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Study, implementation and optimization of a visildgnt
communications system.
Application to automotive field.

Abstract

The scientific problematic of this PhD is centerad the usage of Visible Light
Communications (VLC) in automotive applications. &yabling wireless communication among
vehicles and also with the traffic infrastructuttege safety and efficiency of the transportation can
be substantially increased. Considering the nunseradvantages of the VLC technology
encouraged the study of its appropriateness forethasioned automotive applications, as an

alternative and/or a complement for the traditiomaalio frequency based communications.

In order to conduct this research, a low-cost ViStam for automotive application was
developed. The proposed system aims to ensurehyy mmpust communication between a LED-
based VLC emitter and an on-vehicle VLC receiver. fhe study of vehicle to vehicle (V2V)
communication, the emitter was developed basedwahile backlight whereas for the study of
infrastructure to vehicle (12V) communication, #itter was developed based on a traffic light.
Considering the VLC receiver, a central problenthis area is the design of a suitable sensor
able to enhance the conditioning of the signaltaralvoid disturbances due to the environmental
conditions, issues that are addressed in the thékes performances of a cooperative driving

system integrating the two components were evaluadevell.

The experimental validation of the VLC system wasgfgrmed in various conditions and
scenarios. The results confirmed the performantdsegroposed system and demonstrated that
VLC can be a viable technology for the considerpgliaations. Furthermore, the results are

encouraging towards the continuations of the worthis domain.



L'étude, la réalisation et I'optimisation d'un syse de
communication par lumiere visible.
Application au domaine de l'automobile.

Résumeé

La problématique scientifigue de cette thése esiirée sur le développement de
communications par lumiére visible (Visible Ligl@ommunications - VLC) dans les
applications automobiles. En permettant la comnatiuno sans fil entre les véhicules, ou entre
les veéhicules et linfrastructure routiere, la s#éuet l'efficacité du transport peuvent étre
considérablement améliorées. Compte tenu des nomlaeantages de la technologie VLC,
cette solution se présente comme une excellenggnattve ou un complément pour les

communications actuelles plutét basées sur lentdabies radio-fréquences traditionnelles.

Pour réaliser ces travaux de recherche, un systérfiea faible colt pour application
automobile a été développé. Le systéme proposéavassurer une communication trés robuste
entre un émetteur VLC a base de LED et un récepteGr monté sur un véhicule. Pour I'étude
des communications véhicule a veéhicule (V2V), I'éme a été développé sur la base d’'un phare
arriere rouge de voiture, tandis que pour |'étudse dommunications de linfrastructure au
véhicule (12V), I'émetteur a été développé sur daebd'un feu de circulation. Considérant le
récepteur VLC, le probléme principal réside autallun capteur approprié, en mesure
d'améliorer le conditionnement du signal et de timies perturbations dues des conditions
environnementales. Ces différents points sont asoddns la thése, d’un point de vue simulation
mais également réalisation du prototype.

La validation expérimentale du systeme VLC a étdigée dans différentes conditions et
scénarii. Les résultats déemontrent que la VLC p&weé une technologie viable pour les

applications envisageées.
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Context

Visible light communication (VLC) is an emergentrgless communication technology
which uses the visible light not just for illuminat or signaling purposes but also as a carrier for
digital transmission. Basically, a VLC emitter mémtes the message to send onto the
instantaneous power of the light. At the receivee sthe data is extracted using a photosensitive
element able to detect the variations of the ligteénsity. A main advantage of VLC is the usage
of the existing LEDs lighting systems which makesmnipresent and significantly reduces its
implementation cost. The VLC technology is devehgpin the context of an increasing demand
for wireless communications in more and more ar€asthermore, the radio frequency based
communications begin to show their limitations. Tingited availability of the spectrum and the
increasing number of nodes affect the performamacesthe reliability of the link. Under these
circumstances, it is obvious that a new wirelesaroanication technology is required. Besides
its ubiquitous character, VLC offers a huge bandwiavailable free of charge, enabling high
data rate communications.

A particular domain in which wireless communicaticare required is in transportation,
especially in the automotive field. By using wirgdecommunications, safety messages can be
transmitted from the traffic infrastructure to tApproaching vehicles and also from one vehicle
to another. Furthermore, vehicles share data comgertheir state (e.g. location, velocity,
acceleration, etc.). The received data increases vithicle awareness and enables the
development of a new generation of vehicle actiefety systems. Beside safety,
communications can be used to increase the efigiehthe transportation system by providing
location services and optimized alternative routes.

In the context in which the LED lighting began t® Wwidespread in transportation, being
integrated in traffic infrastructures (in traffights, street lighting and traffic signs) and i th
vehicle lighting systems, VLC seems to be approgriar providing wireless data exchange for
automotive applications. In this domain, the VLCagis does not exclude radio frequency
communications, since the two are fully compatiblth each other. Furthermore, the necessity
of using VLC in vehicular applications is well maied. In high traffic densities, as in crowded

cities or on highways, the ability of radio freqagncommunications to support vehicular
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communications is rather questionable becauseeofrihitual interferences. On the other hand,
since VLC is a line of sight technology, it is abdesuccessfully support communications even in

high traffic density.

Motivation of the work and sketch of thethesis

Considering the advantages of the VLC technoldlgg,main objective of this thesisis
the implementation and the evaluation of a VLC system aimed for long distances and suitable
to work in outdoor conditions. A possible application for the system would bevehicular
communications. The systems should use the lighdymed by the LEDs integrated in traffic
infrastructures, such as a traffic light, and/orthe vehicle lighting system to enable wireless
data transfer. As illustrated in Figure 1, by usiihg light produced by the fast switching LEDs,
traffic safety information exchange should be eedhith the purpose of improving the safety
and the efficiency of the transportation systenoraer to be able to work outdoor, the proposed
system should be highly robust to perturbationghassunlight or the artificial light. The cost of

the whole system must be reduced to make sure thigh market penetration is possible.
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Figure 1: Usage of the LEDs lighting systems for safety message transmission.

This thesis contains in its structure five mainptlees:
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The first chapter of the thesis, titletintroduction to Visible Light Communications’
aims to present the concepts of the VLC technol@dys chapter presents the general structure
of a VLC system, discussing the issues related.tdt intends to answer thewhy VLC?’
guestion by highlighting the advantages of this neweless communication technology.
However, like any emergent technology, VLC also imslrawback, which are being discussed
and analyzed. Further on, from the analysis ofdtieantages and disadvantages, the possible
applications of VLC are identified and debated.sTthapter also describes the research efforts
made in the VLC development. The most represemtatesearch directions as well as the
corresponding results are exposed and geographisalictured. This way, a VLC timeline

evolution is presented.

The second chapter, entitledVisible Light Communications in automotive
applications’ addresses the specific issues related to theeushgvireless communications in
vehicle applications. This chapter discusses sormehe requirements imposed for such
applications and points out some of the weakneskése radio frequency communications in
certain scenarios. Next, this chapter presentseidons for using VLC in some of the situations.
It also illustrates the state of the art in theddi The chapter ends by pointing out the challenge
related to the VLC usage in vehicular communication

The third chapter, entitledConsiderations on the coding techniques used in Visible
Light Communications’ begins with an analysis of the IEEE 802.15.7 dtad for wireless
communications using the visible light and with @ebdescription of the coding techniques
specified by the standard for the case of the autdpplications. However, considering the
future requirement for parallel VLC, the Miller a®ds introduced as well. The rest of this
chapter presents the results of a series of testntrio investigate the performances of the
standard Manchester code, comparing them to thbsleeoproposed Miller code. The results
showed that the Miller code is fully compatible wWLC and in addition it offers the premises
for future Multiple Input Multiple Output (MIMO) gdications.

The fourth chapter, entitledevelopment, modeling and evaluation of a Digital Signal
Processing VLC architecture” proposes a digital structure for the VLC receivehe proposed
VLC receiver uses numerical signal processing aned designed for multi-data rate

communications. Its suitability for the envisionapplications is investigated and we evaluate
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the influence of the modulation frequency, of thaise and of the message length on its

performances.

The fifth chapter, entitled Implementation and performance evaluation of a VLC
system for vehicle applications’ presents a series of contributions towards thpleyment of a
new VLC prototype meant for automotive applicatiofise second part of this chapter presents
the experimental performance evaluation and theerxg@ntal results. This part proves the

performances of the prototype and its suitabilitythe envisioned applications.

The final chapter, entitledConclusions and perspectives’ ends this thesis, summarizing
the theoretical, practical and experimental contrdns of the thesis. This chapter also draws the

future research directions and the future developse
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Introduction to Visible Light Communications (VLC)
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This chapter aims at providing an introductionhe ¥LC technology. It illustrates the
architecture of a VLC system, highlighting the acteges and the drawbacks of the technology.
Based on these features, several top applicatibMd.@ are identified and discussed, pointing
out the benefits of VLC usage. This chapter alss@nts the main VLC research topics and the
leading working groups from each of the fields. $hthe chronological and the regional
evolution of the VLC systems are illustrated. Themter ends with several conclusions about
the VLC state of the art.

1.1 Introduction
In recent years, the modern society presented aneasing interest in wireless
communication technologies and the demand for edéedata transfer it is expected to increase

exponentially in the next five years [1]. The smuo for this unprecedented demand was, in
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most cases, satisfied by radio frequencyjRfpe communications. Due to the maturity level
and wide acceptance, RF communications are at time the best solution for wireless
communications. However, this technology has iswacks, such as the limited bandwidth.
Besides this, there are some cases or scenarias Wigeuse of RF can cause interferences such
as in aircrafts, airports or hospitals.

Meanwhile, the development of the Solid State Ligiht(SSL) devices, especially of
Light-Emitting-Diodes (LEDs), had a huge growth.\imlays, LEDs are highly reliable, energy
efficient and have a life-time that exceeds by tfa classical light sources. Considering the
numerous advantages, LEDs began to be used in amorenore lighting applications and it is
considered that, in the near future, they will ctetgly replace the traditional lighting sources
[2] - [5]. Beside these remarkable characteristidsDs are capable of rapid switching, which
enables them to be used not only for lighting ks &or communication.

Visible Light Communication (VLC) represents a neammunication technology that
uses energy efficient solid-state LEDs for botlnigg and wireless data transmission. VLC uses
the visible light (380-780 THZs a communication medium, which offers huge badthsifree
of charge, it is not limited by any law and it iafes to human body, allowing for high power
transmissions. VLC has the potential to provide -fmvwee, high-speed wireless data
communication. Even if VLC is a new technologyhdd a fast development, which is a proof of
its huge potential. In just 6 years, the maximunadate reported for VLC systems evolved from
80 Mb/s in 2008 [6] to 3000 Mb/s in 2014 [7].

1.2 Thearchitectureof a VL C system
A VLC system mainly consists of a VLC transmittieatt modulates the light produced by

LEDs and a VLC receiver based on a photosensiteraent (photodiode) that is used to extract
the modulated signal from the light. The transmitied the receiver are physically separated
from each other, but connected through the VLC nbarFor VLC systems, the line-of-sight

(LoS) is a mandatory condition. A schematic of aQ/4ystem is illustrated in Figure 1.1.

! Within this thesis, the terms “radio” or “radio frequency” (“RF”) refer to the frequency band from 3 kHz up to 300
GHz, including the frequency bands that are referred to as “radio frequency”, “microwaves” and “millimeter
waves”.
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Figure 1.1: Architecture of a VLC system: a. Emitter; b. Receiver.

1.2.1 The VLC emitter

A VLC emitter is a device that transforms data intessages that can be sent over the
free space optical medium by using visible lighteTpurpose of the VLC emitter is to emit light
and to transmit data at the same time. Howeverdéta transmission must not affect in either
way the primary goal of the appliance which isrlination or signaling. From this concern, the
VLC emitter must be able to adapt to the lightieguirements. It means that it is supposed to
use the same optical power or if the applicatiaquies it, to allow for dimming. Also, the VLC
emitter must not induce any noticeable flickering.

The core component of the VLC emitter is the encadeich converts the data into a
modulated message. The encoder commands the switohithe LEDs according to the binary
data and to the imposed data rate. The binary degathus converted into an amplitude
modulated light beam. Generally, the light produbgdhe LEDs is current modulated with On-
Off Keying (OOK) amplitude modulation, but other dutation techniques, like Orthogonal
Frequency Differential Modulation OFDM [8], DisceeMulti-Tone modulation (DMT) [9] or
Direct Sequence Spread Spectrum (DSSS) [10] camskd. A cost effective solution for the
encoder is represented by the usage of microcéersoln most of the cases, their performances
are high enough to ensure relatively good perfooean However, in more complex
applications, the microcontroller can be replacgdali-ield Programmable Gate Array (FPGA)
which will be able to provide enhanced performanedh the help of digital signal processing

techniques.
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The parameters of the VLC emitter are mainly limhitgy the characteristics of the LEDs.
The data rate (transmission frequency) depends@switching abilities of the LEDs while the
emitter’'s service area depends on the transmispmmer and on the illumination pattern
(emission angle). Currently, the SSL industry itedb produce LEDs that can offer switching

frequencies of few tens of megahertz.

1.2.2TheVLC recelver

The VLC receiver is used to extract the data frobmrhodulated light beam. It transforms
the light into an electrical signal that will bendedulated and decoded by the embedded decoder
module. Depending on the required performancesoarttie cost constraints, the decoder can be
a microcontroller or a FPGA. The careful desigrihef VLC receiver represents a serious issue
because in most applications, the VLC receiveri$opmances have the greatest influence on the
performances of the VLC system, determining the roomcation range and the resilience
against interferences.

Generally, the VLC receivers are based on photisaenslements which have high
bandwidth and offer the possibility of high-spe@snenunications. However, since the incident
light is not only due to the emitter but also franther light sources (artificial or natural), the
receiver is subject to significant interferencebe Tperformances of the VLC receiver can be
enhanced using an optical filter that rejects theanted spectrum components, such as the IR
component. Moreover, in high speed applicationsgusvhite LEDs, the optical filter allows
only the passage of a narrowband radiation, cooredipg to the blue color. The reason for this
choice is that the white light is obtained from éluEDs and yellow phosphor, and since the
switching time of the blue LEDs is shorter, highata rates are enabled [6], [11].

The effect of the interferences can be also redumedarrowing the receiver field of
view (FOV), which influences the service area. Alevi FOV enables a wider service area but
this comes with the disadvantage of capturing moogse, leading to SNR degradation.
However, indoor short-range applications requireraased mobility and the possibility of
narrowing the FOV is not considered in most of ¢hses. On the other hand, for outdoor long-
range applications, where the range induces snmgles, the narrow FOV is an effective
solution. Theoretical and experimental studies &tbthat a narrow FOV helps VLC systems

improve their robustness to noise due to daylighfrom other VLC transmitters [12]. The
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receiver FOV is determined by the FOV of the optgyastem, which also concentrates the light
on the photodetector by using a lens. The photottetés usually based on a reverse biased
silicon photodiode operating in photoconductive mdldat generates a current proportional to
the incident light. The value of the photocurretgoadepends on the photodiodes spectral
sensitivity. From this reason, increasing the aofathe photodetector can enhance the
performances of the system. However, the area efptmotodetector strongly influences its
capacitance, which in turn influences the achiex&@aindwidth. In these circumstances, choosing
the photodetectors area represents a tradeoff bat®®R and bandwidth. Next, due to the small
values of the generated photocurrent, a transimmqmedaircuit is used to transform the small
current into a voltage. The transimpedance solubibers a fair trade between gain-bandwidth
product (GBP) and noise. The voltage provided lgyttansimpedance circuit is amplified and
filtered to remove high and low frequency noised atso the DC component. After all these
operations, the signal should correspond to thetednsignal containing the data. The data
processing unit decodes the information from theomstructed signal obtaining the binary

message.

1.2.3 TheVLC channel

The two main components of VLC are interconnedtedugh the free space optical
communication channel. As the visible light is dectomagnetic radiation, similar to all
electromagnetic radiations, its intensity decreag#sthe square root of the distance as it passes
through the communication channel, making the sithad arrives at the receiver to be very low.
Moreover, the VLC channel could contain numerousrses of optical noise. In daytime, the
most important source of noise is the sun. Otherces of noise are represented by VLC
transmitters or any source of light with or withal#ta transmission capabilities. Atrtificial light
switching or the dynamic conditions make also th&\thannel very unpredictabli the case
of outdoor VLC applications, the unpredictabilisyeven greater because of the weather. Water
particle from rain, snow, or heavy fog can affdet ¥LC link by causing scattering of the light
containing the data. The multitude of noise soyrtagether with the low signals especially at
long distance, significantly affects the SNR in V.LAnhother characteristic of the VLC channel
comes from the stringent LoS conditions, which tg1the multipath propagation. In VLC the

multipath has a limited effect which is experienaedy at short emitter — receiver distances
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[12]. As already mentioned, the SNR can be enhaatdae receiver by using optical filters, by

an adequate design of the optical system, or mguailaptive gain and adaptive filtering.

1.3 VL C Advantages and Drawbacks
Due to the unique characteristics and advantagé§; ¥ considered to be the next

generation of wireless communications. VLC seemisetthe solution for some of the problems
that remained unsolved until now. It comes with blemefits of the visible light namely: high-

bandwidth free of charge which allows for high dedges, unlicensed spectrum, and safety for
human body and for high-precision electronic equpmVLC is also considered more secure
than RF and the data transmission is availabl@lditian to the lighting function. Besides these
benefits, VLC is a low cost technology and is e&syimplement. The advantages and the

drawback of the VLC will be further analyzed in flolowing sections.

1.3.1 VLC Advantages

High bandwidth

The RF communications come with an available speciwf 300 GHz, which is used for
different types of applications such as: AM and Fddio broadcasting, television broadcasting,
GSM, military applications or satellite communiceis. In this case, operating a certain band
implies having a license for it. Due to the manyplagations which use the RF spectrum, the
networks are often saturated. The extension ob#rewidth is very expensive and in most of
the cases this is not even possible. Furthermdnéewwnoving to the higher frequency spectrum,
the complexity of the equipment increases, makidhglevices very expensive. The Industrial,
Scientific and Medical (ISM) band offers unlicensadcess but the available bandwidth is
limited.

On the other hand, as illustrated in Figure VI takes full advantage of the usage of
the visible light spectrum which is between 380 &&® THz, adding 400 THz off available
bandwidth for wireless communications. In theseuwinstances it can be stated that VLC comes
with worldwide, unregulated and almost unlimitech@aidth offering the premises for multi-
Gb/s data rates compared with RF, which rarelypramide data rates above 100 Mb/s.

10
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Figure 1.2: Distribution of the electromagnetic spectrumwith the visible light init.

Safe for the human health

The usage of the visible light as a carrier for diaga enables VLC to be completely safe
for the human health. Even if the RF negative ¢ffec the human health is not fully
demonstrated, there are many voices from the mlegliea which point out this fact. Moreover,
RF electromagnetic waves are currently classifeed possible cause of cancer in humans by the
World Health Organization [13], [14]. Regarding tinéra-red light (IR) which is also used for
wireless communications, it is well known that #&sha heating effect on the incident surface.
From this reason, high power IR light can causeversible thermal damage of the cornea,
making it harmful for the human eye [15]. Underdieconditions, being safe for the human
body can be one of VLC'’s strongest advantages. @B3smfe to human health enables the

possibility of high power transmissions which io#rer advantage of VLC.

Unrestricted technology

RF communication can cause malfunctions of the pigitision electronic equipment as
the one found in hospitals or in aircrafts andtfas reason, such places are RF restricted. On the
other hand, besides being safe for the human bgH¢, is safe also for the high precision

electronic equipment, enabling its usage in suahbgs.

Security
Unlike RF waves, the light cannot penetrate througtls, providing VLC with high

security against eavesdropping. In VLC, one catchHg see the data and ensure the security of

11
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the data simply by closing the door. This makes ta®e suitable in military applications or in

areas of high security.

Low cost implementation

Compared with other wireless technologies, VLC cemea lower price thanks to some
of its characteristics. Unlike RF, that uses a l&gd band, VLC uses the visible light for
communication, which is in an unlicensed regionhef electromagnetic spectrum. Since no cost
for a license is implied, the implementation cagssignificantly reduced.

A second advantage that helps VLC reducing theemphtation cost of such systems is
its ubiquitous nature. VLC will rely on existingfiastructures that is already accepted and
widespread across the world, thanks to the numeealyv@ntages offered by LED lighting
sources. This feature will make the implementatdrVLC simple, without requiring complex
modifications on the existing infrastructure.

The third aspect which enables VLC to reduce thplementation cost is its reduced
complexity. VLC basically uses LED emitters and falilbiode receivers, components which are

inexpensive.

Green wireless communication technology

While the Earth’s population is increasing and theman society is developing, the
natural resource consumption and the climate ae#gions are also increasing. Greenhouse gas
emissions have reached alarming levels that amupnog significate climate changes that affect
the whole ecosystem [16]. The natural resource wopson and the pollution can be
significantly reduced by decreasing the energy womion. Artificial lighting, commonly
provided by electric lights, represents a significgpercent of the energy consumption.
Worldwide, approximately 19% of electricity is uséat lighting, while electricity represents
16% of the total energy produced [17], [18].

Besides the upper mentioned advantages, VLC isalgreen wireless communication
technology. VLC is green firstly because it doesuse additional power for the communication.
The same light which is used for illuminating ogrealing is used for carrying the data. Another
important advantage of VLC is the usage of LEDsclwhprovides substantial energy savings,

reducing the C@emissions.

12
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1.3.2 VL C weak-points

As exposed by now, VLC is a technology that hasiyleof important advantages.
However, like any other technology, VLC has alsovesal drawbacks. Some of the
disadvantages are due to the early stage of the tétfnology and could be overtaken as the
technology is fully developed. The others ones @we to the usage of the light and its
characteristics. For the later ones, it will bdidifit to completely mitigate them, but their effec
could be reduced or the communication could be tadapo the situations. The strongest

disadvantages of VLC and the possible solutionshfeir mitigation will be further discussed.

Stringent LoS condition

Generally, LoS maximizes the power efficiency anithimizes multipath distortion. In
some of the cases the mandatory LoS condition earohsidered as an advantage because the
interferences from other receivers are limited d@mel communication security is enhanced.
However, there are other applications where thésdsis considered as a strong disadvantage.
Non-LoS communications are considered to be maiabie, flexible and robust. The mandatory
LoS condition has a negative effect on mobility @ndsome areas, it represents VLC’s greatest
disadvantage because an object interposed betwesttere and received can block the
communication, unless an alternate route is aviailab

Possible solution:

By using multi-hop communications and retransmissidghe data can reach at users that
are located outside the emitter’'s LoS but are e thS of another transceiver. An alternative
solution for this problem is to combine VLC with RIS proposed in [19]. In this case, when a

node cannot be addressed by VLC it is address@&tFby

Limited transmission range

When considering the transmission range, VLC canmampete with RF
communications. Even if the VLC transmission range be increased by optimizing the emitter
and receiver parameters, VLC communication rangestiis significantly shorter than RF
communication range. On the emitter’'s side, the roamication range can be increased by
increasing the transmission power or by using aentbrective light beam. On the receiver’s
side, the range can be increased by using difféemmniques for Signal to Noise Ratio (SNR)

13
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enhancement, such as narrow Field of View (FOVgikexr, optical lens or different filtering
techniques.

Possible solution:

Besides the enhancement of the emitter and recaivermulti-hop networking can be

again a solution that significantly increases tbmmunication range of VLC systems.

Susceptibility to interferences

Another disadvantage of the VLC is its susceptipiid interferences. VLC is likely to be
affected by other illuminating devices such as m&scent or fluorescent light sources.
Generally, these light sources produce low frequeraise which can be removed with a high
pass filter. Besides the artificial light sourcesoutdoor applications, the sunlight represents a
very strong perturbing factor. The sun producesadutated light which introduces a strong DC
component that can be removed with capacitive Mi€r$i. However, high intensity optical noise
can saturate the receiver, blocking the commurminati

Possible solution:

The effect of other light sources can be reduceddiyg optical filters, by reducing the
receiver FOV and by filtering the unwanted frequesc Even if the mentioned techniques
mitigate the effect of the interferences, high Isvef noise still affect the communication

performances.

1.4VLC Applications

By taking benefit of the upper mentioned advantatiesVLC technology has numerous
applications in which it could fit in. In some d¢fet application VLC seems to be the only choice,
whereas in others it can be a complementary soldtiothe RF communications, improving the
overall performances. Hereafter, some of the meptesentative applications envisioned for

VLC are discussed.

Li-Fi

One of the most important applications envisior@dMLC is providing of Light-Fidelity
or “optical Wi-Fi". Thanks to the huge availablenavidth, VLC could enable high speed
internet connections from the ceiling lamp. Li-Bi favored in this case by the fact that the

distances involved are just of few meters, equivale the distance between ceiling and office.

14
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In this area, VLC is considered to be able to pteunulti Gb/s connections. As illustrated in
Figure 1.3, the data coming from the internetassformed by a Li-Fi router into a signal which
is applied to the light source. The light sourcel vewitch on and off at frequencies,

unperceivable by the human, according to the datsehd. The receiver transforms the light

signal into numerical data which will be delivetedthe mobile terminal. Concerning the upload,
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Figure 1.3: VLC usage for wirelessinternet (Li-Fi).

The fast evolution and the huge potential of theFiLitechnology contributed to the
foundation of the Li-Fi Consortium in 2011 [20]. §lorganization brings together the leading
companies and research institutions from the dptoaaxmunication technology and aims at

contributing to the development of the technology.

Indoor localization
In addition to Li-Fi, VLC can provide very efficiemndoor localization. By determining
the received signal strength or the time of flightl by using the triangulation technique, VLC is

able to provide localization at centimeter accurdaythis type of applications VLC is very
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convenient since the classical GPS is not abledrk wiside buildings. Such a scenario, where
VLC is used for indoor localization, is proposed2d] and illustrated in Figure 1.4. The indoor

localization is also possible by providing the IDtle lamp, which includes its coordinates.
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Figure 1.4: VLC usage for indoor localization[ 21] .

Creating smart places
VLC could be also used to create smart places asiseums, by providing geo-localized
information. This way, the information about théhiits can be provided to users’ smartphones

or tablets by using the indoor light. The usag¥Io€ in a museum is illustrated in Figure 1.5.
— T > > -

Figure 1.5: VLC usagein a museum [22] .

Transportation
The intelligent transportation system (ITS) is atipalar area where VLC could be very
useful. An important segment of both the academéathe industry considers that VLC could be
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used in ITS to enable vehicle-to-vehicle (V2V) amwdhfrastructure-to-vehicle communication
(12V). Even if VLC cannot compete with RF in termkrange at this time, VLC appears to be
the solution in the case of high traffic densitgrsario, where RF is most likely to present severe
issues that question the reliability of the commeation. The ability of the RF communications
to support the envisioned vehicular applicationl Wwé investigated in the next chapter, where
numerous arguments will be provided.

In ITS, VLC has the advantage that LEDs lightingteyns already began to be integrated
in traffic infrastructures and in the vehicle ligig systems. A scenario of using VLC for traffic
applications is illustrated in Figure 1.6. A setynehicle can proceed on a damaged car and
communicate about the situation around the accidezd. One car receives the data and relays
the information on its line. This information cam Wransmitted to the front car with the
headlights and also to the followers with the redislights. Data are thus propagated on the
motorway. Furthermore, cars on the same line cem @mmunicate with each-other about their
mechanical state, like speed, acceleration, brakatign or other data to enhance the traffic and

its security.

Figure 1.6: Illustrations VLC usage in for data exchange in automotive applications.

RF spectrum relief
The usage of VLC does not exclude or affect inegithvay the usage of RF based
communications, meaning that the two could be tsgdther. In this case, VLC can take some
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of the load from the already over crowed RF spectird proposed cooperation of the two
wireless technologies considers the usage of VUChigh data rate broadcast from the Li-Fi
router to the mobile terminal while the mobile tarad will communicate with the router by

using RF.

Provide wireless communication in RF restricted areas

Due to its nature, VLC can be safely used to pmwidreless communications in areas
where RF communications are restricted. For exantjpie to the risk they pose [23], the usage
of RF communications in hospitals and in healtle aarits are restricted, especially in operating
theatres and around MR (magnetic resonance) saarthawever, in such places the information
exchange is possible by using a VLC system astkepoesented in [24]. Aviation is a restricted
area for RF communications. VLC can be also usdth#zardous environments where there is a
risk of explosions, such as in mines, chemical tglar oil rigs.In all these areas, where RF
communications are restricted due to the risk thege, VLC can be successfully used, not

mentioning that the communication capability iscanplement to the already existing lighting
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Figure 1.7: VLC usage inside a plane[25].

Underwater communications

Unlike RF communications which are not able to pewnder water communications,
VLC can be used in this environment. In this c&4eC can provide short range communications
which can enable divers to communicate with eabkradr with the base station.
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1.5VLC stateof theart
The potential advantages of the VLC technology awmed research groups from

different parts of the world to put their effortea the development of this technology. However,
in the early years, the VLC research was mostlysicianed in the Asian countries. As the huge
potential of VLC began to be revealed, researclrktbries form Europe and USA began to
work in this field and added significant contritmris to the VLC progress. The following section
presents some of the most representative VLC relsedirections along with the most

representative research centers working on theifgpéelds. Some of the most representative

results for each direction are also illustrated.

VLC research in Asia

The usage of the LED light for communication pugmsvas firstly considered and
developed in Asia. From the Asian countries, Japas the most active one in the VLC
research, being a pioneer in this area. The irtdm@sthis technology was confirmed in
November 2003 with the establishment of the Visibhight Communication Consortium
(VLCC) [26]. VLCC joined together the major compasiof Japan and part of the academia,
with the aim of developing, publicizing and stardiaing the VLC technology. They considered
that VLC can add value to numerous industry fiddgstaking advantage of its simplicity and its
ubiquitous characteristic. The activity of the VLG@s significantly contributed to the VLC

development and worldwide extending.

Keio University (Japan)

The pioneers of the indoor VLC are Nakagawa efrain the Keio University. As the
performances of the new high brightness LEDs bdgame confirmed and as their improved
performances were indicating that in future thehtilgg systems will be LED-based, the
researchers from Keio University saw the opportutiiat the new lighting technology brings.
So, in 2000 [27] and 2001 [28], they published ftinst papers in which they analyzed the
potential performances of the indoor VLC systemserEfrom this early stage, the usage of the
OOK and OFDM modulations was considered with acs data rates of up to 400 Mb/s. In
the next phase of the study, they proposed theeushyLC in an integrated communication
network where the LEDs are controlled using thetaxy power line through the usage of Power

Line Communications (PLC) [29]. In 2004, they pshkd a complex fundamental analysis of

19




Chapter 1 - Introduction to Visible Light Communications

VLC and concluded that data rates up to 10 Gb/saetneevable [30]. In 2007, they also took into
consideration the brightness control methods amalyaed the impact of the Pulse Width
Modulation (PWM) and of the changing modulation tteef@chnique for brightness control [31].
In 2008 and 2009, they consider the usage of VurQiiigh-accuracy positioning [32], [33].

Even if the work of the Nakagawa et al. is mainbnecerned of the theoretical and
numerical analysis of VLC, they have the merit @éntifying, even from the early stages, the
main application areas of VLC. It is also worth mening that the Keio University research
group was part of the VLCC and that it had clealbyninated VLC research until 2007, year
when several other research groups from differetspof the world began to focus their

research efforts toward VLC.

Yonse University (South Korea)
The researchers from Yonsei University are alsy aetive in the development of VLC,

their research efforts being focused on VLC usagenidoor positioning. In 2011 they proposed
a positioning method based on carrier allocatiding receiver location is determined with 6 cm
accuracy, using the information provided by thrdeCVemitters. The receiver determines its
relative location based on the Received Signaln8tre (RSS) and by using the trilateration
method [34]. These results were obtained for emsittereceiver distance of 60 cm. An even
more accurate system is proposed in 2012, wheetidoccodes are used [35]. To mitigate the
interferences between the three emitters, the itotatodes are sent by using time division
multiplexing. The experimental results demonstthte high accuracy of the proposed method,
with location errors bellow 2 cm for emitter - ree distance of 150 cm. The group took their
research further, and developed a 3D localizatimtesn. In this case, the localization error is

below 4 cm for emitters — receiver distances ofl80-cm [36], [37].

VLC research in Europe
Even if in Europe the VLC research had begun ledenpared with the Asian countries,

the European research laboratories performed vetlyimwthis domain during the recent years.
Some of the most successful European groups areemexl hereafter with their most
representative results.

Fraunhofer I nstitute for Telecommunications from Heinrich Hertz Institute (HHI)

One of the most important VLC research groups,jusitform Europe but worldwide, is

the group from the HHI, Germany. They began thesearch as part of the Omega project which
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was founded by the European Union. The Omega projeolved the collaboration with other
research groups such as Siemens Technology or ér@atecom and aimed towards the
development of high performances wireless gigatmé networks.

The work of the HHI was focused on the developnwrigh data rate VLC systems.
This is one of the groups that continuously imprbtieeir results establishing new standards in
VLC. Their first experimental results were presenite 2008 [38]. By using a PIN photodiode
based receiver, they were able to obtain a dadaofad0 Mb/s using OOK and of 101 Mb/s using
DMT. Starting from these results, the performarafa$eir systems continuously evolved. So, in
2009, by using OOK, they achieved a data rate 6fNIB/s for a range of 5 m [39]. In the same
year, this time by using DMT, a data rate of 200/$Mvas achieved [40]. In [41] they showed
that the data rate performances can be substgntighroved by using an avalanche photodiode
instead of a PIN photodiode.

Video signal server Received video streams

VA
i ~ e

x digital PHY =

Analogue

Rx module

Figure 1.8: VLC prototypes developed by HHI a. VLC emitter; b. VLC receiver; c. Video
transmission using VLC [9].

In the following years, the data rate performamma#tinued to improve to 503 Mb/s [42],
803 Mb/s [43] and 1.25 GB/s [44] in 2010, 2011 &0d.2 respectively. It is worth mentioning
that while improving their performances, the VLGCst®ms developed by HHI set new world
records in terms of data rate. The mentioned resudre obtained using standard illumination

levels. However, in some of the cases the resudte wbtained using post-processing techniques.
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University of Oxford

At University of Oxford, O’Brien et al. took a dédfent approach in the development of
high data rate VLC systems. In order to improvedat rate performances, they considered the
usage of MIMO systems. Their first experimentauitsswere published in 2008. At that time,
the proposed system achieved a data rate of 40 Miodg 16 parallel channels [45]. In the same
year they achieved a data rate of 80 Mb/s by uaismgle link [6]. The 80 Mb/s data rate was
achieved using a blue LED with a bandwidth of 45 2Vshd the pre-equalization technique. In
2009, they improved the performances of the systprto a data rate of 100 Mb/s, at a distance
of 0.1m [46]. These results were obtained using GO¥RZ. In 2010, they reported 220 Mb/s at
1 m achieved by using a 9 channels MIMO setup aRDI [47]. In 2013, the researchers from
Oxford University reported a 1 GB/s data rate usd¥PM. This date rate was achieved in a 4
channels MIMO configuration, each having a date @t 250 Mb/s [48]. In the case of these
experiments, the communication range was of 1 m.

|

/\>h‘ diameter
APD

Concentrating lens
(12mm diameter)

Figure 1.9: VLC prototypes developed at Oxford University [48] .

As observed from the results, the merits of thissaech group are the development of
high data rate MIMO VLC systems. In 2014, the resleers from the University of Oxford, this
time in a partnership with University of Edinburgdawith University of Glasgow, have
achieved the fastest single channel VLC link, véatbata rate of 3 Gb/s over a distance of 5 cm

[7].
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University of Bremen

University of Bremen was one of the first Europeasearch centers which considered
VLC for their studies. By 2006, the research on Vii§ing OFDM was mostly theoretical. In
this context, they publish their first experimentdults for such a system. The system was based
on OFDM VLC with a communication range of 1 m anithva BER of 1 [8]. One year later,
the performances of the systems were improvedp @pBER of 10 at 90 cm [49]. In both cases,
the results were obtained by using a single LEDtHer emitter and a PIN silicon photodiode
based received. The communication distance wasased to 2.25 m by increasing the number
of LEDs to 9 [50]. They also address the problemMidf1O techniques for VLC. In order to
improve the performances of the MIMO communicatibay considered the technique called
optical spatial modulation (OSM) [51], [52], [53h OSM, only one transmitter is active at a
time and the others are turned off. This way, titerferences from the adjacent emitters are
mitigated. Numerical simulations indicate that fireposed technique allows for low BER in

moderate SNR conditions.

Optical communication research group of Northumbria University

This research group extended their investigationthe usage of organic LEDs (OLEDS)
for VLC. So, in 2011, they present their first espeental proof-of-concept demonstration of a
VLC link using OLEDs. In order to compensate foe teduced bandwidth of the OLEDs, the
equalization technique has been chosen for the rdéaimproving. In these conditions, they
showed that by using a 150 kHz bandwidth a potedata rate of 2.15 Mb/s can be achieved
[54]. This proof-of-concept prototype confirmed istential in 2013. By using DMT modulation
based on 32-level quadrature amplitude modulatiph), they experimentally achieved a data
rate of 1.4Mb/s, the fastest data rate achieve@ldyD systems at that time [55]. The bandwidth
of the used OLEDs was below 100 kHz. Just few melater, this time by using 4-PPM the data
rate performances were increased to 2.7 Mb/s, dgaiest data rate for OLED systems [56].
Another, premiere of the group was also in 2013 mthey presented the first ever experimental
demonstration of a MIMO VLC system with four LEDsiéter and four organic photodetectors
(OPDs) as receivers [57]. The proposed system Q€¥§ and is able to achieve a data rate of
200 kb/s without the use of equalization techniq&gnificantly better performances, that can
go up to 1.8 Mb/s, are achieved when an artificedral network was used for signal classifying

and error correction.
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VLC research in USA

Smart Lighting Engineering Research Center of Boston University

Founded in 2008, the Smart Lighting Engineeringdaesh Center of Boston University
is the result of partnership between Boston Unitsgrflkensselaer Polytechnic Institute and
University of New Mexico, with the aim of develogirsmart lighting technologies. Their
purpose was to develop simple and low cost VLC tswis for indoor illumination and
communication. Under these conditions, they deadageveral systems able to provide wireless
communication for distances of few meters and datias of 1 to 4 Mb/s [58]. Their work was
also extended in the indoor routing protocols [B@it should increase mobility and mitigate the
LoS problem [60]. Another issue approached by tldsearch center was the usage of
heterogeneous networks that combine VLC and RF,ddfedl increased benefits [19]. In this
purpose, they worked on developing protocols timintze the performances of such networks

and facilitate the handover between the two.

- Receiver

Transmitter =

Figure 1.10: VLC prototype developed at Boston University [ 58] .

Trendsin the VLC research
As exposed by now, the VLC development began rgcemt the 2000s. In the first
years, up until 2006 — 2007, VLC research was ma@idth theoretical level, with few prototypes
developed. Starting with 2007, the VLC researchaetéd some of the top universities from
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Europe and USA, which lead to the development o€\firototypes with continuously improved
performances. After 2011, when the potential of ViW@s already confirmed, numerous other
research groups began to be interested in VLChindontext, starting with 2012, several other
groups have managed to report data rates abovésl{&il}-[65].

The evolution in time of the data rate achievedvhC systems is illustrated in Figure
1.11. In some of the cases, the results were aatdiy using a RGB LED with wave division
multiplexing (WDM) which enabled the usage of theee carriers, enhancing this way the data
rate. On the other hand, other results were oldanyeusing a VLC emitter that used a single
carrier. This explains why the highest data ramored in 2013 is higher than the one from
2014.
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Figure 1.11: Evolution of the VLC data rates between 2008 and 2014.

1.6 Conclusions

VLC emerged and developed in the context of anemsing demand for wireless
communication technologies. The fast evolution &fC\was sustained by the advances from the
SSL industry which constantly increased the LED$gomances.

This chapter has introduced thasic principles of VLCpresenting the architecture of such

a system. By pointing out the advantages of tlahrtelogy, the main applications of VLC were
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identified whereas by highlighting the weak poiots/LC, the main challenges were presented.
Within this chapter, the main research trends a&search groups were identified, emphasizing
the state of the art in this area. This chaptewsldohow the VLC technology evolved and what
are the performances achieved at this time. It e@served that one of the main application
domains for VLC is to provide high data rate inddioks that could be used for fast internet
connection or fast data broadcast. In this area,sthientific community has made significant
efforts, which allowed VLC to obtain impressive uls.

Another challenging application domain for VLC epresented by the communication
between vehicles and/or between traffic infrastiteg and vehicles. However, this domain has
been rather neglected by the scientific communityindoor applications, the challenge was to
provide high data rate links with communicationges of up to 1 or 2 meters. On the other
hand, in automotive applications, the challenge iachieve long range communications (tens of
meters), at the cost of the data rate. A secondlecigg in this domain is to increase the
robustness to noise. These two challenges are smteby this thesis, which has as main
objective the development, the implementation &edeixperimental evaluation of a VLC system
suitable for automotive applications. The next ¢bampproaches the issues related to the
advantages, the requirements and the challengesiaissl with wireless communications usage

in automotive applications.
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Chapter 2

Visible Light Communications in Automotive Applications
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This chapter presents the importance of vehicubanrounication and aims to evaluate
the potential role of VLC in automotive applicatsrfocusing mostly on the communication-
based safety applications. This chapter will ilatt the manner in which the VLC systems
aimed for vehicle application evolved in time anil wresent the performances of the existing

VLC systems.

2.1 Introduction

The number of vehicles that use the transportatifsastructure increases every year. For
this reason, it is mandatory to continuously imgrawe safety and the efficiency of the
transportation system. Even if the automobile itgubas progressed a lot and today cars are
safer than ever before, road accidents kill mom@pfeewith every year. More than 1.3 million
people die every year because of car accident®\gbito 50 million are injured. Road accidents
are the leading cause of death among young pegele laetween 15 to 29 years. Furthermore,
the forecasts are even worse: it is estimatedoah2020 road accidents will be the sixth cause of
death, with 1.9 million victims yearly [66], [67In this context, the concern for reducing the
number of road accidents and the associated victsmacreasing. The United Nations has
declared in 2010 a Decade of Action for Road Saifetly the purpose of improving the safety of

vehicles and roads.
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The increasing number of road fatalities is a paxaokecause today’s cars integrate high
performance safety equipment and advanced driveistance systems. Electronic Stability
Control (ESP), Anti-lock Braking System (ABS) oeefronic brake-force distribution are some
of the most popular active driver assistance systeneant to increase the safety of the
transportation system and to reduce the numbevaaf fatalities. Each of these systems proved
their efficiency on individual vehicles but stithe number of crashes increases. For the next
generation of car safety systems there is a straegl for vehicle awareness, obtained from
different vehicles that work together by sharinfprmation in order to increase the safety. To
be able to create a highly-efficient road accidemvention system there is the need to enable
cooperation among vehicles and between vehiclesrandportation infrastructure. Accordingly,
the best solution to the problem of road accidesit® add intelligence to the transportation
system. The Intelligent Transportation System (I&&nbines intelligent vehicles and intelligent
infrastructure, working together to increase thietyaand the efficiency of the transportation
system [68]. ITS integrates advanced wire and e&®lcommunication technologies for data
gathering and distribution. ITS has the potentiatlmanging the point of view regarding road
accidents: if until now the problem was how to hekople survive accidents, ITS’s future
objective will be to help people avoiding accidenBy enabling wireless communications
among vehicles and between vehicles and infrastreicthe safety and the efficiency of road
traffic can be substantially improved. Inter-Vebki€€ommunication (IVC) or Vehicle-to-Vehicle
Communication (V2V) systems allow modern vehiclesommunicate with each other and to
share information regarding their mechanical sgptsition, velocity, acceleration, engine state,
etc) or information about the traffic. At the satime IVC systems have the potential to improve

the passenger’s comfort.

2.2 Considerations on the Intelligent Transportation System

ITS ads value to the transportation system by wifereal-time access to traffic
information. ITS continuously gathers informaticemalyze it and distributes it to increase
efficiency. The gathered data is used in ordexutomatically adapt the transportation system to
different traffic situations. From this consideoatj an important requirement for the ITS is the
widespread distribution. In order the system tmperative it needs as many intelligent vehicles

as possible so that interoperability is possibléaye geographical distribution of the intelligent
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infrastructure is also required so that the sysiemable to gather more data and to be able to
distribute it efficiently. At the same time, a majohallenge for the ITS, is to keep the
implementation cost as low as possible but witladtgcting its reliability.

ITS is concerned by three major issues: safetygestion and environment. The safety of
the transportation system can be improved by istmgavehicle awareness. Studies show that
combining V2V and V2| communication has the potanid reduce by 81 percent of all-vehicle
target crashes annually [69]. Enabling V21 commatian can help the transportation system by
providing real-time data regarding traffic, datattltan help in managing the transportation
system in order to increase efficiency and to reduaffic jams, which can help reducing the gas
consumption and the GQmissions. The benefits of adding intelligencehe transportation
system are the efficient monitoring and managenwénthe traffic which will help reduce
congestion and provide optimized alternative rodggsending on the traffic situation. Increasing
the efficiency of the transportation system willgheave time, money and will reduce pollution.
But, the most important benefit of the ITS will lge millions of saved lives. The primary
beneficiaries of the ITS are the travelers that tkdvel in safety and will use optimized travel

routes but also the transportation companies amchttustry.
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Figure 2.1: ITS architecture including the threejoracomponents.
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ITS has three major components connected togetherwiveless and/or wire

communication technologies. The three componests ar
» the intelligent vehicles;
» the intelligent infrastructure;
» the traffic center.

The interconnectivity of the ITS components issthated in Figure 2.1.

Intelligent vehicles equipped with on board equipimi®r wireless communication are
connected together and to the intelligent infragtrte forming a Vehicular Ad-hoc Network
(VANET) [70]. The intelligent infrastructure alsses wireless communication technologies to
communicate with the intelligent vehicles and witgnmunications to connect with the traffic
center and for interconnections.

The intelligent infrastructure is basically the nention between the intelligent vehicles
and the traffic center. This way, the infrastrueturas the role of fixed gateways for the
communication network while the vehicles are thebilonodes. The intelligent infrastructure
has two basic functions: data distribution and datiection. It gathers information from the
vehicles and sends it to the traffic center. Thadfitr center analyzes the data, decides the
required measures and distributes the results gpbmally to vehicles, through the intelligent
infrastructure. The distributed information candither safety related information, like accident
warnings or traffic sign warning, information rederg the weather or messages containing
alternative routes.

IVC along with vehicle to infrastructure communiocat (12V/V2l) are the two major
research preoccupations in the development of tielligent transportation system (ITS).
Vehicular communications enable intelligent vehsclethat use wireless short-range
communications, to connect to each other and to the VANETSs. V2V communications have
the potential to address 79% of all vehicle crasfg&8. 12V communications connect the
vehicles with the road infrastructure thru wireleb®rt-range communication technologies. 12V
communications have the potential to target 26%albfvehicle crashes [69]. An important
component of the 12V communications is represeridgdthe broadcast of traffic safety
information from the traffic infrastructure to vehes. This way, the presence of stop signs,
signal status, speed limits, surface conditiond, @@destrian crosswalks are transmitted, helping

the drivers/vehicles to take the necessary safetgsorements. The other component of the
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I12V/V2l is the data gathering component. In thisegathe vehicles transmit data to the traffic

infrastructure. The data is then analyzed and trdoliged.

2.3 On the ability of RF communications to supporcommunication
based vehicle safety application

Several technologies were proposed and investigitledhe communication between
vehicles and infrastructures such as Infra-red,[Blletooth [72], 3G [73], [74], LTE [75] or
even combinations of these technologies [76]. Hmmeuhe strongest focus is on the
radiofrequency Dedicated Short Range Communicd@3RC). DSRC is regulated by the IEEE
802.11p standard for Wireless Access in Vehiculan®nments (WAVE) [77].

The IEEE 802.11p standard was developed basedeotBEE 802.11a standard but with
the improvement of the PHY and MAC layers. The erweanents performed on the standard aim
to provide higher robustness and to adapt to tsé f@aovement conditions imposed by the
vehicular applications. The DSRC channel is divide&d 7 channels of 10 MHz for different
applications, whereas each channel is divided %2®ub-channels which have a bandwidth of
156.25 kHz. All the safety related messages aradwasted using the control channel which is
the center channel. Depending on their criticaijtilhe messages are categorized into 4 priority
categories, with the purpose of reducing latencthefhigh importance messages. As a collision
preventing mechanism, the IEEE 802.11p standard tieewell-known Carrier Sense Multiple
Access/Collision Avoidance (CSMA/CA). DSRC involveslf-duplex communication with data
rates from 3 to 27 Mbps. As a modulation techniqtiejses orthogonal frequency division
multiplex (OFDM) to ensure data multiplex. DSRCaiming to achieve communication ranges
of up to 1000 meters.

Even if the standard was developed consideringliffieult conditions of the vehicular
application, numerous studies report issues relatedits ability to support vehicular
communicationsChannel congestion affects the communication performances and reptese
the major impediment for a reliable communicatigi®][ Channel congestion is determined
mainly by the vehicle density, message generatiate rand transmission range. Since
communication-based vehicular safety applicatiansta exchange a large amount of real-time
dynamic data, it is obvious that this will generatgious issues. In the case of VANETS, the
different nodes will increase the channel congestausing mutual interferences and the
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phenomenon called “broadcasting storm” [79]. VANEAre considered as extremely dynamic
topologies with strict constrains concerning delaysl packet deliveryThe quality of the
channel modifies randomly in time and is diffictdtpredict since it depends on the behavior of
each individual communication link. Furthermoregle@ode (vehicle) creates interferences that
cover an area wider than the covered communicatiea.

Another significant problem encountered in highfficadensities is related to the
CSMA/CA. Recent studies showed that when such ¢iongi are fulfilled, the behavior of the
CSMA/CA is approaching towards the one of ALOHA,anmg thatthe nodes transmit their
message after a random time, without sensing other transmissions [80], [80}is phenomenon
generates packet decoding failure even for the aomcation between closed-by vehicles. The
failure of the CSMA mechanism in high traffic deres was also observed in [82]-[84]. These
aspects are very significant, especially in traffafety applications which require latencies as
low as 20 ms [85]. Under these circumstances,gh triaffic densities, such as on highways or in
crowded cities, the reliability of the communicaisois rather questionable [86]. The fact that the
WAVE cannot ensure a properly message deliveryigh traffic, not even for high priority
messages, was also demonstrated in [87]. This mapeduded that DSR€Cannot ensure time
critical message distribution.

Analysis of the DSRC in a highway scenario alsanfgobout that even if the latencies
requirements could be satisfied, the reliabilitgueements are difficult to meet, mainly due to
external collisions [88]. The same study pointsthatthe hidden node is a stringent problem in
the highway scenario, which significantly affedis packet delivery ratio.

In addition to channel congestion, another disnglphenomenon affecting the DSRC is
the Doppler spread. The Doppler spread is causing signal spreadehds to a broader spectrum
compared with the transmitted signal. The chanralations cause sub-carrier interference
which degrades the performancéée negative effect of the Doppler spread is aiffigcboth
BER and throughput performanc@®]. The effect of the Doppler spread is proparéibto the
velocity of the vehicles and to the distance sdpaydhe vehicles [90].

The multipath effect is also a perturbing phenomenon for DSRC. The ipaith
distortions are mainly caused by different lenglthg resulted due to unwanted reflections. Due
to the highly dynamic nature of VANETS, this applion area is characterized as a rich

multipath environment. The multipath components alglen the Doppler spectrum.
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The no line of sight (NL0oS) condition represents a stringent problem not just for VLC
but also for the case of 802.11p. Buildings sitdatethe crossroads pose a major problem to the
communication [91]. The roadside vegetation blottks communication in the case of tight
curves [92]. In case of steep crest, the NLoS d¢mrdimakes the communication impossible
[92]. Also, vehicles interposed between emitter aackiver lead to packet loses or even to
communication breakdown [93]. In all these inst@ndbe connectivity is lost almost
immediately after the LOS is altered.

To conclude this section it can be observed tha®O$ mainly affected by high traffic
densities, NLoS and high velocities. These facteduce the communication range, cause
numerous packet collisions, increase the delaysraddce reliability. Considering the upper
mentioned analytical and experimental results it ba observed that DSRC systems are fully
reliable just in ideal conditions. However, in redtuations, the perturbing factors previously
mentioned will cumulate in plenty of the cases (eigh speed with NLoS) leading to even
poorer performances compared with the ones descabeve. Moreover, it is also observed that
the communication breakdowns are occurring mostlythie situations for which they were
meant. At high speed, in tight curves, is the maméren these systems are required the most.
Taking into account that [78]-[93] represent justarow segment of studies that question the
DRSC capability to face all problems related toigelar communications, the competition for

the wining communication technology in vehiculatwarks remains open.

2.4 The potential usage of VLC in ITS

Whereas IVC has been in the attention of the acadsatiety for more than 20 years,
due to its early stage, only recently VLC was cdesd as a possible solution to enable IVC.
The main advantages of VLC usage in automotive icgmdns are represented by the low
complexity, reduced implementation cost and thejuibbus character. All these characteristics
can facilitate a rapid and wide market penetratimhjch represents a strong considerate
(argument) in the favor of VLC.

LEDs are highly reliable, energy efficient and havdife-time that exceeds by far the
classical light sources. These unique features rtaelear manufacturers to think of replacing
the classical halogen lamps by LED lighting systeAtsthis moment, as illustrated in Figure

2.2, vehicle lighting systems based on LEDs aremaom
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Figure 2.2: Integration of LEDs lighting systemssiries vehicles — processed using [95].

The efficiency of the LEDs made them being used #&is LED-based traffic lights. This
new generation of traffic lights is becoming monel anore popular and is beginning to be used
on extended scale. The main advantages of theffie trghts are: low maintenance cost, long
life and low energy consumption but also the betisibility. These advantages had already
convinced some of the cities authorities to repkaeeclassical traffic lights with new generation
LED-based traffic lights. Meanwhile, other citiag @rogressively following their footsteps. The
standard sizes for the traffic lights are 200 a@@ 8im in diameter [96]. The LED-based traffic
light consists of a large number (100-200) of HBEIEhat offer besides the signaling function,
the possibility for data communication. The enhameet of the LED traffic light with
communication capabilities does not affect its chamge with the standards [96].

Considering the trends in the lighting industryisitexpected that in the near future, the
street lighting will be LEDs based, so the roadmnilnation will also be able to provide
communication support [97], [98]. In this case, tteastant short distance between the street
light and vehicle, along with the high power impliellows for high data rates and increased
communication stability. Under these circumstantas, particular case of 12V VLC has a huge
developing potential. Moreover, due to the loost and high reliability, LEDsS begun to be
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Figure 2.3: Examples of LED usage as part of theansgportation infrastructure —
processed using [99].

integrated in traffic signs as well, in order tgpimave the visibility. For the moment, this type of
traffic signs are used mainly on the road segmesiish are considered with a high accident
risk. Several examples of LED usage as part otrdnesportation infrastructure are represented

in Figure 2.3.

In this context, one can see that LED-based lightiill be part of the transportation
system, being integrated in vehicles and alsoenrfrastructure. The large geographical area in
which LEDs lighting will be used, combined with VLi€chnology will allow ITS to gather data
from a widespread area and can enable the distibof high quality communications. These
additional functions will be possible without affeg in any way the primary goal which is
signaling or lighting.

The success of the ITS is largely dependent opatsetration. Insufficient penetration
means insufficient data collection and distributitinit is to think of RF solutions for the ITS,
this will not be possible for a long time ahead&ese in order the system to be effective it is

needed that all intersection and streets to beppgdi with RF units, which implies a huge
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implementation cost. One of the greatest advantafjdd.C compared with DRSC is its low
complexity and the reduced implementation costn8eilready half integrated in the existing
transportation infrastructure as well as in vehiodgting systems makes VLC a ubiquitous
technology and ensures it a fast market penetratiothe case of RF, the problem of market
penetration is considered a serious issue thablmuok the deployment. It is estimated that in
order for such a system to begin to be effectiveedguires at least a 10% market penetration
[100]. However, to achieve this it would requirevfgears in which the systems brings little or
no benefits, meaning that the deployment cost istimosupported by the early buyers.
Notwithstanding that a significant part of the aomers replace the car in this period without
having any benefice from the purchased system. ¥amele of VLC usage in a highway
scenario is illustrated in Figure 2.4. The safeghieles proceed on the damaged cars and
transmit the information in the neighborhood okthrea. The neighboring cars receive the data
by using light sensors and send them further to et nearest neighbors by using their
head/back lights. Data are thus propagated thraugthe highway. The traffic infrastructure
contributes as well to the information broadcasitrtfrermore, the cars can also communicate
with each other regarding their mechanical statetber issues needed to enhance the traffic
safety and the security. The fact that VLC is atdesatisfy the requirements imposed in

vehicular networks in real working conditions ha&ei confirmed [12]. Furthermore, VLC was

also found compatible with platooning [101].

Figure 2.4: VLC usage in a highway scenario.
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2.5 VLC in the ITS — state of the art

Using VLC to increase traffic safety by enablinghielar communications and 12V
communications is a hot research topic studieddweml research groups. The simulation and
experimental results obtained by now, prove thatuse of VLC for road safety applications is
possible, but in order to make the step towardsirtiigementation, the performances of such
systems still need to improve. The fact that LEghiing is implemented on more and more
vehicles, and LED-based traffic lights are replgdine classical traffic light represents a major
advantage of VLC and also proves the future roleED lighting in vehicle safety applications.

In order to better illustrate the evolution of VIsgstems and to present the performances of the
existing systems, the following section will presére work of some of the most representative

research groups in the area of VLC automotive usage

Hong Kong University

One of the pioneers of VLC systems for traffic $afe G. Pang from University of Hong
Kong — China and his research group. Convincechbyunique characteristics of the LEDs, he
considered that LEDs have the potential to replaeeclassical light sources and to be integrated
in traffic lights, traffic signaling devices or mttraffic display boards and he also saw the
opportunity represented by their fast switchindigbiBack in 1998, he presented at the World
Congress on Intelligent Transport System two pagifeswere presenting possible traffic safety
applications that were using LEDs for informatiomddcasting towards vehicles. The authors
propose the replacement of all traffic lights aimghaling devices with LEDs to reduce power
consumption and to increase traffic safety. The §H@ng life expectancy, even in unfriendly
working conditions, is extremely important sincbuaned traffic light can be a major risk factor.
On the other hand, the communication capabilitiehe LEDs can be used to further increase
the safety of the transportation. Under these oistances, the authors demonstrated the dual
use of LEDs in the ITS: signaling and communicatida support their arguments, the research
group presented a prototype traffic light that tesithe traditional signaling purpose also
transmits audio information through visible lighitOR]. In a second paper, the research group
proposes an intelligent traffic light system fooadcasting of vehicle location and navigation
information with audio support for the driver [103]he presentation of these two prototypes is

considered a major breakthrough since this waditbedemonstration of VLC usage. Audio
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broadcasting through LEDs traffic light is also g@eted in [104] where the transmission range is
over 20 meters.
The same group presents a different approach dffrctlight to vehicle communication

in [105]. This time, in order to increase the FOMlee receiver, the photodiode based receiver is
replaced by a digital camera based receiver, Wieiatis to an increase in receiver FOV from 5°
to 30°. The paper also presents a new approadtatarencoding. The surface of the traffic light

is divided into individually controlled regions. Wicrocontroller commands the regions to form

different visual patterns that contain the encoohédrmation. The digital camera captures the
images and decodes them by using image-processicignijues in order to obtain the

transmitted message.

Keio University

Although the researchers from Keio University weranly focused on studying VLC for
indoor applications, this group was also involvedsiudying VLC for automotive applications.
In 2001 they published one of the first studiestaming an analytical performance evaluation of
the communication between LED traffic lights anchickes [106]. The paper considered the
traffic light service area, analyzed the modulatiechniques that could be used, the required
SNR, the amount of receivable data and concludad ttite usage of a LED traffic light for
information broadcast is viable. In [107], theyfpemed an analysis on the improvements that
could come with the usage of a two dimensional iensgnsor instead of a photodiode. The paper
points out the dependence between the SNR anduthéar of pixels of the image sensor and
considers this approach better thanks to the wsdevice area and the increased mobility. In
[108], they approach the problem of VLC usage fder-vehicle communication and as well as
for inter-vehicle ranging. In this study, they coles the usage of an image sensor based receiver
considering it more resilient to noise. A novel agch considering the VLC receiver
implementation is proposed in [109], where the grenfinces of the system are increased by
using a narrow angle photodiode based receivemeealdawith a wide angle camera system. The
wide camera is used for traffic light detection drabed on the coordinates a motor adjusts the
position of the photodiode receiver allowing it teceive the data signal. By narrowing the

photodiode reception angle the effect of the bamlgd noise is reduced. The analytical and
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experimental results confirmed the performancedhef proposed method, allowing for the

system to be able to receive 4.8 kb/s data at 96reie

Nagoya University

The researchers from the Nagoya University havengpressive background in the
development of VLC systems meant for ITS, being ohthe first groups working in this area.
In 2005 they proposed a parallel VLC system meatrbadcast traffic safety information from
a LED-based traffic light to a high-speed camersebareceiver [110]. The authors had chosen
the high-speed camera and not a photodiode-basesivee in order to enable parallel
communication. The LED-traffic light contains 19ZDs and is divided into seven LED
partitions. Each LED partition is modulated indwally at a frequency of 250 Hz, in order to
transmit parallel data. Image processing techniguedeing used to demodulate the data. This
prototype has achieved a speed of 2.78 kbps ovange of 4 meters. The performances of the
system can be enhanced in terms of reliability byg hierarchical coding depending of the
priority of the data [111], [112]. This way, theghi priority data is transmitted at lower
frequency improving the BER performances.

In 2007, they propose a novel concept of VLC reseprototype that aims to solve the
main problems associated with the use of VLC inlif& the necessity of long-distance high-
speed transmission and the dynamic conditions. prbposed integrated a wide angle camera
used for the traffic light detection and a photadiobased receiver for high data rate
communication [113]. Even if this first attempt solve these problems by combining the
performances of a camera and of a photodiode hpdrsmasive results, still, the novelty of the
proposed solution must be highlighted. Moreoveg therformances of the concept were
confirmed in 2009 [114]. The camera based trackiygiem proved its ability to detect and adapt
the position of the photodiode receiver. To resptanthe vibrations caused by the movement of
the vehicle the system was enhanced with a gyrsosemvhich detects and responds to the
vehicle’s vibrations. The experimental results sedwa 2 Mb/s communication speed and a BER
was below 18 for distances up to 40 meters.

The performances of the high-speed camera based/ees were improved in the years
that followed with the development of the hieracathicoding scheme and as higher performance
cameras became available. The communication distaras increased up to distances of 120

meters, however at a high BER of4010" [115]. The usefulness of the hierarchical codmg i
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also confirmed in field tests performed with theei@er mounted on a moving vehicle [116].
However, these experiments showed that the movemiethe vehicle strongly affects the

communication performances.

Figure 2.5: Experimental setup for the 12V [116].

Toyota R& D labs and Shizuoka University (Japan)

The collaboration between Shizuoka University amel Applied Optics laboratory from
Toyota enabled the development of a high performaviicC system. They have developed a
high sensitivity CMOS image sensor which is ablat¢bieve 1000 fps. With the integration of
the image sensor in a VLC receiver, their V2V ptgpe was able to achieve data rates of 10
Mb/s for distances that can go up to 20 meters][Ilffe communication range of the systems
can be increased up to 50 meters by decreasingatherate to 32 kb/s, or even up to 100 meters
for data rates of 2 kb/s [118].

University of Aveiro

In Europe, one of the leading groups in the researfc VLC usage for automotive
applications is in Portugal, at University of AweirThe group has proposed and analyzed in
detail the use of LED-based traffic lights as R&de-Units (RSU) in the ITS for 12V data
broadcast. The group introduced the concept of \8DAVisible light communications for
Advanced Driver Assistant Systems (ADAS), whichresgnts the use of VLC for traffic safety
applications [119], [120]. VIDAS considers the usagf the existing road infrastructure with
possible slight changes in order to enable tradafety information broadcast. This research
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group has considered the usage of photodiode bra@seivers and proposed the use of direct
sequence spread spectrum (DSSS) sequence invenisg KSIK) as a modulation technique
[121]. The test results show that this modulatiechnhique is suitable for outdoor VLC since it
reduces the effect of noise produced by artifieghlt sources [122], [123]. The proposed system
has been tested in controlled outdoor conditiorth bodaytime and in night time. The system is
able to transmit data up to more than 40 meteiis &BER between 10at 10 meters and faat

45 meters. Concerning the data rate, the propostemss achieved a 20 kb/s.

Smart Lighting Engineering Research Center of Boston University

In USA, the research group from the Smart Lightirggineering Research Center of
Boston University is involved in the usage of VL@r finter-vehicle communications as well.
The research team has developed a prototype usegtliacular networking based on optical
transceivers [124]. The system uses short-rangetihnal optical transceivers to share vehicle
state data. Each transceiver contains isolatedsrivditer and receiver circuits. The four
transceivers, mounted on every side of the vehirl@adcast periodic messages that are received
by the transceivers found in the emitter’'s fieldvegw. Localization of neighboring vehicles is
possible by transmitting the GPS coordinates. Tfierimation containing the location and the
speed of the neighboring vehicles is displayedteruser. The communication between vehicles
is dual-simplex.

A detailed comparative analysis between omni-diveel 802.11 RF communications
and directional VLC, with application in vehiculaommunications is presented in [125] and
[126]. The results show that in high traffic depsWLC offers better performances in terms of
packet delivery ratio (PDR), throughput and averpgeket delay, at the cost of a shorter
communication range. In the case of 802.11, asitineber of vehicles increases from 10 to 100
vehicles/km, the PDR and the throughput are rapa#greasing, while the packet delay is
increasing due to collisions. In the case of VL& PDR and the throughput are decreasing but
not as fast, whereas the packet delay is remaatitige initial value. The authors consider multi-
hop networking as the solution to overcome the \US limitation.
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Figure 2.6: VLC prototype for V2V communication eleped at Boston University [125].

Rice University

Another research group that has obtained integpstiperimental results is the group of
professor Knightly from Rice University USA. In [lZhey presented a detailed analysis of
Vehicular Visible Light Communications (V2LC) netvks. The group has developed a research
platform with high robustness to noise on whichytheade experiments in different conditions
and for different scenarios. The paper presenteraxental results that show that VLC offers
the possibility of robust vehicular communicationreal traffic conditions. Experiments showed
that V2LC is resilient to diurnal noise sourcese(fun) except for the case of direct line of sight
with the sun, case encountered during sunset amdssuand also to nocturnal noise sources
represented by VLC transmitters or other light sear The paper also shows that in dense traffic
conditions, VLC satisfies the latency and the rebdiy requirements imposed by the vehicle

safety applications.

Intel Corporation

The concern for VLC is manifesting not just in eiademia but also in the industry area.
Roberts et al. from the Intel Corporation considetbe usage of VLC for automotive
applications. They investigated the performanceas ¢buld be achieved for the communication
between a traffic light and a photodiode-basedivececoncluding that a 1 Mb/s data rate is
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achievable for distances up to 75 meters [127]yTdlso consider that VLC can enable smart
automotive lighting systems that represent a primmislternative to DSRC [128]. Besides
communications, they considered that VLC can alswige inter-vehicle distance measurement
and localization [129]. The localization is possilily using positioning equations based on the
phase difference of arrival. Under these conditidAsC is considered to be able to provide a
simple and low cost solution for high accuracy posing. Recently, they considered
investigating the performances of VLC using lowtazamera systems like those implemented in
smartphones [130]. This type of cameras has addnitumber of frames per second which
requires a modulation that can support an undersainfrequency. Even if the proposed
technique has the advantage of using low cost ewgnp and seems to be compatible with
MIMO applications [131], the performances of sugktems are, at least for the moment, very
limited.

2.6 VLC research direction and future challenges

Concerning the VLC receivers, it has been obsethkatin their development there are
two major directions. One considers using camerstesys as receiver and the other one
considers the usage of photoelements, generallijoginales. The usage of embedded cameras
has as the main advantage the wider angle whichases the mobility. Such systems can achive
communication ranges that can go up to 100 mebetsat a high BER (as high as16 10%).
Decent BER results can be obtained for distancet® dgw tens of meter, in the best cases. As
for the data rate, VLC links that can achieve few/81have been reported. However, the
performances of the communication are strictlyteslao those of the camera, meaning that the
camera has to be a high speed model, which istetllexpensive for a broad distribution
regarding the automotive industry. Under theseuonstances, the usage of high speed cameras
seems to be actually reserved for laboratorieoprpés.

On the other hand, photosensing elements like pletdéators are quite efficient regarding
noise performances and can be used over long destaiiheir fast response time enables them
to be used for high data rates and come at comditjelower prices. Such systems can achieve
communication ranges of 40 - 50 meters, at datsrat few tens of kb/s. It was seen that the
performances of such systems can be enhanced ptitabsystems that focus the light on the

photoelement and improve the SNR. Active controthaf position of the sensing element was
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found to also enhance the performances. In the ahpbotosensors, the main challenge is to
minimize the interference of the ambient light, efhsignificantlly afects the SNR, especially as
the emitter — receiver distance is increasing. Atreé problem in this area is the design of a
suitable receiver, able to enhance the conditiooiniipe signal and to avoid disturbances due to
the environmental conditions.

Even if VLC is a relatively new communication teokogy, the fast evolution indicates
the huge potential. The development of VLC is aprgssive one, but still there is a long way
ahead. In order to be suitable for automotive appibhns, VLC still needs to enhance the
communication range and the robustness to noiss.ctluld be achieved by using an adaptive
gain circuit that will greatly improve the commuaiion range in low and medium light
conditions without affecting the robustness of doenmunication in bright conditions. Using
higher complexity filters, combined with opticaltéring can also improve the SNR and increase
the communication range.

As for the stringent LoS condition, in vehiculatwerks, the problem can be solved by
using multi-hop networking. Vehicles can retransth#& original message for vehicles that are
outside the LOS of the initial transmitter. Thisywvaigh-priority messages can be propagated
through the VANET and reach to vehicles outside th@S. Multi-hop networking can

substantially increase the communication range.

2.7 Conclusions

This chapter has introduced the concept of ITSsemtng its objectives, the key
components and the involved strategies. The patleugage and the role of VLC in the ITS have
been discussed. In ITS, VLC appears to be the isalutspecially for urban high-traffic
densities. When such conditions are fulfilled, RiSéd communication technologies seem to be
affected by severe collisions which lead to a deseeof the packet delivery ratio (PDR) and to
an increase of the latencies, making RF commuoicstinot suitable for traffic safety
applications. In transportation-related applicatioWLC also has the advantage that next-
generation vehicles, and next-generation trafffcastructures will be LED-based, which will
facilitate the implementation. This chapter alsghtighted the current trends in the development

of VLC systems and the challenges in the domain.
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The first part of this chapter introduces the IEB&2.15.7 standard for short-range
wireless optical communication using visible lightaims to provide an overview about some of
the technical challenges related to VLC. Starfmogn the general guidelines of the standard, the
second part of this chapter approaches the isslged to the coding techniques used in VLC.

This chapter investigates the future aspects camgprthe demand for Multiple Input
Multiple Output (MIMO) VLC applications and the ggaof a code with better perspectives for
such application. Even if the upper mentioned saeshdloes not mention the Miller code, its
appropriateness for outdoor VLC usage in ITS apgibn is examined. The Miller code is
compared to the Manchester code, which is the atdncbde for such applications. Simulation
results show that the Miller code clearly outpearisrthe Manchester code in terms of bandwidth
and channel coexistence. The investigation of thR performances revealed that the two codes
exhibit similar performances. Since the IEEE 80Z1Standard selects the usage of the

Manchester code taking into consideration its #8rmkg performances, an analysis on the
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flickering performances of the Miller code is algerformed. This is the first detailed analysis

that focuses on the Miller code potential usagélic.

This chapter also presents the simulation resoltg@rning the negative effects of noise
on the received data signal, specially focusingtten pulse width distortions. The analysis is
performed on messages coded using the ManchestaharMiller code. The simulations were

carried out based on a signal that was digitalbcpssed.

This chapter contains theoretical contributionstaned by simulation results which
confirm the suitability of the Miller code for thenvisioned applications and its potential in

future MIMO applications.

3.1 ThelEEE 802.15.7 Standard for Short-Range Wireless Optical
Communication using Visible Light

The IEEE 802.15.7 standard [132] for short-rangeshss optical communication using
visible light had become available at the end dfI20rhe standard states that the data transfer is
achieved by using intensity modulation of opticavides, such as LEDs, at frequencies
imperceptible for human eyes.

The standard covers the physical layer (PHY) amdniedium-access control (MAC).
Currently, the MAC supports three access topologpeer-to-peer, star, and broadcast, as
illustrated in Figure 3.1. The star topology implithe existence of a central node, called
coordinator, which is dedicated to the controlledf tommunication. In this case, an independent
network will be created, with a unique VLC persomata network (VPAN) identifier. The
devices that did not join the network cannot comivate with the ones inside the network even
if the coverage area allows it. However, the camatir will allow other users to join the
network. In the peer-to-peer topology, every dewvidebe able to communicate directly with all
the devices within its vicinity. For this case, ookthe two nodes involved will act as the
coordinator, usually the node that initiates thengwnication. The broadcast topology implies
the transmission of data, from one node to anaithés more nodes, without forming a network.
This type of communication is unidirectional and destination address is required. The VLC
devices are identified by using a 64 bits addressas soon as a device becomes a coordinator a

shorter 16 bits address will be used.

46



Chapter 3 - Considerations on the coding techniques used in Visible Light Communications

star peer-to-peer broadcast
e O

Figure 3.1: IEEE 802.15.7 topologies [132].

The IEEE 802.15.7 standard comes with three PH¥dygrouped by data rates and by
the intended applications. PHY 1 is intended fotdmor low data rate applications and it uses
on-off-keying (OOK) and variable pulse position mtion (VPPM). For this mode, the
standard specifies data rates between 11.67 anl#267PHY Il is intended for indoor moderate
data rate applications and it uses OOK and VPPMyels For this mode, date rates between
1.25 and 96 Mb/s are specified. PHY Il is intendedcolor-shift-keying applications with data
rates between 1.25 and 96 Mb/s. The three PHY tyaes coexist but are not able to
interoperate. PHY | occupies different spectraiarg in the modulation spectrum from PHY I
or PHY Illl. As shown in Figure 3.2, this enablesduency division multiplexing (FDM) as a

coexistence technique.
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Figure 3.2: Frequency Division Multiplexing for thieree PHY types.
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The standard considers the issues related to th®litpmf the link, the impairments
caused by noise and interference from other lightces. Unlike other wireless communication
technologies, the light wave carrier is perceivdblethe human eye in VLC. This imposes that
the modulation process must not cause any notieeidfibkering that might affect the human
health. Another unique feature of VLC is the regment for supporting communications while
light source dimming. These two aspects are takeEndonsideration by the standard, imposing
strict limits for flickering and high resolutionrdming.

Concerning the dimming, the standard provides tiferént dimming options, specific
for the selected modulation. For OOK, the dimmisgprovided without any effect on the
communication range which remains constant. Thpogsible because the intensity levels of the
ON and OFF states remain constant. In this casedithming is accomplished by adapting the
data rate through the insertion of compensatioresginThe compensation time means that the
light is completely turned on or off for a necegsperiod of time. The period depends on the
required dimming level. However, the insertion bé tcompensation time can lead to loss of
synchronization. Additional short resynchronizatymaitterns are thus required to overcome this
problem. On the other hand, in VPPM, the dimmingupported while providing a constant data
rate but at the cost of the communication rangethla case, the dimming is achieved by
controlling the pulse width.

Regarding the flickering, the standard aims to emtvany potential light intensity
oscillation caused by the light source modulatibor this purpose, the standard considers the
usage of run length limited (RLL) coding. The RLbading prevents flickering by avoiding long
series of ones or zeros. RLL codes an equal nuwmibenes and zeros and are DC balanced.
Concerning the outdoor applications, the standafthels the usage of Manchester and 4B6B
RLL coding, respectively for OOK and VPPM. PHY hdoor applications use the 8B10B
coding instead of Manchester for the OOK.

Concerning the forward error correction (FEC), floe case of indoor applications the
standard specifies the usage of the Reed Solom@&@) (®des. Compared to the indoor
applications, the outdoor ones are more affectegdil loss as the involved ranges increase.
Outdoor VLC applications are also affected by sgmmnnterferences from daylight, and in some
cases, from artificial light. To compensate forsialifficult conditions, the standard specifies

the usage of convolutional codes (CC) in additiorthe RS. In this case, the RS and the CC

48




Chapter 3 - Considerations on the coding techniques used in Visible Light Communications

block are separated by an interleaver providinglB fierformance enhancement. Besides the
low complexity, the mentioned FEC codes have theamathge that they perform well in
combination with the RLL codes, which also haveedetection capabilities, providing again a
1 dB performance improvement.

As illustrated in Figure 3.3, the structure of gr@posed data frame is a complex one,
consisting of three main fields. The synchronizatleeader or the preamble field contains a
locking pattern field with of a series of at le@dtones and zeros. The looking pattern is used by
the receiver for the optical clock synchronizatidie second part of the preamble contains a
series of four topology dependent patterns thagi Bstablishing the selected PHY topology. The
standard specifies that the preamble is transmitteog OOK modulation without any channel
coding. The PHY header provides the receiver witformation regarding the transmission
mode, the number of the communication channels#éiected PHY, the transmission data rate
and the message length. The header is protected @sil6 bits cyclic redundancy check
sequence. The third field of the PHY header costaaveral optional fields that are used only in
certain situations. For PHY | with OOK, one of thational fields will contain a sequence of six
tail bits of zeros. When dimmed OOK is used, theosd optional field will contain additional
data that will be used to provide information abthé& number and the length of compensation
symbols and also the lengths of the resynchromizasymbols. The optional fields used for
dimming support are protected by an 8 bits chegkisece. The third optional field is used along
with PHY IIl and contains an 8 bits sequence usedthannel estimation. Concerning the header
transmission, the standard specifies that it isstratted using OOK with Manchester encoding.
The transmission of the header is made at the lodata rate.

The data field has a variable length and is pretktty a frame check sequence. For the
outdoor applications, the standard considers thgausf short frames, whereas for the high data
rate indoor applications long data frames are camed. Referring to the PHY | applications, the
payload can be up to 1023 bytes. The data field evith a series of 6 bits of zero when the
11.67, 24.44 or the 48.89 kb/s data rates are used.
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Figure 3.3: Structure of the IEEE 802.15.7 dataniea

Concerning the VLC devices, the standard mentibrsetdifferent classes. The specific
characteristics for each class are presented iteTab. It can be seen that the standard considers
as a possible application field the ITS domain, dommunication between vehicles and also
with the traffic infrastructure, defining severdltbe aspects related to the networking and to the
requirements imposed in this area. The inclusionhenITS applications in the IEEE 802.15.7
standard is an encouraging factor for continuirggrésearch in this domain.

Table 3.1 — Device classification according to IE&R.15.7 [132].

Infrastructure Mobile Vehicle
No No

Power supply Ample Limited Moderate

Fixed coordinator Yes

For m factor Unconstrained Constrained Unconstrained

Light source Intense Weak Intense

Physical mobility No Yes Yes

Range Short/long Short Long

Datarates High/Low High Low
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The IEEE 802.15.7 standard was developed focusinthe aspects related to the PHY
and the MAC layers and did not take into considenatthe parallel transmissions as a way to
enhance the performances of future VLC systems. édew such applications began to be
considered more and more. For indoor applicatitres parallel transmissions are accomplished
using different colors of the light and opticatdils but the ranges involved were limited to 1 or 2
meters [12]. Concerning the vehicle applicationdy @ few systems have been developed. The
existing MIMO systems for automotive applicatiorse thigh speed camera systems as receivers
to extract data by using complex images processidgniques. For photodiode based receivers,
the problem of parallel communications is more claxppecause of the mutual interferences.
The separation of the channels can be accomplispading band-pass filters centered on the
incoming frequency. However, the close by frequenagds will cause false triggering, leading
to decoding errors. The problem could be reducednbyeasing the gap between adjacent
channels. Concerning the Manchester code, it iskmelwn that it does not use the bandwidth in
an efficient way. Expanding every bit on a two fériod significantly increases the bandwidth
requirement. For this reason, the separation of &dfacent channels is more difficult to
accomplish. On the other hand, the Miller codeassidered to be less bandwidth consuming.
From this consideration, the performances of thikekcode will be evaluated, even if it is not a
code considered by the IEEE 802.15.7 standard.

As illustrated in Figure 3.2, for the indoor applions, the standard stipulates the usage
of a 3.75 — 120 MHz optical clock for data. For thetdoor applications, the clock rate is
lowered to 200 kHz for OOK and to 400 kHz for VPPMhe motivation of this decision was to
move the communication to a frequency where otberces of light cannot perturb it and also to
prevent flickering. However, the flickering effeist prevented even for a modulation frequency
corresponding to the lowest data rate of the stah@HL.67 kHz). Concerning the perturbing
effect of other light sources, this is rarely exgeced at frequencies above 1 kHz. Therefore, the
usage of a 200 kHz optical clock for outdoor VLCnist fully justified. Moreover, this would
significantly increase the complexity and the cotthe equipment without a proportional
benefit for the system performances. Under theselitons, even if there are several papers
approaching the issues related to the standardreegents [133]-[136], there are no papers
presenting hardware prototypes designed for outdpplications that comply with it. This is in

spite of the fact that there are more than two s/&@m the standard release. On these grounds,
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and to maintain the complexity and the cost as &wpossible, the data transmission will be

made at the base frequency, without using a moetlilzdrrier.

3.2 Considerationsregarding the coding techniques used for VLC

3.2.1 Introduction

In general, Intensity Modulation (IM) is considerdd be the most appropriate
modulation technique for VLC. IM implies modulatinthe desired waveform onto the
instantaneous power of the carrier. The receivinaets data from the modulated light beam by
using Direct Detection (DD). The photodetector gates an electrical current proportional to
the incident power. This current is further tramsfed into a voltage by a transimpedance circuit.
The transimpedance circuit has low distortion amdyé gain-bandwidth product, to achieve,
according to many studies, the best compromise dmivbandwidth and noise [122], [137].
Further on, the amplified signal passes througlersg\filtering stages where the low and the
high frequency noise components are removed. kinAll using a triggering circuit, the data
signal is reconstructed.

Depending on the application, many modulations riggles were proposed and
investigated for VLC usage. Orthogonal Frequencyidion Multiplexing (OFDM) [47-49] and
discrete multi-tone modulations (DMT) [40] techneguoffer the premises for high data rates and
are used mainly for indoor static applications. dtorer, these modulations are suitable for short
range applications, the distance between ceilird) aifice for example. Furthermore, complex
modulations lead to a difficult transceiver desigicreasing the cost of the system, which in the
transportation field should be maintained as lowpassible. For applications that require
dimming, Pulse Width Modulation (PWM) [31] is codsred as an alternative. For low data
rates applications, meant for outdoor usage, wiigeeSignal-to-Noise Ratio (SNR) is low,
simpler modulations techniques, such as OOK arergdig used. The solution considered by the
IEEE 802.15.7 standard is proven to be quite efficiOOK modulation is regularly used with
Non Return to Zero (NRZ) or with Manchester coddse usage of Pulse Position Modulation
(PPM) or of Inverted-PPM [138] has also been ingas¢d. Compared with OOK, PPM and I-
PPM can achieve higher data rates transfer buireequore bandwidth, higher peak power and
are more sensitive to noise. In order to reduceeffext of noise, the usage of Direct Sequence
Spread Spectrum (DSSS) sequence inverse keying [BkKbeen investigated and implemented
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[121]-[123]. This approach uses a pseudo noise @&glence to encode the bit ‘1’, whereas for
bit ‘0’ it uses its opposite. This type of codingsherror detecting capabilities and enables
multiple transmitters.

As presented in the previous section, the IEEEXR2.standard specifies for the PHY |
outdoor applications, the exploitation of OOK andridble Pulse Position Modulation (VPPM)
as possible modulation techniqu®fRPM is an improved modulation technique that corabi
the characteristics of pulse position modulatiofPEM) for non-flicker and of Pulse Width
Modulation (PWM) for dimming control and brightnessntrol. VPPM is similar to 2-PPM but
it allows the pulse width to be controlled, forHigdimming. All VPPM PHY | modes use 4B6B
encoding. VPPM is intended mostly for applicatidhat require a high resolution dimming
without affecting the data rate. However, in itsesathe date rate is maintained by reducing the
communication range. Reducing the energy consempsi indeed a hot topic [139], [140] for
applications based on intensity control. Thereby?PWl could be used to enable 12V
communication between the street lighting infradiee and vehicles. However, V2V and the
communication between a traffic light and a vehete two relevant examples for applications
in which the connectivity and the communicationgaiare far more important than the data rate.
For such applications, OOK is considered more gppate and for this reason, the following

investigations will be centered on OOK modulatiather than VPPM.

3.2.2 OOK coding techniquesfor VL C applications
As illustrated in Figure 3.4, OOK is a simple maidn technique in which the digital

‘1’ is represented as the presence of the sigoatesponding to the “ON” state whereas the ‘0’
data is represented as a signal whose value id emaaro, or the “OFF” state. The “ON” and
the “OFF” represent two distinct amplitude levetsquired for the purpose of communication
and not necessarily imply that the light sourcéuimed OFF completely. For OOK, the IEEE
802.15.7 standard mentions the usage of the Matewhesde, with five different data rates,
namely 11.67, 24.44, 48.89, 73.3 and 100 kb/s.
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Figure 3.4: On — Off Keying data coding.

3.2.2.1 The 4B6B code
The 4B6B code is a simple data transmission codeifspd in the IEEE 802.15.7

standard. The standard considers it for outdoorliGgimns with VPPM or for indoor
applications with OOK. The description of the blaxde is done based on a coding table (Table
3.2), which contains the output codes associateébeonput codes. The code involves series of
‘0’ and ‘1’ pulses. The 4B6B code expands everytd into 6 bits, with the number of 1s equal
with the number of Os. It is DC balanced and h&0% duty cycle. The code also offers a
reasonable clock recovery. For generating the doskes the notion of digital sum is used. The
purpose is to get word codes with the digital suuadto zero.

4= N9 =n() (3)
T2,

where n(+) and n(-) are the number of positive eespely zero pulses from the coded message.
To decode a 4B6B coded message, it is necessatyitbe the message into 6 bits
blocks. In order to properly accomplish this operatthe decoder must use a procedure that
defines the data segmentation moments. This proeeslcalled block alignment.
The eventual errors inside the message can befiddnwith the help of the digital sum.

In this case the decoder is monitoring the digitah and when it is different from 0, the error is
signalized.
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Table 3.2 — 4B6B coding table according to the IEHDR.15.7 standard [132].

4B input 6B output ‘
0000 001110
0001 001101
0010 010011
0011 010110
0100 010101
0101 100011
0110 100110
0111 100101
1000 011001
1001 011010
1010 011100
1011 110001
1100 110010
1101 101001
1110 101010
1111 101100

The 4B6B code’s main disadvantage is due to theaelits added for the coding,
decreasing the throughput by 1/3. If we also caersitie minimal 158 bits overheads of the
IEEE 802.15.7 standard, for a regular 528 bitstgafeessage [85], the overheads will count for
334 out of 862 bits. This does not take into actdime additional bits required for error
correcting. However, the 4B6B has the advantageerobr correcting capabilities, which
enhances the BER. The performances of the 4B6Bnatlbe addressed because the purpose of
this work is to examine the performances of the Q@&dulation and to focus on the physical

layer without the usage of error correcting techei]

3.2.2.2 The Manchester code
Manchester coding is an instantaneous transitiote cdeveloped by University of
Manchester, in which each bit has at least onesitian that occurs at the mid-bit position. This

feature allows the extraction of the clock signafipd from the data frame. The DC component
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of the Manchester code is zero.

As showed in Figure 3.5, in Manchester coding aiyinl’ is represented by a high to
low transition, whereas a binary ‘0’ is represeritgch low to high transition. Basically, each bit
is expanded in an encoded 2 bit pair, and so, coedpaith NRZ, Manchester code requires

twice the baseband bandwidth.

Clock

Symbol | ”
Bit e R O

Figure 3.5: Manchester data encoding.

The Power Spectral Density (PSD) of Manchester ¢®desen by eq. 3.2:

T sin?(rr £ T/2))]
Syan(F) = 1T (3.2)

whereV is the signal amplitudé[=1/R is the bit durationR is the bit rate in bits per second

andf is the frequency for which the PSD is calculated.

According to the IEEE 802.15.7 standard, the Mastgrecode is well suited for outdoor
applications with a low data rate, such as the camoation between vehicles. The standard
specifies five possible data rates form 11.67 kigfsto 100 kb/s. Besides the advantages
mentioned above, another reason that made the Materhcode being selected by the upper
mentioned standard is its flickering performandedManchester code, flickering is prevented by
ensuring the same brightness for both ‘1’ and i@8,since the positive pulses period is equal

with the negative pulses period.

3.2.2.3 Delay Modulation (Miller code)

The Miller code [141] can be easily constructechifrthe Manchester code. The Miller
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code is also a transition code but with memory, mmeathat the information is encoded in the
change of the pulse level, considering the previoitisin Miller code, ‘1’ is represented as a
transition on the mid-bit position, ‘0’ is represed by no transition on the mid-bit position
whereas ‘0’ followed by ‘0’ is represented as ansiion at the end of the first 0's period. These
three encoding possibilities are presented in [Eigu6. The Miller code offers good timing and
also has the advantage that it requires a low batidw

Even if the Miller code is not as popular as thenbtester code, its evaluation is
necessary because it could be convenient for fuithdtiple Input Multiple Output (MIMO)
applications. In its case, the bandwidth usagedeerefficient.

As presented in [142], the Miller code behaviormssdo be very suitable in order to
perform multi-channels communication. This can beesved from the Power Spectral Density
(PSD) formula which is given by eq. 3.3:

VT .
£ T/ L7+8cod27  T)| (3.3)
[[23-2codn fT)-22cod2n fT)-12co3n fT)+5cod4n fT)
+12cos(5ﬂ fT)+ 2cos(6ﬂ fT)—8cos{7ﬂ fT)+ 2cos(7ﬂ fT)]

Sviter () = 2(”
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Figure 3.6: Miller data encoding.
3.3 Comparative evaluation of Manchester and Miller code

The Manchester code is stated in the IEEE 802 dtarrdard as the leading code for VLC
applications such as V2V or 12V. Under these coodd, further investigation and evaluation of

the Manchester code is strongly imposed.
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However, in the context of a strong requirementNdMO application, the investigation
of a code suited for such applications is also s&meg. For this reason, the usage of the Miller
code in VLC under the PHY | layer of the IEEE 8®7l standard is investigated as well, in
parallel with the Manchester code.

This investigation will take into consideration seal key points related to the code

performances, such as:

the multi-channel capabilities;

the flickering performances;

the sensitivity to noise;

the error occurrence;
the bit error ratio (BER).

3.3.1 Manchester and Miller codes multi-channel capabilities evaluation

The Manchester code, also called the biphase d¢sdeclassical code, in which ‘0’ is
encoded as ‘01’, whereas ‘1’ becomes ‘10’. Thisikgdechnique has numerous advantages like
DC balance, easy clock and data recovery, dece® p&formances. However, even if it has
plenty advantages, Manchester code’s bandwidthinegents are higher compared to other
codes. For example, it requires twice the bandwiadtNon-Return to Zero (NRZ). On the other
hand, the Miller code, also known as delay modoigtiappears to be more convenient for
Multiple Input Multiple Output (MIMO) applicationdn this case, the power is concentrated in a
narrower frequency band, with limited expansiomeighboring channels.

The PSD shows how the energy is distributed overfiaguency components. The PSD
plot is an efficient way that can be used to ilatd the manner in which the two codes make
usage of the available bandwidth. Therefore, itused to evaluate their multi-channel
capabilities. Even if the performances of the NRde are not addressed by this study, it has
been introduced as a reference. Figure 3.7 presemtd!ATLAB simulation results containing
the corresponding curves for the three codes wittodulation frequency of 11.67 kHz. It can be
noticed that the Manchester code requires twicebimelwidth of the NRZ code. For the Miller
code’s PSD, the maximum energy is at a frequen@radind 2/5 of the modulation frequency,
whereas for the Manchester code, the maximum energgt approximatively 4/5 of the

modulation frequency. As the power is concentraiea lower frequency, the Miller code is less
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bandwidth consuming. Figure 3.8 and Figure 3.9 gateshe MATLAB simulation results
containing the PSDs of five adjacent channels fanbhester and Miller code respectively. The
five channels correspond to the data rates spddiyethe IEEE 802.11.7 standard for OOK. It
can be observed that for the Manchester code,\becérriers significantly overlap, making the
separation quite difficult and introducing decodergors. In the case of the Miller code, only the
adjacent channels overlap but in a lower extentpaoed to the Manchester code. In this case,
the Miller code usage enables parallel communinatio two non-adjacent channels, which can
be well distinguished. For this purpose, the subi@®s can be filtered by band-pass filters,
either analog or digital. If we take a look on theph and focus on the first and the third
channel, it can be observed that the two can veakist in a bandwidth as low as 35 kHz. As a
consequence, the results demonstrate that the rMitide is better suited for multi-channel
communication, even in a relatively narrow bandwdwer, for the two considered channels, a
problem is that the first harmonic of the first nhal is positioned at a frequency which
corresponds to the channel’s three peak. This cmtitdduce some decoding errors. The same
phenomenon can be also observed for the secontharidth channels. The phenomenon is also
observed for the Manchester code, which points tbat multi-channel usage with parallel

transmissions was not considered in the developwofahe standard.
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Figure 3.7: PSD for NRZ, Manchester and Miller cadel1.67 kHz.
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Figure 3.8: Simulation for a five channels configtion, using the Manchester code.
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Figure 3.9: Simulation for a five channels configtion, using the Miller code.

The curves are proportional to a scale fa¢€odepending on the amplitudé of the
signal, but nevertheless, the key point is thetiredascale between curves. However, to
illustrate the impact oK, its value increases proportionally with the sgual the input signal

amplitude.
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3.3.2 Flickering issues concerning the Manchester and the Miller code
VL C usage

The VLC technology adds communication capabiliteethe classical lighting. However,
VLC must not affect in either way the primary radé the appliance, which is lighting or
signaling. Flickering mitigation is one of the maboncerns regarding the VLC. Flickering
represents the light intensity fluctuation causgdhe modulation technique, and it is classified
as inter-frame flickering and as intra-frame flicdkg. From the visibility point of view,
flickering is classified as visible and as invigilflickering. The visible flickering is consciously
perceivable by the human and is associated witju&ecies up to 70 Hz. It is considered that
because of the biological human response to itetineight be a health risk associated with
flickering. Its effects on the human health maylude epileptic seizures, headaches or reduced
visual capabilities [143] - [145]. Besides the klsiflickering, it has be showed that the human
retina reacts to light modulation at frequenciesveen 100 and 160 Hz [146], even if in these
cases the flickering is too fast to be conscioymyceived. The biological effects of invisible
flickering are less evident and lead to headachemast cases. For the case of LED lighting
systems, the modulation norms and the biologicBdces of flickering are considered by the
IEEE Standards PAR1789 group [147].

In VLC, flickering is prevented when the light ingty changes within the Maximum
Flickering Time Period (MFTP). In this case, thertan eye does not notice and does not react
to the light intensity changes. Even if an optirfigker frequency is not widely accepted, it is
considered that a MFTP smaller than 5 ms (200 Blmafe [132], [146]. The IEEE 802.15.7
standard specifies the usage of Run Length Limi{iRgL) line coding, such as Manchester,
4B6B or 8B10B code, as a technique for preventiegegivable flickering. The RLL codes
prevent long runs of ‘1's and ‘0’s that can caugzéring and also ensure better clock and data
recovery. For outdoor applications, the IEEE 802 Kiandard specifies for the OOK, the usage
of Manchester code as a technique for preventimgepeble flickering, whereas for VPPM, it
specifies the usage of the 4B6B code. For bothrtbdulations, the non-flickering characteristic
is achieved by having the same brightness for'bitand ‘0’.

To determine the flickering characteristic of theilldd code, several MATLAB
simulations have been performed. A number of f@ssages, containing 64 random ASCI|

characters (512 bits) were generated. The messegesencoded using the Miller code. Due to
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its characteristics, the Miller code cannot ensheesame brightness for bits ‘1’ and ‘0’. Because
bit ‘1’ is encoded as a mid-bit transition, eveiy ‘i’ has the same brightness, corresponding to
an ‘ON’ period equal with half the bit period. Thagain, for ‘0’, the brightness can be either
twice the brightness of ‘1’ (“ON” for the entiretlperiod) or it can be zero (state “OFF” for the
entire bit period). Under these considerationsteigd of determining the brightness of Miller
coded messages on an individual bit level, therdetation is performed on a byte level. It
appears that as long as the modulation period saat eight times shorter than the MFTP, if
each byte’s brightness is equal, no noticeablescrgivable flickering is induced. The brightness
of each byte is determined by measuring the “ONieti as a percentage of the total byte time.
Regarding the Manchester code, it can be obserkiatl iecause every bit has a mid-bit
transition, the “ON” time is equal with half of thwt period. Thereby, for the case of these tests
it is considered that 100% brightness is achievadnathe light is on for half of the byte time.
The simulation results concerning the brightnedenisity variations at the byte level are
presented in Figure 3.10. It can be observed ttebtightness of the bytes is 100% for 37.46%
of the cases, varies in 49% of the cases by +12i15%2.5% of the cases by +25%, whereas in
0.7% of the cases by £37.5%.

0,368 0,375 Lights on ]l:;;:centage
per byte
62.5%

75%

87.5%
® 100%
m 112.5%
W 125%
m 137.5%

Figure 3.10: Simulation results showing the bytescpntage for different brightness
intensities.

Based on these results, one can conclude thateuthidkManchester code, the Miller code
exhibits some brightness variations from one bgtariother. However, since the byte period is
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significantly shorter than the MFTP, flickering @ite byte level cannot be perceived. In the
following step, the light intensity level of eachFWIP will be determined, for the five data rates
mentioned in the standard. The MATLAB simulatiosuks are presented in Figure 3.11. It can
be observed that the brightness distribution wieispect to the MFTP has a Gaussian
distribution, centered on the 100% brightness isitgnwhich gets narrower as the modulation
frequency increases. In this case, the 100% brggistintensity is achieved when the light is on
for half of the time. The results show that everihat lowest data rate, more than 96% of the
MFTPs have a brightness variation bellow +10%. As inodulation frequency increases, the
brightness variation gets even lower. Furthermibre human eye does not have a linear response
to changes in light intensity. According to [148]e relation between the perceived light and the
measured light is given by eq. 3.4. This relatiartifer reduces brightness variation sensation,
limiting the flickering effect perceived by the hameye. Based on these considerations, it can
be stated that the Miller code may present sligighness variations, but without them being

perceivable by the human eye.
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Figure 3.11: Simulation results showing the peregetof MFTP for different brightness
percentages.
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Based on all these facts, it can be concludedthigalight intensity fluctuation introduced
by the Miller code is rather limited and it is muerceivable by the human eye. Furthermore, in
outdoor high speed conditions, as in transportativere are numerous other light sources which
are changing the perceived light intensity (e.q Bght obstructed by different objects, other
passing vehicles, different displays). In thesewiistances, the Miller code usage in outdoor

applications can be considered safe.

3.3.3 Sensitivity to noise evaluation

Intensity modulation with direct detection implidge usage of a photodetector element
that produces an electrical current proportionatht® power of the incident light. This current
will be further processed in order to obtain théadacontains. However, the incident light does
not only contain the data signal but also noisee dbtdoor VLC channel is considered to be
extremely noisy. Sun light, street light and veaibghting systems represent major background
noise sources for VLC. The weather conditions, saaglfiog or rain, also have a negative impact
on the VLC data signal. Moreover, due to the dymanature of the traffic, in such applications,
the VLC receiver will experience high variations tbe SNR. Of course, different mitigation
mechanisms such as narrow angle receiver, optittaersf or different signal processing
techniques are used at the receiver side. Howhiglr,levels of noise will still affect the quality
of the communication. Therefore, an analysis ofdffects of the noisy optical channel on the
data signal is strongly needed.

In order to determine the noise influence on thisgwidth, several MATLAB/Simulink
simulations have been performed. The simulatiouslue the coding of random messages using
both the Manchester and the Miller code. The message transmitted using a modulation
frequency of 11.67 kHz and at different SNR levélse simulated receiver, illustrated in Figure
3.12, assumes the use of a 12 bits ADC module.rdieroto be able to insure decent signal
processing, the sampling frequency is 100 timesidta frequency, leading to 1.167 MHz. The
filtering is performed by two low-pass Butterwori! order cascading filters separated by a
partial signal reconstruction block. After filtegnthe signal passes through a triggering block
that outputs the replication of the emitted signBhe reconstructed pulse widths are then
measured and analyzed in order to determine th&nnfluence on the pulse widths. The full
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details related to the parameters of the usedwecarchitecture are provided in Chapter 4. More
complex signal processing techniques, higher dillering or adaptive threshold algorithms can
minimize the effect of the current noise levelst &sithe SNR continues to depreciate the effects

on the pulse widths are similar.
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Figure 3.12: Sketch of the proposed VLC receiver.

For the purpose of these experiments, random messegre encoded in Manchester and
Miller codes. The main parameter of the encodedadigs the width of the elementary pulses
corresponding to the digital bits. For the Manceesbde, there are only two symbols (positive
edge and negative edge) and it leads statistitalonly two combinations of widths: either one
elementary bit width, either twice. For the Milleode, the memory effect on its construction
leads to three possible combinations: either onmemvary width, or one and a half or twice the
widths [149], [150]. The possible variations of gélse widths for the two codes are presented
in Figure 3.13.
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Legend:
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Figure 3.13: lllustration of the possible pulse sl in Manchester and in Miller code.

At the receiver side, the pulse width measuremeht<® pulses from each of the pulse
widths types were saved and then analyzed for bodes. It has to be mentioned that for both
Manchester and Miller code, a coded frame doesmatiain an equal number of pulses from the
two respectively the three pulse width types. Thmber of pulses from each category depends
on each message. For this reason, the data gagh@odcess continued until the >l@umber of
pulses from each of the pulse width types was a&ekieEven if the purpose of this analysis is
not message decoding, it is important to mentiat the decoding is performed based on the
identification of the rising and falling edges amm the pulse width measurement. In this case, it
is obvious that pulse distortions above certaiartmices will cause decoding errors.

The results concerning the noise effects on theepwidth are plotted in Figure 3.14 for
three SNR levels for the Manchester and for thdevlitode. It can be observed how the SNR
decrease affects the pulses by producing distartitiralso points out the relationship between
the SNR decrease and the number of pulses thatff@eted by distortions, for the case of the
considered DSP VLC receiver. The pulse width diginos do not represent a significant problem

as long as they do not affect the pulse width peicent that leads to decoding errors.
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Figure 3.14: Simulation results for Manchester aMiller code pulse widths: a)
Manchester case b) Miller case.

It can be observed in Figure 3.15 that in the aafséhe Miller code, the distortion
percentage is not as high as for the Manchestez. odidlow SNR levels, 1 — 4 dB, the Miller
code exhibits a 1/3 lower distortion percentageenghs as the SNR enhances, the difference
between the two codes decreases. This can be eag@lbecause of a greater number of samples
per pulse for the same modulation frequency dutstarger pulse width. As a result, the quality
of the filtering is increased. Figure 3.16 shows tlutput of a 2 order Butterworth filter for a
Miller (a.) respectively a Manchester (b.) encodéghal for a SNR level of 1dB. The same
message is transmitted and the same noise seqisensed. The superior filtering of the Miller
encoded signal is visible. However, due to its rgtuhe Miller code is more sensitive to
variation of pulse length. In this case, pulse widariations above 25% for the short pulse and

above 12.5% for the double length pulse create diegoerrors. In the case of the Manchester
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code, the distortion percentage that leads to degaatrors is double.

o

[#=Manchester data||
. |=m=Miller data

~

(=2}
T

[8)]

S

w
T

Average width variation [%)]
N

=

o
N

6 8
SNR(dB)

Figure 3.15: Average pulse width variation for Maester and Miller codes, with
respect to the SNR.
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Figure 3.16: The output of d%order filter for a Miller/Manchester encoded sidgna

Regarding the BER results, these are representégjime 3.17. It can be noticed that for
a low SNR, the Miller code and the Manchester gogsent almost similar results with a 10%
lower BER in the case of the Miller code. Howews,the SNR improves (4 — 5 dB), the BER

performances seem to be equal. This behavior catthleuted, once again, to the nature of the
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two codes. For low SNR levels, the improved filgriperformances of the Miller code give it a
slight advantage over the Manchester code. As iR §ets higher, the Manchester coded signal
is decently filtered while the Miller coded signslaffected by the stricter tolerance limits.

These results can be improved by using a higherplaagn frequency, higher level
filtering, improved pulse reconstruction algorithorsother signal processing techniques, that will
mitigate the noise effects on the pulse width tedbSNR levels. However, when considering the
hardware implementation, all these improvementseese the complexity and the cost of the

equipment.

BER

SNR[dB]

Figure 3.17: Bit error ratio for Manchester andrfdliller codes.

3.4 Conclusions

This chapter presented a comparative analysis theecoding techniques used in VLC,
focusing on the Manchester and on the Miller codég. simulation results show that in terms of
BER, the Manchester and the Miller codes have amisults. However, in terms of spectral

distribution, Miller code clearly outperforms Maredter code, and offers the premise for future
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MIMO applications. The IEEE 802.15.7 standard matd the usage of the Manchester also
considering its flickering performances. Due tcstheason, this chapter analyzed the flickering
performances of the Miller code as well. The ressltow that even at modulation frequencies as
low as 11.67 kHz, the flickering effect is very Itad. Since the Miller code is more efficient
regarding the bandwidth usage, its employment fo€\application was found to be suitable

and we can expect future perspectives in MIMO apilbns.
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Chapter 4

Development, modelling and evaluation of a
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4.1 Introduction

Simulations are a useful tool to reproduce the behaf a complex system. They allow
for systems’ performances analysis and to gaingimsiinto a technology. Generally, the
simulation processes rely on the theoretical anthemumerical analysis of the behavior of the
system being modeled. However, these analyzes wite dn different approximations and
estimations so that the precision of the resulgsedds on the accuracy of the implemented
model. Even under these circumstances, the simokfire extremely useful in testing different
setups and configurations, offering valuable infation which helps optimizing the system and
its performances. Another benefit of the simulatios the possibility of reproducing certain
conditions or scenarios in a repetitive manner iand time-efficient way. From this point of
view, the simulations represent a necessary steartts the implementation and the testing of a
system.
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In order to perform an analysis concerning the ggarances of a VLC architecture, a
Matlab/Simulink model has been developed and impleed. The model integrates a VLC
emitter, the communication channel and a VLC remewhich uses Digital Signal Processing
(DSP) techniques for data recovering. The functipnaf these components will be detailed in

the following sections.

The motivations and the objectives of this study ar
) to propose and to test a configuration for a sejftsting VLC receiver,
i) determine if the proposed receiver architectureal suited for outdoor VLC;
iii) determine the noise influence on the VLC BER pentamces;
iv) determine the data rate influence on the VLC BERop@ances;
V) determine the influence of message length on thé BER performances;
Vi) to get an overview of the limits for a decent commation under diverse
conditions;
vii)  to implement and to test an adaptive digital fikenich will be required for Multi

Input Multi Output (MIMO) applications;

The VLC architecture (model) is presented hereafiér a brief description of the used
signal processing blocks. In order to enhance énopnances and the efficiency of the model, a
series of tests have been performed, using diffepanameters. The chapter ends with the

presentation of the results and with the conclusibiat were drawn from them.

4.2 The premises of the simulations

a) The noise influence
The VLC performances are strongly influenced by cbenmunication channel. A VLC
channel can be modeled as a baseband linear sysfgminstantaneous power X(t), output
photocurrent Y(t) and impulse response h(t). Thanael is subject to signal independent

additive noise N(t), as presented in Figure 4.1.
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Communication

Transmitter channel VLC Receiver
h(t)

Figure 4.1: Simplified VLC model.

Outdoor VLC applications are subject to multipléezral noise sources which affect the
communication performances. For VLC, the major @omsource is represented by the
background light. The background light can be eifh@m artificial sources either from natural
sources. The bright sky light and the direct sghtlare the natural light sources affecting VLC.
For a VLC, these two sources are the most distgrire to their high power, which can saturate
the photoelement, making it blind. The artifici@ise sources are represented by classical light
sources with no communication capabilities, suclnaandescent sources or fluorescent lights
which produce a strong 100 Hz parasitic signal @isd a DC component. In most of the cases,
these sources have a power much higher comparéadhetpower of the desired signal. Beside
these unmodulated light sources, the data trariemitght emitters can also affect the VLC.

Both sunlight and artificial light affect the commaation by introducing a high intensity
shot noise component. The shot noise is propoititmahe optical power incident on the
receiver. The effect of the shot noise can be mmechby using optical filters, but this is still a
perturbing noise source limiting the communicatsopérformances. In day-time, the shot noise
is the dominant noise component, for outdoor appibois. The shot noise current is given by eq.
4.1:

Ishot = +/29IB, (4-1)

whereq is the electronic chargé.602 - 10719 C), B is the detector bandwidth ahds the

produced photocurrent whose value is given by €. 4

I =S5"Potars (4.2)
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wherePytq IS the power of the light incident on the receigedS is the photodetector spectral

sensitivity.

According to eg. 4.2, the shot noise induced inréoeiving circuit is influenced by the

total optical power incident on the effective ligiallection area, which is given by eq. 4.3.

Protar = Proise + Psignal (4.3)

wherePise Is the power of all the noises of the channel Bggha is the power of the useful

signal.

It can be observed that the shot noise is propatiwith the total detected optical power
incident on the photoelement. However, in daylighmfiguration, the contribution of the useful
signal to the shot noise is quite limited compangith the one of the background noise or even
with the one of the preamplifier thermal noise. rirthis consideration, the shot noise can be
considered as a signal independent noise. Intastiep, due to the high intensity, the shot noise
component can be modeled as white Gaussian noise.

The preamplifier thermal noise is another pertuglfexctor for the VLC receiver. In the
absence of background light, the preamplifier trernoise is the predominant noise source.
This noise type is also a signal independent Ganssoise. The value of the thermal noise is
givenin eq. 4.4.

4KTB (4.4)

i =
thermal R
whereK is Boltzmann’s constani 381 - 10723) andT is the temperature.

Beside the shot and the thermal noise, another typm of noise is the flicker noise.
However, because the effect of the flicker noisensountered at low frequencies, its effect on
VLC is rather limited. In this case, the shot ahd thermal noise represent the main sources of
noise affecting VLC. In these conditions, the tataise is given by:

5 (4.5)

. _ . 2 .
ltotal = \/lshot + Lthermal

Since both the shot noise and the thermal noiseigreal-independent and Gaussian, the

following simulations will concentrate on the etfetthese noises on VLC.
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b) The alignment and the link

The next simulations use the premises of a direetdf sight (LoS) between emitter and
receiver, necessary for a VLC system to work. Surding surfaces can cause unwanted
reflections or can scatter the VLC signal, creatimgltipath effects that can affect the
communication. However, it has been demonstratadl tte multipath effects do not affect
outdoor VLC [12], except in the case of short dis&s (1 meter), which are not usually fulfilled
under normal traffic conditions:or this reason, non-LoS and multipath signal ace imcluded
in this simulation.

The asynchronous transmission is encountered ohwaae systems in order to maintain
the complexity level and the implementation costaag as possible. Furthermore, concerning
the outdoor VLC applications, the frequencies imedl are low enough and the decoding system
has no need of time accuradg.the simulations, the clock of the receiver i$ synchronized

with phase locked-loop for simplicity.

c) The frequencies involved
As previously mentioned, the IEEE 802.15.7 standaetifies for outdoor low data rate
applications the usage of OOK with Manchester ogdiihe data rates mentioned in this case are
11.67, 24.44, 48.89, 73.3 and 100 kb/s. In thispt#ra the performances of these five
communication frequencies will be further investegh in order to determine their influence on
the communication performances. The effect of naseeach of the data rates will also be

subject to investigations.

d) The message length

In wireless communications, the message lengthientes the BER performances [87].
This problem is extremely stringent for the RF ldasemmunications, where the message length
influences the communication performances due & mntutual interferences of the different
nodes [87]. Concerning the VLC, an elaborated seatycerning the influence of the message
length on the BER performances is not availableoriher to determine this influence on the
VLC, three message lengths will be investigatedifferent SNR conditions and at different data
rates. A short message of 120 bits, a medium sizesage of 600 bits and a long message of
1024 bits have been considered. Regarding theHearfgthe messages used in communication-

based vehicle safety applications, in [12] basedherrequirements from [85] a message of 481
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bits is considered to be representative. A closssage length is considered in [87], where 500
bits were used. Based on these consideration%(@ebits message length can be considered
appropriate for VLC, whereas 120 and 1024 bitsusezl as references, in order to determine the
behavior of the communications. In traffic safegmenunications, the message length and the
required information fields depend on the applmatiThe U.S. Department of Transportation
(DOT) [151] has defined the minimum informationldieequirements for different situations. In

the case of a traffic light, the minimum informaticequirements are presented in Table 4.1.

Table 4.1 Traffic Signal Violation Warning Data Mage Set Requirements [85].

Description Number of bits

Traffic signal statusinformation

(o]

Current phase
Date and time of current phase 56

Next phase 8
Time remaining until next phase 24
Road shape information
Data per node 32
Data per link to node 72
Road condition/surface 8
| nter section information
Data per link 120
Location (lat/long/elevation 96
Stopping Location (offset 32
Directionality 16
Traffic signal identification 48
Message type 8
Total 528

e) The model’s truthfulness

The truthfulness of the proposed model for the ictmed situations aims to be a high
one. An advantage of the proposed model comes tinenfimited usage of the Matlab/Simulink

built-in blocks. User-defined functions had beerdugistead. Such functions, allow the user to
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write his own functions and algorithms in a simileay as on a DSP hardware system, in a
language similar to the C language. The advantafjéisis approach are numerous because in
this case, the simulations will accurately repkctite behavior of the hardware equipment. This
approach also facilitates the implementation, stheedeveloped code can be easily uploaded in
a DSP equipment. In this case the system will masalts similar to the simulation, because the
flowchart for the two cases will be identical. Tresemblance between the simulation and the
experimental results will depend mostly on the B$&tem’s hardware parameters, as the ADC
resolution or the sampling frequency. However, abtthe scenarios that can occur were
considered. Generally, artificial lighting produgearasitic signals of frequencies up to 1 kHz.
However, in some case the perturbations can gooufrequencies of 20 - 30 kHz [152],
especially when the light switching occurs. In sgakes, the light will cause false triggering that
will lead to decoding errors. The effects of sudrtigular events or of similar ones have not

been considered because the aim of this studyheasestigation of a base VLC link.

4.3 VLC model development and preliminary evaluation

For most of the existing outdoor VLC prototypese thutput of the transimpedance
circuit is processed mostly by using analog teahesg(see [102 - 104], [109], [113], [119-123]).
Even if this approach has the advantage of a lamplementation cost, future VLC prototypes
could take advantage of the use of DSP technidues.central element of a DSP system is the
digital filter. The digital filters can achieve faetter results compared with the analogical ones.
These make the DSP systems very attractive. Siecettdoor VLC channel is strongly affected
by noise, the superiority of the digital filtergoresents a major advantage that can enhance the
performances of future VLC receivers.

In order to investigate the performances of suslgstem, a VLC receiver architecture is
proposed and presented in Figure 4.2 [153]. Thehigacture has been implemented using
Matlab/Simulinkand has been evaluated through simulations. Therideésn of the blocks is
detailed in Section 4.4.2.1. The proposed modelsatm replicate in part some of the
characteristics of the hardware systems but td& instead. As in a real system, the proposed
model uses a high-pass filter to remove the DC tadlow frequency noise components.
Although it is disabled for the configuration tedtse model contains an Automatic Gain Control

(AGC) unit which is used to compensate for the riication of the emitter-receiver distance.
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The low-pass filters remove the high frequency @ais the shot and the thermal noise. In order
to enhance the receiver performances, the moda wee filtering blocks separated by the
partial signal reconstruction block with the purposf performing a progressive signal
reconstruction. Concerning the triggering, the DS&tel allows the evaluation of an improved
algorithm based on adaptive thresholds. Similarirm® hardware analogical receiver, the
decoding is made based on the pulse width measuateand on the identification of the rising
and of the falling edges. For the following prelraiy tests a modulation frequency H.67
kHz is considered. This first structural desigrars intermediate model used to determine the

optimal settings for the main blocks. This modalsed in the following simulations.

Transimpedance E 12 bits 1.167 MHz
Y & " -

Photodetector Preamplification i Sampling

Automatic Gain B
2" order and oo

ion . - filteri
=aiifatio Butterworth complementary R A ¢
amplification

Filter filtering

Low-pass
2™ order Digital
Butterworth Triggering outputs
Filter

Data Pulse width
decoding measurement

Digital Signal Processing

Figure 4.2: The architecture of the proposed VLCeieer.

The digital filters are the central elements of &P system and for this reason it is very
important to determine the suitable filter andoigsameters. The two main classes of digital filters
are the Finite Impulse Filters (FIR) and the IrtBnimpulse Filters (IIR). In aN order IIR filter,
the output is obtained by using the valuesNefl inputs and ofN outputs. The usage of the
outputs implies the utilization of a feedback tagl.
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For the case of a FIR filter of ords the output is determined by using the valuesef t
lastN+1 input samples. These types of filter are simmantplement because they do not require
any feedback. Not requiring a feedback also haadaantage the fact that the rounding errors
affecting the output aren’t used in other iteragiohhe FIR filters are also considered to be more
stable. However, FIR filters have a major disadagatrepresented by the fact that there are less
efficient in implementation. Compared with the IfiRers, the FIR filters require significantly
more computations in order to meet a set of impaspedifications.

Considering the superior efficiency of the IIRdi$, in the development of the proposed
model, such filters will be used. Some exampleslassical IR filters are the Butterworth, the
Elliptic, the Chebyshev or the Bessel filters. Buwdterworth filter [154] has as main advantage
the fact that it has no ripples in the pass barmmg@ared with the Elliptic or the Chebyshev
filters, the Butterworth filters also have a beftbase response but have as disadvantage a slower
roll-off. The next simulation aims to confirm thaiitability of the Butterworth filters by
comparing it with the Elliptic and the Chebyshdtefs. In other to evaluate the performances of
the three filters the pulse length of the recomséd pulse was measured and distortions of the
pulses were determined for a Manchester encodedagesAs illustrated in Figure 4.3, and
detailed in Chapter 3.3, the Manchester encodiagddo two types of pulses: one that has the
period equal with half the bit period, correspomgdiwith the clock rate of the modulation

frequency and one that has twice this period.

Clock

Data ] 0 0 ] 0

Encoded

. LTzl mw Bcjal = Il

Figure 4.3: Manchester pulse widths.
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The effects of the noise and of the filters ontthe types of pulses are different. Because
the pulse distortions are strictly related with #reor occurrence, in the following simulations,
this criterion will be used as an evaluation instemt. However, in some of the cases, the pulse
error rate (PER) is used instead because, in thases, it was found to better highlight the
differences between the considered situations.

The simulation results confirmed that in the giwemtext, the Butterworth filter exhibits
better performances. The pulse width distortiomgHe three types of filters and for the two types
of pulses (short Figure 4.4.a. and long Figureb4.4re illustrated in Figure 4.4.

b).
" : : T ‘ a). 6.58 , , , )
: : ; —l- Butterworth : —— Butterworth
| : : i —@- Chebyshev 1 Y T T b —@— Chebyshev 1
10 e —— 7|~ Elliptic A : : :

o Elliptic

Average pulse distortion [%]
@
Average pulse distortion [%]

SNR[dB] SNR[AB]
Figure 4.4: Pulse width distortion for the Buttertfy Chebyshev and Elliptid'2order
filters, for the short a). and for the long b). Mdrester pulse.

After selecting the nature of the filter, the nekep is to select the order of the filter.
Selecting the order of a digital filter represeatsadeoff between the quality of the filtering and
the number of mathematical operations performe@é&oh input sample. A higher filter order will
provide a better output with lower distortions butl require more computational resources,
which will increase the cost of the system. FigdrB illustrates how the order of the filter
influences the quality of the filtering for the easf the Butterworth filter. It can be observedttha
starting with the %' order, the filters have comparable performancesrims of PER. Based on
these results and aiming not to increase the ddkeaeceiver, the™ order filter was considered

as a fair trade between performances and resoegcéement.
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Figure 4.5: The influence of the filter order oretfiltering quality.

The purpose of the next simulations is to deterntiireoptimal cutoff frequency. In this
case, several cutoff coefficients, from 1.25 toiBes the modulation frequendy, have been
chosen and their efficiency has been evaluatethfoproposed receiver. The average distortion
for the two types of pulses is presented in Figuée

b).

- 1.25F
8- 150F

~

Average pulse distortion [%]
Average pulse distortion [%]

3 4 3
SNR[dB] SNRIdB]

Figure 4.6: The influence of the cutoff frequennytite filtering quality for the short a). and
the long b). Manchester pulses.

It can be observed that for the selected coeffisjeas the coefficient is increasing, there is

slight decrease in the distortion. However, asges in Figure 4.7, the number of pulses that
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are affected by errors is increasing, fact thatmse¢o be a paradox. The reason for this
inconsistency is observed in Figure 4.8, by conmggtfie outputs of a"2order Butterworth filter
with a cutoff frequency coefficient of 1.5 respeety 3 times the modulation frequency. The
output of the filter that uses a higher cutoff freqcy coefficient has steeper edges, which explain
the smaller pulse distortions. On the other hanig, abvious that the noise is improperly filtered

which leads to false triggering and to decodingmtrDue to this reason, a cutoff frequency of

1.5 times the modulation frequency was considered.

Pulse Error Rate

SNR[dB]

Figure 4.7: The influence of the cutoff frequennytize pulse error rate.
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Figure 4.8: Output of a "® order Butterworth filter for a cutoff frequency af5 (red)

respectively 3 (blue) times the modulation freqyenc
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Considering the square pulse reconstruction, shisade based on triggering, according to
the values of the thresholds. At this level, twprapches were considered and investigated: one
based on symmetric triggering and one based on rasyme triggering. For the symmetric
approach, the threshold is set at the same vatueoth the rising and the falling edges, in this
case half the data signal’s amplitude. For the asgtric approach, the thresholds for the rising
and for the falling edges have different valuese €mployment of asymmetric thresholds seemed
an adequate option because in some cases, theleatseto the occurrence of peeks that can
reach amplitude levels that can go as high asthaluseful signal amplitude or even above. In
these cases, the increase of the rising edge tideghevents false triggering. To compensate the
effect of this increase, the threshold for theiriglledge must be symmetrically decreased. Under
these circumstances, two asymmetric thresholds imgestigated: 0.6 and 0.4 respectively 0.65
and 0.35 the signal amplitude. Even if in some $igetases this approach was found useful, its
usage has not been found to improve the overafbpeances. As showed in Figure 4.9, the
results for these tests showed that the symmegyinalsreconstruction had better results in terms
of PER.

10

22|~ 60% - 40%
| —@—65% - 35%
—-50% - 50%

Pulse error rate

_________________________________________________________

SNR[dB]
Figure 4.9: Pulse error rate for different threshel

The final tests were performed in order to deteartime Bit Error Ratio (BER) and the
Frame Error Ratio (FER) results for the proposegiker architecture. A digital frame has been
defined, as illustrated in Figure 4.10. Comparethwhe IEEE 802.15.7 frame, this one has been
significantly simplified. The frame consists of §yhchronization bits, a start bit, the data bitd an

a stop bit. For these tests, short messages ofat lts (8 ASCII characters) were sent in
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different noise conditions. Because all the messhge the same parameters (length, modulation
frequency, coding), the field containing this inf@tion has been removed from the frame. The
results for these tests are presented in Figurk #&.Tan be observed how the noise affects the
BER and the FER results. The results show thah fSNR above 4 dBs, the BER is higher than
10°. Since the results were obtained without any ezoorection technique, it can be considered
that the proposed receiver architecture is suitdble outdoor VLC. The usage of the

Convolutional and of the Reed Solomon codes withier improve the receiver performances.

Synchronisation

Error rate

SNR[dB]

Figure 4.11: Bit and frame error rate results.

Concerning the ratio between the BER and the FERe ne frame has a 64 bit length,
in ideal conditions, this ratio is supposed to @ 1However, it has been found that in some
cases, when a bit error occurs, it affects sonthefollowing bits as well. This is explained by
the fact that in these cases, due to the impropetdyed noise, the triggering block missed to
identify one or several edges (rising or fallinig)this case, more than one bit was affected which
increased the BER and decreased the report beBERmand FER. Table 4.2 illustrates how the
BER/FER is affected by the noise.
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Table 4.2: Ratio between BER and FER.
SNR [dB] 1 2 3 4 5

BER/FER 1/12.49 1/18.28 1/25.56 1/27.41 1/42.65

The simulation results confirmed the suitabilitytbé proposed receiver for VLC even at
SNR levels, below 5 dBs, and also confirmed thatgblection of the parameters was a proper
one. However, the performances of the proposedvexcean be greatly improved by using a
higher sampling frequency to improve the filterimg.this case, the analog to digital conversion
was performed by a 12 bits ADC unit at a sampliregdiency of 1.167 MHz which, for the
selected modulation frequency, seemed a fair tfhbebween the achieved performances and the
implementation cost. However, for improved perfonees or for comparative results at higher
data rates, a higher sampling frequency is a g@bidra Figure 4.12 illustrates the influence of
the sampling frequency on the pulse distortiorhim tase of a"2 order Butterworth filter with a
cutoff frequency of 1.5, with respect to the SNR. It can be observed fiyatloubling the
sampling frequency, the average pulse distortionbeareduced with 1/3.
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Figure 4.12: The influence of the sampling freqyeoic the filtering quality for the short
a). and the long b). Manchester pulses.
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4.4 Evaluation of a multi-datarate DSP VL C architecture

It is well known that in vehicular communicationpdipations the connectivity and the
robustness to noise are more important that thee rdé¢. However, when possible, a higher data
rate is desirable. Considering these aspects asddban the parameters determined in the
previous section, an enhanced VLC architecture vatiiable data rates is proposed and detailed
in the following section. For this purpose, a VL@itger architecture and a new data frame is
proposed, according to the requirements imposethéomultiple data rate scenario.

441 TheVLC emitter mode

The synopsis of the VLC emitter is representediguie 4.13. Based on the data rate and
on the coding settings, this emitter transformstéx¢ message into an OOK modulated message,
ready to be sent throughout the communication oblarih performs the ASCII to binary
conversation, the message coding and the messelgegirag according to the data frame format.
The frame will be further modulated according te gelected data rate by a Matlab/Simulink
Repeating Sequence Stédock. For test purposes, the message lengthmgell to 128
characters or 1024 bits, but it can be increaseehjfired.

{(

Message to be
sent
{in text format)

Coding
technique

ASCIH to Binary Message
Conversion codding

Data rate

Input data

\ 8 =
-

Figure 4.13: Synopsys of the VLC emitter.
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The structure of the proposed model is similarh® dne of a real VLC emitter. In this
case the microcontroller builds the data frame @ting to the user’s preferences and the frame
structure, whereas with the help of a digital poswitch, the LEDs are controlled. The structure
of the data frame and the purpose of each fielddatailed in the section below. The output

signal of the emitter model is shown in Figure 4.19

4.4.1.1 Considerations on the frame structure

The structure of the frame is based on the stradtom the IEEE 802.15.7 standard but
it has been slightly simplified and adjusted. Aeganted in Figure 4.14, the structure of the
frame contains a header field and a data field. idaer field consists of 41 bits. It begins with
a 17 bits preamble used for synchronization. Theddfenables the receiver to achieve
synchronization. It consists of a sequence of zeev®l ones and it can have a variable length.
Compared with the preamble from the upper mentigtaddard which contains a variable size
preamble of at least 64 bits, the header contabmethe implemented frame is significantly
shorter. The length of the synchronization repressentradeoff between frame overheads and
false data acquisitions.

The following field of the header is the Modulatiand Coding Scheme (MCS) field.
The MCS field uses 6 bits to provide the receivathwnformation regarding the selected
modulation, coding technique and also about the date. The next field of the header,
consisting of 10 bits, is the Message Length (Mieldf which provides the receiver with
information concerning the number of bits to beereed. The last field of the header consists of
8 bits that are not used for the moment. Thesedaitsbe used to provide information about
dimming or other type of information that could irape the data decoding process. The header
field is transmitted at the lowest frequency, ngmElL.67 kHz using OOK modulation. The
preamble field of the header is transmitted withaoy line coding, whereas for the other three
fields, the Manchester code is used.

The data field has a variable length which canrekteom 8 to 1024 bits. This field is
transmitted at variable frequency, between 11.6Z &Hd 100 kHz according to the data rates
specified by the IEEE 802.15.7 standard for outdowr data rates applications. According to

the same standard, the data bits and the headarbitransmitted using the Manchester coding.
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41Header bits 8-1024 Databits

Figure 4.14: Structure of the data frame.

Since the purpose of this study is to investighte dffect of noise on the quality of the
data transmission and on the BER at the physigal |éhe use of error correcting codes has been

put aside. However, checksum fields can be eaddg@ for both header and data fields.

442 TheVLC recaiver model

The proposed model aims to be a close replicatfoa i@al VLC receiver. It uses the
same functionalities and the same working principlethe same time, it tries to address the
challenges imposed in real situations. Basicahg, system is meant to be a self-adjusting one,
able to respond and to adapt to the environmenttardifferent working conditions (such as
mobile conditions or different data rates).

The proposed model addresses several key challeegesding its adaptability. The
receiver model is designed in order to receive @ogerly decode messages coming at different
data rates. This requires an adaptive filtering masm able to distinguish between several
frequency bands and also able to commute betwdéaretit frequency bands. This way, the
incoming signal containing the data is situatethanfilter’'s band-pass at all time.

Dynamic conditions, as the ones encountered ifidreituations where the vehicles are
in continuous movement, lead to significant vaoias of the emitter-receiver distance. This
phenomenon involves significant variations of titNRS This problem can be addressed by using
an Automatic Gain Control (AGC) mechanism, whichimteains a constant signal level and
prevents photodetector saturation at short distamdeereas insufficient signal amplification is
prevented at long distances.

The synopsis of the VLC receiver is presented gufé 4.15. In order to be compatible
with the higher data rates, this receiver has Is#ightly enhanced compared with the one used
for the configuration tests. Beside the 2 MHz ADLCthird filtering block and an improved

signal reconstruction block has been added. Thieeidare meant to further reduce the signal

88



Chapter 4 - Development, simulation and evaluation of a DSP VLC architecture

distortion and to prevent the occurrence of deapdirrors. In order to be able to adapt to
variable modulation frequencies, the filtering letave been enhanced as well.

I\
.) Transimpedance Preamplification

Photodetector

’-------~

4 Band
-pass AGCand
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I decoding amping amplification filtering
|
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| Digital _ Partial I
‘ outputs reconstruction l
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Figure 4.15: Synopsis of the VLC receiver model.

4421 VLC Recelver System Model Blocks

The following section presents a brief descriptainthe blocks used by the proposed
VLC receiver. The parameters and the working ppilecof the blocks are provided.

Preamplification

Since the degradation of the signal is proportiomi#th the square of the distance, this
block is required to ensure a first amplificatidrhis block multiplies the input by a constant
value (gain). Besides the gain provided by thisklalepending on the power of the received

signal, complementary amplification might be reqdir
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ADC Quantizer Block

The ADC block is set to sample the signal at adesgqy of 2 MHz and at a resolution of
0.008 V, corresponding to a 12 bits ADC resolutiona 3.3 V input. This block provides the
following block with the numerical values corresdorg to the discrete signal, enabling from

this point the digital signal processing.

Automatic Gain Control

This block helps maintaining a constant signal llexexjuired for proper message
decoding. It adds a complementary gain to the figath. The complementary gain value is
computed based on the current value of the siditatletermine the current signal amplitude in
an accurate way, a humber of readings are performéedbased on these readings an average
value is considered as the signal amplitude valle. AGC block ensures a high and steady
amplitude level. It considers an optimal signaluealvith minimum and maximum thresholds.
Whenever the signal’s amplitude rises above o faklow the maximum or the minimum

thresholds, the new gain value is computed in di@eet the signal at the optimum value.

High-pass Butterworth Filter

The classical lighting sources, without data comication capabilities, produce low
frequency noise components. For example, the fhoem lights produce a strong 100 Hz
parasitic signal which is added to the useful digfihe high-pass *Lorder Butterworth filter
block attenuates these low frequency noise compgsn&he cutoff frequency of the filter is set
to 1 kHz.

Adjustable Butterworth L ow-Pass Filters

The adjustable low-pass filters remove the unwahtgld frequency noise component of
the signal. These are two input filters: one ingubr the input samples (the signal to filter) and
the second input is for the cutoff frequency. Tkeond input is connected with the message
decoding block, which is continuously commanding tutoff frequency. As detailed in the
previous section, the data frame consists of a dreg@dnsmitted at a constant modulation
frequency and of a field containing the data wtdah be transmitted using different modulation
frequencies. While the message decoding block igingafor an incoming message, it

commands the filter so that the base 11.67 kHzuaqy of the header to be in the band-pass.
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After completing the synchronization, the messageoding block decodes the header and
extracts the information containing the data matlutafrequency. Based on this frequency, it
commands the switching of the filters. The digftiers adapt their cutoff frequency simply by

using a different set of coefficients, correspogdio the new cutoff frequency. The impact of a

Butterworth 2° order filter on a noisy input signal is shown igute 4.19 iii).

Satur ation Block

This block is used between two filtering block witte purpose of enhancing the signal.
It removes part of the high frequency noise angiehprove the signal’s quality. Basically, this
block uses low and high limit thresholds that lirthie signal’s amplitude. The effect of the
saturation block on the signal is illustrated igUfe 4.16.a. It can be observed that not every
pulse is modified by this block, but only the pglgbat were strongly affected by the noise.
Figure 4.16.b illustrates the output of the secilteting block with and without the usage of the
saturation block. When the saturation block is usieel signal is less distorted.

Time [s] -103

Figure 4.16: The effect of the saturation blocktbe data signal: a). input of the saturation
block and the thresholds; b). output signal for text filtering block with (red signal) and
without (black signal) using the saturation block.
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Partial Pulse Reconstruction Block

Besides the saturation block, the partial recoeitbn block also prepares the signal
before the square signal reconstruction, accomiplisim this way a progressive reconstruction.
This block enhances the signal by smoothing theetoand the upper part of the signal. The
output of this block is a partial square signal ebhrepresents an intermediate step towards the
signal reconstruction.

To improve the performances of this block, thegeigng is performed based on adaptive
thresholds. An efficient algorithm for thresholdngoutation has been developed. This way, the
threshold is continuously changing its value, witkertain limits, based on the input samples
and on the values of the previous samples. Forygualse, the values of the previous samples
are used to determine the signal minimum and therman, values that will be used for the
threshold computation. As illustrated in Figure 74.1he threshold for the falling edge of the

signal depends on the maximum value of the signal.
\ |

Legend:
| — input
= threshold|.

= QUtput

\
Figure 4.17: lllustration of the adaptive threshsld

In order to prevent false triggering, the valueshef thresholds are modified with respect
to their values according to the input signal. A@raple that illustrates the necessity of the
adaptive triggering is illustrated in Figure 4.18Tde triggering is effectuated when the input
level is above the limit but immediately after, base of the noise, the signal decreases and the
trigger commutes to ‘0. To prevent such false gegng, right after the threshold limit is
exceeded, the value of the threshold is set toldleest value, value which is increasing
gradually while the signal amplitude is rising. Téféectiveness of this approach is illustrated in
Figure 4.18.b.
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I Legend:
— input
— threshold

0 Time [s 109

Figure 4.18: False triggering prevention using atlap thresholds; a.) no adaptive
threshold; b.) with adaptive threshold.

Pulse Reconstruction Blocks

This block is responsible for the final signal restuction. It outputs the replication of
the transmitted square signal. For this block, &wmns have showed that the usage of a
classical triggering algorithm, with symmetric thiheld has the best results in terms of pulse
distortion. The input and the output signal of gutse reconstruction block are shown in Figure
4.19 v) and vi).

Pulse Width M easur ement Block

Since the decoding is performed based on the deeat the rising and falling edges and
on pulse width measurement, a block responsibleéhese operations is required. This block
identifies the beginning and the end of each patsd determines its width. This information is

transmitted to the Data Decoding block.

Data Decoding and Processing Block

This block is responsible for the final processwigthe signal. It is responsible for
synchronization, header decoding and message derods mentioned previously, this block is
also responsible for commanding the adaptive §lter
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Another operation performed by this block is thegassing of the data. This way, it
provides information related to the quality of t@mmunications, such as the total number of

bits, the number of incorrect bits, the total numbe messages and the number of messages
containing errors.
A

Amplitude [V]

Amplitude [V]
T

o \ \ | \ \ \
0

05

s | | g | \ |
Time [s] 107

Figure 4.19: Modifications of the signal throughdhbe blocks of the model: i) representation of
the original Manchester encoded message, ii) repregion of data message with AWGN
(SNR=1 dB), iii) output of a" order Butterworth filter, iv) representation ofetlsignal after the
first reconstruction attempt, v) input for the sidgmeconstruction block, vi) representation of the
reconstructed square signal used for data decoding.
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4.5 The Performance Results of the VLC Mode

This section presents the VLC model BER performagvauation. The DSP receiver
was tested for five modulation frequencies, comesiing to the data rates mentioned by the
IEEE 802.15.7 standard. In the evaluation proadifferent SNR levels have been considered.

The results show the manner in which the noisectffhe BER performances. It can be
observed that the BER increase is limited in theeaaf low frequencies. The simulation results
clearly show that higher frequencies are more figago noise. One of the main reasons for this
is the insufficient filtering, which makes the s@gmeconstruction more difficult. The tolerance
to noise at higher data rates could be enhancesibyg a higher sampling frequency.

In VLC, the signal strength decreases as the range insreasasequently, the SNR is
affected by the emitter — receiver distance as.v@&fice higher data rates require higher SNR
levels, it can be concluded that they are adedi@atehorter ranges whereas as the distance is
increasing the data rate should be decreased.

The results also show how the message length mfkgethe BER performances. It can
be noticed that this factor does not influence ificantly the communication performances. So,
for normal priority messages, any length betwee® aRd 1024 bits could be used. As
mentioned in the previous section, the averagetlieofya safety related message is around 500-
600 bits. The purpose of these tests was not term@te an optimal message length but to
determine the influence of message length on the B&formances. This test is just a guidance
trial since, depending on the application, différeressage lengths are specified and the use of
predefined lengths is not efficient.

Based on these results, an adaptive data rateithlgocould be developed. By using
different sensors, the VLC emitter could determihe SNR for different regions within its

service area and then, according to the imposed BE&rements, it could adjust its data rate.
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Figure 4.20: BER performances at 11.67 kHz.
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Figure 4.21: BER performances for 24.48 kHz.
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Figure 4.22: BER performances for 48.89 kHz.
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Figure 4.23: BER performances for 73.30 kHz.
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Figure 4.24: BER performances for 100.00 kHz.

The proposed model has as main advantages itsiaelapd self-adjusting character. It
is able to properly decode messages coming atblaridata rates in a simple and efficient
manner. Its performances are increased due to aewerchanisms. The usage of the digital
filters allows it to be suitable even at low SNRdks. Furthermore, the digital filters allow the
system to adapt to variable data rates simply lpyséidg the coefficients of the filters, proving
this way their flexibility. The filtering is madeniseveral stages, each stage contributing to the
enhancement of the signal. The progressive filieralong with the progressive message
reconstruction improves the quality of the signacanstructions and implicitly the
communication performances. The adaptive thresmoéthanism proved to be efficient in
preventing false triggering. The AGC block ensuadsgh and steady amplitude level, enabling
the decoding for variable power input signals. Amotadvantage of the model is the easy to

implement character. Since the model is develomaguuser-defined coding, it can be easily
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translated and uploaded on a hardware DSP systemhisl case, if the testing conditions are
similar, it is expected that the experimental resswill resemble with the simulated ones.
However, as mentioned before, the model is onlyged on a direct LoS communication
and it only considers the two main sources of ndise shot noise and the thermal noise. The
VLC channel it is well known to present an increhsepredictability. For example, artificial
light switching generates some transient pulses lilaae a strong negative effect on VLC,
producing decoding errors. Furthermore, in outdmorditions, the fog, the snow or the rain will
absorb and scatter the light affecting the transimims The proposed model also did not consider
the case when the receiver is in the LoS of moam ttne VLC emitter. Again, this particular
case will increase the number of errors. Even & phoposed model considers only the basic

VLC channel, each of these particular cases coelddveloped on top of it.

4.6 Conclusions

This chapter has introduced a new VLC DSP architecimed for multi-channel
communication. The performances of the proposegivecwere evaluated through simulations.
Based upon the simulation results, it was obserthexl manner in which the noise, the
modulation frequency and the message length infeidine VLC BER performances. The results
showed that the proposed system is suitable foethesioned applications.
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Chapter 5

| mplementation and performance evaluation of a VLC
system for vehicle applications
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This chapter presents the development, the opttraizand the performance evaluation
of a Visible Light Communications (VLC) prototypereed for vehicle applications. The testing
of the system was performed in different situatiams&l environmental conditions. Since the
usage in automotive applications implies mobilitye proposed solution allows the system to
work at variable distances. The results are engingaand prove that the VLC technology is a
strong candidate for wireless data transfer iffiraafety applications. This chapter approaches
every issue regarding the communication-based ysadgiplications and investigates the
appropriateness of the VLC technology for bothdsfructure to Vehicle (12V) and for Vehicle
to Vehicle (V2V) communications. Furthermore, tlo®geration between the two is investigated

and experimentally demonstrated for the first time.
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A discussion about the Manchester and Miller cogas conducted within Chapter 3.
Simulation results showed that the two codes ekhibiilar Bit Error Ratio (BER) performances
and noise sensitivity [149]. Concerning the fliakgr performances of the Miller code, it has
been showed that it does not introduce perceivliloleering. However, in terms of spectral
efficiency, the Miller code clearly outperformecetManchester code [141]. The IEEE 802.15.7
standard for wireless communication using visiblghtl [131] specifies the usage of the
Manchester code for the case of outdoor applicatidihe simulation results confirmed its
performances and it can be considered that the daedesuitable for single channel
communication. However, for the future MIMO appticas, the Miller code seems better
suited. Due to these reasons, this chapter cotitive investigation of the two codes and

presents the experimental performance evaluation.
The work presented in this chapter was part ofnaiustrial project called “Co-Pilot for
an intelligent road and vehicular communicatiortesys or “Co-Drive” for short [155].

5.1 The Co-Drive Project

5.1.1 Description of the Co-Drive project
Co-Drive is a French FUI intended to increase thiety

and the efficiency of the transportation systeme Pphoject had a
duration of 36 months and a 6.8 million euro budgeth 2.8 million € of public funding.
Coordinated by Valeo, the project brings togethevesal industrial companies (Clemessy,
APRR, Mediamobile, Sopemea, Comsis, Vivitec, Tecfistiiog, Navecom) and research
institutions (INRIA, INRETS, INSA Rouen, Universiof Versailles).

5.1.2 Main objectives of the Co-Drive project

As illustrated in Figure 5.1, Co-Drive aims to dgsand develop a cooperative driving
system that will bring together information fromhv@es and infrastructures, in order to enhance
mobility by offering secure and optimized altermatroutes for the user. Fitted on a vehicle, the
system provides the user with information regardihg traffic, like speed limits or traffic
conditions (e.g. weather, accidents, road closuoesj-works, etc.), guiding the driver, or even

taking actions meant to enhance the security aimdpoove the efficiency.
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Figure 5.1: Cooperative driving based on integratefbrmation technologies [155].

A reliable user-orientated traffic management serwill be developed in the project.
This service offers guidance for the driver byifigtrelevant data coming from neighboring
vehicles and/or traffic infrastructure. The traffitanagement tool enables data collection and
dissemination between vehicles and the traffic astiucture. The project has to provide
technical specifications to ensure the system’sisbiess.

At the end of the project, it is expected that endestration of the system, consisting of
intelligent infrastructure and intelligent vehichejll take place. Last but not least, the project
analyses the impediments and provides solutioniagakto account the user acceptability, the
legal constraints and the application norms. Omesag that Co-Drive project aims to provide
today, a vision on tomorrow’s transportation system

Cooperative driving involves the usage of wirelessimunication technologies that will
enable data exchange between intelligent traffi@gtructure and vehicles. For this purpose, the
Co-Drive project, considers the investigation o tnaditional RF communications. However,

since VLC is an emergent technology with a vasepiodl, its usage is investigated as well.

5.2 VLC System implementation and characteristics

This section presents some of the aspects regattingesign and the implementation of

a VLC system and justifies the choices made indifferent implementation phases. The issues
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concerning both the transmitter and the receivedutes are approached. As showed in Figure
5.2 and presented in [156], the system consistslmbadcast station unit represented by a LED-
based emitter and a photodiode based receivergtmatpposed to be embedded on a vehicle.
Both emitter and receiver are interfaced with PThe purpose of the system is to be
representative for the 12V and for the V2V scerario both cases, the communication will be

only in one way, broadcast type.

Traffic light green or red

12 V power
supply

UsB

;,-.’\\
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connection S

Qutdoor Variable distance up to 50m
A “
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\:n nection

Vehicle op
lighting

Figure 5.2: Visible light communication system.

5.2.1 Considerations regarding the data broadcasting mézlu

In order to fit in the traffic regulation standatte diameter of traffic lights has to be 200
mm or 300 mm [95]. In the case of the proposedesysthe VLC emitter module was developed
based on a 200 mm commercial LED-based traffid kgt not on a custom made traffic light as
in other works [101]-[103], [108]-[122]. In the @a®f the custom-made traffic lights, some of
the parameters can be enhanced in order to inctleag®mmunication’s performances. A larger
number of LEDs or an optimized irradiation pattara the main improvements that can increase
the communication rang&he mentioned enhancements can be implementedeanattfic light
without affecting the compliance with the traffiegulation standards. Nevertheless a
commercial traffic light was chosen in order toywdhat any traffic light can become a data
broadcast unit with small modifications and at atveanely low implementation cost. In the case

of VLC, any source of light can become a broadstetion unit, without affecting the original
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purpose of signaling. However, because of the diigift switching, the light is turned on only
for half of the time (Manchester coding) meaningttthe average intensity of the light is
proportionally reduced. As a consequence, in sases; the emitted power should be increased,
by using more or stronger LEDs.

The heart of the emitter module, responsible fotadarocessing and decisions is
represented by a low-cost 8-bit microcontrollemnedy Microchip PIC18F2550. It converts the
message into a binary array and deals with datademg and encapsulation. After creating the
data frames, the microcontroller commands a digitaler switch that handles the switching of
the LEDs according to the digital data and the nhtthn frequency. These aspects are
schematically illustrated in Figure 5.3. Due to thmited computation power of the
microcontroller, the modulation frequency cannateeed 40 kHz in this configuration. However,
the purpose of the setup is to demonstrate thabibty of the VLC system for outdoor
communication. This aspect must not be considenengediment, since for outdoor VLC the
data rates are as low as 11.67 kHz [131]. Moreoweryehicle safety applications, the
connectivity and the robustness are prior to th&a date. However, for higher modulation
frequencies, a better microcontroller should beluse

oo ey

USB connection
Command center Microcontroller unit Power Supply Power switch ~ LED Traffic Light

Figure 5.3: Hardware structure of the VLC emitter.

As a modulation technique, the usage of On-Off iKgy(OOK) amplitude modulation
was considered, according to the IEEE 802.15.7dstaih As a coding technique, two types of
coding were analyzed and implemented: the biph&en¢hester code) and the Miller code.
Both the codes are simple OOK based, without hawimg error detecting or error correcting
capabilities. To facilitate the testing of diffetetonfiguration without rebooting or uploading
new commands, the used coding technique is spediyethe frame, so that the receiver can
decode messages encoded using both codes. Thaesdasthe selection of these two codes are
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detailed in Chapter 3.

To maintain the complexity level and the impleméntacost as low as possible, the
system uses asynchronous transmission. A digaatdrhas been defined as illustrated in Figure
5.4. The frame structure is a classical one. Thesage begins with several synchronization bits
to inform the receiving board that a message has bent. The rest of the frame consists of start,
stop and data bits. The synchronization field inferthe receiver that a new message is being
received and enables the receiver to achieve sgn&ation. It consists of a sequence of ‘1’ and
‘0" and it can have a variable length. In the casdethe performed experiments, the
synchronization contained 12 — 17 bits. Its lengfpresents a trade-off between frame overhead
and false data acquisitions. Besides the synchabaiz purpose, this field also contains
information concerning the encoding, informing tleeeiver if the message is Manchester or
Miller encoded. The start bit informs the receitteait the data message begins and is helpful in
the case when codes with memory are used, whereotling of the current bit is a function of
the previous one. This field has a fixed size oé diit and it was set to ‘1’. The data field
contains message payload. Depending on the lerfgtiieatransmitted message, this field has
variable size, from 8 bits corresponding to a ®ngharacter, to 768 bits corresponding to 96
characters. The stop field informs the receivet tha message comes to an end and a new

message will arrive. This field has a fixed sizeoné byte.

Synchronisation

Figure 5.4: Structure of the proposed frame.

The designed emitting light has two operating modesthe first one, it can work
independently, broadcasting a predefined messagg, the speed limit or road works in
progress). Concerning the 12V scenario, in thisrajreg mode, it is able to control the changing
of the traffic light and to broadcast data regagdine time before the next color change. This
information can be used by the system to alertdtinger. Furthermore, as the law enforcement
changes, the data can be used to enable the vdbidkke action in case of an imminent
dangerous situation, as part of an active safetieqy. In the context of the growing interest for
fuel savings and pollution reduction, the inforroatican be also used to improve the

performances of the Stop&Go systems. In this a&dlee vehicle “knows” how much time it has
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to wait for the green light, it can wisely decidestop or not the engine. In the second operating
mode, it can be connected with a PC through an lifkBbroadcasting in real time any message

coming from a traffic center (e.g. traffic jamseahative routes, etc).

5.2.2 Considerations regarding the data receivingdale

The VLC receiver is a crucial component of the Vagstem. Its design determines the
overall system performances. Concerning the VLG they use sensing elements which can
be either camera systems or photodetectors. Thgeusiaembedded cameras was considered
based on the fact that new generation vehiclesaleady equipped with cameras used for
pedestrians and traffic lane detection. Howeves, ahtomotive industry considers the usage of
low-cost cameras like the ones used in smart phofes noise performances of such CCD
(Charge Coupled Device) cameras are lower than iridependent photo-elements. The
performances of VLC sensors that use such sensngeats are also affected by the camera’s
limited number of frames per second (fps). Undeséhconditions, such VLC systems can cover
distances of 1-2 m with data rates around 1 kb&§][1[158], which is insufficient for such
applications. Better performances are achieved vgim speed cameras are used. For example,
the detection of a led traffic light with embeddadh speed camera has been demonstrated in
[114]. The traffic light is composed of a led matand the perception and the recognition of the
form can be subject to complex image processind? Biver than 18 has been obtained over
tens of meters for low data bit rate. Nevertheldss,camera must be a high speed model which
is still too expensive for a broad distribution aatng to the requirements of the automotive
industry. On the other hand, photosensing elemékés photodetectors are quite efficient
regarding noise performances and can be used avgrdistances. However, long range induces
small angles and directional conditions. The phentesig element must be integrated in the
vehicle with an optical system in order to focus light and to increase the signal to noise ratio.
Mechanical and optical systems must be precisglystetl since the solid angles are very small.
Active control of the position of the sensing el@émbas been achieved to enhance the BER
[113]. For shorter ranges, the solid angle of elmmssf the light is wide enough for a passive
photosensing element to be efficient without actiwetrol of the position.

The receiver module is responsible for data regofrem the amplitude modulated light
beam. The sketch of the reception module is predantFigure 5.5, whereas the section bellow
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describes its functionalityDespite, the electronics are not embedded, alctimeponents have
been chosen for their low cost and their compastniasthe next paragraphs, the VLC receiver

implementation process is presented along with sointfee encountered challenges.
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Figure 5.5: Representation of the visible lightewer.

Considering the upper mentioned aspects, developingLC receiver that uses a
photodiode as light sensing element was considasedhe most appropriate choice. The
photodiode’s quick response enables the possitblithigh-speed communications. However,
the performances of such a system are affectetidoyriwanted captured light which can lead to
low SNR levels. To understate the effect of thekigemund light, the usage of an optical
concentrator is an effective solution. An opticahcentrator that reduces the receiver’s Field of
View (FOV) increases the robustness against notse €laylight or from other VLC transmitters

[12]. The concentrator comes with a gain whichiveg by eq. 5.1 [136], [159].
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2

n
g@) = Sinzll()) ’ l;) i Z’, =Y (5.1)

whereg(y) is the concentrator’s gain,is the refractive indexy is the useful signal reception

angle and?; is the concentrator’'s FOV.

Reducing the receiver FOV has the disadvantageanbwing the service area, which
accordingly reduces the mobility. Under these comas, selecting the optical concentrator
represents a trade-off between the gain and FOVWhdncase of the implemented system, the
optical reception system reduces the receptioneatogk10°. The light is focused on the silicon
photodiode after passing through the optical |&im& photodiode generates an electrical current
proportional to the power of the incident light.

In the next step, the signal from the light sewmsitelement is processed through a
classical transimpedance circuit for signal preettooning. This circuit limits the bandwidth to
100 kHz according to eq. 5.2, and prevents the gat@ment’s saturation in case of direct
exposure to high intensity light (e.g. sunlightheTsaturation is prevented by selecting a limited
gain for this stage. The value of the gain was rd@teed in order to prevent the saturation,
considering an ambient light intensity of 100k lagrresponding to full sun conditions. As far as
100 kbps, this data rate is sufficient for mosthaf applications.

GBP

BW= Iorc+ C,)R (5.2)

whereGBP is the gain-bandwidth product of the operatiomapkfier, R the gain resistanc€,
the capacitive part of the photodetector @nthe capacitive part of the amplifier.

This approach experimentally proved its efficienmgarding the saturation. However,
when the distance is increased and consequenthSMR decreases, the limited gain has a
negative effect on the communication distance. Y@erame this new problem, a solution is to
use an Automatic Gain Control (AGC) mechanism, Whidll be further described. This way,
for this stage, the system is able to work with tpre-amplification values: one for short

distance and one for long distance. By using tlgpr@ach, the pre-amplification ensures
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minimum magnitude level of the useful signal on trder of tens of millivolts whatever the
distance (up to 50 m).

The second stage of the sensor is an analog comdig board. An analog band-pass
filter suppresses the offset due to the dayligid &iters high frequencies noise. Within the
filtering stage, the 100 Hz frequency perturbatidrenm artificial lighting sources, such as
fluorescent or incandescent lamps, are also atteduAfter the filtering process, the signal is
amplified until it reaches a value of few voltsriBmall to medium distances, the current gain is
sufficient for proper data recovery, however, whba distance increases, the data recovery
process is affected.

In dynamic conditions such as those met in tradfications, where the vehicles are
continuously changing their locations, there agaificant variations of the signal’s intensity and
modifications of the SNR. Experimental evaluati@vé been performed and showed that when
these conditions are fulfilled, a static value bé tamplification is a significant impediment,
leading to photodiode saturation or to insufficisignal amplification. Due to these reasons, the
prototype integrates an AGC stage responsible Hier gystem’s adaptation to the signal's
intensity. After the filtering and amplificationagjes, the signal is digitalized with the Analog-to-
Digital Converter (ADC) included in the microconter. Based on the average of the ADC
values, the signal level is continuously monitobgdthe microcontroller. When the signal drops
under or raises above the accepted threshold vahesnicrocontroller computes a new value
for the gain and commands the selection of theiredwain. The AGC block is able to magnify
the signal and its intensity can thus be maintaimddle the emitter-receiver distance is
changing.

The heart of the sensor is a derivative analog meoeuth slightly adjusted cutoff
frequency. The reconstruction process from thigesia mainly based on the pulse width rather
than on the level. In this stage, the signal padsesigh a high-pass filter resulting in a derived
signal consisting of alternating positive and ne@atpulses. The positive pulses are the
equivalent of the rising edges whereas the negatmes are the equivalent of the falling edges.
Based on these pulses, the signal is turned idigital signal corresponding to light on and off.
The electrical signals processed during the recectsbn process are illustrated in Figure 5.6. In

the figure, the reconstructed signal (c) is inwktempared to the photodiode output (a).
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'—(al) Photodiode output (1 O()m\"-‘di\')'
|—(b) Filtered signal (2V/div)
l (¢) Triggered signal (5V/div)
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Figure 5.6: Example of electric signals on thegtton board; a) output of the pre-conditioning
board; b) output of the conditioning part and c)tput of the decoding and decision block. It
illustrates that the derivative part emphasizesftbat edges.

The third stage of the sensor is responsible fgmadiprocessing, information treatment
and decision making. This stage is controlled bipwa-cost 8-bit microcontroller Microchip
18F2550. The microcontroller is also responsible data decoding in real time. Within this
stage, the signal is digitalized with the ADC irdd in the microcontroller that is the core
element of the signal processing. Depending onetved of the signal, the microcontroller uses a
precise algorithm to selects the values of theagnabnditioning board, values which correspond
to different gains and cutoff frequencies. Both #ihgnal monitoring and the settings selection
are performed in real time. The message decodibgded on the detection of the falling and of
the rising edge and on pulse width measurement. ther pulse width measurement, the
microcontroller uses the precise clock of an exdkequartz crystal operating at a frequency of 20
MHz. To facilitate the monitoring of the resultbetreceiver is connected with a PC through
USB. The receiver’s clock is not synchronized wptiase locked-loop for simplicity and for
considerations about the price. This aspect dodsaffect data decoding as long as the

frequencies involved do not exceed a few tenslohkrtz.
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Variable Gain for robustness

Due to the mobility of the vehicles in real trafftonditions, the distance between the
emitter and the receiver may quickly change. Thdiam noise also depends on the traffic
conditions. These two factors lead to significaatiations of the SNR. In dynamic conditions
like those meet on a road, it is strictly imposkdttthe system reacts to the modification of the
communication conditions and adapts its settingsoraingly. The system must adapt its
response to different levels of SNR, correspondindifferent distances, angles and conditions.
Under these circumstances, the performances of & \lystem meant for automotive
applications can be substantially improved with ittegration of an AGC module which will
adjust the gain for different levels of the inpigrel.

For the first version of the AGC stage, a simplal affective solution has been
implemented. This approach is based on digital cha that connect or disconnect parallel
resistors and modify the value of the equivalestster responsible for the gain selection. The
first version of the AGC stage uses four digitaitsiaes to control 4 resistors. The combination
of the 4 switches results in 16 possible gain comtions. Under these conditions, the objective
is to control the 4 switches involved in order thust the amplification that maintains the signal
level at convenient values. In this way, the comiration is possible at variable distances, from
less than 1 meter up to the maximum distance. Tig#ad switches are controlled by the
microcontroller (Microchip 18F2550), which responidghe variations of the input signal. In the
preconditioning stage, the microcontroller is aloleselect between two available gains: one for
short distances and one for the long ones. Theawadable gains are also useful to prevent the
photodiode saturation in sunny conditions.

Besides the hardware implementation of the AGCudirgche software control of the
architecture is also required. The microcontrofierst be always able to select the optimal gain
value for the board. A problem encountered durrefirst experiments came at particular levels
of the input signal. The problem was that the digenel was under the threshold lower bound
with current amplification and above the threshalgper bound when increasing the
amplification to the next available value. Thesetipalar cases result in a continuous increase
and decrease of the gain, resulting into errorsngssage decoding. The solution for these
problems is to develop an efficient switching cohalgorithm which computes the value of the

signal and calculates the required level of angaiion. The control algorithm is described in the
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flowchart from Figure 5.7.
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limits? selection complementary
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Figure 5.7: The flowchart of the AGC gain selestalgorithm.

5.3 VLC System performance evaluation

The majority of the existing studies about VLC sys$ for automotive applications are
focused on theoretical analysis and conceptuad€gdi60], [161], without a step towards the
implementation of the concept. Experimental veaificn of a system can point out some of the
weak points, highlight its advantages and validlagetheoretical model. Another significant part
of the existing work is conducted concerning VLGtsyns for indoor environment [27]-[65],
where the required communication range is 1 - Blawever, the problematic of outdoor VLC is
more complex due to the multiple noise sourcesy, thigh levels of power and because of signal
degradation with respect to the distance. Consdlyuéincan be considered that there is a gap
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concerning the hardware development of VLC systentended for outdoor long range
applications.

Within this section, the experimental verificatiarf the proposed VLC system is
presented. The systems were evaluated based oagheements of the ITS, in order to cover
the V2V and the 12V communications. The cooperatibthe two is also evaluated considering

several scenarios that are meant to be simildre@bes encountered in real situations.

5.3.1 V2V setup and experimental results

In the context in which V2V communication represené of the most important aspects
related to the communication-based vehicle safppli@ations, the developed VLC system was
tested for this configuration. For the VLC emittaryehicle red back light had been used. The
optical power of the backlight, measured at 0.5emsetis of 60 lux. Figure 5.8 illustrates the
manner in which the optical power decreases witipeet to the emitter — receiver distance and
also with respect to the axial distance. If considea 1.5 meters wide vehicle, with one talil
light on each side it can be observed that aftereler, the data can be distributed on the entire
width of the lane.

The testing scenario and the components of thedestchitecture are illustrated in
Figure 5.9 and in [162]. Since the power of thekbbght is relatively low compared to the
power of a traffic light, the purpose of this cauffation is to ensure a highly robust data
transmission for short or medium distances, up Sonieters. This VLC system is able to
facilitate the transmission of data between vebjakehich is crucial to communicate information
concerning the state of the vehicle (e.g. brakeedpacceleration, engine failure, etc).
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Figure 5.8: Back light illuminance distribution.
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Figure 5.9: V2V prototype for data transmissioimgsVLC.

This section presents the experimental resultsirdatafor a V2V communication setup.
The main objective is to demonstrate that the setiguitable to transmit data using the visible
light. As previously mentioned, the emitter and theeiver are controlled by microcontrollers,
more precisely two Microchip PIC18F2550, as they law cost and widely used. In order to
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facilitate the communication with the emitter aedeiver modules, the two are interfaced with a
PC through USB.

Basically, the message transmitted during the éxy@st is sent to the emitter and the
frame indicates if Miller or Manchester code isestéd. The message is therefore converted into
a binary array. The red backlight is then set-upliok periodically according to these values.
Then, the receiver decodes the data in real-timtke an algorithm counts the wrong bits by
comparing the received message to the original €tnegd in the memory.

The experimental results for this setup are presemt Figure 5.10. As it can be
observed, the BER is lower tharnlB@° over a distance of few meters. However, it quickly
increases when the distance is higher than 10 rth Barves have been made with a 10 kHz
modulation frequency, a 12 synchronization bitsfigomation and a data length of 4 ASCII

characters (%8 useful bits). The data sets had about 3 millibs flor both configurations.

10 4
™
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Figure 5.10: Bit Error Ratio (BER) for Miller andManchester codes at 10 kHz
modulation frequencies.

These results demonstrate that the prototype iksuékd to transmit data over a short
distance. However, it is a limitation as far as doenmunication between vehicles (e.g. on a
motorway) is concerned. One of the main reasonsluis to the fact that the gain was

intentionally limited. For these experiments, th&@ was disabled and which leads to a BER
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degradation over the distance. As the purpose isf diistem is to be used in any weather

conditions, special attention was paid to seleet glin so that the system is not saturated
because of sunlight, and consequently it was sét ¢pw. The second main reason is that the
clock of the receiver is not synchronized with trensmitted frame. The analog electronics has
been aimed to be very simple and no phase lockaguli® included. Nevertheless some analog
filters are included that can modify the bit widtr, rising and falling edges. The decoder

includes an algorithm based on edges detection twidrances on the values. To reduce the
distortion, the electronic part has to be improeedhe decoding tolerances have to be adapted

as presented in the following section.

5.3.2 12V setup and experimental results

The work that concerns VLC between infrastructued vehicles is mainly focused on
the communication between traffic light and velscl€his is mainly because of the high power
of traffic light, which allows for long distanceatnsmissions. For this case, the illuminance of the
traffic light, measured at 0.5 meters is 680 an@® & for the green and the red color
respectively. Figure 5.11 shows how these walage affected as the distance is increasing.
The stronger green light does not represent amireruent because in fact, the ratio between the
three colors of a traffic light Red:Yellow:Greerositd be 1:2.5:1.3.

llluminance [lux]

; . ; . i i . : . :
0 2 4 B 8 10 12 14 16 18 20 22
Distance [m]

Figure 5.11: Traffic light iluminance distribution
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In order to evaluate the visible light 12V commuation, a general test bench of LED
traffic light communications has been arranged. $istem is presented in Figure 5.12 and
detailed in [163]. The emitter consists of the caeneral traffic light, red or green can be
switched, put on a mobile platform that allows wagythe distance and the positionirfihe
receiver is only supplied by a 12 V battery to lasily embedded. The data can be sent with

Manchester or Miller encoding and is composed toaditional frame, as previously mentioned.

Traffic light green or red

A

i _":ﬁ'
s
UsB link

12 V power
[ & '5:\\ supply

Outdoor Variable distance up to 50m

>

Rebuilt output

Figure 5.12: Sketch of the experiment with the inazeprototype.

Experiment 1 — Preconditioning stage sensitivity

The purpose of the first experiment related to 12 configuration was to show the
sensitivity of the pre-conditioning stage of the@keceiver. The experiments were performed in
the absence of any incoming signal to point outréeeiver’s noise performances. To highlight
the signal to noise ratio, the receiver was alstetewith an incoming data signal. The results are
presented in Figure 5.13. Two spectrums are plotieel noise in dark condition, when the
photodetector is hidden and an example of spectruMiller case. The experiment has been
realized at a short distance (8 m) of the emittethe laboratory. One can see that the signal to
noise ratio is above 10 dB and that the sensitidtgaround — 80 dBm for frequencies above
3 kHz.
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Figure 5.13: Experiment showing the sensitivitytloé front stage of the sensor and
example of a spectrum in the case of Miller code.

Experiment 2 — Automatic Gain Control Unit

The aim of the second experiment is to test thetfanality of the AGC stage. For these
experiments the distance between the emittingidréifiht and receiver was changed and the
response of the receiver was monitored. While nyauif the emitter - receiver distance, the
microcontroller computes the gain value in realetirithe results illustrating how this value is
affected are presented in Figure 5.14 for somauligts. One can see how the gain of this stage
is amplified with a factor 10 between the shortmsd the longest distance. The amplification
factor had as purpose to maintain the signal ang#itbetween the threshold limits. The values
of the thresholds were determined experimentallywas observed that when the signal
decreased to half its value, or even below, theasigeconstruction process is not affected. This
is possible because, like previously mentioned, thggering is mainly based on the
identification of the rising and of the falling esfgrather than the signal’s amplitude. This is
why, even if the distance decreases 20 times antiesgignal’s amplitude (at this point), an

amplification factor of 10 is sufficient to maintaithe signal level between the optimum
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Figure 5.14: Gain value with respect to the distanvhen AGC is performed.

When AGC is performed, the system responds in tiea to the variations of the
intensity of the incoming signal. This enables sgstem to maintain a decent BER for the entire
length of the service area (SA). The experimergallts showed that when the AGC stage is
disabled the communication range is reduced ifrsunfficient gain is preselected. Otherwise,
when a high gain is preselected the system becomsstable at short distances, as in the case
when the car is too close to the traffic light, efhileads to the saturation of the receiving

module.

Experiment 3 — System calibration by pulse widthasarement

As previously mentioned, the microcontroller pemfigrthe message decoding based on
edge detection and by using tolerances for theepuidth measurements. Manchester code leads
statistically to a message composed of two maisepulidths separated by front edges. In this
case, the elementary modulation width is around @00k ticks of the microcontroller. The
accuracy and the stability of the clock of the maantroller are good enough and there is no

requirement to synchronize the emitter and recaptiodules.
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The distribution width measurements are illustrated=igure 5.15 for approximately
5000 bits. Manchester case is reported in caserd-igrl5a. One can see two groups of peaks:
one around 400 ticks and the second one aroundid@@0(twice the first width). The two groups
are divided into two subgroups because of low-lewel high-level values. This phenomenon is
due to the triggering electronics part. The thrékho trigger the signal is asymmetrical to
separate low-level and the high-level values. Thpldaudes of the peaks are lower for the
second group because the message sent is not rardoen can see also that the four
distributions are clearly separated. The most ingmbrthing is that the two groups are fully kept
away from each other which is the equivalent ofieooding errors. The microcontroller is then
counting the width of the pulses with a high fregeye clock and determines the digital
information easily.

The Figure 5.15b illustrates the same distributioreasurements for a Miller
configuration. Three groups of peaks are visiblengentary width of 800 ticks, one and a half
and twice this value) with also subgroups for lawd &igh levels values. In the same manner, the
amplitude is only significant of the specific sanessage which is not purely random. These
distributions are useful to adjust the toleranceapeters on the detection threshold for the

embedded microcontroller software.
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Figure 5.15:  Histograms of received pulse widthe both Manchester and Miller
configurations; a) Manchester case b) Miller case
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In the case of this experiment, the purpose wadetermine the characteristics of the
pulses, and to experimentally determine the degpparameters in real working conditions. The

usage of this approach allowed for a significastey performances improvement.

Experiment 4 — Bit Error Ratio for Manchester and i\fer coding

The fourth experiment for the 12V configuration Haeen realized to compute the BER.
A sequence of frames starts and the received l@ts@npared to the ones of the sent message.
The system performs a loop which is stopped when fgre-determined quantity of bits is
reached. The experiments are performed either nedHight or green light alternatively. Sets of
data of 10 million bits have been sent. Even ifr¢hare no precise norms for this, it can be
considered that for most of road applications, &B@&ver than 10 is suitable. Furthermore, the
BER has been computed without error detecting goclaselation techniques, or redundancy
coding frames or protocols. This means that onéyliardware aspects affecting the receiver’'s
performances were evaluated.

The experiments have been realized inside a bgildm a corridor with and without
artificial lights. The neon lights provide a stropgrasitic 100 Hz signal which is added on the

useful signal. Table 5.1 summarizes the main resaitthese sets of data.

Table 5.1: Bit Error Ratio (BER) for Miller and Mahester codes at 15 kHz modulation
frequency using a photodiode as a photosensitemeht.

Code Conditions BER

Manchester 1 - 25 mindoor, no artificial light. <10
Red/Green light

Miller 1 - 25 mindoor, no artificial light. <10’
Red/Green light

Manchester 1 - 25 mindoor, with neon light on. <10’

Red/Green light

WHIES 1 - 25 m indoor, with neon light on. <10’
Red/Green light
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The results show that the system is able to proaidecure communication for distances
that can go up to 25 meters, even in the presefictheo fluorescent lights, situated at
approximatively 1.5 meters above the receiver.

For the next set of experiments, the silicon phioidel used as light sensing element has
been replaced by an industrial light sensor dewslopy VALEO. Even though the VLC
receiver’s front end stage has been changed, stefehe signal processing part was the same
as for the photodiode. The increased complexitythef industrial sensor had improved the
system’s performances, as it can be observed ile Eab.

Table 5.2: Bit Error Ratio (BER) for Miller and Mahester codes at 15 kHz modulation

frequency; green and red light have been testatlifiarent conditions.

Code Conditions
Manchester 50 m outdoor, daylight. Red light

Miller 50 m outdoor, daylight. Red light <10
M anchester 36 m outdoor, daylight. Green light <o
Miller 36 m outdoor, daylight. Green light <1o
Manchester 20 m inside a building with neon light on <10’
Red light
Miller 20 m inside a building with neon light on <10’
Green light

These results demonstrate that the prototype it agelpted for data transmission over
short or medium distances up to 50 m. Results shoerrors for 10 bits sent for both
Manchester and Miller codes, confirming the simaolathat were indicating that the two codes
have similar BER performances, at least up to theldvel.

The indoor experiments have been made in a corrigoited to 20 m range because of
the limited length of the building. To also evaki#ite immunity to parasitic signals some of the
experiments were performed with the artificial kiglon. The neon lights provide a strong 100 Hz

parasitic signal which is successfully eliminatgdtbe filters without having any influence on
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the 10’ BER. Some errors can appear when the light ischeit on or off because of the
transient pulses that can affect the frames. Howsiies is a minor drawback. For the indoor
experiments, both red and green lights have the ggrformances.

The outdoor experiments have been made in diffasanontrolled sun expositions, for
distances up to 50 m. The sensor shows lower pedioces for the green light and the
associated maximum distance is around 36 m. Thsamly due to three factors. Firstly, the
sensitivity of the silicon photodetector is lower the wavelength corresponding to the green
light than for the red one. Secondly, the sun gpatis more disturbing in green range than in
red one. And thirdly, the used lens is slightly arhatically treated and the transmission
coefficient is better for red light. The performascof the receiver for the wavelength
corresponding to the green color can be enhancedibg higher gain or plastic color filtering
to reduce the influence of the sun light and torimep the signal to noise ratio. The influence of
the first two factors is represented in Figure 5.16
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Figure 5.16: lllustration of the factors that aftehe sensor’s performances in the case of green
light.

124




Chapter 5 - Implementation and performance evaluatiof a VLC system for vehicle applications

5.3.3 VLC cooperative architecture setup and expegntal results

ITS involves cooperative driving technologies, lthem wireless communication that
allow vehicles and/or road infrastructure to exdea large amount of dynamic data which will
generate a large data flow. A serious problem & the wireless communication technologies,
on which the cooperative driving relies on, are Wnoto be subject to different type of
interferences. This problem is even more acutdnénctase of VANETS, where different nodes
will cause mutual interferences. Under these cistamces, the Line-of-Sight (LoS) condition
which is a major disadvantage of VLC, limiting tbemmunication range, may act here as an
advantage, preventing the interferences.

Considering the upper mentioned, the aim of thiefohg work is to perform one of the
firsts experimental demonstration of the cooperabetween the two major components of the
ITS: 12V and V2V communications. For the purposetlo$ experiment, the two prototypes of
led-light communications that have been presemtdtie previous sections were tested together,
as part of a complex system, as described in [16d¢ aim was to enable the cooperation
between the two communication systems. The firgt isnan example of 12V communication,
between a commercial LED traffic light as a RSUteniand a transceiver. The second one is an
example of V2V communication and uses a vehiclea-tight emitter, to transmit the original
message received from the traffic light to the deling vehicles. Of course, additional
information, like a time stamp or vehicles coordésacan be added. Both the prototypes transmit
the digital information by using OOK modulation.

The proposed cooperative system has several adpmntdirst, it enables short to
medium communication between road infrastructuré @lso among vehicles without causing
mutual interferences. The message is forwarded frode to node, so it can reach to network
nodes (vehicles) that are outside the communicai@a. So, by using multi-hop networking
both LoS problem and limited communication range solved. This scenario is presented in
Figure 5.17, where the first vehicle, which is hetService Area (SA) of the traffic light,

retransmits the received message to the followatgale, which is outside the traffic light's SA.
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Tratfic
Light
Service
Area

Figure 5.17: lllustration of the proposed coopevatiscenario: the traffic light sends a message
that is received by the first car and retransmittedhe car behind.

The experiments were conducted in laboratory cadit The traffic light transmits data
sets of 10 million bits. The message transmittettaias 7 ASCII characters of 8 bits, however
longer messages can be send. The frame of the geeisghcates to the receivers if the Miller or
the Manchester code is used. The transceiver res¢he data and decodes it in real-time. The
transceiver also resends the message for the sesosigter by using the tail lights. An algorithm
allows post-processing or calculation of errorglétermine the BER. The BER is determined by
comparing the received bits with the emitted of@s.these experiments, a predefined message
is sent continuously at a 15 kHz modulation freqyehe experimental setup for these tests is
presented in Figure 5.18.
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Transceiver Receiver
USB
USB Link Link
Ay Ly

Figure 5.18: Experimental setup for the VLC coopee architecture; the LED traffic light
broadcasts traffic safety messages; the transcawegives the message and resends it for the
second receiver.

Two scenarios were tested. In the first scenahie,ttansceiver is situated in the traffic
light's SA whereas the second receiver is situatgdide the traffic light's SA, as illustrated in
Figure 5.17. The purpose of this setup is to shoat the limited communication range can be
increased by using an extra node which retransthésmessage. The experiments began by
setting the transceiver 20 meters away from thi@dright and the receiver 1 meter behind it,
with no LoS with the traffic light. Afterwards, thadistance between the transceiver and receiver
was gradually increased and the BER was measuneel.t® space limitation imposed by the
building, the distances involved were limited, dhe purpose of the experiment was to
demonstrate that VLC communication can reach tehacle outside the service area. The results
obtained for this scenario are presented in Talde 5
Table 5.3: Cooperative setup - Bit Error Ratio (BE& Miller and Manchester codes at 15 kHz

- Scenario 1.

Communication Distance BER for BER for
[m] Manchester Miller
12V 20
1
\AY 2
3 <10’ <10’
21
12Vv2V 22
23
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In the second scenario, illustrated in Figure 5b8h the transceiver and the receiver are
situated in the traffic light's SA, but there is hoS between the traffic light and the receiver, as
in the case when a bigger vehicle is interposeddsst the traffic light and the vehicle behind.
The aim of this experiment is to demonstrate that communication is possible even in the

absence of the mandatory LoS, by using an interaediode which retransmits the message.

i o Ares

I/fl"i-ght/SEF\}ice

Figure 5.19: lllustration of the second cooperata@enario: both the vehicles are within traffic
light's service area but there is no LoS with teeand vehicle.

The transceiver was set 1 meter away from theidréifjint and the receiver 1 meter
behind it. In the next steps, the distance betwibertransceiver and the receiver was increased
and also the distance between the traffic light #mashsceiver was varied. The BER was
processed both for the 12V and for V2V communicatamnd the results are presented in Table
IV. The results prove that the transmitted messzge be received even by a node which is

outside the emitter’s LoS.
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Table 5.4: Bit Error Ratio (BER) for Miller and Mahester codes at 15 kHz for 12V, V2V and
I2V2V — Scenario 2.

Distance Distance Distance BER for BER for
|2V V2V (PAVAY M anchester Miller
[m] [m] (12V+V2V)

1 2
1 2 3
3 4
1 5
5
2 7 <107 <107
3 8
1 11
10 2 12
3 13
1 16
15 2 17
3 18

The experimental results show a BER <¥6r both 12V and V2V communication for
variable distances. These communication distan@ese increased especially in the case of the
12V where the power emitted by the traffic lighthiggh enough to allow longer distances. For
such a communication the BER of 1@an be maintained for distances of up to 50 meters
whereas, for V2V the communication the range cambeeased in this configuration up to 10 -
12 meters, as presented in the previous sectives &0, it is difficult to achieve communication
ranges comparable with those of radio communicatidrich aim to achieve 1000 meters.

The results demonstrate that the prototypes arkadabpted for data transmission over
short or medium distances, for 12V and for V2V, ngsiboth Manchester and Miller codes.
However, the main objective of the experiment wadest and demonstrate the cooperation
between an 12V communication system and a V2V comoation system which will be the
case for the real traffic scenario.

This experiment also demonstrated that the linotatiepresented by the LoS condition
and the limited communication range of VLC, camolbercome by using multi-hop networking.
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It was showed that the communication between a Rfd)a vehicle that is outside its SA is
possible with the help of a second vehicle thatoisnd inside the SA and that forwards the
message. The same working principle could be appti¢he case of radio communication. This
will allow the emitters to reduce the emission pgwast to allow communication with the

nearest neighbor, minimizing the interferenceshdther vehicles. Of course, in the real traffic

case, more complex routing protocols will be regair

5.4 Conclusions

This chapter presented some of the aspects rdiatdte implementation, optimization
and the experimental verification of a VLC systenmed for automotive applications.
Throughout the development of the system, spedi@nton was given to maintain the
implementation cost as low as possible, faciligatims way the future deployment of the system
towards large scale production for the automotiviistry.

This chapter has highlighted the importance of &CAstage within the VLC receiver.
This stage is used to adjust the gain in orderommpensate for the variation of the emitter-
receiver distance and it can enable the systemaiotain a decent BER for the entire service
area.

The proposed system was tested for V2V and 12V igardtions. Moreover, the
experiments were performed in various conditiongrater to verify its reliability in the presence
of natural and artificial light. The experimentasults, confirmed that the proposed VLC
architecture is suitable for the intended applarai Mainly focusing on the hardware part, the
system was able to achieve BER results lower t&rfdr distances of up to 50 m. These results
are very promising knowing that no error-correctcmgdes have been used. Errors detecting
codes, correlation techniques, or redundancy codliagnes or protocols are some possible
solutions that can further improve the system perémces.

If it is to compare this prototype with some otleersting VLC systems, this one has as
main advantage the fact that it is able to achevelativelylong communication range while
maintaining a very low BERA relatively similar VLC system concept, also &édson a PIN
photodiode, is proposed by Kumar et al. [119 - 1Zfeir system is able to achieve a

comparable communication range. However, the BERUish higher, between fGt 10 m and
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102 at 45 m. A VLC system with better performanceprisposed in [116], [117]. In this case, a
better data rate (10 Mb/s) is achieved at shotadces (up to 20 m), whereas by reducing it (4.8
kb/s), communication ranges that can go up to 10€ambe accomplished. Nevertheless, these
results were achieved using a receiver based oighagerformance camera system which is
much more expensive.

Beside the V2V and 12V configurations, a coopertiVLC architecture was
demonstrated for the first time. This way, it waswed that the communication range of VLC
systems can be increased by using multi-hop comeations and that the emitter - receiver LoS
conditions can be overcome with the help of retmassions.

Concerning the coding techniques, this chapterfindiser investigated the performances
of the Manchester and of the Miller codes. The exrpental results confirmed the simulations
that were indicating that the two codes have smip@rformances in terms of BER.
Consequently, it has been demonstrated that thkeriMibde is also suitable for VLC outdoor

applications.
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Conclusions and per spectives
Conclusions

Even if VLC is an early stage technology, it hasnewus advantages and a huge
potential of development. This potential has beantiglly explored regarding the VLC usage in
indoor applications. In this application area, therformances of VLC systems have been
proven. However, the study of VLC usage in longgermutdoor applications has been rather
neglected. Moreover, the number of such prototypegiite limited. Within this context, in this
thesis, the usage of the VLC technology for vel@cidommunications has been explored in

detail.

Since outdoor applications involve the presencetbér light sources, such a system
must be highly robust to perturbations. For outdgb€ systems, the sunlight is the strongest
noise source, introducing a high DC component enesaturating the receiver. Consequently, a
crucial issue is to design an appropriate VLC nemeiable to enhance the conditioning of the

signal and to diminish the effect of environmemiahditions.

In this context, the main contribution of this thesis is the developnt, the
implementation and the experimental evaluation o&.C system aimed for outdoor low-data
rate applications Considering the upper mentioned VLC prototype has been developdd
order to better highlight the applicability of tegstem in real situations and to prove theatly
to deployment” character, its usage in the automotive field basn considered. The automotive
field has been considered taking into account thaddistribution of the LED lighting systems,

as part of the transportation infrastructure andommercial vehicles as well.

Consequently, the VLC emitter is developed to h@esentative for two cases. In the
first one, the VLC emitter is based on a vehiclklight. The applicability of such a system is in
vehicle to vehicle communications. For example, nvhevehicle is hard braking, the proposed
VLC system can be used to send this informatiothéofollowing vehicle and this way, a crash
can be prevented. For the second case, the VLGeznmstbased on a commercial LED traffic
light. This choice was made in order to prove hasilg any LED lighting or signaling device

can become a road side broadcasting unit. The lngski of such a system is to increase the
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vehicle awareness. A vehicle approaching the tréiffht can receive the information concerning

the state, the time until the next phase shift]Jdoation and so on.

The VLC receiver is the most important part of aG/kystem. Its performances are the
ones that determine the overall system performanidesefore, during the development of the
receiver, special attention was focused to enhas@bility to work in environmental conditions
similar to the ones encountered in automotive appbns. The proposed receiver is designed to
withstand perturbations from other sources of lighich as the sun or the artificial lighting.
Furthermore, the receiver is designed to withstamabile conditions. For this purpose, it is
enhanced with an automatic gain control unit whadjusts the gain according to the power of
the incoming light. This way, the receiver is atdework at short emitter — receiver distances
without saturating. As the distance increasesreheiver adjusts its gain in order to compensate
for the decrease of the incoming power. The gaidisisted in real time, without affecting the

message decoding.

In order to demonstrate the performances of theopoe, itsexperimental performance
evaluation has been performed fatifferent scenariosand environmental conditions The
proposed system was tested for automotive apmitsitiin these circumstances, the system was
tested in the V2V scenario, using the tail lightlemitter and in the 12V scenario, using the
traffic light emitter. Moreover, the system’s roless to noise was tested in the presence of
artificial lighting and also in uncontrolled suglhit conditions.

The experimental results confirmedhe system’sperformancesand the suitability for
the envisioned applications. Depending on the gonéition, the developed system was able to
achieve acommunication range up to 50 mConcerning the BER performances, the system
proved to be very good, allowing the transmissiori® million bits series without any error
(BER < 10). Furthermore, these results were obtained fogusiastly on the hardware aspects,
without the usage of any error correcting codealgorithms. The utilization of such techniques
can further improve the system’s performances. d&ssthe VLC usage in the V2V and in the
I2V scenariosthe cooperationbetween the two has beerperimentally demonstratefbr the
first time. This way, it has been shown that the communicatmge can be increased with the
help of retransmissions. The same for the mandatoe8/condition, which can be overcame with

the help of an additional node.
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Taking into consideration the efficiency of the ithgfilters compared to the analogical
ones, a secon¥LC architecture based on digital signal processing is proposéthlike the
hardware prototype, this one is modeled using tlagld/Simulink software. This architecture
allowed for thestudy of the effects of the noise, data rate andssege length on the BER

performances

Another significant contributionof the thesis is related to the analysis and Wa¢uation
of the coding techniques suitable for VLC. In &ffistep, the evaluation of the Manchester code
is considered. The reason of this choice is relaigde fact that the Manchester code is stated by
the IEEE 802.15.7 standard for such applicatiodse 3imulation and the experimental results
confirmed its suitability and performances. Furthere, taking into consideration the future
development of the system and the growing intdmsards MIMO applications, the evaluation
of the Miller code has been considered as well sThuhas been found, that in terms of BER, the
Miller code exhibits similar performances as thenkleester code. In terms of flickering, it has
been shown that its effect is very limited. Howeue evaluation of the spectral efficiency
revealed that the Miller code clearly outperforine Manchester code. All this together, prove
the appropriateness of the Miller code for the siovied applications and also indicate the future
perspectives in MIMO uses. It must be highlighteat tthis thesis ithe first work that analyses
the opportunity of using Miller code for outdoor ML applications and that proves its

suitability.

All these contributions were preceded by a deepyaisaof the existing VLC literature.
This allowed the identification of the advantagesaknesses, trends and challenges related to

the VLC development.

This research was part of an industrial projeatalled ‘Co-Pilot for an intelligent road
and vehicular communication system” or “Co-Drive” for short. The project was coordinated by
VALEO and involved several other companies andaeseinstitutions. The project had as main
goal the development of a cooperative driving systeat will improve the safety and the
efficiency of the transportation system. It cancbasidered that the developed prototype can be
well integrated in the project, since it is ablauge the wireless data transfer in order to enhance

the driving experience. Furthermore, the prototyaes developed focusing on maintaining the
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implementation cost as low as possible, which effégre premises for large scale usage in

automotive related applications.

Depending on the application, the automotive ingustquires wireless communication
systems able to provide ranges that can go upwohiendred of meters. The current system
cannot provide such communication distances, meatimat it is suitable just in some
applications or traffic situations. However, just & is, the system can be used in the
development of a more efficient low-cos86p&Go” system. In this case, based on the
information received from the traffic lights, thehicles can decide if stopping the engine while
waiting for the green color is fuel-saving or ndiurthermore, using the demonstrated
cooperative architecture, data is propagated froemvehicle to another in the entire chain. Such
a system can bring fuel saving and can reduce Deebissions. This proves that beside the
scientific contributionsthe conducted research concretizeda“ready to use” product able to
bring practical benefits. Furthermore, the systam lee improved towards the enlargement of its

application area.

Future developments and perspectives

VLC is an emerging technology with huge potential suitability in the automotive field
has been demonstrated with theoretical analysesviha&xperimental results. However, even if
there are numerous traffic applications and situntiin which VLC is well suited, it cannot be
stated that VLC is able to support all the requeata and applications imposed in vehicular
communications. In order to fully comply with theage in vehicular communications, VLC still
needs to enhance its performances. Following, safrtige key issues that should be approached

towards this goal are discussed.

The communication range

One of the most important issues that should beawgal is the communication range. In
this case, the problem is that the power of thenaigand consequently the SNR drops
significantly when the communication range increasecreasing the receiver gain is a suitable

solution but still, it has its limits, meaning thatditional measures should be taken.

The developed prototype is based on a single paositsve element used for the entire

visible light spectrum, from 380 to 780 nm. Its cipal sensitivity gets higher as the wavelength
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increases. This fact resulted in a shorter comnattioic range for the green light compared to the
red light. An efficient way to increase the comnuation range would be to design a receiver
that uses an array of photodetectors, each of thedicated to a specific wavelength (e.g. red,
yellow, green). This way, the additional light cesponding to the other colors is filtered using
an optical filter, leaving just the wavelength aining the data signal. The SNR level can be

thus significantly enhanced and the communicatamge increased.

M obility

In order to improve the SNR, the effect of the lgaokind noise is usually reduced by
narrowing the receiver field of view. Even if thsolution is helpful concerning the SNR
improvement, it has a downside: the narrow sigmadeption angle reduces the mobility.
However, for the usage in vehicular communicationisC also has to fully comply with the
mobility of the vehicles. Furthermore, in the cas¢he proposed VLC system, the experimental
evaluation was performed with the emitter and deeiver relatively aligned. However, for real
situations, the traffic light is set at a heightvibeen 2.5 and 5 meters above the road. This is for
sure a serious issue that again, will significantifluence the performances of the system,
limiting the service area.

A solution for this problem is the integration oftracking mechanism based on a low
cost camera with active control of the position.oftrer solution would be to use more
photodetectors orientated for different receptiogles. The microcontroller should analyze the
signals from each photodetectors and decide whighaks) can be used for the message
reconstruction. The problem can be solved in alammanner by using more than one sensor,

for example one or two on each side of the vehicle.

MIM O applications

The work from this thesis confirmed the suitabiliti/the Miller code for outdoor VLC
applications and future perspectives in MIMO apgtlizns.

Further efforts should be made towards the invastg and the development of a
system compatible to MIMO applications. The problenthis case is represented by the false
triggering because of the parallel transmissioih®& dsage of an adaptive digital filter, as the one
implemented in the proposed DSP receiver, seemsod gption but still, false edges will
introduce some decoding errors. Probably, the rafigtient way to solve all these problems
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would be to use different optical clocks for eadragtlel transmission, as in the frequency
division multiple access technique. This approaa$ s main disadvantage a higher cost for the

system.

Data rate improvement

In indoor and at short distance VLC proved to bke alf achieving very high data rates
that can go up to 3 Gb/s. The high data rates lataireed using more complex modulations like
OFDM or multi-level codes. In outdoor applicatiotise data rates are rarely above few tens of
kb/s.

To improve this situation, future research shoulkestigate the behavior of the indoor

modulation techniques in the outdoor scenario.

Adaptability of the datarate

In vehicular communications the packet deliveryoraé more important than the data
rate. The delivery ratio is even more essential whegh priority messages are involved.
Nevertheless, the data rate is not negligible amigber one is desirable. In these conditions,
forthcoming work should focus on harmonizing betwé®e two requirements, meaning that the

data rate should be increased without affectingotieket delivery ratio.

A possible solution would be the implementatioraafommunication protocol in which
the data rate is adapted depending on the priofityhe message. This way, the high priority
messages can be sent at a low data rate to emsusafe delivery, whereas the less important
messages can be sent at a higher data rate.

Another interesting issue would be the developnagck the implementation of a duplex
VLC system in which the two transceivers adaptdat rate based on the SNR level and on the
imposed BER requirements. The VLC receiver canyedstermine the noise level by analyzing
the input signals when the data bit ‘0’ is received

All these improvements can further increase thdopmiances of VLC and insure it a
bright future. However, VLC still needs the suppafrthe solid state lighting industry and of the
photodiode industry as well. Future faster switghifeDs will enable higher data rates in indoor

applications, whereas more sensitive photoelemeifitenable longer communication distances.

138



Bibliography

Bibliography

[1] Cisco, “Cisco Visual Networking Index: Global MobiData Traffic Forecast Update, 2013-
2018,” Whitepaper , February 2014.

[2] Steigerwald, D.A; Bhat, J.C.; Collins, D.; Fletch&obert M.; Holcomb, M.O.; Ludowise,
M.J.; Martin, P.S.; Rudaz, S.L., "lllumination wiglolid state lighting technologySelected
Topics in Quantum Electronics, IEEE Journal @bl.8, no.2, pp.310,320, Mar/Apr 2002.

[3] Shur, M.S.; Zukauskas, A, "Solid-State Lighting: wiesd Superior Illlumination,”
Proceedings of the IEEEv0l.93, no.10, pp.1691,1703, Oct. 2005

[4] Azevedo, I.L.; Morgan, M.G.; Morgan, F., "The Trams to Solid-State Lighting,"
Proceedings of the IEEEv0l.97, no.3, pp.481,510, March 2009.

[5] Cole, M.; Clayton, H.; Martin, K., "Solid state higng: The new normal in lightingPCIC
Europe (PCIC EUROPE), 2013 Conference Recaral., no., pp.1,9, 28-30 May 2013.

[6] Hao Le Minh; O'brien, D.; Faulkner, G.; Lubin Zengyungwoo Lee; Daekwang Jung;
Yunje Oh, "80 Mbit/s Visible Light Communicationssing pre-equalized white LED,"
Optical Communication, 2008. ECOC 2008. 34th Euawp€onference onvol., no., pp.1,2,
21-25 Sept. 2008.

[7] Tsonev, D.; Hyunchae Chun; Rajbhandari, S.; McKegndld.D.; Videv, S.; Gu, E.; Haji, M.;
Watson, S.; Kelly, AE.; Faulkner, G.; Dawson, M.[Maas, H.; O'Brien, D., "A 3-Gb/s
Single-LED OFDM-Based Wireless VLC Link Using a @ah Nitride uLED," Photonics
Technology Letters, IEEEv0I.26, no.7, pp.637,640, Aprill, 2014.

[8] Afgani, M.Z.; Haas, H.; Elgala, H.; Knipp, D., "\lde light communication using OFDM,"
Testbeds and Research Infrastructures for the Deweent of Networks and Communities,
2006. TRIDENTCOM 2006. 2nd International Confereoevol., no., pp.6 pp.,134.

[9] Vuci¢, J.; Fernandez, L.; Kottke, C.; Habel, K.; Langer, K.-D., "Implementation of a real-
time DMT-based 100 Mbit/s visible-light linkQptical Communication (ECOC), 2010 36th
European Conference and Exhibition owol., no., pp.1,5, 19-23 Sept. 2010.

[10] Terra, D.; Kumar, N.; Lourenco, N.; Alves, L.N.; &igr, Rui L., "Design, development
and performance analysis of DSSS-based transciivdfLC," EUROCON - International
Conference on Computer as a Tool (EUROCON), 20EEIEvol., no., pp.1,4, 27-29 April
2011.

[11] Hanzo, L.; Haas, H.; Imre, S.; O'brien, D.; Rupp, Kyongyosi, L., "Wireless Myths,
Realities, and Futures: From 3G/4G to Optical andu@um Wireless,Proceedings of the
IEEE, vol.100, no.Special Centennial Issue, pp.185318lay 13 2012.

[12] Liu, C.; Sadeghi, B.; Knightly, E. W., “Enabling meular visible light communication
(V2LC) networks” Proceedings of the Eighth ACM international workshan Vehicular
inter-networking(VANET '11), ACM, New York, NY, USA, 41-50, 2011.

139



Bibliography

[13] International Agency for Research on Cancer, Wdtlgalth Organization, “IARC
Classifies Radio Frequency Electromagnetic Fiekl$assible Carcinogenic to Humans”,
Press Release No. 208, 31 May 2011.

[14] World Helth Organization. (June 2011). Fact She¥ % Electromagnetic fields and
public health: mobile phones.

[15] Devereux, H.; Smalley, M., "Are infra red illumimas eye safe? Security Technology,
1995. Proceedings. Institute of Electrical and HElesics Engineers 29th Annual 1995
International Carnahan Conference ¢mol., no., pp.480,481, 18-20 Oct 1995.

[16] Walsh, J., et all, 2014: Ch. 2: Our Changing Clin&limate Change Impacts in the
United States: The Third National Climate Assessmén M. Melillo, Terese (T.C.)
Richmond, and G. W. Yohe, Eds., U.S. Global ChdRggearch Program, 19-67.

[17] U.S. Department of Energy, Report: “Criticals M&by Strategy”, December 2010.

[18] Exxon Mobil, Report: “2012 The Outlook for Energk: view to 2040”, available at:
exxonmobil.com/energyoutlook.

[19] Rahaim, M.B.; Vegni, AM.; Little, T. D C, "A hybridRadio Frequency and broadcast
Visible Light Communication systemGLOBECOM Workshops (GC Wkshps), 2011 IEEE
vol., no., pp.792,796, 5-9 Dec. 2011.

[20] www.lificonsortium.org

[21] Hyun-Seung Kim; Deok-Rae Kim; Se-Hoon Yang; Yongd#twSon; Sang-Kook Han,
"An Indoor Visible Light Communication Positionir8ystem Using a RF Carrier Allocation
Technique,'Lightwave Technology, Journal p¥ol.31, no.1, pp.134,144, Jan.1, 2013.

[22] http://postscapes.com/wifi-lights

[23] Witters, D.; Seidman, S.; Bassen, Howard, "EMC awiteless healthcare,”
Electromagnetic Compatibility (APEMC), 2010 AsiaeR@ Symposium on vol., no.,
pp.5,8, 12-16 April 2010.

[24] Cheong, Y.-K.; Ng, X.W.; Chung, W.-Y., "Hazardles&domedical Sensing Data
Transmission Using VLC,Sensors Journal, IEEEvol.13, no.9, pp.3347,3348, Sept. 2013.

[25] http://www.gps4us.com/news/post/Biologically-frigyd/isible-Light-Communication-
technology-20111207.aspx

[26] http://www.viIcc.net/?ml_lang=en

[27] TanakaY.; Haruyama, S.and Nakagawa, M., “Wireless optical transmissiothvthe
white colored LED for the wireless home links,” Prof the 11th Int. Sympon Personal,
Indoor and Mobile Radio Communications (PIMRC 2000)ndon, UK, pp. 1325-1329,
2000.

[28] Tanaka, Y.; Komine, T.; Haruyama, S.; Nakagawa, 'M¢loor visible communication
utilizing plural white LEDs as lighting," Personal, Indoor and Mobile Radio
Communications, 2001 12th IEEE International Sympuson, vol.2, no., pp.F-81,F-85
vol.2, Sep/Oct 2001.

140



Bibliography

[29] Komine, T.; Nakagawa, M., "Integrated system of tehiLED visible-light
communication and power-line communicatiorPersonal, Indoor and Mobile Radio
Communications, 2002. The 13th IEEE Internationgimfosium on, vol.4, no.,
pp.1762,1766 vol.4, 15-18 Sept. 2002.

[30] Komine, T.; Nakagawa, M., "Fundamental analysis ¥@sible-light communication
system using LED lights,Consumer Electronics, IEEE Transactions pwol.50, no.1,
pp.100,107, Feb 2004.

[31] Sugiyama, H.; Haruyama, S.; Nakagawa, M., "BrightneControl Methods for
lllumination and Visible-Light Communication Systefh Wireless and Mobile
Communications, 2007. ICWMC '07. Third InternatibGanference on vol., no., pp.78,78,
4-9 March 2007.

[32] Yoshino, M.; Haruyama, S.; Nakagawa, M., "High-aecy positioning system using
visible LED lights and image sensoRéadio and Wireless Symposium, 2008 IEEEI., no.,
pp.439,442, 22-24 Jan. 2008.

[33] Sertthin, C.; Tsuji, E.; Nakagawa, M.; Kuwano, SVatanabe, K., "A Switching
Estimated Receiver Position Scheme For Visible LiBased Indoor Positioning System,"
Wireless Pervasive Computing, 2009. ISWPC 2009Intdmnational Symposium onvol.,
no., pp.1,5, 11-13 Feb. 2009.

[34] Hyun-Seung Kim; Deok-Rae Kim; Se-Hoon Yang; Yongd#twSon; Sang-Kook Han,
"Indoor positioning system based on carrier allocatvisible light communication,”
Quantum Electronics Conference & Lasers and EleGpaics (CLEO/IQEC/PACIFIC
RIM), 2011, vol., no., pp.787,789, Aug. 28 2011-Sept. 1 2011

[35] Se-Hoon Yang; Deok-Rae Kim; Hyun-Seung Kim; Yong#&twSon; Sang-Kook Han,
"Indoor positioning system based on visible lighing location code,Communications and
Electronics (ICCE), 2012 Fourth International Cordace on, vol., no., pp.360,363, 1-3
Aug. 2012.

[36] Se-Hoon Yang; Eun-Mi Jeong; Deok-Rae Kim; Hyun-Spwim; Yong-Hwan Son;
Sang-Kook Han, "Three-dimensional localization blase visible light optical wireless
communication," Ubiquitous and Future Networks (ICUFN), 2013 Fifthternational
Conference onvol., no., pp.468,469, 2-5 July 2013.

[37] Yang, S.-H.; Jeong, E.-M.; Kim, D.-R.; Kim, H.-SSon, Y.-H.; Han, S.-K., "Indoor
three-dimensional location estimation based on LEDBible light communication,”
Electronics Letters vol.49, no.1, pp.54,56, January 3 2013.

[38] Grubor, J.; Randel, S.; Langer, K.-D.; Walewskij,"Bandwidth-efficient indoor optical
wireless communications with white light-emittingiodes,” Communication Systems,
Networks and Digital Signal Processing, 2008. CNBR2808. 6th International Symposium
on, vol., no., pp.165,169, 25-25 July 2008.

[39] Vucic, J.; Kottke, C.; Nerreter, S.; Habel, K.; Bwr, A.; Langer, K.-D.; Walewski, J.,
"125 Mbit/s over 5 m wireless distance by use ofK@@odulated phosphorescent white

141



Bibliography

LEDs," Optical Communication, 2009. ECOC '09. 35th Eurap€&€monference onvol., no.,
pp.1,2, 20-24 Sept. 2009.

[40] Vucié, J.; Kottke, C.; Nerreter, S.; Buttner, A.; Langer, K.-D.; Walewski, J., "White Light
Wireless Transmission at 200 + Mb/s Net Data RayeUse of Discrete-Multitone

Modulation,” Photonics Technology Letters, IEEEvol.21, no.20, pp.1511,1513, Oct.15,
2009.

[41] Vudié, J.; Kottke, C.; Nerreter, S.; Habel, K.; Buttner, A.; Langer, K.-D.; Walewski, J.W.,
"230 Mbit/s via a wireless visible-light link baseh OOK modulation of phosphorescent
white LEDs," Optical Fiber Communication (OFC), collocated Nai& Fiber Optic

Engineers Conference, 2010 Conference on (OFC/NBHQB&@I., no., pp.1,3, 21-25 March
2010.

[42] Vucic, J.; Kottke, C.; Nerreter, S.; Langer, K.-DValewski, J.W., "513 Mbit/s Visible
Light Communications Link Based on DMT-Modulatiori a White LED," Lightwave
Technology, Journal gfvol.28, no.24, pp.3512,3518, Dec.15, 2010.

[43] Vucic, J.; Kottke, C.; Habel, K.; Langer, K.-D.,08 Mbit/s visible light WDM link
based on DMT modulation of a single RGB LED luminaiOptical Fiber Communication
Conference and Exposition (OFC/NFOEC), 2011 andNlagonal Fiber Optic Engineers
Conference vol., no., pp.1,3, 6-10 March 2011.

[44] Kottke, C.; Hilt, J.; Habel, K.; Vucic, J.; Langd{,-D., "1.25 Gbit/s visible light WDM
link based on DMT modulation of a single RGB LEDninary," Optical Communications
(ECOC), 2012 38th European Conference and Exhibitin, vol., no., pp.1,3, 16-20 Sept.
2012.

[45] Hao Le Minh; O'Brien, D.; Faulkner, G.; Lubin Zerlgyungwoo Lee; Daekwang Jung;
Yunje Oh, "High-Speed Visible Light Communicationglsing Multiple-Resonant

Equalization,"Photonics Technology Letters, IEEEv0l.20, no.14, pp.1243,1245, Julyl5,
2008.

[46] Hoa Le-Minh; O'brien, D.; Faulkner, G.; Lubin Zeri{yungwoo Lee; Daekwang Jung;
Yunje Oh; Eun Tae Won, "100-Mb/s NRZ Visible Ligl@ommunications Using a
Postequalized White LED,"Photonics Technology Letters, IEEE vol.21, no.15,
pp.1063,1065, Aug.1, 2009.

[47] Azhar, A.H.; Tuan-Anh Tran; O'brien, D., "Demonsiva of high-speed data
transmission using MIMO-OFDM visible light commuat®ns,”GLOBECOM Workshops
(GC Wkshps), 2010 IEERv0L., no., pp.1052,1056, 6-10 Dec. 2010

[48] Azhar, AH.; Tran, T.; O'Brien, D., "A Gigabit/s door Wireless Transmission Using
MIMO-OFDM Visible-Light Communications,"Photonics Technology Letters, IEEE
vol.25, no.2, pp.171,174, Jan.15, 2013.

[49] Elgala, H.; Mesleh, R.; Haas, H.; Pricope, B., "QFDVisible Light Wireless
Communication Based on White LED¥,ghicular Technology Conference, 2007. VTC2007-
Spring. IEEE 65th vol., no., pp.2185,2189, 22-25 April 2007.

142




Bibliography

[50] Elgala, H.; Mesleh, R.; Haas, H., "Indoor broadc@stvia white LEDs and OFDM,"
Consumer Electronics, IEEE Transactions,al.55, no.3, pp.1127,1134, August 2009.

[51] Mesleh, R.; Elgala, H.; Haas, H., "On the perforomarof coded optical spatial
modulation,"Personal Indoor and Mobile Radio CommunicationdMR), 2010 IEEE 21st
International Symposium grvol., no., pp.820,824, 26-30 Sept. 2010

[52] Mesleh, R.; Mehmood, R.; Elgala, H.; Haas, H., tlod MIMO Optical Wireless
Communication Using Spatial Modulation,Communications (ICC), 2010 IEEE
International Conference oywvol., no., pp.1,5, 23-27 May 2010.

[53] Mesleh, R.; Elgala, H.; Haas, H., "Optical Spaliddulation,”Optical Communications
and Networking, IEEE/OSA Journal o¥ol.3, no.3, pp.234,244, March 2011.

[54] Le Minh, H.; Ghassemlooy, Z.; Burton, A; Haigh, P.A&qualization for organic light
emitting diodes in visible light communication$GLOBECOM Workshops (GC WKkshps),
2011 IEEE, vol., no., pp.828,832, 5-9 Dec. 2011.

[55] Haigh, P.A; Ghassemlooy, Z.; Papakonstantinou,1l4-Mb/s White Organic LED
Transmission System Using Discrete Multitone Motiaig" Photonics Technology Letters,
IEEE, vol.25, no.6, pp.615,618, March15, 2013.

[56] Haigh, P.A; Ghassemlooy, Z.; Papakonstantinou,0a He Minh, "2.7 Mb/s With a 93-
kHz White Organic Light Emitting Diode and Real BmANN Equalizer,"Photonics
Technology Letters, IEEEvo0l.25, no.17, pp.1687,1690, Sept.1, 2013.

[57] Haigh, P.A; Ghassemlooy, Z.; Papakonstantinougtde, F.; Tedde, S.F.; Hayden, O.;
Rajbhandari, S., "A MIMO-ANN system for increasidgta rates in organic visible light
communications systemsCommunications (ICC), 2013 IEEE International Coafece on,
vol., no., pp.5322,5327, 9-13 June 2013.

[58] Little, T. D C; Dib, P.; Shah, K.; Barraford, N.;alagher, B., "Using LED Lighting for
Ubiquitous Indoor Wireless NetworkingNetworking and Communications, 2008. WIMOB
'08. IEEE International Conference on Wireless aWwbile Computing,, vol., no.,
pp.373,378, 12-14 Oct. 2008.

[59] Vegni, AM.; Little, T. D C, "Handover in VLC systesmwith cooperating mobile
devices,” Computing, Networking and Communications (ICNC),120International
Conference onvol., no., pp.126,130, Jan. 30 2012-Feb. 2 2012

[60] Wu, Z.; Little, T., "Network solutions for the lirgf-sight problem of new multi-user
indoor free-space optical systengbmmunications, IET vol.6, no.5, pp.525,531, March 27
2012.

[61] Khalid, A M.; Cossu, G.; Corsini, R.; Choudhury,; RCiaramella, E., "1-Gb/s
Transmission Over a Phosphorescent White LED bydJRiate-Adaptive Discrete Multitone
Modulation,"Photonics Journal, IEEEvol.4, no.5, pp.1465,1473, Oct. 2012.

143



Bibliography

[62] Cossu, G.; Khalid, AM.; Choudhury, P.; Corsini, Riaramella, E., "2.1 Gbit/s visible
optical wireless transmissionOptical Communications (ECOC), 2012 38th European
Conference and Exhibition qrvol., no., pp.1,3, 16-20 Sept. 2012.

[63] Fang-Ming Wu; Chun-Ting Lin; Chia-Chien Wei; CheWgi Chen; Hou-Tzu Huang;
Chun-Hung Ho, "1.1-Gb/s White-LED-Based Visible higCommunication Employing
Carrier-Less Amplitude and Phase ModulatioRHotonics Technology Letters, IEEE
vol.24, no.19, pp.1730,1732, Oct.1, 2012.

[64] Kubo, T.; Yamada, T.; Suzuki, K.; Yoshimoto, N.; ki, T.; Asobe, M.; Kolev, D. R;
Matsumoto, M., "1.25-Gb/s 2-m indoor visible ligttansmission employing wavelength
conversion with quasi phase matching devi€ptical Wireless Communications (IWOW),
2012 International Workshop qrvol., no., pp.1,3, 22-22 Oct. 2012.

[65] Fang-Ming Wu; Chun-Ting Lin; Chia-Chien Wei; CheWgi Chen; Zhen-Yu Chen,;
Hou-Tzu Huang, "3.22-Gb/s WDM visible light commaaiion of a single RGB LED
employing carrier-less amplitude and phase moduidtiOptical Fiber Communication
Conference and Exposition and the National Fiber ti©OpEngineers Conference
(OFC/NFOEC), 2013 vol., no., pp.1,3, 17-21 March 2013.

[66] World Helth Organization. (May 2014). Fact Shedd 3The top 10 causes of death.
[67] World Helth Organization. (March 2013). Fact SH#&8 Road Traffic Injuries.

[68] Papadimitratos, P.; La Fortelle, A.; Evenssen,Bfignolo, R.; Cosenza, S., "Vehicular
communication systems: Enabling technologies, apfins, and future outlook on
intelligent transportation,'Communications Magazine, IEEE vol.47, no.11, pp.84,95,
November 2009.

[69] U.S. Department of Transportation Research andviine Technology Administration,
Report: Frequency of Target Crashes for IntelliBrdafety Systems, October 2010.

[70] Yousefi, S.; Altman, E.; EI-Azouzi, R.; Fathy, MAnalytical Model for Connectivity in
Vehicular Ad Hoc Networks", IEEE Transactions onhiéellar Technology, vol. 57, pp.
3341-3356, 2008.

[71] Fujii, H.; Hayashi, O.; Nakagata, N., "Experimente¢search on inter-vehicle
communication using infrared rayditelligent Vehicles Symposium, 1996., Proceedofgs
the 1996 IEEE vol., no., pp.266,271, 19-20 Sep 1996.

[72] Sawant, H.; Jindong Tan; Qingyan Yang; Qizhi Wafdsing Bluetooth and sensor
networks for intelligent transportation systemsitelligent Transportation Systems, 2004.
Proceedings. The 7th International IEEE Conferemage, vol., no., pp.767,772, 3-6 Oct.
2004.

[73] Lequerica, I; Ruiz, P.M.; Cabrera, V., "Improveme@itvehicular communications by

using 3G capabilities to disseminate control infation,” Network, IEEE, vol.24, no.1,
pp.32,38, Jan.-Feb. 2010.

144




Bibliography

[74] Qingwen Zhao; Yanmin Zhu; Chao Chen; Hongzi Zhu; Bp "When 3G Meets
VANET: 3G-Assisted Data Delivery in VANETsSensors Journal, IEEEvol.13, no.10,
pp.3575,3584, Oct. 2013.

[75] Kato, S.; Hiltunen, M.; Joshi, K.; Schlichting, REnabling vehicular safety applications
over LTE networks,'Connected Vehicles and Expo (ICCVE), 2013 Inteomati Conference
on, vol., no., pp.747,752, 2-6 Dec. 2013.

[76] Fernandes, P.; Nunes, U., "Platooning with DSRG&#ab/C-enabled autonomous
vehicles: Adding infrared communications for IVCliability improvement,” Intelligent
Vehicles Symposium (IV), 2012 IEEW#0I., no., pp.517,522, 3-7 June 2012.

[77] |EEE Standard for Information technology-- Localdametropolitan area networks--
Specific requirements-- Part 11: Wireless LAN MediAccess Control (MAC) and Physical
Layer (PHY) Specifications Amendment 6: Wirelesscégs in Vehicular Environments,”
IEEE Std 802.11p-201®0l., no., pp.1,51, July 15 2010.

[78] Jiang, D.; Taliwal, V.; Meier, A.; Holfelder, W.;étrtwich, R., "Design of 5.9 ghz dsrc-
based vehicular safety communicatioMireless Communications, IEEEvo0l.13, no.5,
pp.36,43, October 2006.

[79] Tonguz, O.K.; Wisitpongphan, N.; Parikh, J.S.; Bai; Mudalige, P.; Sadekar, V.K.,
"On the Broadcast Storm Problem in Ad hoc WireleNgtworks,” Broadband
Communications, Networks and Systems, 2006. BROADSIE2006. 3rd International
Conference on, vol., no., pp.1,11, 1-5 Oct. 2006.

[80] Subramanian, S.; Werner, M.; Liu, S.; Jose, J..daig, R.; Wu, X., “Congestion control
for vehicular safety: Synchronous and asynchromoas algorithms”. IfProceedings of the
nineth ACM internationalvorkshop on Vehicular Inter-NETworking (VANEPp. 63-72,
June 2012.

[81] Nguyen, T.V.; Baccelli, F.; Kai Zhu; Subramaniar, Wu, X., "A performance analysis
of CSMA based broadcast protocol in VANETBYFOCOM, 2013 Proceedings IEER/0I.,
no., pp.2805,2813, 14-19 April 2013.

[82] Wang Z., and Hassan, M., “How much of DSRC is add for nonsafety use?” In
Proceedings of the fifth ACM international workshop VehiculAr Inter-NETworking
VANET '08, 2008.

[83] Hartenstein, H., and Laberteaux, K.P., “A tutogalvey on vehicular adhoc networks”.
IEEE Communications Magazindun. 2008.

[84] Torrent-Moreno, M.; Jiang, D.;Hartenstein, H., “Bdrast reception rates and effects of
priority access in 802.11-based vehicular ad-hdwarks”. In ACM VANET pages 10-18,
2004.

[85] U.S. Department of Transportation. Vehicle Safetynthunications Project Task 3 Final
Report. http://www.ntis.gov/.

145



Bibliography

[86] Bilstrup, K.; Uhlemann, E.; Strm, E.; Bilstrup,,UOn the ability of the 802.11p MAC
method and STDMA to support real-time vehicle-tbiele communication,” EURASIP
Journal on Wireless Communications and Networ&g9 2009:902414.

[87] Eichler, S., Performance evaluation of the IEEE .80@ WAVE communication
standard. INEEE 66th Vehicular Technology Conference (V,TRgges 2199-2203, Oct.
2007.

[88] Yuan Yao; Lei Rao; Xue Liu, "Performance and RaligbAnalysis of IEEE 802.11p
Safety Communication in a Highway Environmentyehicular Technology, IEEE
Transactions on vol.62, no.9, pp.4198,4212, Nov. 2013.

[89] Luo, T.; Wen, Z.; Li, J.; Chen, H.-H., "Saturatidhroughput analysis of WAVE
networks in Doppler spread scenaridSgmmunications, IETvol.4, no.7, pp.817,825, April
30 2010.

[90] Lin Cheng; Henty, B.E.; Stancil, D.D.; Fan Bai; Miide, P., "Mobile Vehicle-to-
Vehicle Narrow-Band Channel Measurement and Chewiaetion of the 5.9 GHz Dedicated
Short Range Communication (DSRC) Frequency BaBdlécted Areas in Communications,
IEEE Journal on vol.25, no.8, pp.1501,1516, Oct. 2007.

[91] Karedal, J.; Tufvesson, F.; Abbas, T.; Klemp, GaieP, A.; Bernado, L.; Molisch, A.F.,
"Radio Channel Measurements at Street Intersectifmms Vehicle-to-Vehicle Safety
Applications,"Vehicular Technology Conference (VTC 2010-Sprig@),0 IEEE 71st vol.,
no., pp.1,5, 16-19 May 2010.

[92] Bohm, A.; Lidstrom, K.; Jonsson, M.; Larsson, T., "Evaluating CALM M5-based
vehicle-to-vehicle communication in various roadtiegs through field trials,"Local
Computer Networks (LCN), 2010 IEEE 35th Conferemce vol., no., pp.613,620, 10-14
Oct. 2010.

[93] Karlsson, K.; Bergenhem, C.; Hedin, E., "Field Measents of IEEE 802.11p
Communication in NLOS Environments for a Platoonifpplication,” Vehicular
Technology Conference (VTC Fall), 2012 IEEEI., no., pp.1,5, 3-6 Sept. 2012.

[94] http://en.wikipedia.org/wiki/Automotive_lighting tip://www.hidled.com

[95] ECN, "EN 12368: Traffic Control Equipment - Sigrtdéads,” ed:European Commitee
for Standardization, April 2006.

[96] Kitano, S.; Haruyama, S.; Nakagawa, M., "LED ro#idmination communications
system,"Vehicular Technology Conference, 2003. VTC 2003-R&l03 IEEE 58th vol.5,
no., pp.3346,3350 Vol.5, 6-9 Oct. 2003.

[97] Kumar, N., "Smart and intelligent energy efficieptiblic illumination system with
ubiquitous communication for smart citygnart Structures and Systems (ICSSS), 2013 IEEE
International Conference ojwvol., no., pp.152,157, 28-29 March 2013.

[98] http://www.weiku.com/products/8508482/LED_Warningrer.html,
http://www.alibaba.com/, http://www.adwaasign.cahfohp

146



Bibliography

[99] Ergen, M., "Critical penetration for vehicular netks,” Communications Letters, IEEE
vol.14, no.5, pp.414,416, May 2010.

[100] Abualhoul, M.Y.; Marouf, M.; Shagdar, O.; Nashashib., "Platooning control using
visible light communications: A feasibility studyj}htelligent Transportation Systems -
(ITSC), 2013 16th International IEEE Conference ,owol., no., pp.1535,1540, 6-9 Oct.
2013.

[101] Pang, G.K.H., Chan, C.H., Liu, H., Kwan, T., “Duase of LEDs : Signaling and
communications in ITS”Proceedings of fifth World Congress on Intelligdiransport
SystemsPaper 3035, Seoul, Korea, 12-16 Oct.1998.

[102] Pang, G.K.H., Liu, H., Chan, C.H., Kwan, T., “Veleidc.ocation and Navigation Systems
based on LEDs”Proceedings of fifth World Congress on Intelligdwansport Systems
Paper 3036, Seoul, Korea, 12-16 Oct. 1998.

[103] Pang, G.K.H., Kwan, T.O., Chi-Ho Chan, Liu, H.S.LED Traffic Light as
Communication Device,Proceedings of IEEE International Conference onelligent
Transport System3 okyo, Japan, pp. 788-793, Oct. 5-8 1999.

[104] Hugh Sing Liu; Pang, G., "Positioning beacon systesimg digital camera and LEDs,"
Vehicular Technology, IEEE Transactions,orol.52, no.2, pp.406,419, March 2003.

[105] Akanegawa, M.; Tanaka, Y.; Nakagawa, M., "Basidgtan traffic information system
using LED traffic lights,"Intelligent Transportation Systems, IEEE Transawion, vol.2,
no.4, pp.197,203, Dec 2001.

[106] Binti Che Wook, H.; Komine, T.; Haruyama, S.; Na&a@, M., "Visible light
communication with LED-based traffic lights usingliZnensional image sensobnsumer
Communications and Networking Conference, 2006. CGQ06. 3rd IEEE, vol.1, no.,
pp.243,247, 8-10 Jan. 2006.

[107] Tsubasa Saito, Shinichiro Haruyama, Masao Nakag#utar-vehicle communication
and ranging method using LED rear lights. CommurooaSystems and Networks 2006:
278-283.

[108] Saito, T.; Haruyama, S.; Nakagawa, M., "A New TragkMethod using Image Sensor
and Photo Diode for Visible Light Road-to-Vehicle of@munication,” Advanced
Communication Technology, 2008. ICACT 2008. 10tarihational Conference onvol.1,
no., pp.673,678, 17-20 Feb. 2008.

[109] Wada, M.; Yendo, T.; Fujii, T.; Tanimoto, M., "Ro&otvehicle communication using
LED traffic light,” Intelligent Vehicles Symposium, 2005. Proceeditig&E , vol., no.,
pp.601,606, 6-8 June 2005.

[110] Okada, H.; Masuda, K.; Yamazato, T.; Katayama, NbBuccessive Interference
Cancellation for Hierarchical Parallel Optical Weass Communication Systems,"”
Communications, 2005 Asia-Pacific Conference wval., no., pp.788,792, 5-5 Oct. 2005.

147



Bibliography

[111] Arai, S.; Mase, S.; Yamazato, T.; Endo, T.; Fdjii, Tanimoto, M.; Kidono, K.; Kimura,
Y.; Ninomiya, Y., "Experimental on Hierarchical Tiemission Scheme for Visible Light
Communication using LED Traffic Light and High-Spe€amera,"Vehicular Technology
Conference, 2007. VTC-2007 Fall. 2007 IEEE 66tol., no., pp.2174,2178, Sept. 30 2007-
Oct. 3 2007.

[112] Hara, T.; lwasaki, S.; Yendo, T.; Fujii, T.; TanitopM., "A New Receiving System of
Visible Light Communication for ITS,Intelligent Vehicles Symposium, 2007 IEEKOI.,
no., pp.474,479, 13-15 June 2007.

[113] Okada, S.; Yendo, T.; Yamazato, T.; Fujii, T.; Tanoto, M.; Kimura, Y., "On-vehicle
receiver for distant visible light road-to-vehicleommunication,” Intelligent Vehicles
Symposium, 2009 IEEEvol., no., pp.1033,1038, 3-5 June 2009.

[114] Nagura, T.; Yamazato, T.; Katayama, M.; Yendo, Hujii, T.; Okada, H., "Improved
Decoding Methods of Visible Light Communication &ya for ITS Using LED Array and
High-Speed CameraYehicular Technology Conference (VTC 2010-Spri2§10 IEEE
71st, vol., no., pp.1,5, 16-19 May 2010.

[115] Nagura, T.; Yamazato, T.; Katayama, M.; Yendo,Fujii, T.; Okada, H., "Tracking an
LED array transmitter for visible light communiaats in the driving situation,Wireless
Communication Systems (ISWCS), 2010 7th Interradti®@ymposium on, vol.,, no.,
pp.765,769, 19-22 Sept. 2010.

[116] Takai, I; Ito, S.; Yasutomi, K.; Kagawa, K.; Andad¥,; Kawahito, S., "LED and CMOS
Image Sensor Based Optical Wireless Communicatystes for Automotive Applications,"
Photonics Journal, IEEEvol.5, no.5, pp.6801418,6801418, Oct. 2013.

[117] Yamazato, T.; Takai, I; Okada, H.; Fujii, T.; Yendo; Arai, S.; Andoh, M.; Harada, T.;
Yasutomi, K.; Kagawa, K.; Kawahito, S., "Image-samased visible light communication
for automotive applicationsCommunications Magazine, IEEE01.52, no.7, pp.88,97, July
2014.

[118] Kumar, N.; Lourenco, N.; Spiez, M.; Aguiar, RL., i8ible Light Communication
Systems Conception and VIDAS”. IETE Tech Review, 26, no. 6, 2008.

[119] Kumar, N.; Alves, L.N.; Aguiar, Rui L., “Visible Ight Communication for Advanced
Driver Assistant Systems,”7th International Confiee on Telecommunication
(ConfTele09), Feb. 2009.

[120] Terra, D.; Kumar, N.; Lourenco, N.; Alves, L.N.; éigr, Rui L., "Design, development
and performance analysis of DSSS-based transciiv&fLC," EUROCON - International
Conference on Computer as a Tool (EUROCON), 20EEIEvol., no., pp.1,4, 27-29 April
2011, doi: 10.1109/EUROCON.2011.5929371.

[121] Kumar, N.; Terra, D.; Lourenco, N.; Alves, L.N.; &gr, Rui L., "Visible light
communication for intelligent transportation in doasafety applications,"Wireless
Communications and Mobile Computing Conference MW, 2011 7th Internationalvol.,
no., pp.1513,1518, 4-8 July 2011, doi: 10.1109/IWCRD11.5982762.

148



Bibliography

[122] Kumar, N.; Lourenco, N.; Terra, D.; Alves, L.N.; &gr, Rui L., "Visible light
communications in intelligent transportation syssénntelligent Vehicles Symposium (1V),
2012 IEEE, vol., no., pp.748,753, 3-7 June 2012.

[123] Ganick, A.; Figueroa, M.; Lobo, J.; Schimitsch, Ri¢ch, T.; Little, T.D.C., Yehicular
Networking Using Optical Transceivet$oster and Demonstration ProgravigbiSys201Q
San Francisco, CA, June 15, 2010.

[124] Agarwal, A; Little, T. D C, "Role of directional weless communication in vehicular
networks," Intelligent Vehicles Symposium (1V), 2010 IEEEol., no., pp.688,693, 21-24
June 2010.

[125] Little, T. D C; Agarwal, A; Chau, J.; Figueroa, M3anick, A; Lobo, J.; Rich, T.;
Schimitsch, P., "Directional communication systenor f short-range vehicular
communications,"Vehicular Networking Conference (VNC), 2010 IEEEvol., no.,
pp.231,238, 13-15 Dec. 2010.

[126] Kaiyun Cui; Gang Chen; Zhengyuan Xu; Roberts, R"Bxperimental characterization
of traffic light to vehicle VLC link performance GLOBECOM Workshops (GC Wkshps),
2011 IEEE, vol., no., pp.808-812, 5-9 Dec. 2011.

[127] Shun-Hsiang Yu; Shih, O.; Hsin-Mu Tsai; Roberts, Bmart automotive lighting for
vehicle safety, Communications Magazine, IEEK0I.51, no.12, pp.50,59, December 2013.

[128] Roberts, R.; Gopalakrishnan, P.; Rathi, S., "Vesibght positioning: Automotive use
case,"Vehicular Networking Conference (VNC), 2010 IER&I., no., pp.309-314, 13-15
Dec. 2010.

[129] Roberts, R.D., "Undersampled frequency shift ON-Qdeling (UFSOOK) for camera
communications (CamCom)Wireless and Optical Communication Conference (WHCC
2013 22nd vol., no., pp.645-648, 16-18 May 2013.

[130] Roberts, Richard D., "A MIMO protocol for cameranumunications (CamCom) using
undersampled frequency shift ON-OFF keying (UFSOOK3lobecom Workshops (GC
Wkshps), 2013 IEEEvol., no., pp.1052,1057, 9-13 Dec. 2013.

[131] IEEE Standard for Local and Metropolitan Area Neatwge-Part 15.7: Short-Range
Wireless Optical Communication Using Visible LightEEE Std 802.15.7-2011vol., no.,
pp.1,309, Sept. 6 2011, doi: 10.1109/IEEESTD.200166 95

[132] Sarbazi, E.; Uysal, M., "PHY layer performance ea#ibn of the IEEE 802.15.7 visible
light communication standard,” Optical Wireless Qauamications (IWOW), 2013 2nd
International Workshop on , wvol.,, no., pp.3539, -221 Oct. 2013, doi:
10.1109/IWOW.2013.6777772.

[133] Musa, A; Dani Baba, M.; Mansor, H.M.AH., "Perforncananalysis of the IEEE 802.15.7
CSMAJ/CA algorithm based on Discrete Time Markov DhéDTMC)," Communications
(MICC), 2013 IEEE Malaysia International Confererme , vol., no., pp.385,389, 26-28
Nov. 2013, doi: 10.1109/MICC.2013.6805859.

149



Bibliography

[134] Roberts, R.D.; Rajagopal, S.; Sang-Kyu Lim, "IEEER285.7 physical layer summary,"
GLOBECOM Workshops (GC Wkshps), 2011 IEEE , vob,, pp.772,776, 5-9 Dec. 2011,
doi: 10.1109/GLOCOMW.2011.6162558.

[135] Rajagopal, S.; Roberts, R.D.; Sang-Kyu Lim, "IEEED285.7 visible light
communication: modulation schemes and dimming sapp@ommunications Magazine,
IEEE , vol.50, no.3, pp.72,82, March 2012, doi:11@9/MCOM.2012.6163585.

[136] Kahn, J.M.; Barry, J.R., "Wireless infrared comnuations,"Proceedings of the IEEE
vol.85, no.2, pp.265,298, Feb 1997.

[137] Jong-Ho Yoo; Rimhwan Lee; Jun-Kyu Oh; Hyun-Wook Sé&o-Young Kim; Hyeon-
Cheol Kim; Sung-Yoon Jung, "Demonstration of vehacuvisible light communication
based on LED headlampgJbiquitous and Future Networks (ICUFN), 2013 5th @onf. on
,pp.465,467,July 2013.

[138] Lavric, A.; Popa, V.; Finis, I., "The design of &re®t lighting monitoring and control
system," Electrical and Power Engineering (EPE), 2012 Intaional Conference and
Exposition onvol., no., pp.314,317, 25-27 Oct. 2012.

[139] Lavric, A; Popa, V., "Hardware design of a straghting control system with vehicle
and malfunction detectionAdvanced Topics in Electrical Engineering (ATEE)12 8th
International Symposium orol., no., pp.1,4, 23-25 May 2013.

[140] Hecht, M.; Guida, A., "Delay modulationProceedings of the IEEE vol.57, no.7,
pp.1314,1316, July 1969.

[141] Cailean, A-M.; Cagneau, B.; Chassagne, L.; Dimian, M.; Popa MilJer code usage in
Visible Light Communications under the PHY | layef the IEEE 802.15.7 standard,"
Communications (COMM), 2014 10th International Gahce on vol., no., pp.1,4, 29-31
May 2014, doi: 10.1109/ICComm.2014.6866699.

[142] Fisher, R., Harding, G.F.A., Erba, G., Barkley, G.and Wilkins, A,J. (2005) Photic-

and pattern-induced seizures: a review for theepgy Foundation of America Working
Group. Epilepsia, 46(9),1426-41.

[143] Burns, S.A., Elsner, A.E., and Kreitz, M.R. (1992Analysis of nonlinearities in the
flicker ERG”. Optom Vis Sci.,69(2), 95-105.

[144] Wilkins, A; Veitch, J.; Lehman, B., "LED lightindi¢ker and potential health concerns:
IEEE standard PAR1789 update,” Energy Conversiong€ass and Exposition (ECCE),
2010 IEEE , vol., no., pp.171,178, 12-16 Sept. 2010

[145] Berman, S. M., Greenhouse, D. S., Bailey, I. Led€] R. and Raasch, T. W., “Human
electroretinogram responses to video displaysyésent lighting and other high frequency
sources,’'Optometry and Vision Scien68:645-662, 1991.

[146] http://grouper.ieee.org/groups/1789/

[147] M. Rea, lllumination Engineering Society of Northmarica (IESNA) Lighting
Handbook, 9th ed., July 2000.

150




Bibliography

[148] The mobile communications handbook? @dition, CRC Press LCC, 1999.

[149] Cailean, A-M.; Cagneau, B.; Chassagne, L.; Popa, V.; Dimian,"Evaluation of the
noise effects on Visible Light Communications usiMganchester and Miller coding,"
Development and Application Systems (DAS), 20Xktrational Conference onvol., no.,
pp.85,89, 15-17 May 2014, doi: 10.1109/DAAS.20145B833.

[150] www.dot.gov

[151] Moreira, A. J. C.; Valadas, R. T.; de Olveira OaearA. M., “Optical interference
produced by artificial light,” in Wireless Network35-1997, Volume 3, Issue 2, pp 131-140.

[152] Butterworth, S., “On the Theory of Filter Amplifgel Wireless Engineeryol. 7, pp.
536,541, 1930.

[153] Mov’eo: French Automotive Cluster http://www.polesmeo.org/EN/index.php

[154] Cailean, A.-M.; Cagneau, B.; Chassagne, L.; Topsu, S.; AlayliDimian, M., "Design
and implementation of a visible light communicatosystem for vehicle applications,”
Telecommunications Forum (TELFOR), 2013 21sbl., no., pp.349,352, 26-28 Nov. 2013
doi: 10.1109/TELFOR.2013.6716241.

[155] Danakis, C.; Afgani, M.; Povey, G.; Underwood,Haas, H., "Using a CMOS camera
sensor for visible light communicationGGlobecom Workshops (GC Wkshps), 2012 IEEE
vol., no., pp.1244,1248, 3-7 Dec. 2012.

[156] Ji, P.; Tsai, H.-M.; Wang, C.; Liu, F.-Q., “Vehian Visible Light Communications with
LED Taillight and Rolling Shutter Camera,”, IEEE Meular Technology Conference 2014
Spring May 2014.

[157] Ning, X.; Winston, R.; O’Gallagher, J., “Dielectritotally internally reflecting
concentrators,Appl. Optics vol. 26, no. 2, pp. 300-305, Jan. 1987.

[158] Cheng-Chun Chang; Yuan-Jun Su; Kurokawa, U.; Bylugidnoi, "Interference Rejection
Using Filter-Based Sensor Array in VLC SystemSeénsors Journal, IEEE vol.12, no.5,
pp.1025,1032, May 2012.

[159] Lee, LLE.; Sim, M.L.; Kung, F.W.L., "Performancehamcement of outdoor visible-light
communication system using selective combining ivecg Optoelectronics, IET, vol.3,
no.1, pp.30,39, February 2009.

[160] Cailean, A; Cagneau, B.; Chassagne, L.; Topsu, S.; AlayliBosseville, J-M, "Visible
light communications: Application to cooperatiortveeen vehicles and road infrastructures,”
Intelligent Vehicles Symposium (IV), 2012 IEEKol., no., pp.1055,1059, 3-7 June 2012,
doi: 10.1109/1VS.2012.6232225.

[161] Cailean, A.; Cagneau, B.; Chassagne, L.; Topsu, S.; Alayli,Dimian, M., "A robust
system for visible light communicationVireless Vehicular Communications (WiVeC), 2013
IEEE 5th International Symposium on vol.,, no., pp.1,5, 2-3 June 2013
doi: 10.1109/wivec.2013.6698223.

[162] Cailean, A.-M.; Cagneau, B.; Chassagne, L.; Topsu, S.; AlayliDimian, M., "Visible
light communications cooperative architecture fbe tintelligent transportation system,"

151




Bibliography

Communications and Vehicular Technology in the BendSCVT), 2013 IEEE 20th
Symposium onvol., no., pp.1,5, 21-21 Nov. 2013 doi: 10.1BXO¥T.2013.6736001.

152




Publications:

[1] Cailean, A; Cagneau, B.; Chassagne, L.; Topsu, S.; AlayliBfosseville, J-M, "Visible
light communications: Application to cooperation tween vehicles and road
infrastructures,” Intelligent Vehicles Symposium (IV), 2012 IEEE , vol.,, no.,
pp.1055,1059, Madrid — Spain, 3-7 June 2012, dBi1109/IVS.2012.6232225, (ISI
Proceedings).

[2] Cailean, A.; Cagneau, B.; Chassagne, L.; Topsu, S.; Alayli,Dimian, M., "A robust
system for visible light communicationWireless Vehicular Communications (WiVeC),
2013 |EEE 5th International Symposium on , vol., no., pp.1,5, Dresden — Germany, 2-3
June 2013, doi: 10.1109/wivec.2013.6698223, (18tPedings).

[3] Cailean, A.-M.; Cagneau, B.; Chassagne, L.; Topsu, S.; AlayliDimian, M., "Visible
light communications cooperative architecture fog intelligent transportation system,”"
Communications and Vehicular Technology in the Benelux (SCVT), 2013 IEEE 20th
Symposium on , vol., no., pp.1,5, Namur - Belgium, 21-21 Nov0l1l2 doi:
10.1109/SCVT.2013.6736001, (IEEE Explore).

[4] Cailean, A.-M.; Cagneau, B.; Chassagne, L.; Topsu, S.; AlayliDimian, M., “Design
and implementation of a visible light communicasmystem for vehicle applications,”
Telecommunications Forum (TELFOR), 2013 21% , vol., no., pp.349,352, Belgrade —
Serbia, 26-28 Nov. 2013 doi: 10.1109/TELFOR.20186%41, (IEEE Explore).

[5] Cailean, A-M.; Cagneau, B.; Chassagne, L.; Dimian, M.; Popa,Miller code usage in
Visible Light Communications under the PHY | layadrthe IEEE 802.15.7 standard,”
Communications (COMM), 2014 10th International Conference on , vol., no., pp.1,4,
Bucharest — Romania, 29-31 May 2014, doi: 10.1100¢dmm.2014.6866699, (ISI
Proceedings).

[6] Cailean, A-M.; Cagneau, B.; Chassagne, L.; Popa, V.; Dimian,"Evaluation of the
noise effects on Visible Light Communications usidgnchester and Miller coding,"
Development and Application Systems (DAS), 2014 International Conference on , vol.,
no., pp.85,89, Suceava — Romania, 15-17 May 204i4,10.1109/DAAS.2014.6842433,
(IEEE Explore).

[7] Cailean, A.-M.; Cagneau, B.; Chassagne, L.; Popa, V.; Dimian, Ndgsign and
performance evaluation of a DSP visible light comiation receiver,Communications
and Vehicular Technology in the Benelux (SCVT), 2014 IEEE 21th Symposium on , vol.,
no., pp.1,5, Delft — The Netherlands, 10 Nov. 2qIBEE Explore).

[8] Cailean, A.-M.; Cagneau, B.; Chassagne, L.; Popa, V.; Dimian,"®M.survey on the
usage of DSRC and VLC in communication-based vehishfety applications,”
Communications and Vehicular Technology in the Benelux (SCVT), 2014 |IEEE 21th
Symposiumon , vol., no., pp.1,5, Delft — The Netherlands, 1@/N2014, (IEEE Explore).






	1. Prima.pdf
	2. Thank you!.pdf
	3. acknowledgements.pdf
	4. Abstract2.pdf
	5. Table of contents !!!.pdf
	5. Table of contents !!!.pdf
	alb.pdf

	6. list of figures !!!.pdf
	7. list of tables !!!.pdf
	7. list of tables !!!.pdf
	alb.pdf

	8. abbrev.pdf
	9. Intro.pdf
	10. ch1.pdf
	11. ch 2.3.pdf
	12. ch 3.pdf
	13. ch 4.pdf
	13. ch 4.pdf
	alb.pdf

	14. ch 5.pdf
	14. ch 5.pdf
	alb.pdf

	15. conclusions3.pdf
	16. ref.pdf
	17. publications.pdf

