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ABSTRACT 

 
Light fidelity (LiFi) is a means of high speed wireless data transmission along with 

room illumination using the existing light emitting diode (LED) infrastructure. As a data 

encoder for LiFi, different variants of orthogonal frequency division multiplexing 

(OFDM), such as direct current biased optical OFDM (DCO-OFDM), asymmetrically 

clipped optical OFDM (ACO-OFDM) and asymmetrically, and symmetrically clipped 

optical OFDM (ASCO-OFDM) have been considered. However, the choice of 

appropriate modulation format should consider both the data communication 

performance and the brightness control/dimming flexibility, since a low 

intensity/brightness of light signal is likely to hamper reliable communication. Recently, 

pulse-width modulation (PWM) is shown to be a suitable method for obtaining 

dimming. This work evaluates the bit error rate (BER) performance and dimming 

flexibility of LiFi scheme having PWM based dimming flexibility with ASCO-OFDM 

data encoding. For this, a framework is developed to incorporate the PWM scheme for 

ASCO-OFDM transmitters and receivers. In this framework, the generated ASCO-

OFDM signal in the electrical domain is multiplied with the PWM signal and the 

resultant signal is converted to the optical signal by optical modulators. The pulse width 

of the PWM based ASCO-OFDM signal is varied in accordance with the dimming or 

brightness level. Next, simulations are performed using MATLAB tool to evaluate the 

effectiveness of PWM based dimming for ASCO-OFDM. In the simulations, the 

dimming level is varied from a very low value to the standard value required for room 

illumination. The BER performances of ASCO-OFDM, DCO-OFDM and ACO-OFDM 

are investigated for both electrical and optical power limited channels. The performance 

evaluation is done for a number of OFDM subcarriers and for different constellation 

sizes. Finally, simulations are performed to compare ACO-OFDM, DCO-OFDM and 

ASCO-OFDM in terms of BER performance and dimming capacity. Results show that 

for a given data rate, ASCO-OFDM is 3 dB better than ACO-OFDM and 4 dB better 

than DCO-OFDM. Results also show that when 50% dimming is applied, an ASCO-

OFDM system required 6 dB more power compared to a system with full brightness. 
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Chapter 1 

 Introduction 

1.1 Overview 
 

Light fidelity (LiFi) is the conversion of the light bulb into a wireless communication 

path that may replace wireless fidelity (WiFi). Although WiFi technology has become 

very popular, there are some drawbacks of wireless such as wireless signal is unstable, 

access is slow, and WiFi hotspots are too few compared to increasing users. Now, there 

is a new technology that can resolve these issues. German physicist Herald Haas, the 

inventor of the LiFi, considered that the visible light spectrum can be used to transmit 

data, as its spectral width is much larger than the conventional radio frequencies; so it 

has the potential to transmit at higher bandwidths. 

 

LiFi uses common everyday light emitting diode (LED) light bulbs to transmit data. 

Data transmission can speed through LED light bulbs of up to 224 gigabits per second. 

For a very long period, light bulb has been considered as a popular icon of motivation 

for inventors. Herald Haas got interested in light bulb for data transmission. Haas and 

his team invented an original technology, using a flashlight for wireless transmission of 

digital information at the University of Edinburgh; this technique commonly stated to as 

visible light communication (VLC). As long as a light bulb is available, this technology 

can offer a wireless internet connection. The number of the world’s light bulbs is still 

growing, predictable at about 14 billion [2]. For this fact, every street can become an 

internet access point. LiFi and WiFi are quite same as both of them transmit data 

electromagnetically, but WiFi uses radio waves while LiFi runs on visible light. 

 

As LiFi is a VLC system, it uses a photo-detector to receive light signals and a signal 

processing element. Photo-detector also converts the data into 'stream-able' content. An 

LED light bulb is a semi-conductor device, which means current supplied to an LED 

light bulb can be dipped and dimmed, up and down at extremely high speeds, without 

being visible to the human eye. For example, with the help of signal processing 

technology, data is fed into an LED light bulb; then the photo-detector (photodiode) 

receives high speed data, which is sent by LED light bulb (embedded in its beam). The 
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receiver converts the tiny variations in the rapid dimming of LED bulbs into electrical 

signal. The signal is then converted back into a binary data stream, which is essentially 

the web, video and audio applications that run on internet enables devices. 

To transmit high data rates, orthogonal frequency division multiplexing (OFDM) 

technology plays a vital role. OFDM is a multicarrier modulation scheme, where a large 

frequency bandwidth is divided into smaller frequency bands, and data is transmitted in 

parallel on each of the separate bands. The transmitted subcarriers are orthogonal to 

each other; therefore, each subcarrier can be demodulated without any interference from 

other subcarriers. OFDM is used widely in wired and radio frequency (RF) 

communication systems; due to its robustness against inter symbol interference (ISI) 

and the requirement for only simple equalization at the receiver. It is also used in some 

vehicular communication systems and has begun to gain attention as a possible 

modulation scheme in optical wireless systems. In conventional OFDM system, the 

signal transmission is bipolar in nature but light transmission is unipolar in nature; so 

some special mechanisms are needed to transmit light in LiFi system. 

Different variants of orthogonal frequency division multiplexing (OFDM) are used in 

LiFi. These are direct current biased optical orthogonal frequency division multiplexing 

(DCO-OFDM), asymmetrically clipped optical OFDM (ACO-OFDM) and 

asymmetrically clipped DC-biased optical OFDM (ADO-OFDM). Recently, another 

form of OFDM termed as asymmetrically and symmetrically clipping optical (ASCO-

OFDM) has been developed. Basically, ASCO-OFDM is a combination of 

asymmetrically clipped optical OFDM (ACO-OFDM) and symmetrically clipping 

optical OFDM (SCO-OFDM). In an (ACO-OFDM) scheme, only the odd subcarriers 

can be modulated to transmit optical signal. But, ASCO-OFDM not only uses the odd 

subcarriers but also uses even subcarriers to transmit the optical signal.  ACO-OFDM 

part is used to modulate the odd subcarriers while SCO-OFDM component is used to 

transmit the even subcarriers. In an ASCO-OFDM scheme, no DC bias is added and 

thus, it achieves better performance than other modulation schemes in terms of both 

power efficiency and bit error rate (BER). Since ASCO-OFDM has been evaluated in 

terms of only communication performance, research is required to find the effectiveness 

of ASCO-OFDM for LiFi while considering both illumination and communication 

performances.  
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Light dimming means to lower the brightness of a light. Dimming is an important 

feature of light applications in order to be able to adjust illumination conditions in a 

room based on personal preferences and in order to save energy. Dimming control 

reduces the output and energy consumption of light sources. It is better than on-off 

control in terms of energy savings. It aligns lighting facility with human needs and 

lengthen lamp life. Unluckily, they also increase complexity and expense and may 

shorten lamp life under some conditions. They should be sensibly compared to simpler 

systems that may also produce the desired results. The main goal of introducing 

dimming control to VLC is to lessen the power consumption of the LEDs and for user 

suitability. The LED is used as the source of light and as a medium for wireless 

communication. Hence, it is not desirable to switch the LED on with a 100% brightness 

at all the time. For a typical office environment, the required illumination ranges 

between 200-1000 lux [1]. Hence, the illumination should be preserved between these 

ranges. Dimming control has also an opposing effect in VLC systems. Forming a 

communication medium after dimming the LED light decreases the average signal 

strength. It also increases the BER. 

 

In order to control the brightness of the light without troubling the communication 

medium, a reliable and efficient dimming control technique needs to be developed. 

 

1.2 Objectives with Specific Aims 
 

The objective of this work is to find out the performance of OFDM based LiFi in terms 

of reliable communication and illumination. To fulfill this objective, the project has the 

following goals: 

 

• Incorporate the PWM dimming scheme for ASCO-OFDM. 

• Finding the BER performances of ACO-OFDM, ASCO-OFDM and DCO-OFDM 

after applying the PWM dimming scheme. 

• Comparing ASCO-OFDM with ACO-OFDM and DCO-OFDM in terms of electrical 

and optical power efficiency, BER performance and dimming flexibility. 
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1.3 Contribution of this Project 
 

The main contributions of this project can be summarized as follows:  

 

A framework is developed to incorporate the PWM scheme for ASCO-OFDM 

transmitters and receivers. For this, the generated ASCO-OFDM signal in the 

electrical domain is multiplied with the PWM signal and the resultant signal is 

converted to the optical signal by optical modulators.  

 

Simulation using MATLAB tool are performed to evaluate the effectiveness of PWM 

based dimming for ASCO-OFDM and DCO-OFDM. The dimming level is varied 

from a very low value to the standard value required for room illumination. The BER 

performances of ASCO-OFDM, DCO-OFDM and ACO-OFDM are investigated for 

both electrical and optical power limited channels. The performance evaluation is done 

for a number of OFDM subcarriers and for different constellation sizes. Finally, 

simulations are performed to compare ACO-OFDM, DCO-OFDM and ASCO-OFDM 

in terms of BER performance and dimming capacity. 

 

1.4 Project Outline 
 

The outline of the remainder of the project is as follows. 

Chapter 2 provides a general description of an OFDM based LiFi system. Optical 

wireless communication (OWC) field is shortly presented and the important features 

such as advantages, applications and working mechanism of LiFi are outlined.  

Different types of modulation schemes in LiFi such as ACO-OFDM, DCO-OFDM and 

ASCO-OFDM are also discussed. Chapter 3 shows BER performances of ASCO-

OFDM. It is shown through simulations result plot. Chapter 4 provides dimming control 

of ASCO-OFDM. PWM dimming scheme is incorporated in ASCO-OFDM. It also 

shows performance comparison of ACO-OFDM, DCO-OFDM and ASCO-OFDM 

without dimming and with dimming parameter. Chapter 5 presents conclusions of the 

project and recommendations for future work. 
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Chapter 2 

 OFDM based LiFi  

2.1 Overview 
 

Over the last decade, due to tremendous growth of wireless communication 

technologies, wireless communication has gained enormous popularity in the last-mile 

access network such as home, office, hospitals and campus environment [3]. Now-a-

days, wireless communication becomes an essential part of our day to day life. Wireless 

communication enables mobile communication, introduces WiFi & Bluetooth 

technologies, brings new era on health care and telemedicine, enhances business 

communication, opens new aspects for entertainment and steadily changes the end 

users’ experience towards the flexibility and high mobility. As users are continuously 

increasing, new data services and applications are launching every now and then, so the 

next generation wireless communication system should provide high definition TV 

streaming (4-20 Mbps), video conferencing, smooth internet surfing, high speed data 

transfer, etc. Currently, wireless communication is using radio frequency (RF) spectrum 

and optical signal spectrum.  Both have the advantage of availability at indoor and 

outdoor applications. As the load of high data rate applications are increasing day by 

day, the precious RF spectrum available below 10 GHz that is used for mobility is 

getting insufficient. It is becoming difficult for existing bandwidth to fulfill the required 

capacity and speed demands, as well as multiple technologies simultaneously share the 

same bandwidth such as WiFi, Bluetooth, cellular phone network and cordless phones, 

so scientists and professionals are paying attention on new research areas in wireless 

communications [3]. At these circumstances, optical wireless communication (OWC) is 

becoming a promising candidate to meet future demand of greater mobility.  

OWC is the communication with the millimeter (mm) wavelength which located on the 

right side of the spectrum. Infra-red band usability for data transfer is already provided. 

Per year, there are near 100 million electronic devices that have adopted infra-red 

technology. In addition, the next generation wireless communication technology 4G and 

the follower are not built on a single technology. These technologies are preferred as an 
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integrated system that will comprise of multiple technologies working in 

synchronization. The OWC technology is becoming an important figure of 4G and 5G 

systems, particularly in the section that the end users are connected to the internet [7]. 

The advantages of OWC over RF communication can be described shortly as follows 

[8-12]:   

 In the range of 155-700 nm wavelengths unregulated 200 THz bandwidth. 

 No licensing cost. 

 OWC provides security benefit by staying the emitted signal inside a room as 

optical; signals cannot pass through walls like radio waves. 

 Reduce the possibility of any interference in neighboring rooms or offices by 

staying the optical signals in the room or office. Thus, each room will form a 

cell and the capacity output will rise to the top levels. 

 The equipment used is cheaper as compared with RF devices. 

 Optical signals are not as risky to the human health as RF signals do. 

 OWC has low energy consumption benefit than RF systems. 

OWC is a favorable technology for addressing the last-mile bottleneck in the upcoming 

access network markets. As 670 THz license free spectrum is available, OWC is 

capable of providing very high data rate [16]. Continuous research work is going on 

among various prominent research communities around the world in order to meet the 

necessity of transmission at very high data rates for indoor users. With the advent of 

efficient LED and highly sensitive photo diode (PD) OWC for indoor user gets a new 

direction: LiFi. LiFi is the forthcoming indoor OWC technology that would provide 

significant spectrum relief for cellular and WiFi systems [18]. 

 

2.2 Introduction to LiFi 
 

Latest research activities now focused on achieving data transfer simultaneously by 

using LiFi based indoor communication system. For an indoor communication, number 

of users and their devices are escalating very quickly, so in future, capacity of frequency 

spectrum to accommodate further users is limited and also it would be hard for service 

providers to offer more reliable and high speed communication. This drawback can be 
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solved by using LiFi [19]. LiFi is a promising branch of OWC that can be useful in 

future as a replacement and backup of Wi-Fi for indoor communication because it can 

offer high data rate of transmission along with high capacity to utilize more users as its 

spectrum bandwidth is much broader than the radio spectrum [2]. 

LiFi is a visible light communication (VLC) technology which was first introduced by 

pureLiFi  CSO, Professor Harald Haas. It is a light based communications technology 

that produces a high-speed, bidirectional networked, mobile communications in a 

similar manner as Wi-Fi. It is expected that a large volume of the downlink data of WiFi 

will be off-loaded by LiFi. Therefore, the capacity of LiFi technique has to be fully 

expanded so that LiFi can be a successful complementary to WiFi. LiFi broadcast 

information at very elevated speeds by using visible light portion of the electromagnetic 

spectrum. In LiFi, data transmission occurs by modulating the intensity of the light, and 

then received by a photo-sensitive detector, and in the demodulation part, the light 

signal is got into an electronic form. This modulation is performed in such a manner 

that it is not detectable to the human eye [14]. The advantage of the LiFi is that it uses 

LEDs which are utilized for illumination and communication at the same time [15]. 

 

2.3 How LiFi Works 
 

A light bulb is used at the downlink transmitter. Usually, the light bulb glows at a 

constant current supply, it’s fast and slight variations in current can be made to make 

the optical outputs. The operation method is very simple; if the LED is on, it transmits a 

digital 1, and 0, for off. Thus, LED providing nice opportunities to transmit data by 

switching on and off very quickly. LEDs are found in traffic and street lights, car brake 

lights, remote control units and limitless other applications. So, VLC is not only the 

solution of the problem related to lack of spectrum space but also allows novel 

application because this spectrum is idle and not regulated. Thus, it can be used for 

communication at very high speeds. Since this method of using rapid pulses of light to 

transmit information wirelessly, it has a great potential to compete with WiFi [16]. 
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2.4 Advantages of LiFi Over WiFi 
 

LiFi has some advantages over WiFi which are described shortly below: 

 LiFi has high speed connectivity of the rate of 224 gigabits per second 

(Gbps) where WiFi offers up to 1 Gbps.  

 Light can be used under water in sea but WiFi does not work in water. 

 LiFi ensures security by using light for data transfer as it does not enter 

through walls but WiFi does. 

 On road, cars can have LED based headlights and backlights, and they can 

communicate each other and can avoid accidents. 

 Using this LiFi technology, the street lamp can act as a free data access 

point and thus the shortage of radio frequency bandwidth may be solved 

out by LiFi. 

 LiFi uses much low power for transmission compared to other systems 

such as WiFi. 

 It provides interference free networking system. 

 

2.5 Applications of LiFi 
 

The significant growth in the use of LEDs for lighting gives the opportunity to fit in 

LiFi technology into a completeness of LED environments. For many popular internet 

“content utilization” applications such as video and audio downloads, live streaming, 

etc., LiFi technology is now more appropriate. These applications require negligible 

uplink capacity but place large demands on the downlink bandwidth. In this manner, the 

greater part of the internet traffic is off-loaded from existing RF channels, thus also 

extending cellular and Wi-Fi capacities [13]. 

 

There are many applications for LiFi which are described shortly below [13, 16]: 

 

 RF Spectrum Release:  

Excess capacity load of cellular networks can be off-loaded to LiFi networks 

where accessible. It is mainly helpful on the downlink where load is high. 
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 Smart Lighting:  

LiFi hotspots can be created by any private or public lighting including street 

lamps and the same communications, and sensor infrastructure can be used to 

monitor and manage lighting and data. 

 Mobile Connectivity:  

By using LiFi, all useable devices such as smart phones, laptops, tablets and other 

mobile devices can be inter-connected directly. Short range links ensure security 

as well as high data rate capability. 

 Risky Environments:  

In risky environments such as mines and petrochemical plants, LiFi can act as a 

safe substitute solution to RF communications. 

 Hospital and Healthcare:  

LiFi emits no electromagnetic interference and does not interfere with medical 

instruments, e.g., MRI scanner; so it is safer technology to use in hospital and 

healthcare. 

 Aviation:  

In aircrafts, LiFi can be deployed with the help of existing LED infrastructure in 

passenger cabins. LiFi brings a huge advantage for data communication as there 

will be no electromagnetic interference and there will be no need for cabling. LiFi 

can also help to support in-flight entertainment (IFE) systems and can be 

integrated with the mobile devices of passengers. 

 Underwater Communications:  

Since strong signal absorption in water, RF use is not practical. Furthermore, 

acoustic waves have very low bandwidth and disturb marine life.  

 Vehicles and Transportation: 

Nowadays LED headlights and tail-lights are available. Street lamps, signage and 

traffic signals are also adapting to LED. This can be used for vehicle-to-vehicle 

and vehicle-to-roadside communications. This can be applied for road safety and 

traffic management. 

 RF Avoidance:  

Some people are hypersensitive to radio frequencies and are looking for an 

alternative. LiFi can be a proper solution to this problem and it is not harmful for 

health. 
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 Location Based Services (LBS): 

It provides tremendously correct location-specific information like advertising 

and navigation which enables the recipient to receive appropriate, relevant 

information in a timely manner and location. 

 

 Toys:  

Nowadays many toys use LED lights and thus it can establish very low cost 

effective communication between responsive toys. 

 Power Plants: 

WiFi and many other radiation or radio waves are very dangerous for sensitive 

areas like the atomic power plants; LiFi could offer safe, plentiful connectivity for 

all areas of these sensitive locations. This would be cost efficient as well as would 

improve upon the current implementations solutions. 

 GPS usage:  

The use of satellite navigation does not provide accurate GPS service for indoor 

usage. LiFi technique has a great potential to be used for GPS service in indoor 

scenario. By controlling the pulses of the LED lighting, LiFi will be able to 

provide accurate location data. The specific pattern of LED emission can be 

collected by the imaging lens but have no impact on illumination as the pattern is 

not detectable to the human eye.  

 

2.6 Modulation Schemes in LiFi 
 

A number of different digital modulation techniques can be used for LiFi. The choice of 

appropriate modulation format for LiFi depends on several factors such as power 

efficiency and BER performance of the modulation scheme. Moreover, the brightness 

and flickering effects of the LEDs used for LiFi are also important considerations. 

Single-carrier modulation (SCM) schemes such as on-off keying (OOK), pulse 

amplitude modulation (PAM), pulse position modulation (PPM), inverted pulse position 
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modulation (I-PPM), subcarrier inverted pulse position modulation (SC-I-PPM), pulse 

width modulation (PWM), variable pulse position modulation (VPM), and overlapping 

pulse position modulation (OPPM) have been proposed for LiFi. Previous research has 

shown that OPPM with trellis-coded modulation (TCM) is the most desirable SCM 

solution for LiFi. Since OPPM scheme has the capability to minimize the flickering 

effect it becomes more appropriate scheme for VLC, and it attains dimming control by 

the use of signal amplitude. It also has a high bit rate along with a wide dimming range 

and low flickering effects. To reduce the error probability of the VLC system, a trellis-

coded modulation (TCM) technique was added with OPPM. SCM schemes such as 

OOK, PPM and PAM suffer from some unwanted effect such as non-linear signal 

distortion and ISI as required data rate increases in LiFi networks. Therefore, for high-

speed optical wireless communication, multi-carrier modulation (MCM) scheme is 

getting more priority than SCM. 

 

 

OFDM is the most common recognition of MCM in LiFi network. Different variants of 

OFDM are also proposed. These are DCO-OFDM, ACO-OFDM and ADO-OFDM. 

Recently, another form of OFDM termed as ASCO-OFDM has been developed. 

Basically, ASCO-OFDM is a combination of ACO-OFDM and SCO-OFDM. In ACO-

OFDM scheme, only the odd subcarriers can be modulated to transmit optical signal. 

But, ASCO-OFDM not only uses the odd subcarriers but also uses even subcarriers to 

transmit the optical signal.  ACO-OFDM part is used to modulate the odd subcarriers 

while SCO-OFDM component is used to transmit the even subcarriers. In an ASCO-

OFDM scheme, no DC bias is added and thus it achieves better performance than other 

modulation schemes in terms of both power efficiency and BER. Since ASCO-OFDM 

has been evaluated in terms of only communication performance, research is required to 

find the effectiveness of ASCO-OFDM for LiFi while considering both illumination and 

communication performances.  
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2.7 DCO-OFDM 
 

In DCO-OFDM, a DC bias is added to the bipolar OFDM signal and the left over 

negative peaks are clipped [23]. DCO-OFDM was first proposed by Carruthers and 

Kahn in [24]. The clipping results in DCO-OFDM clipping noise. Both odd and even 

subcarriers carry data symbols in DCO-OFDM and all the subcarriers are affected by 

the DCO-OFDM clipping noise. Section 2.7.1 describes a typical DCO-OFDM system 

with a block diagram. Section 2.7.2 presents the performance evaluation of DCO-

OFDM system. 

  

2.7.1 Block Diagram of DCO-OFDM 

 

 

Figure 2.1: A DCO-OFDM system 

A typical DCO-OFDM system is shown in Figure 2.1. The DCO-OFDM transmitter 

contains two extra modules compared to the conventional OFDM transmitter. One of 

them is the Hermitian symmetry module and the other adds a DC bias to the signal to be 

transmitted which clips any remaining negative peaks. The DCO-OFDM receiver is 

same as a conventional OFDM receiver. 

In the DCO-OFDM transmitter, 𝑋 =  [𝑋𝑜 , 𝑋1, 𝑋2, … , 𝑋𝑁−1] represents the complex data 

signal which is fed into the IFFT. 𝑋 is forced to have Hermitian symmetry as defined in 

(2.1), and the two components 𝑋𝑜 =  𝑋𝑁/2 = 0.  
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𝑋𝑚 = 𝑋∗
𝑁−𝑚𝑓𝑜𝑟 0 < 𝑚 <

𝑁

2
………………… (2.1) 

 

The Hermitian symmetry guarantees that the signal at the output of the IFFT, x, is real. 

Signal x is then transformed from parallel to serial (P/S), a cyclic prefix (CP) is 

appended. Then, D/A converted and low pass filtered resulting in 𝑥(𝑡). 

 

In Figure 2.2, signal 𝑥(𝑡) is shown; which is a bipolar signal. In Figure 2.3, signal 

𝑥𝐷𝐶𝑂(𝑡),where the negative peaks are clipped at zero is shown. The DC bias level, 𝐾𝐷𝐶 

is fixed relative to the standard deviation of 𝑥(𝑡) [25], 

𝐾𝐷𝐶 = 𝜇√𝐸{𝑥(𝑡)2}………………... (2.2) 

 

where μ is a proportionality constant and KDC is defined as a bias of 10𝑙𝑜𝑔10(𝜇2 +

1)dB. Since OFDM signals typically have a very high peak-to-average power ratio 

(PAPR), a very high bias is essential to remove all negative peaks. Instead, a moderate 

bias is typically used and the remaining negative peaks are clipped. 

Signal 𝑥𝐷𝐶𝑂(𝑡) is then fed to an LED or laser which intensity modulates an optical 

carrier. The resulting signal is transmitted through an indoor optical wireless channel. 

Shot noise is modeled as AWGN, 𝑛(𝑡), which is added in the electrical domain. 

At the receiver, by using a photodiode, the received signal is first converted from an 

optical signal to an electrical signal. In DCO-OFDM, all the subcarriers are 

demodulated which carry data symbols. 

 

Figure 2.2: Signal 𝒙(𝒕) after applying IFFT (DCO-OFDM) 
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Figure 2.3: Signal 𝒙𝑫𝑪𝑶(𝒕) after clipping at zero (DCO-OFDM) 

2.7.2 Performance Evaluation of DCO-OFDM 

In this section, the BER curves of DCO-OFDM are shown against electrical power 

denoted as 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜 and optical power denoted as 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜. Figure 2.4 shows the 

BER curves against 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜 for the case of DCO-OFDM for 4-QAM, 16-QAM and 

256-QAM. The Blue curve, red curve and the green curve represents the 4-QAM, 16-

QAM and 64-QAM constellations, respectively. Here, the subcarrier number is fixed 

and then the constellation size is varied. As the constellation size increases, the BER 

and the power performances decrease. The performance of 16-QAM constellation is 4 

dB worse than 4-QAM constellation. On the other hand, the performance of 64-QAM is 

4 dB worse than 16-QAM and 8 dB worse than 4-QAM constellation. Therefore, the 

performance of 4-QAM is better than other constellation sizes. Figure 2.5 shows the 

BER curves against 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 for the case of DCO-OFDM for 4-QAM, 16-QAM and 

256-QAM. The Blue curve, red curve and the green curve represents the 4-QAM, 16-

QAM and 64-QAM constellations, respectively. Here, also the subcarrier number has 

been fixed; and then the constellation sizes are varied. As the constellation size 

increases, the BER and the power performances decrease. The performance of 16-QAM 

constellation is 4 dB worse than 4-QAM constellation. On the other hand, the 

performance of 64-QAM is 4 dB worse than 16-QAM and 8 dB worse than 4-QAM 

constellation. Therefore, the performance of 4-QAM is better than other constellation 

sizes. 
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Figure 2.4: 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐  vs. BER of  DCO modulation scheme applied with different 

constellation combinations but fixed subcarrier number 

 

 

Figure 2.5: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of  DCO modulation scheme applied with different 

constellation combinations but fixed subcarrier number 
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Figure 2.6 : 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER of DCO modulation scheme by varying subcarrier 

number (N) but constellation size fixed to 4-QAM 

 

 

Figure 2.7: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of DCO modulation scheme by varying subcarrier 

number (N) but constellation size fixed to 4-QAM 
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Figure 2.6 shows the 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜versus BER graph by varying subcarrier number (N) 

where the QAM constellation size is fixed (here 4-QAM). Here, subcarrier numbers of 

64, 256, 512 and 1024 are used. By observing all these subcarrier numbers, it can be 

seen that the BER performance does not experience variation with the change in N. 

Figure 2.7 shows the same combination of ‘subcarrier number’ as used in Figure 2.6 but 

here the optical power parameters are considered instead of electrical power. Again, the 

BER performance and the optical power does not experience variation with the change 

in N.  

 

2.8 ACO-OFDM 

A main feature of ACO-OFDM is that only the odd subcarriers carry data symbols. The 

even subcarriers form a bias signal which ensures that the transmitted OFDM signal 

fulfills the non-negativity requirement [23]. Armstrong et al. first proposed ACO-

OFDM in 2006. For small constellations, ACO-OFDM shows much better optical 

power efficiency than DCO-OFDM. In Section 2.8.1, a general ACO-OFDM system 

with a block diagram is described. Section 2.8.2 explains effects of ACO-OFDM 

clipping process. Section 2.8.3 explains the performance evaluation of ACO-OFDM. 

 

2.8.1 Block Diagram of ACO-OFDM 

In an ACO-OFDM transmitter, only the odd subcarriers carry data symbols, where as a 

DCO-OFDM transmitter that maps information on to all subcarriers.  Unlike DCO-

OFDM transmitter there is no addition of a DC bias. The negative values of the bipolar 

OFDM signal are clipped at zero. A usual ACO-OFDM system is shown in Figure 2.8, 

where the input signal to the IFFT, 𝑋 = [0, 𝑋1, 0, 𝑋3, … , 𝑋𝑁−1], includes only odd 

components. Similar to the DCO-OFDM transmitter, in the ACO-OFDM transmitter, 𝑋 

is forced to have Hermitian symmetry as shown in equation 2.3. This results in a time 

domain signal, 𝑥, which is real. Signal 𝑥 is shown in Figure 2.9. It can be stated that for 

every positive signal value, a negative counterpart is present at a distance of  𝑁/2. This 

property is named the ‘anti symmetry’ property of 𝑥, 

Where 

𝑥𝑘 = −𝑥
𝑘+

𝑁

2

𝑓𝑜𝑟 0 < 𝑘 <
𝑁

2
………………… (2.3) 
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Figure 2.8: An ACO-OFDM system 

 
 

 

Figure 2.9: Signal 𝑥 after applying IFFT 

 

2.8.2 Effects of ACO-OFDM Clipping Process 

As like DCO-OFDM transmitter, 𝑥 is serialized, a CP is appended, D/A converted and 

filtered resulting in the signal, 𝑥(𝑡). Next, the negative signal values of 𝑥(𝑡) are clipped 
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at zero resulting in 𝑥𝐴𝐶𝑂(𝑡), as shown in Figure 2.10. For its anti-symmetry property of 

𝑥, clipping at zero does not result in a loss of information. The rest of the processing is 

similar to a DCO-OFDM receiver, the only difference is that in ACO-OFDM only the 

odd subcarriers are demodulated at the receiver, as only they carry the data symbols. 

 

 

 

Figure 2.10: 𝒙(𝒕) are clipped at zero resulting in 𝒙𝑨𝑪𝑶(𝒕) 

 

 

2.8.3 Performance Evaluation of ACO-OFDM 

In this section, the BER curves of ACO-OFDM are shown against electrical power 

denoted as 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜 and optical power denoted as 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜. Figure 2.11 shows the 

BER curves against 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜for the case of ACO-OFDM for 4-QAM, 16-QAM and 

256-QAM. The Blue curve, red curve and the green curve represents the 4-QAM, 16-

QAM and 64-QAM constellations, respectively. Here, the subcarrier number is fixed 

and the constellation size is varied. As the constellation size increases, the BER and the 

power performances decrease. The performance of 16-QAM constellation is 4 dB worse 

than 4-QAM constellation. On the other hand, the performance of 64-QAM is 4 dB 

worse than 16-QAM and 8 dB worse than 4-QAM constellation. Therefore, the 

performance of 4-QAM is better than other constellation sizes.  
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Figure 2.12 shows the BER curves against 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 for the case of ACO-OFDM for 

4-QAM, 16-QAM and 256-QAM. The Blue curve, red curve and the green curve 

represents the 4-QAM, 16-QAM and 64-QAM constellations, respectively. Here, the 

subcarrier number is fixed; and the constellation sizes are varied. As the constellation 

size increases, the BER and the power performances decrease. The performance of 16-

QAM constellation is 4 dB worse than 4-QAM constellation. On the other hand, the 

performance of 64-QAM is 4 dB worse than 16-QAM and 8 dB worse than 4-QAM 

constellation. Therefore, the performance of 4-QAM is better than other constellation 

sizes. 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER of ACO-OFDM modulation scheme applied with 

different constellation combinations but fixed subcarrier number 
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Figure 2.12: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ACO-OFDM modulation scheme applied with 

different constellation combinations but fixed subcarrier number 

Figure 2.13 shows the 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜  versus. BER graph by varying subcarrier number 

(N) but the QAM constellation size (here 4-QAM) is fixed. Here subcarrier numbers of 

64, 256, 512 and 1024 have been used. By observing all these subcarrier numbers, it can 

be seen that the BER performance does not experience variation with the change in N.  

 

Figure 2.13 : 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER of ACO-OFDM modulation scheme by varying 

subcarrier number (N) but constellation size fixed to 4-QAM 
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Figure 2.14 shows the same combination of ‘subcarrier number’ as used in Figure 2.13 

but here the optical power parameter is considered instead of electrical power. Here also 

the BER performance and the optical power do not experience variation with the change 

in N. 

 

 

Figure 2.14 : 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ACO-OFDM modulation scheme by varying 

subcarrier number (N) but constellation size fixed to 4-QAM 

 

 

2.9 ASCO-OFDM 

In this section, ASCO-OFDM modulation scheme is described briefly. ASCO-OFDM is 

a mixture of ACO-OFDM and SCO-OFDM. ASCO-OFDM not only uses the odd 

subcarriers but also uses even subcarriers to transmit the optical signal.  ACO-OFDM 

part is used to modulate the odd subcarriers and SCO-OFDM component is used to 

transmit the even subcarriers. No DC bias is added in an ASCO-OFDM scheme; thus it 

achieves better performance than other modulation schemes in terms of both power 

efficiency and BER. In Section 2.9.1, a block diagram of ASCO-OFDM system is 

presented. Section 2.9.2 describes analysis of ASCO-OFDM. 
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2.9.1 Block Diagram of ASCO-OFDM 

The block diagram of ASCO-OFDM is shown in Figure 2.15 [4]. Since the ASCO-

OFDM system uses a new transmission scheme, the input block of complex symbols is 

first divided into three parts, which have two (𝑁/2)  × 1 signal vectors and                                    

one  (𝑁/2 − 1)  × 1  signal vector. As a result, the length of the input block is         

3𝑁/2 − 1.  

 
Figure 2.15: ASCO-OFDM transmitter and receiver configuration block diagram 

2.9.2 Analysis of ASCO-OFDM 

To get a real signal, it has to be ensured that the input of IFFT have the Hermitian 

symmetry. Two (𝑁/2)  × 1  signal vectors are, respectively, united with their conjugate 

sequences and are inserted by zeroes into the even subcarriers to form two 2𝑁 × 1 

signal vectors, 𝑥𝑜𝑑𝑑
𝑖  and 𝑥𝑜𝑑𝑑

𝑗 ,which are given by: 

 

𝑥𝑜𝑑𝑑
𝑖 = [0, 𝑆0

𝑖 , 0, 𝑆1
𝑖 , . . . ,0, 𝑆𝑁/2

𝑖 , 0, 𝑆𝑁/2
𝑖∗ , 0, . . . , 𝑆1

𝑖∗, 0, 𝑆0
𝑖∗]𝑇…………….. (2.4) 

𝑥𝑜𝑑𝑑
𝑗

= [0, 𝑆0
𝑗
, 0, 𝑆1

𝑗
, . . . ,0, 𝑆𝑁/2

𝑗
, 0, 𝑆𝑁/2

𝑗∗
, 0, . . . , 𝑆1

𝑗∗
, 0, 𝑆0

𝑗∗
]𝑇…………….. (2.5) 
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The (𝑁/2 − 1) × 1   signal vector is defined in a similar manner with zeroes inserted 

into the odd subcarriers to form a signal vector as follows: 

 

𝑥𝑒𝑣𝑒𝑛 = [0,0, 𝑆0, 0, 𝑆1, . . . , 𝑆𝑁/2−1 , 0,0,0, 𝑆𝑁/2−1
∗ , . . ., 𝑆1

∗, 0, 𝑆0
∗, 0]𝑇…………….. (2.6) 

 

All three signal vectors 𝑥𝑜𝑑𝑑
𝑖 , 𝑥𝑜𝑑𝑑

𝑗
 and 𝑥𝑒𝑣𝑒𝑛 are forced to have the Hermitian 

symmetry. Then 2N-point IFFT is applied to generate real bipolar signal vectors 

𝑥𝑜𝑑𝑑
𝑖 , 𝑥𝑜𝑑𝑑

𝑗 and 𝑥𝑒𝑣𝑒𝑛 respectively. To guarantee the non-negative prerequisite of the 

transmitted signals, all negative values in 𝑥𝑜𝑑𝑑
𝑖  and 𝑥𝑜𝑑𝑑

𝑗
 are clipped to zero to make 

𝑥𝑜𝑑𝑑
𝑖,𝑐  and 𝑥𝑜𝑑𝑑

𝑗,𝑐
 odd which are given by: 

 

𝑥𝑜𝑑𝑑
𝑖,𝑐 = 0.5(𝑥𝑜𝑑𝑑

𝑖 + |𝑥𝑜𝑑𝑑
𝑖 |)……………. (2.7) 

𝑥𝑜𝑑𝑑
𝑗,𝑐

= 0.5(𝑥𝑜𝑑𝑑
𝑗

+ |𝑥𝑜𝑑𝑑
𝑗

|)……………. (2.8) 

 

 

Since each sample in 𝑥𝑒𝑣𝑒𝑛 is converted from even subcarriers, it has the relation that 

𝑥𝑒𝑣𝑒𝑛(𝑛) = 𝑥𝑒𝑣𝑒𝑛(𝑛 + 𝑁). Half of the information carried in 𝑥𝑒𝑣𝑒𝑛 is lost; since the 

negative values are clipped. Thus, two signal vectors, 𝑥𝑒𝑣𝑒𝑛
𝑐𝑛  and𝑥𝑒𝑣𝑒𝑛

𝑐𝑝 , are produced for 

transmitting the information in𝑥𝑒𝑣𝑒𝑛. 𝑥𝑒𝑣𝑒𝑛
𝑐𝑛  represents that all negative values of 𝑥𝑒𝑣𝑒𝑛 

which are clipped to zero and 𝑥𝑒𝑣𝑒𝑛
𝑐𝑝  represented the positive values of 𝑥𝑒𝑣𝑒𝑛 which are 

clipped to zero and the remaining negative components are forced to become positive 

valued. They are respectively given by: 

 

𝑥𝑒𝑣𝑒𝑛
𝑐𝑛 = 0.5(𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)………………. (2.9) 

𝑥𝑒𝑣𝑒𝑛
𝑐𝑝 = 0.5(−𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)………………. (2.10) 

 

Then, a transmitted signal is built, which contains two successive sub-blocks, 𝑥𝐴𝑆𝐶𝑂
𝑖 and 

𝑥𝐴𝑆𝐶𝑂
𝑗 , which are given by: 

 

𝑥𝐴𝑆𝐶𝑂
𝑖 = 𝑥𝑜𝑑𝑑

𝑖,𝑐 + 𝑥𝑒𝑣𝑒𝑛
𝑐𝑛

 

= 0.5(𝑥𝑜𝑑𝑑
𝑖 + |𝑥𝑜𝑑𝑑

𝑖 | + 𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)…….. (2.11) 
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𝑥𝐴𝑆𝐶𝑂
𝑗

= 𝑥𝑜𝑑𝑑
𝑗,𝑐

+ 𝑥𝑒𝑣𝑒𝑛
𝑐𝑝

 

= 0.5(𝑥𝑜𝑑𝑑
𝑗

+ |𝑥𝑜𝑑𝑑
𝑗

| − 𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)…….. (2.12) 
 

The transmitted signals, 𝑥𝐴𝑆𝐶𝑂
𝑖  and 𝑥𝐴𝑆𝐶𝑂

𝑗 , with the cyclic prefix are denoted 

by x̃𝐴𝑆𝐶𝑂
𝑖 and x̃𝐴𝑆𝐶𝑂

𝑗  They are transmitted through an optical channel by an LED. The 

received signals are given by: 

 

ỹ𝐴𝑆𝐶𝑂
𝑖 (𝑛) = x̃𝐴𝑆𝐶𝑂

𝑖 (𝑛) ⨂ ℎ(𝑛)  +  𝑤𝑖(𝑛)………………… (2.13) 

ỹ𝐴𝑆𝐶𝑂
𝑗 (𝑛) = x̃𝐴𝑆𝐶𝑂

𝑗 (𝑛) ⨂ ℎ(𝑛)  +  𝑤𝑗(𝑛)………………… (2.14) 
 

where the impulse response of optical channel h(n) is showed as ℎ(𝑛) =

[ℎ(0), ℎ(1), … … , ℎ(𝑙)] , and the sum of all noise, 𝑤𝑖(𝑛)or 𝑤𝑗(𝑛), is approximately 
showed as additive white Gaussian noise. After removing the cyclic prefix, the arrival 

signals, y𝐴𝑆𝐶𝑂
𝑖  and y

𝐴𝑆𝐶𝑂
𝑗 , are transformed by a 2N-point FFT into the frequency domain 

to yield Y𝐴𝑆𝐶𝑂
𝑖  and Y𝐴𝑆𝐶𝑂

𝑗 . Then, a frequency domain equalizer with the knowledge of 

channel state information is applied to Y𝐴𝑆𝐶𝑂
𝑖  and Y𝐴𝑆𝐶𝑂

𝑗  to yield: 
 

𝑌𝑖 = (𝛬𝐻𝛬 + (𝛼/𝑆𝑁𝑅)𝐼2𝑁)−1𝛬𝐻Y𝐴𝑆𝐶𝑂
𝑖 ……………. (2.15) 

𝑌𝑗 = (𝛬𝐻𝛬 + (𝛼/𝑆𝑁𝑅)𝐼2𝑁)−1𝛬𝐻Y𝐴𝑆𝐶𝑂
𝑗 ……………. (2.16) 

 
where 𝛬 is a 2𝑁 × 2𝑁 diagonal matrix whose diagonal is the 2N-point FFT of ℎ(𝑛), 
and  𝛬𝐻indicates the Hermitian matrix of 𝛬. The frequency domain equalizer can be a 
MMSE equalizer (𝛼 = 1) or a ZF equalizer (𝛼 = 0). 𝑌𝑖and 𝑌𝑗can also be shown in the 
frequency domain as follows: 
 

𝑌𝑖 = 𝑥𝑜𝑑𝑑
𝑖,𝑐 + 𝑥𝑒𝑣𝑒𝑛

𝑐𝑛
 

= 0.5(𝑥𝑜𝑑𝑑
𝑖 + |𝑥𝑜𝑑𝑑

𝑖 | + 𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)…….. (2.17) 

𝑌𝑗 = 𝑥𝑜𝑑𝑑
𝑗,𝑐

+ 𝑥𝑒𝑣𝑒𝑛
𝑐𝑝

 

= 0.5(𝑥𝑜𝑑𝑑
𝑗

+ |𝑥𝑜𝑑𝑑
𝑗

| − 𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)…….. (2.18) 
 

where 𝑥𝑜𝑑𝑑
𝑖  and |𝑥𝑜𝑑𝑑

𝑖  |are the 2N-point FFT of 𝑥𝑜𝑑𝑑
𝑖 and |𝑥𝑜𝑑𝑑

𝑖 |. The other 
corresponding terms in Equations 2.11, 2.12, 2.17, 2.18 are likewise defined. Note that 

the symbols of 0.5𝑥𝑜𝑑𝑑
𝑖  and 0.5𝑥𝑜𝑑𝑑

𝑗  fall onto the odd subcarriers of 𝑌𝑖and 𝑌𝑗 , and the 

other symbols that consist of the remaining terms, 0.5(|𝑥𝑜𝑑𝑑
𝑖 | + 𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|) and 
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0.5(|𝑥𝑜𝑑𝑑
𝑗

| − 𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|), fall onto the even subcarriers of 𝑌𝑖and 𝑌𝑗 , respectively. 

Thus, the complex symbols of 𝑥𝑜𝑑𝑑
𝑖  and 𝑥𝑜𝑑𝑑

𝑗 can be easily recovered by extracting the 

symbols of 𝑦𝑜𝑑𝑑
𝑖  and 𝑦𝑜𝑑𝑑

𝑗 , which are the odd components of 𝑌𝑖and 𝑌𝑗 , because the 

clipping noises resulting from 𝑥𝑜𝑑𝑑
𝑖,𝑐  and 𝑥𝑜𝑑𝑑

𝑗,𝑐
 odd only affect the even components 

of𝑌𝑖and 𝑌𝑗. In order to correctly estimate the clipping noise, 𝑦𝑜𝑑𝑑
𝑖  and 𝑦𝑜𝑑𝑑

𝑗  are 

transformed into the time domain to yield two blocks of real bipolar signals 𝑦𝑜𝑑𝑑
𝑖  and 

𝑦𝑜𝑑𝑑
𝑗 , respectively. 𝑦𝑜𝑑𝑑

𝑖,𝑐  and 𝑦𝑜𝑑𝑑
𝑗,𝑐  are two blocks of clipping reference signals which are 

generated in the same way as 𝑥𝑜𝑑𝑑
𝑖,𝑐  and 𝑥𝑜𝑑𝑑

𝑗,𝑐 , respectively; then, they are transformed 

back into the frequency domain to yield 𝑦𝑜𝑑𝑑
𝑖,𝑐  and 𝑦𝑜𝑑𝑑

𝑗,𝑐 , respectively. Compared to 𝑦𝑜𝑑𝑑
𝑖  

and 𝑦𝑜𝑑𝑑
𝑗 , 𝑦𝑜𝑑𝑑

𝑖,𝑐  and 𝑦𝑜𝑑𝑑
𝑗,𝑐  have the same symbol on the odd subcarriers, but the clipping 

noise appears on the even subcarriers. Therefore, 𝑌𝑒𝑣𝑒𝑛
𝑐𝑛  and 𝑌𝑒𝑣𝑒𝑛

𝑐𝑝
 even are obtained by 

subtracting 𝑌𝑜𝑑𝑑
𝑖,𝑐  and 𝑌𝑜𝑑𝑑

𝑗,𝑐  from 𝑌𝑖and 𝑌𝑗 , respectively, which are given by: 
 

𝑌𝑒𝑣𝑒𝑛
𝑐𝑛 = 𝑌𝑖 − 𝑦𝑜𝑑𝑑

𝑖,𝑐
 

= 0.5(𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)………….. (2.19) 

𝑌𝑒𝑣𝑒𝑛
𝑐𝑝 = 𝑌𝑗 − 𝑦𝑜𝑑𝑑

𝑗,𝑐
 

= 0.5(−𝑥𝑒𝑣𝑒𝑛 + |𝑥𝑒𝑣𝑒𝑛|)………….. (2.20) 
 
 
It is stated that 𝑥𝑒𝑣𝑒𝑛 = 𝑥𝑒𝑣𝑒𝑛

𝑐𝑛 − 𝑥𝑒𝑣𝑒𝑛
𝑐𝑝 ; hence, 𝑌𝑒𝑣𝑒𝑛 can be written by the form: 

 
𝑌𝑒𝑣𝑒𝑛 = 𝑌𝑒𝑣𝑒𝑛

𝑐𝑛 − 𝑌𝑒𝑣𝑒𝑛
𝑐𝑝 ………………. (2.21) 
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Chapter 3 

 BER Performances of ASCO-OFDM 
 

In this chapter, the performance of LiFi systems is discussed and BER performances of 

ASCO-OFDM is shown by plotting different graphs. 

3.1 Measuring the Performance of LiFi Systems 
 

Since LiFi systems use different types of modulation schemes, performance 

measurement is the most important criteria to select the best scheme among them. BER 

is one of the parameter to measure the performance. But, BER performance is 

dependent on electrical signal-to-noise ratio (SNR) while the main system constraint is 

the average optical power. Consequently, for a fixed 𝐸{𝑥2(𝑡)} a modulation scheme 

with high electrical-to-optical power ratio 𝐸{𝑥2(𝑡)}/𝐸{𝑥(𝑡)}  gives better BER and it 

depends on the modulation scheme used. 

In [27], an optical SNR is defined where the ratio of optical power to the standard 

deviation of zero mean noise power in an indoor OWC system is used to compute 

performance. In [28], electrical energy-per-bit to single sided noise power spectral 

density, 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜  , is used as the performance measuring metric. Effective SNR is 

used as the metric to compare performances in [29]. Effective SNR is defined as the 

ratio between OFDM signal power to effective noise power. The effective noise consists 

of shot noise and the distortion resulting due to non-linear characteristics of an LED. 

In this project, optical energy-per-bit to single sided noise power spectral density, 

𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜, and bit rate/normalized bandwidth are used as the metrics to compare 

different modulation schemes. This is because 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜  takes into account optical-to-

electrical conversion efficiency of different optical modulation techniques and bit 

rate/normalized bandwidth provides a measure of the bit rate of each scheme. The 

optimal modulation scheme is the one which shows the lowest 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜  for a given 

bit rate / normalized bandwidth. In this project, absolute 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜  values are used to 

compare performances. 
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3.2 Simulation Results and Discussion 
 

In this section, BER performances of ASCO-OFDM is shown by plotting different 

graphs. Figure 3.1 shows the BER curves against 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜 for the case of ASCO-

OFDM for 4-QAM, 16-QAM and 256-QAM. The Blue curve, red curve and the green 

curve represents the 4-QAM, 16-QAM and 64-QAM constellations respectively. Here, 

the subcarrier number has been fixed; and then we vary the constellation size. As the 

constellation size increases, the BER and the power performances decrease. The 

performance of 16-QAM constellation is 4 dB worse than 4-QAM constellation. On the 

other hand, the performance of 64-QAM is 4 dB worse than 16-QAM and 8 dB worse 

than 4-QAM constellation. Therefore, the performance of 4-QAM is better than other 

constellation sizes. Figure 3.2 shows the BER curves against 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 for the case of 

ASCO-OFDM for 4-QAM, 16-QAM and 256-QAM. The Blue curve, red curve and the 

green curve represents the 4-QAM, 16-QAM and 64-QAM constellations, respectively. 

Here, also the subcarrier number has been fixed; and then vary the constellation sizes. 

As the constellation size increases, the BER and the power performances decrease. The 

performance of 16-QAM constellation is 4 dB worse than 4-QAM constellation. On the 

other hand, the performance of 64-QAM is 4 dB worse than 16-QAM and 8 dB worse 

than 4-QAM constellation. Therefore, the performance of 4-QAM is better than other 

constellation sizes. 

 

Figure 3.1: 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER of ASCO modulation scheme applied with different 
constellation combinations but fixed subcarrier number 
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Figure 3.2:  𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ASCO modulation scheme applied with different 
constellation combinations but fixed subcarrier number 

 

Figure 3.3 shows the 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜 versus. BER graph by varying subcarrier number (N) 

but the QAM constellation size (here 4-QAM). Here, subcarrier numbers of 64, 256, 

512 and 1024 have been used. By observing all these subcarrier numbers, it can be seen 

that the BER performance does not experience variation with the change in N.  

 

 

Figure 3.3: 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER of ASCO modulation scheme by varying subcarrier 
number (N) but constellation size fixed to 4-QAM 
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Figure 3.4 shows the same combination of ‘subcarrier number’ as used in Figure 3.3, 

but here, the optical power parameter is considered instead of electrical power. Here 

also, the BER performance and the optical power do not experience variation with the 

change in N.  

 

 

 

 

Figure 3.4: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ASCO modulation scheme by varying subcarrier 
number (N) but constellation size fixed to 4-QAM 

 

 

Since ASCO-OFDM is the combination of an ACO-OFDM (odd subcarrier part) and 

SCO-OFDM (even subcarrier), the constellation diagram of even subcarriers (displayed 

in Figure 3.5) and odd subcarriers (displayed in Figure 3.6) has been plotted. In the 

Figure 3.5, this constellation diagram for ASCO-OFDM (even subcarrier part) is 

useable as no additional noise is created except in DC (center) positions which are 

negligible. In the Figure 3.6, this constellation diagram for ASCO-OFDM (odd 

subcarrier part) is placed around the ideal points of ± 1, so data can be recovered 

properly at the receiver. 
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Figure 3.5: ASCO constellation diagram (even subcarrier view) 

 

 

Figure 3.6: ASCO constellation diagram (odd subcarrier view) 
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Chapter 4 

 Dimming Control of ASCO-OFDM 
 

This Chapter discusses about two dimming control methods and describes an ASCO-

OFDM system having dimming control. Firstly, diming control is discussed. Then, the 

ASCO-OFDM system having dimming control is discussed. 

 

4.1 Dimming Control 
 

Light dimming means to lower the brightness of a light. Dimming is an important 

feature of light applications in order to be able to adjust illumination conditions in a 

room based on personal preferences and in order to save energy. Dimming control 

reduces the output and energy consumption of light sources. It is better than on-off 

control in terms of energy savings. It has better align lighting facility with human needs 

and lengthen lamp life. Unluckily, they also increase complexity and expense and may 

shorten lamp life under some conditions. They should be sensibly compared to simpler 

systems that may also produce the desired results. The main goal of introducing 

dimming control to VLC is to lessen the power consumption of the LEDs and for user 

suitability. The LED is used as the source of light and as a medium for wireless 

communication. It is not practical to switch the LED on with a 100% brightness at all 

the time. For a typical office environment, the required illumination ranges between 

200-1000 lux [1]. Hence, the illumination should be preserved between these ranges. 

Dimming control has also an opposing effect in VLC systems. Forming a 

communication medium after dimming the LED light decreases the average signal 

strength. It also increases the BER. 

In order to control the brightness of the light without troubling the communication 

medium, a reliable and efficient dimming control technique needs to be developed. 

4.2 Dimming Advantages in LED Sources 
 

There are some advantages of dimming in LED sources which are described shortly in 
below: 

 Additional energy savings is one of the major advantages of dimming 
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 Fewer light sources to specify, preserve and stock  

 Improved space flexibility and satisfaction  

 Light dimming potentially improves light source effectiveness and 

lifetime  

 It increases visual task performance  

 Enhanced atmosphere by dimming light 

 Demand response load shedding  

 

4.3 Dimming Scheme 
 

The intensity or brightness of an LED can be adjusted by controlling the forward 

current through the LED. There are generally two possible methods by which LEDs 

dimming can be possible: (1) analog dimming and (2) digital dimming. Analog 

dimming which is also recognized as amplitude modulation (AM) or continuous current 

reduction (CCR), is the simplest type of dimming control and the simplest example of 

digital dimming modulation techniques is pulse width modulation (PWM) [22, 26]. 

 

In CCR, brightness control is accomplished by decreasing the forward current and in the 

PWM scheme; the duty cycle of the forward current is changed. Dimming is a simple to 

understand by reducing the forward current and it is a cost effective way for dimming 

LEDs. The luminous intensity is reduced proportionally to the current and a brightness 

level of 10% of maximum is reachable. PWM is the preferred solution in industry for 

dimming LEDs because it has a wide dimming range capacity and a linear relationship 

between the light output and the duty cycle [1]. The LED manufacturers also 

recommend PWM for dimming LEDs as many of them belief that LEDs exhibit low 

chromaticity shift under this dimming technique. In contrast, the experiments performed 

in [20, 21] show that the chromaticity shift is small under both dimming schemes (CCR 

and PWM) for phosphor-converted (PC) white LEDs. But, the CCR dimming scheme 

results higher luminous efficiency, irrespective of the LED type.  
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4.4 PWM 
 

In the case of LEDs, PWM seems to form the most efficient means of perfectly 

controlling LED illumination without suffering color rendering of the emitted light. 

PWM is a very well organized means for changing the average optical power emitted by 

an LED over a wide dimming range [22]. The PWM signal uses a train of pulses, whose 

widths are adjustable, thus resulting in the variation of the DC level of the waveform. 

PWM pulses are flat-topped and have the same amplitude.  The pulse recurrence rate 

(the number of pulses per second) is constant. Information is transferred by the width of 

the pulses. The period of the PWM signal which denoted as 𝑝(𝑡) is equal to 𝑇𝑃𝑊𝑀, and 

for                          0 ≤  t ≤  𝑇𝑃𝑊𝑀, 𝑝(𝑡) is given by  

 

𝑝(𝑡) = {
1, 0 ≤  t ≤  𝑇1

0, 𝑇1 <  𝑡 ≤  𝑇𝑃𝑊𝑀
 …………. (4.1) 

 

Since PWM signal is periodic so it also can be expressed in terms of a Fourier series, 

 

𝑝(𝑡) = ∑ 𝐶𝑛𝑒𝑗2𝜋𝑛𝑡/𝑇𝑃𝑊𝑀
∞

𝑛=−∞  ………. (4.2) 

 

𝐶𝑛  represents the Fourier coefficients of p (t). 

 

 

Figure 4.1: Normalized PWM waveform indication of the PWM period (𝑻𝑷𝑾𝑴)  , and 

on time of the LED (𝑻𝟏). Both for 75% and 25% dimming 
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Normalized PWM waveform indication of the PWM period (𝑇𝑃𝑊𝑀) , and on time of the 

LED (𝑇1) both for 75% and 25% dimming is shown in Figure 4.1. PWM-sampled 

ASCO signal for the same settings is shown in Figure 4.2. 

 

Figure 4.2: PWM-sampled ASCO signal for the same settings 

 

Figure 4.3: ASCO-OFDM transmitter and receiver configuration with PWM dimming 

system 
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In the following, an ASCO-OFDM system is described that uses PWM dimming 

method.  

The block diagram of dimming based ASCO-OFDM is shown in Figure 4.3. Note the 

PWM block in Figure 4.3 which is extra to the figure of ASCO-OFDM reported in 

Figure 2.9 in Chapter 2. As shown in the transmission part of Figure 4.3, the output of 

the cyclic prefix (CP) block, 𝑥𝐴𝑆𝐶𝑂
𝑖𝑗 (𝑛) is multiplied with the 𝑝(𝑡) where 𝑝(𝑡) is the 

periodic PWM pulse with a duty cycle of d=T1/TPWM where T1 is the duration of the 

PWM pulse and TPWM is the period of the PWM signal.  

 

𝑥𝐴𝑃𝑊𝑀
𝑖𝑗 (𝑛) =  𝑝(𝑡) ×  𝑥𝐴𝑆𝐶𝑂

𝑖𝑗 (𝑛)…………………….. (4.3) 

 

 

When cyclic prefix is added, then the transmitted signals, 𝑥𝐴𝑆𝐶𝑂
𝑖  and 𝑥𝐴𝑆𝐶𝑂

𝑗 , are 

respectively denoted by  x̃𝐴𝑆𝐶𝑂
𝑖  and  x̃𝐴𝑆𝐶𝑂

𝑗 .  

 

𝑥𝐴𝑃𝑊𝑀
𝑖𝑗 (𝑛) = x̃𝐴𝑆𝐶𝑂

𝑖 (𝑛) +  x̃𝐴𝑆𝐶𝑂
𝑗 (𝑛)…………………….. (4.4) 

  

After that they are transmitted by an LED through an optical channel. The received 

signals are given by: 

ỹ𝐴𝑃𝑊𝑀
𝑖 (𝑛) = x̃𝐴𝑃𝑊𝑀

𝑖 (𝑛) ⨂ ℎ(𝑛)  +  𝑤𝑖(𝑛)………………… (4.5) 

ỹ𝐴𝑃𝑊𝑀
𝑗 (𝑛) = x̃𝐴𝑃𝑊𝑀

𝑗 (𝑛) ⨂ ℎ(𝑛)  +  𝑤𝑗(𝑛)………………… (4.6) 
 

Where, h(n ) is the impulse response of optical channel which is designed as ℎ(𝑛) =

[ℎ(0), ℎ(1), … … , ℎ(𝑙)], and the sum of all noise, 𝑤𝑖(𝑛)or 𝑤𝑗(𝑛), is approximately 

designed as additive white Gaussian noise which is described earlier in Chapter 2. 

𝑥𝐴𝑃𝑊𝑀
𝑖𝑗 (𝑛) is fed to the digital to analog and electrical to optical block and the 𝑥𝐴𝑃𝑊𝑀

𝑖𝑗 (𝑡) 

is acquired, which is analog and then by optical channel the output 𝑦𝐴𝑃𝑊𝑀
𝑖𝑗 (𝑡) is 

acquired. Next, it is fed to the analog to digital and optical to electrical PD block which 

made the output 𝑦𝐴𝑃𝑊𝑀
𝑖𝑗 (𝑛). 

After removing the cyclic prefix, the arrival signals, y𝐴𝑆𝐶𝑂
𝑖 and y

𝐴𝑆𝐶𝑂
𝑗

, are altered by a 

2N-point FFT into the frequency domain to yield Y𝐴𝑆𝐶𝑂
𝑖  and Y𝐴𝑆𝐶𝑂

𝑗 .  
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𝑌𝑖and 𝑌𝑗can be shown in the frequency domain which is as like the equation 2.17 and 

2.18  And other equations and process as like the ASCO-OFDM which is described in 

Chapter 2. 

 

4.5 Performance Comparison of ACO-OFDM, DCO-OFDM and 
ASCO-OFDM without Dimming 

 

In this section, the performance of three modulation schemes ACO-OFDM, DCO-

OFDM and ASCO-OFDM are compared. MATLAB simulations are implemented to 

compare the performance of schemes ACO-OFDM, DCO-OFDM and ASCO-OFDM in 

the presence of AWGN for constellation sizes 4-QAM for ASCO-OFDM and DCO-

OFDM and 16-QAM for ACO-OFDM. To make a balanced comparison, 16-QAM 

ACO-OFDM is compared with 4-QAM DCO-OFDM. This is because ACO-OFDM 

uses only half of the subcarriers to carry data, and for that, ACO-OFDM with 16-QAM 

modulation has the same spectral efficiency as DCO-OFDM system with 4-QAM. 

 

 

 

Figure 4.4: 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER comparison of ASCO, ACO and DCO modulation 
scheme. 
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The measurement used to evaluate the performance of these three modulation scheme is 

the normalized bandwidth and normalized 𝐸𝑏(𝐸𝑙𝑒𝑐)/𝑁𝑜 as shown in Figure 4.4 and the 

normalized bandwidth and normalized 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 as shown in Figure 4.5.   

Here, in the Figure 4.4 shows 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐 vs. BER comparison of ASCO-OFDM, 

ACO-OFDM and DCO-OFDM modulation schemes. It is observed that 4-QAM ASCO-

OFDM is 3 dB better than 16-QAM ACO-OFDM and 4 dB better than 4-QAM DCO-

OFDM and BER also minimum in ASCO-OFDM than other two in the BER scale of 

10-4. So, ASCO-OFDM performs better than ACO-OFDM and DCO-OFDM systems in 

normalized 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐. 

 

Figure 4.5 shows 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER comparison of ASCO-OFDM, ACO-OFDM and 

DCO-OFDM modulation schemes. 16- QAM ACO-OFDM is 1 dB better than 4-QAM 

ASCO-OFDM in normalized 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 . In electrical domain, ACO-OFDM requires 

15 dB power where as it requires 10 dB power in optical domain. From electrical to 

optical conversion, ACO-OFDM performs well than ASCO-OFDM for small 

constellations. On the other hand, ASCO-OFDM 4 dB better than 4-QAM DCO-

OFDM. 

 

 

Figure 4.5: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER comparison of ASCO, ACO and DCO modulation 
scheme. 
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4.6 BER Performances of ACO-OFDM, DCO-OFDM and ASCO-
OFDM after Applying the PWM Dimming Scheme 

 

In this section, the BER performance of three modulation schemes ACO-OFDM, DCO-

OFDM after applying the PWM dimming scheme is described.  

In all the figures (Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9), OFDM it used with 

0%, 10%, 50%, 75% and 95% dimming parameters. The measurement used to evaluate 

the illumination performance of these three modulation scheme is the normalized 

bandwidth and normalized 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 . MATLAB simulations are implemented to 

measure the dimming performance of schemes ACO-OFDM, DCO-OFDM and ASCO-

OFDM in the presence of AWGN for constellation sizes 4-QAM for ACO-OFDM, 

DCO-OFDM and ASCO-OFDM and also used constellation size 16-QAM for ACO-

OFDM as shown in Figure 4.7.  

For all OFDM, it is observed that if the percentage of dimming has been increased, then 

it requires more optical power and BER performance also decreases.  

 

Figure 4.6: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ACO modulation scheme (4-QAM) applied with 
different dimming parameter 



 

40 
 

In the Figure 4.6, ACO-OFDM modulation scheme used 4-QAM modulation applied 

with different dimming parameters. Here, it is observed that for 0% dimming, it requires 

6.5 dB optical power; for 10% dimming, it requires 7 dB optical power and for 50% 

dimming, it requires 12 dB optical power and for 75% and 95%, it requires more optical 

power.  

In the Figure 4.7, ACO-OFDM modulation scheme used 16-QAM modulation applied 

with different dimming parameters. Here, it is observed that for 0% dimming it requires 

10 dB optical power, for 10% dimming it requires 11 dB optical power and for 50% 

dimming, it requires 16 dB optical power and for 75% and 95%, it requires more optical 

power.  

 

Figure 4.7: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ACO modulation scheme (16-QAM) applied with 
different dimming parameter 

 

In the Figure 4.8, DCO-OFDM modulation scheme used 4-QAM modulation applied 

with different dimming parameters. Here, it is observed that for 0% dimming, it requires 

15 dB optical power, for 10% dimming, it requires 15.5 dB optical power, for 50% 
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dimming, it requires around 20 dB optical power and for 75% and  95%, more optical 

power is needed. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of DCO modulation scheme applied with different 
dimming parameter 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER of ASCO modulation scheme applied with different 
dimming parameter 
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In the Figure 4.9, ASCO-OFDM modulation scheme used 4-QAM modulation applied 

with different dimming parameters. Here, it is observed that for 0% dimming, it requires 

11 dB optical power; for 10% dimming, it requires 12 dB optical power and for 50% 

dimming, it requires 17 dB optical power and for 75% and 95%, it requires more optical 

power. 

  

 

 

 

 

 

 

 

 

Figure 4.10 shows 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER comparison of ASCO-OFDM, ACO-OFDM 

and DCO-OFDM modulation schemes considering 50% dimming. It can be seen from 

Figure 4.10 that for a given overall data rate, 16- QAM ACO-OFDM is 1 dB better than 

4-QAM ASCO-OFDM. On the other hand, 4-QAM ASCO-OFDM is 4 dB better than 

4-QAM DCO-OFDM. 

 

 

 

Figure 4.10 : 𝑬𝒃(𝑶𝒑𝒕)/𝑵𝒐 vs. BER comparison of ASCO, ACO and DCO modulation 
scheme after applying 50% dimming parameter 
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Chapter 5 

Conclusion  
 

5.1 Summary of Findings 
 

This project provides specific contribution to the research area of LiFi. The work 

carried under this area can be shortly classified as follows.  

In LiFi a special modulation scheme termed as ASCO-OFDM is used to transmit data 

through LEDs which was proposed earlier considering only the data communication 

performance. In this project, along with the BER performance, it also considers the 

illumination or dimming performance. MATLAB simulations have been performed to 

examine the BER performance of ASCO-OFDM which is described by plotting some 

graphs in Chapter 3. In Chapter 4, the dimming concept is described briefly. Dimming 

advantages and two general dimming schemes termed as CCR and PWM are described 

in brief. A new ASCO-OFDM block diagram is drawn where PWM dimming scheme is 

implemented. PWM dimming scheme is shown graphically and analytically by 

mathematical equations. MATLAB simulations have also been performed to examine 

the BER performances with dimming of ASCO-OFDM which is described in Chapter 4. 

Simulations for dimming have been performed by varying the dimming percentage. In 

Chapter 4, the performance of three modulation schemes - ACO-OFDM, DCO-OFDM 

and ASCO-OFDM without dimming and with dimming are compared. For the case of 

no dimming and for a given data rate, it is observed that 4-QAM ASCO-OFDM is 3 dB 

better than 16- QAM ACO-OFDM and 4 dB better than 4-QAM DCO-OFDM in terms 

of electrical power at a BER of 10-4. So, ASCO-OFDM performs better than ACO-

OFDM and DCO-OFDM systems in normalized 𝑬𝒃(𝑬𝒍𝒆𝒄)/𝑵𝒐. In normalized 𝑬𝒃(𝑶𝒑𝒕)/

𝑵𝒐 ,16- QAM ACO-OFDM is 1 dB better than 4-QAM ASCO-OFDM and in electrical 

domain, ACO-OFDM requires 15 dB power where as it requires 10 dB power in optical 

domain. From electrical to optical conversion, ACO-OFDM performs well than ASCO-

OFDM for small constellations. On the other hand, ASCO-OFDM is 4 dB better than 4-

QAM DCO-OFDM. ASCO-OFDM performs better than ACO-OFDM and DCO-

OFDM systems in optical power for different constellation sizes. 
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For the case of comparison of diming flexibility, all three OFDM forms of ACO-

OFDM, DCO-OFDM and ASCO-OFDM used 0%, 10%, 50%, 75% and 95% dimming 

values. The measurement used to evaluate the illumination performance of these three 

modulation scheme is the normalized bandwidth and normalized 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 . For all 

the OFDM formats, it is observed that if the percentage of dimming is increased, then 

the BER performance decreases. In ACO-OFDM modulation scheme, when 4-QAM 

modulation scheme is applied with different dimming parameters; it is observed that the 

required values of 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 are 6.5 dB, 7 dB and 12 dB for 0%, 10% and 50% 

dimming. In ACO-OFDM modulation scheme, when it used 16-QAM modulation 

applied with different dimming parameters, it is observed that for 0% dimming, it 

requires 10 dB 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜, for 10% dimming, it requires 11 dB 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜and for 50% 

dimming, it requires 16 dB 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜 and for 75% and 95% dimming, it requires more 

𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜. DCO-OFDM scheme used 4-QAM modulation applied with different 

dimming parameters; it is observed that for 0%, 10% and 50% dimming, it requires 15 

dB, 15.5 dB, around 20 dB and for 75% and 95% it requires more 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜. ASCO-

OFDM modulation scheme used 4-QAM modulation applied with different dimming 

parameters; it is observed that for 0% dimming, it requires 11 dB 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜, for 10% 

dimming it requires 12 dB 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜and for 50% dimming it requires 17 dB 𝐸𝑏(𝑂𝑝𝑡)/

𝑁𝑜and for 75% and 95% it requires more 𝐸𝑏(𝑂𝑝𝑡)/𝑁𝑜.  

In terms of illumination performance, ASCO-OFDM performs better than ACO-OFDM 

and DCO-OFDM. From MATLAB simulations, it shows that ASCO-OFDM performs 

well for both aspects of data communication and illumination performance. These 

findings indicate PWM dimming scheme in ASCO-OFDM is a promising solution for 

LiFi. 

5.2 Recommendations for Future Work 
 

For this study, AWGN channel is considered. However, in a practical environment ideal 

AWGN channel is not always present. Therefore, multipath dispersive wireless 

channels may be considered in future. The dimming scheme of ASCO-OFDM is not 

demonstrated practically. So, further research may be carried out to implement PWM 

based ASCO-OFDM scheme practically.  
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Appendix 

MATLAB Codes for ASCO-OFDM  

clc 

clear all; 

%close all; 

format short; 

  

% Definition of parameters. 

M = 4; 

 % Size of signal constellation 

k = log2(M);                                             

% Number of bits per symbol 

N =1024; % Number of bits to process 

cp_percent = 0;                                         

% Length of Cyclic Prefix in percentage      

Nbits = 1000000; % input('Enter the number of bits 

to process '); 

  

norm = 2; 

% Expression of SNR in terms of Eb/No, k and 

oversampling rate 

EbNo = [0:1:20];            % The range of Eb/No 

in dB 

EbNoLinear = power(10, 0.1*EbNo); 

SNR = EbNo + 10*log10(k);   % For complex input 

signals such as M-QAM this equation is valid 

snrLen = length(SNR);       % No of snr or EbNo 

points considered for the BER vs EbNo  graph plot  

  

%% Creation of Modulator and Demodulator 

hMod = modem.qammod(M);         % Create a M-QAM 

modulator 

hMod.InputType = 'Bit';         % Accept bits as 

inputs 

hMod.SymbolOrder = 'Gray';      % Accept Gray 

coded inputs 

hDemod = modem.qamdemod(hMod);  % Create a M-QAM 

demodulator 

  

for j=1:snrLen  

   

  TotalError_yp = 0; 
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  Totalbits_yp =0;  

  err_yp = 0; 

   

  TotalError_yn = 0; 

  Totalbits_yn =0;  

  err_yn = 0; 

     

  TotalError_i = 0; 

  Totalbits_i =0;  

  err_i = 0; 

   

  TotalError_j = 0; 

  Totalbits_j =0;  

  err_j = 0; 

   
   

  x = 0; 

   

while (Totalbits_yn < Nbits/8) 

     

 x = x+1; 

  

 N11 = N/2; 

  

 data = randi([0 1], k, N11); % Random binary data 

of siz (N*k) by N  

  

%%%% Modulation using M-QAM. 

Mod_data = modulate(hMod, data); 

[row_mod col_mod] = size(Mod_data); 

  

%%%%%%%%%%%%% Hermitian Computation%%%%%%%%%%%%%% 

  

Mod_data(:,1)=0;     % Forcing the 

first column to be zero  

  

for kcol=2:N11 

         

        Hermi_part(1,kcol)=Mod_data(1,N11-kcol+2);   

end 

  

Hermi_part(:,1) = Mod_data(:,1);   % Forcing the 

first column to be zero 

Hermitian_data=[Mod_data conj(Hermi_part)];  % 

Formation of the Hermitian Matrix  
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[r_herm c_herm]=size(Hermitian_data); 

  

X_odd = zeros(r_herm, c_herm);  %%% Forming a 

matrix which has twice no. of columns than 

modulated data  

X_even = zeros(r_herm, c_herm); 

  

for i_d = 1:(c_herm) 

    for i_dc = 1:r_herm 

        if mod(i_d, 2) == 0 

           X_odd(i_dc, i_d) = 

Hermitian_data(i_dc,(i_d)); %%%%%% taking only odd 

subcarriers data%%%% 

        else 

            X_even(i_dc, i_d) = 

Hermitian_data(i_dc,(i_d)); %%%%%%taking only even 

subcarrier data %%%%% 

        end 

    end 

end 

  
  

    X_odd_i = X_odd(1:N); 

    X_odd_j = X_odd(1:N); 

  %  X_odd_j = X_odd( (N/2+1):N ); 

    X_even_ij = X_even(1:N); 

  
  

x_odd_i=ifft(X_odd_i); 

x_odd_j=ifft(X_odd_j); 

x_even_ij=ifft(X_even_ij); 

  

%% Converting to "Odd & even Frequency" subcarrier 

Modulation   %%%%%%% 

  

[ir jc] = size(x_odd_i); 

[mr nc] = size(x_even_ij); 

  
  
  
  

%%%%% Clipping to zero for odd subcarrier %%%% 

  

for ii = 1:ir 

    for jj = 1:(jc)    % Because of Hermitian part 

the column size is twice jc 
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       if x_odd_i(ii, jj)>0 

          x_odd_ci(ii, jj) = x_odd_i(ii, jj); 

       else 

           x_odd_ci(ii, jj) = 0;             % 

Forcing the negative part to zero 

       end 

        
        
        

    if x_odd_j(ii, jj)>0 

          x_odd_cj(ii, jj) = x_odd_j(ii, jj); 

       else 

           x_odd_cj(ii, jj) = 0;             % 

Forcing the negative part to zero 

       end     

        

    end 

end 

  

%%%%%% end of clipping %%%%%%%%%%%%% 

  

%%%%% Clipping to zero for even subcarrier%%%%% 

  

for ii = 1:mr 

    for jj = 1:(nc)    % Because of Hermitian part 

the column size is twice jc 

  

       if x_even_ij(ii, jj)>0 

          x_even_n(ii, jj) = x_even_ij(ii, jj); 

       else 

           x_even_n(ii, jj) = 0;             % 

Forcing the negative part to zero 

       end 

        

      if x_even_ij(ii, jj)<0 

          x_even_p(ii, jj) = - x_even_ij(ii, jj); 

      else 

           x_even_p(ii, jj) = 0;     % Forcing the 

positive part to zero 

      end 

        

    end 

end 
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%%%%% end of clipping of even subcarriers%%%%% 

  

x_asco_i = x_odd_ci + x_even_n; 

x_asco_j = x_odd_cj + x_even_p; 

  
  

[r_total c_total] = size(x_asco_i); 

[r_total1 c_total1] = size(x_asco_j); 

  

%%%%%% End of Transmitting Section %%%%%%%% 

  

%%%%%% Start of Receiving Section %%%%%% 

   

%%%%%% Addition of AWGN noise  %%%%%%%%  

  

%%%%%% Noise for total y  or Y %%%%%%%%% 

  Noiseg=  randn(r_total, c_total ); 

  [rpsf cpsf] = size(x_asco_i); 

  

   signal_voltage_i = abs(x_asco_i) ;                   

% Finding the signal voltage in the constellation 

    

   signal_power_i = power(signal_voltage_i,2);        

% Finding the signal power in the constellation 

   avg_power_i = mean( mean(signal_power_i) );      

% Finding the average signal power in the 

constellation 

   signal_dB_i = 10* log10(avg_power_i);            

% Finding the signal power in dB    

   nVar_dB_i(j)=signal_dB_i - SNR(j);                 

% Finding the noise power/variance in dB   

    

   nVar_i(j)= norm * power(10, 0.1*nVar_dB_i(j) );          

% noise variance/power in linear scale 

   nSD_i(j)=sqrt(nVar_i(j) );                       

% noise voltage in linear scale 

    

%    receivedsignal_i =x_asco_i + 

Noiseg.*nSD_i(j);        % received signal in 

terms of ofdm signal and noise    

     

   receivedsignal_i =x_asco_i + Noiseg.*nSD_i(j); 

   
    

   Noiseg=  randn(r_total, c_total ); 

  [rpsf cpsf] = size(x_asco_j); 
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   signal_voltage_j = abs(x_asco_j) ;                   

% Finding the signal voltage in the constellation 

    

   signal_power_j = power(signal_voltage_j,2);        

% Finding the signal power in the constellation 

   avg_power_j = mean( mean(signal_power_j) );      

% Finding the average signal power in the 

constellation 

   signal_dB_j = 10* log10(avg_power_j);            

% Finding the signal power in dB    

   nVar_dB_j(j)=signal_dB_j - SNR(j);                 

% Finding the noise power/variance in dB   

    

   nVar_j(j)= norm * power(10, 0.1*nVar_dB_j(j) );          

% noise variance/power in linear scale 

   nSD_j(j)=sqrt(nVar_j(j) );                       

% noise voltage in linear scale 

    

%    receivedsignal_j = x_asco_j + 

Noiseg.*nSD_j(j);        % received signal in 

terms of ofdm signal and noise    

         

receivedsignal_j = x_asco_j + Noiseg.*nSD_j(j);    

  

%%%%%%%%End of noise for total y  or Y %%%%%% 

    
      

%%%%%%%% Start of optical Power %%%%%%% 

    

   signal_voltage = ( (signal_voltage_i + 

signal_voltage_j)/2 ); 

   nVar_dB = (nVar_dB_i + nVar_dB_j)/2; 

    
    

   avg_opt_power = mean(signal_voltage); 

   normalizationfactor = 1/avg_opt_power; 

        

   normalizedopticalpower = 

mean(signal_voltage*normalizationfactor); 

   opt_signal_dB = 

10*log10(normalizedopticalpower); 

   EbNo_opt = opt_signal_dB - 10*log10(k) - 

nVar_dB(j); %%%%% Optical EbNo %%%%% 
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   normalizedelectpower = 

mean((signal_voltage*normalizationfactor).^2)  ; 

   elct_signal_dB = 

10*log10(normalizedelectpower); 

   EbNo_elect = elct_signal_dB- 10*log10(k) - 

nVar_dB(j); %%%%% Electrical EbNo %%%%% 

    

   %% The difference between opt and elect EbNo 

for the signal received %%%%% %%% 

   Conversion(j) = EbNo_elect - EbNo_opt;  %%% 

Difference between Opt and Elect EbNo %%%% 

%                           %%%%%%%%%%%%%%%%%% 

%%%%%% End of optical power %%%%%%%%% 

  

%%%%%%% Noise for y_odd  or Y_odd only %%%%%%%% 

  

    Noiseg=  randn(r_total, c_total ); 

  [rpsf cpsf] = size(x_asco_i); 

  

   signal_voltage_ci = abs(x_odd_ci) ;                   

% Finding the signal voltage in the constellation 

    

   signal_power_ci = power(signal_voltage_ci,2);        

% Finding the signal power in the constellation 

   avg_power_ci = mean( mean(signal_power_ci) );      

% Finding the average signal power in the 

constellation 

   signal_dB_ci = 10* log10(avg_power_ci);            

% Finding the signal power in dB    

   nVar_dB_ci(j)=signal_dB_ci - SNR(j);                 

% Finding the noise power/variance in dB   

  

   nVar_ci(j)= norm * power(10, 0.1*nVar_dB_ci(j) 

);          % noise variance/power in linear scale 

   nSD_ci(j)=sqrt(nVar_ci(j) );                       

% noise voltage in linear scale 

    

   receivedsignal_ci = x_odd_ci + 

Noiseg.*nSD_ci(j);        % received signal in 

terms of ofdm signal and noise    

     
    

    Noiseg=  randn(r_total, c_total ); 

  [rpsf cpsf] = size(x_asco_i); 
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   signal_voltage_cj = abs(x_odd_cj) ;                   

% Finding the signal voltage in the constellation 

    

   signal_power_cj = power(signal_voltage_cj,2);        

% Finding the signal power in the constellation 

   avg_power_cj = mean( mean(signal_power_cj) );      

% Finding the average signal power in the 

constellation 

   signal_dB_cj = 10* log10(avg_power_cj);            

% Finding the signal power in dB    

   nVar_dB_cj(j)=signal_dB_cj - SNR(j);                 

% Finding the noise power/variance in dB   

    

   nVar_cj(j)= norm * power(10, 0.1*nVar_dB_cj(j) 

);          % noise variance/power in linear scale 

   nSD_cj(j)=sqrt(nVar_cj(j) );                       

% noise voltage in linear scale 

    

   receivedsignal_cj = x_odd_cj + 

Noiseg.*nSD_cj(j);        % received signal in 

terms of ofdm signal and noise    

     
    

%%%%%% End of noise for y_odd  or Y_odd only %%%%%    

      

%%%%%%%%% End of Noise Addition %%%%%%%%%%%%%      

         
   

  Yi=fft(receivedsignal_i);    % Comuting the FFT2 

   

  yi=ifft(Yi); 

  

  Yj=fft(receivedsignal_j);    % Comuting the FFT2 

   

  yj=ifft(Yj);   

   
 

 

%%%% Computing Odd Subcarriers Only--- Y_odd %%%%% 

   

  Y_odd_ci = fft(2.*receivedsignal_ci); 

  Yi_odd = zeros (1, N);   

   
  

for ii2 = 1:1 

    for jj2 = 1:N 
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        if mod(jj2,2)==0 

            Yi_odd(ii2, jj2) = Y_odd_ci(ii2, jj2); 

        elseif mod(jj2,2)==1 

            Yi_odd(ii2, jj2) = 0; 

        end 

    end  

end 

  

  Y_odd_cj = fft(2.*receivedsignal_cj); 

  Yj_odd = zeros (1, N);   

  

for ii2 = 1:1 

    for jj2 = 1:N 

        if mod(jj2,2)==0 

            Yj_odd(ii2, jj2) = Y_odd_cj(ii2, jj2); 

        elseif mod(jj2,2)==1 

            Yj_odd(ii2, jj2) = 0; 

        end 

    end  

end 

%%% End of Computing Odd Subcarriers Only Y_odd %% 

  

%%% Computing Even Subcarriers Only--- Y_even %%% 

  

yi_odd=ifft(Yi_odd); 

[isize jsize] = size(Yi_odd); 

  

for iii = 1:isize 

       for jjj= 1:jsize 

   if yi_odd(iii, jjj)>0 

      yi_ACO(iii, jjj) = yi_odd(iii, jjj); 

   else yi_ACO(iii, jjj) = 0; 

   end 

       end 

end 

   yn_even=(yi-yi_ACO);     

  

Yn_even=fft(yn_even); 

  

yj_odd=ifft(Yj_odd); 

[isize jsize] = size(Yj_odd); 

  

for iii = 1:isize 

       for jjj= 1:jsize 

   if yj_odd(iii, jjj)>0 
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      yj_ACO(iii, jjj) = yj_odd(iii, jjj); 

   else yj_ACO(iii, jjj) = 0; 

   end 

       end 

end 

   yp_even=(yj-yj_ACO);     

  

Yp_even=fft(yp_even); 

  
  

Y_even = Yn_even - Yp_even; 

%%% For computing Even Subcarriers Only Y_even %%% 

  

%%% Finding the BER of even subcarriers only %%%% 

  
  

demod_data_yn = demodulate(hDemod,Y_even);  % 

Computing the  QAM demodulation 

data1_yn=data( :,(3:2:N11) ) ;                   % 

Considering the data without the first column 

demod_data1_yn = demod_data_yn( :, (3:2:N11) ); 

[err_yn ber_yn1]=biterr(data1_yn, demod_data1_yn); 

TotalError_yn = TotalError_yn + err_yn; 

Totalbits_yn = Totalbits_yn + 1 * ((N11/2)-1) * k;  

% Summation of bits 

  

%%% End of the BER of even subcarriers only %%%% 

  

%%% Finding the BER of odd subcarriers only %%%% 

  

demod_data_i = demodulate(hDemod,Yi_odd);  % 

Computing the  QAM demodulation  

data1_i=data( :,(2:2:N11) ) ; 

demod_data1_i = demod_data_i( :, (2:2:N11) ); 

[err_i ber_i1]=biterr(data1_i, demod_data1_i); 

TotalError_i = TotalError_i + err_i; 

Totalbits_i = Totalbits_i + 1 * ((N11/2)) * k;  % 

Summation of bits 

  
  

demod_data_j = demodulate(hDemod,Yj_odd);  % 

Computing the  QAM demodulation  

data1_j=data( :,(2:2:N11) ) ; 

demod_data1_j = demod_data_j( :, (2:2:N11) ); 

[err_j ber_j1]=biterr(data1_j, demod_data1_j); 
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TotalError_j = TotalError_j + err_j; 

Totalbits_j = Totalbits_j + 1 * ((N11/2)) * k;  % 

Summation of bits 

  
  

%%% End of the BER of odd subcarriers only %%%% 

 end 

  

ber_yn(j) = TotalError_yn/Totalbits_yn; %%%%%  BER 

of Even Subcarriers %%% 

ber_i(j) = TotalError_i/Totalbits_i; %%%%%  BER of 

Odd Subcarriers %%% 

  

ber_j(j) = TotalError_j/Totalbits_j; %%%%%  BER of 

Odd Subcarriers %%% 

ber(j) = 0.5.*(  ber_yn(j) + ber_j(j) ); 

  

end 

  
  

%%% Calculation of optical SNR %%%%%%%%%%%%%%% 

   EbNoOpt = EbNo - Conversion; %% Opt EbNo is 

eqaul to the elect EbNo minus the conversion 

factor %%%% 

%  %%%%%%% End of optical SNR %%%%%%%% 

  
  
  

%%%%%This figure will show the "BER vs EbNo"  

curve for M-QAM 

figure(1)  

semilogy( EbNoOpt, ber, 'r'); 

  

xlabel('\itE_b_(_O_p_t_)/N_o  \rmin dB'); 

ylabel('BER'); 

axis([ 0 30, 10e-4 1  ]); 

hold on; 
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