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ABSTRACT 
In recent years there is growing research in optical wireless communication. This growing popularity is               
due to several characteristics like such as large bandwidth that is also not having spectrum regulations                
imposed, low cost and license-free operation. Since visible light communications (VLC) is a branch of               
optical wave communications (OWC), it is used for replacing RF communications. The other primary              
reason for the use of visible light communications [1], because it uses 400 THz of unlicensed secure and                  
radio free media for wireless communications which are 1000 times more than that of radio               
communications. For transmission of VLC, we use LED as light sources. 

Due to the high efficiency and less power consumption LED have replaced the old               
fluorescence lamps, LED provide the dual functionality they can provide lighting and can provide              
communications (transfer of data) just like Wi-Fi. In LED the on and off state is so fast that the human                    
eye can’t even perceive it. The on and off state can be taken as 1 and 0’s and through this we can transfer                       
the data, this type of modulation is called OOK keying modulation it is used for single carrier modulation                  
scheme. We can interpret the data that is received from the transceiver side with the help of the                  
photodiode at the receiver’s side. This communication technique can provide better security as there is no                
interference, as light can't penetrate through walls leaving the data transfer to the room itself. Through                
VLC we can offer better security to data over RF communications. 

In this thesis, the implementation process has been performed in MATLAB            
simulations where we analyse different modulation techniques and parameters. We design a room with              
dimensions as 5m*5m*3m as length, width and height. We take multiple LED’s at the top and determine                 
the illumination parameters in the room due to the light emitted from the LED. The receiver is located on                   
a desk and we calculate the number of data rates received at the receiver. The modulation techniques used                  
in this thesis are OOK keying modulation. We estimate the data rates in two methodologies direct                
detection (Line of sight) and also, we take reflections from the wall into consideration (Non-line of sight).                 
The effect of data rates due to illumination and distance are also determined. In this thesis we transfer data                   
over the transmitter and receive the information at the receiver for obtained information the calculation of                
Bit error rate (BER) is performed for both single LED and multiple LED array. The analysis is performed                  
between the performance metrics of a single LED’s and multiple LED’s arrays to determine better-LED               
array. 
Key Words: OOK modulation scheme, MATLAB-Simulation, Light Emitting Diodes.  
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1 INTRODUCTION 

1.1 Introduction 
In recent years there is growing research in visible light communications (VLC),              

which is an important branch of optical wireless communications. The market value of VLC is nearly                
0.74 billion dollars by the end of the year 2016 and it is expected to be nearly 14.06 billion dollar market                     
by the end of 2021 by Technavio[5]. The other major reason for the use of visible light                 
communications[1][2], is because it uses 400 THz of unlicensed secure and radio free media for wireless                
communications which are 1000 times more than that of radio communications. This process of              
transferring the data through optical communications is relatively less complicated and also less costly              
compared to that of the RF communications. Following are features and essential keynotes about the               
VLC[2][6]. 

● VLC transmits light waves which cannot penetrate through the opaque object which makes it              
potentially safe from eavesdroppers. It is difficult for the intruder to pick up the signal outside the                 
room 

● The VLC equipment consisting of the transmitters and receivers are potentially cheaper when             
compared to that of RF based system. 

● The switching rate in the VLC systems(LED as Light sources) is thousand times per second               
which is beyond the perception of a human eye. No technology has this benefit. 

● Existing power line and lightning infrastructure that is being used inside an office and hospitals               
can be used to provide communications making it free from the installation of new equipment and                
RF systems. 

● VLC systems do not have any harmful effects on health when compared to radio              
communications.  

 
For transmission purpose, we utilise LEDs as transmitters for visible light communications. Due to the               
following advantages, LEDs are considered to be the best sources for future applications (indoor and               
outdoor) for both lighting solutions and data communications[4]. The most important factors in LEDs are               
the switching properties of the visible LEDs and the ability to provide better lighting over fluorescent                
bulbs. The on and off state in LED can be taken as 1 and 0’s and through this, we can transfer the data                       
because 1’s and 0’s are the sources of transferring data in digital communications. In LEDs, the ability to                  
be switched on and off fastly makes it possible to transfer the data on the optical power/intensity                 
methodology. Here we are going to mention few advantages of using LED over conventional              
Lightning[8]. 
 

● It has a Longer life expectancy when compared to other light sources.  
● The power consumed by LED is less compared to incandescent light sources. 
● LEDs have a much faster-switching speed, Which cannot be perceived by eyes. 

 
At transmitters, we transfer data through modulation schemes like OOK keying, OFDM, PSK[24]. At              
receivers, we use photodetector as a source for capturing the light signals. The modulated signal which is                 
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received at the receiver is demodulated and is displayed on the device. This entire process is performed on                  
MATLAB simulation where we design a room and considering the light source at the top (ceiling) and                 
receiver is considered at the top of a desk. 
The dual functionality provided by visible light communications is being used to create a multiple or wide                 
range of interesting applications. It is not limited to just Home Access Networks, and now it is being used                   
in car-to-car communication to reduce the accidents, and congestion[7], underwater optical           
communications, hospitals and offices. The ability to provide high-speed data communications via            
lightning with high power efficiency.  

               
  
                                          Figure 1.1 Bandwidth of Visible Light 
  
1.2 Motivation 
In day to day life, use of RF technology and WI-FI technology had become the daily basis of our life. The                     
motivation for this thesis is to implement LI-FI technology to replace RF communications. The RF               
technology plays a significant role in our life but yet it has harmful effects on the health of both humans                    
and animals[9]. For this reason, it is not very preferable in hospitals and home networks where children                 
live. The motivation of this thesis is to perform Analysis on Visible Light Communications for better                
improvement inside a room (home networks) and to determine the factors affecting the VLC in indoor                
applications. In here we would be varying the illumination parameters for single, and multiple LED to                
identify the better transmission without any bit error rates.  

1.3 Problem Statement 
The platform to implement visible light communications for practical purposes is not so favourable due to                
difficulties. The current LEDs are unable to provide the required bandwidth making it limited for practical                
implementation and how we can communicate when the light is off (dark light) are few practical                
challenges faced by LEDs. For example few companies[5] like purify, LVX are trying to develop VLC in                 
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practical conditions and developed a software called open VLC, but it faces many difficulties from               
Ambient Light, and the IEEE standards are being developed to meet the demand. For this purpose of                 
communication, there is a lot of research going for the simulation methodology to meet the challenges and                 
multiple challenges are being dealt through simulation like better modulation techniques, performance            
metrics in MIMO systems. In our research, we are going to deal with the analysis of data rates with                   
illumination factor and how data rates are distributed across the room. How does the performance metrics                
vary by using single or multiple LED array? 
1.4 AIM and Research Questions 
Due to a lot of research in the field of VLC, there are few values or parameters that are to be analysed                      
before they are implemented for real-time usage for this purpose we have developed these research               
questions to analyse the parameters and how a room or lighting is to be designed to meet the present day                    
scenarios. 

1. How to simulate a VLC inside a room and what are the parameters to be considered for the transfer of                     
data? 
2. How can we implement a few tasks performed by RF through VLC? 
3, How does data rates and bit error rate (BER) vary for a single-LED array and multiple-LED array                  
inside a room? 
 

1.5 Methodology Overview 
The implementation of the thesis is performed in Matlab simulation. The implementation is an analysis of                
different effects and possibilities of transmission of light through LEDs (single LED and multiple LED).               
This thesis is performed to determine different effects on data rates due to the change in the illumination                  
of the room and also change in the data rates at different locations of the room. The reflections from the                    
wall and effects of reflections from the wall are taken into consideration. The calculation of bit error                 
rate with the variations in the signal to noise ratio is determined in this methodology. The root                 
means the square delay for a single LED and multiple LED are determined to calculate the data                 
rates. 

 

1.6 Documentation Outline 
The remaining paperwork of the thesis document is organised as follows. 
Section 2 provides the Background of the topic. 
Section 3 reviews the Related Work in this domain of research. 
Section 4 presents and discusses the Methodology used to perform the experiments. 
Section 5 highlights Results, Analysis and Comparison of the results. 
Section 6 concludes with Conclusions and Future work. 
Reference 
Appendix 
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2 CONCEPTUAL BACKGROUND 

2.1 An Illustration of VLC concept: 

             
   
                                                          Figure 2.1 VLC Model 
 
From this model, we are going to discuss every equipment from the transmitters to Receivers about the                 
Conceptual Background and provide a detail explanation of how we are going to develop our system. A                 
couple of the references are dated back to 1980 and 1990 because experimentation was done on infrared                 
communications(IR) and those principles are used for VLC due to similar properties of lower IR and                
VLC. Still the majority of references use them to define the VLC. 

● Firstly, the Transmitters consists of Light sources(LED). We are going to determine the basic              
working of the LEDs and how light is emitted from the LEDs.  

● Second, We are going to determine the photodetectors which are the receiver part where we are                
going to determine the Dark Current and Noise Equivalent power. 

● Third, It's the most important part of the thesis. The Indoor Optical Wireless communications,              
where we will be discussing the LOS, NON-LOS and usage of it. What kind of model is used for                   
determining the thesis is also discussed in this section. 

● Fourth, Modulation Technique In here we are going to determine the modulation techniques we              
are going to be using based on the factors of power efficiency, Bandwidth efficiency and               
Transmission Reliability 

● Fifth, Effect of the ambient light on the OWC link configuration. 
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2.2 Light Sources: 
To implement visible light communications the light sources which emit the light must have these               
essential properties for the proper function of the communication wavelength, Linewidth, numerical            
aperture, high radiance with a small emitting surface area, long life, high reliability and high modulation                
bandwidth[8]. The most commonly used light sources are LEDs, and LDs, both of these light sources rely                 
upon the excitation condition in semiconductor materials for their functioning. LEDs and LDs have a               
special property or advantage they are smaller in size and offer low forward voltage and drive current[7].                 
The visibility range of a human eye extends from 400nm to 700nm and In LEDs/LDs research is                 
performed to emit light across a broader spectrum of wavelengths from Visible to IR[6]. 

To generate light in the LEDs/LDs, the transition of an electron in a semiconductor material                
should occur where electron transitions from excited state to lower energy state. This transition of the                
electron which arises due to the difference in the energy states leads to the generation of two Processes                  
those are named as radiative process and non-radiative process. The radiative process generates the light,               
and non-radiative process leads to the generation of the heat. “An electron in the lower energy state                 
(conduction band) returns to the empty state in the valence band it is a simultaneous process it does not                   
require any additional energy and this process is named as radioactive recombination. This process is               
associated with the functioning of the LEDs.”[10] 
 
2.2.1 Light Emitting Diodes: 

The LED is a semiconductor P-N junction device. The optical radiation in a LED occurs when we subject                  
it to an electronic excitation by applying a forward bias voltage across the p-n junction. The electrons in                  
the material energise through this process and reach an ‘excited state’ which is a very unstable state.                 
When these electrons reach the excited state, they return to the stable state after some time and this leads                   
to the release of energy(photons). In this process, where electrons transfer from valence band to               
conduction band and again from the conduction band to valence band is the reason for the functioning of                  
the LEDs. This process is called radiative recombination [10]. 
 

    
                             Figure:2.2 Functioning of Semiconductor Devices 
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From figure 2.2 we can consider conduction band as energy state  and  Valence band state is taken asE2  
 the difference in these states results in Photon Emission[10]E1  

 
             Energy nergy state E nergy state E f  c/λ                  (2.1) = E 2 − E 1 = h = h  
 
Where  and  are the two energy states, h is the Planck's constant,  is the frequency, is the speedE2 E1 f c  
of the light and  is the wavelength of the absorbed or emitted light. The selection of the LEDs dependsλ  
upon three properties or factors they are LED modulation band, Luminous efficiency, Power efficiency. 

2.3 Photo Detectors: 
Photodetectors are also named as photosensors. These sensors are sensitive to the light they are used to                 
determine the optical signals generated by the LEDs. Demodulation of signals in the optical              
communications are detected and they convert these signal again into electrical signals. The electrical              
signal generated by the photodetectors is directly proportional to the amount of light falling on the surface                 
of the sensor. The major requirements imposed on photodetectors and detection systems for optical              
communication applications thus include. 

1. The large response to the incident optical signal 
2. Sufficient instantaneous bandwidth to accommodate the information bandwidth of the incoming           

signal. 
3. Minimum of noise is added by the demodulation process.[13]  

The features that are essential for the photodetectors are fast response time to light               
level changes, a high responsivity to light power. It should handle the fluctuations caused due to the                 
temperature and also the signal received is weak as the signal travels through the communication channel.                
The efficiency of a photodetector is defined as quantum efficiency which is the ratio of electrons out to                  
photon input[12]. 
 
                                    Electrons out Photons input                           (2.2)  ηqe =  ÷   

                                                                                (2.3)  ηqe = i /q( ph ) ÷ P /hv( opt )   

  
input current, q charge of an electron, power output, h Planck's constant and velocity of light.iph         P opt           

These are the properties we need for the thesis dark current and Noise-Equivalent power. 

2.3.1 Dark Current 
In physics and electronic engineering, Dark current is the relatively small current that flows through the                
device in the absence of light even in the absence of photons. This current is generated due to the                   
chemical compositions or temperature fluctuations. The dark current includes photocurrent generated by            
background radiation[6]. There are few parameters on which the dark current depends, on the bias voltage                
and it is due to the generation of electrons and holes in the depletion region. The detector secure noise                   
when it is used in an optical communication system and it is referred to as reverse bias voltage leakage in                    
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diodes. For practical implementation, the light emitted from the LEDs is made so low that the human eye                  
can’t perceive it, but photodetectors can detect these light signals. 

2.3.2 Noise-Equivalent Power (NEP) 
Noise-equivalent power is the measure of the sensitivity of the detector. “It is the amount of light required                  
to collect a signal equivalent in power to that of the noise in the photo detecting device”[12] NEP is the                    
minimum input optical power that is necessary to generate equal to the root mean square. The optical                 
signal received is directly proportional to the square root of the detector’s active area . In the OWC              (√A)     
systems, the photodetectors must have the following characteristics to have much better data rates and               
high efficiency. 

● The Area of the detector should be high in order to receive a better signal and the field of view                    
should be wider. 

● Low cost and high reliability are one of the important factors for the system. 
● The response time should be minimum. It is defined as the time it takes for a system to respond. 

2.4 Indoor Optical Wireless Communications Link Configuration 
In recent times a lot of research is performed on the visible light communication for Indoor                
communications and development in the optical wireless communication systems. Intensity modulation           
with direct detection(IM/DD) is the important method for visible light communications for detecting the              
signal at the detector’s side, For Indoor light communications, we need to take the reflected light from the                  
walls and ceiling into considerations[14]. In few conditions we take these reflections as unwanted like               
multiple reflections of the same light ray from multiple objects, but Light will not Penetrate through                
opaque barriers but whereas in outdoor environment light will be scattered and absorbed due to the                
atmospheric conditions and the output is not properly detected due to the light emitted from the sun. 
There are numerous ways to implement the optical link, There are total six different indoor link                
configurations mentioned by Kahn and barry[15] among which we are mentioning the following models. 

1. Directed LOS 
2. Nondirected LOS 
3. Diffuse 
4. Tracked 

In this thesis we will be discussing over two types of system configurations Directed LOS and                
Nondirected LOS. 
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                         Figure 2.3[15]  a. Directed LOS b. Non-Directed LOS c. Diffuse LOS 

2.4.1 Directed LOS 
The OWC models use an LED as a source for transmitters and photodetectors use direct detection scheme                 
at receivers for detecting the signals. In the case of the directed LOS, the transmitters are directed towards                  
the receivers in order to establish a link[15]. Typically used for point to point communications which are                 
highly recommended for the outdoor communications and in some cases, it can be used for indoor                
communications. Since due to the point to point communications the directed LOS provides the better               
data rates, LOS link design maximises the power efficiency, reduces the multipath distortions and the               
ambient noises from light sources can also be minimised through the narrow field-of-view receiver. For               
indoor applications, the coverage area provided by the directed LOS could be limited, so providing area                
coverage and roaming could be problematic therefore mobile users cannot use LOS for             
communications[6].  

2.4.2 Nondirected LOS 
Nondirected LOS is considered to be the best and most flexible configuration for Indoor applications. In                
nondirected LOS we take the reflections from the wall and also from the ceiling into considerations. We                 
use wide beam transmitters and wide FOV receivers. Non directed links are suitable for point to                
multipoint broadcast applications and require no alignment and tracking. The nondirected LOS increases             
the robustness and ease of use for the mobile users to access, In this condition, the presence of the opaque                    
barriers and also the people may not affect the transmission as we take reflections into               
considerations[15][16].  
 
In case of the Nondirected LOS optical path loss depends upon multiple factors like room dimensions,                
reflections from the surface to surface as they differ depending upon the material used in the surface of                  
the material the reflection from the mirror is a perfect reflection and the reflections from other surfaces                 
have loss of lumination[21]. The reflection characteristics depend upon the transmission wavelength, the             
angle of incidence and Rayleigh criterion is used to determine the texture of the surface[15]. In addition,                 
Nondirected LOS sought to be able to operate in environments with intense ambient light levels, thus                
degrading the link performance. 
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The impulse response of the optical wireless channel is calculated by integrating the power of all the                 
components arriving at the receiver after multipath propagation[18][19].   
  

              
                             (a)                                (b)                                 (c) 
  
                   Figure 2.4 [15] Non-LOS configuration a, full tracked b, half-tracked c,non-tracked 
 
The Non-LOS is classified into Full tracked, Half tracked and Non tracked based on the connection                
between transmitters and receivers. 

2.5 Modulation Techniques 
The OWC systems for indoor and outdoor applications that are being currently deployed employ the               
IM/DD scheme. For the implementation of indoor applications, the eye safety limit on the transmit optical                
power is even more Complicated. Li⁃Fi transceivers or illumination devices enabled for data             
communications should also consider eye safety measures into consideration, If the illumination level is              
high it affects the eye, the suggestable luminous intensity is 300lx -1500lx. Therefore adapting IM/DD               
modulation technique should first satisfy certain illumination requirements before being Li⁃Fi enabled.            
For example, modulation techniques should support dimmable illumination so that communication would            
be still available when the illumination is low[22]. The optical modulation techniques are significantly              
different from that of the RF communications. The conventional modulation techniques adopted in the RF               
channels cannot be readily applied in optical channels. The bandwidth of the high-data-rate systems is               
limited due to the capacitance constraints of large area photodiodes and therefore a compromise between               
power and bandwidth requirements must be pursued. For the implementation of the thesis, we are using                
single carrier modulation techniques namely OOK (ON-OFF keying)[23], it can also be implemented on              
PPM (pulse position modulation schemes) and PWM (Pulse Width Modulation). Selecting a modulation             
technique is one of the key technical decisions in the design of any communication system. Before                
selection, we need to check whether the modulation techniques meet these parameters 
 

●  Power efficiency[17] 
●  Bandwidth efficiency[17] 
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●  Transmission reliability[17] 
 
 

2.6 System Performance Analysis(Indoor) 
The system performance checks the performance of different modulation schemes under             

the constraints of the signal to noise, interference (ISI) and interferences from the Light[20][24]. In               
addition to the AWGN, Rayleigh channel, a periodic and deterministic form of noise due to artificial light                 
sources also exist in the indoor optical wireless channels. The effect of the Electronic ballast-driven               
fluorescent lamps have the effect on the OWC links [2] and they all combine to degrade the link                  
performance severely. The diffuse indoor links suffer from the multipath-induced ISI, thus limiting the              
maximum achievable data rates. The link performance can be improved through possible mitigation             
techniques using the high-pass filtering, equalization, wavelet transform. The two factors that affect the              
performance parameters discussed in the section are  
  

● Effect of ambient light on indoor OWC link performance. 
● Link performance of the multipath propagation.[6] 

2.6.1 Effect of  Ambient Light on Indoor OWC Link Performance 
Transceivers that are used in the indoor optical wireless communications are subjected to different effects               
from both natural and artificial sources like sunlight, fluorescent lights. The average power of this               
background radiation generates the shot noise, which is accurately modelled as white, Gaussian and              
independent of the received signal [25]. Depending on the use of modulation techniques, the presence of                
fluorescent light interference(FLI) affects the link performance of the OWC link differently[26]. Pulse             
modulation schemes such as PPM, with a low spectral content at or near the DC region, can offer                  
immunity to FLI. Two cases of ambient light conditions are investigated, these are 
 

Case 1: No interference: Natural(Solar) ambient light, generating an average photocurrent of 200             Ia  
.[6]Aμ  

Case 2: Natural ambient light in case 1, plus electronic ballast-driven fluorescent light, generating               
average photocurrent of 2 , thus giving a total average background photocurrent of 202Aμ Aμ  
The switching frequency of 37.5KHz is chosen. 
 
2.7 Matlab 
Matlab is the most widely used platform for programming and calculating mathematical problems             
(algorithms). It is a fourth generation tool, it is a matrix-based language which is used to solve the                  
computational mathematics. Matlab is used to analyse the data, develop algorithms, and through Matlab              
we can visualize the data and also it can be used to develop user interface so that the user can view his                      
model. Through Matlab, we can convert our algorithms into C/C++ language to embed it into embedded                
systems. We design our model and simulate to determine the results and also analyse the model to check                  
the effects 
 

  
17 



 

The target audience of Matlab are mainly engineers, students and researchers. Most widely used fields of                
Matlab are image and signal processing, Neural networks, Robotics and computational finance. For this              
thesis, we will be using the latest version of Matlab 2017R for developing our model and simulating the                  
system to attain the output results[27]. 
 
Simulink is a simulation tool to solve the multidomain simulation and model-based system. It is used for                 
system-level design, it has its own set of libraries with graphical block diagramming and Matlab               
algorithms integrated into it. Simulink is highly used in the embedded systems for continuous integration,               
verification and validation. It avoids the difficulty of designing the embedded systems to analyse it, these                
operations are performed in the Simulink and the outputs can be visualized and our final product can be                  
developed in the embedded systems.  
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3 METHODOLOGY 
In this chapter, we are going to discuss the entire procedure for setting up the Matlab and Simulink,                  
implementing the modulation schemes in the room setup. 

3.1 Implementation of the system parameters 
In this thesis, the system parameters are determined in the table given and we are going to determine the                   
values for the Matlab. In here we are considering single-LED array and multiple-LED array, here array                
represents 60*60[28]. After reviewing multiple IEEE papers and books these parameters are taken into              
consideration.[2][3]. 
 
                            Table: System parameter for a VLC link 
 
                                 Table 3.1  System parameters for VLC link 

VLC Link Parameters Values 

Room Size 
Reflection Coefficient 

5m * 5m * 3m  
0.8 

Source Location of four  
 
Location of the single LED 
Semi Angle at half power 
Transmitted power 
Number of LEDs per array 
Center luminous Intensity 
 

(1.25,1.25,3),(1.25,3.75,3), 
(3.75,1.25,3),(3.75,3.75,3) 
(2.5,2.5,3) 
60 
20 mW 
60*60 
0.73 

Receive Receive Plane above the floor 
Active area  
Half angle FOV 
Elevation 
tΔ  

0.85 m 
1 cm2  
50 
90 
0.5ns 

  
From the above table 3.1, we are going to determine all the parameters and their importance in the                  
Simulation process 

3.1.1 Room 
● The effective size of the room is taken as 5 m in length, 5 m in width and the height is determined                      

as 3 meters.  
● The reflection coefficient is determined as the amount of light which is reflected from the surface                

of the walls it is not equal to 1, so it is taken as 0.8.  
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● The perfect reflection occurs in the condition of mirrors where the entire light is reflected. 

3.1.2 Sources 
● In here we are going to determine the location of the LEDs in the room in the case of four LED                     

arrays the location of the LED arrays is determined as follows           
(1.25,1.25,3),(1.25,3.75,3),(3.75,1.25,3),(3.75,3.75,3). 

● For a single LED array the location is present at the centre of the room(2.5,2.5,3). 
● Half power semi-angle is determined as THETA( it is determined as the angle that is made      )θ          

between the wall and the location of the LED which is later determined in the system model. 
● Transmitted power for the LED source is taken as 20mW and Luminous intensity at which the                

eye can perceive is taken between 300-910lx[6]. 
● Research can be performed by varying the angle for FOV and half power semi-angle. But for our                 

scenario, we are considering them as constants. 
 

                           
                                       Figure 3.1 Location of the 4 LED arrays in the room 
 

                         
                                       Figure 3.2 Location of 1 LED array in the room 
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3.1.3 Receiver 
● The receiver is set at a height above the surface to calculate the values and it is taken as 0.8m. 
● The active area of the photodiode or the receiver is given as 1 .cm2  
● The half angle FOV is taken as 60 degrees it is the angle at which the reflections are taken into 

consideration. It is considered to be constant. 
●  is the delay at which the receiver receives the signal is taken as 0.5 ns.tΔ  

                                
                    Figure 3.3  Elevation of the receiver above the ground at 0.85 m height. 
 

                                   
                 Figure 3.4  Elevation of a receiver from the ground for single LED-array 
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3.2 VLC System Modelling 
First, the parameters are taken and now we need to model the system. we are going define the                  
mathematical equations that are used to design the system. The first parameter we need to consider is the                  
lighting inside a room. To determine this parameter we need to calculate the luminous intensity which                
determines the brightness of an LED [6]. 
 
Luminous intensity is the luminous flux per solid angle and is given as 
 

                                                                            (3.1) Φ/dΩI l = d  
 

Where is the luminous flux and is the spatial angle.Φ Ω  
Now we need to calculate the optical power transmitted by all the LED arrays. It is used to calculate         P              
the radiation intensity generated by these LEDs. The transmitted optical power is given as[4] P t  
  

  K dθdλP  =   ∫
Λmax

Λmin
∫
2Π

0
Φe                                  (3.2) 

 
In here P is the total optical power generated, K is the maximum visibility (or) safety measures required                  
for eyes which are taken as 683 lm/W and the bandwidth is limited from LED to LED. for our                   
consideration we take it as 555 nm wavelength. Where and are determined from the         Λmin  Λmax     
photodiode sensitivity curve. 
 
LED lighting is emitted in the form of a Lambertian pattern (assumed), is the order of theor m  m1  
Lambertian emission and it’s equation is [3] 
 
                                                                                           (3.3)n(2)/ln(cosΦ )  m1 = l h  
 

is defined as a half power semi-angle of an LED. is determined as the natural logarithm its valuesΦh            n  l         
changes from that of a  logarithm values 
 
Centre luminous intensity is given by 
  
                                                                                         (3.4)  I(0) 2Πd = (m  )l + 1 / 2  
 
The radiation intensity at a desk surface is given by 

  
(Φ ) I(0).cos (Φ)  I i =  m                      (3.5) 

 
Where is the angle of irradiance with respect to the axis normal to the transmitter surface, m is a Φi                   
Lambertian pattern, I(0) is the centre luminous intensity. In these equations ’.’ represents the              
multiplication factor. The parameters that are to be discussed, is the effective area of a receiver                
(photodetector) the optical signal falls on the detector at the angle Ψ, the effective collecting area of the                  
detector is given by  
 
                                                        (3.5)cos(Ψ)                         0 0 deg  AE = A < Ψ < 9  
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No signal is taken into consideration if the angle is greater than 90. 
 
3.2.1 RSS based localisation at the receiver end for VLC communications 
RSS methods estimate the position of the mobile node based on the signal path loss due to the 
propagation[29]. The horizontal illuminance/intensity at a point (x,y,z) in our case it is the receiver point 
and on the   receiver is given as[4] 
 
                                                                                  (3.6)(0)cos (Φ)/d .cos(Ψ)  Ehor = I m1

2  
 
For Line of sight condition, we take d as the distance from the transmitter to the receiver. For Reflection                   
condition, we take it as ( ). Since is the value for one LED but we take LED array so the value     d1 + d2   Ehor               
is taken as the sum of all  LEDs in an array [6]Ehor  
 
       . (m  )/2Πd cos (Φ).T (Ψ ).g(Ψ).cos(Ψ),                0    (3.7)            P R = P  l + 1 2 ml s i  ≤ Ψ ≤ Ψfov  
 

is given as the received power at the receiver. is the power generated by the LED. Where is the P R            P         Ψ   
angle of incidence with respect to the axis normal to the receiver surface, is transmission parameter            (Ψ)T s    
of a filter, and are the concentrator gain and FOV, respectively and d is the distance between  (Ψ)g   Ψfov               
the LED and a detector surface. The angle of incidence shouldn’t be taken into consideration if it is                  
greater than that of the field of view for a  LOS design 
 
The gain of the optical concentrator at the receiver is defined by[15] 
 
                         (Ψ) /sin Ψ ,                                    0                 (3.8)  g =  n2 2

fov  ≤ Ψ ≤ Ψfov   
 

  
                         (Ψ) ,                                                       0                       (3.9)g = 0  ≥ Ψfov  
 
Where n is the refractive index. 
Then the channel DC gain of the LOS optical link from the LED to the photodetector can be model as 
 
               (3.10)(0) (A (m  )/2Πd )cos (Φ )T (Ψ)g(Ψ)cos(Ψ ),  Hd =  E l + 1  

2 ml r s r 0 < Ψ < Ψfov  
            = 0                                                                                        (3.11)(0)Hd Ψ > Ψfov  
 
Several attempts have been made to correctly model indoor VLC. The below figure 3.5 is determined for                 
the IM/DD model VLC channels. For the transmitter, the modulation signal m(t) directly modulates the               
drive current of the LED, this varies the instantaneous optical power radiated from the LED. For the                 
receiver, the output signal obtained at the photodetector is photocurrent. This photocurrent is proportional              
to the instantaneous received optical power incident on the photodetector, which is given by [10][12] 
  
                                                                           (3.12)  I (t) RP (t) (t) (t)     p =   ⊗ h + N   
 
Where is the instantaneous optical power, h(t)is the channel impulse response, n(t)is the (t)  P              
signal-independent additive  noise and the symbol denotes the convolution[6][15]  ⊗  
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                                Figure 3.5 modelling of VLC channel with IM/DD 
  
The time average transmitted optical power is given by[4] P t  

                                                    (3.13)/T (t)dt                         P (t) P avg = lim
T→α

1 ∫
T

0
P i i > 0  

From equations 3.10 and 3.11 we can obtain the following equation for the line of sight model 
 
                                                                                                               (3.14)(0)P ,  P R = H t  
 
where H(0) is the channel DC gain.  
There are a lot of changes when compared to infrared and VLC communications, the reflection coefficient                
in infrared is higher than that of the VLC communications. There are a lot of changes even for the LOS                    
and NON-LOS for the LOS based systems the reflections from the wall and ceiling are taken to be null. In                    
our thesis, we take the reflections from the wall into consideration but not the reflections from the ceiling.                  
Considering reflection from the wall the received power is given by the channel DC gain on the directed                  
path  and reflected path .[18][19](0)Hd (0)Href  
 

                    
                                   Figure:3.6 [4] Propagation model of the diffuse link 
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                                                (3.15) P r = ∑
NLEDS

 
P H (0) dH (0){ t d +  ∫

 

Ref lections
pt ref }  

 
The DC channel gain of the first reflection is given by [18] 
 
 

(0) (A (m  )/2(Πd d ) )ρdA cos (Φ )cos(α )cos(β )T (Ψ)g(Ψ)cos(Ψ ),    0 (3.16)Href =  E l + 1 1 2
2

wall
ml r ir ir s r  ≤ Ψr ≤ Ψfov  

 
 (3.17)(0) 0                                                                              elsewhere ΨHref =  r ≥ Ψfov  

 
 
Where is the distance between the LED and the reflective point. is the distance between a d1            d2       
reflective point and a receiver surface, is the reflective factor(in thesis 0.8), d is the reflective area     ρ       Awall     
of small region, is the angle of irradiance to a reflective point, and are the angle of irradiance to a  Φr         αir  βir        
reflective point and then the angle irradiance to a receiver respectively and is the angle of incidence           Ψr      
from the reflective surface. 
 
 

               
                            Figure 3.7 Position of the reflected points on the surface of the wall. 
 
The received average power including the reflection is about 0.5db larger than the directed              
received average power. 

3.3 Channel Delay Spread 
The received optical power at a point for both the direct and the first order reflected paths is above                   
equation. For multipath scenario, the total received power is given by[3][6], 
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                                                                                  (3.18)P rT
 = ∑

M

i=1
P d,i

 + ∑
N

j=1
P ref ,j

  

Where M and N represent the number of direct paths from the transmitters to a specific receiver and                  
reflection paths to the same receiver, is the received optical power from the ith direct path and     P d,i

            P ref ,j
 

is the optical power from the jth reflected path 
The RMS delay spread is the critical performance criterion for the upper bound of the data                 

transmission rate. The mean excess delay is defined by[22]  
  

                                                            (3.19) P  μ = t  t   (∑
M

i=1
P d,i d,i +  ∑

N

j=1
P d,j d,j ) / rT  

 
The RMS delay spread is given by 
 

                                                                                             (3.20) Drms = √μ2 − (μ)2  
 
The maximum values obtained for the delay spread for 4 led transmitters is given by 1.684 and 2.584 ns 

3.4 Implementation of ON-OFF Keying For LOS And NON-LOS 
The most commonly used optical modulation for IM/DD scheme is on-off keying modulation for visible               
light communications. In OOK keying the bit ‘1’ is represented entire part of the time duration and bit’0’                  
is determined by the absence of the pulse  
 
                                                                                (3.21)(t) P       for  tε[0, ]  p = 2 r  T b  
                               (t) 0         elsewhere  p =   
 
For the implementation of the OOK keying in the system we modulate the signal though transmitters. At                 
receivers, RSS based localization where we use to estimate the position of the device based on the signal                  
path loss due to the propagation. For OOK keying modulation the difference between the 1’s and 0’s in                  
the transmitted optical power is given by. 
  
                                                                                                       (3.22)P  P op = ηook led  
At the receiver end, the optical gain is given as (substitute 3.22 in 3.14 ) 
 
                                                                                             (3.23)P  P  H(0). ηR =  ook led  
 
For the case of NON-LOS where reflections are taken into consideration the equation is as follows(sub                
3.22 in 3.15) 
 

  
26 



 

                                            (3.24) P R = ∑
NLEDS

 
P H (0)η  dH (0)η{ t d ook +  ∫

 

Ref lections
pt ref ook}  

 

3.4.1 Error Performance in the Gaussian Channels like AWGN 
The error performances are determined on the basis of the signal to noise ratio. The change in signal to 
noise ratio determines the effectiveness of the system. If the system is subjected to noises like shot 
noises[4] that are generated when the signal is transmitted or the ambient light noises generated due to the 
presence of other light sources. For this conditions, we are taking the AWGN channel as a noisy channel 
to calculate the bit error rate. 
The transmitter filter has a unit amplitude rectangular impulse response p(t). Gaussian, with double-sided              
power spectral density is given by [23]./2NO   
  
                                                                                                            (3.25)/2 I  NO = q b  
The detected signal at the input of the matched filter is[30] 
  
                                                                                   (3.26)(t) (t)    for a   i = IP + n i = 1  
                                           (t) (t)    for a   i = n i = 0  
Here we can observe that the  photocurrent generated is given as input optical power + noise 
The probability error for misinterpretation of the signal can be given as 

                                                                     (3.27)(0) (i/0)di p(1) (1)diP e = p ∫
inf

ith
p +  ∫

ith

o
p  

From our system model figure 3.5, we can model our system as follows for LOS and NON-LOS 
 
                                                                                       (3.28)(t) .H (0)η  n(t)  i = R d ook +   
  

                  i(t)  + n(t)           (3.29) = ∑
NLEDS

 
P H (0)η  dH (0)η{ t d ook +  ∫

 

Ref lections
pt ref ook}  

 
 
If we substitute equation 3.10 in 3.28 we get the following equation. To attain the equation for LOS 
 
                            (3.30)(t)  (A (m  )/2Πd )cos (Φ )T (Ψ)g(Ψ)cos(Ψ ) n(t)  i = R E l + 1  

2 ml r s r +   
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4 RESULTS AND ANALYSIS 
In this section, we are going to discuss the results obtained from the Matlab simulation and the outcome 
of the thesis. We will be presenting the performance analysis of the single-LED and multiple-LED and 
how do they vary from each other. The performance metrics are performed from illumination parameters, 
RMS delay spread, data rates and the bit error rate obtained for both LEDs. 
 
4.1 Performance Analysis of Illumination Parameters  
 

           
                             Figure 4.1 Luminous distribution for the 1-LED array 

 
                           Figure 4.2 The Luminous distribution in a room with 4-LED arrays 
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Analysis The implementation of the illumination parameter is performed through Matlab simulation so             
as the reader can visualise the data through the graphs. From fig 4.1 and fig 4.2 we are determining the                    
illumination at different parts of the room. The 3D representation of the room is shown in the figure and                   
as we can observe that the maximum illumination is observed at the top where the lighting is high and it is                     
observed to be 568.lx for single LED and 852.8 lx for the 4-LED There is better lighting at centre, when                    
compared to the corners where the lighting is a range of 200 lx-100 lx for the single LED array and it is                      
observed to be in range of 500 lx-600 lx. But the average lighting in the room is 260.7 lx for the single                      
LED array but this lighting is not recommended for offices and hospitals. But for the 4-LED array, it is                   
observed to be around 753 lx which is recommended for offices. As the room size increases the avg lux                   
decreases as we receive less lighting at corners. The other parameter to be taken into consideration is LED                  
array if the LED array decreases we receive less illumination. 
4.2 Analysis of the RMS Delay Spread 
 
 

 
   
                                         Figure 4.3 RMS delay distribution for the 1-LED array 
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                                   Figure 4.4 RMS delay distribution for the 4-LED array 
 
Analysis The implementation of the RMS delay parameter is performed through Matlab simulation so as               
the reader can visualise the data through the graphs. Fig 4.3 and 4.4 is used to determine the RMS delay in                     
the 1-LED and 4-LED array. It can be explained as the difference between the time of arrival typically the                   
line-of-sight component and the time of arrival of the latest multipath components. Hence you can               
observe that the RMS delay is 0-1 nano secs at the centre of the room and more at the corners. The                     
channel delay spread varies from the 1-LED array and 4-LED array for the 1-LED array it is observed to                   
be 1.85 ns and for 4-LED it is observed to be 2.58 sec. The reason for this change is the channel                     
synchronization it takes time more time for the 4-LED array. 
 
4.3 Analysis of Data Rates at Different Locations in Single LED and Multiple             
LED Array 
 
                 Table 4.1 Data rates transmitted at different locations for 4-LED arrays 

X/Y       0.9 1.6 2.3 3.0 3.7 

0.9 39.6 42.4 53.3 47.2 41.6 

1.6 42.4 46.3 59.2 52.5 44.7 

2.3 53.3 59.2 84.4 74.0 58.3 

3.0 47.2 52.5 74.0 62.2 51.3 

3.7 41.6 44.7 58.3 51.3 43.5 
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               Table 4.2 Data rates transmitted at different locations for 1-LED arrays 

    X/Y       0.9 1.6 2.3 3.0 3.7 

0.9 61.8 64.8 72.7 68.9 61.8 

1.6 64.8 78.4 104.3 93.6 69.1 

2.3 72.7 104.4 153.4 126.2 82.6 

3.0 68.8 93.6 122.2 111.1 77.3 

3.7 61.8 69.1 82.6 77.2 63.0 

 
Analysis The implementation of the Illumination parameter is performed through Matlab simulation so             
as the reader can visualise the data through the tables and screenshots are provided at the appendix                 
section. Table 4.1 and 4.2 determine the data rates at the different location. The data rates are less at the                    
corners of the room. For the centre of the room, the Line of sight and non-line of sight are also taken into                      
consideration so the data rates are observed to be very high. The data rates also depend upon the                  
illumination, if the lighting is less than the data rates are less. We can confirm this phenomenon through                  
fig 4.1 and fig 4.2 we can see less illumination at corners due to less lighting, so the data rates are also                      
less. The data rates are calculated across the room for installation of equipment for attaining better data                 
rates to the user.  
 

4.4 Transmitted Signal and Received Signal for 1 LED Array and a 4-LED 
Array 

 
                               Figure 4.5 Transmitter signal and detected signal for a 1-LED array 
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                               Figure 4.6 Transmitter signal and detected signal for a 4-LED array 
 
Analysis: From the above figures 4.5 and 4.6 represent the transmitter and detected signal. It is observed                 
to be the same for both the scenarios, but the results vary for a longer duration of transmission for this                    
scenario we only take 1 µs for analysing the transmission. We can observe the transmitter signal transmits                 
1’s and 0’s. The noise introduced at the channel and due to the noise we can observe that the signal has                     
distortions (noisy signal with reflection), these noises might be anything like AWGN, Gaussian,             
intersymbol interference, and a ambient light. But for our scenario, it is AWGN noise since it is                 
performed in simulation. After the signal is received at the receiver end it is subjected to a matched filter                   
to determine the accurate signal but for this scenario we consider the buffer to be 95% making the bit                   
error rate less if we reduce the filter buffer more noise is introduced into the system making the bit error                    
rate more. The matched signal and demodulation techniques help in attaining a better signal at the                
receiver side since we are just showing the cycle of only 1 ultra second we cannot find many errors                   
through the figures. 
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4.5 Analysis of Transmitted and Received a Message at the Receiver for the             
1-LED and 4-LED Array 

            
                                Figure 4.7 Tx message and Rx message for the 1-LED array 
Tx message is: 
This is a paragraph to determine the thesis efficiency. This thesis is performed under the supervision of                 
professor Siamak khatibi and I would like to test my thesis if it has any errors.  
Rx message is: 
This is a paragraph to ddtermine the thesis effiaiency. This thesis is performed under the supervision of                 
professor sIamak khatibi and i would like to test my thesis if )t has any errors.  
BER is 0.01739 
Analysis of Data Rates for a single LED 
Single LED array: 

● The data rates for the 1-LED array is observed to be 61.24 and the maximum delay spread 
               is 1.68 sec. The bit error rate for 1-LED is 0.01739. 

● The reason for better data rates in single LED is the channel length d. At synchronization channel                 
length effects, the data rates. 

● For distortion-less message, the signal to noise ratio must be minimum of 30db. 
● From above figure 4.12, the green colour represents the sent text and the red colour represents the                 

obtained text which is errors. 
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                         Figure 4.8 Tx message and Rx received a message for the 4-LED array 
 
Tx message is: 
This is the paragraph to test. this is the thesis i performed under the guidance of my professor siamak                   
khatibi and i would like to Test my thesis if it has any errors  
Rx message is: 
This is the paragraph to tdst. this is the thesis i performed under the guidance of my professor siamak                   
khatibi and i would like to Test my thesis if it has `ny errors  
BER is 0.003720  
 
Analysis of 4-LED array 

● The data rates for the 4-LED array is observed to be 38.69 megabits per sec and delay 
             spread is 2.58 sec. The bit error rate (BER) for the 4-LED array is 0.003720. 

● For distortion-less message, the signal to noise ratio must be minimum of 18db 
● The reason for Fewer data rates in the 4-LED array is the channel length d and delay spread. At                   

synchronization channel length effects, the data rates. Hence delay spread is more than that of the                
1-LED array.  

● From above figure 4.11, the green represents the sent text and the red colour represents the                
obtained text which is errors. 

 
From the comparison of the single LED array and multiple LED array, it is observed that the 4-LED array                   
is desired. Because even at the higher noise the 4-Led array provides least bit error rate when compared to                   
that of the 1-LED array. The channel length can be overcome by using multiple carrier scheme                
modulation techniques. Which provide better data rates even in the 4-LED array. 
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5 CONCLUSION AND FUTURE WORK 
This chapter explains the conclusion of all the above results and future work. These results are based on                  
the experiments conducted as described in the previous chapter. In here we would be answering all the                 
research questions and determine the efficiency of the system. 
 
In the thesis, we will be simulating a room with the parameters we mentioned in the methodology and                  
calculate the Illumination parameters of the room for both single-LED array and multiple-LED array. We               
also determine the data rates obtained at different locations of the room these data rates vary from the                  
centre to that of corners due to the reflections and at centre we get high data rates because we take the                     
LOS and NON-LOS parameters into considerations, whereas at the corners only Non-Los parameters can              
be taken into consideration. We vary the signal to noise ratio to determine the bit error rates for different                   
SNR values. We transmit the data through the transmitter and obtain the data at the receiver for a fixed                   
SNR value that is 15db to check the performance of both single-LED and multiple-LED. 
 
From our analysis, we obtained the conclusion that single-LED and multiple-LED array have their own               
advantages. The advantages of single LED are as follows, there are high data rates for a single LED array                   
butt the illumination in the room is not suitable for the office application hence it is well suited for a                    
single user. The single-LED array has a high bit-error rate and it is not recommended, we can reduce this                   
bit error rate by using OFDM (multiple carrier scheme) which is a growing research. The advantages of                 
the multiple-LED array are that even for high noise ratio we get less bit error rate and illumination is well                    
suited for both office and home access networks. Through the data rates acquired at different locations in                 
the room, we can determine the best location for the user to access the data. In multiple LED array high                    
data rates can be acquired through different modulation schemes but the analysis varies for different               
modulation schemes. 
 

1. How to simulate a VLC inside a room and what are the parameters to be considered for the                   
transfer of data? 
For simulation of the VLC, we use MATLAB simulation. Through MATLAB simulation we design a               
room with following dimensions (5m*5m*3m) 5m length, 5m width and 3m height. Then we take a                
receiver that is placed on the top of the desk of height 0.85m. In the methodology section, we have                   
discussed the parameters(ex FOV angle, desk height) we are taking into considerations. These parameters              
can be varied but for this implementation, we have fixed few parameters to check the analysis of the VLC                   
system. 
There has been a lot of research on VLC indoor applications but for this thesis, we considered following                  
system metrics RMS delay, illumination of room and change in signal to noise ratio. These parameters are                 
checked for both single LED and multiple LED. The reason for considering these parameters is to                
determine how the data rates vary with light and how the data rates are distributed inside a room to locate                    
the best location to obtain better data rates for the user. We are varying the signal to noise ratio to check                     
the effectiveness of our system. 
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2. How can we implement tasks performed by RF through VLC? 
 
From methodology and analysis sections, we can say that we can implement the tasks performed by the                 
RF communications through VLC communications. There is a lot of practical research going on this field                
right now[5] this research is trying to replace the Indoor applications and home access networks for better                 
lighting. For the analysis part, we are not sending video messages the transmission is limited to text                 
message. For an understanding of how data is transmitted and demodulated at receiver fig 4.5 and fig 4.6                  
provide little understanding. 
 
We tried to implement the following tasks in the VLC systems. 
1, We acquired data rates at all the locations of the room just like WI-FI we can access it from any                     
location in the room. For this task, we have implemented LOS and Non-LOS methodology where data                
can be received even from the reflections of the surface. The data rates at different locations are provided                  
in Tables 4.1 and 4.2  
 
2, Transmission of information through the system. 
We have transmitted data(fig 4.7 and fig 4.8) through OOK keying methodology and attained data at the                 
receiver. The following bit error rates are observed in the single LED and multiple LED arrays, for the                  
single LED we attained 0.017 and for multiple LED it is observed to be 0.003 which is less compared to                    
the single LED array. 
 

3. How do data rates and bit error rate (BER) for a single-LED array and multiple-LED array vary                  
inside a room? 
Through Matlab simulation, we developed a system to calculate the bit error rate and data rates of a single                   
LED array, and multiple LED array. Tables 4.1 and 4.2 show the data rates of a single-LED array and                   
multiple-LED array, through analysis, we determine the reason for variations in data rates at different               
locations. For analysis, we vary the signal to noise ratios to determine the bit error rates and we have used                    
the 15db signal to noise ratio as a value to transfer the data. The reason for the change in bit error rates is                       
due to the increase in the ratio of the noise. The table 5.1 determines how the parameters vary for the                    
1-LED array, 4-LED array and 8-LED array. Through this, we conclude our thesis. 
 
                    Table 5.1  Variation in values for 1,4,8- LED array 

parameters 1-LED array 4-LED array 8-LED array 

Illumination Low (suitable for a 
room) 

Medium(suitable for 
offices) 

High(suitable for large 
offices) 

Data rates High Medium (channel 
length and delay) 

Medium 

BER High Medium Low 

RMS Delay Low Medium Medium 
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SNR for errorless 
communications 

30 db 18 db 10 db 

 
 
5.1 FUTURE WORK 
Visible Light communications is a most interesting and advancing field in the latest technologies. There               
are a lot of things to be implemented in VLC systems the future of this technology lies in implementing it                    
in Home Access Networks. Research is going on in the field of MIMO systems for implementing VLC in                  
Home Access Networks. Practical implementation of this thesis can be performed in the practical              
implementation we can find the other effects like the power distribution and detection error by               
photodiodes 
 
Recently there has been new research going on VLC for implementation of Artificial intelligence to detect                
the presence of the device and activate the lights in the nearest position. This technology can be used to                   
check the best lightening device based on the illumination and change the data received from one LED to                  
that of another LED without loss of the signal. 
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6 Appendix 
Hence on the recommendation of the professor, the implementation of the thesis is performed in 8-Led. 
But we are comparing to single-LED and multiple-LED. For multiple LED only 4-LED array is taken into 
consideration and to fit the documentation as well. 
 

 
                    Figure 6.1 LED positioning for an 8-LED array 
 
 

 
Figure 6.2 Receiver plane location from the ground. 
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                      Figure 6.3  RMS delay distribution of the 8-LED array 
 
 

 
       Figure 6.4 Illumination distribution of the 8-LED array 

  
39 



 

 

 
            Figure 6.5 Rx power distribution for the 8-LED array 

 

 
 
                                   Figure 6.5 data rates tables for the 4-LED array.  
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                                      Figure 6.6 data rates table for a 1-LED array 
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