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ABSTRACT

The demand for vehicular communication systems has increased since they are con-
sidered the key enabling technology for Intelligent Transportation Systems (ITSs). Ve-
hicular communications allow information sharing between the vehicles and the infras-
tructures, which have great potential in improving road safety, traffic flow, and passen-
ger comfort along the road. The resulting vehicular connectivity forms are Vehicle-
to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I), Infrastructure-to-Vehicle (I2V), and
Vehicle-to-Pedestrian (V2P), commonly referred to as Vehicle-to-Everything (V2X)
communication. Most of the research efforts and standardization activities on V2X
communication have focused on Radio Frequency (RF) technologies. However, limited
RF bands allocated for V2X networks can suffer high interference levels in heavy traf-
fic, and channel congestion might be particularly problematic for delay-sensitive safety
functionalities. To address such issues, Visible Light Communication (VLC) has been
proposed as an alternative or complementary vehicular access solution to RF-based
V2X communications.

VLC is based on the principle of modulating the intensity of the Light-Emitting-
Diode (LED) and enables the dual use of LED for both illumination and communica-
tion purposes. The ubiquitous availability of LED-based streetlights, traffic lights, and
automotive exterior lighting positions VLC as a potential wireless connectivity solution
for vehicular networks. Vehicular VLC has received increasing attention recently in
several aspects such as physical layer design, upper layer network protocols, and inte-
gration with RF-based solutions for hybrid systems. As in any other communication
system, channel modeling plays a critical role in VLC system design and optimization.
Earlier results in the literature have focused on indoor channel modeling. Those results
do not apply to vehicular VLC systems since they exhibit inherently different character-

istics to indoor counterparts. For example, the ideal Lambertian model, used for indoor
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LED luminaries, fails to match the illumination characteristics of automotive Headlights
(HLs), Taillights (TLs), traffic lights, and streetlights. In addition, the effects of road re-
flectance, road type, weather conditions, the orientation of the user/vehicle equipment
and infrastructures, receiver aperture size, and the sunlight might strongly affect the
link performance of vehicular VLC systems. Despite the increasing attention on indoor
VLC channel models, there is a lack of realistic vehicular VLC channel models.

Motivated by these, we provide in this dissertation a comprehensive channel mod-
eling study for different vehicular VLC links. In the first part of this dissertation, we
explain our channel modeling approach, which builds upon advanced non-sequential
ray tracing features of OpticStudio software. This approach allows the integration of
any realistic light source radiation pattern. It can handle a large number of reflections
for better accuracy. Since this is a simulation-based channel modeling methodology, it
must be validated, at least once, against the measurements in a real scenario. Therefore,
we carry out measurements and simulations for the same cases to validate our chan-
nel modeling approach considering both the Line of Sight (LoS) and the Non-Line of
Sight (NLoS) cases.

Such a realistic channel modeling approach is then adopted to model the V2V VLC
channel when two vehicles travel in the same lane and by utilizing the Headlights (HLs)
of the source vehicle as wireless transmitters. The most recent proposed channel path
loss model was a linear function of transmission distance applicable only for ranges less
than 20 meters. Therefore, we propose a new path loss expression that takes the form
of a negative exponential function and provides an excellent match to simulation results
for large transmission ranges and under different weather conditions. This expression is
then utilized to derive the achievable transmission distance for a targeted data rate while
satisfying a given value of Bit Error Rate (BER). We then consider V2V based Taillights
(TLs) and derive a new path loss model that works for measured TL radiation patterns
of different commercial car models. Utilizing the derived path loss model, we further
derive a closed-form expression for the maximum transmission distance under the target

BER value. Furthermore, the Root-Mean-Square (RMS) delay spread is investigated by



considering different V2V density scenarios. In the above points, the effect of both the
lateral shift between the two vehicles, the exact geometry of the vehicle’s HLs, and the
receiver aperture on the path loss model of the V2V system is excluded. Therefore,
to address such shortcoming, we develop a closed-form path loss expression for the
V2V VLC system as a function of link distance, lateral shift between the two vehicles,
weather type, transmitter beam divergence angle, and receiver aperture diameter.

While several vehicular VLC efforts investigated the V2V link channels while only
a few attentions were paid to V2I/I2V channels, and by considering very idealistic as-
sumptions. Motivated by this, we consider the I2V VLC links where the traffic lights
and streetlights are deployed as wireless transmitters. First, we model the 12V based on
a commercial traffic light and derive a closed-form expression of the path loss model as
a function of both longitudinal and lateral shift distances. Then, we model the 12V sys-
tem with street light transmitters and derive a closed-form expression for channel path
loss as a function of pole spacing, the height of both the lighting pole and the vehicle,
the longitudinal and lateral distance between the vehicle and the pole, and the aper-
ture size of the Photodetector (PD). The effect of these transceiver and infrastructure
parameters on the system average error rate performance is also investigated consid-
ering the mobility of vehicular communication, which makes the path loss no longer
deterministic. We further model the reverse channel link, i.e., the V2I system, where
the vehicle communicates with an infrastructure pole deploying its HLs as transmitters,
and three PDs located within the traffic pole to act as receivers. Based on the Channel
Impulse Responses (CIRs), obtained from the ray tracing, we introduce an expression
for the achievable capacity considering the effect of propagation environment and the
LED non-linear characteristics.

In most V2V and 12V VLC works, the most common underlying assumption is us-
ing one or two PDs. That might be sufficient for establishing a connection between two
vehicles cruising in the same straight lane or between the vehicles and infrastructure

with clear LoS. To position VLC as a strong candidate for vehicular connectivity, it
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is essential to realize multi-directional reception in various deployment scenarios sup-
porting V2V and 12V links. To address this of practical relevance, we investigate the
channel modeling of multi-directional coverage for vehicular VLC systems in different
road types and traffic scenarios. We quantify the capability of receiving signals in sev-
eral cases including the V2V connectivity (with HLs and TLs) and the 12V connectivity
(with traffic and streetlights). We further quantify the contribution of individual PDs to
elaborate on the usage cases of each PD.

In the last part of this dissertation, we explore the vehicular VLC as a wireless con-
nectivity solution to enable outdoor broadcasting for public safety systems. We utilize
the ubiquitous streetlights as wireless transmitters taking into account the fundamental
differences imposed by the outdoor medium and lightning infrastructure. These include
the effect of the asymmetrical pattern of streetlights, the orientation of the user equip-
ment, the weather condition, and the solar irradiance. We consider two broadcasting
scenarios; VLC broadcasting in the roadway and VLC broadcasting in the sidewalk
path, and obtain the received Signal-to-Noise Ratios (SNRs) for all links under the mo-

bility condition.
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OZETCE

Akilli ulagim sistemleri (ITS’ler) i¢in anahtar etkinlestirici teknoloji olarak kabul
edildiklerinden, arag iletisim sistemlerine olan talep artmistir. Arag iletisimi, araclar
ve yol boyunca altyapilar arasinda bilgi paylagimini saglar. Boyle gelismis bir baglanti
¢cOziimii, gelecegin AUS’lerinin ana hedefleri olan yol giivenli8ini, trafik akigim ve
yolcu konforunu iyilestirmede biiyiik potansiyele sahiptir. Ortaya ¢ikan arag baglanti
bicimleri, aragtan araca (V2V), aragtan altyapiya (V2I), aractan yayaya (V2P), genel-
likle aractan her seye (V2X) iletisim olarak adlandirilir. AUS lerin pratik uygulamalar
son derece saglam, Olgceklenebilir ve giivenilir V2X ¢oziimleri gerektirdiginden, arag
iletisimine yOnelik arastirma calismalar1 ve standardizasyon faaliyetleri siirekli artmak-
tadir. Bu cabalarin ¢cogu simdiye kadar radyo frekansi (RF) teknolojileri etrafinda
toplanmistir. Bununla birlikte, V2X aglari i¢in ayrilan sinirli RF bantlari, yogun trafikte
yiiksek diizeyde parazite maruz kalabilir ve kanal tikamiklii, gecikmeye duyarh
giivenlik iglevleri icin 6zellikle sorunlu olabilir. Bu tiir sorunlar1 ele almak i¢in, RF ta-
banli V2X iletisimine alternatif veya tamamlayici bir ara¢ erisim ¢oziimii olarak
goriiniir 151k iletisimi (VLC) Onerilmistir.

VLG, 151k yayan diyotun (LED) yogunlugunu modiile etme ilkesine dayanir ve hem
aydinlatma hem de iletisim amaglari i¢cin LED’in ikili kullanimin1 saglar. LED tabanh
sokak lambalari, trafik 1siklar1 ve otomotiv dis aydinlatmasinin her yerde bulunmasi,
VLC’yi ara¢ aglart icin potansiyel bir kablosuz baglanti ¢oziimii olarak
konumlandiriyor. Ara¢ VLC, fiziksel katman tasarimi, iist katman ag protokolleri ve
hibrit sistemler icin RF tabanli ¢oziimlerle entegrasyon gibi cesitli yonlerden son za-
manlarda artan bir ilgi gérmiistiir. Diger iletisim sistemlerinde oldugu gibi, kanal mod-
elleme VLC sistem tasarimi ve optimizasyonunda kritik bir rol oynar. Literatiirdeki

daha onceki sonuclar, i¢ mekan kanal modellemesine odaklanmigstir. Bu sonuglar, i¢
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mekan benzerlerinden dogal olarak farkli 6zellikler sergiledikleri i¢in arag VLC sis-
temleri icin gecerli degildir. Ornegin, i¢ mekan LED armatiirleri i¢in kullanilan ideal
Lambertian modeli, otomotiv HL, TL, trafik 1siklar1 ve sokak 1siklarinin aydinlatma
oOzellikleriyle uyusmamaktadir. Ek olarak, yol yansimasi, yol tipi, hava kosullari,
kullanici/ara¢ ekipmani ve altyapilarinin oryantasyonu, alici agikli§i boyutu ve giines
15181in etkileri, arag VLC sistemlerinin baglanti performansini gii¢lii bir sekilde etk-
ileyebilir. I¢ mekan VLC kanal modellerine artan ilgiye ragmen, gercek¢i arac VLC
kanal modellerinde eksiklik var.

Bunlardan motive olarak, bu tezde, iyi kurulmus bir kanal modelleme yaklagimi kul-
lanan farkl arag VLC baglantilari i¢in kapsamli bir kanal modelleme ¢alismas1 sunuy-
oruz. Bu tezin ilk boliimiinde, OpticStudio yaziliminin gelismis sirali olmayan 151n
izleme Ozelliklerine dayanan boyle bir kanal modelleme yaklagimini acikliyoruz. Bu
yaklagim, herhangi bir gercekg¢i 151k kaynagi radyasyon modelinin entegrasyonuna izin
verir. Daha 1yi dogruluk i¢in ¢ok sayida yansimayzi igleyebilir. Bu simiilasyon tabanl
bir kanal modelleme metodolojisi oldugundan, gercek bir senaryodaki ol¢timlere karsi
en az bir kez dogrulanmalidir. Bu nedenle, hem Goriis Hatt1 (LOS) hem de Goriis Dis1
(NLoS) durumlar1 g6z Onilinde bulundurarak kanal modelleme yaklasimimizi
dogrulamak i¢in ayni1 durumlar i¢in Sl¢iimler ve simiilasyonlar gerceklestiriyoruz.

Iki arac aym seritte seyahat ettiginde ve kablosuz vericiler olarak kaynak aracin
HL’lerini kullanarak V2V VLC kanalin1 modellemek icin boyle iyi kurulmus gercek¢i
bir kanal modelleme yaklasimi benimsenmistir. En son Onerilen kanal yolu kaybi
modeli, yalnizca 20 metreden daha kisa mesafeler i¢cin gegerli olan iletim mesafesinin
dogrusal bir fonksiyonuydu. Bu nedenle, genis iletim araliklari icin V2V kanal mod-
ellemesini arastirtyoruz ve negatif iistel fonksiyon gseklini alan ve genis iletim araliklari
ve farkli hava kosullar1 altinda simiilasyon sonuclariyla miikemmel bir eslesme
saglayan yeni bir yol kaybi ifadesi Oneriyoruz. Bu ifade daha sonra, belirli bir bit-
hata oran1 (BER) degerini karsilarken, hedeflenen bir veri hiz1 i¢in ulasilabilir iletim
mesafesini tiiretmek i¢in kullanilir. Ara¢ VLC’sinde hem HL'ler hem de TL'ler optik

vericiler olarak kullanilabilir, ancak ara¢ VLC’sinde bildirilen ¢ogu ¢alisma HL'lere
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dayali vericilere odaklanmistir. Bu nedenle, V2V tabanli TL’leri dikkate aliyoruz ve
farkli ticari araba modellerinin 6l¢iilen TL radyasyon modelleri i¢in ¢alisan yeni bir yol
kayb1 modeli tiiretiyoruz. Tiiretilmis yol kayb1 modelini kullanarak, ayrica, hedef BER
degeri altindaki maksimum iletim mesafesi icin kapali bicimli bir ifade tiiretiyoruz.
Ayrica, farklit V2V yogunluk senaryolar1 dikkate alinarak RMS gecikme yayilimi
incelenmistir.

Yukaridaki noktalarda, hem iki ara¢ arasindaki yanal kaymanin, aracin HL"lerinin
tam geometrisinin hem de alict a¢ikliginin V2V sisteminin yol kayb1 modeli tizerindeki
etkisi hari¢ tutulmustur. Bu nedenle, bu tiir eksiklikleri gidermek i¢in, V2V VLC sis-
temi icin baglanti mesafesinin, iki ara¢ arasindaki yanal kaymanin, hava tipinin, verici
1510 sapma agisinin ve alict agiklik ¢apinin bir fonksiyonu olarak kapali bigimli bir yol
kaybr ifadesi gelistirdik. Onerilen model daha sonra sistem performansini analiz et-
mek i¢in kullanilir. Birka¢ arag VLC calismasi, V2V baglant1 kanallarini arastirirken,
V2I/I2V kanallarina sadece birkac ¢alismada yer verildi ve ¢ok idealist varsayimlar
dikkate alindi.

Bundan yola ¢ikarak, HL.’lere/TL’lere ek olarak trafik 1siklarinin ve sokak 1siklarinin
kablosuz vericiler olarak yerlestirildigi 12V VLC baglantilarimi diisiiniiyoruz. 11k olarak,
ticari bir trafik 1s181na dayali olarak I12V’yi modelliyoruz ve hem uzunlamasina hem
de yanal kaydirma mesafelerinin bir fonksiyonu olarak yol kaybi1 modelinin kapali
bicimli bir ifadesini tiiretiyoruz. Onerilen model daha sonra hibrit I2V-V2V sistemi
icin optimum gii¢ tahsisini elde etmek icin kullanilmaktadir. Daha sonra, 12V sistem-
ini sokak 1s1k vericileri ile modelliyoruz ve alici-verici ve altyapr parametrelerinin bir
fonksiyonu olarak kanal yolu kayb1 i¢in kapali formda bir ifade elde ediyoruz. Bun-
lar, direk araligini, hem aydinlatma direginin hem de aracin yiiksekligini, ara¢ ile direk
arasindaki uzunlamasina ve yanal mesafeyi ve PD’nin aciklik boyutunu igerir. Bu alici-
verici ve altyapr parametrelerinin sistem ortalama hata orani performansi tizerindeki
etkisi, yol kaybin artik deterministik olmaktan ¢ikaran arac iletisiminin hareketliligi
de dikkate alinarak arastirllmistir. Aracin HL lerini verici olarak dagitan bir altyapi

diregi ile iletisim kurdugu ters kanal baglantisini, yani V2I sistemini ve hareket etmesi



icin trafik diregi i¢inde, sar1, kirmizi ve yesil LED armatiirlerinin bitisi§inde bulunan
tic PD’yi modelliyoruz. Kablosuz alicilar olarak Isin izlemeden elde edilen CIR’lere
dayanarak, yayilma ortaminin etkisi ve LED’in dogrusal olmayan ozellikleri dikkate
alinarak ulagilabilir kapasite i¢in bir ifade sunuyoruz.

Cogu V2V ve 12V VLC calismasinda, en yaygin temel varsayim bir veya iki PD
kullanmaktir. Bu, aym diiz seritte seyreden iki ara¢ arasinda veya araclar ile altyapi
arasinda net LOS ile baglant1 kurmak i¢in yeterli olabilir. VLC’yi ara¢ baglantisi icin
giiclii bir aday olarak konumlandirmak i¢in, V2V ve 12V baglantilarin1 destekleyen
cesitli dagitim senaryolarinda cok yonlii alim1 gerceklestirmek esastir. Bunu basarmak
icin yeterli sayida gerekli PD’nin ne oldugu agik bir soru olarak kalmaktadir. Bu tiir
pratik uygunluk sorusunu ele almak icin, farkl: yol tiplerinde (yani, ¢ok seritli, kavisli
yollar), kavsaklarda (yani, T-sekilli, Y-sekilli kavsaklar) arag¢ VLC sistemleri i¢in ¢ok
yonlii kapsamin kanal modellemesini arastirtyoruz. , ve trafik senaryolari (yani, ayni
veya farkli seritlerde seyir, serit degisikligi vb.). V2V baglantis1 (6n ve arka yonlerde)
ve I2V baglantist (trafik ve sokak lambalar ile) dahil olmak iizere ¢esitli durumlarda
sinyal alma kapasitesini 6l¢cmek i¢in bir kanal modelleme ¢alismasi yiiriitiiyoruz. Her
bir PD’nin kullanim durumlarin1 detaylandirmak i¢in bireysel PD’lerin katkisini daha
da nicellestiriyoruz.

Bu tezin son boliimiinde, kamu giivenligi sistemleri icin dis mekan yayinin
miimkiin kilmak i¢in bir kablosuz baglanti1 ¢oziimii olarak kesfederek ara¢ VLC’sinin
pratik bir uygulamasini ele aliyoruz. Dig ortam ve aydinlatma altyapisinin dayattigi
temel farkliliklar1 dikkate alarak her yerde bulunan sokak 1siklarimi kablosuz vericiler
olarak kullamiyoruz. Bunlar, sokak lambalarinin asimetrik diizeninin etkisini, kullanici
ekipmaninin yoniinii, hava durumunu ve giines 1smimini igerir. Iki yayin senaryosu
ele aliyoruz; Karayolunda VLC yayim ve kaldirim yolunda VLC yayini1 ve hareketlilik

kosulu altindaki tiim baglantilar icin alinan SNR’yi alin.
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CHAPTER1

INTRODUCTION

1.1 Visible Light Communication

Visible light communication (VLC) is a novel fast-growing emerging technology that
uses the unlicensed visible light spectrum (between 380 THz and 790 THz) as the com-
munication medium [1-3]. VLC enables the data transmission by modulating infor-
mation on the intensity of the Light Emitting Diodes (Light-Emitting-Diodes (LEDs))
achieving the dual functionality, that is, illumination and data transmission [4,5]. Com-
paring with other conventional light sources, LEDs have attractive features include
longer life expectancy, higher level of brightness, lower power consumption, higher
tolerance to humidity, and less heat generation lighting [6—8]. VLC technology has a
great potential in complementing or even substituting the existing radio frequency (RF)
communication technologies in several application such as Device-to-Device (D2D)
communications [9], indoor networking [10], vehicular networks [11, 12], medical ap-
plications [13], Internet access in airplane cabins [14], and positioning systems [15]. In
VLC systems, three main parts should be considered: VLC Transmitter, VLC Receiver,
and VLC Channel.

VLC Transmitter: The function of VLC transmitters is modulating the inten-
sities of lighting sources (LEDs) at very high frequencies. As a result, the human
eyes cannot perceive any difference in illumination compared to that when there is
no modulation [16]. Consequently, VLC transmitters become able to achieve the dual
functionality, i.e., illumination and data transmission simultaneously. VLC transmit-
ters are affected by several factors including the intensity profile, spectral distribu-
tion, LED non-linearity characteristics, LED electrical-to-optical conversion efficiency.
In VLC systems, different types of LEDs can be deployed including the Phosphor-

Converted (PC) LED, the multi-colour LED, i.e., Red-Green-Blue (RGB) LED), the



Organic-LED (O-LED), and the Micro-LED (u-LED) [17-20]. Each of these LEDs
has different characteristics that make them proper for a specific application. O-LEDs
can be considered the lowest cost one but with a significant limitation on the bandwidth
(i.e., < 1 MHz) [21]. On contrast, u-LEDs provide a very large bandwidth (i.e., > 300
MHz), however, their intricacy and cost are the bottleneck [22]. Generally, the most
commonly used types are the PC LEDs and RGB LEDs. RGB LEDs have the ability to
transmit the modulated data through three different color channels leading to a higher
throughput with three times comparing with the single-channel LED. However, due to
the cost-effectiveness and the simplified implementation of PC LEDs with respect to
the RGB ones they are the most preferred type for producing white light [22]. Together
with the LED source, a driver circuit is used to modulate the data using the emitted light
and by controlling the flowing current through the LED [23].

VLC Receiver: The other critical element for realization of VLC system is the VLC
receiver where the light detection is achieved by using the photodetectors (PDs). PDs
are available either as stand-alone devices or in the form of an image sensor (camera
sensor) which consists of a matrix of multiple PDs. Image sensors are existing in many
of mobile devices such as smartphones however they can achieve a very limited data
rates for VLC signals (i.e., a few kpbs) [24]. In contrast, the non-imaging PDs have the
ability to receive the VLC signals with higher data rates [25], i.e., reaches to hundred
of Mbps, hence, they are widely used for VLC systems. There are also several types of
PDs, deployed in the VLC receivers, including the positive-intrinsic-negative positive-
intrinsic-negative (PIN) PD, the Avalanche Photodiode (APD)), the photo-conductor,
and the metal-semiconductor-metal PD. The most widely adopted ones are the PIN
and APD PDs since their characteristics make them able to meet the VLC system re-
quirements [22]. Together with the PD, which converts the incident optical power into
electrical current, the VLC receiver contains an impedance amplifier device to amplify
that current before reaching to the equalizer. Furthermore, the received rays at the VLC
receiver pass first through an optical concentrator (to focus the rays on the sensitive area

of the PD) and an optical filter to reduce the effect of the ambient light noise.



VLC Channel: In VLC, as any other communication system, the medium/space
between the VLC transmitter and the VLC receiver is denoted by the VLC channel. In
which, several factors should be considered which differ from indoor and outdoor VLC
applications. One important issue in indoor applications is the impact of the interfer-
ence [26,27]. It can be caused either by the reflections from walls and objects inside,i.e.,
inter-symbol-interferences or by the neighbouring users, i.e., co-channel interferences.
In outdoor applications, in addition to the interference, many other environmental fac-
tors should be further considered [28]. These include the attenuation due to the atmo-
spheric weather conditions, the blockage due to the user density and mobility, and the
noise either from the sunlight or from the artificial light sources. It can be further noted
that the intensity profile of the light source is a critical factor in characterizing the VLC
channel since it affects the interactions of the emitted rays with the environmental ele-
ments during its paths until reaching the PD. Many of indoor luminaries have a uniform
radiation pattern that can be described by the ideal Lambertian model. However, that
holds untrue for the light sources with non-uniform radiation patterns, i.e., asymmetri-
cal pattern, as in outdoor luminaries. Furthermore, the area and the number of equipped
PDs plays an important role in VLC channel as it affects the total number of captured

rays and hence the total amount of collected power.

1.2 Vehicular VLC and Motivation of Research

In the last decade or so, there have been extensive research efforts in the context of Intel-
ligent Transportation Systems (Intelligent Transportation Systems (ITSs)) which are a
critical component of future smart cities [29,30]. ITSs aim to improve road safety, traffic
flow, and passenger comfort by enabling the information sharing between the vehicles
and infrastructures [31]. As a milestone of future generation ITSs, fully autonomous
vehicles are being considered by major automakers as well as Google, Uber, and Tesla.
One of the keys enabling technologies for such advanced transport solutions is vehic-

ular communication in the form of Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure



(V2I), Vehicle-to-Pedestrian (V2P), and Infrastructure-to-Pedestrian (Infrastructure-to-
Pedestrian (I2P)), commonly referred to as Vehicle-to-Everything (V2X) communica-
tion [32].

Since practical implementation of ITSs require highly robust, scalable, and reliable
V2X connectivity solutions, the research efforts and standardization activities on V2X
communication are continuously increasing. Most of these efforts have been so far cen-
tered around the RF technologies. For example, dedicated short-range communication
(Dedicated Short-Range Communication (DSRC)) is already commercially available
by some auto manufacturers [33] while Cellular-V2X Cellular-V2X (C-V2X) fifth gen-
eration (Fifth Generation (5G)) chipsets are being produced [34]. The current market
penetration of V2X solutions is relatively low and therefore, the allocated RF bands
might be sufficient at the time being. In the near future, however, high interference lev-
els can be experienced in limited RF bands particularly in high-density traffic scenarios.
Channel congestion will result in longer delays and degrade the packet rate.

To address such issues, VLC has been proposed as an alternative or complemen-
tary vehicular access solution to RF-based V2X communications [11,28,35]. VLC is
based on the principle of modulating the intensity of the light-emitting-diode (LED)
and enables the dual use of LEDs for both illumination and communication purposes.
The ubiquitous availability of LED-based street lights, traffic lights and automotive
exterior lighting positions VLC as a potential wireless connectivity solution for vehic-
ular networks [36,37]. In addition to interference immunity, VLC has the potential to
achieve very high data rates on the order of Gigabits Per Second (Gb/s) with off-the-
shelf LEDs [38] or even more with custom design LEDs [39]. With such attractive
merits, vehicular VLC has received an increasing attention recently and several topics
such as physical layer design [40], upper layer network protocols [12] and integration
with RF-based solutions for hybrid systems [41] have been studied in the recent litera-
ture [42].

As in any other communication system, channel modeling is critical for the design,

analysis and optimization of VLC systems. Earlier results in the literature have focused



on indoor channel modelling [43,44]. Those results are obviously not applicable to ve-
hicular VLC systems which exhibit inherently different characteristics in comparison to
indoor counterparts. Initial works on V2V VLC and/or I2V VLC assume the ideal Lam-
bertian model [45—48]. While this model can be well suited for many indoor LED lu-
minaries, it fails to match with the illumination characteristics of automotive HLs, TLs,
traffic lights, and street lights with their asymmetrical intensity distributions [28, 49].
For example, the vehicle headlights are designed to provide an adequate road illumi-
nation on the movement direction minimizing glare of oncoming traffic, and backward
reflections to the driver [42,50]. On the other side, the street lights are designed to focus
the light into the road surfaces increasing the illuminated area in the two directions of
the road (i.e., around the light pole) which results in a substantially different distribution
pattern [49]. Considering that in a vehicular VLC system the outdoor lighting module is
the transmit antenna, any modification of the antenna pattern naturally affects the com-
munication performance [51]. In addition to, the effects of road reflectance, road type,
weather conditions, orientation of the user/vehicle equipment/infrastructures, receiver
aperture size, and the sunlight might strongly affect the link performance of vehicular
VLC systems.

Existing V2V VLC Channel Models: In V2V VLC systems, both HLs and TLs
of the vehicle can be employed as the optical transmitters. There is already a growing
number of works on V2V VLC channels [1,52-64]. Earlier works mainly built upon
some ideal, yet unrealistic assumptions. For example, some works [1,52-55] consid-
ered the ideal clear weather condition and the Lambertian illumination pattern which
might be valid for indoor light sources, but do not capture the asymmetrical intensity
distribution of vehicle HLs and/or TLs. In an attempt to address such shortcomings,
a piecewise Lambertian channel model was proposed in [56], which estimated the re-
ceived power of the scooter TL for short distance up to 10 m. On the other side, the
intensity patterns for HLs were measured in [57-59] and then used in the performance
analysis. The work in [60] further presented a closed-form path loss expression for V2V

based HLs as a function of distance under the assumption of clear weather condition.



In [61], the link asymmetry problem of V2V was identified with a significant difference
in the received power for incoming and outgoing links.

Another important concern is the effect of road surface on V2V VLC systems. There
are some attempts to to address this by considering both dry and wet asphalt roads as
in [57,59]. However, these works were built on the assumption of fixed reflectance
values for both the road surface and vehicle coating. Such an assumption can be justified
for infrared wavelengths; however, in the visible light band, reflectance is wavelength-
dependent and this should be considered for a precise channel modelling.

A critical factor that needs to be further taken into account in V2V VLC channel
modelling is the impact of weather conditions. Some efforts to address this issue were
reported in [62,63] where the effect of artificially generated rain and fog on the received
optical signal was quantified for a TL LED using a laboratory chamber. Recently, in
[64], a V2V link with HLs acting as transmitters was considered and a linear path loss
expression was developed for clear, rain and fog conditions. This is however valid only
for very short link ranges up to 20 m.

Existing 12V VLC Channel Models: The topic of 12V VLC communications
was widely adopted in the open literature where traffic lights [46, 65-72] or street
lights [73-81] are used as VLC transmitters. Earlier 2V works assumed the ideal
Lambertian model for the traffic lights [46, 65, 66] or the street lights [73-76]. While
Lambertian model is a good model for indoor luminaries, such a model fails to match
with the illumination characteristics of streetlights with their asymmetrical intensity
distribution [28,49]. In addition, most of these works consider only LOS component
while reflected rays from the road were not considered. The impact of road reflection is
discussed in [77,78] but a fixed reflectance value is assumed for simplicity. This how-
ever does not hold for visible light spectrum where wavelength-dependent reflectance
should be assumed for a realistic modelling. The focus of [77] is implementing a Light
Fidelity (LiF1) system prototype while the focus of [78] is introducing an architecture
of hybrid VLC and RF system. The works in [73-75], further assumed the reception

from streetlights located only at one side of the road to calculate the SNR [73,74] or



to develop a handover technique [75]. The reception from the street lights located on
both sides of the road was then considered in [76] again under the LoS assumption. The
focus of [76] is introducing a channel estimation method based on a decision feedback.

In an attempt to consider the asymmetrical pattern of street lights, the authors
in [79, 80] used ray tracing to obtain the CIR for an 12V VLC system where the ra-
diation pattern of LED street lamp was imported from the Dialux library. This work
considered only a single street light located at a specific distance from the car in static
conditions and again assumed fixed reflectance value for road surface. The focus of [79]
is calculating the SNR at different optical bands while the focus of [80] is comparing
the delay time for V2I and V2V cases. The wavelength-dependent reflectance of the
road surface together with asymmetrical pattern of a commercial street light was more
recently considered in [81] where a specific 12V scenario with a fixed pole height, a
fixed spacing between poles, and a fixed aperture PD was considered.

In summary, while the most recent introduced V2V channel path loss model in [64]
considered the asymmetrical pattern of the vehicle HLs while it is only valid for rela-
tively short distance (up to 20 m). Also, while the recent works in [79—81] considered
the effect of the asymmetrical pattern of the infrastructure in channel modeling, they
present only numerical results and do not provide any 12V channel path loss models. A
closed form path loss expression provides critical insight into system design and perfor-
mance analysis. In an effort to fill these research gaps, we propose in this dissertation
realistic channel path loss models for vehicular VLC links including V2V based on
both HLs and TLs, and 12V based on both traffic and street lights. In our study, we
adopt channel modeling approach based on non-sequential ray tracing which will be

discussed in details in the next chapter.

1.3 Dissertation Outline

Motivated by these, to fill these research gaps, we provide in this dissertation a compre-
hensive channel modeling study for different vehicular VLC links including V2V based

on both HLs and TLs, and I2V based on both traffic and street lights. In our study, we



adopt channel modeling approach based on non-sequential ray tracing which will be
discussed in details in the next chapter of this dissertation. Therefore, the dissertation
has five main parts that can be outlined as follow.

In the first part of this dissertation, we explain our channel modeling approach which
builds upon advanced non-sequential ray tracing features of OpticStudio software. This
approach allows the integration of any realistic light source radiation pattern and can
handle a large number of reflections for better accuracy. Wavelength-dependent re-
flectance of surface coating for each material in the environment, as well as different
types of reflections (specular, diffuse, or mixed) can be considered for a precise charac-
terization. Then, since this is a simulation based channel modeling methodology, it has
to be validated at least once against the measurements in a real scenario. Therefore, we
carry out measurements and simulations for the same scenarios to validate our channel
modeling approach considering both the LoS and the NLoS cases and in both indoor and
outdoor environments. The obtained CIRs and Channel Frequency Responses (CFRs)
of the two methods indicate a very good agreement validating the ray tracing approach.

In the second part of this dissertation, such a well established realistic channel mod-
eling approach is adopted to model the V2V VLC channel when two vehicles travel
in the same lane utilizing either the HLs or the TLs of the source vehicle as wireless
transmitters. First, we propose a path loss expression for V2V based HLs, which takes
the form of a negative exponential function, and provides an excellent match to simula-
tion results for larger transmission ranges and under different weather conditions. This
expression is then utilized to derive the achievable transmission distance for a targeted
data rate.

Then, we consider V2V based TLs and derive a new path loss model works for
measured TL radiation pattern of different commercial car models. Next, we estimate
the performance of V2V VLC system in terms of the maximum transmission distance
at a target BER. Furthermore, the RMS delay spread is investigated by considering
different V2V density scenarios.

In the above points, the effect of both the lateral shift between the two vehicles, the



exact geometry of the vehicle HLs, and the receiver aperture on the path loss model
of V2V system are excluded. Therefore, to address such shortcoming, we develop a
comprehensive closed-form path loss expression for RF VLC system as a function of
link distance, lateral shift between the two vehicles, weather type, transmitter beam
divergence angle, and receiver aperture diameter.

In the third part of this dissertation, we consider 12V VLC links. First, we model
the 12V based traffic lights transmitters taken into account the inherent characteristics
of the commercial traffic lights same as the wavelength-dependent reflectance of the
road, poles, and vehicle objects. We derived a new path loss model as function of both
the longitudinal and lateral shift distances which is then used to investigate the received
SNR performance of the 12V system. Then, the reverse channel link, i.e., V2I system,
is considered. In which, the vehicle communicates with a traffic pole deploying its HLs
as wireless transmitters while 3 PDs located within the traffic pole adjacent to yellow,
red and green LED luminaries to act as wireless receivers. Based on the CIRs, obtained
from the ray tracing, to model propagation environment as well as the effects of LED
non-linear characteristics, we calculate the received SNR and achievable data rates for
the V2I system.

Furthermore, we consider the 12V systems with street light poles located at both
sides of the road. We introduce a comprehensive channel path loss model based on data
fitting to CIRs obtained using our channel modeling approach and during the travel
distance. The proposed closed-form path loss expression is a function of transceiver
and infrastructure parameters. These include the spacing between the street light poles,
the height of the street light poles, the height of the vehicle, both the longitudinal and
lateral distance between the vehicle and the street light pole, and the aperture size of the
PD. The derived channel path loss model is then utilized to investigate the performance
of 12V VLC systems through the derivation of closed form BER expression taking into
account the randomness of the channel path loss.

In the fourth part of this dissertation, we investigate the multi-directional coverage

for Vehicular VLC Communication. Our motivation is that in most of RF and/or I2V



VLC works, the common underlying assumption is the use of one or two PDs. This
is typically sufficient for establishing connection between two vehicles cruising in the
same straight lane or between the vehicle and infrastructure with clear line-of-sight. To
position VLC as a strong candidate for vehicular connectivity, it is essential to real-
ize multi-directional reception in various deployment scenarios supporting both RF and
I2V links. It remains an open question what is the sufficient number of required PDs to
achieve this. To address this question of practical relevance, we investigate the channel
modeling of a vehicular VLC system in different road types (i.e., multi-lane, curved
roads), intersections (i.e., T-shaped, Y-shaped intersections) and traffic scenarios (i.e.,
cruising in the same or different lanes, lane change etc.). We conduct a channel mod-
eling study to quantify the capability of receiving signals in different cases in a way
to achieve the omni-directional coverage for both RF connectivity (in front and back
directions) and both I2V connectivity (with traffic and street lights).

In the fifth part of this dissertation, we consider a practical application of vehicu-
lar VLC systems. We explore VLC as a wireless connectivity solution to enable the
outdoor broadcasting for public safety systems utilizing the ubiquitous street lights as
transmitters. In our channel modeling, We take into account the fundamental differ-
ences imposed by the outdoor medium and lightning infrastructure. These includes the
effect of asymmetrical pattern of streetlights, orientation of the user equipment, weather
condition, and the solar irradiance. Based on the ray tracing approach, we obtain the
CIRs for the Streetlight-to-Pedestrian (S2P) and Streetlight-to-Vehicle (S2V) links. The
obtained CIRs are then used to calculate the variance of the received signal at the PD.
We then utilize the advanced features of OpticStudio and provide a realistic modeling
for the solar irradiance calculating the variance of the received background noise at the
PD. The received SNR is then obtained for both S2V and S2P links under the mobility

condition.
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1.4 Organization

The dissertation is organized as follow. Chapter 2 focuses on the explanation and vali-
dation of our channel modeling based on the non-sequential ray tracing, which is then
utilized for the channel modeling in the following chapters, Chapter 3 focuses on the
channel modeling for RF communication links, Chapter 4 focuses on the channel mod-
eling for 12V communication links, Chapter 5 focuses on the channel modeling for
multi-directional coverage including both RF and I2V cases. Toward a practical ap-
plication of vehicular VLC systems, Chapter 6 focuses on exploring VLC as a wire-
less connectivity solution to enable the outdoor broadcasting for public safety systems.
These chapters are organized as follow:

Chapter 2 has three sections. In Section 2.1, we provide an overview of existing
VLC channel modeling methodologies. In Section 2.2, we explain our channel model-
ing approach which is based on non-sequential ray tracing features of OpticStudio. In
Section 2.3, we investigate the accuracy of our channel modeling approach by compar-
ing the results of CIRs and CFRs obtained from the simulation and the measurements
at different scenarios.

Chapter 3 considers RF VLC channel modeling and has two sections. In Section 3.2,
we derive closed form expressions for the channel path loss of RF in perfect alignment
case based on the vehicle HLs (see Section 3.2.1) and the vehicle TLs (see Section 3.2.2)
respectively. These expressions are then utilized to derive closed form expressions of
the maximum achievable transmission distance for a targeted BER performance. In
Section 3.3, we derive a comprehensive closed form expressions for the channel path
loss of RF in non-perfect alignment case which is a function of link distance, lateral
shift, weather type, transmitter beam divergence angle, and receiver aperture diameter.

Chapter 4 considers 12V channel modeling and has three sections. Section 4.2 in-
vestigates the channel modeling for I2V based traffic lights and derives a closed form
path loss expression as function of longitudinal and lateral distances. In Section 4.3,

we derive a closed form expression for the channel path loss of 12V based street lights
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as a function of spacing between lighting poles, pole height, vehicle height, both lon-
gitudinal and lateral distance, and the aperture size of the PD. The derived model is
then utilized to derive a closed form BER expression considering the randomness of
the channel path loss. Section 4.4 investigates the channel modeling of V2I link and
derives an expression for the achievable capacity considering the effect of propagation
environment as well as the effects of LED non-linear characteristics.

Chapter 5 investigates the multi-directional coverage for vehicular VLC and it con-
sists of three sections. In Section 5.2, we illustrate the vehicular VLC scenarios under
consideration which include different road types (i.e., multi-lane, curved roads), inter-
sections (i.e., T-shaped, Y-shaped intersections) and traffic scenarios (i.e., cruising in
the same or different lanes, lane change etc.). In Section 5.3, we indicate the locations
of the PDs around the vehicle to achieve the required omni-directional coverage for
all previous scenarios. In Section 5.4, we quantify the capability of receiving signals
in all scenarios considering both RF links (in front and back directions) and I2V links
(with traffic and street lights). We further quantify the contribution of individual PDs to
elaborate the main usage cases of each PD.

Chapter 6 discuss the VLC-based outdoor broadcasting application and it has two
sections. In Section 6.2, we introduce the VLC broadcasting system, illustrate the street-
light type classifications, explain the sunlight modeling with OpticStudio, and present
the SNR calculations. In Section 6.3, we present the broadcasting scenarios under con-

sideration and discuss the numerical results.
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CHAPTER I

CHANNEL MODELING APPROACH

2.1 Introduction

In this chapter, we explain the channel modeling approach based on non-sequential ray
tracing features of OpticStudio [82], and investigate its flexibility and accuracy. Chan-
nel modeling is considered as an essential stage to evaluate the communication system
design [83]. Generally, there are two ways to characterize VLC channels. The first one
is based on the simulation while the second uses experimental measurements. While
simulations can be reproduced on every personal computer, measurements are time-
consuming, costly and specific for the particular measured scenario. While simulations
are more generic, they have to be validated at least once against measurements in a real
scenario.

Simulation methodologies for VLC channel modeling can be classified into two
major approaches, i.e, deterministic [84—89] and stochastic methods [90-93]. Recur-
sive calculation [84—87] and geometric-based models [88,89] are the most widely used
deterministic techniques, but are typically limited to simple geometries due to com-
putational complexity. As a more flexible alternative to deterministic methods, non-
sequential ray tracing can be employed [92,93]. This stochastic approach allows for
the evaluation of the impulse response for environments with complex geometries es-
pecially when a large number of reflections are considered. In a ray tracing study, the
objects hit by the rays are defined by their physical properties and orientation towards
the directions of rays. This allows the ray to be launched and then hit whatever object
is in its path. As a result, the ray may be reflected, scattered, refracted, diffracted, or
split into sub-rays.

Ray tracing studies were reported for both Infrared (IR) and VLC wavelengths

[92-96]. Non-sequential ray tracing of OpticStudio [82] allows the integration of any
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realistic light source radiation pattern and can handle a large number of reflections for
better accuracy. The wavelength-dependent reflectance of surface coating for each ma-
terial in the environment, which is particularly important at visible wavelengths, as well
as different types of reflections (specular, diffuse or mixed) can be further taken into
account for a precise characterization. VLC channel models developed through this
approach were also adopted as reference channel models in IEEE 802.15.13 and IEEE
802.11bb [97,98].

It can be further noted that experimental measurements are time consuming and
require dedicated hardware and costly equipment. Therefore, the challenge is to char-
acterize VLC channels with a realistic simulation methodology in away to reach a sat-
isfactory matching between simulations and measurements. Afterwards, modelling of
more complex scenarios becomes readily accessible. Towards this main objective, in
this chapter, we carry out measurements and simulations in the same scenarios to vali-
date our channel modeling approach. Our measurement system exploits multiple LEDs
and PDs at both transmitter (Tx) and receiver (Rx) front-ends, and a standard Vector
Network Analyser (VNA). In the simulation study, we utilize the same set-up, i.e., the
radiation pattern of LEDs, the effect of the receiver directivity, wavelength-dependent
reflectance of the walls and objects inside the room, etc. to allow one-to-one compar-
isons with measurement campaign.

Results of both ray tracing simulations and measurements have indicated a very
good match in both frequency and time domains validating the ray tracing approach.
The rest of this chapter is organized as follow. In Section 2.2, we explain our channel
modeling approach based on the ray tracing methodology adopted in our study. In
Section 2.3, we introduce the measurement methodology used to validate our channel

modeling approach and compare the results of simulation and measurements.

2.2  Ray Tracing Methodology

In this section, we explain the major steps of the ray tracing approach. As shown in Fig.

1, we have three main steps that can be described as the following:
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Figure 1: Main steps of ray tracing channel modeling approach.

Design: First, we design the 3D simulation model of the test environment under
consideration in OpticStudio. Then, we design and import the CAD models of the ob-
jects inside, i.e., furniture, human beings, etc for indoor case and vehicles, poles, roads,
etc in outdoor case. To arrive at the CAD model designs, we leverage a combination of
built-in OpticStudio tools like Part Designer; external tools like SolidWorks, AutoCAD,
Rhino, and others; importable designs from various online catalogs like TurboSquid,
GrabCAD, and Free3D.

Define: Next, with the CAD files imported into OpticStudio [82], we define the
specifications for the 3D environment and its CAD components. The coating materials
of such CAD objects are defined in the simulation platform where the wavelength-
dependent reflectance as well scatter fraction can be specified. Crucially, we specify
parameters for the key system elements themselves—the transmitter and receiver. For
the transmitter, we define the orientation and power, and identified the source type and
radiation patterns using both imported sources and native sources from the built-in Op-
ticStudio library. For the receiver, we specify the detector type and viewing angles,
along with the sensitive area as required to provide the necessary quality of informa-
tion. For simulating outdoor weather conditions in the 3D environment’s atmospheric
propagation medium, we use built-in OpticStudio volume physics tools that provided

input parameters for key qualities of precipitation, including refractive index, radius,
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and density of particles.

Analyze: When all definitions are applied, we specify the ray tracing parameters
which include the number of rays and the maximum number of objects the light would
touch—and then conduct the ray tracing analysis in OpticStudio [82]. At the end of the
simulation process, OpticStudio produces an output file containing information about
the simulated path length and power of each ray emitted from the light source and
detected at the receiver. By importing the file into MATLAB, we compute the CIR by

N
h(t) = ;Piaa —7) 2.1)
i=
where N is the number of rays received by the PD and 9§ is the Dirac delta function.
Here, P, and 7; respectively denote the power and the propagation delay of the /' ray
received by the PD, i = 1,--- ,N. After obtaining the CIR, we obtain various projected
channel parameters such as channel channel delay spread, channel path loss, and chan-
nel frequency response.

One of the important channel parameters is path loss, which is critical for link bud-
get calculations. With Hy = [, h(t)dt being the Direct Current (DC) channel gain, the
path loss is given as

PL = —10log,,(Ho) (2.2)

Since multiple copies of the signal reach at the receiver through different paths, each
of them has a different power level and path length. Hence, the channel is affected by
temporal dispersion. The impact of multi-path dispersion is often characterized by the

RMS delay spread which can be computed by
Ji7 (1 = ue)h(e)ds
_ 23

where (17 is the mean excess delay. It is well known that higher the value of RMS delay

spread, lower is the data transmission rate. Another important parameter is the channel
coherence bandwidth, B.. Assuming a correlation level of 50% [83], the channel co-
herence bandwidth can be given by B, 504, = 1/5%:ns. From the CIR in Eq. (2.1), the

channel frequency response can be then given by the help of Fourier transformation.

16



Tx Front-end

LC Channel s
(a) (b)

Figure 2: Validation of ray tracing channel modeling approach (a) Channel measure-
ment setup, (b) Test environment.

2.3 Experimental Validation

Measurement System: The channel measurement system (see Fig. 2.a) is based on fre-
quency sweep technique using a standard Agilent two-port VNA (E5061B-3L5 model),
capable of operating between 5 Hz and 3 GHz. At first, a 0 dB continuous-sinusoidal-
signal, swept from 1 MHz to 200 MHz in steps of 200 kHz, is delivered to the optical
Tx front-end. Then, Tx (consisting of multiple LEDs) radiates the signals through the
propagation channel. A large amount of transmitted rays will be captured at the PD ar-
ray of Rx kept at a particular configuration according to the effective sensitive area and
FOV angle of the PD. In our set-up, the Tx front-end consists of four OSRAM OSLON
SFH-4715AS LEDs which has the centroid wavelength at 850 nm [99]. Rx front-end is
equipped with five HAMAMATSU-S6968 PDs with a high sensitivity around 850 nm.
This combination of Tx and Rx arrays maximize the number of captured rays at the Rx
which is critical during NLoS scenarios. The amplitude and phase of the received sig-
nal at the port 2 of VNA are compared with the transmitted ones and the corresponding
frequency response of the VLC system is generated. The resultant response consists of
frequency response of VLC channel, Tx and Rx front-ends. The effect of these front-
end responses must be nullified then in order to characterize the VLC channel [100].
From this frequency response, a normalized CIR is calculated using inverse discrete

Fourier transformation method.
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Figure 3: VLC scenarios for validation: (a) scenario I, (b) scenario II, (c) scenario III.

VLC Scenarios Under Consideration: As illustrated in Fig. 2.b, we performed
the measurements in a small meeting room at HHI with a dimension of 5.7 mx 4.5 mx
3 m. Both Tx and Rx front-ends are deployed on a metal tripod at a height of 1.5 m and
with a separation distance of d. In the measurements, three VLC scenarios (See Fig. 3)

are considered as follows:
1. Scenario I (LoS scenario): Tx and Rx face each other maintaining a LoS link.

2. Scenario II (NLoS with first order reflection): Tx and Rx face towards the
ceiling. The Rx in this case can capture the rays after the reflection, mostly from

the ceiling which represents the first-order reflection rays.

3. Scenario III (NLoS with high order reflections): Tx and Rx face opposite di-

rections. Hence the signalling takes place through the multiple reflections.

2.4 Results and Discussion

In this part, we present the simulation and experimental results of VLC channel char-
acteristics. For all scenarios under consideration, the value of d varies between 1 m
and 3 m with 0.5 m step size. Figs. 4 and 5 show the channel frequency response
(amplitude) and the CIR of VLC channels obtained for three different scenarios under
consideration. It is observed that results from simulation and experiments exhibit simi-
lar behaviour with having a deviation of 1-3 dB in amplitude and 1-4 radians in phase.
One can notice also that the strongest peak of CIRs is observed at the same point in the

experimental and simulated data.
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Figure 5: Validation results for CIRs: (a) scenario I (b) scenario II (c) scenario III.

In addition to our indoor verifications, it should be further emphasized that experi-
mental validations of the data generated by this channel modeling approach have been
demonstrated for different other VLC scenarios including indoor and outdoor scenar-
ios. For example, in [101,102], this channel modeling approach is utilized for modeling
different indoor Multiple-Input Multiple-Output (MIMO) VLC scenarios with furniture
inside. The results are then compared with the measurements that are carried out using a
channel sounder capable of measurements at frequencies of up to 250 MHz. The results
of both methods indicated a very good agreement validating the ray tracing approach in
indoor MIMO scenarios. In [103], this channel modeling approach is utilized to model
the V2V VLC system, and the path loss results are compared with the experimental
measurements proposed in [60]. The obtained ray tracing results provide a very good
match with the measurement ones under the same vehicular VLC environment condi-
tions validating the ray tracing approach in vehicular applications. The validation of

this ray tracing approach is further documented in an IEEE 802.11-12/1234r0 standard
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contribution [104]. In conclusion, the obtained results of both the ray tracing simu-
lations and the measurements demonstrated that the ray tracing approach can create
realistic channel models for both indoor and vehicular scenarios. In the next chapters,

this channel modeling approach will be used for modeling the vehicular VLC channels.
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CHAPTER III

CHANNEL MODELING FOR INTER-VEHICULAR
COMMUNICATION

3.1 Introduction

In this chapter, we utilize the channel modeling approach described in Chapter 2 to
model the V2V channels. It can be noted from our literature survey (See Section 1.2.1)
that most of previous studies [1,52-55] assume a simplifying, yet inaccurate, assump-
tion in channel modeling that HLs and TLs have Lambertian profiles. Recently, a linear
path loss model with asymmetrical HLs was introduced in [64], however, it is valid
only for very short ranges up to 20 m. Therefore, there is a need for a new channel
path loss of V2V with HLs, works for larger transmission ranges and under different
weather conditions. Since in vehicular VLC, both HLs and TLs can be employed as the
optical transmitters, a path loss model model for V2V with TLs is also required taken
into account their asymmetrical intensity patterns. Besides the asymmetrical pattern
effect, the lateral shift between the vehicles same as the receiver aperture size may af-
fect the amount of collected power, and hence the system performance, which must be
considered.

The rest of this chapter is organized as follow. In Section 3.2, we derive closed form
expressions for the channel path loss of V2V in perfect alignment case based on the
vehicle HLs (see Section 3.2.1) and the vehicle TLs (see Section 3.2.2) respectively.
These expressions are then utilized to derive closed form expressions of the maximum
achievable transmission distance for a targeted BER performance. In Section 3.3, we
derive a comprehensive closed form expressions for the channel path loss of V2V in
non-perfect alignment case which is a function of link distance, lateral shift, weather

type, transmitter beam divergence angle, and receiver aperture diameter.
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3.2 Perfect Alignment Case

Earlier studies on V2V VLC channel modeling [1, 52-55] assume that vehicle HLs
and/or TLs have Lambertian profiles. It has been shown, however, in [64] and in [105]
that HLs and TLs of commercial vehicles have asymmetrical patterns with a significant
effect on the channel path loss. Therefore, we present in Section 3.2.1, a closed form
expression for the channel path loss of V2V with HLs and derive the maximum achiev-
able distance. In Section 3.2.2, we present a closed form expression for the channel

path loss of V2V with TLs and derive the maximum achievable distance.
3.2.1 V2V Based Vehicle Headlights

Path Loss Model: In this section, we propose a closed-form path loss expression for
V2V link with HLs transmitters and verify it through simulation results. The received

optical power at a distance d can be written as
Pr :PtGeGatt’ (31)

where G, represents the atmospheric attenuation and changes according to weather
conditions. According to Beer-Lambert formula [106], it can be expressed as G, =
exp (—cd) where c is the extinction coefficient.

G, 1s the geometrical loss due to spreading of the emitted optical beam along the
distance between the transmitter and the receiver. To take into account the asymmetrical
pattern of HL source, we propose the use of

1\5B
G, :A<d—2> ) (3.2)
where A represents the geometrical loss value at a reference distance of dy and B is the
decaying factor. Replacing G, and G, in Eq. (3.1), we can express the path loss model
as

P, =P Ad Bexp(—cd)- (3.3)

p

where p is the optical channel coefficient. In order to determine A and B, we determine

the received optical power at a reference distance dp = 10 m via ray tracing simulations
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explained before. Let Py denotes the received optical power at dy = 10 m. We can
then determine A = P, d(z)B exp(cdp)P;. Through our simulation results, the value of B is
determined to be 0.87 for clear and rainy weathers while in case of foggy weather, it is
determined to be 0.7. As a benchmark, we consider the linear path loss model of [64]
which is given by

P.=PF(ad+p): (3.4)

where the values of @ and f3 are given as (a, B) = (-0.44, -40.93), (-0.46, -40.90), and
(-0.61, -40.46), respectively, for clear, rainy and foggy weathers.

Maximum Transmission Distance: Based on the derived path loss model in Eq.
(3.3), we derive the achievable transmission distance for a targeted data rate while sat-
isfying a given value of BER. Under the assumption of L-ary Pulse-Amplitude Modu-
lation (PAM), the BER can be approximated by [107]

2(L—-1) 1 [(npPh)’log,L

~ 3.5
‘" Llog, (L)~ |\ L—1 NoR (3-5)

where L is constellation size, 1) represents the responsivity of PD, R is the data rate, and
Ny is the noise power spectral density. By rearranging Eq. (3.5), we get
(nPip)’log,L
No(L—1%Q ! (Bblogi*

respectively denote the targeted data rate and constraint BER. Solving

~
~

(3.6)

Let R, and P,

€th

Eq. (3.6) for p, we obtain

NoR P, Llog,L
p~|(L-1) + 0! <ﬁ) (3.7)
(nF:)"logy L 2(L—1)
After some straightforward mathematical manipulations on p = Ad~Bexp (—cd), we
can obtain d as
1

2B A 2B
dz—W(C Bl> (3.8)

¢ 2Bp B

where W(.) denotes Lambert-W function. By replacing Eq. (3.7) in Eq. (3.8), the
achievable transmission distance for the given values of R and P,,, is obtained by

1
2B

2B AonP /ool
d="wl|< 0N%1 /08 (3.9)

"R P, Llog,L
¢ \PB\e-n VR ()
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Figure 7: V2V system model (a) Location of HLs on the source vehicle, (b) Location
of PDs on the destination vehicle, and (c) Intensity profile of vehicle HLs

Simulation Results and Discussion: As illustrated in Fig. 6, we consider a V2V
scenario in a two-lane highway road with a lane width of 3.75 m [108]. We assume that
two cars are located at the center of the same lane and separated with an inter-vehicle
distance of d. Following the specifications of [11], we assume “R2” type asphalt road
which has mixed diffuse and specular reflection nature. We adopt Mie scattering to
model clear, rainy and foggy weather conditions [106]. As illustrated in Fig. 7, we
assume that cars are black-colored and modeled as CAD objects with dimensions of
4.6 mx1.8 mx1.3 m following Audi A5 Coupe specifications [109]. Headlamps of
the first car serve as wireless transmitters. They are designed to provide an adequate
road illumination without causing any glare for other road users, therefore they have
asymmetrical intensity distributions patterns given in Fig. 7.c.

At the receiver side, we consider two cases: Case A) We assume a single PD (PD1)

located at the center of the back of the car similar to [64], Case B) We assume the
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Table 1: Simulation parameters for V2V system.

Type: High-beam headlamp
Transmitter Brand: Philips Luxeon Rebel white LED
Power: 1'W
Light wavelength: | 400 nm-700 nm
Type : PN junction
Area : 1 cm?
Receiver FoV: 180°
Responsivity: 0.28 A/W
Noise density: 10~22
Type: R2
Road Coating material: | Asphalt
Lane width: 3.75m
Length: 4.673 m
Vehicle Wi.dth: 1.846 m
Height: 1.37T m
Coating material: | Black gloss paint
Type: Clear Rainy Foggy (Visibility of 50m)
Particle index: 1.000277  1.33 1.33
Weather Size (um): 1074 100 10
Density (cm3): 10" 0.1 124.6
c(m™): 1.5x107°  0.9x107°  0.078

deployment of two PDs (PD2 and PD3) installed under TLs as shown in Fig. 7.b. All
simulation parameters are provided in Table 1.

In the following, we first confirm the accuracy of the proposed path loss expression
through simulations. Then, we present numerical results for the achievable transmission
distance under different weather types to achieve specified values of R, and F,,, .

In Fig. 8, we present the received power based on the path loss expression in (3.3)
assuming single PD deployment (i.e., Case A) and considering clear, rainy and foggy
weather conditions. As benchmarks, we provide simulation results and the linear path
loss model in (3.4). It is observed that the linear model can match simulation results for
only short transmission distances and deviates for distances larger than 20 m. On the
other hand, the proposed expression in (3.3) provides a very good match to simulation

results for a wider range [110]. Comparison of Figs. 8.a, 8.b, and 8.c further reveals that

the rain has negligible effect on VLC link while fog introduces significant degradation.
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Figure 8: Path loss results for V2V with HLs and perfect alignment (a) Clear weather
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Figure 9: Achievable transmission distance versus the data rate for for V2V with HLs
and perfect alignment (a) Case A (PD1) (b) Case B (PD2 and PD3).

As an example, consider d = 30 m. The received power in clear weather condition is
-52.7 dB for the normalized unit power transmission. This reduces to -53.3 dB for rainy
condition indicating a mere 0.6 dB degradation with respect to clear weather. It can be
readily verified from Fig. 8.c that this further reduces to -57.9 dB for foggy weather
and a degradation of 5.1 dB is observed.

In Fig. 9, we present the achievable transmission distance versus the data rate. We
assume P,, = 107® and 32-PAM. Assume a target data rate of R = 10 Mb/s. In Fig. 9.a
for single PD deployment, it is observed that the achievable transmission distance is 25
m for this data rate. This reduces to 24 m and 16.5 m respectively for rainy and foggy
weathers. It can be readily verified from Fig. 9.b that using two PDs will increase the

achievable transmission distance. The achievable transmission distances are obtained
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Figure 10: Measured and Lambertian patterns for TLs (a) BMW, (b) Audi, and (c)
Nissan.

as 30.5 m, 29.3 m, and 19.5 m, respectively, for clear, rainy, and foggy weathers.
3.2.2 V2V Based Vehicle Taillights

While in vehicular VLC, both HLs and TLs can serve as the optical transmitters, while,
most reported works on vehicular VLC have focused on HLs-based transmitters. There
are only a few studies focused on the use of TLs in vehicular VLC [56,60,61]. Recently,
the radiation pattern of a commercial’s TL was measured [105], showing that TL has
a non-symmetric pattern, which is different from the Lambertian model as shown in
Fig. 10. This demonstrates the demand for a path loss model model for V2V with
TLs taken into account such asymmetrical intensity pattern. Therefore, we incorporate
the real measured radiation patterns for commercially available TLs from different au-
tomotive manufacturers i.e., BMW, Audi AS, and Nissan (see Fig. 10) using the 3D
ray tracing platform, and derive a new path loss model. Then, we estimate the per-
formance of VVLC through derivation the maximum transmission distance at a target
BER. Furthermore, the RMS delay spread is investigated by considering different V2V
scenarios.

Path Loss Model and Maximum Transmission Distance: In this section, we first
propose a closed-form path loss expression for V2V link with TLs transmitters and
verify it through simulation results. The proposed path loss model is an explicit function

of d and the vehicle’s TL, which is given by:
PL;(d) = PLg; + 10log, (d"*%) — §;d, i € {a,b,c} (3.10)
where PL is the reference PL at dy of 1 m. The values of & and {; are determined by
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Table 2: TL Parameters from empirical measurements.

TL brand | 6-left (°) | 6-right (°) | P, (mW) & Gi

(a) BMW 65 75 111 0.809 | 0.074
(b) Audi 47 55 40 0.801 | 0.072
(c) Nissan 22 27 9 0.805 | 0.079

means of ray tracing simulation for each model as given in Table 2.

For non-return to zero on-off keying (NRZ-OOK) data format, the BER is given by:

BER; (d) = %erfc (—‘2%\/%1)> , (3.11)

In Eq. (3.11), 7 (d) is the SNR and is given by:

(NRHi(d))*P,

Y%i(d) = 52 : (3.12)

where 7 is the electrical-optical conversion factor, R is PD’s responsivity, ¢~ is the
noise variance, P, is transmit electrical power at the Tx, H;(d) is the channel DC gain at

d. Substituting Eq. (3.12) in Eq. (3.11) and solving for H;(d), we have:

2

S -1
Hi(d) =2V2 ITZRZ erfc”! (2BER;)- (3.13)
H;(d) can also be obtained from Eq. (3.10) as:
PLOAVII —2¢;) _ é
Hl(d) _ 10( 10 +loglo<d ? ) 10d>. (3.14)

Using Eq. (3.14) and Eq. (3.13) and substituting for 6> = Ny B,,, where Nj is the noise
power spectral density, and B,, is the noise bandwidth, the transmission range at the

threshold BER (BERT) is expressed by

PLy; .
#—loglo (2ﬁ( NoBw )erfc*1(2BERT))

An’R?

. _ 20logjpe Gi/€i
dl - W 2€i10g10€ ’

Gi/€ 201og;oe (3.15)

exp

where W(.) denotes Lambert-W function.
Simulation Results and Discussion: We present the simulation results for path
loss, delay spread, and achievable distance for R = 0.54 A/W, P, = 10 W, Ny = 10-22

W/Hz, B,, corresponds to 100 kHz, 1 MHz, and 5 MHz, and n = 0.5. We assume
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Figure 11: Path loss results for V2V with TLs and perfect alignment.

an asphalt road surface with the R2 type following the specifications of International
Commission on Illumination [111]. R2 road type has a specular factor S; of 0.582
and an average luminance coefficient Qp of 0.07, which result in mixed diffuse and
specular reflections [59]. For the vehicle, we assume gloss black paint as in [64]. The
wavelength dependent reflectance of glossy black paint and the asphalt road surface are
defined in [112, 113], respectively.

In Fig. 11, we present both the proposed path loss model in Eq. (3.10) and the
widely used Lambertian model for the three TLs under investigation. The PL plots
are obtained using ray tracing with the measured radiation pattern also included. It is
observed that the proposed expression in Eq. (3.10) offers a very good match with the
simulation results for the three TLs [114]. It is also observed that the path loss results
are significantly different from those based on Lambertian model. For example, for
Audi AS (i = b) and for d = 25 m, the measured path loss is -67 dB, which is lower
by ~3 dB and ~4 dB compared with Lambertian model with 6, of 47° and 55°,
respectively. Note that only Nissan TL (i = ¢) offers higher losses than the Lambertian
model. This is due to Lambertian model is based on half-beam angle 6; ;,, which are
22° and 27° for the left and right TLs in Nissan, respectively. However, these angles
do not consider the orientation of the light profile that might be shifted with respect to

the 0° direction, which is the case in Nissan TL. By considering the real pattern of the
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Figure 12: Achievable distance versus BER for V2V with TLs and perfect alignment.

light source, which is obtained by empirical measurements, a more realistic path loss
can be determined. It is shown in Fig. 11 that, unlike BMW and Audi AS, the path loss
based on the measured pattern for Nissan TL is higher than Lambertian by an average
of 3 dB.

In Fig. 12, we show the attainable transmission distance d; as a function of the target
BER for three TLs. It is observed that, reducing B,, has a significant impact on d. This
is because reducing B,, decreases the noise variance thus resulting in an increase in the
received SNR. Therefore, d becomes larger, see Fig. 12. For example, for B,, = 1 MHz
and a target BER of 1073, which is within the forward error correction BER limit, d;
values are ~55, ~51, and ~44.5 m for BMW, Audi, and Nissan, respectively. These
increase to 80, 75, and 66 m, respectively for 100 kHz.

To investigate the effect of reflections from neighboring vehicles, we consider a
V2V system with the TLs of the front vehicle (i.e., BMW with i = a) and a single PD
located in the front of the vehicle in behind are used as the transmitters and receiver, re-
spectively. We consider three different scenarios and determine their root-mean-square
(RMS) delay spreads (Tgpss).- The V2V scenarios under consideration are described as:

Scenario I: Two vehicles travel in a single-lane road and are separated by d. This
is the ideal case since there are no neighboring vehicles as in Fig. 13.a.

Scenario II: A two-lane road with single-side neighboring vehicle is considered.
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Figure 13: V2V scenarios with TLs and perfect alignment assuming BMW vehicle:
(a) Scenario I, (b) Scenario II, and (c¢) Scenario III.
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Figure 14: The delay spread versus the transmission distance for three V2V scenarios.

The two communicating vehicles are separated from each other by d. On the other side,
the vehicle traveling at center of the adjacent lane is positioned at an equal distance
between the two communicating vehicles, i.e., d/2, see Fig. 13.b.

Scenario III: A three-lane road with vehicles in all three lanes is considered, see
Fig. 13.c.

Fig. 14 illustrates the RMS delay spread as a function of d for the three scenarios.
It is observed in Scenario I that, there are increased levels of road reflections at shorter
distances (i.e., d < 15 m) compared to longer distances. At d > 15 m, the delay spread

becomes almost constant and negligible (i.e., NLoS paths becoming less important than
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the LOS path). In scenarios II and III, the RMS delay spread becomes significant be-
cause of additional reflection-induced multipath components from the neighboring ve-
hicles. For example, at d of 25 m, the RMS delay spread for scenarios I, II, and III are
6 x 1073, 0.15, and 0.2 ns, respectively. Notice that, the RMS delay spread depends on
the geometry of the V2V system (i.e., location of the neighboring vehicles). When a
reflecting object is located at a distance where the reflected rays have smaller angle of
arrivals within the FoV of the Rx, significant power is received from the NLoS com-
ponents, which reach the Rx at different times with respect to the LoS path. Hence,
leading to higher RMS values. The reflected rays with larger arrival angles than the
FoV, however, will not be captured by the Rx and hence do not affect the delay spread.
Because of this, the delay spread might increase at some distances (i.e., d = 20 and 25
m), slightly reduces at others (i.e., d =40 and 50 m), or sharply reduces atd = 10 and 15
m. This means that, when larger numbers of neighboring vehicles are considered, de-
pending on the traffic scenario, the effect of the delay spread might be more and should

be considered in the design of V2V systems.

3.3 Effect of Lateral Shift

The above V2V channel path loss models were built upon the assumptions that the re-
ceiver has a fixed area of 1 cm?, the two vehicles follows each other with a perfect
alignment, and the two HLs can be considered as a single transmitter. As a result,
simplified path loss models were obtained, which required a small modification on the
geometrical loss, while the well-known Beer-Lambert formula is assumed to represent
the atmospheric attenuation loss. The resultant geometrical loss model was a function
of reference path loss and the propagation distance (d), and it is inversely proportional
to d2. Deriving a path loss model considering the impact of the lateral shift between the
two vehicles, the exact geometry of the vehicle HLs and the receiver aperture size, re-
quires further modifications on the geometrical loss. In addition, increasing the receiver

aperture size makes the well-known Beer-Lambert formula deviates to match with the
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actual path loss results since it builds upon the implicit assumption that scattered/re-
flected photons cannot be captured by the receiver. Therefore, in this Section, we take
into account the effect of all mentioned factors and present a closed-form path loss
expression for the V2V VLC as a function of system and channel parameters. The pro-
posed expression builds upon the summation of geometrical loss and attenuation loss.
The obtained geometrical loss is also inversely proportional to d> but with different
coefficients since both asymmetrical pattern of the two HLs and the geometry of V2V
transmission are carefully taken into account. The attenuation loss term in the new
expression can be considered as a modified version of the well-known Beer-Lambert
model to consider such rays that could be received by the PD after some reflection-
s/scattering. Based on extensive non-sequential ray tracing simulations, we obtain the
CIRs for a given V2V scenario in various weather conditions, i.e., clear, rainy and
foggy. Utilizing these CIRs, we propose a comprehensive path loss expression which
is an explicit function of longitudinal distance, lateral shift, weather type, transmitter
beam divergence angle, and receiver aperture size.

System Model: As shown in Fig. 15, we consider a single-lane road with a width
of w,. We assume that two vehicles follow each other in the same lane with a possible
lateral shift of dj,. Each vehicle has a width of w, and they are separated from each other
with a longitudinal distance of d. The two high-beam HLs (denoted by TX1 and TX2)
are adopted as wireless transmitters which are horizontally separated from each other
with a distance of d;. A single PD (denoted by RX), placed at the center of the back
of the other vehicle, acts as a wireless receiver. It has an aperture diameter of D and a
viewing angle of FoV. L; is the propagation distance from TXi to RX. Furthermore, the
irradiance angle of TXi is given by 6; while incident angle is defined by ¢;.

Path Loss Model: The path loss consists of two main components, i.e, attenuation
loss and geometrical loss. Attenuation loss is a result of scattering and absorption while
the geometrical loss [115] is a result of the fact that the transmitted beam spreads to a

size larger than the receive aperture. The geometrical loss between the i transmitter
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Figure 15: V2V scenario with lateral shift.

and the receiver can be expressed as

2
D 9 1/8
PLGeoi _ 1010g10< R(COS( z)) ) i=1,2 (3.16)

CL;
where we introduced two correction coefficients ({ and €) to take into account weather
conditions and asymmetrical pattern of HLs. The values of these correction coefficients
are determined through ray tracing simulation study.
The well-known Beer-Lambert formula defines the attenuation loss [106] and builds
upon the implicit assumption that scattered photons cannot be captured by the receiver.
In order to take into factor that some of the scattered rays could be received by the PD

after some reflections, this can be modified as

Dr\?
PLay; = 10log | exp _CLi(_> , (3.17)
CL;

where ¢ stands for the extinction coefficient for a specific weather type and an additional
term is introduced in the negative exponential that is proportional to the geometrical
propagation of the light source. Based on Eq. (3.16) and Eq. (3.17), the path loss for

the link between the /" transmitter and the receiver can be expressed as

ne\? ;
PL; = 10l0g;g <DR(co§£Ql)) )exp(_cLi<%>> , (3.18)

From the geometry of layout in Fig. 15, it can be readily checked that L; = | /d? + dzi,

where dj,, = dj, £ drx /2 and 6; = arccos (d /L;). Noting the use of dual transmitters and

replacing L; and 6; within (3.18), we can obtain the overall path loss as

PL=PL+PL, =

ey 2 : 3.19)
Dr(d/\/d>+d},?) ~—{( »p 3.
IOIOglo (; (izl ((é’dZW) exXp (C d2 +dhl-2 ( dszjhg) ) ) ) )

34




Simulation -40 : O  Simulation
48] | ——— Lamb. Source + Beer. Lambert
D | e ——— Asym. Source + Beer. Lambert
- _ _| m— Proposed
g ) g - - -
17 73
g S
£ =1
T T
_80 H H i i i i i i _ 0 i H i i i H i H
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Distance, d (m) Distance, d (m)
(a) (b)
40 , ¢ simulation -40 ! XX Simulation
BN | ——— Lamb. Source + Beer. Lambert 4R | m—— Lamb. Source + Beer. Lambert
f L | m—— Asym. Source + Beer. Lambert D | ——— Asym. Source + Beer. Lambert
- A == Proposed | | — Proposed
o B : : . ) ; ; ;
o- =
[} [}
[%2} [%2]
o - o
- -
< -
© - © :
o o .
L
; ; ; ; L e ;
10 20 30 40 50 60 70 80 90 100
Distance, d (m) Distance, d (m)

(©) (d)
Figure 16: Comparison of proposed path loss expression with simulation results for
different weather conditions (a) Clear weather (b) Rainy weather (c) Moderate fog, and
(d) Thick fog.

Simulation Results and Discussion: The simulations are conducted for clear
weather, rain, moderate fog (i.e., visibility of 500 m) [116] and thick fog (i.e., visi-
bility of 250 m) [116]. In the following, we present the proposed path loss expression
versus distance for the weather conditions under consideration along with simulation
results. Corresponding { and € values as well as weather condition parameters are
given in [103]. In addition to simulations, we include two benchmarks as follows.

(a) The path loss calculated based on the assumption of Lambertian source and the
Beer-Lambert formula.

(b The path loss calculated based on the assumption of the asymmetrical source and

the Beer Lambert formula.

Itis observed from Fig. 16 that our path loss model in Eq. (3.19) has excellent match
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Figure 17: Comparison of proposed path loss expression with simulation results for
(a) Different receiver aperture diameters and (b) Different lateral shifts.
with simulation results for all weather conditions [103]. In contrary, the benchmarks
specified in (a) and (b) exhibit some deviations. Particularly, the path loss obtained by
Lambertian source is a significant overestimation over the actual path loss compared
to asymmetrical HLs. Beer-Lambert formula is a good fit with simulation results only
for clear and rainy weathers and deviates for foggy conditions. Since the extinction
coefficients of clear and rainy weathers are very small, the scattered rays can be ignored
making Beer-Lambert formula valid for this case. In foggy weather conditions, the
effect of scattering is significant. In this case, Beer-Lambert formula has a significant
deviation from simulation. This deviation increases when visibility decreases.

In Fig. 17, we consider the clear weather condition and further investigate the va-
lidity of the proposed path loss model in (3.19) when either the receiver aperture or
the lateral shift changes. In Fig. 17.a, we consider different values of receiver aperture
diameter, i.e., Dg = 1 cm, Dgr =3 cm, Dg = 5 cm, and Dg = 10 cm and introduce the
path loss results. It can be verified that the path loss expression in (3.19) maintains a
very good match with all receiver aperture diameters under consideration. In Fig. 17.b,
we assume fixed receiver aperture of Dg = 5 cm and investigate the effect of different
lateral shift values, i.e., d, =0 m, d;, = 1m, and dj, = 1.5 m. It is observed that the lateral
shift brings negligible loss with respect to perfect alignment case of dj, = 0 m. It is also

observed that the obtained results from both the simulation and the proposed path loss
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expression are in a good agreement.

To this end, we have modeled the V2V VLC channels based on both the HLs and the
TLs transmitters. We also considered the effect of both the longitudinal and the lateral
shift introducing a comprehensive path loss model for V2V VLC channel. In Chapter 4
on the following page, we model the 12V channel links where the traffic lights and the

streetlights can act as the wireless transmitters.
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CHAPTER IV

CHANNEL MODELING FOR INFRASTRUCTURE TO
VEHICLE COMMUNICATION

4.1 Introduction

In Chapter 3 of this dissertation, we have derived path loss expressions for only V2V
VLC links where HLs and/or TLs of the vehicle act as wireless transmitters and two
vehicles communicate with each other. We have also derived closed-form expression
for the maximum achievable distance while satisfying a pre-defined BER target and
investigated the benefits of deploying dual PDs on the system performance. We have
furthermore investigated the effect of various channel and system parameters on the
V2V path loss including the longitudinal distance, lateral shift, weather type, and re-
ceiver aperture size.

In this chapter, we consider the I2V VLC links where in addition to HLs/TLs, the
traffic lights and street lights are deployed as wireless transmitters. First, we model the
12V based commercial traffic lights, and derive a path loss model as function of lon-
gitudinal and lateral shift distances. Then, we model the I2V system with street light
transmitters and derive a channel path loss expression as a function of pole spacing,
height of lighting pole and vehicle, both longitudinal and lateral distance, and the aper-
ture size of the PD. The effect of these transceiver and infrastructure parameters on
the system average error rate performance is also investigated. We further consider the
reverse channel link, i.e., V2I system, where the vehicle communicates with an infras-
tructure pole deploying its HLs as transmitters while 3 PDs located within the traffic
pole to act as receivers. To model propagation environment as well as the effects of
LED non-linear characteristics, we investigate the received SNR and achievable data

rates.
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Figure 18: 12V scenario based traffic lights.

4.2 12V Based Traffic Lights

System and Channel Model: As illustrated in Fig. 18, we consider an 12V VLC sys-
tem in a typical two-lane road. A red traffic light works as a source and communicates
with a vehicle which is assumed to be travelling at the right road-lane with a longitudi-
nal separation distance of d with respect to the traffic light pole. The vehicle receives
the signal from the traffic light using two PDs (PD 1 and PD 2), installed at the top of
its mirrors, as shown in Fig. 18. We further define d;, which represents the horizontal
shift between the vehicle and the traffic light pole.

For channel modelling, we utilize non-sequential ray tracing approach described in
Chapter 1. In this method, a 3D simulation platform with CAD models of vehicles and
traffic poles is constructed in OpticStudio software. Then, we define the coating ma-
terial of CAD-object surfaces where the scatter fraction and the wavelength-dependent
reflectance are specified. The light source specifications such as radiation pattern, opti-
cal power, orientations, and the number of emitted rays are further defined. Similarly,
receiver specifications such as orientations, FoV angle, and aperture area are defined.
After the 3D simulation platform is constructed, non-sequential ray tracing is performed
to generate an output file including the power and the path length of each ray that
reaches to the receiver.

Path Loss Model: The output information from the channel modeling approach is
first proceed in MATLAB to obtain the CIRs. Assume that N; is the total number of

rays reaching the j* PD for a given distance d. Let P, ; and 7;; respectively denote the
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Table 3: Values of a, b, c coefficients in Eq. (4.3)

Lateral shift | a b c

d,=0m -67.51 | 53.99 | 100.1
dy=1m -68.21 | 54.09 | 101.9
d,=2m -71.21 | 74.07 | 137.8

power and the propagation delay of the i’ ray, i = 1,...,N j» received by the j" PD,

j=1,...,3. The CIR at the j/* PD can be expressed as

N;
hj(l):;PijB(t—Tij), (41)

where 6 is the Dirac delta function. The total channel path loss can be then given as

2 oo
PL = 10logy (Z/ hj(t)dt>. 4.2)
j=170

Then, based on the CIRs and path loss results obtained using the ray tracing approach,
we propose a new expression for the channel path loss of 12V link based on the data

fitting. The new path loss model is an explicit function of d and dj,, which is given by:

d—b\?
PlLiyvy ZIOIOgIO (hnv) =acxp| — s (43)

c

where hppy is the optical channel coefficient (i.e., path loss measured on a linear scale).
In Eq. (4.3), a, b and c are coefficients obtained via ray tracing for each dj;, value under
consideration, by the use of data fitting MATLAB toolbox and (see Table 3).
Simulation Results and Discussion: To validate the proposed 12V path loss model
in Eq. (4.3), we consider a commercial red traffic light with asymmetrical radiation
pattern shown in Fig. 19, following [117]. The normalized unit power and a PD with
area of 1 cm? are considered in the ray tracing simulations to present the path loss
results. R2 type road with asphalt coating is considered. The car is modeled as black-
colored CAD object with dimensions of Audi A5 Coupe model. The traffic pole is
modeled as a CAD object with surface cover of galvanized steel metal. We further

consider three 12V scenarios which are illustrated as the following:

* Scenario I: The car moves at the outer edge of the right lane with a horizontal

shift of dj, = 0 m (distance between the right mirror and the traffic pole).
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Figure 20: Path loss results for I2V with traffic light and perfect alignment.

* Scenario II: The car moves at the middle of the right lane which results in a dj, =

1 m with respect to the traffic pole.

* Scenario III: The car moves at the inner edge of the right lane which results in a

dy =2 m with respect to the traffic pole.

In Fig 20, we consider the ideal 12V case (perfect alignment, i.e., d, = 0 m), and present
the results of the derived 12V path loss model versus ray tracing results. It observed that
the path loss is significantly affected by distance. For example, consider d = 20 m, the

path loss is given as -60 dB. This reduces to -67 dB for d = 50 m.
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Figure 21: Path loss results for 12V with traffic light and lateral shift: (a) Scenario II

and (b) Scenario I1I.

In Fig 21, we consider the 12V with lateral shift case (Scenario II, i.e., d, = 1 m
and Scenario III, i.e., d;, = 2 m), and present the results of the derived 12V path loss
model versus ray tracing results. It is observed that the lateral shift impacts on the
path loss results. For example, consider d = 50 m, the path loss is given for Scenario
I, Scenario II, and Scenario III as -67.2 dB, -68.1 dB, and 69.3 dB, respectively. For
all I2V scenarios under consideration, it is observed that the proposed path loss model
provides a very good match with the simulation results either in linear or logarithmic

scales [118].
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Figure 22: 12V VLC system with street lights.

4.3 12V Based Street lights

System and Channel Model: As illustrated in Fig. 22, we consider an 12V VLC
system with access points in the form of street lights. We assume a two-lane highway
road with a total width of Wz and a lane width of Wy. The light poles have a height of
Hp and are located at both sides of the road. On each side, they are uniformly separated
from each other with a spacing of d7. Each street light LED has an optical power of Pr
and an electrical-to-optical conversion of 1. The vehicle has a height of Hy and travels
at a longitudinal distance of d with respect to the street light pole and has a possible
lateral shift of dj, with respect to the road center. The vehicle is equipped with a PD
located at its top. The PD has an aperture size of D,, a responsivity of R, and a half
field-of-view angle of FoV.

For channel modeling, we use the ray tracing approach explained and validated in
Chapter 2, and applied for V2V VLC channels in Chapter 3. First, we construct the 3D
propagation environment (including vehicles, street lights, road, etc.) in the OpticStudio
18.9 software. To precisely capture the interaction of the rays with the environment,
we specify the optical characteristics of the road surface, streetlight poles, and vehicle

coating by defining their wavelength-dependent reflectance values utilizing the built-in
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Figure 23: Optical characteristic of street light LED (a) Relative intensity distributions
at both vertical and horizontal planes and (b) Relative spectral power distribution.
function “Table Coating” provided by OpticStudio tools. For transmitter modelling in
the simulation platform, we create the photometric data (i.e., IES file) of the street light
under consideration which contains the luminous intensity in all different planes. The
photometric file is imported to the software along with the spectral power distribution
of the LED (see Fig. 23). For receiver modeling, we specify the PD properties, i.e.,
FoV, aperture size.

After the simulation platform is constructed, we run non-sequential ray tracing. The
output includes the received power and the path length information for each ray which
is emitted from the light source and reaches the detector. Let F;; and 7;; respectively
denote the power and the propagation delay of the i/ ray, i = 1,2,...,N, j» which is
emitted from the j/* street light, j =1,2,... ,Np, and reached to the detector. The CIR
at the PD is therefore expressed as

Np Nij

h(t)ZZZP,‘j5(t—Tij), “4.4)

j=li=1
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Table 4: Simulation parameters for I2V with street light transmitters.

Aperture size (D,) 1cm, 2.5cm, 4 cm
Field-of-view (FoV) 90°
Receiver Responsivity (R) 0.4 A/W
Noise density (Ny) 1x1072! A%2/Hz
Bandwidth (B,,) 5 MHz
Type R2
Road Material Asphalt
Lane width 375m
Brand Caterham R400 Audi A5 Mitsubishi Pajero
Length 3.10 m 4.67 m 490 m
Vehicle Width 1.75m 1.84 m 1.85m
Height 0.80 m 1.37 m 1.90 m
Material Black gloss paint
Material Galvanized steel metal
Lighting Spacing (dr) I5m-30m
pole Height (Hp) 6m-10m
Number of poles (Np) 4

where 6(¢) is the Dirac delta function. We consider only the received signals from the
four closest poles, therefore set Np = 4, because the contribution from the other poles is
too small and negligible. Based on Eq. (4.4), the path loss in dB is calculated similar to
Eq. (4.2).

Path Loss Model: Based on the channel modeling approach described in the previ-
ous section, we obtain CIRs between the street lights and the moving vehicle at each 1
m over the traveling distance between two poles. The intensity pattern and relative spec-
tral power distribution of streetlights used in simulations (Vestel Ephesus M4S [119])
are illustrated in Fig. 23. All simulation parameters are provided in Table 4. In our
simulations, we assume that the optical power of each street light is unity. We can then

scale the CIR for any given value of transmit power Pr to calculate the received power
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(Py) as P, = Pr (fy h(t)dr). The corresponding path loss is obtained based on Eq. (4.5)
and presented in Fig. 24 for different combinations of Hp, D,, Hy, dr, and d;, values
(See Table 5). Since the street lights are uniformly distributed along the road and with
specific spacing distances, the vehicle on its way approaches a lighting pole and moves
away from it. As a result, the received power exhibits a periodic pattern. In the fol-
lowing, we propose a closed form expression for I2V channel model to describe this
sinusoidal behavior.

Let 2Cp and Csp respectively denote the peak-to-peak change of received power and

the sinusoidal axis. The path loss is written as
hag = Cpz+Csa, (4.5)

where z = cos ((27r / dT) d) with d denotes the moving distance of the vehicle from
one street light pole to the next one. Cp and Csy in Eq. (4.5) are constants that can
be calculated for a given scenario. Their values are influenced by the height of the
lighting pole (Hp), the height of the vehicle (Hy), the distance between two lighting
poles (dr), lateral shift (dj), and the diameter of the PD (D,). Based on non-linear

curve fitting [120], we obtain Cp and Csp as Eq. (4.6) and Eq. (4.7), respectively.
CP = f(DrvavHV7dT7dh7b1) _f(DraHPaHV7dT7dh7b2) ) (46)

CSA - f(DhHP?HVadTadhabl) +f(Dr7HP7HV7dTadhab2)7 (47)
where in Eq. (4.6) and Eq. (4.7), f (D,,Hp,Hy,dr,dy,b;), i = 1,2 is given by

f (Dr,Hp,Hy ,dr,dp,b;) = Dy (bi1 +biady+ bi3Hp+bjady +b;5sD,)
+dr (bi6+bi7dy+bigHp+biodr)
+Hp (bi10 + bi.11dy + bi12Hp) (4.8)
+dy, (bi13+biady)
+Db; 15,

where Hp = Hp — Hy + 1.371 and b; ; denotes the jth element of b;. It can be readily
checked from Eq. (4.8) that each of transceiver and infrastructure parameters has dif-

ferent impact on the Cp and Csp values. The values of Cp, Csa, and b; are determined
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Table 5: System parameters for 12V with street light transmitters.
Hp (m) | dr (m) | dj (m) | D, (cm) | Cp Csa
1 4.4679 | -64.743

6 15 2
2.5 4.2228 | -56.289
18 2 2.5 4.4014 | -57.255
19 2 2.5 4.7492 | -57.603
21 2 2.5 5.3848 | -58.245
1 2.5 4.6165 | -58.020
7 1.5 2.5 4.8355 | -57.970
1 5.2054 | -66.350

20

2 2.5 5.0770 | -57.930

4 4.8720 | -54.520
2.5 2.5 5.3410 | -57.920
1 4.9091 | -66.863

8 22 2
2.5 4.8620 | -58.480
1 47461 | -67.489

9 24 2
2.5 4.7802 | -59.141
1 5.1435 | -68.704

10 30 2

2.5 5.3062 | -60.393

through data fitting and provided, respectively, in Table 5 and Table 6. It can be noted
that the coefficient of b; vector given in Table 6 are fixed for all system configurations.

To validate the proposed model in Eq. (4.5), we consider the pole height range as 6
m < Hp < 10 m which is the typical pole height for streets in residential, commercial,
and historical contexts [121]. Based on the pole height, the spacing range between
the poles (dr) is calculated which should be between 2.5-3 times the height [121].
Therefore, the spacing range of 15 m < dr < 30 m is considered. Also, different
receiver apertures, i.e., D, = 1 cm, D, =2.5 cm, and D, =4 cm are considered which are
commercially available [122]. For the vehicle height (Hy ), without loss of generality,
we choose three values representing the lowest, average, and tallest height of current

production cars which are given respectively as Hy = 0.8 m, Hy = 1.37 m, and Hy = 1.9
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Table 6: Values of b; coefficients in Eq. (4.8)
by

b1 9.2155 big | -0.0632 | by 1 -0.2078
b1, | 3.8463e-04 | by7 | 0.0189 | by 12 | 2.5373e-05
b3 0.0161 | byg | 0.0073 | by 13 1.5592
b1 4 0.0075 bio | -0.0012 | by 14 0.0208
bis | -1.1290 | by o | -0.5359 | by 15 | -66.0693
b,
by 1 10.0234 | by | -1.6214 | by 1y -0.0490
%) 0.0480 | br7 | 0.0086 | by1p | -0.2654
by3 | -0.0606 brg | 0.0334 | bp13 | -0.1189
br4 | -0.0083 bro | 0.0188 | by 14 | -0.0690

bys | -1.0949 | by | 4.3667 | byys5 | -76.4639

m. For the lateral shift (dj), we consider four possible values within the minimum and
maximum limits according to the width of the car and the road-lane which are given
asd,=1m,d,=15m,d, =2m, and d;, = 2.5 m. In our simulation, we consider
the received signals from the four closest poles (i.e., Np = 4), because the contribution
from the other poles is too small and negligible. Also, the coating materials for road,
vehicles, and poles are considered as asphalt, black gloss paint, and galvanized steel
metal which have reflectance values given in [112, 113]. We consider PDs with various
values for FoV angles from 65° up to 90°. Relatively large FoV values are selected
since a narrow FoV angle might be a significant impediment in vehicular VLC systems
as it limits the mobility [28, 123]. On contrast, large FoV angle results in a higher
tolerance to horizontal and vertical movements in real driving scenarios [42] and allows
for reception from different directions.

In Figs. 24-27, along with the simulation results, we present the proposed path loss
expression in Eq. (4.6). It is observed that the proposed model is in a good agreement
with the simulation results for all Hp, Hy, dr, D,, and d;, values under consideration

with a maximum difference of 0.45 dB.
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Figure 24: Path loss results at different sizes of receiver apertures (D,) assuming Hp
=7m,d,=2m, Hy =1.37 m, and d7 =20 m.
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Figure 25: Path loss results at different lateral shifts (d;,) assuming Hp =7 m, D, = 1
cm, Hy = 1.37 m, and dr = 20 m.

In Fig. 24, we assume fixed values of Hp =7 m, Hy = 1.37 m, dr =20 m, and dj, =2
m and investigate the effect of different receiver apertures, i.e., D, =1 cm, D, = 2.5 cm,
and D, =4 cm. It is observed that the path loss is significantly affected by the receiver
aperture with a nonlinear relationship, which indicates that even a small decrease in the
diameter can significantly increase the path loss. For example, consider the car moves
at the middle between two lighting poles (i.e., d = 10 m). The path loss for D, =4 cm
is -59.3 dB. This increases to -63 dB and -71.7 dB for D, = 2.5 cm and D, = 1 cm,
respectively.

In Fig. 25, we assume fixed values of Hp = 7, Hy = 1.37 m, d7 = 20 m, and D,

49



-60.5 T T T T T T T T T -
B 48n o Sim, H,=1.90m
R T4 2 KA % S

5 +4g S i .
62 % v % o Sim, H,=137m
‘\ ." X
635} - ] Sim, H,= 0.8 m
o 1 ———— Proposed
S ! { X 0
: y
9 '66 5 [ T
< i
B 68t B ]
o % & kY
-69.5 | E\ ,ﬂ : , g.\‘ |
WA A AR,
S~ LOY
71 r MR Y] ’,? : : £

725 R
0 3 6 9 12 15 18 21 24 27 30
Distance, d (m)

Figure 26: Path loss results at different vehicle heights (Hy) assuming Hp =7 m, dj, =
2m,D,=1cm, and dy =20 m.

= 1 cm and investigate the effect of lateral shift, i.e., d, =1 m, d, = 1.5 m, d, =2 m,
and d;, = 2.5 m. It is observed that the impact of the lateral shift ( dj) is very small
which is only visible when the vehicle is very close to either the light pole or to the
middle between two poles. It is also seen that when dj, increases the path loss reduces
at shorter distances (i.e., smaller d) and increases at larger distances (i.e., larger d). This
is because at shorter distances, increasing dj;, means that the vehicle becomes closer to
the light pole where the maximum power can be received and hence a lower path loss
occurs. At larger distance with larger dj,, the car becomes at the middle between two
light poles located at one roadside (minimum power is received) and far away from the
light poles located at the other roadside.

In Fig. 26, we assume fixed values of Hp=7m, d, =2 m,dr =20 m,and D, = 1 cm
and investigate the effect of car height, i.e., Hy = 0.8 m, Hy = 1.37, and Hy = 1.9 m. It
is observed that the taller height of the car the lower path loss at shorter distances (i.e.,
< 3 m) and higher path loss at larger distances. Closer to the lighting pole, the higher
the car the more the collected power. This since the relatively small height difference
between the PD and the streetlight pole and hence less propagation distance. At larger

distance, however, taller car reduces the amount of collected powers from the streetlight
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Figure 27: Path loss results at different pole heights (Hp) and spacing distances (dr)
assuming D, =1 cm, dj, =2 m, and Hy = 1.37 m.

poles around the car. For example, consider the car is located under the light pole. The
path loss is given for the lowest car height of Hy = 0.8 m as -61.6 dB. This reduces to
-61.15 dB and -60.8 dB for Hy = 1.37 m and Hy = 1.9 m, respectively. When the car
reaches the middle distance between two neighboring poles (i.e., d = 10 m), the path
loss is given for Hy = 0.8 m, Hy = 1.37 m, and Hy = 1.9 m as -71 dB, -71.6 dB, and
-72.1 dB, respectively.

In Fig. 27, we assume fixed values of D, = 1 cm, Hy = 1.37 m, and dj, = 2 m and
investigate the effect of pole heights, i.e., Hp =6 m, Hp =7 m, Hp =8 m, Hp =9 m, and
Hp = 10 m with their corresponding spacing distance of dr = 15 m, dr =20 m, dr =22
m, dr = 24 m, and dr = 30 m, respectively. It is observed the reverse effect comparing
with the effect of the car height (Hy) where the smaller height of streetlights the lower
path loss, particularly when the car moves closer to the lighting pole. This is due to
the relatively shorter propagation distance and hence less attenuation. For example,
consider the car location is under the lighting pole. The path loss for Hp = 10 m is -63.6
dB. This reduces for Hp =9 m, Hp =8 m, Hp =7 m, and Hp = 6 m to -62.6 dB, -62 dB,
-61.15 dB, and -60.2 dB, respectively.

Performance Results and Discussions: The proposed path loss model in Eq. (4.5)
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Figure 28: Effect of receiver aperture (D,) on the average BER assuming Hp = 7 m,
dp=2m, Hy = 1.37 m, and d7 = 20 m.

exhibits a sinusoidal pattern which can be considered as large-scale fading [124]. This
is utilized in [125] to derive an approximate closed-form average BER expression under
the assumption of that unipolar M-ary PAM (M-PAM) is employed. By using Gauss-
Chebyshev quadrature method of integration in [126, Eq. (25.4.38)], the average BER
is given as [125, Eq. (14)]

k 3 (0 1c cos<u>+0 ICSA)
Fem leog2 Zerf°<\/ M- !

4.9)

where k is the order of approximation. Here, we demonstrate the effect of transceiver
and infrastructure parameters on the BER performance of the 12V system. Unless oth-
erwise stated, we assume pole height of Hp =7 m, pole spacing of d7 = 20 m, car height
of Hy = 1.37 m, and lateral shift of d;, = 2 m. We consider a receiver with aperture of
D, = 2.5 cm and a FoV of 90°. We also consider PAM with M = 4, Ny = 1x1072!
A2/Hz [127, Chapter 19], and B,, = 5 MHz [128]. The values of 11 and R are considered
respectively as 0.8 W/A and 0.4 A/W [129].

In our simulation, we consider the received signals from the four closest poles (i.e.,

Np =4), because the contribution from the other poles is too small and negligible. Also,
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Figure 29: Effect of pole height (Hp) with corresponding spacing distance (dr) on the
average BER assuming D, =2.5 cm, Hy = 1.37 m, and dj, =2 m.
the coating materials for road, vehicles, and poles are considered as asphalt, black gloss
paint, and galvanized steel metal which have reflectance values given in [112,113]. In
the following, we present the effect of receiver aperture, pole height, car height, lateral
shift, and spacing between poles on the average BER performance considering k = 5.

Fig. 28 illustrates the average BER for different values of receiver apertures (D,)
considering Hp = 7 m, Hy = 1.37 m, d7 = 20 m, and d;, = 2 m. It is observed that
increasing the value of D, has a significant improvement on the BER performance. This
is due to the fact that the larger receiving area the larger number of photons that can be
captured by the PD. For example, assume that an average BER of 1073 is targeted. The
required SNR value assuming D, = 1 cm is 159 dB. This decreases to 141.9 dB and 135
dB for D, =2.5 cm, and D, =4 cm, respectively. One can notice that a PD with D, < 1
cm might not be practical for 12V VLC with the system parameters under consideration.
This is due to that I2V systems suffer a large SNR reduction when the vehicle becomes
near the center between two streetlight poles with a significant impact on the average
BER performance.

Fig. 29 illustrates the effect of pole height (Hp) with the corresponding spacing

distance (dr) on the average BER for fixed values of D, = 2.5 cm, Hy = 1.37 m, and
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Figure 30: Effect of lateral shift (d;,) on the average BER assuming Hp =7 m, D, =
2.5cm, Hy = 1.37 m, and d7 = 20 m.
dp =2 m. It is observed that decrease in Hp improves the average BER performance
since the corresponding spacing distance reduces with decreasing Hp. For example, the
required SNR value to achieve targeted BER of 1073 for Hp = 10 m with d7 =30 m is
147 dB. This decreases to 143.9 dB, 142.5 dB, 141.9 dB, and 137 dB for Hp = 9 m with
dr =24 m, Hp = 8 m with dr = 22 m, Hp = 7 m with dy = 20 m, and Hp = 6 m with
dr = 15 m, respectively. A small change in the BER performance is observed between
Hp =7 m, Hp =8 m, and Hp =9 m while a large change is observed between either Hp
=7 mand Hp =6 m or Hp =9 m and Hp = 10 m. This is due to the relatively larger
difference of the spacing distances in these cases where the path loss further increases
particularly at the middle area between the poles. Note, the lowest value of the spacing
distance is considered for Hp = 6 m (i.e., dr = 15 m) while the highest one is considered
for Hp = 10 m (i.e., dr = 30 m) to illustrate the best and the worst cases, respectively.
Fig. 30 illustrates the effect of lateral shift (dj,) on the average BER performance for
fixed values of Hp =7 m, Hy = 1.37 m, D, =2.5 cm, and d7 = 20 m. It is observed that
the effect of dj, is almost negligible where smaller dj, values lead to only slightly lower

average BER. This is due to that when the vehicle becomes between two streetlight
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Figure 31: Effect of spacing distance between poles (dr) on the average BER assum-
ing Hp=7m, D, =2.5cm, Hy = 1.37 m, and d;, =2 m.

poles at one roadside, the smaller value allows the vehicle to collect slightly more power
from the streetlights located at the other roadside.

Fig. 31 illustrates the effect of the spacing distance between the poles (d7) on the
average BER for fixed values of D, = 2.5, Hp =7 m, Hy = 1.37 m, and d;, = 2 m.
It is observed that the longer spacing for the same pole height worsens the average
BER performance. This is due to that the attenuation of the light signal as it travels
through the air increases as long as the propagation distance increases. For example,
the required SNR value to achieve a targeted BER of 107> for d7 = 21 m is 143 dB.
This decreases to 141.9 dB, 140.5 dB, and 139.1 dB for d7 = 20 m, d7 = 19 m, and dr
= 18 m, respectively.

Finally, Fig. 32 illustrates the effect of car height (Hy) on the average BER per-
formance for fixed values of Hp =7 m, D, =2.5 cm, d, =2 m, and dr = 20 m. It is
observed that increase in Hy worsens the average BER performance. This is due to that
when the taller car moves close to the middle distance between two light poles, the col-
lected power from the streetlight poles around the car is less. For example, the required

SNR value to achieve targeted BER of 1073 for Hy = 0.8 m is 140.8 dB. This increases
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Figure 32: Effect of car height (Hy) on the average BER assuming Hp =7 m, D, =
2.5cm, dr =20 m, and dj, =2 m.

to 141.9 dB and 143.2 dB for Hy = 1.37 m and Hy = 1.9 m, respectively.

4.4 V2I Link and LED Front-end Effect

System and Channel Model: As illustrated in Fig. 33.a, we consider a V2I scenario in
a two-lane road. We assume that the car moves at the right road lane with a separation
distance of d with respect to the traffic light pole. We further define y,; which defines
the horizontal shift between the car and the traffic light pole. As illustrated in Fig. 1.b,
two high-beam LED HLs (denoted by Tx 1 and Tx 2) are used as VLC transmitters.
These two LEDs are assumed to have an electrical-to-optical conversion of 1) and a
total electrical power budget of P,. Three photodetectors (PD-A, PD-B, and PD-C)
are placed in the traffic light adjacent to yellow, red and green LED luminaries to act
as wireless receivers. As illustrated in Fig. 33.b, PD-A is located at a height of &
from the ground and a vertical separation of S is assumed between PDs. For channel
modelling, we utilize non-sequential ray-tracing approach, described and validated in
Chapter 2, used for modeling V2V VLC channels in Chapter 3, and recently applied
for I2V link in Chapter 4. In this method, a 3D simulation platform with CAD models

of cars and traffic poles is constructed in OpticStudio software. Then, we define the
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Figure 33: (a) V2I scenario under consideration and (b) Location of high-beam head-
lamps (transmitters) and photodetectors (receivers).

coating material of CAD-object surfaces where the scatter fraction and the wavelength-
dependent reflectance are specified. The light source specifications such as radiation
pattern, optical power, orientations, and the number of emitted rays are then defined.
Similarly, receiver specifications such as orientations, FOV angle, and aperture area are
defined.

After the 3D simulation platform is constructed, non-sequential ray tracing is exe-
cuted to generate an output file including the power and the path length of each ray that
reaches to the receiver. This information is proceed in MATLAB in order to obtain the
CIR. Assume that N; is the total number of rays reaching the 7" PD for a given distance
d. Let P;j and 7;; respectively denote the power and the propagation delay of the ith
ray, i = 1,2,...,N; received by the j" PD, j =1,...,3. The CIR at the j PD can be

expressed by
N;
WP (@)=Y Pjé (t—1), (4.10)
i=1
where § is the Dirac delta function. The corresponding frequency response is given by

opt
;" (1)

FT o . . .
— H;-’pt( f)- In addition to propagation environment, the LED characteristics

might further introduce distortions. Let f. denote the cut-off frequency of the LED. The
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LED frequency response is typically given by [130]

1
HlEd(f): T
1+]JTL_

(4.11)

Therefore, the effective frequency response at the j™ PD including the combined effects

of both propagation channel and front-end effects is given by

HE(f) = HP () HI(f) ¢ hT(r)- (4.12)

The path loss can be then computed as

PLET = 10logy ( /O hgff(t)dt) : (4.13)

Achievable Data Rates: As a performance metric, we consider ergodic capacity
which yields the maximum data rate that can be achieved in a communication system.
For VLC systems with Intensity Modulation (IM)/Direct Detection (DD), the trans-
mitted signal is typically constrained in both average and peak values [131]. The exact
expression for ergodic capacity is still unknown for IM/DD systems. Consequently, dif-
ferent bounds on the capacity of optical channels are derived in the literature [132—134].
For example, it is shown in [134] that the gap between the exact and the lower bound

can be neglected for high SNR values and the capacity can be approximated as

exp (1) y
~ 1+ ——— 4.14
21n(2)n(Jr 2 ) (+14)
where 7 is the signal-to-noise ratio (SNR) and B is the bandwidth. SNR is given by
Rheff 2P
Y= (mRhpe) Fe ch) :, (4.15)
Gl’l

where A5 = [°h*T(¢) dt is the DC channel gain. 07 = NpB is the noise variance and

Ny is noise power spectral density. Replacing Eq. (4.16) in Eq. (4.15), we have

exp (1) (nRRSL) P,
C~—In|1 .
21n(2) 27NoB

(4.16)

Simulation Results and Discussion: As shown in Fig. 33.a, we consider a V2I

scenario in a two-lane road where R2 type road with asphalt coating is considered. The
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Figure 34: (a) CIR, and (b) corresponding frequency response for Nodes 1, 2, 3.

car is modeled as black-colored CAD object with dimensions of Audi A5 Coupe model

[109]. The traffic pole is modeled as a CAD object with surface cover of galvanized

steel. The values of 4 and S are assumed to be 2 m and 0.25 m, respectively. In our

simulations, we use two Philips Luxeon Rebel white LEDs for car headlamps with P,

=15 dBm, f. =20 MHz, and 1) = 0.5. We employ photodetectors each with an area of

1 cm?, FOV angle of 90°, and responsivity of R = 0.28. In simulations, we first obtain

CIRs under the assumption of unity transmission optical power. The CIRs can be then

scaled for any given value of transmit power. We consider three scenarios:

* Scenario I: The car moves at the outer edge of the right lane with a horizontal

shift of d, = 0.25 m from the traffic pole.

* Scenario II: The car moves at the middle of the right lane which results in a d, =

1 m shift with respect to the traffic pole and Scenario.

* Scenario III: The car moves at the inner edge of the right lane which results in a
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Figure 35: Effective CIRs for Scenario II at each PD assuming P, = 15 dBm and f, =
20 MHz (Right) d =5 m (Left) d = 20 m.

dy = 2 m shift with respect to the traffic pole.

In Fig. 34, we provide optical CIRs, i.e., h(;pt(t), j=1,...,3 at distances of d = 5
m and d = 20 m for Scenario II. It can be observed that the CIRs have more than one
peak where the highest peak comes from the right headlamp (Tx 1) and the second one
comes from the left headlamp (Tx 2). This is due to the fact that signals with different
travelling distances will have different arrival times. For example, consider d = 5 m
and PD-A (see Fig. 34.a), the propagation distances from the right and left headlamps
to the receiver are given, respectively, as 5.3 m and 6 m. It can be readily confirmed
that the peak from the right headlamp occurs at 17.8 ns while the peak from the second
headlamp is around 20 ns. It can be also observed that additional peaks are observed
due to reflections from road. As seen from Fig. 34.b, as d increases, the distances
between two peaks decreases and road reflections disappear.

In Fig. 35, we present the corresponding effective CIRs h?ff(t), j=1,...,3ford=5

m and d = 20 m assuming Scenario II. It is observed that the CIRs broaden in time due
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Figure 36: Path loss for (a) Scenario I (b) Scenario II (c) Scenario III for transmit
power of P, = 15 dBm and front-end bandwidth of 20 MHz.
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Figure 37: Achievable data rate versus distance at each PD for (a) Scenario I (b)
Scenario II (c) Scenario III for transmit power of P, = 15 dBm and front-end bandwidth
of 20 MHz.

to the impact of low-pass nature of LED which dominates the overall characteristics.
As a result, the effective CIR turns to be a single peak.

In Fig. 36, we present the path loss for all scenarios and three PDs under consid-
eration. It is observed that PD-A achieves the highest channel gain while PD-C has
the worst gain. This is due to the relatively large difference between its height and the
height of car headlamps. For example, consider scenario I and a distance of d = 10 m.
The channel gain using PD-A is recorded as PL?ff = -55.6 dB. This reduces to PL%ff
= -65.8 dB and PL§ff = -76.9 dB for PD-B and PD-C, respectively. When the lateral
shift (dy) increases, the path loss further increases. For example, consider PD-A and a
distance of d = 20 m. The path loss values for scenario I, scenario II, and scenario I1I

are obtained respectively as -59.3 dB, 60.2 dB, and -63.5 dB.

61



—©— Scenario |
—&— Scenario Il
Scenario Il |

110

Capacity (Mb/s)
8

70

50 -

{

30L i i i i i i i i

5 10 15 20 25 30 35 40 45 50
Distance (m)

Figure 38: Achievable data rate versus distance for three photodetectors deployment
case (equal gain combining).

In Fig. 37, the achievable data rates based on (4.17) are presented. Since the PD-A
receives the highest gain with respect to other PDs, it can achieve the highest capacity
for all scenarios under consideration. For scenario II and d = 30 m, the maximum data
rate that can be supported with PD-A is 54 Mbps. This reduces to 41.8 Mbps and 21.3
Mbps respectively for PD-B and PD-C. It can be also noted that in shorter distances, the
lateral shift dominates the overall characteristics. It is also observed that the capacity
first increases with the distance until reaching the maximum value because of reducing
the horizontal shift, d,. Then, any increase in the distance results in decreasing of the
capacity due to the effect of longitudinal distance, d.

So far, we assumed the employment of single photodetector. It is possible to take
advantage of all three photodetectors. For this purpose, we employ equal gain combin-
ing. As observed from Fig. 38, the achievable data rate significantly increases due to
combining.

To this end, we have investigated t