantee 

positive OFDM signals. Therefore, traditional PAPR reduction approaches may not be suitable 

[125]. A pilot-assisted PAPR reduction technique has been proposed [126, 127] which achieves 

better PAPR efficiency than SLM. However, depending on the density of pilot symbols, the 

pilot-assisted approach causes some loss in data rates. Meanwhile a significant PAPR reduction 

was achieved via a proposed exponential nonlinear commanding algorithm [128] and this 

technique reduced PAPR significantly although it also entailed a high bit-error rate (BER).  

The relationship between the current, optical power and forward voltage is illustrated in 

Figure 5.2. The green dashed curve shows the relationship between the LED’s current and 

voltage from 2.4 V to 3 V on the right-hand side. Thus, the amplitude of signals transmitted 

below 2.4 V and above 3 V will be clipped. The LEDs have a turn-on voltage (TOV) which is 

the minimal threshold value and marks the beginning of the current flow and light emission, as 

seen in Figure 5.2. The LED is in a cut-off area at voltages below the TOV, meaning that there 

is no current flow. Above the TOV, however, the LED has current flow, and the voltage grows 

exponentially with optical power. LEDs produce light in a linear relationship to the driving 

current, but the efficiency of electrical-to-optical (E/O) conversion is reduced due to thermal 

factors. It is crucial to consider these factors, since they may cause a decline in the LED’s 

optical power which finally reaches a steady-state value. Therefore, it is necessary to 

appropriately control the DC and AC currents in order to prevent the deterioration of output 

illumination or, in the worst possible case, the complete failure of the LED chip [129]. 

Therefore, the clipping of lower and upper peaks below and above the TOV is required for the 

time domain signal before LED modulation so as to avoid overheating it. Moreover, the solid 

red curve in Figure 5.2 demonstrates the linearised forward current, I, and the luminance 
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relationship on the left-hand side. 

Figure 5.3 illustrates all of the measurement data for the LED as follows. Figure 5.3 (a) 

demonstrates the LED’s voltage, V_LED, with the forward current, I_LED, using the range 

from 2.55 V to 2.95 V to obtain the equivalent amounts of the forward current, and Figure 5.3 

(b) uses a current range from 0 to 1.6 A to derive the corresponding values of voltage. Similarly, 

Figure 5.3 (c) explains the connection between the optical power output of the LED and the 

LED voltage in the range from 2.55 V to 2.95 V, and Figure 5.3 (d) depicts the non-linearity of 

the forward current, I_LED Ma, for the range from 0 mA to 1.6 mA.  

As a result, due to the non-linear properties of LEDs, the optical time domain signal 

transmitted in OFDM could be limited to a particular range. Due to the solid dynamic power 

excursion caused by the high PAPR of optical OFDM signals, the energy efficiency of both 

transmitting and receiving sides is negatively impacted. As a result, the LED transmitter clips 

the optical OFDM signal with a high PAPR, leading to significant distortion in the transmitted 

signal. This scenario is highly undesirable since it considerably worsens the system’s overall 

performance and raises distortion levels in the time-domain signal which is sent. Thus, different 

OFDM schemes were tested, namely: conventional DC-biased OFDM, F-OFDM and C-OFDM. 

To compare these systems, the DC bias and peak-to-peak AC signal amplitude were varied to 

 

 

Figure 5-2: The measured L-I-V curves of the LED. 
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understand the impact of the electro-optic non-linearity of the LED on the BER performance of 

the optical OFDM architectures whilst also considering the PAPR.  

 

 

 

 

 

 

 

 

 

Figure 5-3: LED measurement data (a) V-I curve; (b) I-V curve; (c) V-L curve; (d) I-L curve. 
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5.2 OFDM Systems Model 

A schematic block diagram of each OFDM system tested is shown in Figure 5.4. Firstly, the 

architectures were very similar, and the C-OFDM (blue) and F-OFDM (red) variations were 

slightly different from the conventional OFDM approach (green). The first step generates data 

(d) for each SC up to the SC number required (N). An independent data stream (d) was mapped 

onto the modulation alphabet for all systems explicitly selected for the format involved. For the 

F-OFDM and C-OFDM systems, a real-valued modulation format such as a pulse amplitude 

modulation (PAM) had to be considered because the cosine transform accepted a real input only 

and produced a real output. Quadrature amplitude modulation (QAM) could be utilised for the 

conventional OFDM system. The number of bits-per-symbol was set to kPAM = MQAM/2 in 

order to preserve the equivalent bit rate where k=log2(𝑀𝑀). Moreover, the DCT transform was 

spacing the subcarriers by df = 1/(2T), although in IFFT the spacing between the subcarriers 

was 1/T [28, 43, 120]. Furthermore, all the subcarriers N carried the information using PAM in 

terms of C-OFDM and fast OFDM. On the other hand, in OFDM, N/2 subcarriers carried 

information, and N/2 was conjugated to obtain the real output of IFFT using QAM. It is worth 

mentioning that a fair comparison was performed with F-OFDM, while results for the OFDM 

were added for reference.  

For each scheme, the data were subsequently passed through a serial-to-parallel 

converter (c) before the first scheme, the inverse C-transform in the case of C-OFDM or, in the 

second scheme IDCT was applied in the case of F-OFDM (X). Finally, Hermitian symmetry 

(HS) generation and transformation through IFFT in the OFDM case formulated the IFFT (X*) 

output as a real-time-domain signal. HS was considered as an additional stage compared to C-

OFDM and F-OFDM. The concept of HS has been explained in chapter two (sections 2.4.4 and 

2.4.5). The final steps on the transmitted side are addition (by zero padding or CP) to the 

transmitted time domain data x(t) with the effect of LED nonlinearity and parallel-to-serial 

conversion.  

On the receiver side, prior to serial-to-parallel conversion and zero padding or CP 

elimination, AWGN was added to the received data y(t) at the receiver. These data were 

subsequently injected into the forward C transform (C-OFDM), DCT (F-OFDM) or FFT 

(conventional OFDM) respectively. The elimination of Hermitian symmetry was an extra step 

in relation to FFT-OFDM. Finally, the modulation alphabet was de-mapped from the results. 
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Figure 5-4: Block diagram of the OFDM schemes tested. 
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In this investigation, several bias points were selected along with the LED electro-optic 

transfer function and the AC level chosen was varied. By running the LED in a quasi-linear 

segment for its characteristics around the bias point selected and AC value, the BERs of the F-

OFDM and C-OFDM signal were monitored to examine the distortion levels. Consequently, 

this resulted in a better understanding of the optimal bias conditions. 

5.3 Simulation Results and Discussion 

The effectiveness of the proposed technique for non-linear distortion of LED in additive white 

Gaussian noise channels is assessed using simulation in this section. The performance of the 

optical OFDM system was significantly impacted by LED non-linearity. The DC bias point was 

one of the critical characteristics that the distortion it led to depended on. This section considers 

the results regarding BER performance and the power penalty. The main comparison between 

C-OFDM and F-OFDM is discussed, since both use real transforms. However, the additional 

comparison with conventional OFDM provides greater clarification. 

5.3.1 BER Performance 

Figure 5.5 demonstrates the BER performance of conventional 4-QAM OFDM under the 

operating conditions of 200 AC and different bias points. The solid black curve represents the 

theoretical curve for BER performance in all the following figures. From Figure 5.5, it can be 

observed that the BER managed to meet the designated BER target of 10−4 at Eb/No~20 dB 

when the bias point was 100 mA. However, when the DC bias point is more than 100 mA the 

BER target was not achieved. Moreover, Figure 5.6 illustrates the BER performance of 2-PAM 

F-OFDM. It shows a slight improvement and the BER target was met at Eb/No < 10 dB when 

the DC bias was equal to 500 mA or less. Nevertheless, the 2PAM fast OFDM failed to meet 

the BER 10-4 target when the DC bias was greater than 500 mA. On the other hand, Figure 5.7 

illustrates the BER performance of 2-PAM C-OFDM under the same operating conditions of the 

DC bias point. An improvement in the BER is shown in this figure when using C-OFDM. An 

improvement in the BER could be observed in contrast to the OFDM, F-OFDM and C-OFDM 

results in Figure 5.5 and Figure 5.6 respectively.     
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Figure 5-5: BER performance as a function of Eb/No for OFDM with 4-QAM and 200 AC. 
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Figure 5-6: BER performance as a function of Eb/No for F-OFDM with 2-PAM and 200 AC. 
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The 16-QAM OFDM BER performance is depicted in Figure 5.8, which shows that the 

BER target was not achieved at the low Eb/No value. Approximately 25 dB of energy was 

consumed to reach the BER target when the DC bias point was 100 mA. After increasing the 

DC bias point to greater than 100 mA, it was hard to achieve the BER target. Figure 5.9 shows 

the BER performance as a function of Eb/No for F-OFDM with 4-PAM and 200 AC. In this 

figure, it can be noted that, for most of the different bias point values, the BER target was not 

achieved. However, at the BER target of 10-4 the BER curves between 100 and 300 DC bias 

could be achieved at Eb/No values of 14 and 16 respectively. The BER performance of 4-PAM 

C-OFDM is presented in Figure 5.10, showing a significant improvement where all the BER 

curves managed to meet the BER target at the lowest Eb/No in contrast to the results in Figure 

5.9.            

 

 

 

 

 

 
Figure 5-7: BER performance as a function of Eb/No for C-OFDM with 2-PAM and 200 AC 
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Figure 5-8: BER performance as a function of Eb/No for OFDM with 16-QAM and 200 AC. 
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Figure 5-9: BER performance as a function of Eb/No for F-OFDM with 4-PAM and 200 AC. 
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It is clear that, for all the bias points, the C-OFDM’s BER performance was better than 

that of conventional OFDM and F-OFDM. Furthermore, Figure 5.7 and Figure 5.10 show the 

BER performance of the proposed systems with 2-PAM and 4-PAM respectively, and both show  

improved BER performance in contrast to typical OFDM and F-OFDM. Finally, the AC level 

has been changed to 600 mA along with a DC bias change from 200 to 900 mA. It can be seen 

from Figure 5.11,Figure 5.12Figure 5.13 for the conventional, fast and proposed OFDM 

systems that an improvement of ≅ 10 dB was achieved at the first bias point compared to 

conventional OFDM and C-OFDM. At DC bias values of 300 and 500, an improvement of ~4 

dB and 9 dB was also achieved when compared with C-OFDM and F-OFDM respectively, in 

Figure 5.12 and Figure 5.13. However, the BER did not reach the target using F-OFDM with the 

600 DC level and an AC bias point greater than 500 mA. 

 

 

 

Figure 5-10: BER performance as a function of Eb/No for C-OFDM with 4-PAM and 200 AC. 
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Figure 5-11: BER performance as a function of Eb/No for OFDM with 4-QAM and 600 AC. 
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Figure 5-12: BER performance as a function of Eb/No  for F-OFDM with 2-PAM and 600 AC. 
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In general, in this section, the change in the performance of the BER can be explained 

as a function of Eb/No when several bias points changed, along with the DC level. As can be 

observed in Figure 5.7Figure 5.10Figure 5.13, the BER target was achieved with the lowest 

power penalty for Eb/No in comparison with Figure 5.5Figure 5.6Figure 5.8Figure 5.9Figure 

5.11Figure 5.12. Moreover, a remarkable improvement was achieved when comparing the 

power penalty for conventional OFDM, F-OFDM and C-OFDM under the same bias point 

conditions and DC levels. All of these comparisons show the advantages of C-OFDM over 

normal OFDM and F-OFDM. 

5.3.2 Power Penalties  

The results of the analysis of the optical power penalty for the signals under test, as depicted in 

Figure 5.14, provide additional insights into C-OFDM and F-OFDM using 2-PAM for the 10−3 

BER target. As a result, the power penalty in dB increased exponentially with the increase in 

the DC bias points compared to the theoretical BER curve. Additionally, there was a difference 

of ~2.5 dB between the two modulation techniques when the LED’s nonlinear effect was 

considered.  

Simulation results for the C-OFDM, FOFDM and OFDM systems indicate that C-OFDM 

 

Figure 5-13: BER performance as a function of Eb/No  for C-OFDM with 2-PAM and 600 AC. 
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achieved the lowest PAPR for values of N of 16 and 64. Reductions of ∼=2 dB and 5 dB PAPR 

respectively were found relative to F-OFDM and OFDM. That is because DBS reduced the 

likelihood of the constructive superposition of the input samples. Moreover, it was apparent 

that the PAPR of C-OFDM was the lowest compared to the F-OFDM and OFDM. The 

conventional OFDM’s higher PAPR for any value of N was due to the cosine and sine 

components. However, in C-OFDM and F-OFDM, only the cosine component contributed to 

the power signal. Moreover, concerning the C-transformer, more than 65% of its elements were 

zero, which reduced the probability of obtaining a high PAPR compared to F-OFDM. 

Additionally, the simulation results above demonstrate two significant improvements 

concerning C-OFDM over F-OFDM and conventional OFDM. Firstly, C-OFDM exhibited 

enhanced performance under the same signal conditions. Secondly, it obtained a lower power 

penalty and PAPR. Due to the limitations imposed by the non-linearity of transmission devices, 

the lower power penalty and PAPR are advantageous for the communication systems designed 

with C-OFDM. 

 

Figure 5-14: The net power penalty gains for C-OFDM over F-OFDM at 200 mA. 
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5.4 Conclusion  

The phenomenon of LED non-linearity has been found to significantly impact the performance 

of optical OFDM systems. The DC bias point is one of the key characteristics that influence  

distortion in the information transmitted by LEDs. In this chapter, C-OFDM was proposed to 

investigate the influence of the nonlinear behaviour of LEDs in optical OFDM wireless 

communication systems. In simulations, the BER performance of C-OFDM was compared with 

that of F-OFDM and conventional OFDM. The results confirm that a BER of 10−4 could be 

achieved with C-OFDM at the 900 mA bias point, and that it could not be achieved with the 

other OFDM systems. More specifically, the linear region was extended. However, when F-

OFDM was employed, the power needed to be increased by 2.5 to realise the BER at 800 mA 

compared to the use of C-OFDM. Consequently, the proposed system delivers a better linear 

region in comparison to F-OFDM and traditional OFDM. Finally, the C-OFDM system needed 

a lower ratio of energy-per-bit to noise spectral density (Eb/No) than the standard systems, 

according to the simulation data. As a result, across the LED’s nonlinear regions, a multi-carrier 

system using the proposed technique would benefit from lower PAPR and Eb/No requirements. 
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Chapter 6 
6 Performance of C-OFDM with a 

Multipath Channel 

This chapter introduces a novel optical multicarrier system for visible light communication 

(VLC). It utilises a transform with low computational complexity which combines the Walsh-

Hadamard transform (WHT) and discrete cosine transform (DCT) into a single, orthogonal C-

transform. The proposed transform uses a novel method of optical orthogonal frequency 

division multiplexing (C-OFDM) and is simulated for multipath channels and various forms of 

modulation.  Furthermore, performance in terms of BER as a function of the ratio of energy-

per-bit to noise power spectral density (Eb/No) is evaluated by simulating systems with different 

multipath channel models and modulation formats. The simulation results are compared to 

schemes using the discrete cosine transform (DCT), fast OFDM, and conventional OFDM with 

the Fast Fourier transform (FFT).  

6.1 Introduction  

The literature review highlights the increasing mobile data traffic, with a majority 

occurring indoors, leading to congestion in wireless networks. To address this, optical wireless 

communication (OWC) using visible light communication (VLC) appears promising, although 

challenges like limited bandwidth due to LEDs and non-linearity must be overcome. 

Orthogonal frequency-division multiplexing (OFDM) is a widely used technique to improve 

spectral efficiency in communication systems. However, OFDM faces challenges such as peak-

to-average power ratio (PAPR) and frequency offset issues. Certain modifications, like ACO-

OFDM and C-transform, show potential in enhancing OFDM's robustness in dispersive 

channels. Developing low-cost, energy-efficient, and high-speed indoor wireless access 

solutions based on OWC and addressing OFDM limitations can help alleviate congestion and 

enhance wireless connectivity. 
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6.2 Channel Model 

It is well-known that the design of any communication network, including in VLC, must 

adequately appreciate the limitations caused by the channel environment in which it functions. 

In particular, the VLC channel has a significant impact on the determination of the overall 

performance of the communication link. To achieve a high-quality communication system, it is 

vital to correctly define the VLC channel’s specifications. Furthermore, appropriate channel 

modelling is critical in being able to guarantee that a VLC channel model is stable, secure, and 

efficient while also delivering acceptable levels of performance [96].  

There are several important parameters that need to be considered in the VLC channel, 

as it is a free space channel where the link is either line of sight (LOS) or non-line of sight 

(NLOS). In the LOS scenario, the optical power depends on the distance and angle between the 

transmitter and the receiver. Since a room’s ceiling is covered with LEDs, there will be non-

directed LOS components as well owing to reflections off the wall and ceiling. Therefore, the 

room’s dimensions, wall materials and the multipath of the light between the transmitter and 

the receiver are all key parameters that need to be taken into account in designing a solid VLC 

channel [16, 96]. Therefore, both LOS and diffuse components should be included within a 

VLC multipath channel. 

6.2.1 Differences in Propagation Modes  

In the literature the indoor links have been defined in mainly three categories of directed LOS, 

non-directed LOS and diffuse system as shown in Figure 6.1 [1, 16, 37, 130]. In the LOS 

scenario, the Tx and Rx have been aligned and have a narrow beam angle and field of view 

(FoV) respectively, as in Figure 6.1(a), and therefore accurate alignment is required. However, 

individuals moving around the room or the presence of items within the room might cause these 

links to become blocked. In the non-directed LOS scenario, the Tx has a wide beam angle and 

the Rx based somewhere within the room has a wide FoV, as illustrated in Figure 6.1(b). 

Meanwhile the diffuse mode may be one of the most widely and commonly employed systems 

and is illustrated in Figure 6.1(c). Here, the source’s location is significant in determining the 

power levels at various positions inside a room. In this scheme, the Tx has a wide semi-angle 

at half power and the Rx has a wide FoV. In practice, its wide FoV allows the Rx to collect  

reflected light from everywhere in the room [37, 96].  

Although NLOS or diffuse configurations reduce the beam blockage effect and increase 

mobility, they entail the cost of lower data rates. Non-direct LOS is most typically used for 

generic VLC systems but, due to the high optical power received at the Rx, most speed links in 
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the literature use direct LOS. In particular, the LOS mode has a considerably greater received 

light intensity, with a higher signal-to-noise ratio (SNR) that may be exchanged to enhance the  

data rate or connection span, and also minimises inter-symbol interference (ISI).  Data rates in 

the Gb/s regions have been found when utilising a direct LOS link [32, 131]. However, the costs 

involved can include restricted mobility or a greater likelihood of shadowing and beam 

blockage [1]. 

6.2.2 VLC Channel Model  

In general, the channel DC gain 𝐻𝐻(0) is given as a continuous integral of the channel impulse 

response ℎ(𝑡𝑡) as follows: 

In a static VLC channel, the total received optical power consists of two components 

from the direct (LOS) and reflected (NLOS) paths. The total optical power at the receiver can 

then be given as [1, 132] 

𝑃𝑃𝑗𝑗𝑚𝑚 = 𝑃𝑃𝑇𝑇𝑚𝑚 𝐻𝐻𝐿𝐿𝐴𝐴𝐿𝐿 +  � 𝑃𝑃𝑇𝑇𝑚𝑚  𝐻𝐻𝑁𝑁𝐿𝐿𝐴𝐴𝐿𝐿. (6.2) 

where 𝐻𝐻𝐿𝐿𝐴𝐴𝐿𝐿 and 𝐻𝐻𝑁𝑁𝐿𝐿𝐴𝐴𝐿𝐿 are the gains of the DC channel from the LOS and NLOS respectively, 

𝑃𝑃𝑇𝑇𝑚𝑚 is the transmitting LED’s optical power, and 𝑃𝑃𝑗𝑗𝑚𝑚 is the received power. 

The length of the link for an indoor optical wireless communication link with LED 

sources is relevantly short. As a result, the effect of attenuation because of absorption and 

scattering can be neglected [16]. The DC channel gain of line of sight (LOS) for a photodetector 

𝐻𝐻(0) = � ℎ(𝑡𝑡) 𝑑𝑑𝑡𝑡
∞

∞

. (6.1) 

 
 

Figure 6-1: Different link configurations (a) directed LOS, (b) non-directed LOS, (c) diffuse 
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(PD) as a receiver located at a distance 𝑑𝑑 and angle ∅ away from the transmitter as described in 

Figure 6.2 is given as [133] 

 

 

𝐻𝐻𝐿𝐿𝐴𝐴𝐿𝐿 = �

𝐴𝐴𝑟𝑟(𝑒𝑒𝑙𝑙+1)
2𝜋𝜋𝜋𝜋2 𝑐𝑐𝑜𝑜𝑖𝑖𝑒𝑒𝑙𝑙(∅)𝑇𝑇𝐿𝐿(𝜓𝜓)𝑙𝑙(𝜓𝜓)𝑐𝑐𝑜𝑜𝑖𝑖(𝜓𝜓)         0 ≤ 𝜓𝜓 ≤ 𝜓𝜓 𝐼𝐼𝐴𝐴𝐹𝐹    

0,     𝜓𝜓 >  𝜓𝜓 𝐼𝐼𝐴𝐴𝐹𝐹

. (6.3) 

Moreover, the DC channel gain for a multipath model can be approximated by [1, 132, 

133]: 

 

 

Figure 6-2: Geometry of LOS and NLOS propagation model. 
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𝐻𝐻𝑁𝑁𝐿𝐿𝐴𝐴𝐿𝐿

=

⎩
⎨

⎧
𝑃𝑃𝑃𝑃(𝑙𝑙𝑒𝑒 + 1)
2(𝜋𝜋𝑑𝑑1𝑑𝑑2)2 𝜌𝜌𝑑𝑑𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑜𝑜𝑖𝑖𝑒𝑒𝑙𝑙(∅)𝑐𝑐𝑜𝑜𝑖𝑖(𝛼𝛼)𝑐𝑐𝑜𝑜𝑖𝑖(𝛽𝛽)𝑇𝑇𝐿𝐿(𝜓𝜓)𝑙𝑙(𝜓𝜓)𝑐𝑐𝑜𝑜𝑖𝑖(𝜓𝜓)  0 ≤ 𝜓𝜓 ≤ 𝜓𝜓 𝐼𝐼𝐴𝐴𝐹𝐹  

0,     𝜓𝜓 > 𝜓𝜓 𝐼𝐼𝐴𝐴𝐹𝐹

. (6.4) 

There are various additional parameters in an NLOS system; for instance, the 

reflectance coefficient, angle of incidence at the wall, and angle of irradiance from the wall are 

𝜌𝜌, 𝛼𝛼 and 𝛽𝛽 respectively. Furthermore, 𝑑𝑑1 is the distance between the transmitter and reflection 

point and 𝑑𝑑2 is that between the reflection point and receiver. Finally, a small reflective area on 

the wall is 𝑑𝑑𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒. Also, an optical filter 𝑇𝑇𝐿𝐿(𝜓𝜓) and concentrator 𝑙𝑙(𝜓𝜓) would be included as 

coefficients in equations 6.3 and 6.4 but are neglected here to reduce complexity. All of the 

parameters are illustrated in Table 6.1.   

From Equations 6.3 and 6.4, the Lambertian order 𝑙𝑙𝑒𝑒 is a significant parameter since it 

specifies the overall emitted radiation beam. The Lambertian order is given by [16, 130, 134]: 

𝑙𝑙𝑒𝑒 =
−  𝑙𝑙𝑛𝑛(2)

𝑙𝑙𝑛𝑛[𝑐𝑐𝑜𝑜𝑖𝑖(∅1
2� )]

    , (6.5) 

Therefore, the semi-angle at half power can be written as follows: 

𝑙𝑙𝑒𝑒  𝑙𝑙𝑛𝑛[𝑐𝑐𝑜𝑜𝑖𝑖(∅1
2� )] =   −  𝑙𝑙𝑛𝑛(2) 

𝑙𝑙𝑛𝑛[𝑐𝑐𝑜𝑜𝑖𝑖(∅1
2� )] =  

−  𝑙𝑙𝑛𝑛(2)
𝑙𝑙𝑒𝑒

 

𝑒𝑒𝑒𝑒𝑖𝑖[𝑐𝑐𝑜𝑜𝑠𝑠(∅1
2� )] = 𝑒𝑒

−  𝑒𝑒𝑖𝑖(2)
𝑒𝑒𝑙𝑙  

𝑐𝑐𝑜𝑜𝑖𝑖(∅1
2� ) = 𝑒𝑒(𝑒𝑒𝑖𝑖(2))

−1
𝑚𝑚𝑙𝑙  

𝑐𝑐𝑜𝑜𝑖𝑖(∅1
2� ) = 2

−1
𝑒𝑒𝑙𝑙 

∅1/2 = 𝑐𝑐𝑜𝑜𝑖𝑖−1(2−1/𝑒𝑒𝑙𝑙). (6.6) 

Equations 6.5 and 6.6 show the relationship between 𝑙𝑙𝑒𝑒 and the semi-angle at half 

power ∅1/2. As 𝑙𝑙𝑒𝑒 approaches 1 or ∞, the emission becomes omnidirectional or more 

directional respectively, as can be seen in Figure 6.3. As 𝑙𝑙𝑒𝑒 = ∞, the optical power becomes 
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more directed, such as in laser diodes which typically have high values of  𝑙𝑙𝑒𝑒. LEDs, on the 

other hand, have lower values of 𝑙𝑙𝑒𝑒, leading to a huge range of patterns. Furthermore, the 

parameter 𝑃𝑃𝑃𝑃 represents the photodiode’s active area whereas 𝜓𝜓 𝐼𝐼𝐴𝐴𝐹𝐹 denotes its field of view, 

as shown by equations 6.3 and 6.4.  

 

 
Table 6.1: Parameters for an indoor VLC system 

Parameter Symbol Value 

LED transmitted optical power  𝑃𝑃𝑇𝑇𝑚𝑚  100 mW 

Semi-angle at half power ∅1
2�  60º 

Angle of irradiance ∅ - 

Angle of incidence 𝜓𝜓 - 

FOV of the receiver 𝜓𝜓 FOV 85º 

Effective collection area of the PD 𝑃𝑃𝑃𝑃 16 ∗  10−6 𝑙𝑙2 

Small reflective area on the wall 𝑑𝑑𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒  - 

Gain of an optical filter 𝑇𝑇𝐿𝐿(𝜓𝜓) 1 

Optical concentrator gain 𝑙𝑙(𝜓𝜓) 1 

Angle of incidence at the wall 𝛼𝛼 - 

Angle of irradiance from the wall 𝛽𝛽 - 

Reflectance factor 𝜌𝜌 0.8 

Distance between transmitter and reflection point 𝑑𝑑1 - 

Distance between reflection point and receiver 𝑑𝑑2 - 

Lambertian order 𝑙𝑙𝑒𝑒 1 

LED position  LED (2.5, 2.5, 3) 

Receiver plane height - 0.7 

Room size Room (5, 5, 3) 
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To ensure effective detection, the received signal must be within the range of the FOV 

of the photodiode but will not be recognised if it is outside the FOV of the receiver. The signal-

to-noise ratio (SNR) in the traditional RF domain is proportional to the average received power. 

However, in the optical domain, SNR is proportional to the square of the average received 

power  𝑃𝑃𝑗𝑗𝑚𝑚 [16]. Therefore, the received SNR is given as follows [69, 135]: 

𝑆𝑆𝑁𝑁𝑅𝑅 =  ℜ2 𝑃𝑃𝑅𝑅𝑅𝑅
2

𝑗𝑗𝑏𝑏𝑁𝑁𝑜𝑜
 . (6.7) 

where ℜ, Rb, No are the responsivity of the PD, bit rate per second and noise spectral density 

respectively. Therefore, higher optical power and low path loss are required to achieve the same 

performance as in a RF system. Consequently, OWC technology, and particularly VLC, is a 

promising contender for future short-range communications [69]. 

Figure 6.2 illustrates the basic indoor VLC scenario considering both LOS and NLOS 

channel models. In both LOS and NLOS scenarios, the mathematical equations obtained for the 

impulse response are presented in equations 6.3 and 6.4. Simulation results for the distribution 

of received optical power 𝑃𝑃𝑗𝑗𝑚𝑚  and SNR for the indoor VLC technology utilising one and four 

lighting source configurations are shown in the following figures. The specification parameters 

for the indoor VLC system are listed in Table 6.1.  

Figure 6.4 to Figure 6.7 show the distribution of received power and SNR for an LED 

 

 

Figure 6-3: Radiation emission patterns for several Lambertian orders [1]. 
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set-up for cases with various angles of the semi-angle at half capacity. Figure 6.4 and Figure 

6.5 indicate that the optical power varies between -9.5 to -17.5 dBm and 0.8 to -80 dBm in the 

case of  Ø1/2= 60º, 12.5º and the corresponding ml = 1 respectively. Similarly, Figure 6.5 and 

Figure 6.7 depict the SNR distribution using one LED semi-angle at half power of 60 º and 

12.5º. Comparing Figure 6.6 and Figure 6.7 it can be noticed that the SNR varies between -34.5 

to -43.5 dB and -19.8 to -120 dB. In cases of the utilisation of multiple illuminating LEDs, the 

received optical power and SNR distributions are presented in Figure 6.8 to Figure 6.11with 

changing semi-angles at half power and responding ml. The received optical power changes 

between -7.8 to -12.5 dBm for  Ø1/2= 60º as shown in Figure 6.8 and within the range 0.75 to -

40 dBm for  Ø1/2= 12.5º in Figure 6.9. That improves the receiving power by 8.5 dBm when 

optimising the Lambertian order. Moreover, Figure 6.10 and Figure 6.11show the SNR 

distribution and, from a comparison of the two figures, it is observed that there is a significant 

improvement in SNR. This means that the LED optical power is more discernible with higher 

SNR levels.    

 

 

 

Figure 6-4: Received power distribution for single LED with =60 semi-angle at half power illumination. 
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Figure 6-5: Received power distribution for single LED with =12.5 semi-angle at half power illumination. 

 

 

Figure 6-6: Signal-to-noise ratio (SNR) distribution for one LED with 60º semi-angle at half power 
illumination. 
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Figure 6-7: Signal-to-noise ratio (SNR) distribution for one LED with 12.5º semi-angle at half power illumination. 
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Figure 6-8: Received power distribution for multiple LEDs with 60º semi-angle at half power illumination. 

 

 

Figure 6-9 Received power distribution for multiple LEDs with 12.5º semi-angle at half power illumination. 
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Figure 6-10: Signal-to-noise ratio (SNR) distribution for multiple LEDs with 60º semi-angle at half power illumination. 

 

 

Figure 6-11: Signal-to-noise ratio (SNR) distribution for multiple LEDs with 12.5º semi-angle at half power illumination. 
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6.3 Multipath Channel 

Especially in indoor environments, a signal delivered through wireless networks might travel 

across numerous channel routes with varying degrees of spreading, delays and attenuation. The 

signal sent is reflected by walls, ceilings, furniture, and other barriers, resulting in these routes. 

As seen in Figure 6.2, this phenomenon is described in terms of multipath channels which can 

be either line-of-sight (LOS) or non-LOS. Due to ISI, phase shift, and the attenuation of the 

received signals, multipath transmission significantly degrades system performance. 

6.3.1 Channel Impulse Response (CIR) 

In Figure 6.12 (a) the NLOS’s are considered, and the optical power received is 4.5 𝗑𝗑 10-8 with 

 

 

Figure 6-12: Impulse responses of VLC channels: (a) LED NLOS; (b) LED LOS (c) LED (NLOS+LOS). 
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delay spread from 75 to 90 ns. On the other hand, in Figure 6.12 (b), only LOS is considered. 

It is observed that a peak exists in CIR, which is related to LED lighting. The peak corresponds 

to the LOS of LED, which has optical power ≅ 2.7𝗑𝗑10-7 watt. Finally, Figure 6.12 (c) present 

the NOLS and LOS. There are two peaks; the large one corresponds to the NOS and the second 

one is the contribution of several NLOS. Even if the LOS is blocked, the PD still receives 

optical power.          

6.4 System Model  

A block diagram of the established systems is presented in Figure 6.13. At the top of the figure, 

the proposed C-OFDM is shown in blue, the F-OFDM is in red in the centre of the formation 

using IDCT and traditional OFDM using IFFT is at the bottom in green. Multiple modulation 

methods such as pulse-amplitude modulation (PAM) and quadrature-amplitude modulation 

(QAM) may be used at the transmitter side to map the incoming data, d. PAM with a real 

modulation format is used, since the ICT and IDCT are utilised to produce a real time-domain 

signal for C-OFDM and F-OFDM respectively. On the other hand, the data is mapped using 

QAM for conventional OFDM. Then, the mapping data, c, traverses the serial-to-parallel 

converter. In the next step, the parallel vector X is distributed in a number of subcarriers, N, for 

C-OFDM, F-OFDM, and OFDM. As mentioned earlier, to obtain a real output from the IFFT, 

HS must be used for IM OFDM. The HS symbols, which are denoted as X*, are passed through 

an IFFT to obtain a real signal x(t). However, the use of HS (as explained in Chapter 2) comes 

at the cost of half the bandwidth not being used for the transmission of new data, as well as an 

additional block being required compared to C-OFDM and F-OFDM. Then, the time-domain 

signal is passed through cyclic prefix (CP) or zero padding (ZP), which has been proposed as 

an attractive alternative to the cyclic prefix (CP) [86, 87]. Accomplished before parallelisation 

and transmission x(t) by the LED, this technique has been described as a first-order low-pass 

filter response in the literature and is adopted in this work.  

The proposed C-OFDM scheme replaces the IFFT and IDCT with the C-transform 

(ICT) in order to reduce the system’s complexity. The CT is a unitary transform that uses the 

WHT in conjunction with the DCT. 
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Figure 6-13: Block diagram for the OFDM schemes tested over the VLC CIR. 
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6.5 Simulation Results and Discussion  

This section presents the results of a performance analysis of the C-OFDM, F-OFDM, and 

conventional OFDM systems across the multipath channel and AWGN channel models in order 

to analyse the BER performance of the proposed C-OFDM. Furthermore, the ratio of energy-

per-bit to noise power spectral density, Eb/No, is assessed by simulating various multipath and 

AWGN channel models and modulation schemes and is used to determine the BER 

performance of all of the OFDM systems. It is worth noting that the proposed scheme’s signal 

bandwidth is half that of standard OFDM due to the DCT’s reduction in subcarrier spacing by 

half, as shown in Figure 4.1. 

6.5.1 BER Performance over VLC AWGN Channel 

Figure 6.14 illustrates the BER performance of the C-OFDM, F-OFDM, and standard OFDM 

systems employing 512 subcarriers (N) and QAM 4, 16, and 64 over the AWGN channel. It 

demonstrates that all of these systems work in identical ways over the AWGN channel. As 

predicted, the proposed technique’s BER performance in an AWGN channel fulfils the Shannon 

theory. This proves that the WHT does not affect the AWGN noise power, which is already 

evenly distributed among all subchannels. Additionally, the WHT has not affected the signal 

 

 

Figure 6-14: BERs of the proposed C-OFDM, F-OFDM and OFDM systems through the AWGN channel 
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strength since it is a unit transformation. However, it is unclear how the system would operate 

when exposed to an indoor VLC channel environment with the LED bandwidth constraint. 

6.5.2 BER Performance over VLC Multipath Channel 

In addition to reducing PAPR, the use of the C-transform in OFDM systems allows for more 

channel diversity to be exploited, which is especially useful when transmitting across multipath 

channels.  Figure 6.15 illustrates the BER performance of the C-OFDM, F-OFDM using PAM 

and OFDM using QAM over an indoor VLC channel 1(nsec). Compared to the theoretical BER 

curve, the Eb/No is increased by ≅ 3 dB to achieve the BER target of 5 𝗑𝗑 10-5 in the case of C-

OFDM. However, this BER target has not been achieved by F-OFDM and OFDM, and they 

perform at BER 10-3 at the cost of Eb/No ≅ 2 dB when compared with the theoretical curve. 

Furthermore, the worst BER carve is for DCT-OFDM, as is seen in Figure 6.15. However, the 

C-OFDM exhibits the best BER performance, proving that the addition of the WHT to the DCT 

improves the OFDM system.        

 

 

 

 

 

 

Figure 6-15: BER performance as a function of Eb/No for C-OFDM, F-OFDM and OFDM under VLC channel 
characteristics. 

BERth
C-OFDM
F-OFDM
OFDM

0 5 10 15 20 25

10-4

10-3

10-2

10-1

100

BE
R

Eb/No (dB)



115 
 

 

 

6.5.2.1 BER Performance against the Bandwidth Limitations of the LED. 

In this section, the aforementioned OFDM systems are investigated under various bandwidth 

limitations of the LED. Figure 6.16 shows the BER curves for C-OFDM, F-OFDM, and 

conventional OFDM for fc =[1, 0.75, 0.5] and with 512 subcarriers over the VLC channel. The 

most crucial feature of Figure 6.16 is that C-OFDM, but not F-OFDM or OFDM, have reached 

the 5𝗑𝗑10-5 BER target. However, this achievement comes at the cost of values of Eb/No at 4, 4.5 

and 6 dB, with values of fc/B at 1, 0.75 and 0.5, respectively. On the other hand, all of the 

OFDM systems have reached the BER target of 10-3, with values of Eb/No slightly higher than 

C-OFDM. The proposed C-OFDM system improves the value of Eb/No by several dBs for 

fc=1B, 0.75B and 0.5B compared to F-OFDM and OFDM, which shows that the C-OFDM is a 

spectrally efficient technique. 

 

 

 

 

Figure 6-16: BER performance as a function of Eb/No for C-OFDM. F-OFDM and OFDM with Fc/B = 1, 0.75, and 0.5. 

0 5 10 15 20 25

10-4

10-3

10-2

10-1

100

BE
R

Eb/No (dB)

BERth
C-OFDM f c/B=1
F-OFDM f c/B=1
OFDM f c/B=1
C-OFDM f c/B=0.75
F-OFDM f c/B=0.75
OFDM f c/B=0.75
C-OFDM f c/B=0.5
F-OFDM f c/B=0.5
OFDM f c/B=0.5



116 
 

6.5.3 Power Penalties 

Additional information may be acquired by examining the electrical power cost associated with 

the test signals, as indicated in Figure 6.19 for C-OFDM and F-OFDM using PAM and OFDM 

using QAM for the 10-3 BER objective. As the results in Figure 6.19 show, the power penalty 

in dB for the BER objectives grows almost exponentially with a linear decrease in bandwidth. 

When fc/B = 0.4 for OFDM, F-OFDM, and C-OFDM, the highest attenuations encountered at 

a BER of 10-3 were 13, 11.7, and 11.25 dB respectively. However, when the fc/B is 1, the 

OFDM signal is not affected by the LED band limitation; the power penalties are now 11, 11.5 

and 9.4 dB for OFDM, F-OFDM and C-OFDM. In other words, when fc/B=1, Figure 6.19 

shows the effect of the VLC channel on the OFDM systems. The difference in power penalty 

between these modulation formats increases in this range because the ISI experienced by 

OFDM becomes higher as fc/B reaches 0.4. It is clearly seen that the proposed C-OFDM system 

is an efficient energy scheme, which is advantageous for VLC since it has been reported that 

the majority of VLC connections have high signal-to-noise ratios [136]. 

For the BER target of 10-3, Figure 6.20 shows the observed Eb/N0 gain with C-OFDM 

in contrast to those of F-OFDM and OFDM. For identical band-limitation circumstances, the 

negative index implies that C-OFDM consumes less power than both F-OFDM and OFDM. As 

fc/B becomes more significant and the system becomes more band-limited, the benefit of C-

OFDM having half the bandwidth of OFDM begins to prevail, and a power penalty is noted.  

The above findings demonstrate the superiority of C-OFDM over F-OFDM and OFDM. 

Additionally, C-OFDM has a significant BER benefit over F-OFDM and OFDM in band-

limited systems. As a result, it is concluded that C-OFDM is a promising candidate for future 

exploration in VLC systems as a potential alternative to traditional OFDM. 
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Figure 6-17: Measured electrical power penalties for C-OFDM, F-OFDM and OFDM for the BER target of 10-3. 
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Figure 6-18: Net power penalty gain for C-OFDM over F-OFDM and ODFM. 
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6.6 Conclusion  

In this chapter, the performance of the proposed CT is investigated by comparing it with 

conventional and fast OFDM variants in terms of BER and power penalties. Moreover, the BER 

over the AWGN channel has the same curve compared with traditional OFDM and F-OFDM. 

In addition, C-OFDM is proposed for the first time for VLC channel environments with high 

LED band limitations. The BER performance of C-OFDM has been compared against that of 

typical OFDM and F-OFDM in a VLC channel environment with an increasing bandwidth 

limitation, and it is shown that, when the signal bandwidth is larger than the LED modulation 

bandwidth, a BER target of 5𝗑𝗑10-5 can be reached at the cost of a 4-6 dB optical power penalty, 

whereas both OFDM and F-OFDM failed to meet the target. However, this achievement comes 

at the expense of slightly increased computational complexity compared to F-OFDM when N 

= 32. 
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Chapter 7 
7 Conclusion and future work  

The dissertation that was given discussed several difficulties with communicating using visible 

light. This chapter summarises this thesis and the subsequent research. 

7.1 Conclusion 

Recent research has focused heavily on improving the performance of the OFDM modulation 

system in IM/DD-based VLC systems, despite the fact that doing so incurs significant increases 

in computational complexity and PAPR, worse BERs, and wasted power. In comparison to RF, 

VLC has significant benefits such as license-free operation, the ability to be deployed in 

electromagnetically sensitive environments like aeroplanes and hospitals, and a bandwidth of 

400 THz which is around 104 times greater than that in RF. Therefore, VLC merits further study 

so that it may reach its full potential. However, the fundamental obstacle to the adoption of a 

high-performance throughput VLC-based system is the constrained LED bandwidth. Therefore, 

this study aimed to solve the VLC system restrictions brought about primarily by the 

constrained LED bandwidths, which serve as the primary roadblock to deploying a high-

performance throughput VLC-based infrastructure. In order to accomplish this goal, a novel 

and promising modulation scheme, C-OFDM, was introduced into the VLC technological 

environment and its potential to enhance the performance of VLC systems was examined. The 

study’s findings show that the C-OFDM method has great potential to increase the throughput 

in VLC networks. This research aimed to build a proposed C-OFDM system for the VLC 

technique using a new transform rather than the IFFT/FFT by combining the Walsh-Hadamard 

transform (WHT) and the discrete cosine transform (DCT) into a single orthonormal unitary 

transform. Prominent characteristics of the C-transform (CT) include its low complexity, 

diversity, sparsity, and unitary diagonal structure.  

The technical difficulties encountered, the reasons for performing this investigation, and 

new insights were discussed in the first chapter of this thesis. Following this, Chapter 2 detailed 
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the fundamentals of VLC systems, including the transmitter and receiver devices. Furthermore, 

the most significant difficulties associated with a VLC system were noted and addressed. This 

chapter also discussed the most widely used multi-carrier modulation techniques for VLC 

systems. Chapter 3 then covered the basics of the C-transform used to achieve the goals of this 

research. The chapter also explained the lower complexity of the C-OFDM in comparison with 

that of F-OFDM and conventional OFDM systems, and it was shown that the computational 

complexity of the C-OFDM system is 52-75% lower compared to the traditional OFDM. 

In Chapter 4, numerical simulations were provided to show how the C-OFDM system 

should be implemented. Additionally, compared to F-OFDM and OFDM, C-OFDM has the 

capacity to minimise high peak power in the OFDM system within a range of 5 dB and 2 dB 

owing to the lowering of the superposition among the SCs via the C-transform. Also, the 

simulation results illustrated that the proposed C-OFDM system achieves the same BER curve 

over AWGN compared to the other systems. Furthermore, the BER performance under the 

condition of the band limitations of the LED was simulated, and the results show that the C-

OFDM offers an improvement of several dBs Eb/No for fc=1B and 0.5B. 

In most visible light communication systems, light-emitting diodes provide an electro-

optic output that is inherently non-linear. This is especially troublesome when employing 

modern modulation schemes with high peak-to-average power ratios, owing to clipping and 

distortion, such as in orthogonal frequency-division multiplexing (OFDM). Therefore, Chapter 

5 introduced the system architecture of the novel so-called C-transform, which deterministically 

spreads the information and lowers the PAPR by using a Walsh-Hadamard matrix and a discrete 

cosine transform. This chapter treated and demonstrated the effects of the LED’s non-linearity 

on the BER performance of a proposed OFDM system. Therefore, the novel transform was 

contrasted with more conventional formulations of OFDM at a number of bias sites along the 

electro-optic transfer function. It was concluded that the C-transform-based OFDM produced 

the best BER findings and showed the most significant independence of LED non-linearity. 

The results demonstrated that C-OFDM at the 900 mA bias point could achieve a BER of 10-4, 

whereas the aforementioned OFDM systems could not. In other words, the linear area was 

specifically expanded. In comparison to OFDM, a decrease in the power penalty was found of 

2.5 dB at a BER of 10-4. Consequently, compared to F-OFDM and conventional OFDM, the 

proposed system produced a superior linear region. Finally, modelling results showed that the 

C-OFDM system required a lower ratio energy-per-bit to noise spectral density (Eb/No) than 

traditional and fast OFDM systems. Therefore, a multi-carrier system adopting the proposed 
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approach would benefit from a reduced PAPR and had lower Eb/No requirements throughout 

LED non-linear zones. 

The BER performance of C-OFDM over a multipath channel has been examined in 

Chapter 6 by addressing the impact of the C-transform on the effectiveness of the proposed 

system under multipath transmission conditions. Additionally, by simulating various multipath 

channel models and modulation schemes, bit error rate (BER) performance as a function of the 

ratio of energy-per-bit to noise power spectral density (Eb/No) was assessed. Simulation 

findings for the discrete cosine transform (DCT), fast OFDM, and fast Fourier transform (FFT) 

standard OFDM were contrasted with those for C-OFDM. The results show that the novel C-

OFDM performed better for multipath channels than both fast and conventional OFDM. 

Furthermore, the suggested method reduced the peak-to-average power ratio (PAPR) compared 

to the OFDM schemes mentioned above because the proposed transform’s diagonal block 

structure (DBS) minimises input signal superposition. 

Additionally, it was demonstrated that C-OFDM has a smaller power penalty than F-

OFDM and OFDM while maintaining a comparable level of spectral efficiency for a particular 

set of band restrictions. Additionally, the BER over the AWGN channel follows the same curve 

as in F-OFDM and conventional OFDM. C-OFDM was then proposed for the first time for use 

in VLC channel situations with severe LED band constraints. In a VLC channel environment 

with increasing bandwidth limitations, the BER performance of C-OFDM was compared to that 

of typical OFDM and F-OFDM. The results demonstrated that, when the signal bandwidth is 

greater than the LED modulation bandwidth, a BER target of 5x10-5 can be reached using C-

OFDM at the cost of a 4-6 dB optical power penalty, whereas both OFDM and F-OFDM failed 

to achieve this. However, compared to F-OFDM when N > 32, this accomplishment comes at 

the cost of slightly higher computational complexity. 
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7.2 Future Work 

On the basis of the results and conclusions of the present study, significant topics for future 

research have been identified. It should also be understood that this project was never intended 

to result in a finished standalone product. The following recommendations are therefore made: 

1. The method used to create the C-transform may also be used to build new transforms 

from other transformations, including the Hartley transform, the Hilbert transform, the 

number theoretic transform, the Fermat number transform, and the Haar transform. 

Because of this, the benefits of two cascaded transforms may be combined and used 

with other types of communication. 

2. This study examined the BER performance of C-OFDM across AWGN, multipath 

channel models, and the impact of LED non-linearity. Meanwhile, in order to increase 

human activity in the ocean, underwater wireless communication (UWC) is essential. 

Due to its inherent benefits of high transmission data rates and low latency compared to 

the widely utilised underwater acoustic communication (UAC), underwater optical 

wireless communication (UOWC) has attracted much interest. UOWC provides 

inexpensive, eye-safe devices that may be utilised for point-to-multipoint cell networks 

and short links based on light-emitting diodes (LEDs). In order to address the drawbacks 

of their usage in the UOWC channel, another novel optical form of C-OFDM might be 

investigated. 

3. It is possible that the hardware system might be adapted to use the proposed approaches. 

Real-time experimental demonstrations would be essential in assessing the potential of 

C-OFDM transmission. 

4. Future work should focus on important technical topics such as error correction codes 

in order to further enhance the performance of C-OFDM in VLC systems. 
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