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Abstract 

Visible light communication (VLC) is a new and promising technology from the field of optical wireless 

communication (OWC) exploiting the visible spectrum for data transmission, that emerged as a solution 

for radio frequencies (RF) communication systems due to a higher available bandwidth, unregulated 

visible spectrum and nonexistent electromagnetic interference. Alongside, orthogonal frequency division 

multiplexing (OFDM) is used as a modulation technique for VLC since is capable of transmitting at high 

data rates and high spectral efficiency as well as reducing the effects of inter-symbol interference (ISI) 

and inter-carrier interference (ICI). 

In this dissertation the aim is to study and implement a VLC-OFDM system that can achieve at most 

a bit error ratio (BER) of 3.8 x 10−3 so forward error correction (FEC) techniques may be further 

employed to reduce the BER. The system was implemented using intensity-modulation/direct-detection 

(IM/DD) where the OFDM signal modulates the current of the LED and a photodetector is used for 

detection. 

Three modulation schemes: 4-QAM, 16-QAM and 64-QAM were tested with four different 

transmission wavelengths using white, green, blue and red-colored LEDs. Concerning 4-QAM the 

lowest BER of 2.6 x 10−5 was achieved at a 𝑃𝑟 of -16.9 dBm using a white LED. As for 16-QAM the best 

BER obtained was 1.88 x 10−4 at -18.9 dBm using a blue LED, and finally for 64-QAM a red LED 

achieved a BER of 1.67 x 10−4 at a received power of -17 dBm. These results demonstrate that is 

possible to employ illumination LEDs for reliable data transmission.    

   

Keywords: Visible light communication (VLC), optical wireless communication (OWC), orthogonal 

frequency division multiplexing (OFDM), VLC-OFDM, intensity-modulation/direct-detection (IM/DD), 

LED. 
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Resumo 

Comunicação por luz visível (VLC) é uma nova e promissora tecnologia derivada da área da 

comunicação ótica sem fios (OWC) explorando o espetro visível para a transmissão de dados que 

emergiu como uma solução para as comunicações via rádio devido a uma maior largura de banda, um 

espectro visível não regulado e à inexistência de interferência eletromagnética. Paralelamente, 

multiplexagem por divisão ortogonal na frequência (OFDM) é utilizada em sistemas VLC pela sua 

capacidade de transmissão com débitos binários elevados e uma elevada eficiência espectral, para 

além de reduzir interferência intersimbólica (ISI) e interferência interportadora (ICI). 

O objetivo desta dissertação é o estudo e implementação de um sistema VLC-OFDM cuja taxa de 

bits errados (BER) seja no minímo de 3,8 x 10−3 onde uma detecção e correção de erros (FEC) possa 

ser aplicada de forma a reduzir o BER. O sistema utiliza modulação por intensidade e deteção direta 

(IM/DD) onde a corrente do LED é modulada pelo sinal OFDM e detetada por um fotodetetor.  

Na transmissão de quatro comprimentos de onda referentes à cor branca, verde, azul e vermelha 

do LED, utilizando uma modulação 4-QAM um BER de 2,6 x 10−5 a uma potência recebida de -16.9 

dBm é atingido. Em 16-QAM o BER mínimo obtido é de 1,88 x 10−4 a -18,9 dBm através do LED azul. 

Para 64-QAM o LED vermelho conduz a um BER mínimo de 1,67 x 10−4 a -17 dBm. Estes resultados 

demostram que LEDs de iluminação podem ser usados para a transmissão fiável de dados. 

   

Palavras-chave: Comunicação por luz visível (VLC), comunicação ótica sem fios (OWC), 

multiplexagem por divisão orthogonal na frequência (OFDM), VLC-OFDM, modulação por intensidade 

e deteção direta (IM/DD), LED. 

 

  



x 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

Table of Contents 

Declaration ...................................................................................................................................... iii 

Acknowledgments .......................................................................................................................... v 

Abstract .......................................................................................................................................... vii 

Resumo ........................................................................................................................................... ix 

Table of Contents ........................................................................................................................... xi 

List of figures ............................................................................................................................... xiii 

List of Tables ................................................................................................................................. xv 

List of Acronyms .......................................................................................................................... xvi 

1. Introduction .......................................................................................................................... 1 

1.1. Motivation ........................................................................................................................ 2 

1.2. State of the Art ................................................................................................................. 2 

1.3. Objectives ........................................................................................................................ 8 

1.4. Structure of Dissertation .................................................................................................. 8 

2. Visible Light Communication ............................................................................................. 9 

2.1. Optical Sources and Detectors ...................................................................................... 10 

2.1.1. Basic Properties of an LED ............................................................................... 10 

2.1.2. Basic Properties of a Photodetector ................................................................. 12 

2.2. Basis of Photometry ...................................................................................................... 13 

2.3. Channel Modelling ......................................................................................................... 15 

2.4. Orthogonal Frequency Division Multiplexing ................................................................. 18 

2.5. DCO-OFDM ................................................................................................................... 30 

3. OFDM Simulation ............................................................................................................... 31 

3.1. OFDM Simulation .......................................................................................................... 32 

3.2. Conclusions ................................................................................................................... 35 

4. VLC-OFDM System Implementation ................................................................................ 36 

4.1. Experimental Implementation ........................................................................................ 37 

4.2. Experimental Parameters .............................................................................................. 39 

4.3. System Characteristics .................................................................................................. 41 

4.3.1. System Bandwidth ............................................................................................ 41 



xii 
 

4.3.2. Wavelength and Responsivity .......................................................................... 42 

4.3.3. LED Characteristic ............................................................................................ 43 

4.3.4. LED Modulation over Quasi-Linear Characteristic ........................................... 45 

4.3.5. Performance Evaluation by Varying Modulation Index ..................................... 51 

4.4. Conclusions ................................................................................................................... 55 

5. Final Conclusions and Future Work ................................................................................ 57 

5.1. Final Conclusions .......................................................................................................... 58 

5.2. Future work .................................................................................................................... 59 

6. References ......................................................................................................................... 60 

7. Appendix A ......................................................................................................................... 64 

8. Appendix B ......................................................................................................................... 66 

9. Appendix C ......................................................................................................................... 68 

 

  



xiii 
 

List of figures 

Figure 1-1: Representation of the visible light spectrum [30]. .......................................................... 5 

Figure 2-1: Forward bias condition operation in an LED [53]. ........................................................ 10 

Figure 2-2: Non-linear LED characteristics [35]. ............................................................................. 12 

Figure 2-3: Differences in responsivity of an ideal vs. real typical silicon photodetector [57]. ........ 13 

Figure 2-4: Representation of a Lambert radiator. .......................................................................... 15 

Figure 2-5: Block diagram of Intensity Modulation/Direct-Detection method.................................. 15 

Figure 2-6: Transmitter and receiver geometry in a VLC system [30]. ........................................... 16 

Figure 2-7: Multi-carrier modulation scheme. ................................................................................. 19 

Figure 2-8: Representation of OFDM orthogonal subcarriers. ....................................................... 21 

Figure 2-9: Block diagram of an OFDM transmission scheme. ...................................................... 21 

Figure 2-10: Representation of OFDM signals (a) by the transmitter without CP, (b) by the receiver 

without CP, (c) by the transmitter with CP, and (d) by the receiver with CP. ......................................... 27 

Figure 2-11: Representation of an OFDM frame. ........................................................................... 29 

Figure 3-1: Transmitted and received OFDM symbols and power spectrum for (a) 4-QAM, (b) 16-

QAM and (c) 64-QAM. ........................................................................................................................... 33 

Figure 3-2: Transmitted and received constellation diagram without equalization. ........................ 34 

Figure 3-3: Evolution of BER vs SNR for 4-QAM, 16-QAM and 64-QAM. ..................................... 34 

Figure 4-1: Block diagram representing the experimental implementation of a VLC-OFDM system.

 ............................................................................................................................................................... 37 

Figure 4-2: Physical setup of the indoor VLC-OFDM system. ........................................................ 39 

Figure 4-3: Transfer Function of the system implemented. ............................................................ 41 

Figure 4-4: Normalized spectral power distribution of a White, Blue, Green and Red LED. .......... 42 

Figure 4-5: Representation of the responsivity over wavelength according to DET10A/M (red line).

 ............................................................................................................................................................... 43 

Figure 4-6: Representation of the experience to calculate the LED characteristic. ........................ 44 

Figure 4-7: Representation of the (a) LED characteristic and (b) evolution of the transmitted optical 

power over the bias voltage................................................................................................................... 45 

Figure 4-8: Representation of the experience to obtain the ER and 𝑃𝑎𝑣 for different voltage bias 

points. .................................................................................................................................................... 46 

file:///C:/Users/HP/Documents/IST/5%20Ano/Tese/Thesis_VF3.docx%23_Toc531428240
file:///C:/Users/HP/Documents/IST/5%20Ano/Tese/Thesis_VF3.docx%23_Toc531428246
file:///C:/Users/HP/Documents/IST/5%20Ano/Tese/Thesis_VF3.docx%23_Toc531428246


xiv 
 

Figure 4-9: Representation of (a) one OFDM symbol (in blue) with the corresponding CP (in red) 

and (b) the appended bits at the beginning of the OFDM signal........................................................... 48 

Figure 4-10: Comparison between the transmitted (in blues) and received (in red) OFDM signal for 

(a) high received power values and (b) low received power values. .................................................... 48 

Figure 4-11:Representation of the received power 𝑃𝑟 over the distance d using a white LED as a 

transmitter. ............................................................................................................................................. 49 

Figure 4-12: Representation of a radiation diagram of a typical LED. ............................................ 49 

Figure 4-13: Received constellation diagram using a white LED as a transmitter for ER value of 17.1 

dB. ......................................................................................................................................................... 50 

Figure 4-14: Evolution of BER over different ER values using as a transmitter a white LED. ........ 50 

Figure 4-15: Received 4-QAM constellation diagram for the lowest value of BER using a white LED 

as the transmitter. .................................................................................................................................. 52 

Figure 4-16: Representation of the BER vs received power for the VLC-OFDM system concerning 

a 4-QAM modulation scheme. ............................................................................................................... 52 

Figure 4-17: Representation of the BER vs received power for the VLC-OFDM system concerning 

a 16-QAM modulation scheme. ............................................................................................................. 53 

Figure 4-18: Received 16-QAM constellation diagram for the lowest value of BER using a white LED 

as the transmitter. .................................................................................................................................. 53 

Figure 4-19: Received 64-QAM constellation diagram for the lowest value of BER using a white LED 

as the transmitter. .................................................................................................................................. 54 

Figure 4-20: Representation of the BER vs received power for the VLC-OFDM system concerning 

a 64-QAM modulation scheme. ............................................................................................................. 54 

Figure A-1: Representation of the received power 𝑃𝑟 over the distance d using a (a) green, (b) blue 

and (c) red LED as a transmitter. .......................................................................................................... 65 

Figure B-1: Evolution of BER for the quasi-linear characteristics using as a transmitted a (a) green, 

(b) blue and (c) red LED. ....................................................................................................................... 67 

Figure C-1: Received constellation diagram concerning a 4-QAM modulation scheme using a (a) 

green, (b) blue and (c) red LED as a transmitter for the lowest obtained BER. .................................... 68 

Figure C-2: Received constellation diagram concerning a 16-QAM modulation scheme using a (a) 

green, (b) blue and (c) red LED as a transmitter for the lowest obtained BER. .................................... 69 

Figure C-3: Received constellation diagram concerning a 64-QAM modulation scheme using a (a) 

green, (b) blue and (c) red LED as a transmitter for the lowest obtained BER. .................................... 70 

 

  



xv 
 

List of Tables 

 

Table 3-1: Parameters to simulate the channel impulse response. ................................................ 32 

Table 4-1: Parameters used in the experimental system. ............................................................... 40 

Table 4-2: Transmitting wavelength and corresponding responsivity. ............................................ 43 

Table 4-3: Average power Pav and ER using a (a) white, (b) green, (c) blue and (d) red LED as a 

transmitter. ............................................................................................................................................. 47 

Table 4-4: BER floor for each modulation scheme. ........................................................................ 51 

Table 4-5: Received power to achieve the FEC limit for the different type of LED colours. ........... 55 

 

  



xvi 
 

List of Acronyms 

 

ACO-OFDM 

ADC  

ADO-OFDM 

ADSL 

AP 

AWGN 

Asymmetrically Clipped Optical Orthogonal Frequency Division Multiplexing  

Analog-to-Digital Converter 

Asymmetrically Clipped Direct Optical Orthogonal Frequency Division Multiplexing  

Asymmetric Digital Subscriber Loop  

Access Point 

Additive White Gaussian Noise 

 

BER 

 

CFO 

C-OFDM 

CP 

 

DAB 

DAC 

DC 

DCO-OFDM 

DD 

DFT 

DSL 

DSP 

 

Bit Error Rate 

 

Carrier Frequency Offset 

Coded Orthogonal Frequency Division Multiplexing  

Cyclic Prefix 

 

Digital Analog Broadcasting 

Digital-to-Analog Converter 

Direct Current 

Direct Current Biased Optical Orthogonal Frequency Division Multiplexing  

Direct-Detection 

Discrete Fourier Transform 

Digital Subscriber Loop 

Digital Signal Processor 

DVB 

 

ER 

 

FDM 

FEC 

FET 

FFT 

FOV 

 

HDTV 

HDSL 

 

ICI 

Digital Video Broadcasting 

 

Extinction Ratio 

 

Frequency-Division Multiplexing 

Forward Error Correction 

Field-Effect Transistor 

Fast Fourier Transform 

Field of View 

 

High-Definition Television 

High-Bit-Rate Digital Subscriber Loop 

 

Inter-Carrier Interference 



xvii 
 

IDFT 

IFFT 

IM 

IM/DD 

IR 

ISI 

 

LED 

Li-Fi 

LOS 

LTE 

 

MCM 

MIMO 

 

OFDM  

OOK 

OWC 

 

PAPR 

PLC 

PSD 

PSK 

 

QAM 

 

RF 

RGB 

 

SCM 

SNR 

SPD 

 

TDM 

 

UE 

 

VDSL 

VLC 

 

Inverse Discrete Fourier Transform 

Inverse Fast Fourier Transform 

Intensity Modulation 

Intensity-Modulation/Direct-Detection 

Infrared 

Inter-Symbol Interference 

 

Light Emitting Diode 

Light-Fidelity 

Line of Sight 

Long Term Evolution 

 

Multi-Carrier Modulation 

Multiple-Input-Multiple-Output 

 

Orthogonal Frequency Division Multiplexing 

On-Off Keying 

Optical Wireless Communication  

 

Peak-to-Average Power Ratio 

Power-Line Communication 

Power Spectral Density 

Phase-Shift Modulation 

 

Quadrature Amplitude Modulation 

 

Radio-Frequency 

Red, Green and Blue 

 

Single-Carrier Modulation  

Signal-to-Noise Ratio 

Spectral Power Distribution 

 

Time-Division Multiplexing 

 

User Equipment 

 

Very-High-Speed Digital Subscriber Loop 

Visible Light Communication   

 



xviii 
 

Wi-Fi 

WiMAX 

WLAN 

 

4G 

5G 

 

 

 

 

 

 

Wireless-Fidelity 

Worldwide Interoperability for Microwave Access  

Wireless Local Area Network 

 

4th Generation 

5th Generation 

  

  

  

  

  

  

  

  

 

  



1 
 

1 
1. Introduction 

 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Communication has been the key to human development and is the backbone of modern world. 

Efficient and reliable modern communication demands high data rates. As such, there is a need for a 

modulation technique that can transmit high data rates at a high spectral efficiency. Orthogonal 

Frequency Division Multiplexing (OFDM) is a promising multi-carrier modulation that can achieve this 

using overlapping orthogonal subcarriers at an acceptable level of complexity and reasonable precision.  

OFDM technology is used in most new and emerging wired and wireless communication systems 

but has only recently been applied to optical communications. This thesis is oriented to a new subject 

of interest in optical wireless communication (OWC) using OFDM: visible light communication (VLC) 

which is emerging as a promising technique in the place of, or complementary to, radio-frequency (RF) 

systems. 

1.1. Motivation 

In modern wireless mobile telecommunication systems, the predominant technology at the access 

networks to transmit data are the radio frequencies. In 2018, Cisco expects a mobile data traffic of 17 

exabytes per month and a growth to 49 exabytes per month by 2021 [1], therefore as demand for high-

speed data services increases, the RF spectrum is becoming scarce and congested. Additionally, RF-

based communications suffer from multipath propagation, reducing link availability and performance, 

which together with the RF spectrum congestion constraint, means that few high-definition channels that 

can be accommodated in a given area. It is estimated that around 70% of the wireless traffic takes place 

in indoor environments [2], therefore alternatives to indoor wireless communication system must be 

considered. 

One alternative is the VLC systems, VLC exploits the visible spectrum (390-700 nm) therefore 

compared to RF communications it offers a higher bandwidth (in the order of THz), license-free 

spectrum, inexistent electromagnetic interference and better security for indoor systems since light is 

confined to the dimension of the coverage zone. In addition, VLC is considered to be a green technology 

since LEDs are energy efficient and highly controllable light sources. As well as, taking advantage of 

already implemented LEDs for a dual purpose of illumination and data communication. As modern 

communication systems demand high data rates, a modulation technique capable of transmitting high 

data rates with high spectral efficiency must be considered. OFDM is able to transmit high data rates 

over overlapping orthogonal subcarriers leading to a high spectral efficiency with precision and minimum 

complexity, as well as reducing the effects of dispersion of a channel such as inter-symbol interference 

(ISI) and inter-carrier interference (ICI). 

1.2. State of the Art 

The OFDM transmission technique emerged as an evolution of the conventional frequency-division 

multiplexing (FDM). FDM was invented the 1870s, used to increase the profitability of telegraph 

companies. The idea involved in transmitting data over a relative wide bandwidth channel using a 

separate carrier frequency for each signal [3]. In 1910 the first demonstration of FDM for analog voice 
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signals may be demonstrated by George Squier as described by Schwartz [4], which lead to FDM 

becoming the main multiplexing technique to be implemented in carrier systems for analog telephony. 

However, in the 1970s FDM is replaced by pure time-division multiplexing (TDM) system with the 

introduction of digital telephony. In high-frequency radio systems with serial data transmission, selective 

fading along the transmission bandwidth resulted in pulse dispersion and ISI, therefore the solution was 

to go back to FDM, transmitting data in less faded subchannels. This subchannels will reduce the 

complexity of the equalization process since each subchannel would only be affected by a small part of 

the channel characteristics. A major drawback concerning FDM is the low spectral efficiency inducted 

by guard spaces between the subchannels which was solved by the introduction of OFDM.  

A serial-to-parallel converter is used to separate the incoming data in multiple carriers in parallel. 

Comparing with a single wideband serial scheme, a parallel scheme has a lower bit rate, leading to a 

lower ISI (due to an increase of the transmission period) and lower distortion than the one experienced 

by the wider frequency band. However, a parallel scheme involves a lower spectral efficiency because 

of the guard band used to separate parallel channels to prevent overlapping channels. Large numbers 

of subcarriers oscillators are needed to perform parallel modulation and demodulation. 

Robert Chang, in 1966, introduced a theoretical way to transmit simultaneous and overlapping data 

stream through linear band-limited channel without ISI and ICI introduced by a dispersive channel [5].  

Later in 1970 he was granted the first US patent on OFDM [6]. OFDM is a multi-carrier modulation 

(MCM) scheme in which the subcarriers of the corresponding subchannels are mutually orthogonal [7] 

on equally spaced adjacent frequencies, transmitting the data without interference and reducing spectral 

inefficiency. 

One of the early OFDM applications is the KATHRYN, a variable data rate modem built for the high-

frequency radio [3]. It consisted of a frequency-multiplexed set of subchannels generating up to 34 

parallel low-rate channels using phase-shift modulation (PSK). In addition, orthogonal frequency 

assignment was used with a specific channel spacing providing a guard band between consecutive 

subchannels.   

In 1971, Weinstein and Ebert moved towards one of the biggest developments of OFDM, the 

introduction of discrete Fourier transform (DFT) to perform baseband modulation and demodulation at 

the receiver [3]. This innovation eliminated the need for large number of subcarriers oscillators and 

allowed an easier, more useful and efficient system implementation. Weinstein and Ebert also added a 

guard interval or an empty guard space in case of multipath channels, although this did not achieve 

perfect orthogonality along subcarriers. 

To solve this problem Peled and Ruiz introduced the definition of cyclic prefix (CP) in 1980.  The CP 

was able to maintain orthogonal characteristics of the transmitted signals over a time dispersive channel. 

The idea was simple, instead of using empty guard spaces in a frequency domain, a number of samples 

from the end of the OFDM symbol are appended to the start of the symbol. By doing so, the channel 

performs a cyclic convolution which provides a perfect orthogonality over a time dispersive channel, 

when CP is longer than the channel impulse response [8]. 
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Initially OFDM technology was considered for wireless applications in the mid-1980s [9]. In 1985 

Cimini published a paper on OFDM for mobile communications [10]. Then in 1987, Lassalle and Alard 

studied OFDM for radio broadcasting along with the combination of forward error correction (FEC) with 

OFDM [11] also known as Coded OFDM (C-OFDM).  

Afterwards in the 1990s, Cioffi and others introduced OFDM for wireline communications, which 

demonstrated its potential as a modulation technique for digital subscriber loop (DSL) applications [12], 

such as the high-bit-rate digital subscriber lines (HDSL) at 1.6 Mb/s, asymmetric digital subscriber lines 

(ADSL) up to 6 Mb/s or very-high-speed digital subscriber lines (VDSL) at 100 Mb/s.   

In 1995 Telatar and Foschini papers on multiple-input-multiple-output (MIMO) added another branch 

of research on OFDM [13]. Although MIMO systems do not theoretically depend on any modulation, the 

capability of OFDM to combat dispersion and its scalability became more important in the context of 

MIMO systems [9]. 

Like all other technologies, OFDM has its disadvantages, among them is the peak-to-average power 

ratio (PAPR) and the sensitivity to the carrier frequency offset (CFO) strict synchronization requirement.  

In an OFDM system the overlapping subcarriers with independent phases can constructively add in 

time domain causing signal peaks with high power compared to the average signal power. PAPR is the 

ratio between the peak power and the average signal power. Due to high levels of PAPR the components 

by the transmitter and receiver side must have a wide dynamic range, to not distort the OFDM signal. 

In particular, the output amplifier of the transmitter must be linear over a wide range of signal levels. 

Algorithms have been proposed that reduce high PAPR levels without compromising bandwidth 

efficiency or computational complexity [14], making them the preferred current solution for PAPR 

reduction. In [12-13] the PAPR is reduced by clipping the OFDM signal, albeit with an increase of BER.  

Concerning the strict synchronization requirement, a slight difference in the carrier frequency at the 

receiver will disturb orthogonality among the subcarriers [17] leading to high bit error rate (BER) [18] 

and a reduced signal-to-noise ratio (SNR). There are three types of frequency synchronization errors 

depending on their source. The first is the frequency offset between the local oscillator in the receiver 

and the transmitter [19]. The second is the variety of phase noise models depending on the mechanisms 

of carrier recovery in the receiver. The third is the Doppler spread in the channel [20] causing frequency 

to increase or decrease depending on the direction of motion. Since users are not mobile at high speeds 

in OWC systems, CFO due to the Doppler effect is very small or non-existent. For higher numbers of 

subchannels the matching between the local oscillator frequencies at the transmitter and the receiver 

must be very close. 

OFDM is predominantly used in RF communication systems due to its ability to combat ISI, its 

resistance to frequency-selective fading caused by multipath fading [17] and high spectrum efficiency. 

Examples of OFDM in RF telecommunication standards range from: (i) ADSL providing a method of 

delivering high speed data over the phone line; (ii) television and radio broadcasting standards [21] such 

as the digital audio broadcasting (DAB), the very first commercial use of OFDM technology formulated 

in 1994, digital video broadcasting (DVB) and high-definition television (HDTV) both introduced in 1995 
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[5]; (iii) wireless applications, such as the standard IEEE 802.11a for implementing wireless local area 

network (WLAN) or the standard IEEE 802.16 also known as worldwide interoperability for microwave 

access (WiMAX); (iv) for 4th generation (4G) wireless system Long Term Evolution (LTE), OFDM was 

considered as the technology to be used in the downlink of 4G networks [22].  

Only recently OFDM was proposed for optical communication, including multiple papers studying the 

performance of OFDM in OWC [23], single mode optical fiber with direct detection [24] or coherent 

detection [19-20], multimode optical fiber [27] and plastic optical fiber or polymer optical fiber [28]. The 

interest of OFDM as a technology for optical communications arose with the advances on 

microelectronics in digital-to-analog converter (DAC), analog-to-digital converter (ADC) and digital 

signal processor (DSP). 

One growing interest in OWC is the VLC systems [29], using light emitting diodes (LEDs) for both 

illumination and data communication purposes. This interest is explained by the increase popularity of 

solid-state lighting, longer lifetime of high-brightness LEDs compared to other sources of artificial light, 

high bandwidth, data security, low power consumption and fast switching [30]. VLC exploits the visible 

light spectrum, represented in figure 1-1, considered as a solution for RF spectrum scarcity [17].The 

visible light spectrum offers an unregulated/licence-free spectrum ranging from 380 to 750 THz, 

approximately 1300 times higher than the RF regulated spectrum (20 kHz - 300 GHz). In addition, it 

does not interfere with the existing RF-based systems and there are no health regulations to restrict the 

transmission power. VLC provides higher security than RF communication systems since it is harder to 

pick up the signal from outside the immediate surroundings, such as a room.  

 

Figure 1-1: Representation of the visible light spectrum [30].  

 

The concept of using visible light as a medium of communication is not new. In 1880, Bell and Tainter 

demonstrated the first practical visible light communication system, the photophone, transmitting voice 

data using sunlight as the light source [30]. The introduction of high-brightness LEDs for illumination 

purposes started in the 1990s. The subsequent development and availability of highly efficient white 

LEDs has led to an increase in research and development in visible light systems. In 1999 the concept 

of modulating visible light for communication purposes using fast switching LEDs is presented [31], while 

in [32] the LED is declared as the most power efficient illuminating device for VLC. At present, white 

LEDs are generated through two technologies. The first being the combination of red (~625 nm), green 

(~525 nm) and blue (~470nm) (RGB) in the correct proportion to create white light. The second 

technology is the phosphorescent LEDs, which involve a blue LED coated with a phosphor layer emitting 

yellow light. The phosphor layer absorbs a short wavelength light emitted by the blue LED and the 
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emitted light from the layer experiences a red-shift in the spectrum (increase in wavelength). This 

wavelength mixed up with the non-absorbed blue component creates the white light. The latter 

technology limits the bandwidth to a few MHz, even though it involves a lower complexity and cost [33] 

compared to RGB LEDs. Using an on-off keying (OOK) technique, bit rates of up to 40 Mbps in a 

switching phosphorescent white LED can be easily achieved. The same technique in RGB LEDs can 

achieve a bit rate in excess of 100 Mbps. In [34] it was reported a bit rate of 1 Gbps using phosphor-

coated white LEDs, while in [28] a bit rate of 3.4 Gbps using a RGB LED. 

In the early 2000s in Japan the use of white LEDs for illumination and communication began to take 

shape, pioneered by Tanaka et al. at Keio University [36], this was followed by an increase in interest in 

VLC accompanied by much research on the subject. In [37] the change in behaviour of an indoor 

communication system depending on the distance between LEDs is investigated. In [38] there is an 

investigation into a light positioning architecture in a room considering different performance parameters. 

A novel OFDM VLC system is proposed in [39] for both indoor positioning and communication, since in 

current indoor VLC positioning systems, several algorithms are proposed to calculate the receiver 

position. In [40] the impact of multipath reflections numerically on the VLC positioning systems are 

investigated. The MIMO-based communication system in VLC are also being studied, in [41] was 

designed an optimal constellation for indoor 2 x 2 MIMO system under arbitrary channel correlation.  

The Visible Light Communication Consortium was founded in 2003 for the purpose of promoting and 

standardize VLC technology, alongside in 2011 the first VLC standard IEEE 802.15.17 was published 

for Wireless Personal Area Networks [42]. 

A VLC system is composed by an LED, controlled by an LED driver, that transmits data wirelessly 

using intensity modulation (IM), since the light emitted by the LED is incoherent. The signal is modulated 

into an optical signal of instantaneous power. A photodetector used to convert the optical signal into a 

proportional current is placed at the receiver, so the signal is detected through the principle of direct-

detection (DD). This process of transmitting and receiving the signal is known as an intensity-

modulation/direct-detection (IM/DD) system.  

Since the required data rate in telecommunication systems is increasing, alternatives for single-

carrier modulation (SCM) schemes are being considered since they suffer from non-linear signal 

distortion at the LED front-end and inter-symbol interference [43]. Several studies using OFDM as a 

modulation technique for VLC systems have been made [29] [35-36], bringing attention to IM/DD 

systems due to the multipath nature of indoor OW channel [17]. This multipath causes overlapping of 

light signals and results in signal distortion.  

An output OFDM signal is bipolar and complex. Therefore, it cannot be transmitted in a IM/DD system 

as light intensity cannot be negative, and additionally a complex signal cannot be transmitted by a single 

LED. In order for the OFDM signal to be suitable for optical transmission, it has to be made real and 

unipolar. The Hermitian symmetry is used to obtain a real valued time-domain signal, exploiting the 

property that the DFT of a real-valued signal has Hermitian symmetry. To obtain a unipolar time-domain 

signal various OFDM schemes have been proposed. The main ones being the direct current biased 
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optical OFDM (DCO-OFDM), asymmetrically clipped optical OFDM (ACO-OFDM) and asymmetrically 

clipped direct optical OFDM (ADO-OFDM). In DCO-OFDM all the subcarriers carry data symbols, a 

positive direct current (DC) bias is added to the signal to make it positive, the total power consumption 

increases without further loss in spectral efficiency [43]. ACO-OFDM transmits data over odd 

subcarriers, while even subcarriers are set to zero, so spectral efficiency is reduced to half comparing 

to DCO-OFDM. However, since only a small DC current is needed, it is more power efficient than ACO-

OFDM. Clipping noise falls only on even subcarriers, since this noise is always orthogonal to the 

transmitted symbols, it will enable easy recovery of the data at the receiver [17]. Finally, in [46] ADO-

OFDM is described. The even subcarriers are modulated by DCO-OFDM and the odd subcarriers by 

ACO-OFDM, thus combining the advantages of both modulation schemes. All the subcarriers are used 

to carry data. As a result, bandwidth efficiency is better than ACO-OFDM. ACO-OFDM is more power 

efficient and since it is used on half of the subcarriers, the overall optical power efficiency is better than 

DCO-OFDM. 

Light-Fidelity (Li-Fi) is one of the newest and most promising applications of VLC systems based on 

LED lighting, being considered a potential future 5th generation (5G) technology [47]. It extends the 

concept of VLC, a point-to-point communication system, to a point-to-multipoint wireless-based 

networking system [48] in order to achieve high speed and secure bi-directional communications. In a 

Li-Fi autocell, network each LED (Li-Fi modem) besides illuminating is considered as an access point 

(AP) modulated at high data rates. Power-line communication (PLC) techniques are used to provide 

data and power to each AP [49], while backhaul connections link the different APs to the core network. 

An infrared (IR) source transmitter is placed on the user equipment (UE) for uplink communication. 

Besides being invisible to the users it has a low energy consumption required at the UE. It is important 

to note that Li-Fi supports user mobility and multiuser access, in [50] a handover model for indoor Li-Fi 

cellular network was proposed for the first time, by taking into account the effects of both mobility and 

rotation for a connected UE. Li-Fi is complementary to RF networks. A hybrid Li-Fi/RF network is being 

studied [51], ensuring that when Li-Fi connection is lost it connects to a closest Wireless-Fidelity (Wi-Fi) 

AP. 

VLC systems based on LED lighting have the potential to rise various indoor and outdoor applications 

besides Li-Fi. In [42] this applications can be found such as: (i) intelligent transport systems where LEDs 

are used for sending location or safe driving information between traffic light to vehicle, vehicle-to-vehicle 

and vehicle to infrastructure; (ii) intelligent lighting in order to control the lighting in an environment; (iii) 

indoor localization especially for retailers, shopping malls and supermarkets since a positioning 

technology has the potential to increase the revenue concerning the store’s product supply chain; (iv) 

PLC since the data in the power line is able to modulate the LED directly and finally (v) underwater 

communication systems. In [52] VLC is used for Electronic Shelf Labelling Devices based on LED 

lighting installations and smartphone’s cameras, adding the possibility of a bi-directional link using the 

smartphone’s flash lights.   
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1.3. Objectives 

In this dissertation, the aim was to implement a reliable indoor VLC-OFDM system that meets the 

minimum required quality standards in relation to BER. In order to fulfil the objective, a number of 

objectives are proposed such as the study of the impacts of the transmitter, receiver and optical channel 

in the overall performance of a VLC system. A study concerning the modulation and demodulation 

processes of OFDM alongside the characteristics of an OFDM signal. Finally, the implementation of a 

VLC-OFDM system that meets the target BER of at most 3.8 x 10−3, hence using FEC techniques the 

BER is reduced so the system meets the required quality standards. 

1.4. Structure of Dissertation 

This dissertation comprises five chapters, structured to answer the objectives presented in section 

1.3.   

In chapter 2, the study of the proprieties of a VLC system such as the transmitter, receiver and 

optical channel is presented, along with a mathematical approach to better understand the fundamentals 

and the way OFDM is implemented. 

In chapter 3, a computational simulation of an OFDM signal transmitted through a virtual VLC 

channel is performed. The main aim is to study the effects of the communication channel by observing 

the evolution of BER over SNR.   

In chapter 4, the implementation of a VLC-OFDM system is accomplished. Several experiments 

were made to achieve the target BER of 3.8 x 10−3, alongside the study of the impact of the received 

power and modulation scheme in the performance of the system. Finally, the results are depicted and 

analyzed. 

In chapter 5, final conclusions are reached, and a description given of future work concerning this 

dissertation.  
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In this chapter the theoretical approach to studying a VLC-OFDM system is set out. Firstly, the 

proprieties of the transmitter and receiver are analyzed, then an introduction to photometry is given as 

well as a study of optical channel modelling and channel noise. Afterwards, the fundamentals and 

parameters of OFDM are described along with an overview of DCO-OFDM.   

2.1. Optical Sources and Detectors 

The most commonly used optical sources and detectors are the incoherent sources-light emitting 

diodes and photodetectors, respectively. In this section the basic properties of LEDs and photodetectors 

are discussed.  

2.1.1. Basic Properties of an LED 

The LED is a semiconductor p-n junction device that, by applying a forward bias voltage across the 

device, causes current to flow and generates optical radiation by spontaneous emission. The principle, 

illustrated in figure 2-1, is the following: electrons in the n-type and p-type holes move to a p-n junction 

region and recombine with an opposite polarity region. During the recombination process, electrons and 

holes can recombine in two different ways: radiatively and non-radiatively. In the radiative recombination, 

the electron returning to the valence band gives off its energy as a photon. Nonradiative recombination 

only gives out phonons (heat). 

 

Figure 2-1: Forward bias condition operation in an LED [53]. 

 

The wavelength of the emitted photons λ, is directly correlated with the energy band-gap Eg, of the 

semiconductor material (𝜆 𝛼 𝐸𝑔) which has an effect on the threshold voltage Vth. Both wavelength of 

the emitted photons and threshold voltage can be expressed as 

 
𝜆 =

ℎ𝑐

𝐸𝑔

, 
 

   (2.1) 

 
𝑉𝑡ℎ =

𝐸𝑔

𝑞
, 

 

   (2.2) 
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where h is the Planck constant, c is the speed of light and q is the electron charge constant. In the 

Shockley equation  [54], the diode current, ID, is expressed as a function of the applied voltage V, thus 

explaining the current-voltage characteristic of the LED as described further. The Shockley equation is 

given as  

 
𝐼𝐷 = 𝐼𝑆 (𝑒

𝑞(𝑉−𝑉𝑇𝐻)
𝐾𝑇 − 1) → 𝐼𝐷  𝛼 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 , 

 

 

   

   (2.3) 

where 𝐼𝑆 is the reverse bias saturation current, K is the Boltzmann’s constant, T is the device 

temperature and 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙  is the optical power. From equation (2.3), due to the exponential part, the 

current increases rapidly as the voltage V approaches VTH under the forward bias condition. Since the 

voltage across the device is proportional to the current, as the voltage increases, more electrons 

recombine leading to a higher photons emission (higher radiated optical power 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙). As current 

increases, the LED characteristics become nonlinear, introducing distortions. 

The size of the LED is inversely proportional to the bit rate and the higher number of LEDs in a 

system, transmitting in different wavelengths, results in a higher transmission of data. The modulation 

bandwidth of an LED depends on the injected current, the junction capacitance and the parasitic 

capacitance. The relative optical power output at any frequency given is expressed as [55] 

 𝑃(𝜔)

𝑃𝑜

=
1

√1 + (𝜔𝜏)2
, 

 

   (2.4) 

where 𝑃(𝜔) is the power at frequency 𝜔, 𝑃𝑜 the DC power and 𝜏 the spontaneous recombination lifetime 

including both radiative and nonradiative recombination. By setting equation (2.4) to 0.5, the -3 dB 

bandwidth is obtained which is defined from 0 Hz to the frequency transmitted by the LED. An LED 

dedicated for communication purposes, has a smaller active region, thus a smaller RC time constant, 

which implies a higher bandwidth and faster modulation processes. 

In general, communication systems suffer from non-linearity introduced by electronic components 

causing out-of-band radiation. This leads to a reduction in spectral efficiency and in in-band distortion, 

creating ICI and degrading the error performance [56]. The LED is one of the main impairments affecting 

the performance of a VLC system, due to its non-linear transfer function which may distort the OFDM 

signal. 

The non-linear transfer characteristic of an LED can be described as the non-linear relation between 

the forward current and the forward voltage, as depicted in figure 2-2. The LED has a threshold value 

known as turn-on voltage where any value below that point the LED is considered in a cut-off region and 

is not conducting current. Above the turn-on voltage the current and the output amplitude increase 

exponentially with voltage, until the current starts to saturate. Due to the nonlinear characteristic of an 

LED, in an IM/DD system high PAPR input signals may suffer from distortion due to clipping. In [45], a 

study was made where the LED can operate around a bias point in a quasi-linear segment of its 

characteristics though DCO-OFDM, thus controlling the distortion levels. The biasing point should 
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maximize allowable forward current and minimize signal clipping and magnitude distortion. In addition, 

signal power back-offs can be used to minimize distortion levels by operating the LED in a quasi-linear 

segment around the bias point. Therefore, the OFDM signal modulates around a certain DC bias point 

known as the bias voltage 𝑉𝑏𝑖𝑎𝑠. 

 

Figure 2-2: Non-linear LED characteristics [35]. 

 

2.1.2. Basic Properties of a Photodetector 

A photodetector is a square-law1 optoelectronic transducer that converts an optical signal into an 

electric current. Since the electric current generated by the photodetector is proportional to the received 

optical signal, and generally this optical signal is weak (having travelled through the communication 

channel), the photodetector must meet strict performance requirements such as high sensitivity and 

responsivity around operating wavelengths, low noise (thus higher SNR) and an adequate bandwidth to 

accommodate the desired data rate.  

When incident photons with a greater energy than the semiconductor bandgap are absorbed, it 

generates electron-hole pairs. However, when the energy of incident photons is smaller than the bandgap 

the incident photons cannot be absorbed and the semiconductor appears transparent [57]. The ratio of 

the number of electron-hole pairs generated by a photodetector to the incident photons in a given time 

is defined as quantum efficiency [30], which can be approximated by 

 𝜂𝑞𝑒 = 𝜉(1 − 𝑅𝑟𝑒𝑓)(1 − 𝑒−𝛼𝑑),  

   (2.5) 

where 𝜉 is the ratio of electron-hole pairs leading to the photocurrent, 𝑅𝑟𝑒𝑓 is the optical reflection 

coefficient, 𝑑 is the distance where optical power is absorbed and 𝛼 is the optical absorption coefficient. 

                                                      
1 A square-law device has output signal values proportional to the square of the input signal values, in case of 

a photodetector the square of the electric field (|𝐸|2). 
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The latter will impact the photodetector structure by determining the penetration depth of the light in the 

semiconductor material contributing to its responsivity. The responsivity of a photodetector is defined as 

the photocurrent generated per unit incident optical power, in other words, it translates to the light-to-

current conversion efficiency. Considering an ideal photodetector where 𝜉 = 1 , the responsivity is 

expressed as  

 
𝑅 =

𝐼𝑝ℎ

𝑃𝑖𝑛𝑐

=
𝜆[µ𝑚]𝑞

ℎ𝑐
𝜂𝑞𝑒 , 

 

   (2.6) 

where 𝐼𝑝ℎ is the photocurrent and 𝑃𝑖𝑛𝑐 in the incident optical power. A highly responsive photodetector 

means a higher photocurrent generated from a given incident optical power. An ideal photodetector is 

not feasible, in general the responsivity of a real photodetector is lower due to partial reflection of the 

light at the semiconductor surface as well as partial recombination of photogenerated carriers in the 

semiconductor or at its surface [57]. The difference between the responsivity of an ideal and real 

photodetector is illustrated in figure 2-3, which can be explained by the difference in values of 𝜂𝑞𝑒 in 

equation (2.6).   

 

Figure 2-3: Differences in responsivity of an ideal vs. real typical silicon photodetector [57].  

 

2.2. Basis of Photometry 

Photometry is the science of the measurement of light in which the detector reflects the response of 

the human eye system as opposed to radiometry which describes the detector-independent 

measurement of electromagnetic radiation. To better understand the concept of VLC systems, the basic 

concepts of photometry are introduced, including luminous flux, luminous intensity, illuminance and 

Lambert radiator [58].  
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The luminous flux, expressed in lumen (lm), is defined as the quantitative expression of the brilliance 

of a source of visible light, and can be written as  

 
𝛷 = 𝐾𝑚 ∫ 𝑉(𝜆)𝛷𝑒(𝜆) 𝑑𝜆

780

400

, 

 

 

   (2.7) 

where 𝐾𝑚 is the relationship between the physical radiometric unit watt and the physiological 

photometric unit lumen. 𝑉(𝜆) is the spectral sensitivity of the human visual system proposed by the 

Commission Internationale de l’Eclairage in 1924 [2] and finally, 𝛷𝑒 is the radiant power or radiant flux 

expressed in watts (W). The integral interval from equation (2-7) varies between [400-780] nm since it 

corresponds to the visible spectrum wavelength band where the LED is functioning.  

Luminous intensity is defined as the luminous flux per unit solid angle at a certain direction, 

expressing the brightness of an LED in candela (cd) and is given as 

 
𝐼 =

𝑑𝛷

𝑑Ω
 , 

 

 

 (2.8) 

where, 𝛷 is the luminous flux and Ω the spatial angle. 

Illuminance is the measurement of the amount of light falling onto (illuminating) and spreading over 

a given surfaced. It is represented as the luminous flux received in a unit area expressed in lux (lx) and 

can be written as  

 
𝐸 =

𝑑𝛷

𝑑𝑆
, 

 

 (2.9) 

in which 𝑑𝑆 is the area of lighting and 𝑑𝛷 the luminous flux received from 𝑑𝑆. In general, considering an 

LED as the transmission source, the maximum illuminance is positioned in the middle of the LED thus 

leading to a maximum output power.  

A Lambert radiator, depicted in figure 2-4, is a radiation model where the luminance is constant in all 

directions, albeit with different luminous intensity levels. In a VLC system, an LED used as a light source 

can be approximated to a lambert radiator, hence the luminous intensity distribution function can be 

expressed as  

 𝐼(𝜙) = 𝐼(0)𝑐𝑜𝑠𝑚𝑙(𝜙),  

 (2.10) 

where I(0) is the center of luminous intensity and 𝑚𝑙  is the order of Lambertian emission expressing the 

directivity of the source beam, given by 

 
𝑚𝑙 = −

ln(2)

ln (cos 𝛷1
2

)
, 

 

 (2.11) 

where 𝛷1/2 stand as the transmitter semi-angle at half power.    



15 
 

 

Figure 2-4: Representation of a Lambert radiator. 

 

2.3. Channel Modelling 

In this section a basic indoor VLC link including the transmitter-receiver geometry, properties of the 

optical channel and the propagation model will be described, as well as a SNR analysis.  

VLC system uses a technique where the links are based on IM/DD, figure 2-5, principally due to its 

reduced cost and complexity [59]. On the transmitter side, intensity modulation is employed by the 

modulating signal m(t) varying the drive current of the LED, which in turn varies the intensity of the 

optical source x(t). On the receiver side, direct-detection is performed by a photodetector that generates 

a photocurrent y(t), directly proportional to the incident instantaneous optical power.  

Figure 2-5: Block diagram of Intensity Modulation/Direct-Detection method. 

 

As x(t) represents the optical power, this imposes two constraints on the transmitted signal. The first 

one reveals that x(t) must be nonnegative  

 𝑥(𝑡) ≥ 0. 

 

 

 (2.12) 
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Lastly, the average value of x(t) must not exceed a maximum power value Pmax, as a result of eye 

safety requirements 

 
𝑃𝑚𝑎𝑥 = lim

𝑇→∞

1

2𝑇
∫ 𝑥(𝑡) 𝑑𝑡.

𝑇

−𝑇

 

 

 

 (2.13) 

The transmitted power, Pt, indicates the transmitted power radiated from an LED. Considering Pt  as 

in equation (2.13), the received power in a line-of-sight IM/DD link is given by   

 𝑃𝑟 = ℎ(0)𝑃𝑡 , 

 

 

 (2.14) 

where ℎ(0) is the channel DC gain. The photocurrent at the receiver may be expressed as  

 𝑦(𝑡) = 𝑥(𝑡)⨂𝑅ℎ(𝑡) + 𝑛(𝑡), 

 

 

 (2.15) 

where ⨂ denotes convolution, n(t) is the additive white Gaussian noise (AWGN) and h(t) the impulse 

response of the channel, which is used to analyse and combat the effects of channel distortions. This 

channel distortion in VLC links manifests itself as the ISI.  

Considering an indoor line of sight (LOS) optical system propagation path as illustrated in figure        

2-6, the transmitter is usually an LED fixed on the ceiling of the room directed downwards perpendicular 

to the floor, while the receiver, usually a photodetector, is pointing upward towards the direction of the 

transmitter.  

 

Figure 2-6: Transmitter and receiver geometry in a VLC system [30]. 

 

The angular distribution of the radiation intensity pattern modelled by a generalized Lambertian 

radiant intensity is given by 



17 
 

 

 𝑅𝑜(𝜙) = {

(𝑚𝑙 + 1)

2𝜋
𝑐𝑜𝑠𝑚𝑙(𝜙), 𝜙 ∈ [−

𝜋

2
,
𝜋

2
] ,

0,                     𝜙 ≥
𝜋

2

 

 

       

 (2.16) 

 

where ϕ is the angle with respect to transmitter or the irradiance angle. Taking into account Pt as the 

transmitted power, the radiant intensity is expressed as follows 

 
𝑆(𝜙) = 𝑃𝑡

(𝑚𝑙 + 1)

2𝜋
𝑐𝑜𝑠𝑚𝑙(𝜙). 

 

 

 (2.17) 

On the receiver side, the photodetector is modelled as an active area Ar. Only radiation incident at 

angles Ψ smaller than the receiver field of view (FOV) are collected by the photodetector. As a result, 

the effective collection area Aeff is given by 

 
𝐴𝑒𝑓𝑓(𝛹) = {

𝐴𝑟 cos 𝛹 , 0 ≤ 𝛹 ≤ 𝜋/2,
0, 𝛹 > 𝜋/2

 

 

 

 (2.18) 

where, Ψ is the angle of incidence on the photodetector. Ideally a large-area detector would be the most 

appropriate for an indoor VLC, in order to collect as much power as possible. However, manufacturing 

cost, junction capacitance and receiver noise all increase as the detector area gets larger. Also, receiver 

bandwidth decreases. From the constant radiance theorem, a transmitter and a receiver are considered 

in FOV when 

 
𝐴𝑒𝑓𝑓  sin

𝛹𝑐

2
≤ 𝐴𝑟 . 

 

 

 (2.19) 

The channel gain considering LOS from the transmitter (LED) to the receiver photodetector is given 

as follows 

 
ℎ(0) = {

𝐴𝑟(𝑚𝑙 + 1)

2𝜋𝑑2
𝑐𝑜𝑠𝑚𝑙(𝜙)𝑔(𝛹) cos(𝛹) , 0 ≤ 𝛹 ≤ 𝛹𝑐 ,

0,                                           𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

 

 

 

 (2.20) 

considering d as the distance between transmitter and receiver, Ψc the FOV semi angle of the receiver 

and 𝑔(𝛹) the optical concentrator gain expressed as 

 

𝑔(𝛹) = {

𝑛2

𝑠𝑖𝑛2𝛹𝑐

, 0 ≤ 𝛹 ≤ 𝛹𝑐 ,

0, 0 ≥ 𝛹𝑐

 

 

 (2.21) 

where 𝑛 is the concentrator refractive index. 

The electrical SNR for an indoor VLC system, can be expressed in terms of the photodetector 

responsivity, received optical power and the total noise variance 𝜎2, as [60] 
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𝑆𝑁𝑅 =

(𝑅𝑃𝑟)2

𝜎2
, 

 

 

 (2.22) 

where 𝜎2 is equal to 

 𝜎2 = 𝜎𝑠ℎ𝑜𝑡
2

+ 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2.  

 (2.23) 

Analysing the total noise variance equation, 𝜎𝑠ℎ𝑜𝑡
2 represents the variance caused by shot-noise in 

the detector that results from the received signal and is given by 

 𝜎𝑠ℎ𝑜𝑡
2 = 2𝑞𝑅𝑃𝑟𝐵 + 2𝑞𝑅𝑃𝑏𝑔𝐼2𝐵, 

 

 

 (2.24) 

where B is the bandwidth of the electrical filter that follows the photodetector, 𝑃𝑏𝑔 the background 

radiated power and 𝐼2 is the noise bandwidth factor that accounts for a rectangular transmitter pulse 

shape with a value of 0.562 [61]. The potential interference introduced by optical noise originated from 

natural light or fluorescent light sources, act as unmodulated sources at the receiver and increases shot 

noise. One way to reduce the impact of this type of interference is to transmit in a narrow FOV which 

leads to a low optical noise alongside a higher optical signal gain [30]. The variance in the detector 

caused by thermal noise, 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 is expressed as 

 
𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙

2 =
8𝜋𝐾𝑇𝐴

𝐺
𝐶𝑝𝑑𝐴𝑟𝐼2𝐵2 +

16𝜋2𝐾𝑇𝐴𝛤

𝑔𝑚

𝐶𝑝𝑑
2𝐴𝑟

2𝐼3𝐵3, 
 

 (2.25) 

where 𝑇𝐴 is the absolute temperature of the environment, 𝐺 is the open-loop voltage gain, 𝐶𝑝𝑑 is the 

fixed capacitance of photodetector per unit area, 𝛤 is the field-effect transistor (FET) channel noise 

factor, 𝑔𝑚 is the FET transconductance and 𝐼3 is the noise bandwidth factor that accounts for a full 

raised-cosine equalized pulse shape with a value of 0.0868.  

2.4. Orthogonal Frequency Division Multiplexing 

Given a particular channel characteristic, in order to transmit the information reliably it is necessary 

to use efficiently the available channel bandwidth, taking into account transmitter power constraints and 

receiver complexity constraints. Time dispersion is an important parameter to describe a channel 

characteristic. It represents a distortion of the signal that is manifested by the spreading of the 

modulation symbols in the time domain, also known as delay spread. This is reflected by the ISI 

phenomenon [5]. Additionally, it can also be reflected in the frequency domain as the coherence 

bandwidth is inversely proportional to the delay spread. As a result, a high delay spread results in a 

lower coherence bandwidth translating into a higher channel frequency selectivity (fading).    

 In a SCM scheme the information sequence is transmitted serially (symbol by symbol) at a specific 

rate. Since modern day telecommunications systems require high transmission data rates this type of 

modulation schemes suffer from ISI problems. Due to high data rates, the symbol duration, 𝑇𝑠, will be 
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very small. Therefore, the delay spread is larger than the symbol duration introducing ISI, which results 

in a reduction of the received SNR. The delay spreads are compensated by using equalization 

techniques, however its random characteristics turn them hard to predict, as a result the use of 

equalizers in a SCM scheme with delay spread turns out to be complex and costly.   

One way to solve ISI problem of SCM, is to introduce MCM, which consists of dividing the high data 

rate channel over a number of subcarriers with a lower data rate, resulting in a larger symbol duration 

in the subcarrier. Therefore, the delay spread is much smaller than the symbol duration. In these terms 

there is no dispersion, turning the channel to a flat fading channel that can be easily estimated and 

compensated using a single equalization [62]. The principle is simple: the information sequence is 

transmitted parallelly, at adjacent frequencies [63], as a summation of a number of subcarriers as 

illustrated in figure 2-7. Mathematically, the available channel bandwidth W, is divided in Nsc subcarriers 

of relatively narrow width 𝛥𝑓 = W / Nsc. If 𝛥𝑓 is sufficiently small, the channel frequency response 𝐻(𝑓) 

is constant across each subcarrier, thus ISI is negligible [7].           

 

Figure 2-7: Multi-carrier modulation scheme. 

 

Theoretically as the number of subcarriers increases, a better performance may be achieved as it 

may be possible to handle larger delay spreads. However, if the available bandwidth remains equal as 

the number of subcarriers increases, the subcarrier frequencies are assigned close to each other. 

Therefore, the receiver synchronization components must be very accurate to reduce the frequency 

mismatch. This makes receiver components costly and complex. Thus, a reasonable trade-off between 

the subcarrier spacing and the number of subcarriers must be achieved.  

To better understand the reasoning behind the use of MCM transmission, a background in 

information theory is needed. In [64] Claude Shannon showed that it is possible to send over the channel 

a finite number of bits per second, 𝑅𝑏, with a BER approaching to zero as long as 𝑅𝑏 is lower than the 

channel capacity 𝐶, considering any linear time-invariant (LTI) channel with transfer function 𝐻(𝑓) and 

AWGN with a two-sided Power Spectral Density (PSD) of 𝑁0/2 W/Hz. For an ideal, band-limited, AWGN 

channel the capacity in bps is given by [7]: 
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𝐶 = 𝑊 log2 (1 +

𝑃𝑎𝑣

𝑊𝑁0

) , 
 

 (2.26) 

where 𝑃𝑎𝑣 is the average transmitted power. 𝑃𝑎𝑣 is related to the signal PSD, 𝑃𝑠(𝑓), by 

  

𝑃𝑎𝑣 ≥ 2 ∫ 𝑃𝑠(𝑓)𝑑𝑓
∞

0

. 

 

 (2.27) 

Shannon showed that the capacity of the overall channel in the limit as 𝛥𝑓 → 0 is given by 

 
𝐶 = ∫ log2(1 +

|𝐻(𝑓)|2𝑃𝑠(𝑓)

𝑁0

2

)
∞

0

. 
 

 (2.28) 

Under the constraint on 𝑃𝑠(𝑓) given by equation (2.27), it is possible to maximise the capacity 𝐶 by 

optimising 𝑃𝑠(𝑓) which can be expressed as 

 

𝑃𝑠(𝑓)𝑜𝑝𝑡 = 𝜆 −

𝑁0

2
|𝐻(𝑓)|2

. 

 

 (2.29) 

where 𝜆 is a Lagrange multiplier. This is the popular water-filling power allocation solution. Each of the 

available subcarriers is a section of an uneven bottom container resulting from each subcarrier SNR, 

on which an amount of water equal to  𝑃𝑎𝑣 is distributed until the container achieves its capacity. 

Consequently, more power is allocated to channels with the most favourable SNR, as a result the PSD 

of the transmitted signal is shaped such that 𝑃𝑠(𝑓) is higher where 𝐻(𝑓) is not attenuated and lower 

where 𝐻(𝑓) is attenuated.     

In [65] Kalet compared a multi-carrier quadrature amplitude modulation (QAM) over a single carrier 

QAM, concluding that for Gaussian channels the performance of both modulations was similar, 

however large improvements were shown for some channels, for example those with deep nulls in the 

transfer function such as an OFDM scheme 

One commonly used form of MCM is the OFDM which is a modulation and multiplexing scheme 

where the channel bandwidth is divided into overlapping subcarriers with a lower data rate thus 

resulting in a higher spectral efficiency. The fact that the overlapping subcarriers are orthogonal to 

each other, as illustrated in figure 2-8, generate OFDM symbols without ICI. In an OFDM system, the 

symbol rate, 1/T, is reduced by a factor of Nsc subcarriers comparing to the symbol rate of a single-

carrier transmission scheme. Consequently, the symbol interval is 𝑇 = 𝑁𝑠𝑐𝑇𝑠, where 𝑇𝑠 is the symbol 

interval in a single-carrier system. As mentioned before, if Nsc is sufficiently large, the symbol interval 

in an OFDM system can be made significantly larger than the time duration of the channel dispersion, 

hence ISI is almost negligible. A basic VLC-OFDM transmission system scheme is shown in figure 2.9. 
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Figure 2-8: Representation of OFDM orthogonal subcarriers. 

 

In the block diagram model of an VLC-OFDM transmission scheme, as represented above, firstly 

taking the OFDM modulation side, a group of input bits are mapped to corresponding constellation 

points, generally QAM constellations. Then, a serial to parallel converter is applied, gathering the 

symbols in parallel streams. Hermitian Symmetry and zero padding are applied. The first one is used to 

obtain a real-valued time-domain signal, eliminating the complex part of an OFDM signal as it cannot 

be transmitted through a single LED. The latter allows to have a power-of-two length OFDM signal, 

speeding up the processing time as well as improving the efficiency of fast Fourier transform (FFT) 

 Figure 2-9: Block diagram of an OFDM transmission scheme. 
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algorithms. Furthermore, an inverse FFT (IFFT) algorithm is performed to compute the inverse DFT 

(IDFT), converting the symbols from frequency to discrete time domain besides modulating the mapped 

symbols into subcarriers of an OFDM symbol. Then the CP is added to the beginning of the OFDM 

symbol, consisting of a cyclic extension from the end of the OFDM signal, maintaining orthogonality 

among the subcarriers, thus reducing ICI. As well as acting as a guard interval and therefore eliminating 

ISI. The data are multiplexed as a summation of all IFFT subcarriers, NIFFT, in time-domain, at this stage 

the output is a bipolar signal. However, in order to be transmitted by an LED the OFDM signal must be 

unipolar, as light intensity cannot be negative. This means that the signal values are constrained to lie 

either between zero volts and some arbitrary positive voltage. A DC bias is added to the bipolar signal 

making it positive. This technique to obtain a unipolar time-domain signal is known as DCO-OFDM. 

Afterwards a DAC is used to convert the time-domain digital data to time-domain analog data.  

An LED is employed to transmit the OFDM signal over an optical wireless channel causing signal 

distortions and time dispersion. The signal is then detected by a photodetector which converts the optical 

source to a proportional electric current. Then the signal is sampled at a frequency of 1/𝑇 by an ADC, 

converting the analog waveform into a digital signal. In an ideal channel the ADC output should be equal 

to the DAC input. While the conversion from analog to digital occurs, receiver’s synchronization is 

realized through a correlation between the received and transmitted signal. However, these 

synchronization techniques will not be analysed. After the OFDM signal is separated in parallel carriers 

by the OFDM demodulation side, the CP extension of each OFDM symbol is removed. A FFT algorithm 

is performed in the signal, demodulating the OFDM subcarriers into QAM symbols. Afterwards an 

equalizer is used to compensate for the channel distortions which consists of inserting training symbols 

to estimate the channel characteristics. An OFDM scheme is able to accomplish an one-tap equalizer, 

meaning that the equalizer transfer function must be equal to the inverse of the channel transfer function. 

In the end the parallel subcarriers are gathered into a single stream where the mapped symbols are 

demapped, converting the symbols back to the original input bits.   

In an OFDM scheme, the transmitted OFDM signal 𝑥(𝑡), may be expressed as a time-domain sum 

of all subcarriers, given by 

 

𝑥(𝑡) = ∑ ∑ 𝑐𝑘,𝑖𝑠𝑘(𝑡 − 𝑖𝑇)

𝑁𝑠𝑐

𝑘=1

+∞

𝑖=−∞

, 

 

 (2.30) 

where 𝑐𝑘,𝑖 represents the i-th information symbol at the k-th subcarrier, 𝑁𝑠𝑐 the total number of 

subcarriers, 𝑇 the period of an OFDM symbol and 𝑠𝑘 corresponds to the waveform of the k-th subcarrier 

which can be represented as 

 𝑠𝑘(𝑡) = 𝛱(𝑡)𝑒𝑗2𝜋𝑓𝑘𝑡 ,  

 (2.31) 

being 𝑓𝑘 the frequency in the k-th subcarrier, 𝛱(𝑡) the rectangular pulse shaping function and is given 

by 
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 𝛱(𝑡) = {
1, 0 < 𝑡 < 𝑇
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

.  

 (2.32) 

By analysing the equation (2.30), it is possible to conclude that in order to modulate the information 

symbols in each signal, 𝑁𝑠𝑐 oscillators and filters are required. In conventional MCM schemes, one 

significant disadvantage is the bandwidth requirements in the implementation of a bank containing large 

number of oscillators and filters at both transmitter and receiver side [66], as represented in figure 2.7. 

This bandwidth needs to be larger than the symbol rate due to the fact that conventional MCM uses 

non-overlapped band limited signals [14]. The introduction of OFDM introduced overlapped signals since 

they are orthogonal among them, therefore comparing with conventional MCM schemes it induces a 

higher bandwidth efficiency. The orthogonality condition originated from the correlation 𝛿𝑘𝑙 between any 

two subcarriers k and l, can be expressed as   

 
𝛿𝑘𝑙 =

1

𝑇
∫ 𝑥𝑘𝑥𝑙

∗𝑑𝑡 =
1

𝑇
∫ 𝑒𝑗2𝜋(𝑓𝑘−𝑓𝑙)𝑡𝑑𝑡 = 𝑒𝑗𝜋(𝑓𝑘−𝑓𝑙)𝑇

sin (𝜋(𝑓𝑘 − 𝑓𝑙)𝑇)

𝜋(𝑓𝑘 − 𝑓𝑙)𝑇
,

𝑇

0

𝑇

0

 
 

 (2.33) 

where 𝑥𝑙
∗ is the complex conjugate of the subcarrier signal 𝑥𝑙, 𝑓𝑘 and 𝑓𝑙 represent the frequencies 

at subcarrier k and l, respectively. It is possible to conclude that 𝛿𝑘𝑙 = 0 when 

 
𝛥𝑓𝑠𝑐 = 𝑓𝑘 − 𝑓𝑙 = 𝑚

1

𝑇
, 

 

 (2.34) 

where m is an integral different from zero and 𝛥𝑓𝑠𝑐 the spacing between two adjacent subcarriers, 

resulting in no correlation between subcarriers, hence no ICI. Therefore, when condition (2.34) is 

obtained the subcarriers are orthogonal and recoverable despite the overlapping spectrum. 

In general, an OFDM system is modulated by a M-QAM modulation scheme, where M is the 

modulation index. Each subcarrier may be mathematically expressed as 

 𝑥𝑐(𝑡) = 𝐶𝑐𝑖(𝑡) cos(2𝜋𝑓𝑘𝑡) − 𝐶𝑐𝑞(𝑡) sin(2𝜋𝑓𝑘𝑡) = 𝑅𝑒[𝐶𝑐(𝑡)𝑒𝑗[2𝜋𝑓𝑘𝑡+𝜙𝑘(𝑡)]],  

 (2.35) 

where 𝐶𝑐(𝑡) = √𝐶𝑐𝑖(𝑡)2 + 𝐶𝑐𝑞(𝑡)2 and 𝜙𝑘(𝑡) = tan−1 𝐶𝑐𝑞(𝑡)

𝐶𝑐𝑖(𝑡)
 represent the amplitude and the phase of the 

carrier respectively,  which vary from symbol to symbol. Considering one OFDM symbol with Nsc 

subcarriers, it may be represented analytically as 

 

𝑥(𝑡) = ∑ 𝐶𝑘(𝑡)𝑒𝑗[2𝜋𝑓𝑘𝑡+𝜙𝑘(𝑡)],

𝑁𝑠𝑐

𝑘=1

 

 

 (2.36) 

being 𝑓𝑘 the carrier frequency at the k-th subcarrier which is expressed as 

 
𝑓𝑘 = 𝑓1 + (𝑘 − 1)𝛥𝑓𝑠𝑐 =

𝑘 − 1

𝑇
, 𝑘 =  1, …  𝑁𝑠𝑐 ,   

 

 (2.37) 

where 𝛥𝑓 is expressed as in equation (2.34), with m=1, to maximise the spectral efficiency. The center 

frequency 𝑓1 can be made null if there is no loss of generality among the OFDM symbol. Considering 
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that the amplitude and the phase of the transmitted signal does not change over the symbol period T, 

the amplitude and the phase dependence on time is negligible. As a result, the equation in (2.36) can 

be re-written as  

 

𝑥(𝑡) = ∑ 𝐶𝑘𝑒
𝑗[2𝜋

(𝑘−1)
𝑇

𝑡+𝜙𝑘]

𝑁𝑠𝑐

𝑘=1

. 

 

 (2.38) 

The above continuous time signal may be represented as a discrete time signal, expressed by 

 

𝑥(𝑛𝑇𝑠) = ∑ 𝐶𝑘𝑒
𝑗[2𝜋

(𝑘−1)(𝑛−1)
𝑁𝑠𝑐

+𝜙𝑘]

𝑁𝑠𝑐

𝑘=1

, 1 < 𝑛 < 𝑁𝑠𝑐 , 

 

 (2.39) 

with a sampling frequency 𝑁𝑠𝑐/𝑇. As a result, the symbol period T is represented by 𝑇 = 𝑁𝑠𝑐𝑇𝑠, where 

as mentioned before, 𝑁𝑠𝑐 is the number of subcarriers and 𝑇𝑠 is the period for each subcarrier.      

In a VLC system, the transmitted optical signal must be real and unipolar, thus Hermitian symmetry 

ensures the establishment of the first condition by exploiting the property that the DFT of a real-valued 

signal has Hermitian symmetry. In order to achieve Hermitian symmetry, the following conditions must 

hold 

 𝑐−𝑘 = 𝑐∗
𝑘 , 

𝑐1  ∈  ℜ, 

 

 (2.40) 

being 𝑐𝑘 the complex value of a subcarrier with index 𝑘 = 1,2, … ,
𝑁𝐼𝐹𝐹𝑇

2
, where 𝑐1 corresponds to the zero 

frequency which is generally unmodulated and NIFFT  corresponds to the IFFT/FFT subcarriers used to 

perform the IFFT/FFT implementation. The relationship between the number of subcarriers and the 

number of IFFT/FFT subcarriers may be expressed as 

 
𝑁𝑠𝑐 =

𝑁𝐼𝐹𝐹𝑇

2
− 1, 

 

 (2.41) 

this is due to the fact that the subcarrier with first index is considered unmodulated and the subcarrier 

with index 
𝑁𝐼𝐹𝐹𝑇

2
+ 1 is considered to have a zero value in order to guarantee Hermitian symmetry. In an 

OFDM system with 𝑁𝐼𝐹𝐹𝑇 subcarriers, Hermitian symmetry is performed by mapping Nsc complex 

symbols to subcarrier index 2 to NIFFT/2, while the respective complex conjugate values are mapped to 

subcarrier index NIFFT/2+2 to NIFFT. When the number of subcarriers 𝑁𝑠𝑐 do not meet the requirement in 

equation (2.41), subcarriers with useless data (zeros) are added so that the IFFT/FFT subcarriers follow 

the condition 𝑁𝐼𝐹𝐹𝑇 = 2𝑛, for 𝑛 ∈  ℕ − {0}. This is called zero padding and it ensures the increase of 

efficiency of FFT/IFFT algorithms. The number of zero padding subcarriers, 𝑁𝑧𝑝, added can be 

expressed as 

 
𝑁𝑧𝑝 =

𝑁𝐼𝐹𝐹𝑇 − 2

2
− 𝑁𝑠𝑐 . 

 

 (2.42) 

With zero padding the number of subcarriers is now expressed by 
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 𝑁𝑠𝑐 = 𝑁ℎ𝑠 − 𝑁𝑧𝑝,  

 (2.43) 

where 𝑁ℎ𝑠 is the number of Hermitian subcarriers given by equation (2.41) replacing 𝑁𝑠𝑐 in the equation 

(2.41). 

An OFDM system implementation according to figure 2-7 leads to an increase in complexity and cost 

since it requires a cascade of filters and oscillators to generate each individual subcarrier signal. 

Therefore, digital modulation schemes are employed to the detriment of conventional analogue 

modulation schemes, eliminating the need of filters and oscillators.  

Weinstein and Salz reported that the implementation of OFDM modulation and demodulation 

scheme, could be obtained by using IDFT in the transmitter side for modulation, and DFT in the receiver 

side for demodulation [67]. The introduction of a digital algorithm using IFFT/FFT for implementing the 

IDFT/DFT brought two major advantages. The first is associated with computational efficiency. The 

number of complex multiplications for IFFT and FFT is reduced from 𝑁𝑠𝑐
2 to 

𝑁𝑠𝑐

2
log2 𝑁𝑠𝑐, which scales 

almost linearly with the number of subcarriers 𝑁𝑠𝑐 [68]. Secondly, orthogonal subcarriers can be 

generated and demodulated without the need of complex oscillators and filters, resulting in a simpler 

architecture system. 

By focusing on one OFDM symbol and assuming that the symbol is sampled at every interval of 

𝑇/𝑁𝑠𝑐, the transmitted symbol in equation (2.39) is generated by the IFFT which can be expressed by 

 

𝑥 𝑛 = ∑ 𝑋𝑘𝑒
𝑗2𝜋

(𝑘−1)(𝑛−1)
𝑁𝑠𝑐

𝑁𝑠𝑐

𝑘=1

,   

 

 (2.44) 

where 𝑋𝑘 is the QAM modulated symbol on the kth subcarrier given by 𝐶𝑘𝑒𝑗𝜙𝑘. A block of samples known 

as the CP is appended to the output IFFT vector 𝑥 = [𝑥𝑁𝐼𝐹𝐹𝑇−𝑣+1, … , 𝑥𝑁𝐼𝐹𝐹𝑇
, 𝑥1, … , 𝑥𝑁𝐼𝐹𝐹𝑇

] 𝑇. The addition 

of the CP increases the length of the block to 𝑁𝐼𝐹𝐹𝑇 + 𝑣 samples, where 𝑣 is the length of the CP 

consisting of the samples 𝑥𝑁𝐼𝐹𝐹𝑇−𝑣+1, 𝑥𝑁𝐼𝐹𝐹𝑇−𝑣+2, … , 𝑥𝑁𝐼𝐹𝐹𝑇
. Then the transmitted signal is passed through 

an optical channel with a finite channel impulse response represented by the vector ℎ𝑛 = [ℎ1, … , ℎ𝑁ℎ
]𝑇, 

where 𝑣 ≥ 𝑁ℎ, being 𝑁ℎ the number of samples from the channel impulse response. Finally, the received 

sequence from the optical channel is given by 

 𝑦 𝑛 = (𝑥 𝑛 ∗ ℎ 𝑛) + 𝑛 𝑛,   

 (2.45) 

where 𝑛 𝑛 is the component due to AWGN, consisting of a zero-mean white Gaussian noise process 

with power spectral density of 𝑁0/2. The equation in (2.45) is usually referred as the AWGN channel 

model, as noise is introduced by many channels, this model is able to isolate the noise from the channel 

impairments in order to study its impact in the communication system. At the receiver, the OFDM symbol 

is demodulated by the FFT, which is given by 
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𝑌𝑛 = ∑ 𝑦 𝑘𝑒
−𝑗2𝜋

(𝑘−1)(𝑛−1)
𝑁𝑠𝑐

𝑁𝐼𝐹𝐹𝑇

𝑘=1

, 

 

 (2.46) 

forming the output vector 𝑌 = [𝑌1, 𝑌2, … , 𝑌𝑁𝐼𝐹𝐹𝑇+𝑣
] 𝑇. For the FFT/IFFT implementation, two critical 

devices are needed, a DAC converting the discrete value signal 𝑥 𝑛, to the continuous analogue value 

𝑥(𝑡), and a ADC needed to convert the continuous analog signal 𝑦(𝑡) into a discrete sample 𝑦𝑛. 

An OFDM symbol is transmitted through a dispersive optical channel, this means that it will suffer 

from different delays. This delay is the cause of ISI (interference between consecutive symbols), one of 

the main interferences suffered by an OFDM symbol. To better understand ISI, let’s imagine two 

consecutive OFDM symbols one with a “slow subcarrier” and another with a “fast subcarrier”, both 

aligned at the transmitted side as represented in figure 2-10(a). A DFT window is selected in order to 

contain a complete OFDM symbol for the “fast subcarrier”. Upon reception, due to the channel 

dispersion, the “slow subcarrier” is delayed by 𝑡𝑑 in relation to the “fast subcarrier” as shown in figure 2-

10(b). From this delay, the OFDM waveform for the “slow subcarrier” has crossed the symbol boundary 

applied by the DFT window resulting in ISI.  

To overcome ISI, a guard band interval is appended in the beginning of each OFDM symbol. For ISI 

to be completely suppressed the guard band interval must be higher than the delay spread, meaning 

that 

 𝑡𝑑 < 𝛥𝐺 ,  

 (2.47) 

where 𝛥𝐺 is the guard band interval. Even though the guard interval eliminates ISI, another problem 

rises as the OFDM waveform in the DFT window for the “slow subcarrier” is incomplete. As a result, the 

orthogonality condition in (2.33) is lost, resulting in ICI (interference between subcarriers within the same 

symbol). The cyclic prefix introduced by Peled and Ruiz [69] solved the ICI problem. It consists of 

appending a cyclic extension from the end of the OFDM waveform into the guard interval 𝛥𝐺 as illustrated 

in figure 2-10(c).  

Since the CP leads to an addition of samples in the OFDM signal, the transmission efficiency is 

reduced by  

 
𝑆𝑁𝑅𝐶𝑃 = −10 log10 (1 −

𝛥𝐺

𝑇
) , 

 

 (2.48) 

since the guard band 𝛥𝐺 carry repeated and non-usable information. As a result, the CP needs to be as 

small as possible. The effect from the CP on the reception of the OFDM symbol is illustrated in figure 2-

10(d). Once again considering a DFT window containing a complete OFDM symbol for the “fast 

subcarrier”, it is possible to observe a complete OFDM symbol for the “slow subcarrier”. This is possible 

as a proportion of the CP has moved into the DFT window to replace the identical part that has shifted 

out due to the channel delay spread 𝑡𝑑. Therefore, the OFDM symbol for the “slow subcarrier” has an 
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additional phase shift compared to the original transmitted signal. This phase shift may be removed for 

symbol decision, performed by channel estimation through equalization [59-60].  

With the addition of the CP, to maintain the equation (2.30) the rectangular pulse shaping function 

𝛱(𝑡) in (2.32) must be rewritten as   

 
𝛱(𝑡) = {

1, −𝛥𝐺 < 𝑡 < 𝑇
0, 𝑡 ≤ −𝛥𝐺 , 𝑡 > 𝑇

. 
 

 (2.49) 

 A DFT window synchronization is necessary to retrieve the OFDM symbol correctly, the OFDM 

symbol period is now 𝑇 =  𝛥𝐺 + 𝑡𝑠, where 𝑡𝑠 is the DFT window period.  

 

Figure 2-10: Representation of OFDM signals (a) by the transmitter without CP, (b) by the receiver without 

CP, (c) by the transmitter with CP, and (d) by the receiver with CP. 
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In an OFDM system an equalizer is used to mitigate the effects of dispersion, such as amplitude and 

phase distortion in the OFDM symbol, induced by the optical channel. An equalizer is one of the 

techniques to estimate the channel transfer function  𝐻𝑐ℎ, in order to recover the original symbols, by 

employing a number of OFDM training symbols 𝑁𝑡𝑠, in the transmitter and receiver. The channel transfer 

function for the i-th OFDM training symbol is a vector with length N, in which each entry is expressed by 

 
𝐻𝑐ℎ

(𝑖)[𝑘] =
𝑠𝑡𝑟

(𝑖)[𝑘]

𝑠𝑡𝑡
(𝑖)[𝑘]

, 
 

 (2.50) 

where 𝑠𝑡𝑟
(𝑖)[𝑘] is the received k-th subcarrier from the i-th OFDM training symbol and 𝑠𝑡𝑡

(𝑖)[𝑘] the 

corresponding transmitted k-th subcarrier from the i-th OFDM training symbol. Afterwards the overall 

channel transfer function 𝐻𝑐ℎ,  is obtained by determining the mean for each subcarrier of the M OFDM 

training symbols, resulting once again in a vector with size N. The equalizer in the k-th subcarrier is 

given by the inverse of the k-th subcarrier from the channel transfer function, which is expressed as 

 
𝐻𝑒𝑞[𝑘] =

1

𝐻𝑐ℎ[𝑘]
. 

 

 (2.51) 

The equation in (2.51) is known as a single-tap equalizer having all the information about the 

amplitude and phase of each subcarrier, meaning that the transmitted data can be recovered by 

 
�̂�[𝑘] =

𝑌[𝑘]

𝐻𝑒𝑞[𝑘]
=

𝐻[𝑘]𝑋[𝑘]

𝐻𝑒𝑞[𝑘]
+

𝑊[𝑘]

𝐻𝑒𝑞[𝑘]
, 

 

 (2.52) 

where 𝑌[𝑘] is the received OFDM symbol in frequency domain, 𝐻[𝑘] is the channel transfer function, 

𝑋[𝑘] is the transmitted OFDM signal and 𝑊[𝑘] is the noise frequency response which also has a 

destructive impact on the signal. It is important to understand that the recovered symbols due to the 

equalization process are not equal to the original ones since the optical channel is not linear as the 

equalizer only recovers symbols perfectly for a linear channel. Although the equalizer does not recover 

with complete precision the original symbols, and in addition decreases the system capacity, it is 

essential to mitigate the impact of channel distortions to recover the transmitted symbols. A 

disadvantage of the equalizer is the fact that if 𝐻𝑒𝑞[𝑘] is very small, the noise is enhanced [11]. 

One of the main advantages of an OFDM system is spectral efficiency, due to the overlapping of 

subcarriers since they are orthogonal to each other, thus occupying less bandwidth. Firstly, to better 

understand the definition of spectral efficiency in OFDM system, the concept of OFDM frame must be 

introduced. An OFDM frame is composed of 𝑁𝑡 OFDM symbols and 𝑁𝑠𝑐 subcarriers as represented in 

time and frequency in figure 2-11. The 𝑁𝑡 OFDM symbols are composed of 𝑁𝑡𝑠 training symbols (known 

as the preamble of the OFDM frame) used from channel estimation, and DFT window synchronization 

as explained above. The following symbols are known as data OFDM symbols 𝑁𝑑𝑠 responsible for 

carrying the information data.   
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Figure 2-11: Representation of an OFDM frame. 

 

Considering an ideal OFDM system with no guard interval 𝛥𝐺, modulated with a M symbols in the 

constellation and assuming that all subcarriers transmit data, the bit rate, in bits per second, of and 

OFDM symbol with duration T is given by 

 
𝑅𝑏,𝑠𝑦𝑚𝑏𝑜𝑙 =

𝑁𝑠𝑐

𝑇
log2 𝑀, 

 

 (2.53) 

where log2 𝑀 are the number of bits associated to each subcarrier. Hence the bit rate of an OFDM 

system considering the above circumstances is given by 

 
𝑅𝑏 =

𝑁𝑡𝑁𝑠𝑐

𝑇
log2 𝑀, 

 

 (2.54) 

 However, in a real OFDM system, with the insertion of a guard interval to prevent the effects of a 

dispersive optical channel and the introduction of training symbols for channel estimation, the real bit 

rate of an OFDM system is reduced and may be expressed as     

 
𝑅𝑏 =

𝑁𝑑𝑠𝑁𝑠𝑐

𝑁𝑡𝑇
log2 𝑀 =

𝑁𝑑𝑠𝑁𝑠𝑐

𝑁𝑡(𝛥𝐺 + 𝑡𝑠)
log2 𝑀, 

 

 (2.55) 

where 𝑇 = 𝛥𝐺 + 𝑡𝑠, and as mentioned before 𝑡𝑠 is the DFT window period or the useful symbol period. 

By neglecting the secondary power lobes due to their low power in comparison with the principal lobes, 

the bandwidth of an OFDM symbol as represented in figure 2-8, is given by 

 
𝐵𝑂𝐹𝐷𝑀 =

2

𝑇
+

𝑁𝑠𝑐 − 1

𝑡𝑠

=
2

𝑇
+

𝑁𝑠𝑐 − 1

𝑇 − 𝛥𝐺

. 
 

 (2.56) 
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When an OFDM system is composed of a large number of subcarriers 𝑁𝑠𝑐 ≫ 1, a negligible guard 

interval  𝛥𝐺 ≪ 𝑡𝑠 resulting in a symbol period equal to the DFT window time 𝑇 ≅ 𝑡𝑠 and 𝑁𝑑𝑠 ≫ 𝑁𝑡𝑠 the 

bandwidth of the system can be approximated by 

 
𝐵𝑂𝐹𝐷𝑀 ≈

𝑁𝑠𝑐

𝑡𝑠

. 
 

 (2.57) 

Finally, the spectral efficiency of a signal is expressed by the ratio between the bit rate and the 

bandwidth of the signal, hence, considering the OFDM bandwidth using equation (2.56) and the real bit 

rate of an OFDM system in equation (2.55), the spectral efficiency of an OFDM system is given by 

 
𝜂 =

𝑅𝑏

𝐵𝑂𝐹𝐷𝑀

=
𝑁𝑑𝑠𝑁𝑠𝑐

𝑁𝑡𝑇
log2 𝑀 .

𝑇(𝑇 − 𝛥𝐺)

2(𝑇 − 𝛥𝐺) + 𝑇(𝑁𝑠𝑐 − 1)
= 

=
𝑁𝑑𝑠𝑁𝑠𝑐(𝑇 − 𝛥𝐺)

2𝑁𝑡(𝑇 − 𝛥𝐺) + 𝑁𝑡𝑇(𝑁𝑠𝑐 − 1)
log2 𝑀 =

𝑁𝑑𝑠𝑁𝑠𝑐

2𝑁𝑡 +
𝑁𝑡𝑇(𝑁𝑠𝑐 − 1)

(𝑇 − 𝛥𝐺)

log2 𝑀. 

 

  

 

 (2.58) 

From equation (2.58), the spectral efficiency of an OFDM system can be increased by using higher 

order modulation schemes, reducing the guard interval or the number of training symbols. Assuming 

once again the conditions to obtain equation (2.57), the spectral efficiency can be estimated by 

 
𝜂 =

𝑅𝑏

𝐵𝑂𝐹𝐷𝑀

=
𝑁𝑑𝑠

𝑁𝑡

log2 𝑀 ≈ log2 𝑀. 
 

 (2.59) 

From equation (2.59) it is possible to conclude that the spectral efficiency depends mainly on the 

modulation used. However, with higher modulation schemes the more sensitive the system to distortion 

becomes, thus a positive trade-off between spectral efficiency and system performance is required.   

2.5.  DCO-OFDM 

A practical way to ensure non-negativity of the OFDM signal is to add a DC bias to guarantee a 

unipolar signal at the end of the transmitter. In DCO-OFDM all subcarriers are assigned except the 

first and the 
𝑁𝐼𝐹𝐹𝑇

2
+ 1 subcarriers which are set to zero so that the output signal will only consist of real 

values [72]. As mentioned before, Hermitian symmetry is fundamental so that the output of the IFFT 

block is made of real-valued signals.  

Even though the signal is now real-valued it is still bipolar, thus a DC bias must be added to convert 

the bipolar signal into a unipolar signal ready for the LED to transmit the respective data. This DC bias 

is very important since it will determine the segment from the LED’s characteristic established for 

transmission. The unipolar signal transmitted in a DCO-OFDM system may be expressed by 

 𝑥(𝑡) = 𝑥𝑜(𝑡) + 𝐵𝐷𝐶 ,  

 (2.60) 

where 𝑥𝑜(𝑡) is the bipolar OFDM signal and 𝐵𝐷𝐶 is the value for the DC bias.  
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3 
3. OFDM Simulation 
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In this chapter, computational simulations are performed using MATLAB to simulate the behavior 

of an OFDM signal transmitted through a VLC optical wireless channel along with an analysis of SNR 

over BER.  

3.1. OFDM Simulation 

A basic communication channel described as in equation (2.15) is simulated where x(t) is the OFDM 

signal, n(t) is the AWGN to simulate the effect of background noise from the channel h(t). The channel 

impulse response h(t) is characterized by equation (2.20) which consists of the channel gain for LOS. 

Therefore, the impact of a wireless VLC channel may be simulated. The AWGN values will be defined 

by the SNR which will vary from 0 to 25 dB. This SNR is directly related to the received power 𝑃𝑟 as 

expressed in equation (2.22). Table 3-1 specifies the parameter in order to simulate the channel impulse 

response, while figure 3-1 (a), (b) and (c) illustrates the transmitted and received symbols for a SNR of 

25 dB alongside the power spectrum of the signal for 4-QAM, 16-QAM and 64-QAM, respectively. 

Parameter  

Photodetector active area, 𝐴𝑟 0.8 𝑚𝑚2 

Irradiance angle, ϕ 15º 

Distance, d 20 𝑐𝑚 

Angle of incidence, 𝛹 60º 

Transmitter semi-angle at half power, 𝛷1/2 60º 

FOV semi-angle, 𝛹𝑐 60º 

Concentrator refractive index, 𝑛 1.5 
Table 3-1: Parameters to simulate the channel impulse response. 

 

 

(a) 
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(b) 

 

(c) 

Figure 3-1: Transmitted and received OFDM symbols and power spectrum for (a) 4-QAM, (b) 16-QAM and 
(c) 64-QAM. 

 

From figure 3-1 the transmission of the OFDM signal is accomplished. However, when the 

equalization technique is withdrawal the correct transmission is not achieved as illustrated in figure         

3-2. 

When data is transmitted over an optical channel, errors may be introduced compromising the 

integrity of the system. Thus, BER is used to quantify the quality of the performance of the system 

including the transmitter, receiver and the optical channel, providing an ideal way to evaluate the full 
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end-to-end system performance. The BER can be expressed as the ratio between the number of bit with 

errors and the total number of bits in the system 

 
𝐵𝐸𝑅 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑡𝑠 𝑤𝑖𝑡ℎ 𝑒𝑟𝑟𝑜𝑟𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑡𝑠
=

𝑁𝑏𝑒

𝑁𝑠𝑐𝑁𝑑𝑠 log2 𝑀
, 

 

   (3.1) 

where 𝑁𝑏𝑒 is the number of bits with errors. An acceptable BER for a  telecommunication system is 

around 10−9, however in [73] it was demonstrated that it is possible to meet a value of that magnitude 

with a BER of 3.8 x 10−3 using FEC techniques. FEC is a digital signal processing technique used to 

enhance data reliability, and add redundancy to the signal, by repeating a certain number of the original 

bits. Consequently, the aim is to secure a BER lower than 3.8 x 10−3 so FEC techniques reduce the 

BER in order to meet the minimum required quality standards. 

 An evolution of BER over the SNR is represented in figure 3-3 concerning the transmission of 

OFDM symbols in figure 3-1.   

 

Figure 3-2: Transmitted and received constellation diagram without equalization. 

 

Figure 3-3: Evolution of BER vs SNR for 4-QAM, 16-QAM and 64-QAM. 
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By analysing figure 3-3 the objective to achieve a BER of at least 3.8 x 10−3 is accomplished for all 

modulation schemes. Concerning the minimum SNR to achieve the specified BER mentioned above, 

for a 4-QAM modulation scheme it has a value of 8 dB. Furthermore for 16-QAM the value is at 15.1 dB 

and finally in 64-QAM modulation scheme the minimum SNR has a value of 21 dB.    

3.2. Conclusions 

The computational implementation of an OFDM signal is achieved along the study of the impact of 

a virtual VLC channel has on the transmitted signal, and by transmitting the signal. In order for the 

system to achieve a BER of 3.8 x 10−3, the minimum SNR must be 8 dB, 15.1 dB and 21 dB for 4-

QAM, 16-QAM and 64-QAM modulation scheme, respectively.  

To obtain the same value of BER along the modulation schemes, the minimum value of SNR 

increases as higher modulation schemes are introduced. The reason being is that for higher 

modulation schemes, the energy per symbol is smaller since the energy must split into more symbols. 

Hence the SNR value must be higher, so the symbols may be demodulated correctly. From equation 

(2.22) as the SNR increases the received power 𝑃𝑟 values also increase, therefore for higher 

modulation schemes in order to maintain the same BER a higher received power must be achieved. 

From figure 3-2, a rotation in the received constellation diagram can be observed. This rotation is 

explained by the fact that no equalization technique was used, therefore the effects of dispersion from 

the optical channel are not minimized which reflects in the rotation of the symbols in the constellation 

diagram. 
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 4 
4. VLC-OFDM System Implementation  
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This chapter is dedicated to the experimental simulation of a VLC-OFDM system. It starts with a 

description of the experimental implementation as well as its parameters. Subsequently, the 

experimental simulations are described, such as the demonstration of the quasi-linear characteristic of 

the LED alongside the transmission in that segment, and an evaluation performance by using different 

modulation schemes. Finally, an overview of the results obtained experimentally is given.    

4.1. Experimental Implementation 

The main objective in this experimental work is to demonstrate the concept of an indoor VLC-OFDM 

system, illustrated in figure 4-1, capable of transmitting and correctly receiving different wavelengths 

separately and achieving a minimum BER of 3.8 x 10−3. Briefly, there are two main stages for this 

implementation, the first one being the development of a code in MATLAB that could perform the data 

blocks corresponding to the OFDM modulation/demodulation processes illustrated in figure 2-8. The last 

stage is the interaction between the MATLAB code and the physical components in  a VLC system.  

In a more detailed description, in order to implement an indoor VLC-OFDM system, a development 

of an OFDM modulation code is performed following the steps illustrated in figure 2-9. The software 

used for the development of the code is MATLAB version R2017a, MATLAB is a powerful tool to express 

computational mathematics as well as retrieving data for future analysis. To implement the OFDM 

modulation scheme in MATLAB the following steps were taken: 

1. OFDM parameters are defined such as: the number of IFFT/FFT subcarriers 𝑁𝐼𝐹𝐹𝑇, the 

number of subcarriers 𝑁𝑠𝑐, the number of OFDM symbols 𝑁𝑡, the number of training symbols 

𝑁𝑡𝑠, the number of samples of the guard interval 𝑁𝑔 and the order 𝑀 of the modulation 

scheme. 

2.  Generation of data with dimension 𝑁𝑠𝑐  𝑋 𝑁𝑡 and mapped into an according M-QAM 

constellation point. 

3. Hermitian symmetry and zero padding is added in order for the data to be modulated by the 

IFFT. 

Figure 4-1: Block diagram representing the experimental implementation of a VLC-OFDM system. 
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4.  A guard interval with 𝑁𝑔 samples is added to the beginning of the symbol. 

5. The data is reshaped to a serial stream originating the OFDM signal. 

6. OFDM signal is normalized and DC bias is performed by selecting a quasi-linear segment in 

the LED characteristics so that the transmitted signal suffers less from distortion. 

7. Insertion of initial bits to compensate for the delay in the LED’s turn-on voltage. 

  Then the data must pass through a D/A converter, as the data is transformed to an analog time-

domain. The converter used in this implementation was the ADALM 1000 Active Learning Module 

designed by Analog Devices. This converter is very useful as it offers two analog channels allowing to 

source and measure waveforms in voltage from 0 to 5 V or current from -200 to 200 mA. To take 

advantage of this functionality a Data Acquisition Toolbox is installed at MATLAB, so it is possible to 

acquire and generate data on ADALM 1000, connected through digital interface USB.  

Afterwards the data generated from the D/A converter passes through a LED Driver, the T-Cube LED 

Driver, model LEDD1B from Thorlabs. It is designed to drive high-power LEDs with currents up to 1200 

mA, ensuring the output current does not exceed the limit regardless the modulation input voltage. Since 

the LED is modulated by external OFDM signals, the LEDD1B will operate in modulation mode 

controlled by an external voltage in the 0 to 5 V range. In modulation mode the current output follows 

the amplitude and waveform of the input signal independently from the knob settings. Subsequently, the 

signal is ready to be transmitted, the transmitter used in this implementation is the XLAMP MC-E Color 

LED model MCE4CT-A2-0000-00A4AAAB1 by CREE. This LED is in a family of lighting-class, multi-

chip LEDs and it can transmit from four different wavelengths (white, red, green and blue), with an 

efficient optical control.  

The signal is then transmitted through a wireless optical channel, in this case the air, and received 

by a photodetector placed in a variable distance from the transmitter, between 5 to 21 cm. The 

photodetector used is the DET10A/M, a biased, Silicon (Si) detector from Thorlabs, with an active area 

of 0.8 mm2, which detects optical signals ranging from 200 nm to 1100 nm. The DET series detectors 

are reverse biased to produce a linear response according to the applied input light. The photocurrent 

generated is based on the incident light and wavelength and can be viewed on MATLAB or in an 

oscilloscope by attaching a load resistance on the output. This photodetector has an RC filter to reduce 

a noisy output, by filtering any high frequency noise from the input supply.  

Subsequently, the signal is sampled at a determined sampling frequency by the ADALM 1000 which 

also works as a D/A converter. Finally, the received signal is processed by MATLAB where the OFDM 

demodulation process occurs, according to the diagram block from figure 2-9. The implementation of 

the demodulation scheme in MATLAB is executed through the following steps: 

1. Removal of normalization and reshaping the OFDM signal in parallel streams.  

2. Removal of guard interval and beginning of the demodulation process via FFT. 

3. Channel estimation using equalization process by the means of 𝑁𝑡𝑠 training symbols. 

4. Removal of zero padding and Hermitian symmetry. 
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5. The OFDM signal is reshaped into a single stream and the symbols are demapped to the 

original input bits.  

The physical setup consisting in the VLC-OFDM system from figure 4-1 is represented in figure 4-2.  

 

Figure 4-2: Physical setup of the indoor VLC-OFDM system. 

 

4.2. Experimental Parameters 

There are two main sets of parameters used for the experimental implementation of a VLC-OFDM 

system: one set used for 4-QAM modulation and a second set used for 16 and 64-QAM modulation as 

described in table 4-1. The reason behind the use of two different sets of parameters, is the fact that as 

modulation index increases, the system becomes more sensible to signal distortion. Various 

experiments are made in order to obtain the parameter values in table 4-1, the objective is to implement 

a VLC-OFDM system with a fair tradeoff between bit-rate and BER. 
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Parameter 4-QAM 16-QAM/64-QAM 

Sampling Frequency 𝑓𝑠 = 100 𝑘𝑠𝑎𝑚𝑝𝑙𝑒𝑠/𝑠 𝑓𝑠 = 100 𝑘𝑠𝑎𝑚𝑝𝑙𝑒𝑠/𝑠 

Maximum Bandwidth 
𝐵 =

𝑓𝑠

2
= 50 𝑘𝐻𝑧 𝐵 =

𝑓𝑠

2
= 50 𝑘𝐻𝑧 

 IFFT/FFT Subcarriers 𝑁𝐼𝐹𝐹𝑇 = 256 𝑁𝐼𝐹𝐹𝑇 = 128 

Hermitian Subcarriers 
𝑁ℎ𝑠 =

𝑁𝐼𝐹𝐹𝑇

2
− 1 = 127 𝑁ℎ𝑠 =

𝑁𝐼𝐹𝐹𝑇

2
− 1 = 63 

 Subcarriers with data 𝑁𝑠𝑐 = 120 𝑁𝑠𝑐 = 50 

Zero Padding 
Subcarriers 

𝑁𝑧𝑝 = 𝑁ℎ𝑠 − 𝑁𝑠𝑐 = 7 𝑁𝑧𝑝 = 𝑁ℎ𝑠 − 𝑁𝑠𝑐 = 13 

Symbols per OFDM 
frame 

𝑁𝑡 = 200 𝑁𝑡 = 100 

Training Symbols 𝑁𝑡𝑠 = 0.2𝑁𝑡 = 40 𝑁𝑡𝑠 = 0.2𝑁𝑡 = 20 

Interval between 
Subcarriers 

𝛥𝑓 =
𝐵

𝑁ℎ𝑠

= 393,7 𝐻𝑧 𝛥𝑓 =
𝐵

𝑁ℎ𝑠

= 793.7 𝐻𝑧 

DFT Window Period 
𝑡𝑠 =

1

𝛥𝑓
= 2.54 𝑚𝑠 𝑡𝑠 =

1

𝛥𝑓
= 1.26 𝑚𝑠 

Duration CP 𝛥𝐺 = 0.15𝑡𝑠 = 0.38 𝑚𝑠 𝛥𝐺 = 0,15𝑡𝑠 = 0.19 𝑚𝑠 

CP samples 𝑁𝑔 = 𝛥𝐺 . 𝑓𝑠 = 39 𝑁𝑔 = 𝛥𝐺 . 𝑓𝑠 = 19 

Total Symbol Duration 𝑇 = 𝑡𝑠 + 𝛥𝐺 = 2.92 𝑚𝑠 𝑇 = 𝑡𝑠 + 𝛥𝐺 = 1.45 𝑚𝑠 

OFDM Bandwidth  
𝐵𝑂𝐹𝐷𝑀 =

2

𝑇
+

𝑁𝑠𝑐 − 1

𝑡𝑠

= 47.54 𝑘𝐻𝑧 𝐵𝑂𝐹𝐷𝑀 =
2

𝑇
+

𝑁𝑠𝑐 − 1

𝑡𝑠

= 40.27 𝑘𝐻𝑧 

Table 4-1: Parameters used in the experimental system. 

 

The first parameter to be defined is the sampling frequency 𝑓𝑠 of the system. The sampling frequency 

is limited by the converter used in the implementation, in this case the ADALM 1000 pre-defines the 

sampling frequency to 100 kHz. According to the Nyquist theorem the frequency sampling must be at 

least two times bigger than the total bandwidth of the system. Thus, the total bandwidth of the system 

may be expressed as 

 
𝐵 ≤

𝑓𝑠

2
. 

 

   (4.1) 

From table 4-1 the common parameter is the sampling frequency set to 100 kHz which subsequently 

defines the maximum bandwidth for the OFDM signal, using equation (4-1). This makes it possible to 

have a perfect reconstruction of the transmitted symbol. The modulation schemes used in the simulation 

are 4-QAM, 16-QAM and 64-QAM and the parameters are defined in order to obtain the lowest BER 

possible. For lower modulation schemes such as 4-QAM the number of IFFT/FFT subcarriers alongside 
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the number of subcarriers with data 𝑁𝑠𝑐, is relatively higher than 16-QAM or 64-QAM since the system 

becomes more sensitive to distortion as the modulation index M increases.  

Therefore, concerning a 4-QAM modulation scheme the number of IFFT/FFT subcarriers 𝑁𝐼𝐹𝐹𝑇, and 

the number of subcarriers with data 𝑁𝑠𝑐 is defined to 256 and 120 respectively. While for higher 

modulation schemes such as 16-QAM and 64-QAM, 𝑁𝐼𝐹𝐹𝑇 is set to 128 and 𝑁𝑠𝑐 to 50. Afterwards, the 

number of symbols per OFDM frame 𝑁𝑡, are chosen so the system can achieve reasonable bit rates 

which is set to 200 for 4-QAM and 100 for 16-QAM and 64-QAM. The number of training symbols 𝑁𝑡𝑠,  

for channel estimation purposes, is around 20% of the total number of OFDM symbols. This reduces 

the spectral efficiency and the overall bit rate of the system. However, it is essential for the correct 

recovery of the original symbols. Finally, it is established for the CP duration as 15% of the useful OFDM 

symbol period or DFT window period in order to maintain the orthogonality among subcarriers.     

4.3. System Characteristics 

4.3.1.  System Bandwidth 

From equation (4.1), and taking into account that the sampling frequency is 100 kHz the maximum 

bandwidth the OFDM signal must have is 50 kHz. It is possible to experimentally obtain the bandwidth 

of the overall VLC-OFDM system illustrated in figure 4-1, by sending a sinusoidal signal instead of the 

OFDM signal. This signal is generated by the function generator TG330 from AimTTi, which will be 

transmitted through the LED. The signal is then transmitted by the LED and detected by a photodetector 

connected through a coaxial cable to an oscilloscope from Tektronix model TDS2014, where the 

amplitude of the output signal is measured. Figure 4-3 illustrates the transfer function of the system by 

depicting the variance of amplitude of the output signal over frequency.   

 

Figure 4-3: Transfer Function of the system implemented. 

 

The bandwidth of the system is described as the frequency in which the output signal is half-

attenuated, commonly denominated as the cut-off frequency which can be expressed as 
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𝑓−3𝑑𝐵 = 10log10

𝑉

𝑉0

= −3 𝑑𝐵, 
 

   (4.2) 

where 𝑉 is the amplitude of the output signal at a certain frequency and 𝑉0 is the maximum amplitude of 

the output signal. Therefore, from figure 4-3, the cut-off frequency or the bandwidth of the system when 

transmitting over a white and blue LED is at 3500 Hz while when transmitting over a green LED is at 

4000 Hz and finally using a red LED as a transmitter the bandwidth is at 3000 Hz. Even though the 

bandwidth of the OFDM signal is higher than the overall bandwidth of the system, it causes no 

constraints in terms of the transmission of the signal, since in an OFDM system the bandwidth is divided 

into 𝑁𝑠𝑐 subcarriers each one with a designated carrier frequency equally spaced by an interval 𝛥𝑓. As 

long as the interval between subcarriers 𝛥𝑓 is lower than the maximum bandwidth of the system, the 

OFDM signal can be transmitted without compromising the performance of the system.   

4.3.2. Wavelength and Responsivity  

 In a VLC system, an LED is responsible to transmit data in a certain wavelength, this wavelength 

value strongly depends on the LED color used. Through a miniature spectrometer model STS-UV from 

Ocean Optics, it was possible to design the spectrogram for four different color LEDs comparing the 

spectral power distribution (SPD) over wavelength, as illustrated in figure 4-4. From this figure, it can be 

concluded that the spectral emission of the white LED is able to cover the entire visible range. 

 

Figure 4-4: Normalized spectral power distribution of a White, Blue, Green and Red LED. 

 

The transmitting wavelength for each color LED is characterized by having the highest value of SPD 

hence naming it as the dominant wavelength. Having acknowledge the value of the transmitting 

wavelength, the responsivity of the photodetector depending on each wavelength can be estimated by 

figure 4-5. As follows, in table 4-2 the carrier wavelengths used in the experimental VLC-OFDM 

transmission system and the corresponding responsivity are described.  
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LED Type Wavelength (nm) Responsivity (A/W) 

White 585.4 0.33 

Green 540.4 0.30 

Blue 460.1 0.16 

Red 623.5 0.38 
Table 4-2: Transmitting wavelength and corresponding responsivity. 

 

Figure 4-5: Representation of the responsivity over wavelength according to DET10A/M (red line). 

 

4.3.3.  LED Characteristic 

An LED is the main cause of non-linearity in VLC systems due to its non-linear relationship between 

forward current and forward voltage. As mentioned before, an LED has a quasi-linear segment in its 

characteristic described by a proportional increase in current and voltage. When transmitting in that 

segment the output OFDM signal is correctly sent without distortions, hence being necessary to obtain 

those values. The experience described in figure 4-6 leads to the LED non-linear characteristic. It 

consists in a DC power supply from Velleman model PS613, providing the LED driver a certain voltage 

𝑉𝑚 ranging from 0 to 5 V, representing the ranging amplitude of the OFDM signal, as it is the maximum 

voltage supported by the driver. Subsequently, the voltage 𝑉𝑚 passes though the LED driver resulting in 

a voltage denominated 𝑉𝑏𝑖𝑎𝑠 modulating the LED with a corresponding current 𝐼𝐿𝐸𝐷. This voltage 𝑉𝑏𝑖𝑎𝑠 is 

defined as the average voltage around the quasi-linear segment in which the LED is transmitting. The 

voltage and the current forward towards the LED are measured by a multimeter and an ammeter 

respectively, using the model 75-MY64 from Vitecom Electronica. Additionally, the optical power 𝑃𝐿𝐸𝐷 ′ 

transmitted by the LED is measured by a photometer from Industrial Fiber Optics at the distance of 8cm 

and with a detector active area of 1 𝑐𝑚2. Since the photodetector used in the VLC-OFDM system has a 

detector active area of 0.8 𝑚𝑚2 as mentioned before, the “real” transmitted optical power 𝑃𝐿𝐸𝐷 can be 

expressed by 
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𝑃𝐿𝐸𝐷 =

𝑃𝐿𝐸𝐷
′ 0.8 𝑚𝑚2

1 𝑐𝑚2
. 

 

   (4.3) 

 

 

Figure 4-6: Representation of the experience to calculate the LED characteristic. 

 

Since in the system proposed the LED transmits in four different wavelengths separately, there is the 

need to obtain for each wavelength the LED characteristic. In figure 4-7 (a) it is depicted the LED 

characteristic concerning the forward current 𝐼𝐿𝐸𝐷 over the voltage 𝑉𝑏𝑖𝑎𝑠 submitted to the LED, while in 

(b) it is represented the evolution of the transmitted optical power 𝑃𝐿𝐸𝐷 over the voltage 𝑉𝑏𝑖𝑎𝑠, for the 

wavelengths transmitted by the white, green, blue and red LED respectively.    

 

(a) 
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(b) 

Figure 4-7: Representation of the (a) LED characteristic and (b) evolution of the transmitted optical power 

over the bias voltage. 

 

It is now possible, by exploiting the data in figure 4-7 (a), to identify the bias voltage range Vbias, that 

lead the LED to follow a quasi-linear transmission segment, thus preventing the distortion of the OFDM 

signal in the transmission of data. This Vbias results from the LED driver that receives a certain OFDM 

signal with an amplitude range of Vm. Therefore, using a white LED as the transmitter, the OFDM signal 

amplitude must range from 1 to 5 V in order for the LED to transmit in the quasi-linear segment between 

1.76 and 2.01 V. Concerning the remaining colour LEDs, a green LED require an OFDM signal ranging 

from 0.2 to 5 V corresponding to a Vbias quasi-linear segment range of 1.65 to 2.12 V, a blue LED require 

the OFDM signal to range from 1 to 5 V leading to a Vbias range of 1.73 to 1.96 V and finally, using a red 

LED as the transmitter the OFDM signal must range from 1 to 5 V so Vbias values are set from 1.17 to 

1.36 V.       

4.3.4.  LED Modulation over Quasi-Linear Characteristic 

In section 4.3.3 the LED characteristic for the different colored LEDs are obtained. The system will 

be tested for four different intervals in the quasi-linear LED characteristic, one interval consisting of a 

small range interval values and the other ones a larger range interval. Each interval will have a different 

bias point 𝑉𝑏𝑖𝑎𝑠 (the average voltage from the quasi-linear segment) around which the LED will operate, 

by receiving the respective amplified voltage 𝑉𝑚. 

The different voltage bias points are characterizing by their average power 𝑃𝑎𝑣 and extinction ratio 

(ER). ER is a very useful parameter to evaluate the system performance since it describes the efficiency 

with which the transmitted optical power is modulated over the optical channel. In a telecommunication 

system the reasonable ER must be higher than 8 dB. It can be expressed in dB as 
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𝐸𝑅 = 10 log10

𝑉1

𝑉0

> 8 𝑑𝐵, 
 

   (4.4) 

where 𝑉1 and 𝑉0 are the maximum and minimum voltage of the signal, respectively. To obtain the values 

of the average power and the ER for each bias point, the experience in figure 4-8 is performed. Firstly, 

the voltage 𝑉𝑚 that leads to a specific bias point 𝑉𝑏𝑖𝑎𝑠 in the LED’s characteristic, is generated by a 

function generator TG330 from AimTTi, which will originate a quadratic waveform with an amplitude of 

𝑉𝑚.  

Furthermore, the LED will transmit the quadratic waveform which will be detected in the first instance 

by a photodetector, at the distance of 8 cm from the transmitter, connected through a coaxial cable to 

an oscilloscope Tektronix model TDS2014, in order to calculate the ER. Afterwards, the photometer is 

positioned right after the LED giving the average power 𝑃𝑎𝑣. In table 4-3 (a), (b), (c) and (d) are shown 

the results from the experience described above for the white, green, blue and red LED respectively.  

 

Figure 4-8: Representation of the experience to obtain the ER and 𝑃𝑎𝑣 for different voltage bias points. 

 

𝑽𝒎 (𝑽) 𝑽𝒃𝒊𝒂𝒔 (𝑽) ER (dB) 𝑷𝒂𝒗 (𝒅𝑩𝒎) 

[1 – 4.5] V 1.88 17.1 -12.3 

[1 - 2] V 1.81 15 -14.6 

[2 – 4] V 1.92 15.8 -12.1 

[3 – 5] V 1.97 15.9 -11.3 
(a) 
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𝑽𝒎 (𝑽) 𝑽𝒃𝒊𝒂𝒔 (𝑽) ER (dB) 𝑷𝒂𝒗 (𝒅𝑩𝒎) 

[1 – 4.5] V 1.96 12.1 -16.2 

[1 - 2] V 1.88 10.8 -18.1 

[2 – 4] V 2 12.3 -15.8 

[3 – 5] V 2.06 12.2 -14.8 
(b) 

𝑽𝒎 (𝑽) 𝑽𝒃𝒊𝒂𝒔 (𝑽) ER (dB) 𝑷𝒂𝒗 (𝒅𝑩𝒎) 

[1 – 4.5] V 1.84 15.4 -14.3 

[1 - 2] V 1.78 13.1 -16.6 

[2 – 4] V 1.88 14.5 -13.8 

[3 – 5] V 1.93 14.5 -12.8 
(c) 

𝑽𝒎 (𝑽) 𝑽𝒃𝒊𝒂𝒔 (𝑽) ER (dB) 𝑷𝒂𝒗 (𝒅𝑩𝒎) 

[1 – 4.5] V 1.26 16.6 -12.6 

[1 - 2] V 1.21 15.9 -15.5 

[2 – 4] V 1.28 14.8 -12.3 

[3 – 5] V 1.32 14.9 -11.3 
(d) 

Table 4-3: Average power 𝑃𝑎𝑣 and ER using a (a) white, (b) green, (c) blue and (d) red LED as a transmitter. 

 

The next step is to correlate the relationship between the received power 𝑃𝑟 at the photodetector and 

the distance 𝑑, between the transmitter and receiver for the different ER, however this time sending a 

real OFDM signal originated from MATLAB. It is obtained from the experience of the VLC-OFDM system 

depicted in figure 4-1, using a 4-QAM modulation scheme and its respective parameters as shown in 

table 4-1. 

As mentioned before, the OFDM signal suffer from various modifications so it can be transmitted and 

received correctly. Firstly, the signal is normalized and then converted to values that will lead the LED 

to operate in a quasi-linear characteristic around a determined bias point voltage. A number of non-data 

bits are appended to the beginning of the signal to compensate for the delay caused by the turn-on 

voltage of the LED. This may distort the output OFDM signal leading to an increase in BER. In figure 4-

9 (a) it is depicted one normalized OFDM symbol in which the CP is illustrated in red and in (b) it is 

represented the bits appended to the beginning of the OFDM signal. 

 

 



48 
 

 

(a)                                                                                        (b) 

Figure 4-9: Representation of (a) one OFDM symbol (in blue) with the corresponding CP (in red) and (b) the 
appended bits at the beginning of the OFDM signal. 

The signal is now ready to be transmitted after passing through a LED driver, which will vary the drive 

current of the LED in accordance with the modulated OFDM signal which in turn will vary the optical 

intensity of the LED. At the receiver, a photodetector will detect the output OFDM signal which will suffer 

from all the modification set in the OFDM demodulation side in order to obtain the final OFDM signal.  

Figure 4-10 (a) and (b) compares the received OFDM signal with the transmitted one, for a high value 

of received power 𝑃𝑟 and for a low 𝑃𝑟, respectively. In (a) the received signal (in red) is almost a perfect 

reconstruction of the transmitted symbol (in blue), therefore leading to a low BER value as expected for 

higher received powers. On the other hand, in (b) the received signal is completely different from the 

transmitted signal reflecting in a high BER for lower received signal powers.   

 

(a)                                                                                       (b) 

Figure 4-10: Comparison between the transmitted (in blues) and received (in red) OFDM signal for (a) high 
received power values and (b) low received power values. 

 

In figure 4-11 is depicted the evolution of the system concerning the received power over various 

receiver distances using the white LED as a transmitter. Again, the received power 𝑃𝑟 is given by a 

photometer with an active area of 1 𝑐𝑚2. However, the photodetector used as a receiver for the system 
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has an active area of 0.8 𝑚𝑚2. Therefore, a simple relationship as in equation (4.3) is used to correlate 

the received power from an active area of 1 𝑐𝑚2 to 0.8 𝑚𝑚2.  

 

Figure 4-11:Representation of the received power 𝑃𝑟 over the distance d using a white LED as a transmitter. 

From figure 4-11 it is possible to conclude that the received power remains constant until a certain 

distance, which varies for different ER values, where the received power starts to decrease. This is 

explained by the radiation diagram of the LED, obtained from the LED’s datasheet, depicted in figure 4-

12, that as distance increases the luminous intensity decreases which is proportional to the received 

power 𝑃𝑟. From figure 4-12, it is also possible to conclude that the front-wave is not planar, meaning that 

the amount of information transmitted differs from the position of the receiver. 

The pattern between the received power and the distance between the transmitter and receiver is 

similar when using a green, blue or red LED as a transmitter as represented in appendix A. An example 

of a received constellation diagram for the ER value of 17.1 dB around the constant values of received 

power 𝑃𝑟, is depicted in figure 4-13 using a white LED as a transmitter.  

 

Figure 4-12: Representation of a radiation diagram of a typical LED.  
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Figure 4-13: Received constellation diagram using a white LED as a transmitter for ER value of 17.1 dB. 

 

From figure 4-11, as the distance between the transmitter and the receiver increases the received 

power at the photodetector decreases, which will directly impact the BER of the system as demonstrated 

in figure 4-14 for the same situation as in figure 4-11. 

 

Figure 4-14: Evolution of BER over different ER values using as a transmitter a white LED. 

 

It is possible to conclude that when the received power 𝑃𝑟 is approximately constant, the BER is at 

his lowest point. As 𝑃𝑟 decreases the BER of the system increases. Therefore, the main concern to take 

in consideration leading to a degradation of the BER in the system is the received power 𝑃𝑟, which must 

be set above a certain value in order for the system to have a high-quality and reliable transmission. In 

appendix B the evolution of the BER over the transmitter power is illustrated, using as the transmitter a 

green, blue and red LED. 
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The target BER of 3.8 x 10−3 is achieved for all the ER values at different received power 𝑃𝑟. For the 

highest value of ER which is 17.1 dB the BER is achieved at -17.2 dBm, the other ER values of 15, 15.8 

and 15.9 dB the BER is set at a received power of -19.6, -16.9 and -15.3 dBm, respectively.  

4.3.5. Performance Evaluation by Varying Modulation Index 

The VLC-OFDM system is now evaluated by varying the modulation index when transmitting at the 

most favourable quasi-linear segment of the LED’s characteristic. The most favourable quasi-linear 

segment is defined as the one with a higher value of ER, since it is the parameter that describes the 

optical channel efficiency. Therefore, from section 4.3.4, it is possible to conclude that the most 

favourable quasi-linear segment originates when the OFDM signal amplitude ranges from 1 to 4.5 V 

using a white, blue and red LED as a transmitter. When a green LED acts as a transmitter, the OFDM 

signal amplitude that leads to the quasi-linear segment with highest ER, ranges from 2 to 4 V. However, 

the ER deriving from an OFDM signal amplitude ranging from 1 to 4.5 V is pretty similar to the one 

ranging from 2 to 4 V using a green LED as a transmitter (12.1 and 12.3 dB respectively). Thus, to 

simplify the implementation, all different colour LEDs will transmit from a quasi-linear segment 

corresponding to an OFDM signal ranging from 1 to 4.5 V.  

The main parameter to evaluate the performance of the system is the BER, which in this experience 

must be set to 3.8 x 10−3 in order for FEC techniques to be employed and reduce the BER so the system 

is able to meet the minimum required quality standards. In a telecommunication system the BER floor 

is the minimum BER a system can achieve and may be expressed as in equation (3.1) when the number 

of bits with errors 𝑁𝑏𝑒 is equal to 1,  

 
𝐵𝐸𝑅𝑓𝑙𝑜𝑜𝑟 =

1

𝑁𝑠𝑐𝑁𝑑𝑠 log2 𝑀
. 

 

   (4.5) 

Considering the parameters for the VLC-OFDM system as illustrated in table 4-1 from section 4-2, 

the BER floor for each QAM modulation scheme using equation (4.5) is shown in table 4-4. 

Modulation Scheme 𝑩𝑬𝑹𝒇𝒍𝒐𝒐𝒓 

4-QAM 2.60 x 10−5 

16-QAM 6.25 x 10−5 

64-QAM 4.17 x 10−5 
Table 4-4: BER floor for each modulation scheme. 

 

Assuming a 4-QAM modulation, the lowest BER achieved by the system is equal to the BER floor 

independently of the coloured LED used for transmission at a bit rate of 65.5 kb/s and a spectral 

efficiency of 1.38 b/s/Hz. Considering the lowest value of BER using a white LED as the transmitter, the 

received QAM constellation diagram is depicted in figure 4-15. 
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Figure 4-15: Received 4-QAM constellation diagram for the lowest value of BER using a white LED as the 
transmitter. 

 

The evolution of BER along with the received power is depicted in figure 4-16. Once again as the 

received power of the system decreases the BER increases. The values of BER below the FEC limit as 

represented in the figure 4-16, correspond to a certain received power 𝑃𝑟, which the system must meet 

to achieve the aimed BER of 3.8 x 10−3.  

 

Figure 4-16: Representation of the BER vs received power for the VLC-OFDM system concerning a 4-QAM 
modulation scheme. 

 

As modulation increases the symbols in the constellation diagram are closer together, distortion is 

added to the signal while passing through a communication channel which may cause the demodulator 

to receiver the symbols in a different amplitude and phase compared to the transmitter ones. Therefore, 

as symbols are closer together, the probability of error increases which will directly affect the BER of the 

system. One solution to overcome the increase of probability of error is to reduce the number of 
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subcarriers, thus reducing the bits send over an OFDM signal so the receiver can correctly demodulate 

the QAM constellation. 

Regarding the system using a 16-QAM modulation scheme, and considering once again the system 

parameters as in table 4-1, the BER floor is not reached at a bit rate of 110.3 kb/s and a spectral 

efficiency of 2.74 b/s/Hz. However, the system is able to achieve a BER lower than 3.8 x 10−3 as shown 

in figure 4-17, for certain received power values 𝑃𝑟.  

 

Figure 4-17: Representation of the BER vs received power for the VLC-OFDM system concerning a 16-QAM 
modulation scheme. 

Assuming the transmitter as a white LED, the lowest BER achieved by the system is 2.78 x 10−4 with 

a corresponding received power of -16.9 dBm. The received constellation diagram considering the 

above BER is depicted in figure 4-18.  

 

Figure 4-18: Received 16-QAM constellation diagram for the lowest value of BER using a white LED as the 

transmitter. 

Finally, for a 64-QAM modulation scheme, the system achieves a bit rate of 165.5 kb/s with a spectral 

efficiency of 4.11 b/s/Hz. Nevertheless, the system BER does not meet the minimum value of 3.8 x 10−3. 

The lowest BER achieved is 1.35 x 10−2 with a received power -16,9 dBm when a white LED is used as 

a transmitter.   
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One solution to overcome the high BER of the system is to reduce the amplitude range of the 

transmitted OFDM signal. The OFDM signal has been transmitted over an amplitude interval between 

1 to 4.5 V due to the highest value of ER. However, for higher intervals more distortion is applied to the 

OFDM output signal. Therefore, the amplitude interval in which the OFDM signal is sent is reduced for 

2 to 4 V at a cost of reducing the ER of the system. Alongside the reduction of the amplitude interval, 

the parameters used for the system are the ones shown in table 4-1 for 4-QAM, in exception for the 

number of subcarriers 𝑁𝑠𝑐 that are reduced to 50 and the total number of OFDM symbols 𝑁𝑡 to 100.  

As a result, the system for 64-QAM meets the requirements in relation to the BER for the four different 

colour LEDs. Once again, considering the transmission of the OFDM signal using a white LED as the 

transmitter, the lowest BER is at a value of 2.92 x 10−4 with a corresponding received power of -16.7 

dBm. Figure 4-19 depicts the received constellation diagram assuming the condition above. The 

remaining received constellation diagrams are depicted in appendix C, for the lowest BER values 

obtained using a green, blue and red LED as the transmitter.   

 

Figure 4-19: Received 64-QAM constellation diagram for the lowest value of BER using a white LED as the 

transmitter. 

It is possible to validate through figure 4-20 that the system meets the minimum required BER to 

guarantee a quality transmission. However, this at the expense a reduction in bit rate to 81.9 kb/s as 

well as a reduction in spectral efficiency to 4.10 b/s/Hz.  

 

Figure 4-20: Representation of the BER vs received power for the VLC-OFDM system concerning a 64-QAM 
modulation scheme. 
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To conclude, the VLC-OFDM system meets the minimum required BER of 3.8 x 10−3 for the various 

modulation schemes presented as well as for the four different colour LEDs used as the transmitter for 

the system. In table 4-5 the received power 𝑃𝑟, in order to achieve the mentioned BER, is presented for 

the various LEDs.  

 4-QAM 16-QAM 64-QAM 

LED Type 𝑷𝒓 (𝒅𝑩𝒎) 𝑷𝒓 (𝒅𝑩𝒎) 𝑷𝒓 (𝒅𝑩𝒎) 

White -17.1 -17 -16.7 

Green -20.7 -20.1 -19.8 

Blue -19.3 -18.9 -18.4 

Red -17.7 -17.4 -17 
Table 4-5: Received power to achieve the FEC limit for the different type of LED colours. 

 

4.4. Conclusions 

The implementation of a reliable indoor VLC-OFDM system was successfully achieved by meeting 

the minimum quality standards concerning the system BER for 4, 16 and 64-QAM. In relation to the 4-

QAM modulation scheme, the lowest BER achieved has a value of 2.6 x 10−5  for the four coloured 

LEDs used (white, green, blue and red) achieving a bit rate of 65.5 kb/s. Subsequently, using a 16-QAM 

modulation scheme the lowest BER achieved has a value of 2.78 x 10−4, 2.5 x 10−4, 1.88 x 10−4 and 

3.13 x 10−4 for a white, green, blue and red LED transmitter respectively, at a bit rate of 110.3 kb/s. 

Finally, for a 64-QAM modulation scheme using the same coloured LEDs as mentioned before the 

lowest BER accomplished has a value of 2.92 x 10−4, 5.83 x 10−4, 2.08 x 10−4 and 1.67 x 10−4 over a 

bit rate of 81.9 kb/s.  

 The bit rates achieved by the system are considered low for telecommunication purposes. This 

limitation is imposed by the frequency sampling of the ADC/DAC converter, which sets a maximum 

OFDM signal bandwidth of 50 kHz. The small bandwidth of the overall system obtained through 

experimental work (3500 Hz using a white LED as a transmitter), does not represent a constraint in 

order to achieve higher bit rates. It only represents the maximum spacing between carrier frequencies, 

since in an OFDM system the total bandwidth is divided into several subcarriers containing data. Hence 

it is possible to transmit the signal through a small system bandwidth. In general, the BER increases as 

higher modulation schemes are selected, even though the received power 𝑃𝑟 remains practically the 

same for the lowest values of BER for each modulation scheme. This is due to the fact that as the 

modulation index increases each symbol will carry less energy for the same received power 𝑃𝑟, therefore 

leading to a higher BER. Alongside, for higher modulation schemes the constellation symbols are closer 

together making the transmission more susceptible to noise. 

The received power 𝑃𝑟 is a major constraint for the system to meet the required BER, as it was proven 

that as the distance between the transmitter and receiver increases so does the BER. Therefore, the 
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maximum values where 𝑃𝑟 is constant leads to the best BER results. The cause of the decreasing 

received power as the distance between transmitter and receiver increases is due to the format of the 

radiation pattern of the LED. From the analyses of the evolution of the BER over different ER values, 

when the LED operates with an ER of 15 dB it can achieve better BER results for the same received 

power 𝑃𝑟 comparing to other ER values, even though the average transmitted power 𝑃𝑎𝑣 is the lowest. 

This is explained by the radiation pattern of the LED, since for the ER of 15 dB the highest value of 𝑃𝑟 

that leads to the lowest BER is obtained for lower distances between the transmitter and the receiver, 

the remaining ER values for the same received power 𝑃𝑟 are obtained for higher distances. Therefore, 

as the distance increases the received power decreases, as expected through the radiation diagram, 

leading to a higher BER.    

Regarding the OFDM signal, it is sent over ER values greater than 8 dB. Concerning the 4-QAM and 

16-QAM modulation schemes, the highest value of ER is used to operate the LED in a quasi-linear 

characteristic. However, in the case of 64-QAM a lowest ER is designated leading to a smaller amplitude 

of the OFDM signal, since for higher index modulation a larger amplitude interval will cause more 

distortion in the output signal leading to high values of BER. To conclude, the symbols in the constellation 

diagrams do not rotate, hence the dispersion caused by the optical channel are completely eliminated 

by the equalization process.      
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5. Final Conclusions and Future Work 
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In this chapter some final conclusions are drawn, along with suggestions for future work.  

5.1. Final Conclusions 

In this dissertation a study and implementation of a VLC-OFDM system was accomplished. 

In chapter 2, it is concluded that an LED and a photodetector are the most commonly used sources 

and detectors in a VLC system, respectively. One of the major constraints in this type of systems is the 

distortion caused by the LED non-linearity, which can be solved by operating in the quasi-linear segment. 

The transmitted symbol must be real and unipolar, therefore Hermitian Symmetry is applied to transform 

a complex signal to a real signal, while a DC bias is added to guarantee a unipolar signal at the end of 

the transmitter. The introduction of the CP in the OFDM signal solved the ISI and ICI problems caused 

by a dispersive channel, as long as the CP interval is higher than the delay spread. Furthermore, an 

equalization technique through the introduction of training symbols is used to mitigate the distortion in 

the OFDM symbol caused by the optical channel. 

In chapter 3, an OFDM computational code is implemented and the effect of the channel gain in a 

LOS transmission is studied through computational simulations. The effect of the channel is studied by 

observing the evolution of BER with different SNR values. In order to achieve a BER of 3.8 x 10−3 a 

SNR of 8 dB, 15.1 dB and 21 dB must be accomplished for the respective modulation schemes: 4-QAM, 

16-QAM and 64-QAM. It can be concluded that as the modulation index increases, a higher value of 

SNR is needed to obtain the same value of BER for lower modulation schemes, since the energy per 

symbol will be lower. Finally, a demonstration concerning the importance of the equalization technique 

is given, where an OFDM signal is transmitter without any training symbols which results in the rotation 

of the received symbols at the constellation diagram leading to high values of BER.  

In chapter 4, the experimental simulation for the VLC-OFDM system is performed by employing 

separately four different dominant frequencies corresponding to the white, green, blue and red LEDs. 

For each colored LED the quasi-linear characteristic was defined, and simulations were performed to 

choose which interval range in that characteristic lead to the best ER results. The simulations showed 

that the ER is higher when the OFDM signal is transmitted with an amplitude range between 1 and 4.5 

V, leading the LED to operate around a certain bias point for each wavelength at the quasi-linear 

segment. From this simulation, it was also possible to concluded that the system BER has the lowest 

values when the received power 𝑃𝑟 remains constant for different distances between the transmitter and 

the receiver. Finally, for the following modulation schemes: 4-QAM, 16-QAM and 64-QAM the minimum 

BER of 3.8 x 10−3 was obtained so FEC techniques may be introduced to reduce the BER in order to 

meet the minimum required quality standards (≈ 10−9). Using a white LED as the transmitting source, 

the minimum BER is achieved by securing a received power of -17.1 dBm, -17 dBm and -16.7 dBm 

concerning a 4-QAM, 16-QAM and 64-QAM modulation scheme, respectively. Each color LED leads to 

a different received power to achieve the target BER of 3.8 x 10−3.   
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The bit rates obtained of 65.5 kb/s, 110.3 b/s and 81.9 kb/s for 4-QAM, 16-QAM and 64-QAM 

respectively, are considerate to be low. This is due to the fact the maximum available bandwidth for the 

OFDM signal is set to 50 kHz as a result from the frequency sampling given by the ADC/DAC converter. 

However, in a real application it is possible to achieve higher bit rates since the system will not be limited 

by the equipment from the laboratory. 

5.2. Future work 

As a result of the work performed in this dissertation, the following topics are suggested as future 

work: 

• Increase the frequency sampling, thus being able to exploit a higher OFDM bandwidth to 

achieve high-speed bit rates. 

• Introduction of multipath in the system, to study and implement a non-line of sight VLC-

OFDM system 

• Implement the transmitter at the ceiling of an indoor space so a more reliable evaluation of 

the system could be performed. Alongside, replace the photodetector at the receiver with a 

mobile phone and use it to receive the transmitted OFDM signal  
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7. Appendix A 

In this appendix, additional results concerning the evolution of the received power 𝑃𝑟 over the 

distance between the transmitter and the receiver is depicted, using a green, blue and red LED as a 

transmitter. 

 

(a) 

 

(b) 
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(c) 

Figure A-1: Representation of the received power 𝑃𝑟 over the distance d using a (a) green, (b) blue and (c) 

red LED as a transmitter. 
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8. Appendix B 

This appendix is designated to demonstrate the BER of the system alongside the received power 

𝑃𝑟, using a green, blue and red LED as a transmitter. 

 

(a) 

 

(b) 
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(c) 

Figure B-1: Evolution of BER for the quasi-linear characteristics using as a transmitted a (a) green, (b) blue 

and (c) red LED. 
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9. Appendix C 

This appendix is designated to support the additional results concerning the received constellation 

diagrams for 4-QAM, 16-QAM and 64-QAM using a green, blue and red LED as a transmitter. 

 

 (c) 

Figure C-1: Received constellation diagram concerning a 4-QAM modulation scheme using a (a) green, (b) 
blue and (c) red LED as a transmitter for the lowest obtained BER. 

(a)                                                                                                       (b) 
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 (c) 

Figure C-2: Received constellation diagram concerning a 16-QAM modulation scheme using a (a) green, (b) 
blue and (c) red LED as a transmitter for the lowest obtained BER. 

 

                                             (a)                                                                                                            (b) 

                                                (a)                                                                                                         (b) 



70 
 

 

 (c) 

Figure C-3: Received constellation diagram concerning a 64-QAM modulation scheme using a (a) green, (b) 
blue and (c) red LED as a transmitter for the lowest obtained BER. 


