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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 paper 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. 

 

Index Terms— Visible light communication (VLC), 

optical wireless communication (OWC), orthogonal 

frequency division multiplexing (OFDM), VLC-OFDM, 

intensity-modulation/direct-detection (IM/DD), LED. 

 

I. INTRODUCTION 

n 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 24 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 
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scarce and congested. 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 therefore compared to RF communications it 

offers a higher bandwidth (in the order of THz), license-free 

spectrum, inexistent electromagnetic interference, no health 

restrictions and better security since it is harder to pick up the 

signal from outside the immediate surrounding, such as a room. 

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.  

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 [3].  Later in 1970 he was granted the first 

US patent on OFDM [4]. OFDM is a multi-carrier modulation 

(MCM) scheme in which the subcarriers of the corresponding 

subchannels are mutually orthogonal [5] on equally spaced 

adjacent frequencies, transmitting the data without interference 

and reducing spectral inefficiency. 

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 [6]. This innovation eliminated 

the need for large number of subcarriers oscillators and 

allowed an easier, more useful and efficient system 

implementation. Furthermore, 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: 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 [7]. 

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 [8] and 
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high spectrum efficiency. Only recently OFDM was proposed 

for OWC, in which VLC is one growing interest [9]. 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 [10]. 

The introduction of high-brightness LEDs for illumination 

purposes started in the 1990s. 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 

[11], this was followed by an increase in interest in VLC 

accompanied by much research on the subject. 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 [12].  

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 [13]. It extends the concept of VLC, a point-to-point 

communication system, to a point-to-multipoint wireless-based 

networking system [14] in order to achieve high speed and 

secure bi-directional communications. 

The paper is divided into five sections. Section II a 

theoretical approach to studying a VLC-OFDM system is set 

out, along with a mathematical approach to better understand 

the fundamentals of OFDM. In Section III a computational 

simulation of an OFDM signal transmitted through a virtual 

VLC channel is performed. Section IV an implementation of a 

VLC-OFDM system in order to achieve a target BER of 3.8 x 

10−3 is performed. Finally, Section V draws the final remarks.  

II. THEORETICAL APPROACH OF A VLC-OFDM SYSTEM 

A. Optical Sources and Detectors 

The most commonly used optical sources and detectors are 

the incoherent sources-light emitting diodes and 

photodetectors, respectively.  

Concerning the optical source, an 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 diode current ID, is 

expressed as a function of the applied voltage V, which is 

proportional to the radiated optical power 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 , as 

expressed by the Shockley equation  [15]: 

 

 
𝐼𝐷 = 𝐼𝑠 (𝑒

𝑞(𝑉−𝑉𝑇𝐻)
𝐾𝑇 − 1) → 𝐼𝐷  𝛼 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 , 

(1) 

where 𝐼𝑆 is the reverse bias saturation current, q is the electron 

charge constant, Vth is the threshold voltage, K is the 

Boltzmann’s constant and T is the device temperature. Since 

the voltage across the device is proportional to the current, as 

the voltage increases, more electrons recombine leading to a 

higher photons emission. Therefore, as the current increases 

the higher the radiated transmitted optical power 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙  

becomes.  

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. This 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 1. 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 

peak-to-average power ratio (PAPR) input signals may suffer 

from distortion due to clipping. In [16], a study was made 

where the LED can operate around a bias point in a quasi-

linear segment of its characteristics though direct current 

biased OFDM (DCO-OFDM), thus controlling the distortion 

levels. The biasing point should maximize allowable forward 

current and minimize signal clipping and magnitude 

distortion. Therefore, the OFDM signal modulates around a 

certain DC bias point in the quasi-linear segment known as the 

bias voltage 𝑉𝑏𝑖𝑎𝑠. 

 
Figure 1: Non-linear LED characteristics [17]. 

From the receiver side, a photodetector is an optoelectronic 

transducer that converts an optical signal into an electric 

current proportional to the square of the electric field |𝐸|2. 

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 signal-to-noise ratio (SNR)) and an adequate bandwidth 

to accommodate the desired data rate.   

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 , the 

responsivity is expressed as 

 

 
𝑅 =

𝐼𝑝ℎ

𝑃𝑖𝑛𝑐

=
𝜆[µ𝑚]𝑞

ℎ𝑐
𝜂𝑞𝑒, 

(2) 

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. 

B. Channel Modelling 

VLC system uses a technique where the links are based on 

IM/DD, principally due to its reduced cost and complexity 

[18]. On the transmitter side, intensity modulation is employed 

by the modulating signal m(t) varying the drive current of the 
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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. 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 and 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

 
(3) 

The transmitted power, Pt, indicates the transmitted power 

radiated from an LED. Considering Pt  as in equation (3), the 

received power in a line-of-sight IM/DD link is given by 

 

 𝑃𝑟 = ℎ(0)𝑃𝑡 , 
 

(4) 

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), (5) 

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: Transmitter and receiver geometry in a VLC system [10]. 

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), 

(6) 

for 0 ≤ 𝛹 ≤ 𝛹𝑐, where 𝐴𝑟 is the photodetector active area, 𝑚𝑙 

is the order of Lambertian emission, d the distance between 

transmitter and receiver, ϕ is the angle with respect to 

transmitter or the irradiance angle, Ψ is the angle of incidence 

on the photodetector, 𝑔(𝛹) the optical concentrator gain and 

finally, 𝛹𝑐 is the field-of-view semi-angle of the receiver. The 

order of the Lambertian emission express the directivity of the 

source beam and is given by 

 

 
𝑚𝑙 = −

ln(2)

ln (cos 𝛷1
2

)
, 

(7) 

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

the optical concentrator gain may be expressed as 

 

 

𝑔(𝛹) = {

𝑛2

𝑠𝑖𝑛2𝛹𝑐

, 0 ≤ 𝛹 ≤ 𝛹𝑐 ,

0, 0 ≥ 𝛹𝑐

 

 

(8) 

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 [19] 

   

 
𝑆𝑁𝑅 =

(𝑅𝑃𝑟)2

𝜎2
, 

(9) 

where the total noise variance 𝜎2 is expressed as 

 

 𝜎2 = 𝜎𝑠ℎ𝑜𝑡
2

+ 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2, (10) 

where 𝜎𝑠ℎ𝑜𝑡
2 is designated as the variance caused by shot 

noise and 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 is the variance in the detector caused by 

thermal noise. Both equations are represented in [19]. 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. 

C. Orthogonal Frequency Division Multiplexing 

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 3, generate OFDM symbols without 

ICI.  

 
Figure 3: Representation of OFDM orthogonal subcarriers. 
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The OFDM scheme considering a VLC system is divided 

into a modulation side and a demodulation side. 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) 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. 

Mathematically, an OFDM signal may be expressed as a 

time-domain sum of all subcarriers, given by 

 

 

𝑥(𝑡) = ∑ ∑ 𝑐𝑘,𝑖𝑠𝑘(𝑡 − 𝑖𝑇)

𝑁𝑠𝑐

𝑘=1

+∞

𝑖=−∞

, 

(11) 

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 , (12) 

being 𝑓𝑘 the frequency in the k-th subcarrier, 𝛱(𝑡) the 

rectangular pulse shaping function and is given by 

 

 𝛱(𝑡) = {
1, 0 < 𝑡 < 𝑇
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

. (13) 

 

The introduction of orthogonality among the subcarriers 

led to the overlapping of subcarriers without interference. This 

condition derives from the correlation 𝛿𝑘𝑙 between any two 

subcarriers k and l, can be expressed as    

 

 
𝛿𝑘𝑙 =

1

𝑇
∫ 𝑥𝑘𝑥𝑙

∗𝑑𝑡
𝑇

0

= 

=
1

𝑇
∫ 𝑒𝑗2𝜋(𝑓𝑘−𝑓𝑙)𝑡𝑑𝑡

𝑇

0

= 

= 𝑒𝑗𝜋(𝑓𝑘−𝑓𝑙)𝑇
sin (𝜋(𝑓𝑘 − 𝑓𝑙)𝑇)

𝜋(𝑓𝑘 − 𝑓𝑙)𝑇
, 

 

 

 

(14) 

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
, 

(15) 

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 

(15) is obtained the subcarriers are orthogonal and recoverable 

despite the overlapping spectrum. Considering one OFDM 

symbol with Nsc subcarriers, it may be represented analytically 

as 

 

 

𝑥(𝑡) = ∑ 𝐶𝑘(𝑡)𝑒𝑗[2𝜋𝑓𝑘𝑡+𝜙𝑘(𝑡)],

𝑁𝑠

𝑘=1

 

(16) 

 

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

expressed as  

 

 𝑓𝑘 = 𝑓1 + 𝑘𝛥𝑓𝑠𝑐 , 𝐾 =  1, …  𝑁𝑠𝑐 ,   (17) 

where 𝛥𝑓 is expressed as in equation (2.34), with m=1, to 

maximise the spectral efficiency. The centre frequency 𝑓1 can 

be made null if there is no loss of generality among the OFDM 

symbol. Considering 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 (16) can be re-written as 
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𝑥(𝑡) = ∑ 𝐶𝑘𝑒
𝑗[2𝜋

(𝑘−1)
𝑇

𝑡+𝜙𝑘]

𝑁𝑠𝑐

𝑘=1

. 

(18) 

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 , 
(19) 

with a sampling frequency 𝑁𝑠𝑐/𝑇. As a result, the symbol 

period T is represented by 𝑇 = 𝑁𝑠𝑐𝑇𝑠, where 𝑇𝑠 is the period 

for each subcarrier. The transmitted symbol in equation (19) is 

generated by the IFFT algorithm. The introduction of a digital 

algorithm using IFFT/FFT for modulation and demodulation 

respectively, brought computational efficiency and the 

generation of orthogonal subcarriers without the need of 

complex oscillators and filters. 

Considering the duration of one OFDM symbol T, equal to 

the CP interval 𝛥𝐺, plus the useful symbol period 𝑡𝑠 (𝑇 =
𝛥𝐺 + 𝑡𝑠), the real bit rate of an OFDM system may be 

expressed as 

    

 
𝑅𝑏 =

𝑁𝑑𝑠𝑁𝑠𝑐

𝑁𝑡𝑇
log2 𝑀, 

(20) 

where 𝑁𝑑𝑠 are the data OFDM symbols, 𝑁𝑡 are the total 

number of OFDM symbols and log2 𝑀 are the number of bits 

associated to each subcarrier with M being the QAM 

modulation index. 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 3, 

is given by 

 

 
𝐵𝑂𝐹𝐷𝑀 =

2

𝑇
+

𝑁𝑠𝑐 − 1

𝑡𝑠

. 
(21) 

Finally, the spectral efficiency of a signal is expressed by 

the ratio between the bit rate and the bandwidth of the signal 

 

 
𝜂 =

𝑁𝑑𝑠𝑁𝑠𝑐

2𝑁𝑡 +
𝑁𝑡𝑇(𝑁𝑠𝑐 − 1)

(𝑇 − 𝛥𝐺)

log2 𝑀 
(22) 

From equation (22), 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. 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. 

III. OFDM SIMULATION 

A basic communication channel described as in equation 

(5) 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 (6) 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 (9). Table 3-1 specifies the parameter in order to 

simulate the channel impulse response, while figure 4 (a), (b) 

and (c) illustrates the transmitted and received symbols for a 

SNR of 25 dB, considering a modulation scheme of 4-QAM, 

16-QAM and 64-QAM, respectively. 

 
Table 1: Parameters to simulate the channel impulse response. 

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 

 

 
                               (a)                                                    (b) 

 

 

 

 

 

 

 

 

 

 

 

From figure 4 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 5. 

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 

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 =

𝑁𝑏𝑒

𝑁𝑠𝑐𝑁𝑑𝑠 log2 𝑀
, 

(23) 

        (c) 

Figure 4: Transmitted and received OFDM symbols for (a) 4-QAM, 

(b) 16-QAM and (c) 64-QAM. 



 6 

where 𝑁𝑏𝑒 is the number of bits with errors. An acceptable 

BER for a  telecommunication system is around 10−9, 

however in [20] 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 6 concerning the transmission of OFDM symbols in 

figure 4.  

 

 
Figure 5: Transmitted and received constellation diagram without 

equalization. 

 
Figure 6: Evolution of BER vs SNR for 4-QAM, 16-QAM and 64-

QAM. 

By analysing figure 6 the objective to achieve a BER of at 

least 3.8 x 10−3 is accomplished for all modulation schemes. 

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.  

From figure 5, 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. 

IV. VLC-OFDM SYSTEM IMPLEMENTATION 

The main objective in this experimental work is to 

demonstrate the concept of an indoor VLC-OFDM system, 

illustrated in figure 7, capable of transmitting and correctly 

receiving different wavelengths separately and achieving a 

minimum BER of 3.8 x 10−3.  

In a more detailed description of the implementation of an 

indoor VLC-OFDM system, firstly the development of an 

OFDM modulation code, as described in Section II C, is 

performed in MATLAB. 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. Afterwards the data generated from the D/A 

converter passes through a LED Driver, the T-Cube LED 

Driver, model LEDD1B from Thorlabs. 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. 

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. 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, 

once again according to the description in Section II C.  

There are two main sets of parameters used for the 

experimental simulations 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 2. 

From table 2, 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, in order to have a perfect 

reconstruction of the transmitted signal. 

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 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. 
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Table 2: Parameters used in the experimental system. 

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

= 0.381 𝑚𝑠 

𝛥𝐺 = 0,15𝑡𝑠

= 0.19 𝑚𝑠 

CP samples 𝑁𝑔 = 𝛥𝐺 . 𝑓𝑠 = 39 𝑁𝑔 = 𝛥𝐺 . 𝑓𝑠 = 19 

Total Symbol 

Duration 
𝑇 = 𝑇𝑢 + 𝛥𝐺

= 2.92 𝑚𝑠 

𝑇 = 𝑇𝑢 + 𝛥𝐺

= 1.45 𝑚𝑠 

OFDM 

Bandwidth  
𝐵𝑂𝐹𝐷𝑀 =

2

𝑇
+

𝑁𝑠𝑐 − 1

𝑡𝑠

= 47.54 𝑘𝐻𝑧 

𝐵𝑂𝐹𝐷𝑀 =
2

𝑇
+

𝑁𝑠𝑐 − 1

𝑡𝑠

= 40.27 𝑘𝐻𝑧 

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. 

A. System Bandwidth 

It is possible to experimentally obtain the bandwidth of the 

overall VLC-OFDM system illustrated in figure 7, 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 8 illustrates the transfer function of 

the system by depicting the variance of amplitude of the 

output signal over frequency. 

 

 
 

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 

 
𝑓−3𝑑𝐵 = 10log10

𝑉

𝑉0

= −3 𝑑𝐵, 
(24) 

Figure 7: Block diagram representing the experimental implementation of a VLC-OFDM system. 

Figure 8: Transfer Function of the system implemented. 
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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 8, 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. 

B. 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 9. 

 

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. Therefore, a 

white LED has a transmitting wavelength of 585.4 nm at with 

a responsivity of 0.33 A/W, a green LED transmits at 540.4 

nm with a responsivity of 0.30 A/W, a blue LED transmits at 

460.1 nm with a responsivity of 0.16 A/W and finally, a red 

LED has a transmitting wavelength of 623.5 nm with a 

responsivity of 0.38 A/W.  

C. LED Characteristic 

The experience leading to the LED non-linear characteristic, 

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. 

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 10 it is 

depicted the LED characteristic concerning the forward current 

𝐼𝐿𝐸𝐷  over the voltage 𝑉𝑏𝑖𝑎𝑠 submitted to the LED. 

It is now possible, by exploiting the data in figure 10, 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.       

D. LED Modulation over Quasi-Linear Characteristic 

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 

Figure 9: Normalized spectral power distribution of a White, Blue, 

Green and Red LED. 

Figure 10: Representation of the LED characteristic. 
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𝐸𝑅 = 10 log10

𝑉1

𝑉0

> 8 𝑑𝐵, 
(25) 

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 following 

experience 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 3 is shown the result from the 

experimental simulation described above for the white LED. 

 
Table 3: Average power Pav and ER using a white LED as a 

transmitter. 

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 

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 7, using a 4-QAM 

modulation scheme and its respective parameters as shown in 

table 2. 

In figure 11 is depicted the evolution of the system 

concerning the received power over various receiver distances 

using the white LED as a transmitter. The optical power 𝑃𝐿𝐸𝐷′ 
transmitted by the LED is measured by a photometer from 

Industrial Fiber Optics 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 

 
𝑃𝐿𝐸𝐷 =

𝑃𝐿𝐸𝐷
′ 0.8 𝑚𝑚2

1 𝑐𝑚2
. 

(26) 

From figure 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, 

in which as distance increases the luminous intensity decreases 

which is proportional to the received power 𝑃𝑟 . Figure 12 

depicts the impact of the received power 𝑃𝑟  in the system BER.  

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 , as observed in 

figure 12, which must be set above a certain value (FEC limit) 

in order for the system to have a high-quality and reliable 

transmission. 

E. 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, which is 

defined as the one with a higher value of ER. Assuming a 4-

QAM modulation, the system achieves a bit rate of 65.5 kb/s, 

for 16-QAM a bit rate of 165.5 kb/s is achieved while for 64-

QAM it is achieved a bit rate of 81.9 kb/s. The lower value for 

64-QAM is due to the fact that to achieve a BER below 3.8 x 

10−3 a reduction in the number of subcarriers is made from 

table 2. Considering the lowest value of BER using a white 

LED as the transmitter, the received QAM constellation 

diagram for all three modulation schemes is depicted in figure 

13 while the evolution of BER along with the received power 

for the respective modulation schemes is illustrated in figure 

14. 

Figure 11: Representation of the received power Pr over the distance 

d using a white LED as a transmitter. 

Figure 12: Evolution of BER over different ER values using as a 

transmitter a white LED. 

(a)                                                  (b) 
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(c) 

Figure 13: Received (a) 4-QAM, (b) 16-QAM and (c) 64-QAM 

constellation diagram for the lowest value of BER using a white LED 

as the transmitter. 

 
(a) 

 
(b) 

 
(c) 

Figure 14: Representation of the BER vs received power for the VLC-

OFDM system concerning a (a) 4-QAM, (b) 16-QAM and (c) 64-

QAM modulation scheme. 

V. CONCLUSION 

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. 

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. 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. The reason is due to 

the low sampling frequency set by the ADC/DAC converter 

which limits the maximum bandwidth of the OFDM system. 

However, in a real application the limitation caused by the 

equipment of the experience is overtaken, leading to higher bit 

rates. 
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