
 

 

Towards an Optical Wireless Communication based 
Vehicle to Vehicle Communication System 

 

A Degree Thesis 
Submitted to the Faculty of the 

Escola Tècnica d'Enginyeria de Telecomunicació de 
Barcelona 

Universitat Politècnica de Catalunya 
by 

Amandeep Singh Rajput 
 
 

In partial fulfilment 
of the requirements for the degree in 

ELECTRICAL AND ELECTRONICS ENGINEERING 
 
 
 

Advisors: José Antonio Lázaro 
   Adolfo Lerín 
   Daniel Sevilla Dalmau 

 
 

Barcelona, July 2019 



 

Abstract 

Vehicle to Vehicle (V2V) Communication is a developing technology that aims to            

make road transportation systems intelligent, to avoid accidents and traffic          

congestions. This thesis presents Optical Wireless Communication (OWC) as a solution           

that will drive the next generation of V2V systems. The current standards for V2V and               

vehicle to infrastructure (V2I) communication, based on radio frequency techniques, are           

revised. Also, the current standard for Visible Light Communication (VLC), IEEE 802.15.7            

is analyzed. This project also shows the first steps towards a cost-effective            

implementation of V2V VLC taking advantage of already available hardware in vehicles.            

Finally, a transmission system is presented aiming to demonstrate an adaptation of            

current VLC standards for V2V and V2I communication. Another system based on IR             

communication is also presented. These are presented as an alternative for V2V and V2I              

solutions based on radio frequency techniques, opening the door to a relevant industrial             

application of optical wireless communication. 
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Resum 

Comunicació de vehicles a vehicles (V2V) és una tecnologia en desenvolupament que            

pretén fer que els sistemes de transport per carretera siguin intel·ligents, per evitar             

accidents i congestions de trànsit. Aquesta tesi presenta la comunicació òptica sense fils             

(OWC) com a solució que impulsarà la propera generació de sistemes V2V. Es revisen              

els estàndards actuals de comunicació V2V i de vehicles a infraestructura (V2I), basats             

en tècniques de radiofreqüència. També s'analitza l'estàndard actual per a la           

comunicació de llum visible (VLC), IEEE 802.15.7. Aquest projecte també mostra els            

primers passos cap a una implementació rendible del VLC V2V aprofitant el maquinari ja              

disponible als vehicles. Finalment, es presenta un sistema de transmissió amb l'objectiu            

de demostrar una adaptació dels estàndards actuals de VLC per a la comunicació V2V i               

V2I. També es presenta un altre sistema basat en la comunicació IR. Es presenten com               

una alternativa per a solucions V2V i V2I basades en tècniques de freqüència de ràdio,               

que obren les portes a una aplicació industrial rellevant de comunicació sense fil òptica. 

  

2 
 



 

Resumen 

Comunicación de vehículo a vehículo (V2V) es una tecnología en desarrollo que tiene             

como objetivo hacer que los sistemas de transporte por carretera sean inteligentes, para             

evitar accidentes y congestiones de tráfico. Esta tesis presenta la comunicación           

inalámbrica óptica (OWC, por sus siglas en inglés) como una solución que impulsará la              

próxima generación de sistemas V2V. Se revisan los estándares actuales de           

comunicación V2V y de vehículo a infraestructura (V2I), basados en técnicas de            

radiofrecuencia. Además, se analiza el estándar actual para la comunicación de luz            

visible (VLC), IEEE 802.15.7. Este proyecto también muestra los primeros pasos hacia            

una implementación rentable de V2V VLC aprovechando el hardware ya disponible en            

los vehículos. Finalmente, se presenta un sistema de transmisión con el objetivo de             

demostrar una adaptación de los estándares VLC actuales para la comunicación V2V y             

V2I. También se presenta otro sistema basado en la comunicación IR. Estos se             

presentan como una alternativa para las soluciones V2V y V2I basadas en técnicas de              

radiofrecuencia, lo que abre la puerta a una aplicación industrial relevante de            

comunicación inalámbrica óptica. 

  

3 
 



 

Acknowledgements 

I take this opportunity to express my sincerest thanks to my advisors Prof. José Antonio               

Lazaro, Mr Adolfo Lerín and Mr Sevilla Dalmau Daniel for their constant support and              

guidance during this project. They have provided useful insights into the project that has              

helped me overcome difficulties. 

This project would not have been possible without the resources and guidance of Amrita              

Vishwa Vidyapeetham, India and ETSETB - Universitat Politècnica de Catalunya, Spain. 

I would like to thank Altran, the company that collaborated with UPC for this project, for                

constantly providing all the technical support I needed throughout the course of my thesis              

work. 

I would also like to thank Amrita Center for International Programs (ACIP) for providing              

me with the opportunity to study at ETSETB-UPC, Spain. 

Last but not least I would like to thank my parents for their constant support both                

emotional and financial. 

 

 

  

4 
 



 

 

Revision history and approval record 

 

Revision Date Purpose 

0 01/05/2019 Document  creation 

1 03/07/2019 Document  revision 

2 05/07/2019 Document approval 

 

 

 

DOCUMENT DISTRIBUTION LIST 

 Name  e-mail 

 Amandeep Singh Rajput  ammyamandeep@gmail.com 

 José Antonio Lazaro Villa  jose.antonio.lazaro@upc.edu 

 Adolfo Lerín  adolfo.lerin@altran.com 

 Daniel Sevilla Dalmau  daniel.sevilladalmau@altran.com 

 

 

 

 

 

Written by: Reviewed and approved by: 

Date 03/07/2019 Date 05/07/2019 

Name Amandeep Singh Rajput Name José Antonio Lazaro Villa 

Position Project Author  Position Project Supervisor 

  

5 
 



 

Table of contents 

Abstract 1 

Resum 2 

Resumen 3 

Acknowledgements 4 

Revision history and approval record 5 

Table of contents 6 

List of Figures 8 

1. Introduction 9 
1.1 Objectives 9 

1.2 Method and Procedure 9 

1.3 Deviations from the initial plan 10 

1.4. Conference Paper - OPTOEL 2019 10 

2. State of the art of the technology applied in this thesis 11 
2.1 Vehicle to Vehicle Communication 11 

2.1.1 Requirements to be complied by V2V communication systems 11 

2.2 Optical Wireless Communication 12 

2.2.1. Visible Light Communication 12 

2.2.2. Overview of IEEE 802.15.7 Standard 13 

2.2.3. Advantages of VLC over RF communication for connected vehicle 14 

2.2.4. Transmitters in VLC 14 

2.2.5. Receivers in VLC 15 

2.2.6 Infrared (IR) Communication 15 

2.3. Challenges in V2V Communication using VLC 15 

2.3.1 Directionality 15 

2.3.2. Environmental challenges 16 

2.4. Universal Asynchronous Receiver/Transmitter (UART) 17 

2.5. Pulse Width Modulation (PWM) 17 

3. Development of the project 19 
3.1. Components and tools used in this project 19 

3.1.1.  Texas Instruments MSP430FR2433 Launchpad 19 

3.1.2. Small Form-factor Pluggable (SFP) Optical Transceiver 19 

6 
 



 

3.1.3. Fibre-to-Fibre Optical U-Bench 20 

3.1.4. Arduino Due Microcontroller 20 

3.2. Development of the system based on Visible Light Communication 21 

3.2.1. The transmitter of the VLC based system 21 

3.2.2. The receiver of the VLC based system 23 

3.2.3. Programming the MSP430 microcontroller 23 

3.3. Development of the system based on IR Communication 25 

3.3.1. Programming the MSP430 microcontroller 26 

3.4. Arduino based VLC system - a different approach 27 

3.4.1. Communication protocol and programming of the Arduino 27 

3.4.2. Hardware setup 28 

4. Results and Analysis 29 
4.1. VLC based system 29 

4.1.1. Verification of UART communication 29 

4.1.2. Simulation of Transmitter circuit 30 

4.1.3. Implementation of the system 30 

4.2. IR communication-based system 31 

4.2.1. UART signal 31 

4.2.2. PWM signal 32 

4.2.3. PWM signal with duty cycle sweep 33 

4.3. Arduino based VLC system 33 

4.3.1 Transmitter 33 

5. Conclusions and future development 35 

References 37 

Appendices 38 
i. Paper submitted to the OPTOEL conference 38 

ii. OPTOEL - Poster 43 

Glossary 44 
 

  

7 
 



 

List of Figures 

Fig. 1: V2V and V2I Communication scenario 11 

Fig. 2: Visible light spectrum 12 

Fig. 3: Layered architecture of VLC (IEEE 802.15.7) 13  

Fig. 4: MAC network topologies 14 

Fig. 5: Representation of LOS and NLOS communication cases 16 

Fig. 6: Interference due to road reflection 16  

Fig. 7: Effect of Fresnel lens 17 

Fig. 8: Data frame of a UART message 17 

Fig. 9: A PWM signal 17 

Fig. 10: Period and Duty Cycle for PWM generation in microcontrollers 18 

Fig. 11: The MSP430FR2433 Launchpad 19 

Fig. 12: CWDM-2.67G-SFP-80-55 optical transceiver 20 

Fig. 13: FBC-1550-APC Fiber-to-fibre U-Bench from Thorlabs 20 

Fig. 14: Arduino Due microcontroller board 20 

Fig. 15: Schematic of the V2V communication section based on VLC 21 

Fig. 16: Circuit schematic of the TX driver circuit 22 

Fig. 17: Hardware setup of the VLC based transmitter 22 

Fig. 18: Receiver PCB designed for the VLC based system 23 

Fig. 19: The files required to be in the project folder while programming the MSP430 24 

Fig. 20: Schematic of the V2V communication system based on IR communication 25 

Fig. 21: Electrical schematic of a Bias-Tee 26 

Fig. 22: Hardware setup of the IR based system 26 

Fig. 23: TX Arduino board connected to the driver PCB and LEDs 28 

Fig. 24: Schematic of the Arduino based VLC system 28 

Fig. 25: Two MSPs connected directly for a full-duplex communication 29 

Fig. 26: Setup configuration of Tera term for UART communication and Received data 29 

Fig. 27: Output waveform from the simulation of the TX driver circuit 30 

Fig. 28: Demonstration of the VLC system 30 

Fig. 29: Effect of increase in distance on the signal reception 31 

Fig. 30: UART - Transmitted and Received signals 31 

Fig. 31: Received data from the serial communication terminal 32 

Fig. 32: PWM - Transmitted and Received signals 32 

Fig. 33: PWM signal with duty cycle sweep - Transmitted and received signals 33 

Fig. 34: Transmitted signal corresponding to the number 52 33 

Fig. 35: The TX and RX Arduino boards connected directly 34 

Fig. 36: Data received by the RX Arduino board 34 

8 
 



 

1. Introduction 
In recent times, there has been a considerable shift towards electronics and software             
solutions rather than mechanical solutions in the automotive industry. However, as the            
importance of automotive electronics has grown, the complexity of these electronics has            
also grown [1]. 

In today’s world of smart cars, Vehicle to Vehicle (V2V) communication is a field that is                
being extensively researched and experimented. A network of connected vehicles would           
have multiple advantages such as information exchange between vehicles and          
infrastructures, information such as vehicle speeds and proximity, onward traffic data,           
navigation assistance, etc. This will help in preventing accidents and mitigating traffic            
congestion. The communication must be full-duplex, so each vehicle requires embedding           
bidirectional transceivers. 

From the IEEE association, the IEEE 802.11p standard has been proposed for V2V             
communication. It is derived from the IEEE 802.11 WiFi standard, specifically designed            
for V2V and Vehicle to Infrastructure (V2I) communication in the RF spectrum.  

This creates new challenges. Extremely high density and quick change of topology due to              
the movement of vehicles will create difficulty in interference control [2]. Since the RF              
spectrum is quite saturated with cellular, WiFi and other applications, the transmission of             
RF signal over optical carriers open up a new spectrum for V2V communication. 

Optical communication such as Optical Wireless Communication (OWC), which is based           
on Visible or Infrared (IR) light, can be used for V2V communication. Unlike RF, OWC is                
not prone to electromagnetic interference and relatively consumes less power. Due to            
directional propagation characteristics of light, accurate positioning can be obtained,          
which is essential in V2V communication [3]. IR communication can provide data            
transmission but cannot provide illumination whereas Visible Light Communication (VLC)          
can provide both. Hence Visible Light Communication (VLC) can be implemented using            
the vehicle’s existing head and tail lamps as transmitters. 

1.1 Objectives 
The main objective of this project is to set up a V2V communication system using visible                
light communication by implementing full-duplex communication. In this thesis work, the           
development of a robust communication protocol and investigation of parallel approaches           
is presented. 

1.2 Method and Procedure 
This project is based on an earlier work titled “Laboratory Test of Connected Vehicle by               
Visible Light” by Juglaret Pierre-Antoine and under the supervision of Jose Antonio            
Lazaro. The project worked towards a full-duplex UART communication system using           
MSP430 microcontrollers.  

This project follows the footsteps of the previous work, towards the implementation and             
experimentation of an OWC system, mainly using visible light, by using LEDs as             
transmitters and photodetectors as receivers. This would comply with the IEEE 802.15.7            
standard for visible light communication.  
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For simplicity, two MSP430 microcontrollers are used, one as TX and one as RX, for a                
half-duplex communication system. To transmit the signal using the LEDs, a driver circuit             
for the LEDs is implemented. Similarly, for the reception, a signal conditioning circuit is              
developed which amplifies and filters out the external disturbances in the received signal             
by the photodetectors.  

The development of the V2V system based on VLC system is a collaborative effort              
between UPC and Altran. Altran mainly focused on and helped with the development of              
the PCBs for driving the LEDs at TX and for signal conditioning at RX, which is discussed                 
in this report. 

1.3 Deviations from the initial plan 
As the development of the V2V communication using Visible Light project required more             
time for the development of the receiver system, it led to an alternate approach to               
implement a system based on Infrared (IR) communication and use the same            
microcontrollers for data communication that were developed for the VLC based system. 

The investigation of this approach led us to consider a different way of data              
communication technique by encoding data in PWM signals in terms of the duty cycle.              
The IR based system was tested for PWM signals with duty cycle sweep, to verify if the                 
system works properly, but without any data encoded in these signals. Since the results              
of this test were good, it motivated to try to encode data in this variable duty cycle PWM                  
signal. 

Another approach was taken up to work on a simple communication protocol algorithm,             
similar to a software-defined serial communication. The aim was to achieve more control             
over the data communication rates and modulation method to be used for            
communication. As this was worked upon towards the end, a pair of Arduino Due boards               
were used to check the communication protocol, as they are simple to program and work               
with. 

1.4. Conference Paper - OPTOEL 2019  
In April 2019, a paper titled “Optical Wireless Communication based Vehicle to Vehicle             
Communication System” was submitted to the Spanish Optoelectronics Meeting         
(OPTOEL) 2019, which is a biannual conference organised by the Optoelectronics           
Committee of the Spanish Society of Optics (SEDOPTICA). The conference is scheduled            
for the 3rd to 5th July 2019.  

The paper consists of an overview of the V2V communication using VLC system being              
developed in collaboration with Altran. It also included a review of the IEEE 802.15.7              
standard for VLC and discussed Vehicle to Vehicle and Vehicle to Infrastructure            
communication scenarios. The paper also talks about some challenges a VLC based V2V             
communication system will have to face and proposes possible solutions to these            
challenges.  

Later as the approach partially shifted towards an IR based system, it was implemented              
after the last date of submission of the paper, hence the results obtained from it were                
later included in the poster made for the poster presentation session at the conference.              
The paper and the poster are added to this thesis report as appendices.  
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2. State of the art of the technology applied in this thesis 

2.1 Vehicle to Vehicle Communication 
Vehicle to Vehicle (V2V) Communication was conceptualized to provide automobiles to           
share vehicle information among themselves to make vehicular transit safer, more fluid            
and comfortable. This concept is based out of Co-operative Intelligent Transportation           
Systems (C-ITS) [4]. 

There are numerous road accidents reported every day all around the world, and millions              
of people suffer major injuries leading to deaths and disabilities each year. This can be               
reduced by robust vehicular networks, including Vehicle to Infrastructure (V2I)          
communication. V2V and V2I communication systems are together referred to as Vehicle            
to Everything (V2X) communication systems. 

In theory, a V2V communication network consists of vehicles as mobile nodes and             
infrastructural nodes as fixed nodes/gateways. Infrastructural nodes could be street lights,           
traffic lights or buildings. Both mobile nodes and fixed nodes will be equipped with              
multiple transmitters and receivers, operating simultaneously to setup a full-duplex          
communication. The infrastructural nodes can be connected to the internet and broadcast            
information related to traffic and vehicle safety. They can further be used as gateways to               
get information about vehicles that are far apart and not in each other’s vicinity. 

 
Fig. 1. V2V and V2I communication scenario 

2.1.1 Requirements to be complied by V2V communication systems 

To provide an efficient vehicular network environment, the following requirements must           
be satisfied by a V2V communication system for different applications [5]  - 

● For road safety applications consisting of passive safety systems such as airbags            
and for co-operative traffic management - latency less than 200 ms, coverage of             
300 m and baud rate of at least 10 kbps 

● For active safety systems such as Anti-lock Braking System (ABS) - latency less             
than 80 ms, with coverage of 200 m and data speeds of at least 10 kbps [6]. 
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● For infotainment applications - latency is a smaller concern, it can be up to 500               
ms, distance covered may vary depending on the source and communication           
technology, data speeds of tens or hundreds of kbps 

● For autonomous driving applications - latency less than 1 ms and requires data             
rates in terms of Gbps for high-speed communication. The current work in            
achieving this is oriented towards the usage of 5G communication technologies           
[6]. 

VLC can be used for vehicular communication due to the presence of the vehicle lights               
and the existing traffic light infrastructure. The high priority applications indicated by the             
Vehicle Safety Communications Project include cooperative forward collision warning,         
pre-crash sensing, emergency electronic brake lights, lane change warning, stop sign           
movement assistant, left turn assistant, traffic signal violation warning and curve speed            
warning [7]. All of the high priority applications require reliable reachability with extremely             
low latency. Due to the extremely low allowable latency in vehicle safety communication,             
a high speed visible light communication system can be suitable. 

2.2 Optical Wireless Communication 
Optical wireless communication (OWC) uses unguided Visible, Infrared (IR) or Ultraviolet           
(UV) light to carry a signal. OWC operating in the visible band (390-750 nm) is known as                 
Visible Light Communication [8]. 

VLC is a more suitable technology for V2V communication as it can be implemented              
using the headlights of the vehicle which would reduce the cost and complexity of the               
system. 

2.2.1. Visible Light Communication 

Visible Light Communication (VLC) systems employ visible light for communication that           
occupies the spectrum from 380 nm to 750 nm corresponding to a frequency spectrum of               
430 THz to 790 THz. The low bandwidth problem in RF communication is resolved in               
VLC because of the availability of the large bandwidth as illustrated in Fig.2.  

 

 
Fig.2: Visible light spectrum 

The VLC receiver only receives signals if they reside in the same room as the transmitter,                
therefore the receivers outside the room of the VLC source will not be able to receive the                 
signals and thus, it has the immunity to security issues that occurs in the RF               
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communication systems. As a visible light source can be used both for illumination and              
communication, therefore, it saves the extra power that is required in RF communication. 

2.2.2. Overview of IEEE 802.15.7 Standard 

Taking advantage of recent advances in LED technology, IEEE 802.15.7 supports high            
data rate VLC up to 96 Mbit/s by fast modulation of optical light sources. Like any other                 
communications system, the architecture of a VLC system is categorized based on layers             
as shown in Fig. 3. It consists of 3 stages: application layer, Medium Access Controller               
(MAC) layer, and Physical (PHY) Layer [9]. 

 

 
Fig. 3: Layered architecture of VLC (IEEE 802.15.7)  

 

In this IEEE standard, a PHY and a MAC layer for short-range optical wireless              
communications using visible light in optically transparent media are defined. The           
standard is capable of delivering data rates sufficient to support audio and video             
multimedia services and also considers the mobility of the visible link, compatibility with             
visible-light infrastructures, impairments because of noise and interference from sources          
like ambient light and a MAC layer that accommodates visible links [10]. 

i. PHY Layer 

PHY layer is responsible for transmission and reception, activation and deactivation of the             
optical transceiver, and checking if the state of the transmission channel is idle or busy.               
There are 3 operation modes in the PHY layer. The differences between each operation              
mode are:  

● The PHY I was established for outdoor applications and works from 11.67 kbit/s to              
267.6 kbit/s. It uses On-Off Keying (OOK) and Variable Pulse Position Modulation            
(VPPM) techniques. 

● The PHY II layer, used for indoor applications, provides data rates from 1.25             
Mbit/s up to 96 Mbit/s. It also uses VPPM and OOK modulation techniques. 

● The PHY III is being used for many emission sources with Colour Shift Keying              
(CSK) modulation. CSK modulation scheme is used to represent information bits           
in the form of different colour wavelengths. PHY III can deliver rates from 12              
Mbit/s up to 96 Mbit/s. 

ii. MAC Layer 

Three network topologies are defined in the MAC layer: 
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● Peer to peer: For situations where two devices are communicating with each            
other. One of them acts as a coordinator. 

● Star Communication: It can be implemented by using several devices. One of            
them acts as a coordinator and it is used as an illumination infrastructure. 

● Broadcast One: One device i.e. a coordinator sends data to several devices.            
Communication is a unidirectional way.  

 
Fig. 4: MAC network topologies [10] 

 
2.2.3. Advantages of VLC over RF communication for connected vehicle 

The Radio Frequency (RF) communication suffers from interference and high latency           
issues. Along with this, RF communication requires a separate setup for transmission and             
reception of RF waves. 

To overcome these limitations, Visible Light Communication (VLC) is a preferred           
communication technology because of its high bandwidth and immunity to interference           
from electromagnetic sources. The revolution in the field of solid-state lighting leads to the              
replacement of fluorescent lamps by LEDs which further motivates the usage of VLC. 

Inherent features of VLC include high bandwidth, no health hazard, low power            
consumption and non-licensed channels that make it attractive for practical use. 

2.2.4. Transmitters in VLC 

The two widely used light sources used in VLC are Light Emitting Diodes (LEDs) and               
Laser Diodes (LD). The major difference between the two is that LD is a coherent light                
source and LED is a non-coherent light source [11].  

An LED is a semiconductor that produces light. When electrons enter the semiconductor             
they bond with holes in the substrate and energy is released in the form of photons.                
There are several variables that need to be considered when choosing an LED and these               
variables have to be weighed against each other. The maximum intensity of the LED              
affects the rise time. A low intensity makes it possible to have a short rise time and                 
increasing the intensity increases the rise time. The more intensity an LED generates, the              
more power it needs, and the more heat it produces. 

Solid-state devices are more reliable and can be switched at high frequency compared to              
incandescent light sources. LEDs can provide illumination and data transfer          
simultaneously, which is suitable for V2V communication using the vehicle’s headlights. 
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2.2.5. Receivers in VLC 

These typically consist of a photodetector, amplification circuit and optical concentrators.           
Photodiodes are used to detect the light signal and convert it into an electrical signal.  

The photodiode is a semiconductor converting light into an electrical current. Most of the              
photodiodes in the market are produced for the purpose of fibre optics. In applications              
concerning fibre optics, the radiant sensitive area of the photodiode is small and the              
rise/fall time is short. With increased radiant sensitive area, the response time will be              
slower. Without fibre optics, a larger radiant sensitive area allows for more light to be               
captured by the receiver.  

Photodiodes are preferred due to their small size, high sensitivity and fast response.             
Photodiodes can also be designed to be sensitive to a particular interval of wavelength              
[11].  

The generated electrical signal from a photodiode is very low in terms of power, hence an                
amplification circuit is used to strengthen the signal. Optical filters help concentrate the             
signal to the photodiode and reduce interference from various other sources [12].  

2.2.6 Infrared (IR) Communication 

IR communication is designed for short-range communications among devices, based          
over the IR spectrum (70 nm to 1 mm). Devices with IR communication capability usually               
conform to standards defined by the Infrared Data Association (IrDA). IR signals cannot             
penetrate walls, hence for efficient communication, the TX and RX must be in each              
other’s vicinity [13]. 

Like VLC, IR communication also uses LEDs and Laser diodes to convert electrical             
signals to IR signals and transmit and photodiodes as receivers which convert the IR              
signal to electrical. The IR signal is modulated using the ON-OFF keying technique,             
where the TX LED is rapidly switched ON and OFF, to prevent interference caused by               
other sources (e.g. sunlight). The receiver detects and extracts only the high-frequency            
signal and filters out the low-frequency disturbances due to other IR sources. 

Free space optical communication using infrared lasers can be a relatively inexpensive            
way to install a communications link in an urban area operating at up to 4 Gbps [13]. An                  
example of this is the European Data Relay System (EDRS) developed by the European              
Space Agency for creating a network between satellites, spacecraft, UAVs, and ground            
stations. The laser terminal of the system transmits 1.8 Gbps across 45000 km [14]. 

Infrared lasers are also used to provide the light for optical fibre communications systems.              
Infrared light with a wavelength around 1330 nm (least dispersion) or 1550 nm (best              
transmission) are the best choices for standard silica fibres [13]. 

2.3. Challenges in V2V Communication using VLC 

2.3.1 Directionality 

There are two possible cases regarding the directionality of the transmitter and receiver,             
Line of Sight (LOS) and Non-Line of Sight (NLOS). 
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Fig. 5. Representation of LOS and NLOS communication cases 

 

Another factor to be considered is if the transmitter and receiver are directed to a specific                
point (narrow beam) or are not particularly focused to a specific point (wide beam).  

According to the regulations applicable to headlamps issued by the Economic           
Commission of Europe (ECE) and the Federal Motor Vehicle Safety Standards (FMVSS)            
of the US, in order to ensure that vehicles could provide good road illumination while not                
causing glare for other drivers, the headlight, reflective devices, and associated           
equipment must meet specific requirements. The average irradiance angle of headlights           
and taillights in most vehicles is of about 20o [15], [16]. 

Due to this, part of the signal rays will be directly received and another part will be                 
reflected by the road surface and received, as shown in Fig. 6, which can cause multipath                
induced interference, which is undesirable.  

 

 
Fig. 6: Interference due to road reflection 

2.3.2. Environmental challenges 

One important issue is to make the system to perform properly in all lighting and weather                
conditions. During winter conditions it is frequent for lights, transmitters and receivers to             
become obscured by fog thus fully or partially blocking signals. While during the summer,              
there may be excess light ‘noise’ on bright days making it difficult for receivers to pick-up                
the light signals. In both cases, the signal-to-noise ratio (SNR) will be reduced. 

In sunny conditions, the SNR can be improved by increasing the signal transmission             
power and by having better directivity [12], while complying with the vehicular safety             
regulations and standards of various countries around the world, for example, the Federal             
Motor Vehicle Safety Standards (FMVSS) of the US.  

While under foggy conditions, the SNR can be improved by introducing a Fresnel lens at               
the receiver. The lens focuses the light signal rays to the photodetector as shown in Fig. 7                 
[3]. 
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Fig. 7: Effect of Fresnel lens  

 

2.4. Universal Asynchronous Receiver/Transmitter (UART) 
Universal Asynchronous Receiver/Transmitter is a computer hardware module used for          
asynchronous serial communication where the transmission speed and data formats can           
be configurable. UART takes data in terms of bytes and sequentially transmits the             
individual bits comprised in the byte.  

The data bit stream follows a First in first out (FIFO) manner. The transmitter sends a                
start bit and then sends the data stream and sends a stop bit, in the end, to inform the                   
end of the transmission. When receiving this data, the receiver UART reassembles the             
bits received into complete bytes.  

  
Fig. 8: Data frame of a UART message 

The idle state or no data state of UART communication is high voltage. All the UART                
hardware operations are controlled by an internal clock signal which runs at a frequency              
much greater than the bit rate of data communication [17].  

2.5. Pulse Width Modulation (PWM) 
Pulse Width Modulated signals digital pulses with a certain frequency. In one cycle, the              
amount of time the signal is in a HIGH state as a percentage of the total time period is                   
known as the duty cycle.  
 

  
Fig. 9: A PWM signal 

 

In Fig. 9, t1 is the total period of the signal, reciprocal of which provides the frequency of                  
the signal, and t2 is the ON time of the signal, which provides the duty cycle. Duty cycle                  
and frequency are two main parameters that define a PWM signal [18].  
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Fig. 10: Period and Duty Cycle for PWM generation in microcontrollers 

A microcontroller can be used to generate PWM signals, as they operate digitally and              
PWM signals can be used to mimic analogue operations. In microcontrollers, PWM            
signals are generated with respect to its high-frequency clock signals and counters.            
Counters contain capture and compare registers (CCR), the period value can be stored in              
the CCR and the counter counts the clock signals until it matches the period value.               
Another CCR is used to store the value of the ON time value and by using the same                  
method, the duty cycle is defined [19]. 
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3. Development of the project 
This chapter explains the approaches taken towards implementation of the V2V           
communication system using VLC, IR communication and also explains an alternative           
approach using Arduino for VLC, and also explains the components and tools used in this               
project.  

3.1. Components and tools used in this project 

3.1.1. Texas Instruments MSP430FR2433 Launchpad 

The MSP430FR2433 microcontroller from Texas Instruments is a highly versatile 16-bit           
microcontroller with a clock frequency of 16 Mhz, 15.5 KB of FRAM (Ferroelectric             
Random Access Memory and 4 KB of SRAM (Static RAM). It consists of 2 independent               
UART modules, which suffices a key requirement of this project. The launchpad version             
of the microcontroller is a user-friendly board which consists of 20 pins accessible by the               
user, which can be programmed to perform various input and output functions [20]. 

 
Fig. 11: The MSP430FR2433 Launchpad 

The microcontroller can be programmed using the Code Composer Studio (CSS). It is an              
integrated development environment developed by Texas Instruments to support their          
range of microcontrollers and embedded processors such as the TMS320 family of digital             
signal processors (DSPs), devices based on the ARM architecture or the MSP430 family             
microcontrollers in our case. It includes an optimizing C/C++ compiler, source code            
editor, project build environment and debugger [20]. 

3.1.2. Small Form-factor Pluggable (SFP) Optical Transceiver 

An SFP is a compact, modular (plug-and-play) optical transceiver that is used mainly for              
telecommunication and data communication applications [21]. SFPs convert the electrical          
signals to optical signals and vice versa. 

The transmitter of an SFP consists of a laser diode, laser driver and control circuitry and                
thermoelectric cooler. The receiver consists of an avalanche photodiode and a           
trans-impedance amplifier (TIA) [22]. 

The SFP used in this project is the CWDM-2.67G-SFP-80-55 optical transceiver from            
Edge Optical Solutions. It operates for a wavelength of 1550nm (IR spectrum) for a              
maximum distance of 80 km, supports data rates from 100 Mbps up to 2.67 Gbps and                
has an in-built automatic gain controller. Its compact size along with its functional             
capabilities and low cost makes it a good option for optoelectronic applications. 
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Fig. 12: CWDM-2.67G-SFP-80-55 optical transceiver 

3.1.3. Fibre-to-Fibre Optical U-Bench 

Fibre-to-fibre optical U-benches provide gaps in optical fibre connections mainly to           
provide capabilities to insert optical components into the beam path such as optical filters,              
polarizers and attenuators. They allow easy access to the optical beam and are ideal for               
fibre to fibre applications. 

In this project, the FBC-1550-APC U-bench from Thorlabs is used. It operates at 1550 nm               
(IR spectrum) and provides a fibre-less gap width of 50.8 mm (2 inches) [23].  

The U-bench’s mechanical structure comprises of a stainless steel base with slots for             
optical elements, and wall plates on either side with built-in patch cables or ports that can                
be connected to external optical fibres. 

 

Fig. 13: FBC-1550-APC Fiber-to-fibre U-Bench from Thorlabs 

3.1.4. Arduino Due Microcontroller 

The Arduino Due is a microcontroller board based on the Atmel SAM3X8E ARM             
Cortex-M3 CPU. It is the first Arduino board based on a 32-bit ARM core microcontroller. 

The board consists of 54 digital I/O pins, 12 analog input pins and 2 analog output pins                 
and operates at a voltage of 3.3 V [24].  

 
Fig. 14: Arduino Due microcontroller board 
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Arduino boards can be programmed using the Arduino software for PC. Arduino IDE is a               
free integrated development environment software used for the development of          
applications on the Arduino microcontrollers family. A user-written Arduino code only           
requires two basic functions, for starting the sketch and the main program loop. 

3.2. Development of the system based on Visible Light Communication 
The main purpose of this system is to utilize the existing hardware available in vehicles to                
be used as transmitters and to install photodiodes as receivers. While a full-duplex             
transmission is envisioned, a simpler half-duplex transmission is represented for          
simplicity.  

The TX section of the system will use the headlamps as transmitters, which will have a                
driver circuit, and the MSP430 microcontroller to provide data signals. The microcontroller            
can be a node in the vehicle’s Controller Area Network (CAN), connected to the              
Electronic Control Unit (ECU) which also controls other sensors and actuators of the             
vehicle. 

In the RX section, photodiodes convert light signals to electrical signals but since this              
output is very low in terms of current and may contain noise due to environmental               
disturbances and interference caused by external light sources, it consists of an            
amplifying and signal conditioning circuit which is then connected to an MSP430            
microcontroller to process the data and communicate with the vehicle’s ECU through its             
CAN bus. 

 
Fig. 15: Schematic of the V2V communication section based on VLC  

3.2.1. The transmitter of the VLC based system 

The transmitter of this system is intended to be the headlights of the vehicle but for the                 
experimental purpose, we use high-intensity white LEDs. High intensity means the           
distance of communication can be increased.  

The data to be transmitted is provided by the MSP430 microcontroller, which uses the              
UART protocol that encodes the data in terms of ON-OFF sequences at high frequencies              
that are not detectable by the naked human eye. When transmitting this signal, when              
there is no data available the LEDs would remain OFF, whereas for V2V communication              
application we require the headlights to remain ON even though there is no data being               
transmitted. 

The MSP430 microcontroller is programmed to manage the emission intensity of the            
LEDs by implementing Pulse Width Modulation (PWM), similar to the Variable Pulse            
Position Modulation (VPPM) techniques described by the IEEE 802.15.7 Standard. The           
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intensity of the LEDs increases as the duty cycle of the PWM signal increases and               
decreases as the duty cycle decreases.  

A driver circuit for the LEDs is implemented, which combines and transmits the UART              
signal over the PWM signal, regulates the voltage and provides it to the LEDs. 

 
Fig. 16: Circuit schematic of the TX driver circuit 

As shown in Fig. 16, the UART and PWM signals are provided to MOSFETs operating as                
a switch. The combined signal is observed in the current passing through the LEDs which               
make them flicker at high speed while maintaining a certain intensity when the system is               
idle.  

Alternatively, to provide a robust VLC system using the light sources already available at              
the vehicle, the differential transmission is proposed to obtain spatial diversity by using             
two transmitters and receivers. The two headlamps of the vehicle can transmit the signal              
in a differential pair, making it less prone to effects of noise. The driver circuit is designed                 
to provide this functionality. 

 
Fig. 17: Hardware setup of the VLC based transmitter 
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3.2.2. The receiver of the VLC based system 

The receiver of this system uses photodiodes to receive the optical signal and converts it               
to an electrical signal. The signal usually contains a considerable amount of noise due to               
external factors. Also, photodiodes available these days do not provide a very high output              
signal. To overcome these issues, a signal amplification and conditioning circuit is            
designed.  

This circuit consists of -  

● Trans-Impedance Amplifier (TIA): It converts the current signal received from the           
photodiodes to a voltage signal 

● Automatic Gain Controller (AGC): used to adjust and maintain the voltage levels            
of the received signal 

● Filter: used to filter out unwanted noise and disturbances and to extract the useful              
data signal out. 

As shown in Fig. 15, there are two independent detectors to capture the differential              
signals. The Trans-Impedance Amplifier (TIA), an Automatic Gain Controller (AGC) and           
the electrical filter process the signal from each detector independently and a comparator             
recovers the transmitted data form the differential signal and transmit it as UART data to               
the ECU of the other vehicle. The objective is to increase as much as possible the                
communications range which is greatly affected by noise and attenuation. 

 
Fig. 18: Receiver PCB designed for the VLC based system 

3.2.3. Programming the MSP430 microcontroller 

This section discusses the programming methodology of the MSP430 microcontroller for           
UART and PWM signal generation. 

The embedded code of this project is divided into three parts, a main.c file with only                
several functions and variables are defined, a hardware.c file with all the hardware             
declarations and setup configurations and a functions.c file with all the function definitions             
designed for the communication system. 
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Fig. 19: The files required to be in the project folder while programming the MSP430  

The main.c file consists of the data string to be transmitted, which can be edited as                
required. It also calls the UART to transmit function with the data string as a parameter                
and also calls the UART to receive string function.  

As mentioned earlier, the MSP430FR2433 contains two independent UART modules,          
hence one is assigned as a transmitter and the other one is assigned as a receiver. This                 
lets the system to be completely independent between sending and receiving, hence the             
microcontroller can send and receive data at the same time, which is a very important               
requirement for V2V communication systems. The aim was to have full-duplex           
communication capabilities and highly symmetrical codes on both the TX and RX            
microcontrollers and to not have any hierarchy in the communication. For example in             
TCP/IP protocol is based on client-server model whereas for our requirements both            
microcontrollers need to be clients and servers at the same time, hence UART protocol is               
a better option to obtain a symmetrical code. 

The hardware.c file contains the initialization of clock, the configuration of pins used and              
initialization of UART and PWM. The clock here is initialized to 8 MHz.  
The left UART is set as the receiver (Pin No. 1.5) and the right UART as the transmitter                  
(Pin No. 2.6). The baud rate of the UART communication is set to 115200 bps for both                 
the UART modules. This can be changed if necessary by adjusting the parameters of the               
UART configuration. It is essential to make the same changes for both the UART              
configurations, otherwise, the communication will not function. 
The PWM signal is an independent function that generates signals of frequencies            
depending on the clock signal. Pin No. 1.2 is assigned as the output pin for the PWM                 
signal. The period of the PWM signal can be defined by the value in TA0CCR0 register                
since Timer 0 is used. The value in this register will be the number of clock cycles it takes                   
for one complete PWM period. The duty cycle can be defined by the value stored in                
TA0CCR2 register. This value will be the number of clock cycles it takes for the ON                
period of the PWM signal. The PWM frequency for this project is set to 500 kHz and can                  
be increased up to 2 MHz. 

The functions.c file contains the functions defined for communication that is called in the              
main.c file. It contains the function definitions of the UART Transmit and Receive             
functions.  
The receive function checks if there is any data incoming using the serial RX of the first                 
UART, if it receives a start bit, it starts to record the following bits until the data is                  
completely received. The transmit function continuously transmits the data string defined           
in the main file using the second UART.  
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3.3. Development of the system based on IR Communication 
Another alternative for OWC based implementation of the V2V communication system is            
using the IR spectrum. The plan was to set up a TX and RX for IR communication and                  
utilize the UART and PWM functionalities of the MSP430. To keep the initial             
experimentation simple, half-duplex communication is implemented.  

The system consists of an MSP430 functioning as TX, which generates both UART and              
PWM signals as mentioned in the previous section. The UART data signal, which is an               
electrical signal, is converted to an optical signal using the TX laser diode of the               
CWDM-2.67G-SFP-80-55 SFP. The SFP is connected to the Thorlabs’ optical U-bench           
using optical fibre. The U-bench provides a wireless/fibreless gap of 2 inches. The optical              
signal passes through the U-bench and converted back to an electrical signal by the RX               
detector of the SFP and sent to the RX of the MSP430 microcontroller.  

  
Fig. 20: Schematic of the V2V communication system based on IR communication 

The output pins of the MSP430 generate a signal with a peak-to-peak voltage of 3.3 V,                
whereas the input signal of the SFP cannot exceed 500 mV, hence an attenuator is               
introduced in the system to adjust the voltage level.  
The signal generated by the UART is DC coupled and the TX input of the SFP converts it                  
an AC coupled signal.  

The optical signal received by the SFP is converted to an electrical signal and is passed                
through an in-built Automatic Gain Controller. The output voltage levels are low (in terms              
of mV) which cannot be clearly detected by the MSP430s input pins, hence and amplifier               
is used to adjust the voltage gain to about 3.3 V. 

This signal is AC coupled, hence to convert to DC coupled a Bias-Tee is introduced. A                
Bias-Tee, mainly used for RF communication, can function to extract AC coupled signal             
from a DC-coupled signal and can also function to combine the AC coupled signal with a                
DC source to convert it to a DC-coupled signal.  
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Fig. 21: Electrical schematic of a Bias-Tee 

3.3.1. Programming the MSP430 microcontroller 

The IR based system was experimented with UART signals and continuous PWM signals             
that the microcontroller was programmed to do as mentioned in the programming section             
of the VLC based system.  

Additionally, another code was written for the MSP430 to generate PWM signal with duty              
cycle sweep where the duty cycle increases in steps.  

This code was written as a separate project as it is not specifically required for the VLC                 
based system.  

The PWM signals are generated in the same method, Pin No. 1.2 of the MSP430 is                
assigned as the output pin. The clock frequency is set to 16 Mhz and the TA0CCR0                
register value is adjusted to maintain the PWM signal frequency to 1 MHz.  

The TA0CCR2 register that contains the duty cycle value which is initially set to 0. A while                 
loop is used to increment the TA0CCR2 until it reached the period value and then set                
back to zero for the loop to restart and function continuously. This increases the duty               
cycle in steps until it reaches the maximum and then restarts and repeats the process. 

The main purpose of implementing this was to experiment and check if the IR based               
system is compatible with the variations in the PWM signal and so it can be used to                 
encode data in the PWM signal in terms of duty cycle variations. 

 
Fig. 22: Hardware setup of the IR based system 
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3.4. Arduino based VLC system - a different approach  
In this section, two Arduino Due microcontrollers are used as the main TX-RX             
microcontrollers, with LEDs as transmitters and photodiodes as receivers. A simple           
communication protocol based on ON-OFF keying is constructed and implemented in this            
system, similar to software-defined serial communication. The reason to define this           
protocol is to have more control over the speed of data communication and how the data                
is transmitted. For now, it is designed for half-duplex communication.  

3.4.1. Communication protocol and programming of the Arduino 

The data stream is of 8 bits in length. The data used for transmission are integers in the                  
range of 0 to 255 that are converted from decimal base to binary which can be                
represented in the current 8 bits limit. 

The transmitter code consists of an integer data array with values between the range of 0                
and 255. The function sendValue() is called to send each value from the array. The               
function converts the integer value to binary by continuously dividing it by 2 and storing               
the remainders. If the remainder obtained is 1, the LED is switched ON for a defined                
interval and if the remainder is 0, the LED is switched OFF.  

The output signal for the LED is from the analog pin A2 of the Arduino, and the                 
digitalWrite() function. The digitalWrite() function is predefined in the Arduino          
programming library, the parameters to be input to this function is the pin number and a                
value defining the pin to be HIGH or LOW i.e. ON or OFF.  

The time interval for each bit is defined based on the timer capabilities of the Arduino, and                 
the sensitivity of the detector circuit. In this system, the interval for each bit is set for 25                  
ms, which can be improved and made faster if required.  

The receiver code detects the voltage value from the analog pin A0 of the microcontroller,               
where the photodiode output is connected. This voltage detected is translated to a value              
in the range of 0-1023. The same interval value is set to synchronize it with the                
transmitter. A threshold value is defined at the beginning based on the voltage detected              
at the photodiode output due to the presence of lighting in the environment where the               
communication is happening. After this value is determined, it is considered as a digital 0               
bit for the data transmission and anything fairly above this value is considered as a digital                
1 bit. The bitstream received is stored in an integer array and then converted to a decimal                 
value. 
For a user to view and verify the value received, the serial communication is set up for the                  
Arduino to print the data received in the serial terminal in a PC. 

To define the start and end of the data transmission and Start bit and a Stop bit is                  
introduced. The transmitter sends a Start Bit, which is a 1 bit for one interval duration, and                 
then waits for another interval duration and starts the data transmission. Initially, the             
receiver is idle and is waiting for a start bit, after it receives the Start Bit, it is ready to                    
receive the data, hence synchronizing the data transmission. After all the bits are             
transmitted, the transmitter sends Stop Bit, which is a 0 bit for one interval duration. The                
receiver waits for more data to come for two interval cycles, and ends the data               
transmission if nothing else is there to be received.  
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3.4.2. Hardware setup 

For the transmitter, LEDs and its driver PCB that is developed and mentioned in section               
3.2 are used with its input pins connected to the A2 pin of the TX Arduino.  

 
Fig. 23: TX Arduino board connected to the driver PCB and LEDs 

For the receiver, photodiodes can be used to detect the signal, but since the output               
voltage from photodiodes is in terms of mV, a simple amplifier circuit can be used and                
then connected to the RX Arduino.  

For the amplifier circuit at the RX, an LM741 op-amp can be used, designed for a gain of                  
about 5 to convert the low range signal to a higher, more detectable range. 

Fig. 24: Schematic of the Arduino based VLC system  
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4. Results and Analysis 
This section of the report is divided into sections based upon the project development              
approaches taken, the VLC based system, the IR communication-based system and the            
Arduino based VLC system. 

4.1. VLC based system 

4.1.1. Verification of UART communication 

To verify the proper working of the full-duplex UART communication, two MSP430            
microcontrollers and connected directly electrically as shown in Fig. 25. 

 
Fig. 25: Two MSPs connected directly for a full-duplex communication 

Tera term is used to observe the received UART signal data. Tera term is an               
open-source, free, software-implemented, terminal emulator program.  

  
(a) (b) 

Fig. 26: (a) The setup configuration of Tera term for UART communication, (b) Received data 

The baud rate for UART communication is set to 115200 bps.  
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4.1.2. Simulation of Transmitter circuit 

The transmitter driver circuit was simulated using Tina-TI software by Texas Instruments            
and the following results were obtained. 

 

Fig. 27: Output waveform from the simulation of the TX driver circuit 

The Vpwm is a signal with comparatively very high frequency to the Vuart signal, as in a                 
practical scenario, the UART baud rate is supposed to be 115200 bps and the PWM to be                 
between 500 kHz to 1 MHz.  

For the simulation, the UART signal is represented using a continuous square wave for              
simplicity, but in reality, the UART signal may not be a perfect square wave and would                
vary depending on the data. AM3 represents the output current with the UART data              
encoded in it, which passes through the LEDs connected to the PCB. 

4.1.3. Implementation of the system 

Since the Receiver PCB took some time to completely function and is still being worked               
on at Altran, there could not be any substantial results obtained during the             
experimentation of this system, hence the decision to implement a system using IR             
communication was considered and taken up.  

Towards the end, the transmission and reception setups were tested and the system was              
implemented at Altran. Fig. 28 shows the demonstration of this system. 

 
Fig. 28: Demonstration of the VLC system 
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Fig. 29: Effect of increase in distance on the signal reception 

As the distance between the TX and RX increases, the amplitude of the waveform              
observed is decreasing.  

4.2. IR communication-based system 

The results for this system are divided into three parts based on the three different signals                
transmitted using this system - 

4.2.1. UART signal 

 
Fig. 30: UART - Transmitted (top) and Received (bottom) signals 

The received signal contains a large number of disturbances which cannot be avoided.             
Firstly, the square wave UART signal that is transmitted is observed to not be a perfect                
square wave and has a slanting behaviour. This is due to the presence of LC elements in                 
the SFP’s electronics that cause this slant because of the charging-discharging of these             
LC elements.  

A large amount of noise observed is mainly present in the sections of the signal with low                 
frequency. The SFP supports data rates from 100 Mbps to 2.67 Gbps, and the speed of                
the UART signal is towards the lower limit of the supported speed range.  
The SFP consists of an Automatic Gain Controller (AGC), and at low-frequency sections             
of the signal, the AGC considers the minute disturbances and noise in the waveform as a                
data signal and amplifies it to match the levels of the actual data signal. Such               
disturbances in electrical signals are usually of high frequencies.  
The MSP430 continuously transmits UART signals, but between two signals the signal is             
completely idle, therefore in the received signal this section contains an unignorable            
amount of noise that the SFP is trying to amplify.  
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The TX and RX microcontrollers were initially connected directly using an electrical link             
and then connected through the SFP and U-bench system and the following            
discrepancies in the data reception were observed. 

 
Fig. 31: Received data from the serial communication terminal 

The junk values received are due to improper reception of the UART signal by the RX                
MSP430. Therefore, the above-mentioned factors play a major role in this bad reception             
of the data signal, hence the PWM duty cycle sweep signal method was initiated, towards               
a functional data communication link using this IR based system. 

4.2.2. PWM signal 

 
Fig. 32: PWM - Transmitted (top) and Received (bottom) signals 

Since the PWM signal a continuous signal, hence the noise due to the AGC is not seen                 
here. The frequency of the PWM signal is 1 MHz which is comparatively higher than the                
frequency of the UART signal and in the functional range of speed of the SFP. 
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4.2.3. PWM signal with duty cycle sweep 

Fig. 33: PWM signal with duty cycle sweep - Transmitted and received signals 

The PWM signal has a frequency of 1 MHz with varying duty cycle. The duty cycle is                 
increasing in steps of 10%, so it starts from 10% and goes up until 90%. At high duty                  
cycle sections, there is some noise observed as the PWM ON period is longer than the                
OFF period and the SFP’s AGC considers the small disturbances of the waveform in the               
ON period as a data signal and amplifies it. This can be reduced by increasing the                
frequency of the PWM signal.  

4.3. Arduino based VLC system 

4.3.1 Transmitter 

The transmitter of this system transmits the data bits in terms of an ON-OFF pattern               
(OOK). The transmitter Arduino contains an array of integers that are converted to binary              
and transmitted. The integer data array is {15, 52, 103, 190, 255}. The transmitted signal               
is seen in Fig. 34 shows signal containing bits representing the number 52, which is               
represented in binary as 0011 0100. The number is converted from decimal base to              
binary and transmitted.  

  
Fig. 34: Transmitted signal corresponding to the number 52 
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Each bit has a period of 25 ms. The first bit is a 1 bit representing the Start bit which                    
indicates the start of data transmission. Following this bit are the 8 bits of data, which is in                  
reversed order. This happens because the TX Arduino while converting the decimal            
number to binary, transmits the remainders or binary data bits as soon as they are               
determined. The receiver receives the bits in the same order but inverts them again to               
retrieve the original number. 

4.3.2 Verification of the communication protocol 

To check if the transmitted data is received properly by the receiver Arduino, the TX and                
RX Arduino boards were connected directly with an electrical connection between the A2             
pin of TX and A0 pin of the RX.  

 
Fig. 35: The TX and RX Arduino boards connected directly 

Tera term is used to monitor the received data using serial communication of the PC with                
the RX Arduino.  

 
Fig. 36: Data received by the RX Arduino board 

The received values match the integers transmitted by the TX board. Hench the reception              
of data is working normally and as expected. 
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5. Conclusions and future development 
Vehicle to vehicle communication is essential in the future of automobiles, for not only the               
safety of the passengers, but it also plays a major role in the development of self-driving                
cars. Networks of vehicles communicating with each other will help reduce accidents and             
provide good communication systems for self-driving cars. 

Optical Wireless Communications is emerging as a technology for future highly movable            
V2V and V2I networks and for next-generation connected vehicles. Optical wireless           
communication based V2V systems can provide a fast and secure communication           
network without any restrictions on usable bandwidths, unlike RF communication.  

VLC based V2V systems are a better option than IR based systems as VLC based can                
provide data transmission and at the same time provide illumination. The VLC based             
systems can be implemented using the headlights and taillights already present in            
vehicles hence reducing cost.  

IR communication-based systems have an advantage over VLC in terms of existing            
communication technology and devices. IR communication is well defined and          
researched whereas VLC is still being researched and is under development. 

The main objective of this thesis was to set up a robust V2V communication system using                
VLC, which is the first approach discussed in this report. The project still requires more               
development, especially in the receiver part of the system. Once the system is completely              
ready and functioning, the next step will be to experiment with different light sources and               
detectors, for various distances and environments.  

Along with spatial diversity by implementing two transmitters with differential signal           
transmission, a possible improvement could be to use polarization diversity by adding            
orthogonal polarization to each transmitted signal. Since VLC is more prone to            
disturbances due to external factors, further work will also aim towards increasing the             
communication range as much as possible is greatly affected by noise and attenuation.  

This project will be continued and further developed at UPC and Altran. 

Since the development of the V2V system using VLC required more time, another             
approach was parallelly taken up, to use IR communications instead. The IR            
communication-based system developed in this project provides an alternate solution for           
OWC based V2V communication.  

UART communication did not seem to be a good option for communication using the IR               
system developed in this project, therefore the idea of encoding data in terms of the duty                
cycle of the PWM signal was thought of. It is different than a simple On-Off keying                
method, and it can be further developed. It can then be used not just for IR                
communication, but also for VLC as it is capable of providing data communication as well               
as continuous illumination. 

Another approach is explained is using Arduino boards to implement VLC using ON-OFF             
Keying. A half-duplex communication system was designed and tested using a direct            
electrical connection. The aim was to design a communication protocol which can be             
adjusted and set up as required.  
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The communication protocol functions similar to the UART protocol but it is completely             
software-defined. In this method, the baud rate of communication can be set to any              
required value by just changing the bit interval in the code, unlike in UART where the                
baud rates are defined to a few standard values. It also gives access to change how the                 
data is being transmitted.  

The ON and OFF for every 1 or 0 bit is based upon OOK and is similar to how data is                     
transmitted in UART communication. But this approach was taken up to work towards             
software defining a communication protocol so that the data rate and modulation            
technique can be defined and changed as required. In the TX code, the digitalWrite()              
function can be replaced with another function to generate PWM signals. This will be              
similar to the PWM duty cycle sweep program developed for the IR communication-based             
system. For a 1 bit, transmit PWM with 90% duty cycle and for a 0 bit, transmit PWM at                   
10% duty cycle. The algorithm of this code developed for Arduino can be combined with               
the PWM duty cycle sweep to encode the data bits in terms of the duty cycle of a PWM                   
signal and can further be investigated.  
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Glossary 

ABS - Anti-lock Braking System 

AC - Alternating Current 

AGC - Automatic Gain Controller 

CAN - Controller Area Network 

CCR - Capture Compare Register 

CSK - Colour Shift Keying 

CSS - Code Composer Studio 

DC - Direct Current 

DSP - Digital Signal Processor 

ECU - Electronic Control Unit 

FIFO - First In First Out 

FRAM - Ferroelectric Random Access Memory 

IDE - Integrated Development Environment 

IEEE - Institute of Electrical and Electronics Engineers 

I/O - Input/Output 

IR - Infrared 

IrDA - Infrared Data Association 

ITS - Intelligent Transportation System 

LC - Inductance and Capacitance 

LD - Laser Diode 

LED - Light Emitting Diode 

LOS - Line of Sight 

MAC - Medium Access Controller 

NLOS - Non-Line of Sight 

OOK - On-Off Keying 

OWC - Optical Wireless Communication 

PC - Personal Computer 

PCB - Printed Circuit Board 

PHY - Physical layer 

PWM - Pulse Width Modulation 

RAM - Random Access Memory 

RF - Radio Frequency 
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RX - Receiver 

SFP - Small Form-factor Pluggable 

SNR - Signal to Noise Ratio 

SRAM - Static Random Access Memory 

TIA - Trans-Impedance Amplifier 

TX - Transmitter 

UART - Universal Asynchronous Receiver/Transmitter 

UV - Ultraviolet 

V2I - Vehicle to Infrastructure 

V2V - Vehicle to Vehicle 

V2X - Vehicle to Everything 

VLC - Visible Light Communication 

VPPM - Variable Pulse Position Modulation 
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