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Abstract 

This thesis consists in the design and implementation of a Visible Light Communications 
(VLC) system, based on an Arduino platform.  

The document describes the main features of this system, by describing how each 
subpart of the link works (transmission, reception, post-processing), and the different 
techniques used. It also illustrates the capabilities of the link, by showing different tests 
undertaken in a variety of environments. Results show that the designed VLC link can 
reach speeds up to 900bps , with a Bit Error Rate smaller than ����. It can operate at a 
120cm  distance in an artificially illuminated room , or at 50cm  in a naturally lit room . 
The maximum misalign  permitted between transmitter and receiver is 25º. 

Importantly, despite using low-cost components  in the development of this project, it is 
shown that the resulting link works in a robust way  and is able to transmit with the 
characteristics described above. This thesis concludes that Arduino platform provides a 
low-cost way of developing a VLC link, but cannot provide high speeds comparable to 
other technologies (Wi-Fi, etc.). Though, this kind of system can be used for applications 
which need a few-Kbps reliable link, and which could profit from the advantages VLC 
technology provides.   

The thesis is a proof-of-concept that demonstrates the viability of the type of link studied.  
With further development and possibly higher-quality components, it could turn into a link 
with very useful capabilities for commercial applications.  
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Resum 

Aquesta tesis consisteix en el disseny i implementació d’un sistema VLC (Comunicacions 
amb Llum Visible) basat en la plataforma Arduino. 

Aquest document explica les principals característiques d’aquest sistema, descrivint com 
funciona cada subapartat (transmissió, recepció, post-processament), i les diferents 
tècniques usades. També explica les capacitats de l’enllaç, mostrant diferents tests 
realitzats en diferents condicions. Els resultats apunten que aquest enllaç VLC pot 
treballar a velocitats de fins a 900bps , amb una Taxa d’Error de Bit més petita que ����. 
Pot funcionar a una distancia de 120cm  en una habitació  il·luminada artificialment , o 
fins a 50cm  en una habitació amb  llum natural . A més, el màxim desalineament  entre 
transmissor i receptor permès és de 25º. 

Tot i fer servir components de baix cost  en el desenvolupament d’aquest projecte, s’ha 
mostrat que l’enllaç resultant treballa de  manera robusta i és capaç de transmetre amb 
les característiques descrites a dalt. Aquesta tesi conclou que la plataforma Arduino 
permet realitzar un enllaç VLC de baix cost, però no pot proporcionar altes velocitats 
comparables a altres tecnologies (Wi-Fi, etc.). Tot i així, aquest tipus de sistema és útil 
per aplicacions que necessitin un enllaç fiable de pocs Kbps, i que vulguin aprofitar els 
avantatges de la tecnologia VLC. 

Aquesta tesis es una prova de concepte que demostra la viabilitat del tipus de enllaç 
estudiat. Amb desenvolupament addicional i possiblement amb components de millor 
qualitat, es podria convertir en un enllaç amb característiques molt útils per a aplicacions 
comercials.    
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Resumen 

Esta tesis consiste en el diseño e implementación de un sistema VLC (Comunicaciones 
con Luz Visible) basado en la plataforma Arduino. 

Este documento explica las principales características de este sistema, describiendo 
cómo funciona cada subapartado (transmisión, recepción, post-procesamiento), y las 
diferentes técnicas usadas. También explica las capacidades del enlace, mostrando 
diferentes test realizados en diferentes condiciones. Los resultados apuntan a que este 
enlace VLC puede trabajar a velocidades de hasta 900bps , con una Tasa de Error de Bit 
menor que ���� . Puede funcionar a una distancia de 120cm  en una habitación 
iluminada artificialmente , o hasta 50cm  en una habitación con luz natural . Además, 
el máximo desalineamiento  entre transmisor y receptor permitido es de 25º. 

A pesar de usar componentes de bajo coste  en el desarrollo de este proyecto, se ha 
mostrado que el enlace resultante trabaja de manera robusta  i es capaz de transmitir 
con las características descritas más anteriormente. Esta tesis concluye que la 
plataforma Arduino permite realizar un enlace VLC de bajo coste, pero no puede 
proporcionar altas velocidades comparables a otras tecnologías (Wi-Fi , etc.). Aun así, 
este tipo de sistema es útil para aplicaciones que necesiten un enlace fiable de pocos 
Kbps, y que quieran aprovechar las ventajas de la tecnología VLC. 

Esta tesis es una prueba de concepto que demuestra la viabilidad del tipo de enlace 
estudiado. Con desarrollo adicional y posiblemente con componentes de mejor calidad, 
se podría convertir en un enlace con características muy útiles para aplicaciones 
comerciales. 
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1. Introduction 

1.1 Statement of purpose 

The project is carried out at the Signal Theory and Communications department (TSC), in 

the Escola Tècnica Superior de Telecomunicacions de Barcelona (ETSETB), Universitat 

Politècnica de Catalunya (UPC). This is a new project which is started from scratch. The 

initial idea was provided by Miquel Torner, and together with Joan M. Gene and Jose A. 

Lazaro the project main goals were defined. 

The purpose of this project is to design and implement a Visible Light 

Communications (VLC) link, using Arduino boards as the central element of the 

transmitter and receiver hardware.  

VLC is a technology which is growing in importance in the latest years, because of its 

great number of potential applications, and numerous advantages in comparison to the 

communication systems used nowadays. Since 2003 there has been plenty of research 

activity on companies and universities all over the world; this project’s aim is to contribute 

to the development of this new technology, by testing its behavior on a low-cost 

implementation link. Therefore reaching a better understanding of the capabilities of this 

technology (which are still not quite well known), and evaluating the feasibility of this kind 

of links on the commercial side.  

The project main goals are: 

1- Analyze the different technologies and ways to create a full-duplex low-cost VLC 

link, and compare them. 

2- Design the communications link using the chosen technology, trying to achieve the 

maximum transmission speed using the components available, using engineering 

techniques both in hardware and software. 

3- Implement the system and test its capabilities, sending an image from one 

computer to another, using the VLC link. 

4- Extract conclusions from the results obtained, relating them to the technological 

and commercial applications of this VLC implementation. 

1.2 Technology background 

VLC technology, being now considered part of a future 5G standard, seems to have a 

bright future ahead, principally because of the many applications and advantages it 

presents, such as:  
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- Smart lighting:  Use the lighting infrastructure of houses, offices, etc to transmit 

data, therefore using light bulbs not just for illuminating. That makes VLC 

implementation cheaper and energy efficient. 

- Wi-Fi spectrum relief : Wi-Fi’s have got faster over but cannot keep up with 

demand for wireless data. Visible light’s spectrum is much larger, so it can provide 

great data rates at low cost.  

- No interference:  Visible light doesn’t penetrate through walls; therefore there 

would be no interference between links in different rooms. 

- Transportation:  Many cars, traffic lights, and street lamps are adopting the LED 

technology so there are a lot of possible applications for VLC in this field. 

- No more RF radiation : Studies show that too much exposure to RF radiation can 

be unhealthy. Visible light is at a different spectrum, so it is totally harmless. 

- Use in Hospitals and Hazardous environments : there exist some places where 

RF communication is either dangerous (in mines, petro-chemical plants, oil rigs) 

or where it is not advised (MRI scanners, etc.). VLC is inherently safe and 

provides both safe illumination and communications.  

 
Figure 1: Applications of VLC technology 

 

The opportunity of sending data in this way has become a possibility because of the 

generalized use of LED lighting. LEDs are semiconductors, so they behave like a silicon 

chip. Therefore, LEDs can be switched at very high speeds (which were not possible with 

older technologies like fluorescent or incandescent light bulbs). And due to their vast 

present in a lot of devices, VLC links could lead to the Internet Of Things, where 

everything electronic is connected to the internet, with the LED lights on the electronics 
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being used as internet access points. The problem of congestion of the radio spectrum 

utilized by Wi-Fi and cellular radio systems is also helping to create the market for VLC. 

 

An Arduino base was chosen for this project as a hardware base because of its simplicity 

and low-cost (compared to the price of a high performance board). Both the transmitter 

and the receiver will be implemented using software. The transmitter will consist of an 

Arduino board with a LED connected to it, and the receiver will consist of another Arduino 

board with a photo-detector.  

 

The main goal is to be able to send an image from one computer to another using this 

VLC link. The processing of the image, both in transmission and reception, will be done 

on the computer (which has a faster processor). That way the Arduino board, which is 

rather slow, will not have to do much calculation:  pass what receives from the PC to the 

LED, and switch between transmission and reception states.   

 

Other VLC links have been made before, each one aiming to a different objective: fastest 

data rate (no matter the cost); LED-to-LED VLC links (oriented to toy industry); etc. The 

purpose of this project is to create a LED-to-photodetector link using low cost 

components, therefore approaching a more commercial and realistic VLC link. This LED-

to-photodetector approach would have applications in data links aimed for general users 

(computer, mobile, car lights, etc), due to the low-cost production and also because of the 

good data rate it could provide. It consists in the intermediate point between the other two 

VLC links stated before (cost/data-rate ratio). The desired result was to obtain a reliable 

link with a good data rate, enough to prove that VLC is a technology which can also have 

good results without spending hundreds or thousands of euros in it. 

1.3 Requirements  

This project’s objective is to find out more about the VLC technology, to discover how a 

VLC link based on Arduino will behave. That’s why there were no requirements for this 

project: how much data rate or reliability this link will have, it’s the information this project 

targets to find out. 
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1.4 Work Plan 

This section includes the initial work plan  conceived for this project on its proposal. The 
deviations occurred from the initial plan are included on the next section. 

1.4.1 Work Breakdown Structure 

 

1.4.2 Work Packages:  
 

Project: Full Duplex VLC System WP ref: (WP1) 

Major constituent: Planning Sheet 1 of 5 

Short description: Defining the objectives of the project, groups 
of tasks, time plan, weekly working schedule, and 
communication plan. 

 

 

Planned start date: 15/09/14 

Planned end date: 10/10/14 

Start event: 

End event: 

Internal task T1: Develop Work Plan & Define objectives Deliverables: Dates: 
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Project: Full Duplex VLC System WP ref: (WP2) 

Major constituent: Analysis Sheet 2 of 5 

Short description: Analyze the current technologies available 

and compare them in order to use them. It will be necessary to 

study the cost-effectiveness of several aspects of the link, and 

start thinking about the technologies used in the link, and its 

implementation. 

 

Planned start date:15/09/14 

Planned end date: 10/10/14 

Start event: 

End event: 

Internal task T1: Study the VLC technology 

Internal task T2: Study the different link possibilities and 
components 

Internal task T3: Choose the most suitable (cost/effective) link 
design 

Deliverables: Dates: 

 

Project: Full Duplex VLC System WP ref: (WP3) 

Major constituent: Design & Develop Sheet 3 of 5 

Short description: Define the link design, build it physically, and 
start developing its software. It’s the main task of the project. 

 

 

Planned start date: 11/10/14 

Planned end date: 17/01/15 

Start event: 

End event: 

Internal task T1: Design the whole link structure (both 
hardware and software) 

Internal task T2: Connect MATLAB and ARDUINO information 
exchange 

Internal task T3: Software for MATLAB data processing in TX 

Internal task T4: Software for MATLAB data processing in RX 

Internal task T5: TX control software 

Internal task T6: RX control software & photodetector 

Internal task T7: Synchronization 

Internal task T8: System modification to add the full-duplex 
capability 

 

Deliverables: Dates: 
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Project: Full Duplex VLC System WP ref: (WP4) 

Major constituent: Test Sheet 4 of 5 

Short description: Testing the final link, obtaining results, and 
analyzing them. Extracting conclusions from these results. 

 

 

 

Planned start date: 18/01/15 

Planned end date: 25/01/15 

Start event: 

End event: 

Internal task T1: Test the link final version under different 
conditions 

Deliverables: Dates: 

 

Project: Full Duplex VLC System WP ref: (WP5) 

Major constituent: Final Report Sheet 5 of 5 

Short description: Write down the Final Report of this project. 

 

 

Planned start date: 

Planned end date: 

Start event: 02/01/15 

End event: 30/01/15 

Internal task T1: Develop the Final Report Deliverables: Dates: 

 

1.4.3 Milestones 

 

WP# Task# Short title Milestone / deliverable Date (week) 

WP1 1 Planning Develop Work Plan & 
Define objectives 

5 

WP2 1 VLC study Study the VLC technology 4 

WP2 2 Choose best link 
possibility 

Study the different 
possible link  components 
and choose the most 
suitable (cost/effective) 
link design 

5 

WP3 1 Design the link Design the whole link 
structure 

7 

WP3 2 Develop the link (One 
way) 

Develop the full link, just 
working on a one way 
data transmission. 

18 

WP3 3 Upgrade it to full-duplex Adding capabilities in 
order to work as a full-
duplex system. 

20 
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WP4 1 Test  Test the link under 
different conditions, and 
extract conclusions 

21 

WP5 1 Final Report Develop the final report of 
this project. 

22 

 

1.4.4 Time Plan (Gantt diagram) 

 

 

 

1.5 Deviations from the initial work plan 

As it can be seen on the work plan, the initial idea was to develop a full-duplex VLC 
system. Due to the complexity of the project, the available time, and the problems 
encountered during the development of itself (problems which are explained on this 
document), it was decided together with the two Project Supervisors Joan Gené and José 
A. Lázaro to finally develop a half-duplex version of the system, and focus on the 
functioning and enhancing of this version. The rest of the tasks stated on the work plan 
have been completed. For further projects, a full-duplex version could be implemented.   



 

 15

2. Analysis: VLC technology background 

As stated on the introduction, there has been numerous research activities focused on 
VLC over the last 15 years, mainly in universities (although more and more companies 
are starting to pay attention to this technology, such as Siemens or Panasonic [10]). Most 
of these projects focus on obtaining the maximum transmission speeds, by using high 
tech components, and expensive laboratory equipment to generate and process their 
signals. There is also another type of projects which focus on using low cost components, 
obtaining a slow link, but with several commercial applications. Our project attempts to 
make a mixture of both. 

The following sections mention some research projects from the two different types.  

2.1. Li-Fi: High performance links  

The Company PureLiFi demonstrated their first VLC comercial link at the 2014 Mobile 
World Congress in Barcelona, the Li-1st. This product offers a 5Mbps full-duplex link, and 
future versions are expected to offer 10Mbps. The downside of this product is that, as it 
can be seen on the picture, it uses quite a lot more components than a simple 2-pin LED 
and an Arduino board. That, together with the installation costs, makes this solution 
expensive (nowadays at least).  

UK researchers have reached speeds of 10Gbps using VLC technologies [11], but that 
again implies using top level components, which makes those solutions expensive.  

 

Figure 2: Li-1st system 
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2.2. Disney research: LED-to-LED link 

On the other hand there are several other research projects focused on obtaining a low 
cost system, obtaining a slow link, but with several commercial applications. One of these 
projects is the one delivered by Disney research: “LED-to-LED Visible Light 
Communication Networks” [5]. They implemented a communications link using LEDs as 
transmitters and receivers. It does use low-cost components, but achieves a slow link 
(225bps at best), as it can be seen on the figure below. 

 

Figure 3: Throughput vs offered load for Disney research link [5] 

 

This low speed is due to the LED being used as a receiver (it has a poor behaviour 
compared to other receivers). This approach though has several commercial applications, 
as it can be used in links which don’t need to transmit high amounts of data. 

As stated before, our project attempts to be the mean value of these two approaches, by 
using low-cost components, but receiving with a photodiode instead of a LED. This way 
the speed of the system can be improved, while its cost doesn’t rise proportionally. 
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3. Design 

3.1 Components used 

After the Planning and Analysis steps, the Design of the system was made, choosing the 
suitable components for the job: 

• The board chosen on the link design was the Arduino UNO, because it had a low 
cost but still it apparently would be suitable for our purposes, as it had a 16Mhz 
clock and enough memory (although, as stated later on this document, these 
characteristics proved to be not enough, so another board (DUE) was finally used 
as well in the link). 
   

• The chosen LEDs were the RL5-W18030 model, because of its high luminance: 
18000mcd. Moreover, their Peak Forward Current is 70mA, so they can handle 
the UNO I/O pins (40mA). To know their response time, a speed test was 
undertaken: 
 

 

            Figure 4: Response time testing of RL5-W18030 LEDs  

 

As it can be seen on the picture, the LEDs are capable of charging and discharging with 
pulses 1us long, so they have no trouble at all working at Kbps speeds.  

 
• The chosen photodiode was the HAMAMATSU – S5971, because of its wide 

spectrum range, covering the entire visible light spectrum. Also, it is a fast-
response photodiode (100MHz), therefore making sure the photodiode is not 
going to present speed issues.  
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Figure 5: Spectral response of the HAMAMATSU S597x series 

The white light color was chosen in order to develop a proof of concept for this type of 
light (because of its applications in indoor lightning).  If aiming for other type of 
applications, a system using red light (or even infrared) would be extracting the full 
potential of this photodiode. 

 

3.2 Budget  

The costs of the components used for the development of this link are stated below: 

• Arduino UNO Board: 20€ 

• Arduino DUE Board: 36€ 

• 2 White light LED RL5-W18030 = 1€x2 

• Photodetector HAMAMATSU – S5971= 10€ 

TOTAL = 68€ 

In addition, this link uses a PC as well for processing the data, and software as MATLAB, 
which implies having a software license.  

 

 

 

 

 

 

 



 

 19

4. VLC Link functioning  
 

Although the link has evolved through many different variations through the development 
of this project, this document will focus on explaining the last and definitive version. So, 
instead of explaining the development of the system in a chronological way, each stage 
of the final link will be described.  

The structure of the system is as follows:  

Figure 6: System diagram 

The transmitted file is processed at the TX-PC, where it is decomposed into bits and 
prepared to be sent to the Arduino UNO via USB. (This first part is finally not used, as it is 
explained later on section 4.3.1 – PC transmitter) The Arduino receives these bits, and 
changes the state of the LED accordingly (ON-OFF). The information travels in the form 
of light intensity, and it is received by the photodiode. The values obtained by the 
photodiode are detected by the receiving Arduino in form of little currents. The value of 
the intensity of these currents indicates the amount of light received. These values are 
sent to the RX-PC via USB, where they are processed by the computer, and transformed 
in bits again, thus obtaining the transmitted file.   

 

4.1- Transmitting method: Asynchronous 3-level tran smission 

The first approach when developing the link was to implement a synchronous 
transmission, in which bits would be transmitted regularly in pulses of period T, and the 
receiver would be expecting to receive information accordingly. This approach had to be 
discarded due to several issues: 

- Although Arduinos are boards which are only executing our code, this link uses 
PCs (Windows), and PCs processors are not fully dedicated to one task. Instead, 
they have plenty of other tasks which they will attend simultaneously. So, the 
problem is setting the speed at which the PCs code will run: depending on the 
processor the PC might run faster or slower, therefore losing synchronization 
between the transmitter and the receiver. This issue could be solved for further 
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projects by developing the system in a more flexible operating system, like Linux 
for example. 

- Several alternatives were presented in the Critical Review, like for example the 
use of “Interrupts” in the Arduino board. Interrupts would create a signal at a 
constant frequency, but still does not solve the problem: if the PC takes longer 
than expected to send the data to the Arduino, the Arduino would have nothing to 
send, and the receiver would receive wrong information, as it wouldn’t know that 
transmission has stopped. (This has a solution obviously, but it implies writing 
more code into the Arduino, therefore making it go even slower. The 3-level 
solution presents a simpler approach).  

- The synchronization between Arduinos also is not exact. This is a problem due to 
the charge and discharge times of the LED/Arduino Pins. The 3-level approach 
has turned out to be effective to solve this problem. This is further explained in the 
section 4.3.4.1 – Centering sampling method. 

The chosen solution was to implement an Asynchronous transmission, in which 
information would not be transmitted at a period of T seconds, but in the variations 
between 3 levels of intensity, independently of when these variations might happen. The 
time dimension does not give information anymore, so the clock speed variations of the 
PC have no effect. The state diagram of this system is as follows:  

 

Figure 7: Asynchronous 3-level transmission state diagram. Green: Input bits. Black: 3-
level bits 

So, the bits are transformed from the usual 0’s and 1’s, into 0’s,1’s and 2’s following the 
diagram above. For example, let’s face a transformation from a 2-level stream of bits “A” 
to 3-level stream “B”. It would go as follows: 

Starting on the state 0 , if the first bit of A is a 0, then the 3-level coded value is 2. Now we 
would be on the state 2; if the second bit of A is 0, then the 3-level coded value is 1, and 
we move to state 1  for the next bit.  

Example: “A”=00100100100 

      “B”=21210102021 

Therefore, information is transmitted on the transition between states, with independence 
of time. If we are receiving a state 2  and suddenly we receive a state 1  that means a 
binary 0 has been sent.  
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The levels 0,1 and 2 imply three different levels of light intensity. This is implemented 
using 2 LEDS; So state 2 is produced with two LEDS ON, state 1 has one LED ON, and 
state 0 has zero LEDS ON.  

The two LEDS do not have the same intensity: it has been adjusted (by controlling the 
current each LED receives) in order to optimize the use of the dynamic range of the 
receiving photodiode. If the two LEDS are set to full light intensity, the photodiode starts 
to saturate, and does not perceive so well the variation between one LED or two. 
Therefore, state 1 has to be produced with a smaller light intensity than the LEDS 
maximum, but large enough to leave the maximum space with the noise floor (ambient 
light). 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Detection levels in reception over the dynamic range of the photodiode 

The state 1 and state 2 are placed at the top of the dynamic range of the photodiode for 
several reasons: first of all, to be resistant at ambient light changes; if an external light 
interferes with the link during transmission that means that the noise floor will rise. 
Another reason is to avoid the peaks received randomly by the photodiode; when 
receiving strong light levels the photodiode gives quite constant lectures, but in absence 
of light (or low levels), it gives erratic lectures.   

This threshold placement can happen only in the ideal case; if the transmitter and 
receiver are too far apart (for example), the thresholds would have to be lowered 
accordingly.  

Figure 8 shows an example of a 3-level signal. As it can be seen, the longitude of the 
transmitted symbols does not need to be constant in time, as it does not matter how 
many samples of a state are received, but the transitions between them. 

 

Figure 9: Example of a 3-level signal 
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4.2- Packet format 

In this link, information grouped and sent in 2000 bits long packets. Figure 9 shows the 
structure of a packet in this VLC link.   

 

 

 

Figure 10: Example of a 3-level signal 

 

The INIT sequence consists in a sequence of bits which allows the receiver to 
understand that a message is being sent. The sequence is ’012012012’ in 3-level 
symbols.  

The length sequence  consists in 11 bits which indicate the length of the transmitted file 
which will be sent next. The sequence sent is the size of the file converted to 3-level 
symbols. 

The transmitted file,  coded in 3-level symbols  

 

4.3 Subpart functioning 

4.3.1- PC transmitter 

The initial idea was to implement a PC-PC transmission, and code was developed to fulfill 
this idea, but as it will be explained in this section, the USB connection between the 
Arduino board and the TX-PC presented many trouble when forced to work at high 
speeds. Therefore, with the PC-PC link we only achieved low speeds, in the order of 
<400bps. As the objective was to test the full capabilities of the Arduino board itself when 
used in a VLC link, it did not make much sense to include the transmitter PC, as it was 
only slowing down the system. So, the final version of the link (the one reaching 
~800bps) doesn’t include the TX-PC, transmitting directly from the Arduino.  

The problem with the USB comes when raising the speed at which the PC transmits the 
information to the Arduino board. Either Arduino’s buffer gets overflowed, or the USB 
connection is not able to work that fast with Arduino; whichever the case, bits get lost, so 
transmission gets plenty of errors. This is a much commented issue over the internet, 
known as “Arduino serial latency issue”. One article describing this problem can be found 
at the webpage indicated in Reference [9]. 

Despite this, the code used for transmitting from the PC is included in the Annex, as it 
can also be used to transmit at lower speeds directly from the PC. It can also be used if 
necessary for continuation of this project.  

 

4.3.2- Arduino transmitter: UNO 

- If transmitting from the PC, the script used is “serial_read_ledblink_matlab”. This 
function only receives 3-level symbols (0,1,2) from the PC, and sets the LED pins to 
HIGH or LOW accordingly (HIGH=5V, LOW=0V).  All the data processing and 
transformation is done at the PC. 

INIT sequence  

       8 bits  

   Length  

   11 bits 

Transmitted file 

    0-2047 bits 
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- If transmitting directly from Arduino, the script used is 
“serial_hardcoded_registers_tx_2000”. As its name states, the file to transmit is directly 
hardcoded into the Arduino. Without having to handle the USB connection, the Arduino 
really fully delivers it’s processor to transmit. When IDLE, this script transmits the 
calibration sequence, which is ‘12121212…’. When commanded to transmit, the script 
transmits the 3 different parts of the packet. 

The function digitalWrite (which changes the states of output pins in Arduino) was used in 
the earlier versions of the project, but it was found out that it takes up to 133 system 
clocks per cycle to change one pin’s state (each digitalWrite adds takes ~4us). By writing 
Boolean functions directly on the pin registers of the ATmega328 chip, the process 
shortens up to 6 system clocks per cycle, therefore increasing close to 20x the speed of 
the board. This is implemented in the two functions from our system mentioned above.  

The speed at which the board will run its code is controlled by the function 
delayMicroseconds(). By varying this delay the speed at which information will be 
transmitted through the LED is controlled.  

Arduino DUE was also tested as a possible board to be used in transmission, but was 
discarded. If transmitting from the PC, the USB acts as a bottleneck, so a faster board 
like DUE does not add any feature to the system. If transmitting directly from the Arduino 
board, the receiver is the one acting as a bottleneck (the slowest element in the system), 
so placing a DUE as a transmitter is useless as well. Therefore, UNO was the best choice. 

 

4.3.3- Arduino receiver: DUE 

The USB connection between the RX-PC and the receiving Arduino does not present that 
many limitations at higher speeds, probably because the one receiving information is the 
PC. This time an Arduino DUE was chosen as in this case the USB connection was able 
to keep up with the DUE. By using a DUE instead of an UNO the overall speed of the 
system grows, as the sampling speed can be increased (and therefore allowing a faster 
transmitting speed). 

The function analogRead() reads the voltage value from the specified analog pin, and is 
the one used in our script serial_rx to read the values provided by the photodiode. This 
function takes about 100us to read an analog input, so the maximum reading rate would 
be 10000 times per second. That would be in the case the only code present was an 
analogRead(), but in our case the board has to read the value and also print it to the USB 
connection, which also takes it’s time.      

The speed at which the receiving board samples the incoming signal is also controlled by 
setting a delay with the delayMicroseconds function. As it will be explained and shown in 
the section “5. Testing of the link under different conditions”, the minimum delay at which 
the system still works is 400us. When trying to set a smaller delay than that, the reception 
starts to fill up with error and erratic values; that again, might be due to the limit in the 
Arduino USB connection, or the board itself being unable to handle USB and reception at 
the same time.   
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4.3.4- PC receiver: Processing 

This is the most complex part of the system. The main script controlling reception is 
VLC_rx_init.  

Calibration 

When initializing this script, the first thing done is a calibration of the threshold levels, 
using the script VLC_calibration. The transmitter (as it is IDLE) is transmitting the 
calibration sequence, which is “12121212…”. The calibration is done by sampling 50 
values of the calibration sequence, and then calculating the thresholds based on these 
values. The lectures from the photodiode corresponding to the state 1 and 2 are quite 
constant, but the state 0 lectures are erratic (noise). That is why thresholds are placed as 
under the following criteria: 

- Threshold between 1 and 2:  
 
threshold(2)=round(value_state2-((value_state2-valu e_state1)/3));  

 
It is placed 1/3 of the total separation between state 1 and state 2 levels. This was 
chosen because lectures of state 2 are more exact (more intensity � more 
exactitude), so the threshold can be placed closer to state 2.  
 

- Threshold between 0 and 1:   
 

threshold(1)=value_state1-3;  

We place the threshold between state 0 and state 1 three points below state 1, as 
state0 is very erratic, so we just leave the entire zone below to it. The value 
chosen is 3, because it is the range in which state 1 normally varies.  

 

Initialization 

When awaiting for a transmission, this script continuously checks the values detected by 
the receiver, and compares them to the INIT sequence. Every time the receiver detects a 
value, it checks if it is the expected sequence value: if it is, the counter adds one; if it is 
not, the counter restarts to 0. If the counter reaches 8, that means the 8 bits of the INIT 
sequence have been received appropriately and in order. The initialization is complete, 
and the script proceeds to the next section of code.  
As the link does not depend of time slots, sometimes some residual values produced by 
noise or interfering lights can produce the expected value by the receiver, thus breaking 
synchronization (as the receiver will be one (or several) bits ahead of the transmitter 
when the real transmission takes place). To avoid that, a timeout has been implemented, 
to reset the counter if the INIT sequence takes too long to be recognized.  

The function responsible for post-processing the values received and comparing them 
with the INIT sequence is VLC_postproc3lev_init(x, coincidence, 
valorAnterior, n_times_previous_value). Its parameters function is 
explained below: 
 

- x: the value to post-process (photodiode lecture) 
 

- coincidence: the counter, which states how many positions of the INIT sequence 
have already been received. 
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- valorAnterior: the 3-level value decoded on the last loop, in order to determine if a 

transition between levels has happened or not. 
 

- n_times_previous_value: the variable controlling the timeout. If 20 samples of the 
same type are received, a timeout is assumed and the counter is set to 0 
 

- second_sample_flag: this is a key parameter in the sampling method of this 
receptor, which is explained in the next section (Centering sampling method). 
 

- threshold: the threshold values obtained from the calibration. 
 

- valorAnterior2: the 3-level value decoded 2 loops before, in order to determine if a 
transition obtained before was just a peak (returning to the original state), or a real 
transition to another level. 

 

Length sequence 

Next, the script reads the 11 following bits. Once obtained, they have to be post 
processed as well. This is carried out by the function VLC_postprocess3(b, 

coincidence, valorAnterior, second_sample_flag). It is similar to 
VLC_postproc3lev_init , although no comparison with the INIT sequence is made here, 
as well as no timeout is present. Its input and output parameters are the same except for 
the timeout parameter, which is not present on this function.  
 

File transmission 

Once the 11 bits determining the length L have been received, this length is sent to the 
next code section, which will expect to receive L bits, exactly in the same way as the 11 
previous bits.  

 

4.3.4.1- Centering sampling method    

- Defining the problem 

As stated before, in this system information is encoded in the transitions between states. 
But there’s an issue that affects its functioning: changes between states are not produced 
instantly, but take some time to produce (due to charge and discharge times from Arduino 
pins&LED). That creates “ramps” between pulses that lead to erroneous values if 
sampled by the receiver (especially in transitions between 0 and 2), as they are halfway 
between states. That would not be much of a problem if the two Arduino boards were 
exactly synchronized; but in reality  they have very small differences in synchronism, that 
eventually add up to make the signal and the sampling loose phase. Again, if this 
synchronization was the only problem, it would not be an issue, but it’s the combination of 
both (ramps and desynchronization) which becomes critical, as it can be seen on Figure 
10.     
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Figure 11: Ideal vs Real signal sampling 

As sampling instants are not in phase with the signal, when a sampling line lands on a 
ramp, the receiver reads an incorrect value. This error has a bigger impact in the 3-level 
system than the one it would have on a synchronous transmission: it creates 2 bit errors 
instead of 1 (transition to the ramp level and transition to the real value), as well as 
“desynchronizing” the receiver, because it accounts for 2 bits when only 1 real one has 
been sent.  

This would have a simple solution, which is sampling a lot faster than the frequency of the 
incoming signal, and obtaining the received values as the mean value of the various 
samplings. Unfortunately, as pointed out in section 4.3.3 - Arduino receptor: DUE, the 
fastest we can sample with our system is every 400us; so we would have to transmit at a 
very slower rate, which would diminish the speed of the system. 

- Solution: Centering sampling method 

This method focuses on always keeping 1 or more samples in the “center” of the 
incoming pulses (“center” meaning away from the ramps). It consists in  

- Sampling at more than 2 times the frequency of the pulses (pulses with period T), 
so that the 2-3 samples that will be in each pulse never are more than T/2 apart 
from each other. 

- In addition, every time a 3-level value which is different from the previous one is 
received, it will be discarded (namely: the 1st of the samples from each pulse will 
always be discarded).  

- If a value has been discarded, the next value received will not be discarded, even 
if different from the previous one (the discarded one).  

That way, we ensure that always one out of three samples will be on the flat zone of the 
pulse, and therefore detected out of the ramp. The samples that land on a ramp, as they 
will always be the different from the previous value, will be discarded. If the first value of a 
pulse has not landed on a ramp, it will be discarded anyways, as we know that the 
second value is surely in the flat zone of the pulse (because samples <T/2 far away from 
each other). One might think that if the first sample is never going to be used, we are 
wasting one sample, so we could sample at higher frequencies. Precisely that would not 
work, as the purpose of sampling this way is to place the 2nd sample in the flat zone of the 
pulse, ensuring that it has been sampled away from the ramps (separation between 
samples >T/2 the 2nd sample may land on the posterior ramp). The following Figures 
illustrate different cases to show the functioning of this method: 

 

Ideal signal 

Sampling  

Real signal 

Sampling  
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If sampling with a separation over T/2, as stated before the second sample might land on 
a ramp, making the sampling incorrect:  

 

 

 

 

 

Figures 12-15: Examples of centering sampling method at different sampling frequencies 

Whichever the phase displacement between the pulses and the sampling, the second 
sample will always be out of the ramp zone and the third one might be on the latter ramp, 
or be redundant. The key point is that the 3 samples/pulse proportion has always to be 
kept. Notice that sampling at much more than 3 samples/pulse would also have a 
negative effect, because two consecutive samples could land in a ramp.  

This solution extracts the maximum speed out of the situation, given the limitation of the 
receiver sampling speed.  

Now continuing with 4.3.4 - Processing section, the parameter “second_sample_flag” 
determines if the sample received is the first one of the transition or the second one. 

4.3.4.2- Secondary scripts  

Sometimes the PC might get a lecture from the photodiode which corresponds to two 
consecutive lectures (maybe because the PC stopped for a while and lectures stacked on 
the buffer, or maybe because the PC-Arduino connection presents this kind of 
spontaneous behavior randomly at high speeds). For example, while receiving imagine 
the previous lectures corresponded to values around 60, and suddenly a value 6060 is 
received. This 6060 is the composition of two 60 values, but the PC interprets it as a “six-
thousand sixty” value, therefore interpreting it as a state 2. This is a peak lecture that 
creates two extra transitions, so two extra errors. The function VLC_cleannumber is 
responsible for “cleaning” the lectures, meaning that it filters the lectures to 2 digits (or 3 
digits, depending on the working levels defined). 

The code for all this scripts can be found in the Annex.  

In this case, the three values 
are sampled correcty. We 
simply discard the first one 
and keep the second one. The 
third one is redundant, as this 
system receives information in 
changes between transitions, 
so it does not give further 
information.  

The first value (which is 
wrong) is discarded. The 
second one is kept as 
correct. Third one is 
redundant as is the same 
as the second. Fourth one 
will be discarded for the 
next pulse.  

 

Even if the pulse or sampling 
frequency get slightly 
modified (as it happens in the 
figure, in this case the 
second sample is still 
centered, and decodes the 
correct value. As long as the 
proportion remains as 3 
samples/pulse, it works  

Wrong sampling! 
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5- Testing of the link under different conditions 
 

5.1-Speed test 

The first test was undertaken in order to determine the maximum speed of the system. 
The speed at what the receptor works is limited, so that will be a fixed parameter. As 
stated on the “Centering sampling method” section, the sampling period should be <T/2; 
therefore we will tune the transmitter’s speed in order to approach that value. The delay 
placed in the RX Arduino is 400us, but the computing time and the USB connection 
computing time have to be added as well; so, estimating that these employ about 100us, 
the RX sampling period would be around 500us, so the system would be working fine 
over with 1000us of pulse period.  

This test was done sending 100.000 bits for each of the speeds below. Therefore the 
BER results are an estimation. Distance between transmitter and receiver was 30cm. The 
ambient light was that of an artificially illuminated room (intermediate interfering light). 
Intensity levels returned by Arduino are values going from 0 to 1023, with 1023 being 
3,3V for Arduino DUE. This 3,3V are the reference value to which the received values are 
compared. Results are shown below: 

Delay in tx Levels (0/1/2) Speed(bps) Bit Error Rate (BER) 

1200us 64/85/93 786 <1 · 10�� 

1175us 64/85/93 802 <1 · 10�� 

1150us 64/85/93 818 <1 · 10�� 

1100us 64/85/93 854 <1 · 10�� 

1050us 64/85/93 892 1 · 10�� 

1030us 64/85/93 908 2 · 10�� 

1025us 64/85/93 912 1 · 10�
 

1020us 64/85/93 916 1 · 10�� 

1010us 64/85/93 925 0,5 · 10�� 

1000us 64/85/93 933 1 · 10�� 

Table 1: Speed test results 

The following chart relates the speed imposed to the transmitting system (bps) vs Bit 
Error Rate: 
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Figure 16: Bit Error Rate vs Speed 

As this system is working at low speeds (compared to those which the LEDs and the 
photodiode can achieve), the “hardware” components are very reliable. Therefore, errors 
due to peaks of the LEDs or to wrong lectures of the photodiode are very unlikely. 
Sequences of >100.000bits have been received at speeds <900bps error-free, so it is 
assumable that the BER at that speeds is >10��, possibly even around 10��. The errors 
in this system then will be due to bad synchronization if speed is pushed too much high 
(Centering Method stops working), or an interfering light affecting the photodiode 
lectures.  

Remembering a previous explanation, as the sampling speed is fixed (4.3.3), when speed 
is raised pulse length T gets reduced, and samples start being more and more separated 
between themselves. As it can be seen on Figure 16, as soon as speed is raised above 
900bps, errors in reception start appearing, due to the fact that Centering Method’s 
condition of “samples separated no more than T/2” is not fulfilled anymore: the signal is 
sampled on the charge/discharge ramps, producing errors.  These 900bps are achieved 
by introducing a delay in the TX Arduino of ~1000us, so it can be deduced that the RX 
Arduino actually samples at ~500us (instead of the 400us from the delay introduced). 

In conclusion , this system proves to be very reliable  at speeds lower than 900bps , 
and practically cannot work at higher speeds  than that, due to limitations of the PC-
Arduino  connection.  
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5.2- Maximum distance test 

This system has a maximum working distance: it is the separation between TX and RX in 
which the photodiode is no longer able to distinguish a 0 or a 1. At this point the 1’s signal 
level is weakened due to distance, so it arrives to the photodiode with approx. the same 
level as noise (ambient light), which is constant over distance. Therefore, and this 
maximum distance will have different values depending on the ambient light of the 
environment.  

The tests consist in separating the TX and RX at periodical intervals, and measure the 
BER in each one of them. When the BER eventually rises greatly, it will mean that the 
limit has been reached. Three tests have been undertaken with three different ambient 
light levels each. Intensity levels returned by Arduino are values going from 0 to 1023, 
with 1023 being 3,3V for Arduino DUE. The speed used is 818bps for all three:  

 

5.2.1 – Dark room 

This test was undertaken in a room with the only light of the PC screen. These are the 
values obtained: 

 

Figure 17: Dark room distance test set-up.  
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Figure 18: Dark room distance test results 

 

A rapid decay of the levels can be observed when separating TX and RX up to 20cm. 
That shows a non-lineal behavior of the photodiode for these intensity levels. Over 20cm 
it becomes clearly more linear. It must be stated that the noise level stated (55 in this 
case) is the mean value. Noise (level 0) does not remain constant at all, and in this case 
(in absence of light) it varies in a quite large range, going from 62-40. Though it is true 
that values as high as 62 only appear spontaneously (peaks), being 55 the more common 
value obtained.  

Consequently, when level 1 is received as 63 (at 120cm distance), the system starts to 
have trouble distinguishing level 0 from level 1 at some samples, producing errors. At 
120cm a BER of approx. 5 · 10�� is observed, and at 130cm it goes up to 1 · 10��. 
Remember that in normal conditions a BER <1 · 10�� is observed, so we can conclude 
that around 110-120cm a drop of transmission quality appears.  

Therefore, we can place the maximum distance at which the system works 
appropriately in a dark room as 110cm . At this distance BER remains the same as with 
lower distances (as long as the environment doesn’t change). At distances >=130cm, the 
system does not work properly as most times it will not even recognize the INIT sequence. 

 

5.2.2. – Illuminated room (artificial light)  

This test was undertaken in a room illuminated by a halogen lightbulb. These are the 
values obtained: 
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Figure 19: Illuminated room distance test set-up 

 

Figure 20: Artificially lit room distance test results 

The same non-linear behavior from the previous test can be observed at low distances. In 
this case the noise level is 64, due to the ambient light. But, differently from the previous 
test, in this case the noise level remains quite constant, due to the fact that the 
photodiode gives constant lectures when receiving high input values, and erratic ones in 
absence of light. Therefore, in this environment the system is able to work at 120cm, as 
noise peaks aren’t as common as before.  
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At 130cm though, level 1 is received as 67, getting too close to the noise threshold level. 
Remember that threshold between level 0 and 1 is placed 3 points under level 1; so at 
this distance, threshold and level 0 coincide (64), making it easy for errors to appear. A 
BER of 5 · 10�� is observed at this distance. 

In conclusion, we can place the maximum distance at which the system works 
appropriately in an artificially illuminated room as 120cm. At distances >=130cm, the 
system does not work properly as most times it will not even recognize the INIT sequence. 

 

5.2.3. – Illuminated room (natural light, cloudy da y) 

This test was undertaken in a room illuminated natural light in a cloudy day. These are 
the values obtained: 

 

Figure 21: Naturally lit room distance test results 

 

As it can be seen, the noise level is now much higher: 75. This sudden increase of the 
noise level might be due to the fact that sunlight has a much wider spectrum than the 
artificial light from the previous test, so the photodiode detects a much higher value 
(although a human present at the room does not perceive such a difference in the room’s 
illumination).  

Being the threshold so high (and the transmitting power fixed), the maximum distance 
gets considerably reduced. The maximum distance at which the system works 
appropriately in an naturally illuminated room (cloudy day) is 5 0cm. At distances 
>=50cm, the system does not work properly as most times it will not even recognize the 
INIT sequence. 
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5.2.4. – Illuminated room (natural light, sunny day ) 

In this case, the system doesn’t work at all, independently of the distance, because of the 
high noise level. The photodiode detects a noise level around 110. So, as we have limited 
transmitting power (Arduino UNO board: 40mA), transmission cannot be set up properly. 
For future versions, this problem could be solved by using external power supplies. 

 

5.3- Speed vs Distance  

As concluded on 5.1 Speed test, when working at speeds lower tan 900bps at 30cm 
distance, this system is quite reliable. But, what about the speed-distance relation? Well, 
by analyzing the results obtained in the previous tests, it is obtained that: 

- If speed is raised too much, errors start appearing, due to bad synchronization . 
- If transmitter and receiver are separated too much from each other, errors start 

appearing, due to noise interference .  

Therefore, we can see that the effects speed and distance have on the communication 
are independent .  

For example, if we separate TX and RX >130cm, it will not matter which speed do we set 
the link to work with, as the affecting element here is the noise level. The photodiode is 
more than able to detect the samples of the signal at this speed range (it is prepared to 
work at 100MHz), so slowing down the connection will not make it detect any better. 

The same applies the other way round: if we raise speed above 900bps (errors start 
appearing), and we try to compensate it by getting TX and RX closer, it will have no effect, 
as the affecting element here is synchronization.  

So the point is, that at all distances between the maximum distance range, the maximum 
speed will be the same; and within the maximum speed range, the maximum distance will 
be the same.   
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5.4-Alignment test 

The RL5-W18030 LEDs have a -3dB (half power) loss at 30º from the main direction. The 
photodiode does not have a linear response for all values, so at 30º of misalignment 
between TX-RX we do not obtain half the power obtained at 0º. The following test 
exemplifies this issue: 

 

Figure 22: Misalignment test results 

 

As it can be seen on the graph, when approaching 30°, level 1 gets too close to level 0, 
thus generating errors. This test concludes that the maximum misalignment  at which 
the system still works properly is around 25°. This test was undertaken in an artificially 
illuminated  room, so as with the other tests this result is valid for a dark room too . So 
in addition, by exporting the noise level results from test 5.3.2 we see that to work in a 
naturally lit room  an alignment of ~8° would be needed. 

As a last conclusion of this tests, it must be taken into account that Arduino provides a 
maximum of 40 mA on its output pins, which means we are not using the LEDs at its 
maximum power. For future development, by using external power supplies (and even 
more powerful LEDs), the range of the system could be improved up to values around 
5meters (maybe more).  
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6. Conclusions and future development  

To sum up, the results from this thesis show that the designed VLC link can reach speeds 
up to 900bps , with a Bit Error Rate smaller than ����. It can work at a 120cm distance  
in an artificially illuminated room, and at 50cm in a naturally lit room. The maximum 
misalign  permitted between transmitter and receiver is 25º. 

Despite using low cost components  in the development of this project, the resulting 
link works in a robust way  and is able to transmit with the characteristics described 
above. We conclude that the used Arduino platform provides a low-cost way of 
developing a VLC link, but cannot provide high speeds comparable to other technologies 
(Wi-Fi, etc.). The main limitation encountered in this project is the USB connection 
between PC and Arduino, which has proved to be too much slow. Nevertheless, this kind 
of system can be used for applications which need a few-Kbps reliable link, and which 
could profit from the advantages VLC technology provides. For example, applications 
which aren’t dedicated to transmit big amounts of data, and which use the globalized 
usage of LEDs on lightning: password transmitting, broadcast transmitting (urban lights, 
traffic lights, …),  geopositioning visible light ID system [8], …among other applications.   

This thesis is a low-cost proof-of-concept that demonstrates the viability of this type of link. 
With further development and possibly higher-quality components, it could turn into a link 
with useful capabilities for commercial applications. For example, by using a faster 
platform than Arduino (both in processing and USB connection), or by using external 
power supplies for the LEDs, this system should be able to operate at 5 meters or more 
with data speeds exceeding several Kbps.  

Therefore, the project leaves an exciting door open for future development, as 
performance can be significantly improved in several ways. Examples of actions that 
could be realized in the future to improve this link are: 

• Upgrade to a full-duplex version 
• Implement a MAC layer, in order for several parallel links to transmit in the same 

medium.     
• Use external power supplies and different kinds of LEDs to transmit with higher 

intensity, therefore, enlarging the maximum working distance. That could also 
allow working with more than 2 LEDs, being able to have more than 3 intensity 
levels.   

• Use different colours (frequencies) in order to transmit using a FDM system. RGB 
LEDs could be used, for example. 

• Use a lower-level and faster platform than Arduino. 
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Annex: 

MATLAB and Arduino codes referred in this document can be found in the attached file 
“Annex.zip”. Furthermore, complete tables of results for the tests done in this project are 
also included in this file.  
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Glossary 

VLC: Visible Light Communications 

BER: Bit Error Rate 

IOT: Internet of Things 

LED: Light Emitting Diode 

I/O: Input/output 

TX/RX: Transmission/Reception 

FDM: Frequency-Division Multiplexing 

RGB: Red Green Blue 

MAC: Media Access Control 

 

 


