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ABSTRACT 

According to recent trends, the existing radio frequency (RF) spectrum may be 

insufficient to fulfill future data demands. The use of visible spectrum for wireless 

transmission in visible light communication may be a possible alternative to the RF 

'Spectrum Crunch.' Investigating the performance of various modulation techniques 

in VLC is a new field of research. In the VLC system, data is transmitted digitally and 

represented by turning ON/OFF the LED. Basically, this is done by a modulator. 

However, based on the evolution of new generation high brightness LED's, the LEDs 

intensity and flickering become the major problem in VLC, which limits the 

transmission bandwidth and the performance of the system. This project examines 

carrier-less amplitude phase (CAP) modulation techniques to overcome this problem 

and proposes a suitable improvement to the system to be used. Within a simulated 

VLC system, the performance of CAP in terms of eye diagram, BER and scatter plot 

is examined. The BER for CAP is zero as no distance is set in simulation which allows 

perfect transmission to be simulated. For scatter plots, it can be observed that as the 

CAP modulation number increases, the scatter plot also increases. For eye diagram, it 

was noted that CAP modulation offers a better visual representation of how noise 

could affect system performance than OOK modulation.
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ABSTRAK 

Mengikut perkembangan terkini, spektrum frekuensi radio (RF) sedia ada mungkin 

tidak mencukupi untuk memenuhi permintaan data masa hadapan. Penggunaan 

spektrum untuk penghantaran wayarles dalam komunikasi cahaya boleh dilihat 

mungkin merupakan alternatif yang mungkin kepada RF ‘Spectrum Crunch’. 

Kajian prestasi pelbagai teknik modulasi dalam VLC adalah bidang penyelidikan 

baharu. Dalam sistem VLC, data dihantar secara digital dan diwakili dengan 

menghidupkan atau mematikan LED. Pada asasnya, ini dilakukan oleh pemodulat. 

Walau bagaimanapun, berdasarkan evolusi LED kecerahan tinggi generasi 

baharu, keamatan dan kelipan LED menjadi masalah utama dalam VLC, yang 

mengehadkan lebar jalur penghantaran dan prestasi sistem. Projek ini mengkaji 

teknik modulasi fasa amplitud tanpa pembawa (CAP) untuk mengatasi masalah ini 

dan mencadangkan penambahbaikan yang sesuai kepada sistem yang akan 

digunakan. Dalam sistem VLC simulasi, prestasi CAP dari segi  ‘eye diagram’, 

‘BER’ dan ‘scatter plot’ diperiksa. Untuk ‘eye diagram’, diperhatikan bahawa 

modulasi CAP menawarkan gambaran visual yang lebih baik tentang bagaimana 

bunyi boleh menjejaskan prestasi sistem berbanding modulasi OOK. ‘BER’ untuk 

CAP adalah sifar kerana tiada jarak ditetapkan dalam simulasi yang membolehkan 
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penghantaran sempurna disimulasikan. Bagi ‘scatter plot’, dapat diperhatikan 

bahawa apabila nombor pemodulat CAP meningkat, plot serakan juga meningkat.  
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CHAPTER 1  

INTRODUCTION  

1.1 Background 

Light has widely been used for illumination since the start of civilisation, progressing 

from the simple usage of fire to more modern technologies such as conventional 

incandescent and fluorescent bulbs. Light has also been utilised to convey information 

and provide lighting, as humans can communicate over short and long distances 

through natural resources throughout history. With the invention of the photophone, a 

device that transmits a spoken signal on a beam of light, Alexander Graham Bell 

established the concept of using light as a communication medium in 1880. Bell 

focused sunlight with a mirror, then spoke through a machine that vibrated the mirror. 

The detector on the receiving end detected the vibrating beam subsequently decrypted 

it to recover the voice signal. Bell's experiment, however, was a disappointment since 

he was unable to establish a viable carrier frequency. Bell's studies were hampered by 
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sunlight, mist, and rain, so he halted them. The advent of the LED in 1927 revived the 

concept of visible-light communication that employs white light-emitting diodes to 

transmit information by flashing light at speeds that are unseen to human eyes. Visible-

light communication has the advantage of being able to be utilised everywhere without 

distortion and providing high-speed communication. LED is utilised as the transmitter, 

and the photodiode or phototransistor is employed as the detector in visible-light 

communication. The transmission medium is the visible light spectrum as show in 

Figure 1. 

The first viable white LED was created several years later, around 1996, using blue 

emitters coated with a yellow layer due to the advent of the blue LED [1][2][3]. LEDs 

have the added potential for encoding data onto light beams in addition to providing 

illumination. This permitted the development of optical wireless communications 

(OWC) as well as its sub-disciplines visible light communications (VLC) and free-

space optical (FSO) communications [4][5]. 

Visible Light Communication (VLC) is a revolutionary innovation integrating data 

transfer and light-emitting diode (LED) illumination. VLC systems have the ability to 

provide high-speed wireless communications while also offering numerous 

advantages, including a large license-free bandwidth, low-cost components, strong 

encryption, and resilience to electromagnetic disturbance. Visible light 

communications (VLC) are used for high-speed, cable-free communication. Visible-

light communication does not interfere with RF communications is a huge advantage. 

This allowed hospitals and space stations to use visible-light communication. Visible-

light communication is becoming more popular for various applications due to its 

security, ease of implementation, and license-free band features. 
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Figure 1: Frequency spectrum of the visible light spectrum in electromagnetic [6] 

 

As intensive research has been done regarding the LED-based wireless VLC system, 

because of their excellent quality, excellent energy efficiency, and longer life lifetime, 

light-emitting diodes (LEDs) are progressively taking over conventional fluorescent 

light as illumination sources. Furthermore, a modulated driving signal can be 

superimposed on the direct current (DC) bias, the intensity of their generated light can 

be controlled, allowing for data transfer (AC component) and illumination (DC 

component) at the same time. As a result, LEDs offer an ideal solution as data 

transmission in interior contexts [4, 5]. LEDs are a suitable component for the VLC 

system as data transmitters for the indoor environment. Nonetheless, the study shows 

that the LEDs employed in the system have poor modulation bandwidths, restricting 

the data rate achieved. There have been reports of new advanced multilevel 

modulation formats, demonstrating that the next optical communication system can 

be solved in a variety of ways [6]. However, it appears that almost all of these 

advanced modulation forms require complex and expensive transmission methods. 

Advanced modulation formats that lower the system complexity while simultaneously 

attaining better bit rates and spectrum efficiency with fewer optoelectronic 

components will make the optical transmission system more viable and efficient. As 

a result, the carrier-less amplitude phase (CAP) modulation scheme is a promising 
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candidate for constructing a versatile, less complex, and cost-effective optical access 

as well as in network communications network. Aside from that, due to their low peak-

to-average power ratio (PAPR) and straightforward transceiver design, this 

technology is appropriate for VLC systems. CAP modulation is just a 

multidimensional and multilevel modulation system that mimics quadrature amplitude 

modulation (QAM) at the phase in which it transmits two input data streams 

simultaneously. Because the working concept of CAP modulation is similar to that of 

QAM, it does not need local oscillators (LOs), RF mixers, or phase-locked loops, 

which unnecessarily complicate the electronic circuits. On the other hand, instead of 

using the carrier, CAP employs transversal filters with an orthogonal impulse response 

to produce in-phase and quadrature filters to segregate the data streams. 

 

 

1.2 Problem Statement  

Visible light communication (VLC) represents a promising new technology owing to 

the increasing proliferation of communication services. The main component of this 

technology is LEDs. However, with various LEDs available in the market, how do we 

determine the ideal LED? Other than that, although LED is an ideal candidate to be 

used as data transmitters in indoor environments. LEDs, on the other hand, which are 

commonly used in VLC, the modulation bandwidths are low, limiting the data rate 

that may be achieved. Carrier-less amplitude and phase (CAP) modulation have been 

recommended for the VLC system to boost possible data speeds. Nevertheless, among 

various modulation techniques that have been widely investigated to improve the VLC 

system's performance, is the CAP modulation suitable for the VLC system? 
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1.3 Objective of the project 

The objectives of the project are to: 

1. Simulate carrier-less amplitude phase (CAP) modulation for the VLC system. 

2. Evaluate the carrier-less amplitude phase (CAP) performance within the VLC 

system.  

3. Propose the suitability of CAP modulation system for indoor VLC system 

which use LED as an optical source. 

 

1.4 Scope of the Project  

There are a few main scopes of work in this project. First, a basic VLC system is 

simulated using On-Off Keying (OOK) modulation in MATLAB. This is because 

OOK is the basic modulation system used in the VLC system. The criteria to focus on 

in this project are BER, eye diagram, and output power. Next, a suitable CAP 

modulation will be chosen. CAP modulation has a variety of modulation; nevertheless, 

m-CAP is chosen. Then, m-CAP modulation is simulated in the VLC system by 

changing the modulator of the OOK circuit constructed to Simulink. After that, the 

system's performance using CAP modulation is evaluated by comparing the result of 

CAP modulation to OOK modulation. Finally, CAP modulation will be proposed if it 

is suitable for an indoor VLC system. 

 

1.5 Thesis Outline 

This thesis contains five chapters to explain the development of the project 

Performance Evaluation of Carrier-less Amplitude Phase Modulation Scheme for 

Indoor Visible Light Communication (VLC) System are: 
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a) Chapter 1: This chapter introduces the whole project. The basic and 

initial explanation will be discussed in this chapter. The introduction 

has discussed the project's background, project objective, problem 

statement and scope of the project. 

b) Chapter 2: This chapter contains the literature review about the 

theoretical concept of the applicant in this project. 

c) Chapter 3: This chapter is about research methodology that explains 

the steps that be used in this project. 

d) Chapter 4: This chapter focuses on the result and discussion of the 

project. The whole discussion is based on the result, either successful 

or not. 

e) Chapter 5: This chapter is about the conclusion and recommendation. 

This part is about the objectives achieved after made the projects and 

suggestions to improve or the other way to use this project or do 

innovation in the future. 

 



 

 

 

CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Introduction  

The demand for a data communication network which can supply higher bandwidth 

at high-speed access grew day by day as the communication industry evolved. The 

solution could be a visible light communication (VLC) system, which has the ability 

to provide high-speed wireless communications with various advantages. 

 

2.2 Visible Light Communication 

Visible Light Communication (VLC) is a viable technology that integrates data 

transfer and light-emitting diode (LED) illumination. The LED serves as the 

transmitter in this communication system, and the photodiodes serve as the receiver. 

A VLC system is depicted as a block diagram in Figure 2. 
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Figure 2: Block diagram of a VLC system.[1]  

 

2.2.1 Comparison of RF-based links and VLC technology 

Along with the increased usage of smart phones and the rise of the Internet of Things 

(IoT), the ever-increasing traffic on wireless networks has created a huge requirement 

for dependable high-speed data connections. Cisco predicts that by 2021, data traffic 

demand would have surpassed the 49 EB/month barrier, implying a 47 % annual 

increase from 2016, a sevenfold increase over 2016. (web, data and voice over IP 24%, 

video 54%, audio 37%, file sharing 49% )  [6]. The Cisco VNI Global Mobile Data 

Traffic Forecast is listed in Table 1. Only cellular traffic is included in this projection, 

which eliminates traffic offloaded upon Wi-Fi and tiny cells from dual-mode devices. 

Readers, handheld gaming consoles, and other portable gadgets with inbuilt cellular 

connectivity fall into the "other portable devices" category. The "M2M" category 

includes wearables [6]. 
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Table 1: Global Mobile Data Traffic, 2016–2021[6] 

 

 

 

Present RF technology is having difficulty dealing with such increased data volume, 

resulting in spectrum congestion. VLC could be used as an alternative means of 

communication to help alleviate the current spectrum congestion which RF-based 

communication networks are experiencing, allowing for the development of high-data 

communication infrastructure as an alternative to traditional spectrum-limited and 

expensive RF-based wireless communication network [7]–[9]. Table 2 summarises 

various vital metrics that can be used to compare standard RF-based communication 

systems to VLC systems. VLC systems have an inherent security advantage over RF-

based networks since the light beam is contained and thus cannot travel through the 

surrounding environment's barriers. In contrast to RF-based communications, 

whereby the radiation pattern is impossible to constrain within the antenna size. 

Another essential characteristic of VLC-based connections is the ability to regulate 
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and focus the light beam using lens and diffractive components, increasing the 

received power in the Rx. VLC also has the ability to produce low-interference 

communications due to the absence of RF interference in the light beam. 

The benefits mentioned above, as well as VLC systems' cost-effective, high-power 

efficiency, and compatibility with current facilities [1], have prompted a series of 

research studies on VLC systems within the scientific society over the last decade, as 

evidenced by the huge volume of research and development findings published [9] 

and the references therein. Both data transfers and lighting are accomplished in VLC 

using LED intensity modulation (IM) and photodetector(PD) direct detection (DD)[1]. 

Table 2: Comparison between RF-based link and VLC technology 
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2.2.2 VLC's potential  

The following are several interesting points that illustrate the potential of VLC[1]: 

• LEDs are utilised in automobiles, buses, aeroplanes, trams, traffic lights, etc. 

White LEDs are also gradually yet steadily displacing ineffective fluorescent 

light in houses, workplaces, and perhaps street lighting. With the availability 

and affordability of high-brightness SSL gadgets increasing, this tendency will 

continue. (VLC is a technology benefiting from the emergence of SSL, the 

concept of generating light through solid-state electroluminescence.) 

• Offered in low-cost transmitters and receivers, which include multi-

array/element. 

• Both SSL and VLC can take advantage of pre-existing (local) power lines 

including lighting infrastructure in workplaces, residences, and other locations. 

Thus, the last meter access network concept will become a reality by adopting 

hybrid power line communications (PLC) and VLC. 

• VLC has no known health risks and does not interfere with present RF-based 

wireless networks. As a result, it is perfect for hospitals, aeroplane cabins, and 

other inherently safe places like petrochemical plants, nuclear power plants, 

mines, and so on. 

• VLC inherent security is highly desirable in banking, retailing, manufacturing, 

healthcare, military, etc. 

• Energy-efficient VLC is based on energy-efficient optical sources, LED in 

particular, and VLC is switched off when the light is turned off. 
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2.2.3 VLC's drawbacks 

While there are numerous benefits to using a VLC system, however, there are a number of 

disadvantages. One of the most significant drawbacks is that it will only function in settings 

with electronic lighting. Traditional Wi-Fi can function at a reasonable distance from a 

residence, giving access to the internet while outside. Owing to the need for a lighting system, 

a VLC system would not be able to accomplish this. As a result, it will usually operate best in 

limited places where it is simple to guarantee that the room is well-lit. 

The issue of obscuring the light needed to receive the signals is another downside of VLC 

systems. It would be simple to mistakenly disable the system's receiver. This might lead the 

signal to be disrupted, which may be caused by something as simple as a person walking 

through the room. Although this disadvantage might be addressed by using numerous light 

sources, it would still be simple to break the connection by mistakenly blocking the light 

sources. 

Other potential issues would be mainly encountered with outdoor systems, such as the traffic 

signal system. Depending on the weather outdoors, there could be various problems with the 

system's operation. On gloomy days, it might work, but on sunny days, it is unlikely. During 

days when it is raining, snowing, as well as hazy, the signal may not be strong enough to be 

used. This problem can occur even in systems with a large number of windows. 

 

2.3 Modulation schemes for VLC  

The capacity of any digital communication system was derived by Shannon, as shown 

in the equation below.  

𝐶 = 𝐵 𝑙𝑜𝑔2  (1 +
𝑆

𝑛
)      (2.1) 
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Where C represents the channel's capacity in bits per second, B represents the available 

bandwidth in Hz, S represents the signal power, and N represents the noise power. The 

equation above clearly shows that the communication system should have either very 

high bandwidth or high SNR to achieve a high data rate. Light received at a VLC 

receiver has gone through the free space optical channel, resulting in various losses, 

including received optical power per area, multipath reflections and interference from 

other light sources. This results in signal quality degradation and thereby reduction of 

SNR. It is not possible to increase the signal power of the VLC system without 

compromising eye safety or damaging the LEDs. All these factors contribute to a VLC 

system's available transmit power being limited. 

Similarly, the modulation bandwidth of LEDs and other components limits the 

possible bandwidth of a VLC system. Any communication system has to utilise the 

available bandwidth efficiently for maximising data throughput. Modulation is the 

process of altering the characteristic of a carrier signal (a sinusoid) with the 

information to be transmitted. In RF communication, the properties of the carrier 

signal such as amplitude, phase, frequency or a combination of these are varied 

according to the information to be transmitted. 

 

2.3.1 On-off keying (OOK) 

OOK is a digital modulation method that is relatively basic. In this scheme, the 

incoming binary data stream is used to control the intensity of the LED by turning it 

ON to represent a binary one or turning it OFF to represent a binary zero. The OOK 

signal amplitude must be positive because the intensity modulation and direct 

detection (IM/DD) approach must be utilised, which is implemented as uni-polar non-
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return-to-zero (NRZ) signalling. Each transmission symbol corresponds to a bit, and 

therefore the symbol rate corresponds to the bit rate. Due to its relative simplicity, 

OOK was adopted for optical wireless communication (OWC) early [10] in its modern 

history and widely [11]–[14]. The LEDs must be turned ON and OFF at faster rates to 

achieve higher data rates. An ideal OOK modulated signal has pulse shapes, as shown 

in Figure 3 with fast rise and fall times.  

 

Figure 3: OOK modulation 

 

The rise/fall times indicate the bandwidth required for a square pulse. The widely used 

rule of thumb relates the bandwidth and rise time of the square pulse, as shown below. 

𝐵𝑊 =
0.35

𝜏𝑟
                                                (2.2) 

Where BW is the bandwidth required for generating a square pulse with a rise time of 

τr (assuming rise time equal to fall time). The modulation bandwidth is determined by 

the lifetime of the minority carriers in the active area of the LEDs. The rise time is 

relatively constant, whereas the fall time depends on the voltage applied across the 

LED [15]. Dependence of rising and fall times on the internal parasitic capacitances 

(diffusion and junction capacitance) and their voltage dependence limits the 

modulation bandwidth and thereby OOK performance. Techniques such as carrier 

flush out [16] to remove the remaining carriers during the OFF phase and the resultant 
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faster fall times have caused an improvement in modulation bandwidth. However, due 

to the spectral inefficiency of the OOK scheme, it is not suited for high data rate 

systems. 

 

2.3.2 Carrier-Less Amplitude Phase (CAP) Modulation 

The CAP modulation technique has been extensively studied for VLC applications. 

This is owing to a unique mix of excellent spectral efficiency and ease of 

implementation [17]. Due to its unique qualities that contribute to implementation 

benefits in optical wireless communication (OWC), CAP modulation is currently 

frequently employed in VLC. CAP, being a single carrier modulation, offers a lower 

peak-to-average power ratio (PAPR) compared with discrete multitone (DMT), which 

one of the significant difficulties is high PAPR [18]. Due to the significant optical 

power constraints imposed by eye safety standards and design considerations on the 

transmitter front-end, the low PAPR factor of CAP modulation is ideally matched to 

OWC [18]. 

Furthermore, considering LEDs are incoherent light sources, designing an effective, 

coherent receiver is difficult. VLC incorporates the intensity modulation and direct 

detection (IM/DD) technology as a possible transceiver option [19]. Since the optical 

emitter's intensity is modulated in VLC, the data-carrying signal has to be real-valued, 

unipolar, and non-negative. Consequently, the CAP signal is real-valued, obviating 

the need for additional processing techniques like DMT's Hermitian symmetry [20]. 

In contrast to the quadrature amplitude modulation (QAM) equivalent, the CAP 

transceiver is comparatively easy to design since it utilises a digital finite impulse 
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response (FIR) filter and bypasses the requirement for carrier modulation and recovery 

[17]. 

 

Figure 4: CAP transmission system's basic architecture [21] 

 

Figure 4 depicts the CAP transmission system's basic architecture. The M-QAM 

mapper divides the stream of entering bits into b bit blocks and maps each block into 

one of M = 2b distinct complex symbols. Each complex symbol in the mapper outputs 

can be expressed with Ai = ai + jbi, whereby ai and bi denote the ith symbol's real and 

imaginary components, correspondingly. The mapper's outcomes are appropriately 

amplified to meet the total sampling frequency, fs process. The in-phase (ai) and 

quadrature (bi) components are then supplied into the in-phase (p(t)) and quadrature 

(p˜(t)) digital pulse-shaping filters. The products of a root raised cosine filter (RRC) 

with a cosine and a sine function 𝑝(𝑡) 𝑎𝑛𝑑 𝑝(𝑡),  are achieved correspondingly. These 

filters are orthogonal to one another, forming a Hilbert pair with the same amplitude 

response yet without 900 phase difference[22]. The filters' outputs are then added 

together with an appropriate DC bias to render it non-negative. The LED's intensity is 

modulated by the resultant signal, which is then transmitted across the VLC channel. 

The radiated optical signal, s(t), can be written as: 

𝑆(𝑡) = 𝛽(𝑥(𝑡) +  𝑥𝑑𝑐)    (2.3) 
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Where 𝛽 is the electrical-to-optical conversion coefficient, xdc is the DC bias, and x(t) 

is the electrical CAP signal that is transmitted, which may be expressed as: 

𝑥(𝑡) = ∑ [𝑎𝑖𝑝(𝑡 − 𝑖𝑇) − 𝑏𝑖𝑝(𝑡 − 𝑖𝑇)]∞
𝑖=−∞     (2.4) 

The pulse-shaping filters are defined as follows: 

𝑝(𝑡) = 𝑔(𝑡) cos( 𝜔𝑐𝑡) and 𝑝(𝑡) = 𝑔(𝑡) sin( 𝜔𝑐𝑡)  (2.5) 

 where g(t)is the RRC,  𝜔𝑐 = 2𝜋𝑓
𝑐
  is the centre frequency of the CAP signal, and T 

is the symbol duration.    

At the receiver, a photodetector (PD) recovers the transmitted signal x(t) from 

incoming optical radiation and converts it to a voltage signal using a trans-impedance 

amplifier (TIA). A high pass filter suppresses the DC component of the reconstructed 

electrical signal (HPF). 

The transmitted pulse-shaping filters are then handed to the matched filters, which are 

conjugated, time-reversed counterparts of transmit pulse-shaping filters. The receiver 

estimates of the broadcast symbols are obtained by passing the output of the matched 

filters through the M-QAM de-mapper. Even with DC component excluded, the 

incoming electrical signal can be expressed as: 

𝑦(𝑡) =  ℛ𝑃𝑡ℎ(𝑡) ⊗ 𝑥(𝑡) + 𝑤(𝑡)   (2.6) 

Where R is the responsivity of the PD, Pt is the total transmit power, h(t) is the channel 

attenuation and "⊗" symbol denotes convolution. The w(t) represents the ambient and 

thermal noise, modelled as additive white Gaussian noise (AWGN) with a mean of 

zero and double-sided spectral density of N0/2. [10] 
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Figure 5: Basic CAP systems 

As VLC system research continues to grow, various CAP variations were developed 

and demonstrated in recent years, as well as various multiplexing approaches. Various 

CAP modulation is listed as below: 

 

1. Multi-band Carrier-less amplitude and phase  

Multi-band CAP, also known as m-CAP. It was used as a multiband modulation 

method by arranging CAP signals on multiple subbands. The bandwidth of the 

network is divided into various frequency passbands. CAP-based signal transmission 

is accomplished on each of them using orthogonal pulse shaping filters, similar to 

traditional CAP, but with unique passband carrier frequencies fcn, where the carrier 

frequency formula is and N is the number of used subbands. Compared to single-band 

CAP, the critical value of m-CAP would be its improved channel impairment 

tolerance. When m-CAP is communicated via a frequency selective channel, an 

estimation of flat frequency response could be attained in sub-band by differentiating 

the single wideband CAP into numerous small sub-bands. It also avoids the possibility 

of producing wideband filters, resulting in better bit error rate (BER) performance. 
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However, because the usage of N sub-bands necessitates N times the amount of 

electronic components (FIR filters, equalisers) than the traditional (single band) CAP 

approach, the system's implementation complexity skyrockets. Additionally, 

multiband CAP generates a modulating signal with a higher PAPR than single-carrier 

CAP, making it more vulnerable to nonlinear transmission defects. 

 

2. Multiple-input multiple-output techniques 

MIMO techniques are proposed to be combined with CAP-based transmission in VLC 

networks, and an experiment with a 44 imaging MIMO system and m-CAP 

modulation is conducted [23], [24]. This approach enables the transmission of higher 

aggregate data rates over the VLC channel. To ensure optimal performance, however, 

separate channel gains are required for different VLC links. As a result, these 

strategies are not appropriate for inside situations, as that is not always the situation in 

certain indoor places. 

 

3. Spatial carrier-less amplitude and phase 

S-CAP is offered a way of increasing the spectral efficiency of CAP yet keeping its 

simplicity. S-CAP takes advantage of extra information bits encoded upon the 

transmitting LED's position (or index). An additional log2 (Nt) data bit is stored on 

the index of the transmitting LED. Hence, the S-CAP achieves better throughput than 

the ordinary CAP by transferring additional bits in the spatial domain. The advantages 

of the S-CAP are that it consumes less bandwidth than CAP for a fixed number of 

transmitted bits/symbols and sends more bits/symbols for a fixed bandwidth 

requirement, resulting in improved spectral efficiency. 



 

 

 

Table 3a: Experiments demonstrating the transmission of data via CAP in VLC systems [37] 

  



 

 

 

Table 3b: Experiments demonstrating the transmission of data via CAP in VLC systems (continue) [37] 



 

 

 

Table 3 below sums up various types of experimental demonstrations. The information 

in Table 3 is based on the source type and CAP-based modulation technique used, the 

connection distance, and the type of equalisation and multiplexing used. From Table 

3, it can be observed that the previous research trend shows that to improve and attain 

an improvement in data rates and spectral efficiency using CAP modulation in the 

VLC system, additional complexity is introduced into the system. Examples of 

additional complexity introduced are using a more complex modulating signal or 

implementing more sophisticated equalisers. Although numerous experimental 

findings have been published, little theoretical research has been published [27]. 

 

Several computational studies and a few experimental investigations [26, 27] that 

directly evaluate the performance of an LED-based VLC connection when using CAP, 

PAM, and O-OFDM schemes [25, 28]. The authors of [27] indicate that the PAM and 

CAP schemes investigated are equivalent in performance and that O-OFDM produces 

the worse outcomes owing to the scheme's vulnerability to nonlinear distortions 

(greater PAPR). Likewise, in [28], the writer demonstrates that the CAP system 

performs marginally better than O-OFDM for the same link. Comprehensive 

correlationship (both simulated and experimental) among these three basic modulation 

schemes have been conducted in the scenario of high-speed fibre-based optical 

connections, with an emphasis on link power margins, energy efficiency, and 

complexity [28]–[31]. While these links do not have the same attributes as optical 

wireless LED-based links (differences in the nonlinear behaviour of laser diodes and 

LEDs as well as dispersion of the link), several general observations about the 

performance evaluation of these modulation techniques can be made based on these 

results as shown in Table 4. Despite the fact that PAM has the lowest complexity and 
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highest energy efficiency, it is inefficient over long distances or at greater data rates 

when O-OFDM and CAP can be used as alternatives. While O-OFDM schemes are 

the most efficient in terms of spectral efficiency, yet high PAPR results in nonlinear 

impairments. CAP systems have been shown to achieve data speeds comparable to 

OFDM while being more energy efficient and presumably less complicated, enabling 

for hardware implementation. Researchers employed measures like the number of 

needed components and also the number of real-value multiplications to conduct an 

unbiased assessment of system complexity [29, 32–34]. The results reveal the single-

carrier CAP utilizing low-order QAM modulation is simpler than OFDM methods. 

Higher-order or perhaps more sophisticated CAP modulation (including multi-band 

CAP) can, however, be as complex as O-OFDM. Likewise, equivalent experimental 

demonstrations and comparative analyses have already been conducted aimed at POF 

links based on LEDs and laser diodes [31,35,36,37]. Even though Table 4, summarises 

the relative merits of these three fundamental modulation schemes, the intrigued 

viewer should consult the cited articles for detailed comparisons for qualitative 

analysis, as the results are highly dependent on the type of link, the modulation order, 

and the component characteristics used. Lastly, it is worth noting that adding 

equalisation to the link to boost the possible data rates complicates the system [32]. 

Equalisers that are linear in nature (e.g. FFE and DFE) are pretty simple to implement, 

especially in the case of LED-based networks with low symbol rates (up to a few 

Gbaud). Nonlinear equalisers, on the contrary, necessitate a larger number of 

components or other form of digital signal processing that could not be achieved with 

simple hardware. 
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Table 4: A comparison of performance evaluation of the relative advantages 

of modern modulation formats [37]. 

 

 

2.4 Light Sources 

To implement visible light communications, the light sources that emit the light must 

possess the following important properties: wavelength, linewidth, numerical 

aperture, excellent brightness with a small emitting surface area, long life, high 

reliability, and even a large modulation bandwidth [38]. LEDs and LDs are the most 

frequently utilised light sources as both of these light sources depend on the excitation 

state in semiconductor materials to work. LEDs and LDs have a unique property or 

advantage. They are compact and provide low forward voltage and driving current 

[39]. The human eye's visible range is 400nm to 700nm, and with LEDs/LDs, research 

is being conducted to generate light throughout a greater spectrum of wavelengths 

from visible to infrared [1]. To generate light in the LEDs/LDs, the transition of an 

electron in a semiconductor material should occur where the electron transitions from 

an excited state to a lower energy state. This electron transition, which arises due to 

the difference in the energy states, leads to the generation of two processes named the 

radiative process and the non-radiative process. The radiative process generates light, 
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and the non-radiative process leads to heat generation. "An electron in the lower 

energy state (conduction band) returns to the empty state in the valence band. It is a 

simultaneous process. It does not require any additional energy, and this process is 

named radioactive recombination. This process is associated with the functioning of 

the LEDs" [40]. 

 

2.4.1 Light Emitting Diode 

The LED is a semiconductor device with a P-N junction. The optical radiation occurs 

whenever we subject it to an electronic excitation by placing a forward bias voltage 

across the p-n junction. This process energises the electrons in the material, causing 

them to reach a 'excited state,' which would be very unstable. When these electrons 

reach the excited state, they return to the stable state after some time, leading to the 

release of energy(photons). The passage of electrons from the valence band to the 

conduction band and back again from the conduction band to the valence band is what 

causes the LEDs to function. This process is called radiative recombination [40]. 

 

Figure 6: Functioning of Semiconductor Devices 

From Figure 6, we can consider the conduction band as energy state E2 and Valence 

band state is taken as E1 the difference in these states results in Photon Emission. [40] 
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𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑎𝑡𝑒 𝐸2 −  𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑎𝑡𝑒 𝐸1 = ℎ𝑓 =
ℎ𝑐

𝜆
 (2.7) 

Where E2 and E1 are the two energy levels, h denotes Planck's constant, f denotes 

frequency, c is the speed of light, and λ is the wavelength of absorbed or emitted light. 

The selection of the LEDs depends upon three properties or factors: LED modulation 

band, luminous efficiency, and power efficiency. 
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CHAPTER 3  

METHODOLOGY  

3.1 Introduction  

 

There are a few main scopes of work in this project. First, a basic VLC system is 

simulated using On-Off Keying (OOK) modulation in MATLAB. This is because 

OOK is the basic modulation system used in the VLC system. The criteria to focus on 

in this project are BER, eye diagram, and output power.  Next, a suitable CAP 

modulation will be chosen. CAP modulation has a variety of modulation; nevertheless, 

m-CAP is chosen. Then, multiple-band CAP modulation is simulated for the VLC 

system by developing the system in MATLAB Simulink. After that, the system's 

performance using CAP modulation is evaluated by comparing the result of CAP 

modulation to OOK modulation. Finally, CAP modulation will be proposed if it is 

suitable for an indoor VLC system. 
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3.1.1 System Flow Chart 

Start

Transmitter send out 

signal

Receiver receive signal?

Initialization 

LED light as input, MATLAB 

result as output

The data are recorded at 

MATLAB

End

Yes

No

 

Figure 7: System flow chart 

 

Figure 7 shows system's flow is when the LED transmitter sends out a signal, the 

photodetector, the receiver, will be run to determine if the signal is received. If the 

signal is received, the system will try to send out another signal, while if the signal is 

received, then the output will be recorded in MATLAB.  
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3.2 Implementation of the system parameters 

This paper discussed an indoor VLC system comprised of a single transmitter and 

receiver. The system parameters are determined in Table 5, and the values will be used 

in MATLAB. Here the project is considering a single-LED array. After reviewing 

multiple IEEE papers and books, these parameters are considered [1][2][3]. To analyse 

VLC system performance, the parameter of a room, LED, receiver and noise are set. 

That parameter is listed in below Table 5. Table 5 summarises the critical factors for 

a typical room setting that are utilised in VLC system modelling. 

 

Table 5: Main simulation Parameters  
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The room's appropriate size is set to be 4 meters in length, 4 meters in width, and 2 

meters in height. The LED is located in the room's centre [2,2,2]. Theta(θ) is the half-

power semi-angle for the transmitter; it is defined as the angle formed between the 

wall and the placement of the LED, which is 700. 

The LED source transmits 1W of electricity, and the luminous intensity that the human 

eye can see is between 300-910lx [1]. The active area of the photodiode or the receiver 

is given as 1 x 10-4 cm2. The half-angle FOV for the receiver is taken as 900 as it is the 

angle at which the reflections are considered. Therefore, it is considered to be constant. 
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3.3 VLC system coding  

The following is the MATLAB simulation coding used for the project. The 

explanation of the coding is written next to code after '%' and is colour green for better 

understanding.  

3.3.1 Room parameters simulation coding 
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3.3.2 Coding to calculate the LOS channel gain 

  

         

 



35 

 

 
 

3.3.3 Illumination Distribution 
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3.4 OOK Modulation 

The following is the MATLAB simulation coding used for OOK modulation. The 

explanation of the coding is written next to code after '%' and is colour green for better 

understanding. For the OOK modulation, 100000 bits were set for SNR of 0 to 15db. 

An AWGN channel was utilised to introduce white Gaussian noise into the transmitter 

stream. The output of this code is the BER graph, scatter plot and eye diagram. 
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3.5 CAP modulation 

 

Figure 8: CAP-2 scheme 

The standard CAP-2 scheme, depicted in Figure 8, was developed using MATLAB 

Simulink. This CAP was created using MATLAB Simulink's rectangular quadrature 

amplitude modulation module. As a result, generate CAP-2. The QAM is identical to 

the CAP in that it allows for multiple levels and modulation in several dimensions. 

Nevertheless, CAP does not generate two orthogonal components with a sinusoidal 

carrier. As a result, the ratio of sample-to-symbol is proportional to the dimension 

count in a linear way. Additionally, it also explains how the orthogonal waveform is 

generated using the CAP.  

Both the transmitter and receiver use digital technology. The procedure is referred to 

as encoding in the transmitter section. The transmitter will decompose the data stream 

into blocks of binary data. A single pair is used to encode each data block. Two 

orthogonal signals are formed after encoding, which are then merged before 

transmission. For that implementation, the incoming sequences are up-sampled to 

match the implementation sampling rate, and hence the rate of this procedure. The 

AWGN channel with the 10 dB SNR level is set for modelling noise in this block. 
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In the meantime, the process is referred to as decoding at the receiver end, and it is 

responsible for decoding the data symbol in order to recover the block binary digits. 

The receiver's output is down-sampled to the original symbol rate. Separation of the 

two orthogonal summed modulated signals is possible. 

 

Figure 9: Eye diagram scope and scatter plot Connection 

Next, when the program is run, the eye diagram scope and scatter plot are shown as a 

result. To observe the eye diagram and scatter plot, a Discrete-Time Eye Diagram 

scope block and Discrete-Time Scatter Plot block is connected to the port before 

Demodulator, as shown in Figure 9. To obtain a BER graph, the following MATLAB 

code is run. This is because the Error Rate Calculation block data are sent to a mat 

file. First, 'mySimScope' files are loaded into the workspace, then the coding to find 

BER is run. 'mySimScope' is the mat file name while 'SimScope' is the variable name 

for the To File block. As there are a few thousand data, only the first 10 data are taken 

from the workspace to plot the data.   
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Figure 10: Transmitted and received pulse 

 

 

Figure 11: Error Rate Calculation block 
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Then, in scope three from Figure 10, it can be observed that there is an approximate 

60 s delay in bit error rate between Random Integer Generator Block and Rectangular 

QAM Demodulator block. Therefore, to avoid error in Error Rate Calculation block, 

1 min delay is set in Received Delay input parameter as shown in Figure 11.  

 

Figure 12: BER graph for CAP-2 without delay 

 

Without the 1 min delay in the Received Delay input parameter, the BER graph will 

be shown in Figure 12. This is because input will be calculated as real-time data where 

if compared, the received data are actually 60s late due to a delay block use in the 

Simulink CAP modulation. 
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Figure 13: Block diagram for QAM modulation and demodulation and 

random integer generator 

 

By changing the M-ary number at QAM modulation and demodulation block and 

random integer generator block, CAP-4 and CAP-8 can be simulated as shown in 

Figure 13. After changing the M-ary number in the block, the Simulink are run to 

obtain the BER graph, scatter plot and eye diagram. However, depending on the name 

of the 'To File' block, the coding name for the file name needs to change corresponding 

to obtain the BER graph.  
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Figure 14: Power meter connection 

 

To find the power received in dBW for CAP modulation, a Power Meter block is used.  

The Power Meter block is used to determine the power of a voltage signal. Average 

power, peak power, and peak-to-average power ratio are all included in the power 

measurements. The block computes these values using the sliding window approach. 

After the QAM demodulator, this block is connected to the port to observe the received 

output power.  

 



 

 

 

CHAPTER 4  

RESULTS AND DISCUSSION 

4.1 VLC Simulation Result 

 

 

Figure 15: LED array and distribution of illuminance for a single 

transmitter 
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Imagine the conventional indoor VLC system represented in Figure 15 with a single 

LED and a single PD. The room's dimensions are set to J × K × L, which is 4 x 4 x 

2m. The transmitter is an LED that is mounted in the centre of the ceiling. The LED's 

location is set to be [u, v, w], which is [ 2,2,2]. The PD is deployed as the receiver on 

a horizontal plane with the coordinates [a, b, c]. The PD can be positioned anywhere 

on the receiver plane, and its direction can be changed by tilting at an appropriate 

angle. Each individual LED may be considered as a point light source, with a well-

defined radiation footprint, and its radiation pattern can be visualised as a function of 

the solid angle in three-dimensional space. The received optical power is highest at 𝜙 

= 0  and lowest at 𝜙 = 𝜙Max for each cell depicted in which are defined as Figure 8, 

which are defined as  

𝑃𝑟−𝑀𝑎𝑥 = 𝑃𝑡
(𝑚𝑙+1)𝐴𝑃𝐷

2𝜋𝐻2  𝑇𝑆(𝜓) 𝑔(𝜓) 𝑐𝑜𝑠(𝜓), 0 ≤  𝜓 ≤ 𝜓𝑐𝑜𝑛            (4.1) 

𝑃𝑟−𝑀𝑖𝑛 = 𝑃𝑡
(𝑚𝑙+1)𝐴𝑃𝐷

2𝜋𝑑𝑀𝑎𝑥
2  𝑐𝑜𝑠𝑚𝐼 (𝜙𝑀𝑎𝑥) 𝑇𝑆(𝜓) 𝑔(𝜓) 𝑐𝑜𝑠(𝜓), 0 ≤  𝜓 ≤ 𝜓𝑐𝑜𝑛  (4.2) 

 

where 𝜙𝑀𝑎𝑥 is the maximum irradiance angle and dMax is the corresponding maximum 

distance between the transmitter and the receiver within a cell. 

 

Lambertian emission is used to model the channel gain in indoor VLC. 

ℎ =
(𝑚 + 1)𝐴

2πd2 
cos𝑚(α) cos(β)    (4.3) 

where m = −ln 2/ ln (cos𝛷1/2) is the Lambertian order, and 𝛷1/2 is the semi-angle at 

half power of the LED, A is the receiver's physical area, d is the transceiver distance, 

α is the LED's irradiance angle, and β is the PD's incidence angle.  
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The utilisation of a broad divergence angle LED is a practical approach to obtain 

comprehensive coverage in a VLC system. However, large divergence angles might 

result in an increase in multipath-induced Inter-Symbol Interference (ISI), drastically 

reducing the maximum data rate for transmission. The divergence angles of LEDs 

must be carefully adjusted to overcome this limitation and obtain a higher data 

transmission rate and a better uniform optical power distribution. This is because the 

irradiance angle and incidence angle are dependent on the receiver's location in the 

room. SNR values are calculated for a variety of incidence and irradiance angles. The 

highest signal-to-noise ratio is obtained when the transmitter and receiver are placed 

in-line. Figure 16 illustrates the performance graphs of SNR. 

 

 

Figure 16: Performance graphs of SNR 
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As illustrated in Figure 16, FOV affects the performance of the VLC system. SNR 

values can be determined for various transmitter FOVs. Consider that the receiver is 

in direct communication with the emitter; from the FOV versus SNR graph for the 

transmitter is given in Figure 16, a transmitter's FOV should be set above 50 to get a 

high SNR. Another critical element is that the highest SNR is reached at a FOV of 90. 

Therefore, to obtain a strong signal, the irradiance angle and incidence angle must be 

less than 45 degrees while the FOV of the transmitter should always be more than 50 

to get maximum SNR. 

 

 

Figure 17: SNR Distribution in the room 

 

SNR can be utilised to indicate the quality of a communication link in OWC. SNR is 

used to determine the VLC link's capacity. The optical signal-to-noise ratio (SNR) can 

be defined as the ratio of the average signal power received to the ambient noise. Based 

on the graph in Figure 16, the FOV value for the transmitter is set at 700 while the 

FOV value for receiver is set at 900. Figure 17 shows the SNR Distribution in 4m x 
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4m x 2m room. The maximum SNR is observed close to the centre of the room. The 

maximum SNR 29.2 dB is observed at the centre, while a minimum of -6.7dB is 

observed at the corners. 

 

 

Figure 18: Pattern of illumination for a single LED transmitter 

 

The pattern of illumination for a single LED transmitter with a semi-angle, half-power 

of 70° is shown in Figure 18, assuming no extra light is reflected from the surrounding 

walls. ISO defines sufficient illuminance as being between 3000 and 1500 lx. It was 

observed that the illuminance is greatest in the centre and diminishes toward the 

margins. The maximum luminous flux value is 652 lx in the centre of the room, while 

the minimum value is 250 lx at the periphery. As a result, the LED bulbs with the 

specifications employed in this simulation can provide an adequate illumination level. 
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Figure 19: Received power distribution 

The power distribution seems to be symmetrical due to the symmetry of the room 

and the location of the transmitters. The high received power is generated at the central 

spots, collecting the most energy as shown in Figure 19. The greatest power received 

is -51dBm. With a received power of -60dBm, the received power drops as the PD 

location moves further away. 

 

4.2 Performance Evaluation 

4.2.1 BER analysis 

BER is a commonly used indicator of system performance in wireless 

communications. BER is the number of bits collected from the data stream of the 

communication channel that compensate for noise errors. Thus, the BER curve can be 

used to illustrate a digital communication system's performance. The EbNO ratio is 

proportional to the signal to noise ratio (SNR), taking the bit rates of the various 

constellations into consideration.



 

 

 

  

OOK Modulation CAP- 2 Modulation 

  

CAP- 4 Modulation CAP- 8 Modulation 

Figure 20: BER graph for (a) OOK, (b) CAP-2, (c) CAP-4, (d) CAP-8



 

 

 

From Figure 20, the bit error rate graph observed that as more bit signals are sent out 

for OOK modulation, the bit error rate increases. However, there is no bit error rate 

for CAP modulation as there is no distance set in simulation. Therefore, perfect 

transmission is simulated.  

 

4.2.2 Scatter Plot analysis 

A scatter plot or constellation diagram is employed to view the constellation of a 

digitally modulated signal. 

  

OOK Modulation CAP- 2 Modulation 

  

CAP- 4 Modulation CAP- 8 Modulation 

Figure 21: Scatter Plot for (a) OOK, (b) CAP-2, (c) CAP-4, (d) CAP-8 



 

 

 

In terms of scatter plots, from Figure 21, it can be observed that as the CAP modulation 

number increases, the scatter plot also increases.  In OOK modulation, logic zero is 

denoted by lower amplitude, while logic one is denoted by a greater amplitude. In 

OOK modulation, there is no carrier involved during the transmission of logic zero. 

Rather than that, the carrier is transmitted during logic one transmission. As a result, 

the OOK modulation transmitter enters the IDLE state during logic "zero" 

transmission. Therefore, it is plotted at point 0,0, while logic one is plotted at 1,0. The 

constellation points in QAM for CAP modulation are typically placed in a square grid 

with uniform vertical and horizontal spacing. Upgrading to a higher-order 

constellation permits the transmission of additional bits per symbol. Nonetheless, in 

attempt to conduct a fair assessment, the constellation's mean energy must remain 

constant. As a result, points will be closer together and hence more prone to noise and 

other forms of contamination, as we see in the eyes diagram of CAP-8 compared to 

CAP-2 or 4. 

 

Figure 22: Scatter plot for CAP-2 with signal quality measurement 
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The scatter plot can be used to determine the signal's quality parameters, such as 

modulation error ratio (MER) and error vector magnitude (EVM), as shown in Figure 

22. The EVM would be used to determine the performance of a digital signal 

transmitted by the transmitter and received by the receiver, as well as the distance 

between the points from their desired locations. Every constellation point pointing in 

the desired direction will be displayed in the received signal. While the MER is used 

to determine the performance of a digital radio transmitter or receiver employing 

digital modulation such as QAM, the power received is utilised to determine the loss 

measures and the power from a source or present at a receiver. The QAM is similar to 

the CAP in that it allows for multiple levels and modulation in several dimensions. In 

contrast to QAM, the CAP does not require the creation of sinusoidal signals at both 

ends, at the transmitter and receiver. Additionally, CAP can be used to modulate in 

more than two dimensions if orthogonal pulse forms can be discovered. 

 

Table 6: Comparison of the Modulation scheme for EVM, MER and Output 

Power 

Modulation EVM (dB) MER (dB) Average power 

(dBW) 

OOK Unable to be 

retrieved 

Unable to be 

retrieved 

Unable to be 

retrieved 

CAP-2 -10.9 10.9 0.1316 

CAP-4 -9.6 11.3 5.45 

CAP-8 -11.9 9.8 12.42 
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Scatter plot in Figure 21 shows, it can be observed that the EVM of CAP-4 is the best 

while the EVM of CAP-8 measures the worse of a digital signal of the transmitter and 

receiver. This says that CAP-8 has the least ideal scatter plot location than CAP-2 and 

CAP-4. In terms of MER, CAP-4 has the best reading value compared to CAP-2 and 

CAP-8. However, CAP-8 records the least reading for MER. In terms of power 

received, CAP-8 has the highest reading of 12.42dBW compared to other CAP 

modulation. From Table 6, it can be concluded that CAP-4 record the best reading 

value overall compared to other CAP modulation.   

 

4.2.3 Eye Diagram analysis 

In digital communications, an eye diagram illustrates the effect of noise on system 

performance. 

Eye diagram in Figure 23 shows, for OOK modulation, we can see that the eye diagram 

is significantly distorted due to many input bits. In terms of the eye diagram, it was 

noted that CAP modulation offers a better visual representation of how noise could 

affect system performance than OOK modulation. However, CAP-4 offers a better eye 

diagram because the quality of the in-phase signal and quadrature signal is better than 

CAP-2 and CAP-8. 



 

 

 

 

 

 

 

 

 

 

 

 Figure 23: Eye diagram for (a) OOK, (b) CAP-2, (c) CAP-4, (d) CAP-8 

  

OOK Modulation CAP- 2 Modulation 

  

CAP- 4 Modulation CAP- 8 Modulation 
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4.3 Comparison Between CAP and OOK modulation 

From the result above, a comparison between CAP modulation and OOK modulation 

can be made for the VLC system. In BER analysis, CAP modulation records a better 

result than OOK modulation. This is because, as the input bit rate increases in OOK 

modulation, the output bit error also increases. However, for CAP modulation, perfect 

transmission is simulated with zero error.  

 

Figure 24: QAM’s Constellation diagram 

 

For scatter plot analysis, OOK modulation only has two states that allow for the 

transmission of either a 0 or a 1. However, numerous alternative points can be used 

with QAM, each with its defined phase and amplitude values, as shown in Figure 24. 

QAM, which doubles the number of states to four, results in a symbol with two bits. 

The number of bits per symbol can be raised further by increasing the constellation's 

size. This is what is referred to as a constellation diagram. Different values are 

assigned to the various places, allowing a single signal to transport data at a 

considerably greater rate. The number of bits per symbol is equal to the log base 2 of 

the number of constellation points. From Table 7, it can be observed that OOK and 

CAP-2 carry the least bits per symbol, which is 1 while CAP-8 carry the highest bit 

per symbol of 3. Therefore, from the scatter plot it can be said that CAP-8 is the best 
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as it can contain more bits of data per symbol compared to OOK and CAP-2 and CAP-

4 modulation. It is also worth noting that increasing the data rate of a link by using a 

higher-level CAP format is possible. 

Table 7: Bit per Symbol comparison 

Modulation Bits per Symbol 

OOK 1 

CAP- 2 1 

CAP-4 2 

CAP-8 3 

 

EVM and MER can also be determined from a scatter plot. Unfortunately, EVM and 

MER for OOK modulation cannot be retrieved. This is because due to limitation in 

MATLAB coding or MATLAB functions for figure plotted out with coding. But for 

CAP modulation, EVM of CAP-4 is the best while the EVM of CAP-8 measures the 

worse of a digital signal which may be due to rectangular, rather than the square shape 

of the constellation that affects the performance of signal transmitted. For MER, CAP-

4 still records the highest reading compared to other CAP while CAP-8 records the 

least MER reading. This can be said that CAP-8 has the least favourite performance 

of a digital transmitter or receiver employing digital modulation. However, CAP-8 

records the highest power received, meaning it has the most negligible power loss of 

signal at the receiver. In conclusion, the performance of transmitter and receiver in 

terms of EVM and MER, CAP-4 will be recommended even though CAP-8 has better 

output power.  
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For the eyes diagram, with a large input bit, OOK modulation recorded a very distorted 

signal which CAP modulation provides a better eyes diagram. This also proves that 

OOK modulation is not very good with large input data compared to CAP modulation. 

However, CAP-4 provides a superior eye diagram due to the superior quality of the 

in-phase and quadrature signals compared to CAP-2 and CAP-8. In conclusion, CAP 

modulation is better compared to OOK modulation.  

 

4.4 Applications & Commercialization Potential 

As the vision of IR4.0 is coming nearer and nearer, the VLC system can assist in 

resolving the radio frequency (RF) communications spectrum crunch. This contributes 

to meeting the increased desire for high-speed communication connections among 

electronics products, sensors, and infrastructure. Furthermore, this project has 

commercial value, especially in the communication and data transmission field, as it 

offers high-speed wireless communication as a complementary solution for 

overcrowded RF and WIFI systems.  

 

4.5 Sustainability & Environmentally Friendly  

This project is considered a green technology because the component used (LED) in 

the project is an efficient lighting source and consumes less electricity than the typical 

fluorescent light. In other words, VLC technology helps in the reduction of hazardous 

gases emission. This is because CO2 and other gases from the electrical energy 

generated from coal, gas, oil, and nuclear products are reduced as less electricity is 

consumed. 
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CHAPTER 5  

CONCLUSION AND FUTURE WORKS 

5.1 Conclusion  

The future of visible-light communication technology is exceptionally bright. This 

invention addressed the issue of incorporating visible-light communication 

technology into existing infrastructure without requiring significant alterations. It is a 

fast-growing part of the communication industry, and it is simply implemented at a 

low cost. At the end of this project, all the objectives in this project were met. In the 

thesis, a room with the parameters mentioned in Table 5 is simulated and calculated 

the illumination parameters of the room for a single-LED array. Other than that, the 

SNR for the room is also plotted out to determine the quality of a communication link 

in the room. Next, using CAP modulation, LED's bandwidth limitation can be 

overcome in the VLC system. In BER analysis, CAP modulation records a better result 

than OOK modulation. This is because, as the input bit rate increases in OOK 

modulation, the output bit error also increases. The scatter plot can be used to 

determine the signal's quality parameters, such as modulation error ratio (MER) and 
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error vector magnitude (EVM). It can be concluded that the EVM of CAP-4 (-9.6dB) 

is the best while the EVM of CAP-8 (-11.9dB) measures the worse of a digital signal 

of the transmitter and receiver. This says that CAP-8 has the least ideal scatter plot 

location than CAP-2 and CAP-4. In terms of MER, CAP-4 (11.3dB) has the best 

reading value compared to CAP-2 (10.9dB) and CAP-8 (9.8dB). However, CAP-8 

records the least reading for MER. In terms of power received, CAP-8 has the highest 

reading of 12.42dBW compared to other CAP modulation. Therefore, it can be 

concluded that CAP-4 record the best reading value overall compared to other CAP 

modulation.  For bit per symbol, it can be concluded that OOK and CAP-2 carry the 

least bits per symbol, which is 1 while CAP-8 carry the highest bit per symbol of 3. 

Therefore, from the scatter plot it can be said that CAP-8 is the best as it can contain 

more bits of data per symbol compared to OOK and CAP-2 and CAP-4 modulation. 

For the eyes diagram, with a large input bit, OOK modulation recorded a very distorted 

signal which CAP modulation provides a better eyes diagram. This also proves that 

OOK modulation is not very good with large input data compared to CAP modulation. 

However, CAP-4 provides a superior eye diagram due to the superior quality of the 

in-phase and quadrature signals compared to CAP-2 and CAP-8. In conclusion, CAP 

modulation is better compared to OOK modulation in term of eye diagram. 

Subsequent it can be concluded that the system's performance evaluation using CAP 

modulation is better than OOK modulation in terms of eyes diagram analysis and BER 

analysis. Therefore, it can be concluded that CAP modulation is better than OOK 

modulation. Thus, CAP modulation is suitable for indoor VLC system which use LED 

as an optical source 



61 

 

5.2 Future Work 

While the project's objectives have been met, the suggestions for future work are 

proposed to supplement the work detailed in this thesis. 

 

Recently, there has been new research going on VLC for implementing Artificial 

intelligence to detect the device's presence and activate the lights in the nearest 

position. This technology can be used to check the best lightening device based on the 

illumination and change the data received from one LED to another without losing the 

signal. 

 

Along with the limited bandwidth generated by the LEDs used in VLC systems, 

nonlinearities induced by the LEDs add another layer of complexity to VLC systems. 

These nonlinearities are produced by the LEDs' limited dynamic range and become 

crucial when using a very high PAPR modulation method such as OFDM since they 

result in signal clipping, resulting in reduced SNR and higher BER levels. m-CAP is 

not immune to these phenomena in this environment, as it does exhibit elevated PAPR 

values. Thus, as a new scheme, it will be interesting to study the extent to which PAPR 

affects the performance of m-CAP compared to other well-known modulation 

schemes (e.g., OFDM), as well as potential solutions to this issue. 
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APPENDICES 

Appendix A: VLC system room parameters MATLAB simulation coding 
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Appendix B: MATLAB coding to calculate the LOS channel gain. 

 

 

 




