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ABSTRACT

Despite the increasing attention on visible light communications (VLC) systems,
there is a lack of proper visible light (VL) channel models. This is a serious concern
since channel modeling is the very first step for efficient, reliable, and robust VLC
system design. This dissertation focuses on channel modeling and characterization study
for indoor, vehicular and underwater VLC. Our study is based on Zemax®; a
commercial optical and illumination design software. Although the main purpose of
such software is optical system design, we take advantage of the ray tracing features of
this software which allows an accurate description of the interaction of rays emitted
from the lighting source within a specified confined space. The simulation environment
is created in Zemax® and enables us to specify the geometry of the environment, the
objects within as well as the specifications of the sources (i.e., LEDs) and receivers (i.c.,
photodiodes). For a given number of rays and the number of reflections, the non-
sequential ray tracing tool calculates the detected power and path lengths from source to
detector for each ray. These are then imported to Matlab® and processed to yield the
channel impulse response (CIR). In contrary to existing works which are mainly limited
to ideal Lambertian sources and purely diffuse reflections, our approach is capable to
obtain CIRs for any non-ideal sources as well as specular and mixed specular-diffuse
reflections. Furthermore, we can precisely reflect the presence of objects and

wavelength-dependent reflection characteristics of surface materials in channel study.
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In the first part of this thesis, we propose a realistic indoor channel modeling
approach and carry out a detailed channel characterization study. We also investigate
the effect of user mobility and receiver orientation on CIRs. In the second part of this
thesis, we present VLC channel models for vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) taking into account the asymmetrical pattern of headlamp and street
lights, reflections from road surfaces and weather conditions. We further develop a
closed-form path loss expression for V2V VLC channel for different weather
conditions. In the last part of this thesis, we carry out a detailed underwater optical
channel modeling and characterization study taking into account the reflection
characteristics of the sea surface and sea bottom as well as the water characteristics, i.e.,
extinction coefficient, and scattering phase function of particles. We develop a closed-
form path loss expression as an explicit function of water type, beam divergence angle
and receiver aperture diameter and validate the accuracy of the proposed expression

through Monte Carlo simulation results.



OZET

Gortiniir 151k haberlesmesi (visible light communication-VLC) sistemlerine olan
artan ilgiye ragmen, uygun goriiniiniir 151k (visible light-VL) kanal modelleri eksikligi
mevcuttur. Verimli, glivenilir ve direngli VLC sistem tasarimi igin ilk adim kanal
modelleme oldugundan, bu eksiklik ciddi bir sorundur. Bu tezin odagi, igmekan,
tasitlara iliskin, ve sualtt VLC icin kanal modelleme ve nitelendirme calismalaridir.
Calismamiz, ticari bir optik ve aydinlatma tasarimi yazilimi olan Zemax® tabanldir. Bu
yazilimin ana amaci optik sistem tasarimi olmasina ragmen, biz bu yazilimn, belirli bir
kapali alanda, bir aydinlatma kaynagindan yayilmis olan 1sinlarin etkilesimlerini hassas
bir sekilde tarif eden, 1s1n takibi 6zelliklerinden faydalaniyoruz. Zemax®’te olusturulan
simiilasyon ortami, ortamin geometrisini, ortamda bulunan nesneleri, ve ayrica
kaynaklarin (yani LEDler) ve alicilarin (yani fotodiyotlar) teknik &zelliklerini
nitelendirmemize imkan tanimaktadir. Belirli bir sayida 1s1n ve yansima sayisi igin,
ardigik olmayan 1g1n takibi araci, her 1gin igin saptanan giicii ve kaynaktan detektore
olan yol uzunlugunu hesaplar. Bu veriler daha sonra Matlab®’e aktarilir ve kanal diirtii
yanitlarim (channel impulse response-CIR) elde etmek {izere islenir. Genel olarak ideal
Lambertian kaynaklar ve sadece dagmik yansimalar ile sinirh olan mevcut ¢aligmalarin
aksine, bizim yaklagimimiz, herhangi bir ideal olmayan kaynak, ve ayrica dik acili ve
dik acili-daginik karigik yansimalar i¢cin de kanal diirtii yanitlarimi elde edebilmektedir.
Dahasi, ortamda nesnelerin mevcudiyetini ve dalgaboyuna bagimli yansima

karakteristiklerini de kanal ¢alismasina yansitabilmekteyiz.
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Bu tezin ilk kisminda, gergekei bir igmekan kanal modelleme yaklagimi sunuyor
ve detayli bir kanal niteleme c¢alismasi yiiriitiiyoruz. Ayni zamanda kullanici
hareketliligi ve alicinin baktig1 yoniin CIRlar iizerindeki etkisini de arastirtyoruz. Tezin
ikinci kisimda, farlarin ve sokak lambalarmin asimetrik modellerini, yol yiizeyinden
yansimalar1 ve hava kosullarim1 da dikkate alarak aractan araca (vehicle-to-vehicle—
V2V) ve aragtan altyapiya (vehicle-to-infrastructure-V2I) VLC kanal modellerini
sunuyoruz. Ayrica, farkli hava kosullarinda V2V VLC kanali i¢in kapali yapida bir yol
kaybi ifadesi ortaya koyuyoruz. Bu tezin son kisminda, deniz ylizeyinin ve tabaninin
yansitma karakteristiklerini, ve ayrica suyun karakteristiklerini (yani, soniim katsayisi,
ve pargaciklarin sa¢ilim faz fonksiyonu) de hesaba katarak, detayl bir sualt1 optik kanal
modelleme ve nitelendirme ¢alismasi yiiriitiiyoruz. Yol kaybinin, su tipine, 151n demeti
sapma agisina, ve alict acikligi ¢apina bagli bir fonksiyon olan kapali yapida bir
ifadesini gelistiriyor ve ortaya konan bu ifadenin dogrulunu Monte Carlo simiilasyon

sonuglari ile onayliyoruz.
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CHAPTER

INTRODUCTION

1.1 Motivation

The demand for high-speed and ubiquitous broadband wireless access has
spurred an immense growth in mobile data traffic. The increasing number of smart
devices in different form factors and capabilities combined with the worldwide adoption
of social media and advanced multimedia applications are the primary contributors to
this growth. Recent market analysis [1] reports that the global mobile data traffic is up

63% in 2016 and will increase sevenfold between 2016 and 2021.

The design of future wireless communication networks that cope with the ever
growing mobile data traffic is recognized as a major technical challenge that wireless
engineers face today. To address the needs of future wireless networks, various
solutions are currently being discussed and proposed [2]. One particular solution is
network densification that allows the same spectrum to be spatially reused. While
densification through the use of small cells brings significant capacity, interference
eventually imposes a fundamental limit. Through advances in physical layer design,
such as massive multiple-input multiple-output techniques, some improvements in
spectral efficiency are also possible. Regardless of the efficacy of network densification
and potential spectral efficiency gains, much more bandwidth is required to cope with
the predicted data traffic growth. This can be achieved by moving up to higher carrier

frequencies. Current wireless access systems (cellular, WiFi) mostly work in the radio



frequency (RF) band below 6 GHz. However, this spectral band is almost fully occupied
and heavily regulated. In an effort to yield more bandwidth, ongoing research efforts
focus on the upper segments of the RF band with a particular emphasis on millimeter

frequencies up to 300 GHz.

A more radical approach to address the shortcomings of current wireless access
systems is to deploy optical bands. In particular, the expected wide scale availability of
light emitting diodes (LEDs) in the near future opens the door for so-called visible light
communication (VLC) [3]. VLC is based on the principle of modulating LEDs at very
high speeds that are not noticeable by human eye. This lets the use of LEDs for wireless
communication purposes in addition to their primary purpose of illumination. VLC
operates at unlicensed optical bands and offers a large bandwidth capacity. Therefore,
VLC can be utilized as a complementary wireless access technology where excess

capacity demands of cellular or WiFi networks can be offloaded.

In addition to indoor illumination, LEDs are increasingly deployed for outdoor
applications, particularly for exterior automative lightning. VLC is therefore considered
a potential means for vehicular connectivity [4-6]. The current research activities and
standardization efforts on vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I) and
infrastructure-to-vehicle (I2V) communications have mainly focused on the use of RF
technologies [7-9]. The impact of current V2V and V2I communications on the RF
spectrum usages is low, but this is expected to significantly increase in the near future
with the widespread adoption of Intelligent Transportation Systems (ITSs). Limited RF
bands can quickly suffer from high interference levels when hundreds of vehicles
located in the same vicinity try to communicate simultaneously. Furthermore, RF-based
vehicular communications experience longer delays and lower packet rate because of

the channel congestion. VLC can be used a scalable and reliable wireless access



technology for vehicular networks.

Another potential usage area of VLC is underwater communication. Underwater
wireless transmission can be achieved through radio, acoustic, or optical waves. Radio
frequency waves suffer from significant attenuation in water, which seriously limits the
transmission range to very short distances with practical antenna sizes. On the other
hand, acoustic waves can support transmission ranges on the order of kilometers and
become the typical choice in the commercially available underwater modems. Acoustic
systems however fall short with their low data rates (kilobits per second) for emerging
bandwidth-hungry underwater applications such as image and real-time video
transmission. As diverse and data-heavy underwater applications emerge, VLC [10, 11]

has emerged as a powerful alternative and/or complementary to acoustic counterparts.
1.2 Fundamentals of VLC Systems

VLC systems employ visible light for communication that occupy the spectrum
from 380 nm to 780 nm corresponding to a frequency spectrum of 384 THz to
789 THz. Hence the physical optical principles can be applied to the VLC systems. In
fact, the carrier in VLC is the visible rays used for illumination. VLC is typically
characterised by a non negative and non-coherent signal transmission. It respects the
communication principle in which three main parts are considered: a transmitter, a

channel and a receiver.

The modulated signal, added to a DC voltage is used to power the LED, this
constitutes the transmitter. The LED in its operation produces the light and at the same
time, convey the information through the channel. The receiver is made of the
photodetector (PD) and the demodulator. The PD detects the light and produce an

electrical signal composed of the message plus noise.



In VLC systems, the transmitter groups, in one module, the data source, the
modulation module and the LED. The last two elements are the very important elements
in a VLC transmitter. Two types of LEDs are used in VLC systems: The single-colour
LED and the multicolour LEDs. The multicolour LED groups in one package multiple
single-colour LEDs. The most used multicolour LED is the red-green-blue (RGB) LED.
In multi-carrier systems, each of the colour LEDs included in the package represents an
antenna, corresponding to one channel. There are as many channels in the system as
there are LEDs in the package. Hence, a given number of colour-LEDs will provide the
same number of distinct channels. Consequently, the RGB-LED transmitter is seen as a
special multichannel transmitter that can be used to deploy multicarrier modulation
techniques. For example, with a single RGB-LED, a three-by-three multiple inputs-

multiple outputs technique is applicable over the VLC channel.

In communication, the channel represents the space between the transmitter and
the receiver. It is characterised by its ability to transmit the carrier signal, and, it is
influenced by many factors such as attenuation, interference and noise. In VLC
technology, the channel is the space between the LED and the PD. Two main types of
channels are considered in VLC communication systems: the single VLC channel
involving a single LED and a single PD, and the multichannel VLC systems in which
the transmitter is made of multicolour LEDs. In this second case, the PD is made of

more than one detector, each of them being sensitive to a colour from the transmitter.

The main element in the VLC receiver is the photo-detector used to collect the
light radiation. Two main types of photodetectors are used in VLC receivers: the photo-
diode and the phototransistors. The digital camera, consisting of an array of photo
transistor is a good device for receiving VLC signal in smart devices such as smart

phones and laptops. A complete receiver system made of components such as the



concentrator, the optical filter, the amplifier and the equaliser, necessary to capture the
maximum light needed to convert the received signal into message. The rays pass

through the concentrator and the optical filter before they reach the proper detector core.

1.3 Dissertation Outline

Despite the increasing attention on VLC systems, there is a lack of proper visible
light (VL) channel models. This is a serious concern since channel modeling is the very
first step for efficient, reliable, and robust VLC system design. The main objective of
our work is to develop realistic VLC channel models for indoor, underwater and
outdoor mediums. Our study is based on Zemax®; a commercial optical and
illumination design software. Although the main purpose of such software is optical
system design, we take advantage of the ray tracing features of this software which
allows an accurate description of the interaction of rays emitted from the lighting source

within a specified confined space.

The simulation environment is created in Zemax® and enables us to specify the
geometry of the environment, the objects within as well as the specifications of the
sources (i.e., LEDs) and receivers (i.e., photodiodes). For a given number of rays and
the number of reflections, the non-sequential ray tracing tool calculates the detected
power and path lengths from source to detector for each ray. These are then imported to

Matlab® and processed to yield the channel impulse response (CIR).

In the first part of our work, we focus on indoor channel modeling. Our proposed
approach is capable to obtain CIRs for any non-ideal sources unlike the earlier works
building upon the use of Lambertian sources. Furthermore, diffuse, specular and mixed
reflections can be easily taken into account. In addition, we can precisely reflect the

presence of objects and wavelength-dependent reflection characteristics of surface



materials in channel modeling. To confirm the accuracy of our approach, we first
demonstrate that our approach yields the same CIR as in the literature under the
assumption of purely diffuse reflections and ideal Lambertian source. We then discuss

the effect of specular and mixed cases.

As case studies, we consider various indoor environments with different
transmitter specifications (i.e., single vs. multiple transmitters, array type) and receiver
specifications (i.e., location, rotation). For environments under consideration, we obtain
CIRs and present a channel characterization study where channel parameters such as
channel DC gain, path loss, and root mean square (RMS) delay spread are obtained. We
then make one-to-one comparisons between infrared (IR) and visible light CIRs for the

same environments to emphasize the differences between two optical bands.

In the second part of our work, we address vehicular VLC channel modeling for
ITS usage scenarios. We carefully take into account the effect of practical light sources
(i.e., the asymmetrical pattern of headlamp and street lights) and operating conditions
(i.e., reflections from road surfaces) as well as weather conditions in our channel
modeling study. For various configurations such as vehicle-to-vehicle, traffic light-to-
vehicle and street lamp-to-vehicle, we obtain CIRs and calculate channel DC gain, RMS
delay spread and path loss. Furthermore, we develop a closed-form path loss expression

for V2V VLC channel in different weather conditions.

In the third and final part of our work, we carry out a detailed underwater optical
channel modeling and characterization study taking into account the presence of human
and man-made objects such as autonomous underwater vehicle (AUV). The reflection
characteristics of the sea surface and sea bottom as well as the water characteristics, i.e.,

extinction coefficient and scattering phase function of particles, are precisely



considered. For various underwater scenarios with different transmitter/receiver
specifications (i.e., viewing angle, aperture size) and different depths from the sea
surface, we obtain CIRs and calculate associated channel parameters. Based on CIRs,
we further develop a closed-form path loss expression as an explicit function of water

type, beam divergence angle and receiver aperture diameter.

Several of the main ideas in this dissertation have already been published by the
author in the course of his research. A realistic indoor VLC channel modeling approach
taking into account the practical issues such as wavelength dependency of reflection
coefficients, different types of reflections (diffuse, specular and mixed cases of diffuse
and specular), non-ideal Lambertian sources and higher order number of reflections is
presented in [12, 13]. The channel models for four usage scenarios (i.e., workplace,
office room with secondary light, living room, and manufacturing cell) considered in the
IEEE 802.15.7r1 Technical Requirements Document are presented in [14-18]. These
were endorsed by IEEE 802.15.7r1 as reference channel models. A mobile indoor VLC
channel model is presented in [19]. A closed-form path loss expression for V2V VLC
channel in different weather conditions is given in [20]. A realistic underwater VLC
(UVLC) channel model taking into account the presence of human and man-made
objects is presented in [21]. A closed-form UVLC path loss expression as an explicit
function of water type, beam divergence angle and receiver aperture diameter is given in

[22].
1.4 Organization

The rest of dissertation is organized as follows. In Chapter II, we first review the
existing indoor channel modelling approaches and highlight their shortcomings. Then,

we propose a VLC channel modeling approach based on non-sequantial ray tracing



features of Zemax® and present a comprehensive channel characterization study for
various indoor environments. In Chapter 111, we present vehicular VLC channel models
for various configurations such as vehicle-to-vehicle, traffic light-to-vehicle and street
lamp-to-vehicle. In Chapter 1V, we focus on underwater VLC channel modeling and
carry out a channel characterization study for various underwater environments. Finally

Chapter V concludes and summarizes this dissertation.



CHAPTER 11

CHANNEL MODELING AND CHARACTERIZATION FOR
INDOOR VISIBLE LIGHT COMMUNICATIONS

2.1 Introduction

There is a rich literature on indoor infrared channel modeling based on various
approaches such as recursive calculation [23-27], geometric-based models [28-32] and
Monte Carlo ray tracing (MCRT) [31-34]. It should be emphasized that there exist
significant differences between visible and infrared wavelengths. Therefore, the IR
channel models cannot be applied to VLC channel modeling in a straightforward
manner. For example, an IR source can be approximated as a monochromatic emitter
while a white light LED source is inherently wideband (380 nm-780 nm). This calls for
the inclusion of wavelength-dependency of source in VLC channel modeling [3, Ch. 6].
Furthermore, in IR communication, the reflectance of materials is typically modelled as
a constant. On the other hand, the wavelength dependency of the reflectance of
materials should be taken into consideration in the visible light spectrum. Therefore,

proper modifications are needed for VLC channel modeling [35-47].

In this chapter, we first present a literature overview of the existing IR and VLC
channel models. After we highlight the shortcomings of existing works, we present our

VLC channel modeling approach.



2.2 Infrared Channel Modeling

2.2.1 Recursive Channel Models

The first optical wireless channel in an indoor environment was described in [23]
with diffused optical radiation at a wavelength of 950 nm wavelength for a distance of
up to 50 m. Within the indoor environment, various reflecting surfaces are modelled as
Lambertian reflectors. The simulations in [23] are only accounted for first order
reflections. A more accurate impulse response analysis was presented in [24] by
considering higher order of reflections. In this method, the room surfaces (i.e., walls,
floor and ceiling) are discretized into small cells. Then, a single ray from the source
emits and the ray bounces are tracked until it reaches detector (see Fig. 1). For each
reflection, the power and delay is calculated (i.e., CIR for that specific reflection). The

overall CIR can be then obtained as summation of CIRs for all reflections as

N
W (68,R) =Y 1" (:8,¢) 0" (¢, R)
i=1
~n+1gLpcos” (¢)cos(0)
C2r ; d’

.rect(29/7r)h(k71) (t —d,[v; {r,ﬁ,l},R) A4

(1)

where k is the order of reflection; S = {rs,ﬁs,n} is the arbitrary source with position

of ry, orientation of ny and mode number of n; R= {rR,ﬁR,AR,FOV} is the arbitrary
receiver with position of r, , orientation of n,, area of 4, and field of view of FOV;
g, is the 7th small cell; p, is the reflectivity of the ith small cell; A4 is the area of

small cells; N is the total number of small cells; ¢ is irradiance angle; 6 is incident
angle; d is the distance between source and receiver and v is the speed of light. Here,

n is the normal to the surface at position r. For reflections of the order higher than
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three, this model proves to be prohibitively expensive in terms of system memory

requirements and total computation time.
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Figure 1: Recursive method

To address this issue, DUSTIN algorithm [25] was proposed which slices the
impulse response into time steps rather than into the number of reflections. This
approach results in reduction of both the memory requirement and the number of
operations required to calculate the complete impulse response. The works in [24, 25]
were however limited to empty indoor environment. The iterative site-based method
[26, 27] was proposed to consider the effect of man-made objects. In this method, each
piece of furniture is assumed to have a cubic rectangular shape with surface areas
parallel with room walls. Objects with many different shapes can also be formed by

combining a number of cubic and cubic rectangular-shaped objects.

2.2.2 Geometric-Based Channel Models

In an effort to obtain a closed form expression for the IR channel, the geometric-
based channel models were proposed. The Ceiling bounce model proposed in [28]

provided a closed form expression for CIR by considering diffuse reflections assuming

11



that the transmitter and receiver are co-located in panels parallel to the floor towards the
ceiling. The geometric parameters of the room as well as the reflectance values were
included. This model translates the effect of multiple reflections into loss of optical
power at the receiver (i.e., path loss) and the RMS delay spread of the signal arriving at
the receiver after multiple reflections. Since this model does not account for the

presence of obstructions, it is not expected to be highly accurate.

In [29], the IR channel was modeled using Ulbricht’s integrating sphere as a
geometric-based model. The CIR in this method is defined as a combination of diffuse
components and a direct LOS component. To account for complete channel response,

the LOS impulse response is superimposed on the diffuse impulse response.

In [30], the received optical power with Ceiling bounce model was formulated
and then compared with measurements. Since the frequency sweep method was used for
the measurements, the comparison was done in frequency domain. The results presented
therein demonstrated that the fluctuations of CIR in large frequencies cannot be
predicted very well with Ceiling bounce model. Therefore, more accurate channel
model was presented in [30] as a combination of primary reflections and higher-order
reflections. The Gamma probability density function is selected as the matching
function of the primary reflection impulse response and the function parameters are
related to the physical parameters of the room. A spherical model is further used to
calculate the CIR of higher-order reflections. It was demonstrated that the bandwidth
characteristics are dominated by the response of the primary reflection rather than the
higher-order reflections. It was also shown that the bandwidth depends on the radiation

angle and is larger if the radiation angle is narrower.

12



2.2.3 MCRT Channel Models

In contrast to recursive and geometric-based methods [24-30], MCRT algorithm
allows for the evaluation of the impulse response for environments with complex
geometries with no meaningful increase in computational cost, especially when a large
number of reflections are considered. The MCRT was first proposed in [31]. This
method involves discretization of room surfaces (i.e., walls, floors, ceiling) into small
cells, ray generation based on a given statistical distribution (distribution type depends
on the source) and then tracking of each ray until it reaches detector to calculate the
detected power and associated delay (see Fig. 2). In [31], the results obtained with
MCRT were compared with those obtained through classical recursive method. It is
demonstrated that higher order reflections can be considered in a reasonable simulation

time while the recursive method is limited to third order reflections.

In conventional MCRT, there is no limitation on the number of reflections that can
be considered. However, the probability that the rays will reach the receiver is not high,
and so a very large number of rays needs to be traced. To address this issue, modified
Monte Carlo (MMC) algorithm has been introduced in [32], where each reflection of the
rays is used to calculate a LOS contribution to the receiver from the reflecting point,
thus utilizing each ray multiple times instead of only once. This leads to a lower number
of generated rays from the source to calculate an impulse response. The algorithm is
purely sequential and iterative, and hence this method is very fast. However, the
impulse response obtained in this way contains some variance because of the random
nature of the direction of the rays. This variance decreases as the number of rays is

increased.
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Another important parameter in modeling of the surface materials (walls,
ceiling, furniture, etc) is the type of reflections. In [32], a diffuse-to-mirror ratio (DMR)
as a function of the roughness of the material depending on the incidence angle was
defined, which determines the amount of the incoming power that is specularly reflected
or scattered. In [33], a MCRT simulation was performed with the software tool Specter
by Integra Inc. in a geometric computer-aided design (CAD) cabin model. The
geometric models of the objects in the setup, the materials’ reflection characteristics on
the objects and the definition of key properties of light sources and detectors were
defined as the input parameters. Mathematical models were then developed for LOS and
NLOS path losses along particular paths, including estimation of the path loss exponent
and the shadowing component. The shadowing is modelled according to a log-normal

distribution.

In [34], the CIR was evaluated with combination of recursive method and
MCRT which utilize the accuracy of recursive approach in addition to the speed of
Monte Carlo analysis. The first order reflections contain the most significant amount of
power in CIR (depending on the configurations) so they are calculated by recursive
method and higher order reflections which are the limitations of recursive method, are
calculated with modified Monte Carlo ray tracing (MMCRT). In this method, the room
is discretized into small cells to evaluate the first order reflections by recursive method
and then from each reflection point (small cells) multiple rays are generated to evaluate

higher order reflections by MMCRT.

A comparison of IR channel models discussed so far is provided in Table 1.
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Table 1: Comparison of existing indoor IR channel models

Method Modeling of | Number of Other Assumptions
Reflectance Reflections
[24] | Recursive Fixed Third order - Purely Lambertian reflections
reflectance - Empty room
- Ideal Lambertian source
[25] | Recursive Fixed Not mentioned | Purely Lambertian reflections
(DUSTIN algorithm) reflectance - Empty room
- Ideal Lambertian source
[26] | Recursive Fixed Third order - Purely Lambertian reflections
(Iterative site-based) reflectance - Room with objects
- Ideal Lambertian source
[27] | Recursive Fixed High order - Purely Lambertian reflections
(Iterative site-based) reflectance (>10) - Room with objects
- Ideal Lambertian source
[28] | Geometric-based Fixed First order - Purely Lambertian reflections
(Ceiling bounce) reflectance - Empty room
- Ideal Lambertian source
[29] | Geometric-based Fixed High order - Purely Lambertian reflections
(Sphere model) reflectance (>10) - Empty room
- Ideal Lambertian source
[30] | Geometric-based Fixed High order - Purely Lambertian reflections
(Ceiling bounce & reflectance (>10) - Empty room
sphere model) - [deal Lambertian source
[31] | Monte Carlo ray Fixed High order - Diffuse, specular and mixed
tracing reflectance (>10) reflections
- Empty room
- [deal Lambertian source
[32] | Modified Monte Fixed High order - Diffuse, specular and mixed
Carlo ray tracing reflectance (>10) reflections
- Empty room
- Ideal Lambertian source
[33] | Monte Carlo ray Fixed High order - Diffuse, specular and mixed
tracing reflectance (>10) reflections
- Cabin with objects
- [deal Lambertian source
[34] | Combined recursive Fixed High order - Purely Lambertian reflections
& Monte Carlo ray reflectance (>10) - Empty room

tracing

L Ideal Lambertian source
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2.3 VLC Channel Modeling

Inspired from the IR channel models, various VLC channel modeling studies

were carried out in the literature (see Table 2).
2.3.1 Recursive Channel Models

In [35], the recursive method proposed in [24] was adopted to obtain CIR in VL
band, but fixed reflectance is assumed. While this can be justified for infrared
wavelengths, wavelength dependency should be considered for realistic channel
modeling in VLC. In [36], in an effort to reflect the effect of wavelength dependency in
channel modeling, the reflectance values were calculated as the average of wavelength
dependent coefficients over the VL band. In [37], the wavelength dependency explicitly
was taken into account in recursive method to determine the CIR of an empty room.
However, similar to [35, 36], the work in [37] was also limited to the assumptions of
only purely diffuse reflections and ideal Lambertian source which might not hold true
for many practical cases. In [38], a modified version of the recursive method was
proposed to integrate the non-ideal Lambertian source with distinct source radiation
patterns. The angular distribution of two commercial LEDs, i.e., NSPW345CS from
Nichia and LUXEON Rebel from Lumileds Philips, are analytically characterized and
the effect of source modeling on path loss, RMS delay spread and channel bandwidth

are investigated.

In contrast to the well-known time-domain methods, a novel frequency-domain
method was proposed in [39]. In this approach, the channel transfer functions of diffuse
components and direct line-of-sight (LOS) component are obtained. Then, a recursive
linear time-invariant (LTI) system is constructed based on all transfer functions for all

the light (LOS and diffuse) that originally stems from the transmitter and that is
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impinging on all surface elements. In other word, the convolutional operation of
recursive method in time-domain is exchanged with multiplication of channel transfer
functions in frequency-domain. This approach leads to a closed expression for the

infinite sum of all contributions of arbitrarily high reflection order.

2.3.2 Geometric-Based Channel Models

Geometric-based models were also proposed for VLC channels. Particularly, in
[40], analytical method with low computational complexity for calculating the non-line-
of-sight (NLOS) CIR in a cuboid room was proposed. The analytical results showed that
the proposed method offers very high accuracy for the dominated first order multi-path
components. In [41], a field of view (FOV) geometry-based single bounce (GBSB)
model for VLC channels was proposed. The simplifying assumptions of fixed
reflectance values with purely diffuse reflections and ideal Lambertian source were
assumed in [40, 41]. In [42], a regular-shaped geometry-based multiple bounce model
(RS-GBMB) for VLC channels was proposed. The proposed model employs a
combined two-ring model and ellipse model, where the received signal is constructed as

a sum of the LOS, single-, double-, and triple bounced rays of different powers.

2.3.3 MCRT Channel Models

In [43], a MCRT simulation tool was proposed to obtain the CIR for VLC
assuming Lambertian sources. The wavelength dependency of reflectance was taken
into account. In addition, the effect of mixed diffuse and specular reflections was
modeled with Phong’s model. The computational efficiency of simulations are
improved by first dividing the simulation environment into sub-cubes of equal size and
second with parallelizing the simulation algorithm based on an equal and static

distribution of the rays generated at the emitter among the available processors, i.e.,
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assigning the rays to each processor by means of a uniform distribution.

Reflection model has an important impact on the channel properties, since both
channel gain and multipath interference are directly affected by reflections. Therefore,
the selection of the reflection model used in the channel characterization is a critical
decision in order to achieve realistic and accurate channel estimation. In [44], the
integration of new reflection models into MMCRT was proposed for the high-level of
specular reflection components. These models are based on bidirectional reflectance
distribution function (BRDF) theories, such as Blinn’s or Lafortune’s models, which are
frequently used in 3D image rendering. The effect of different BRDF models, i.e.,
Lambertian’s, Phong’s, retroreflective Phong’s and Lafortuncon’s models, on the

bandwidth of the VLC systems was investigated.
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Table 2: Comparison of existing indoor VLC channel models

Method Modeling of | Number of Other Assumptions
Reflectance Reflections
[35] | Recursive Fixed Third order - Purely Lambertian reflections
reflectance - Empty room
- Ideal Lambertian source
[36] | Recursive Averaged Fourth order - Purely Lambertian reflections
(Iterative site-based) Reflectance - Room with objects
- Ideal Lambertian source
[37] | Recursive Wavelength Third order - Purely Lambertian reflections
dependent - Empty room
- Ideal Lambertian source
[38] | Recursive Fixed Third order - Purely Lambertian reflections
reflectance - Empty room
- Ideal Lambertian source as
well as two distinct source
radiation patterns
[39] | Recursive Fixed High order - Purely Lambertian reflections
reflectance >10) - Empty room
- Ideal Lambertian source
[40] | Geometric-based Fixed First order - Purely Lambertian reflections
reflectance - Empty room
- Ideal Lambertian source
[41] | Geometric-based Averaged First order - Purely Lambertian reflections
(FOV-GBSB) Reflectance - Room with virtual scatterers
- Ideal Lambertian source
[42] | Geometric-based Fixed Third order - Purely Lambertian reflections
(RS-GBMB) reflectance - Empty room
- Ideal Lambertian source
[43] | Monte Carlo ray Wavelength High order - Diffuse, specular and mixed
tracing dependent (=10) reflections
- Room with objects
- Ideal Lambertian source
[44] | Modified Monte Carlo | Fixed Third order - Diffuse, specular and mixed
ray tracing reflectance reflections
- Empty room
- Ideal Lambertian source
[45] | Photon tracing Fixed High order - Diffuse, specular and mixed
reflectance (>10) reflections

- Room with objects
- Non-ideal Lambertian source
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2.4 Methodology for Indoor VLC Channel Modeling

As summarized in Table 2, majority of existing works ignore wavelength
dependency of source in VLC channel modeling. Furthermore, most studies are limited
to the assumption of only purely diffuse reflections and ideal Lambertian source which

might not hold true for many practical cases.

In this section, we propose a realistic VLC channel modeling approach to
overcome such limitations and present several CIRs for various indoor environments
based on the proposed approach. Our study is based on Zemax®; a commercial optical
and illumination design software [46]. Although the main purpose of such software is
optical system design, we take advantage of the ray tracing features of this software
which allows an accurate description of the interaction of rays emitted from the lighting

source within a specified confined space.

The simulation environment is created in Zemax® and enables us to specify the
geometry of the environment, the objects within as well as the specifications of the
sources (i.e., LEDs) and receivers (i.e., photodiodes). For a given number of rays and
the number of reflections, the non-sequential ray tracing tool calculates the detected
power and path lengths from source to detector for each ray. These are then imported to
Matlab® and processed to yield the CIR. Our results demonstrate that our approach
yields the same CIR as in [37] under the assumption of purely diffuse reflections and
ideal Lambertian source. Our approach is further capable to obtain CIRs for any other

(non-ideal) source types as well as specular and mixed specular-diffuse reflections.

Fig. 2 provides an overall summary of major steps followed in the adopted
channel modeling methodology [13]. In the first step, we create a three dimensional

simulation environment where we can specify the geometry of the indoor environment,
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the objects within, the reflection characteristics of the surface materials and the
specifications of the light sources and detectors. In the second step, we use non-
sequential ray tracing feature of Zemax® to calculate the detected power and path
lengths from source to detector for each ray. In the third step, we import this data to
Matlab® and obtain the CIRs for the environment under consideration. Further details

for each step are elaborated in the following.

CAD Objects
(Furniture, etc)

Material Reflectance Values

3 d
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Figure 2: Steps in indoor VLC channel modeling and characterization

To model the simulation environment, we need to specify the dimensions and
shape of the indoor environment, furniture and objects within, type of surface materials
(coating) as well as the properties and locations of the transmitter (LED) and receiver
(photodiode). The indoor environment (i.e., office room, living room, etc) is created
using Zemax® “Part Designer” which is an interface that allows to create and
manipulate user-defined three dimensional geometries. The CAD objects can be
imported in the software to model furniture and any other objects within the indoor
environment. “Table Coating Method” in the software further allows defining the

wavelength-dependent reflectance of surface coating for each material [12, 13]. As
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noted earlier, wavelength dependency is particularly important in VL band. To
emphasize the difference characteristics between IR and VL spectral bands, reflectance
values for some typical materials are presented in Fig. 3. As observed, the reflectance of
most materials can be safely assumed to be a constant in IR band for most practical

purposes while the wavelength dependency needs to be taken into account for VL band.
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Figure 3: Spectral reflectance of various materials (a) in VL band and (b) in IR

band [37], [47]

Another important parameter in modeling of surface materials (walls, ceiling,
furniture etc) as earlier noted is the type of reflections. As an example, Fig. 4 shows
three different types where purely diffuse, specular and mixed reflections are observed.
In Zemax®, we can take into account the specific type of reflection by “scatter fraction
(SF)” parameter that determines the value of diffuse reflections in materials. This
parameter changes between 0 and 1 such that zero indicates the purely specular

reflections and unity indicates purely diffuse case.
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(a) (b) ()
Figure 4: (a) Purely diffuse reflections, (b) specular reflections and (c) mixed

reflections

In addition to realistic modeling of surface materials, Zemax® also allows the
use of realistic light sources. Several commercially available light sources are available
in Radiant Source Model (RSM) database [46]. RSM file for a light source contains the
measured radiant or luminous intensity of the source as a function of wavelength,
position, and angle. As such, this file can be accurately used to characterize the behavior
of the light source in both near- and far-fields. As an example, Fig. 5 depicts relative
power distribution of VL and IR LEDs selected from RSM database within their
working wavelength range. The VL LED (see Fig. 5.a) is a Cree Xlamp® MC-E White
LED with Lambertian distribution and a viewing angle of 120° [48]. The IR LED (see
Fig. 5.b) is an OSRAM® SFH 4283 IR 880 nm LED with the same viewing angle and
Lambertian distribution [49]. It can be observed from Fig. 5.b that the full width at half
maximum (FWHM) spectral bandwidth of IR LED is approximately 75 nm. On the
other hand, in Fig. 5.a shows that, unlike the IR LED, the VL LED has a large spectral

bandwidth from 400-800 nm.

23



Relative Spectral Power Distribution Relative Spectral Power Distribution
100 100

90 90 /\
o a0 [\

70 70

S S

5] 5]

: : /
S 60 5 60

5 50 § 50 l
N ! /
[3] [0]

2 40 2 40

(] [

2 | [/ 2 /
£ 30 ’ \, \ £ 30 /

Q Q

T 20 L)

ol AN 0 / \

N 4 \
0 0 /
400 450 500 550 600 650 700 750 800 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 5: Relative spectral power distribution of (a) Cree Xlamp® MC-E White

LED and (b) OSRAM®™ SFH 4283 IR 880nm

In Zemax®, detectors can be modeled as planar surfaces, curved surfaces or
three-dimensional volumes which store the different data types such as incoherent
irradiance, coherent irradiance, coherent phase, radiant intensity, radiance and true color
photometric. Moreover, the data is available in radiometric and photometric units such
as watts, lumens, lux, phot and footcandles. In our simulations, we use a rectangular
surface with specified dimensions as a receiving element (i.e., “Detector Rectangle”

function in Zemax®).

After we create the simulation environment in Zemax®, we use its non-
sequential ray tracing feature to determine the CIR. In ray tracing approach, rays are
traced along a physically realizable path until they intercept an object. The LOS
response is straightforward to obtain and depends upon the LOS distance. Besides the
LOS component, there are a large number of reflections among ceiling, walls, and floor
as well as any other objects within the environment. The way that non-sequential rays

are traced depends on the source properties including polarization state, coherence
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length, initial phase, position and direction of rays of light emanating from non-
sequential sources. The random ray tracing methods used in Zemax® are mainly based
on Monte Carlo analysis [50, 51] and Sobol sampling the latter of which is used for
speeding up ray tracing [52, 53]. The main parameters in ray tracing are the number of
rays (N,) and the number of reflections (k). The number of reflections in Zemax® is
adjusted through “Relative Minimum Intensity”. For example, if this parameter is set to
1073, the software runs until the ratio of the intensity of last segment with respect to the

first segment becomes 1073,

The non-sequential ray tracing tool generates an output file, which includes the
detected power and path lengths from source to detector for each ray. We import this

file to Matlab® and, using this information, we can express the CIR as

h)=S"P6(i—) @

i=l1

where P is the optical power of the ith ray, 7, is the propagation time of the ith ray,
o (t ) is the Dirac delta function and N, is the number of rays received at the detector.

Once we obtain CIRs, we can calculate several channel parameters such as

channel DC gain, path loss, RMS delay spread, mean excess delay and coherence

bandwidth. Channel DC gain (H,) is one of the most important features of a VLC

channel, as it determines the achievable signal-to-noise ratio for a fixed transmitter

power and is calculated as

H,= jh(t)dt 3)
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The path loss can be then expressed as

PL=—10log,, [jh(t)dt : 4

The time dispersion parameters of channel, RMS delay spread and mean excess

delay, are respectively given by [13]

(=7, n(e)a
Trus = . = ®)

| h(z)dr

0

[exh(r)ar
_ 0

To (6)
[ n(r)de
0
The frequency correlation function can be obtained from the CIR as
H(Af)= [ h(t)e > (7)

For a particular correlation level ¢ (typically chosen as 0.9, 0.7 or 0.5 [54]), coherence
bandwidth (B, ) is defined as the minimum frequency separation for which the norm of
the frequency correlation function across this level. It is calculated as

B = min(Af) such that |H(Af)| =c. (®)

2.5 Comparison with Existing Models

To make a one-to-one comparison, we consider the same environment and
parameters of [37], see Fig. 6 and related parameters in Table 3. Specifically, we
consider a room size of 5 m X 5 m X 3 m where four LED luminaries are located on the

ceiling and the detector is located at the corner of the floor as in Fig. 6. An LED
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luminary consists of 100 LED chips and each chip radiates 0.45 W with a view angle of
120°. The FOV and area of the detector are 85° and 1cm?, respectively. The reflection
of materials in [37] is considered as purely diffuse and an ideal Lambertian source is
used. In our case, we use Cree Xlamp® MC-E White LED (see Fig. 6.b) which has

nearly-ideal Lambertian pattern.

10x10 LED Chips

LED Chip
26—/ s4 g6 : MC-E Cree Inc.
] 06 m
3m /,”
/" Sm

(2)

©
o

60

o |o

o |+~

IS S
[

30

wla o fa

Figure 6: (a) 3D environment and (b) emission pattern of source
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Table 3: Parameters of scenario in [37]

Size of room (m) 5x5x%x3

Time resolution (Af) 0.2 (ns)

Number of lighting 4

Number of chip per each lighting | 100

Power of each chip 0.45 (W)

Lighting positions (m) (1.5,1.5,3) (1.5,3.5,3)
(3.5,1.5,3) (3.5,3.5,3)

PD position (m) (0.5,1,0)

View angle of lighting 120°

FOV of PD 85°

Area of PD 1 (cm?)

Materials Purely diffuse reflections

In the following, we present CIRs for k=0, 1, 2, 3. In Fig. 7, only LOS is
considered. In Fig. 8.a, we present the CIR for first order reflections. It is observed from
Fig. 8.b (which is basically obtained through superposition of CIRs presented in Fig. 7
and Fig. 8.a) that first order reflections contribute to increase the amplitude of zero
order reflections. The delay spread also increases by first order reflections. Similarly,
Fig. 9.b is a summation of CIRs presented in Fig. 8.b and Fig. 9.a. It is observed from
Fig. 9.b that second order reflections slightly increases the amplitude of zero order

reflections but effectively increases the delay spread of CIR.
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4 I I I
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N
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Figure 7: CIR for £ =0 (Only LOS is considered)
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Figure 8: (a) CIR for first order reflections and (b) CIR for k=1 (i.e., LOS and

first order reflections)
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Figure 9: (a) CIR for second order reflections and (b) CIR for £ =2 (i.e., LOS, first

and second order reflections)
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In Fig. 10, we present the CIR for k =3 reflections similar to [37]. It is observed
that two CIRs are almost identical confirming the accuracy of our approach. Some small
differences between the tails of two CIRs are observed. This is due to the fact that our
light source is a commercial light source and not ideal Lambertian (see Fig. 6.b) unlike
the theoretical one in [37]. It can be further noted that three peaks exist in CIR which
are related to 4 LED lightings. The largest one corresponds to the nearest LED (S2) and
the second one is related to two LEDs (S1 and S3) which are at the same distance from

the photodetector (PD) and the last one is related to the farther LED (S4).

In Fig. 10, we assumed k =3 reflections to make a one-to-one comparison with
[37], however note that our approach is able to handle more number of reflections. Fig.
11 and Table 4 present the values of channel parameters for k£ values up to 8. It is
observed from Fig. 11 that there is no noticeable change for values larger than k=4 in

an empty room under consideration.

4.5 T T
k=3 [37]
k=3 Proposed Approach | |

3.5

25

Power (Watt)

1.5

L
A4
AL

0 10 20 30 40 50
Time (ns)

Figure 10: Comparison of the proposed approach with [37]
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Table 4: Mean excess delay, RMS delay spread and channel DC gain for different

k values in purely diffuse reflections

k T, (ns) Trys (1S) H,

0 12.58 2.10 4.82x10°
1 13.53 3.33 6.03x107
2 15.59 6.60 7.06x107
3 17.26 8.95 7.67x107
4 17.42 9.25 7.71x107
5 17.42 9.25 7.71x10°
6 17.42 9.26 7.71x10°
7 17.42 9.26 7.71x10°
8 17.42 9.26 7.71x107

10 10 l
9 8

Ho
~
TRMS (ns)

£
0
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
k k
(a) (b)

Figure 11: (a) Channel DC gain and (b) RMS delay spread vs. number of reflection

assuming diffuse reflections

Note that the recursive approach in [37] builds upon the assumption of purely
diffuse reflections. In contrary, our approach can handle other type of reflections. In the
following, we assume mixed reflections (see Fig. 12) and mostly specular reflections
(see Fig. 13) where SF is set to 0.5 and 0.2 respectively. It is observed from Figs. 12 and
13 that the presence of specular components create fluctuations in CIR and results in
deviations from the purely diffuse case considered in [37]. This is particularly evident in

Fig. 13 where mostly specular case is considered. In diffuse case, when one ray reflects
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from the surface, the power of ray decays by reflection coefficient and that power is
divided among scattering rays. On the other hand, in specular case, the power of ray just
decays by reflection coefficient and there is no division of power among scattering rays.
By considering specular components for materials, the power of rays decays slowly

which results in fluctuations of CIR.

To evaluate the impact of the number of the reflections on CIR, Fig. 14 and
Tables 5 and 6 present the values of channel parameters for mixed and mostly specular
reflection cases. It is observed from Fig. 14 that the RMS delay and channel DC gain
saturate after 4 reflections for mixed case similar to purely diffuse case. However, in

mostly specular case, this takes place after 7 reflections.

x 10
45 T T T T
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Figure 12: Comparison of CIRs under the assumptions of mixed reflections and

purely diffuse reflections
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Figure 13: Comparison of CIRs under the assumptions of mostly specular

reflections and purely diffuse reflections

Table 5: Mean excess delay, RMS delay spread and channel DC gain for different

k values in the case of mixed reflections

k T, (ns) Ty (1S) H,

0 12.44 1.98 4.53x10°
1 13.88 3.52 7.38x107
2 14.76 4.93 8.06x10
3 15.05 5.49 8.19x10
4 15.11 5.61 8.20x10
5 15.11 5.61 8.21x107
6 15.11 5.61 8.21x107
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Table 6: Mean excess delay, RMS delay spread and channel DC gain for different

k values in the case of mostly specular reflections

k 7, (ns) Trys (11S) H,
0 12.36 1.94 4.19x10°
1 13.85 3.45 7.40%107
2 15.24 5.37 8.60x107
3 16.46 7.12 9.19x107
4 17.07 8.07 9.43x107°
5 17.44 8.78 9.53x10°
6 17.64 9.22 9.58x107
7 17.74 9.49 9.60x107
8 17.79 9.63 9.61x107
9 17.81 9.72 9.61x107
10 17.81 9.73 9.61x107
11 17.82 9.74 9.61x107
12 17.82 9.74 9.61x10°
13 17.82 9.74 9.61x107
14 17.82 9.74 9.61x107
10210 10
® 8
8 / o
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Figure 14: (a,c) Channel DC gain and (b,d) RMS delay spread vs. number of

reflection assuming mixed reflections and mostly specular reflections
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2.6 Indoor VLC Channel Characteristics

In the previous section, we have introduced our channel modeling approach and
compared it with some existing works highlighting our advantages. In this section,
based on our approach, we present CIRs for a number of indoor environments and

discuss associated channel characteristics.

2.6.1 Effect of Distance between Transmitter and Receiver

In this section, we investigate the effect of varying distance between transmitter
and receiver on channel parameters. We consider an empty room with a size of 10 m %
10 m x 3 m. The location of transmitter is fixed and located at the center of the ceiling.
The location of receiver is varied on the diagonal which stretches from the corner to the
middle of the floor. Effectively, the distance between the transmitter and receiver (

d,y ) varies between 3 m and 7.42 m. Similar to the previous section, we assume that

the FOV and area of the detector are 85° and 1cm? respectively. The materials used for
walls, ceiling and floor are respectively plaster, plaster and pine wood. To highlight the
differences between VL and IR band, we repeat the same study for IR band under the
same assumptions. For VL and IR band, we use the light sources given respectively in

Figs. 5.aand 5.b.

Based on the aforementioned assumptions, Fig. 15 illustrates how channel DC
gain, RMS delay spread, and coherence bandwidth change with the distance. The main

observations are summarized in the following.

Channel DC gain (Fig. 15.a): It is observed that as d,, ,, increases, the
received power decreases in a negative exponential manner resulting in the decrease of

channel DC gain. Through curve fitting, we express DC gain in terms of d,, ., as
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6.54%x107° ¢ *Pnr 4752 %1077 ¢ @2 VL Band
H,= )
5.71x107° ¢ "Pdrrr 4 9 08x 107 ¢ "1 2drrrr IR Band

Comparison of results obtained for IR and VL reveals that DC gains of VL
channels are smaller than those in IR channels for same configurations. This is mainly

due to the reason that reflectivity values in IR band are larger than those in VL band.

RMS delay spread (Fig. 15.b): It is observed that RMS delay spread first
increases, then decreases with the increasing distance. It should be noted in our
configuration the location of transmitter is fixed while the location of receiver is varied
on the diagonal. This behavior change is a result of the detector location. Similar
behavior is also reported in [55]. Through curve fitting, we express RMS delay spread

in terms of d,, ,, as

_{dTX,RX 75488]2
12.72 e 429 VL Band
Trus = (10)
| dTX,RX—su]z
15.66e ' IR Band

Comparison of results obtained for IR and VL reveals that RMS delay spreads of
VL channels are smaller than those in IR channels for same configurations. Similar to
the observations in DC gains, this happens as a result of the fact that reflectivity values

in IR band are larger than those in VL band.

Our results indicate that VL channel introduces an RMS delay spread of 8 ns-13
ns within the given environment. Targeting data speeds on the order of multiple gigabits
per second will introduce inter-symbol-interference (ISI) spanning tens of symbols. This

necessitates the use of proper ISI mitigation techniques for high speed VLC systems.
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Coherence bandwidth (Fig. 15.c, 15.d): It is observed from Fig. 15.c that
coherence bandwidth first decreases then slightly increases with the increasing distance.

This is expected as coherence bandwidth is inversely proportional to RMS delay spread.

Specifically, we obtain coherence bandwidth in terms of d,,, ., as

1349 ¢ 0mrr 4 3 93%%nrx V[, Band
B = (11)
896.5¢ rrr 192" IR Band

It is also observed from Fig. 15.c that VL channels can potentially provide larger

transmission bandwidth than IR channels.

In Fig. 15.d, we further illustrate the relation between coherence bandwidth and

RMS delay spread. Through curve fitting, this relationship can be expressed as

193470 7.5<Tps <14 VL Band
B = (12)
2303 Tpue’ 12 < Toyus <16.6 IR Band
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Figure 15: (a) Channel DC gain vs. distance, (b) RMS delay vs. distance, (c)
coherence bandwidth vs. distance and (d) coherence bandwidth vs. RMS delay

spread

2.6.2 Effect of Multiple Transmitters, Position-Rotation of Transmitter-

Receiver and the Presence of Objects

In the previous section, we have obtained CIRs and presented related channel
parameters for an empty room with a single transmitter. In this section, we consider
various environments with different transmitter specifications (i.e., multiple

transmitters, array type), receiver specifications (i.e., location, rotation) and furniture.

In our study, we assume a room size of 5 m x 5 m X 3 m where the walls and
ceiling are plaster while the floor is pinewood. The total power budget for LED chips is
1 W. Through this assumption, we associate channel DC gain with the averaged
received power [24]. For easy identification, we label different configurations as VLx,

x=1, 2, ..., 8 illustrated in Figs. 16-18.
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Effect of multi-transmitter deployment: In Fig. 16, we consider three
configurations with different number of transmitters. The main features of these

configurations are summarized below:

e VL1: Empty rectangular room with single transmitter located at the center of
the ceiling and single receiver located at the center of the floor.

e VL2: Empty rectangular room with four transmitters located at the ceiling
and single receiver located at the center of the floor.

e VL3: Empty rectangular room with sixteen transmitters located at the ceiling

and single receiver located at the center of the floor.

VL1 VL2 VL3

Figure 16: Configurations with multiple light sources

Table 7 summarizes the channel parameters for these three configurations under
consideration. It is observed that by increasing the number of transmitters (see VL2 and
VL3), channel DC gain decreases with respect to VL1 where the transmitter and
receiver are perfectly aligned. Note that this observation is made under the assumption
of a fixed overall transmit power budget. The received power therefore decreases with
LEDs more dispersed on the ceiling. It is also observed from Table 7 that RMS delay
spread increases in VL2 and VL3 in comparison to VL1 with single source since more

scattering is received from multiple sources.
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Table 7: Channel parameters for different number of transmitters

T, (ns) Trys (1S) H,
VL1 15.22 10.55 5.90x10°
VL2 19.92 10.60 3.02x10°
VL3 20.26 10.95 2.58x10¢

Effect of position/rotation of receiver: In Fig.

configurations with different receiver rotations.

configurations are summarized below:

e VL4: Empty rectangular room with single transmitter located at the center of

the ceiling and single receiver looking upwards located at the corner of the

floor.

e VLS: Empty rectangular room with single transmitter located at the center of

the ceiling and single receiver with 45 degrees rotation located at the corner

of the floor.

e VL6: Empty rectangular room with single transmitter located at the center of

the ceiling and single receiver with 90 degrees rotation located at the corner

of the floor.

VL4

Figure 17: Configurations with various rotations of receiver

Based on the obtained CIRs and channel parameters (see Table 8), we observe

that by rotation of detector towards to the source (see VLS5), the channel DC gain

VLS5

17, we consider three

The main features

of these

VL6



increases with respect to VL4 and VL6 where the receiver is pointed towards to the
ceiling and walls respectively. It is also observed that by moving the detector to the
corner side, the RMS delay spread increases with respect to VL1 where the detector is
located at the center of the floor. It is a result of receiving more scattering power from

corner sides.

Table 8: Channel parameters for different rotations of detector

T, (ns) Trus (1S) H,
VL4 26.18 11.59 1.09x10¢
VL5 26.62 12.04 1.35x10°
VL6 26.34 12.97 1.17x10°

Effect of objects in the environment: In Fig. 18, we consider two different
configurations to evaluate the effect of objects (e.g., furniture) in a room. The
transmitter is located at the center of ceiling and the receiver is located at the center of
the floor. In VL7 and VLS, we assume the same room size as VL1. The main features of

these configurations are summarized below:

e VL7: Rectangular room with chair, desk and desk lamp.

e VL&: Rectangular room with chair, desk, desk lamp, laptop, couch, library,

cage and coffee table.

(a) (b)

Figure 18: Configurations with (a) few furniture and (b) lots of furniture
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In VL7 and VL8, we assume that coating materials of desk, desk lamp, chair,
cage, laptop, library, coffee table and couch are respectively pinewood, black gloss
paint, black gloss paint, pinewood, black gloss paint, pinewood, pinewood and black

gloss paint.

Based on the obtained CIRs and channel parameters (see Table 9), we observe
that in the configuration with lots of furniture (VL8), the presence of furniture in the
room has resulted in a decreased delay spread and channel DC gain. On the other hand,
delay spread and channel DC gain in the room with few furniture (VL7) are similar to
those ones in an empty room. It should be however noted that depending on relative
positions of source, detector and furniture, different observations on CIR can made as

noted in an earlier IR channel modeling study [26].

Table 9: Channel parameters for room with few furniture vs. lots of furniture

7, (ns) Trus (11S) H,
VL7 15.10 10.41 5.91x10°
VLS8 13.08 7.80 5.58x10°

2.7 IEEFE 802.15.7r1 Reference Channel Models

In December 2015, the IEEE established the Task Group 802.15.7r1 “Short
Range Optical Wireless Communications” which is currently in the process of
developing an international standard for VLC. As a part of our study, we developed
channel models for four usage scenarios (i.e., workplace, office room with secondary
light, living room, and manufacturing cell) considered in the IEEE 802.15.7r1 Technical
Requirements Document [56]. These were endorsed by IEEE 802.15.7r1 as reference

channel models [18].
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In the following, we describe each of these scenarios, present associated CIRs

and discuss the relevant channel parameters.

2.7.1 Scenario 1-Workplace

In the first reference scenario, two workplaces are considered where six office
desks with working personnel are located. Both workplaces have identical sizes with
dimensions of 14 m x 14 m x 3 m. The first one has an open office layout (Fig. 19.a)
while the second one (Fig. 19.b) has cubicles. Human bodies are modeled as CAD
objects with different coating materials for body parts. Specifically, absorptive coating
is assumed for their heads and hands along with cotton clothes and black gloss shoes. 32
luminaries are uniformly located in a rectangular grid at the ceiling. The luminaries used
in simulations are commercially available from Cree (LR24-38SKA35). They have a
non-ideal Lambertian pattern, a half viewing angle of 40° and 73 lumens per watt
efficacy. The average of illumination level is 533 Ix satisfying typical illumination
requirements for working places [57]. The specific materials for floor, ceiling, walls and

objects within the environment can be found in Table 10.

(a) (b)

Figure 19: (a) Workplace with open office concept and (b) workplace with cubicles
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Table 10: Coating materials for objects within different scenarios

Scenario 1 Walls: Plaster, Ceiling: Plaster, Floor: Pinewood, Cubicles:

Workplace Plaster, Desk: Pinewood, Chair: Pinewood, Laptop: Black
gloss paint

Scenario 2 Walls: Plaster, Ceiling: Plaster, Floor: Pinewood, Desk:

Office room with | Pinewood, Chair: Black gloss paint, Laptop: Black gloss
secondary light paint, Desk light: Black gloss paint, Library: Pinewood,
Window: Glass, Couch: Cotton, Coffee table: Pinewood

Scenario 3 Walls: Plaster, Ceiling: Plaster, Floor: Pinewood, Tables:

Living room Wooden, Chairs: Wooden, Couch: Cotton, Coffee table:
Glass

Scenario 4 Retaining Walls: Concrete, Manufacturing Gates:

Manufacturing cell | Aluminum metal, Cell boundaries: Plexiglas (PMMA),
Ceiling: Aluminum metal , Floor: Concrete, Robot arm:
Galvanized steel metal

Different locations for the receivers are considered. For example, in one case, a
standing person holds a cell phone in hand next to his/her ear and the detector is located
on the phone (i.e., detector at a height of 1.7 m with 45° rotation). In another case, a
personnel works at his/her desk and holds a cell phone in hand over his/her belly (i.e.,
detector at a height of 0.95 m with 45° rotation). In the third case, the personnel sits
with a cell phone in hand to his/her ear (i.e., detector at a height of 1.1 m with 45°

rotation). The FOV and the area of the detector are 85° and 1 cm? respectively.

CIRs for 24 different test points (see “black points” in Figs. 19.a and 19.b) can
be found in [17]. As an example, two CIRs are presented in Figs. 20.a and 20.b. The
associated test points are indicated by T1 in Fig. 19.a and T2 in Fig. 19.b. These
correspond to the personnel who sits with a cell phone in hand to his/her ear. The
average DC gain and RMS delay spread (averaged over 24 test points) are 8.13x10*
and 15.27 ns respectively for workplace with open office. In workplace with cubicles,
those values decrease to 7.51x10* and 12.68 ns, respectively. The decrease in channel
DC gain is a result of the presence of cubicle walls. The rays hit the cubicle walls and

decay more rapidly than those rays in open office. Similarly, since the rays cannot pass
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through cubicle walls, delay spread decreases with respect to those in open office.
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Figure 20: Channel impulse responses for (a) T1 in workplace with open office

concept and (b) T2 in workplace with cubicles

2.7.2 Scenario 2-Office Room with Secondary Light

In the second scenario, an office room with two light sources is considered. One
of them is the main light source at the ceiling and the other one is a desk light. Such a
scenario is particularly useful to evaluate the performance of relay-assisted
(cooperative) VLC systems [58] where the ceiling light acts as the source and the desk
light serves as the relay. The destination receiver is on the desk next to the laptop, see
T3 in Fig. 21.b. This might for example take the form of a USB device connected to
laptop. The relay receiver is on the top of desk light with 45° rotation towards the
source on the ceiling. The room has a size of 5 m x 5 m X 3 m. The specifications of
luminaries and detectors are selected the same as those in the first scenario. Other

material specifications can be found in Table 10.
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(2) (b)

Figure 21: (a) Office room with secondary light and (b) enlarged version of (c¢)

showing secondary light, i.e., desk light

The CIRs associated with links from source to destination (S—D) and relay to
destination (R—D) are presented in Figs. 22.a and 22.b. As expected, R—D channel is
stronger than S—D channel since the relay transmitter is closer to the destination and
therefore experiences smaller path loss. It is also observed that S—D channel has more
scattering components inducing a larger delay spread. Since the distance between source
and destination is larger than the distance between relay and destination, the rays
coming out from the source hit more surfaces (i.e., wall, floor and objects inside the

room) and result in more scattering.

x 10°  Channel Impulse Response x 10*%  Channel Impulse Response
2.5 1.4
1.2
2
1
_ 1.5 _ 08
[ [
3 3
o o
o & 06
1
0.4
0.5
0.2
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time(ns) Time(ns)
(a) (b)

Figure 22: (a) source to destination in office with secondary light and (b) relay to

destination in office with secondary light
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2.7.3 Scenario 3-Living Room

In the third scenario, a living room of size 6 m x 6 m x 3 m is considered (see
Fig. 23). Four persons are present in the room; two sitting on the couch with other two
standing. Nine luminaries (Cree CR6-800L) are uniformly located in a rectangular grid
at the ceiling. They have a half viewing angle of 40° and 67 lumens per watt efficacy.

The average of illumination level is calculated as 153 Ix [57].

Figure 23: Living room

Similar to Scenario 1, various locations are considered for the receivers. In one
case, the person is in a standing position and holds a cell phone in hand next to his/her
ear. The detector is located on the phone (i.e., detector at a height of 1.7 m with 45°
rotation). In another case, a person sits on the couch. He/she holds a cell phone in hand
next to his/her ear and the detector is located on the phone at a height of 1.1 m with 45°
rotation. The detectors on the dinner table are at a height of 0.9 m and that one on the
coffee table is at a height of 0.6 m with 45° rotation toward the human being who sits on

the couch.

CIRs obtained for eight test points (see Fig. 23) can be found in [17]. As an

example, two CIRs are presented in Figs. 24.a and 24.b. The associated test points are
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indicated by T4 and TS5 in Fig. 23. The average DC gain and RMS delay spread
(averaged over 8 test points) are calculated as 2.61x 10 and 9.24 ns, respectively. It is
observed that these are smaller than those observed in the workplace since the room

dimensions are now smaller.
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Figure 24: (a) T4 in living room and (b) TS5 in living room

2.7.4 Scenario 4-Manufacturing Cell

In the fourth scenario, a manufacturing cell of size 8.03 m X 9.45 m X 6.8 m is
considered. Six LED transmitters are located at the head of the robotic arm which has a
form of cube. Each face of the cube is equipped with one transmitter ensuring 360°
coverage. The LEDs are commercially available from Cree (MC-E) with non-ideal
Lambertian pattern and a half viewing angle of 60°. The FOV and the area of the

detector are 35° and 1 cm? respectively.
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Figure 25: Manufacturing cell

Eight test points are considered on the top of the cell boundaries (see Fig. 25).
As an example, two CIRs are presented in Figs. 26.a and 26.b. The associated test points
are indicated by T6 and T7 in Fig. 25). These are rotated detectors toward the robot
arms which are respectively placed in the middle and at the corner side of the cell
boundary. It is observed that the amplitude of T6 is much larger than that of T7 because
this detector is closer to the set of transmitters. Since T7 is located at the corner of the
cell boundary, it receives more scattering from boundaries. On the other hand, the RMS

delay spread of T7 is much larger than that of T6.
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Figure 26: (a) T6 in manufacturing cell and (b) T7 in manufacturing cell
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2.8 Effect of User Mobility

Our discussion so far is limited to fixed user scenarios. There are only sporadic
works which consider mobility in VLC channel modeling [59-62]. In [62], the
shadowing effect caused by the human body was considered for VLC channel
characteristics. This however builds on some simplifying assumptions such as ideal
Lambertian source and purely diffuse reflections. An empty room was also considered
ignoring the presence of furniture or any other objects. Another simplifying assumption
in [59, 60, 62] was fixed reflectance values for surface materials (i.e., wall, floor, etc).
While this can be justified for infrared wavelengths, wavelength dependency should be
considered for realistic channel modeling in VLC. Most works also consider empty
rooms ignoring the presence of human beings, furniture or any other objects. A

comparison of existing mobile VLC channel models can be found in Table 11.

Table 11: Comparison of existing mobile VLC channel models

Method Modeling of | Number of | Type of Source Environmet and
Reflectance Reflections | Reflections| Type Other Assumptions
[59] | Recursive | Fixed First order Purely Ideal - Empty room
reflectance Lambertian | Lambertian [- Multiple luminaries
source
[60] Recursive | Fixed First order Purely Ideal - Empty room
reflectance Lambertian | Lambertian [- Multiple luminaries
source
[61] Monte Wavelength High order Purely Ideal - Empty room
Carlo ray dependent >4) Lambertian | Lambertian |- Mock-up human
tracing source body
- Single luminary
[62] Recursive | Fixed First order Purely Ideal - Room with furniture
reflectance Lambertian | Lambertian [- Multiple luminaries
source

In this section, we adopt our realistic channel modeling approach which

overcomes the limitations in earlier works and present a mobile VLC channel model
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[19]. We consider a living room with a size of 6 m x 6 m x 3 m as illustrated in Fig.
27.a with plaster ceiling/walls and pinewood floor. We assume that coating materials of
table, chairs, couch and coffee table are respectively pinewood, pinewood, cotton and
glass. Human bodies are modeled as CAD objects with different coating materials for
different parts of the body. Specifically, their heads and hands are modeled as absorbing
objects while cotton clothes and black gloss shoes are assumed. We assume nine
luminaries on the ceiling with equidistance spacing. These are commercially available
LEDs (Cree® CR6-800L) with 40° half viewing angle. The optical power for each
luminary is 11 Watts. This yields an average illumination level of 153 lux which

satisfies typical illumination levels for home environment [57].

Here, we assume that the user walks on three different trajectories within the
room (see Fig. 27.b for blue, green and red lines). We assume that he/she holds a cell
phone in hand next to his/her ear and the detector is located on the phone. The
orientation of human body (where he/she is facing) changes according to the direction
of the way while the rotation and location of cell phone (i.e., 45° rotation and at a height
of 1.8 m) in his/her hand are fixed with respect to his/her ear. The FOV and the area of

the detector are 85° and 1 cm? respectively.

Start Points

(a) (b)
Figure 27: (a) Living room under consideration and (b) movement trajectories with

yellow circles denoting luminaries
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Based on the approach summarized above and given scenario, we obtain CIRs
for all points with 40 cm interdistance along each trajectory. Let /4, (t) denote the
individual optical CIR between the ith luminary and the receiver. h(t):vaz’l h, (t)

represents the combined optical CIR where N, is the number of luminaries. The path

loss is expressed as (4) and illustrated in Fig. 28 for three trajectories under

consideration.
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Figure 28: Path loss vs. distance along trajectories 1, 2 and 3

We apply curve fitting techniques on our observations based on the
minimization of root mean square error (RMSE) to obtain some expressions for the path
loss. We adopt cross validation, particularly “leave-one-out cross-validation (LOOCV)”

method [63] to avoid over-fitting. Through curve fitting, we obtain

PL=Y"k, sin(/,d +m,) (13)

Jj=1

The related coefficients k,, [, and m, are presented in Table 12.
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Table 12: Coefficients in (13) for room with size of 6m X 6 m X 3 m

Trajectory 1 (Blue Line)

k1| 10840 | ;| 0.13 | ms| 2.25
k2| 3832 | I2| 0.56 | m2| 3.94
k3| 1046 | 3| 1.09 | m3| 5.03
ke| 249 | l4| 243 | my| -0.08
Trajectory 2 (Green Line)

ki| 1089 |11 | 040 | m;| 0.28
k2| 7222 | 2| 0.52 | m2| 3.00
k3| 135 |I3| 2.67 | m3| 0.64
Trajectory 3 (Red Line)
k1] 238.00 | ;| 0.24 | m;1| 0.59
k2|202.80 | I | 0.27 | mz2| 3.62
k3| 2.05 || 2.76 | m3| 2.25

In (13), d 1is the distance of user from the start point and » is given by

JN, +1  for trajectory 1
n= " (14)

N, for trajectory 2 and 3

It is interesting to note that the value of n is directly related to the number of LEDs that
contribute most to received power. For example, in trajectory 1 (indicated by blue line),
n 1is equal to 4. It can be confirmed that 4 LEDs out of the total 9 contribute 95% of the
total received power. Similarly, in other trajectories, a significant portion of the received

power is contributed by n LEDs.

It is observed from Fig. 28 that as user moves along trajectory 1, the received
power decreases (i.e., path loss increases) as he moves away from the luminary and
increases when he approaches to the next one. It can be verified that the distance of two
peaks in path loss is 2.97 m which is equal to the spacing between two adjacent
luminaries on that trajectory. This distance reduces to 2.1 m for trajectory 3 (indicated
by red line) where three luminaries are located. Over trajectory 2 (indicated by green
line), it is observed that the path loss takes its minimum value around 3.64 m where the

only luminary over this trajectory (i.e., labeled as 5th LED) is located. The distance
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between the points where minimum and maximum path loss is 3.15 m; this corresponds

to the distance of centered luminary (i.e., labeled as 5th LED) from the start point.

Through RMSE based curve fitting, the RMS delay spread of channel can be

expressed as

T Russ :Zn:u_i sin(v_l.d—l—wj) (15)

=1
where 7 is given by (14) and the related coefficients u;, v, and w, are presented in

Table 13. The RMS delay spread is illustrated in Fig. 29 for three trajectories under
consideration. It is observed that RMS delay spread increases when the user moves
away from the luminary while it decreases when the user moves toward the luminary.
This is due to the fact that the differences on the signal arrival time from the LEDs to

the receiver are small when the user is close to the luminary.
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Figure 29: RMS delay spread vs. distance along trajectories 1, 2 and 3
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Table 13: Coefficients in (15) for room with size of 6 m X 6 m x 3 m

Trajectory 1 (Blue Line)

ur | 33.75 | vi| 070 | wi| -1.21
u2 | 3835 |v2| 1.04 | w2| 0.62
uz | 3722 | vz | 1.55 | w3 | 1.66
uq | 2346 |vqe| 170 | wy| 4.12
Trajectory 2 (Green Line)

ur | 31.71 {vi| 046 |w;| 0.13
uz | 20.16 | v2| 0.63 | w2 | 2.77
uz | 0.79 | vz | 398 |ws| -3.49
Trajectory 3 (Red Line)
ur | 19.44 |vi| 041 |{wr| 0.18
uz2| 9.13 | v2| 0.65 |w2| 2.54
uz | 1.75 | vs| 2.84 | w3z | 1.90

To confirm the validity of (13) and (15) for different cases, we further consider
two empty rooms with sizes of 9 m x 9m x 3 mand 12 m X 12 m x 3 m. To achieve the
desired illumination levels (i.e., 153 lux), we assume the deployment of 25 and 49
luminaries in a square structure with equidistant spacing. Fig. 30 illustrates the path loss
and RMS delay spread over the trajectory 3 for both rooms. It can be readily verified

that they follow the same form as (13) and (15).
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Figure 30: (a) Path loss vs. distance and (b) RMS delay spread vs. distance for

rooms with sizesof I mx9mx3mand 12m x 12 m x 3m
2.9 Effect of Receiver Orientation

In this section, we investigate the effect of photodetector location/orientation.
We consider a mobile receiver terminal in the form of a cell phone. Seven possible
locations are considered for the photodetector. Five of these are on the top edge and two
of them are on the top round corners of the device. For each possible location of
photodetector, we obtain CIRs and corresponding path loss. To further demonstrate the

effects of user location, we present the spatial distribution of path loss within the room.

We consider a room with a size of 6 m x 6 m % 3 m as illustrated in Fig. 31 with
plaster ceiling/walls and pinewood floor. We assume nine luminaries on the ceiling with
equidistance spacing. These are commercially available LEDs (Cree® CR6-800L) with
40° half viewing angle. The optical power for each luminary is 11 Watts. This yields an
average illumination level of 153 lux which satisfies typical illumination levels for

home environment [57].
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6m

________________________________________________________

Figure 31: Room under consideration with green circles denoting luminaires

We consider a user with a height of 1.8 m and model the human body as a CAD
object (see Fig. 32.a) with absorbing property. The cell phone has a size of 5.5 cm %
10.5 cm x 0.5 cm and is equipped with a single photodetector. The user holds the phone
in his hand next to his ear with 45° rotation upward the ceiling and at a height of 1.8 m.

We consider seven potential locations for the photodetectors denoted as D, , n=1,...,7
(see Fig. 32.b). D,,...,Dy are placed on the top edge of the cell phone oriented toward

the ceiling. D, and D, are placed on the top two round corners of the cell phone

oriented toward the ceiling and floor, respectively. The FOV and the area of each

detector are 85° and 1 cm?, respectively.

Non-sequential ray tracing features of Zemax® are used to calculate the detected
power and path lengths from source to detector for each ray. These are then imported
Matlab to obtain the CIR. To further investigate the effects of user locations, we

consider 100 cells with equidistant spacing of 0.6 m in x and y directions. The user is

assumed to be standing in the middle of the cell. Let 4, (t) denote the individual optical
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CIR between the ith luminary and a given location of the photodetector. The combined

optical CIR is given by 4 (t) =" h (t) . The path loss can be then calculated as (4).

(2) (b)

Figure 32: (a) Human model and (b) location/orientation of PDs on the cell phone

In Fig. 33, we illustrate the spatial distribution of path loss as seen by the
individual photodetectors D, , n=1,...,7. It is observed that as user moves within the
room, the spatial distributions of path loss seen by the photodetectors D,,...,D, follow

the sinusoidal pattern in x and y directions. In other words, the maximum signal strength
(i.e., minimum value of path loss) occurs when human moves under the luminaire and

vice versa. On the other hand, the spatial distribution of path loss seen by the

photodetector D, is almost flat (i.e., the same path loss for all cells). This is due to this

fact that this detector is oriented toward the floor and cannot see the received rays from

luminaires. It is also observed from Fig. 33 that the average path losses over different
cells for D, D,, D,, D,, D,, D, and D, are 58.96 dB, 58.78 dB, 58.50 dB, 58.16 dB,

57.97 dB, 58.69 dB and 61.19 dB, respectively.
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In Fig. 34, we present the cumulative distribution function (CDF) of path loss as
seen by the individual photodetectors D , n=1,...,7. This gives the probability that
path loss will take less than or equal to a specific value. It is observed from Fig. 34 that

the best locations of PD on the cell phone (i.e., minimum path loss) are D, and D;,.
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Figure 34: CDF of path loss as seen by the individual photodetectors D ,n=1,...,7
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CHAPTER III

CHANNEL MODELING AND CHARACTERIZATION FOR
VEHICULAR VISIBLE LIGHT COMMUNICATIONS

3.1 Introduction

While VLC has been studied intensively in the context of indoor
communications [64, 65], its application to vehicular networking is relatively new [66,
67]. Vehicular networking is one of the main enablers of ITSs for V2V, V2I and 12V
communications. In such an emerging topic, channel modeling is particularly important
to understand the fundamental performance limits imposed by the outdoor medium.
There has been a growing interest on vehicular VLC channel modeling [68-89]. Earlier
works [68-71] build upon the LOS channel model originally proposed for the indoor
LED light sources with Lambertian pattern. This can be adopted for some 12V links
such as between traffic light and vehicle. However, such a model is not applicable to
automotive low-beam and high-beam headlamps with asymmetrical intensity
distributions as well as street lights. Furthermore, the reflectance of road surface and

weather conditions should be further taken into account for outdoor VLC deployments.

In this chapter, we first present a literature overview of the existing vehicular
VLC channel models. After we highlight the shortcomings of existing works, we

present our vehicular VLC channel modeling approach.
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3.2 Existing Vehicular VLC Channel Models

In [68], a traffic information system using LED traffic light was proposed. The
LOS path was considered between traffic light and vehicles placed on two lanes of the
road. It was demonstrated that the LOS path is greatly affected by the position of a
receiver, the angle, the FOV and receiver’s vertical inclination. In [69], the LOS
channel model was adopted to carry out vehicular communications using a LED road
illumination. The LED road illumination was designed to fulfill the standard
specification of road illuminations in Japan. In [70], various parameters of a traffic light
information system (i.e., the height of traffic light and orientation of the emitter) were
optimized in a traffic light-to-vehicle set-up model by utilizing LOS configuration. In
[71], a low data rate traffic broadcasting system was implemented in vehicular
communication by considering a LOS channel model for LED array traffic light with

Lambertian pattern.

In [74], a vehicular VLC channel model for V2V setting was proposed where an
off-the-shelf scooter taillight is used at the transmitting end. Since the Lambertian
pattern adopted in the LOS channel model is not able to capture the automotive lights
pattern accurately, a piecewise Lambertian channel model was proposed to reflect the
asymmetrical intensity distribution of scooter taillight. The analytical results obtained

by this model were confirmed with empirical measurements.

In [72, 73], MCRT was used to obtain channel delay profiles for V2V, 12V and
V2I configurations. The practical headlamp and street lamp were modeled where the
effects of surroundings, i.e., buildings, road surface etc are considered via CAD file
models. The results demonstrated that the common property of the delay profile was

composed of dominant multiple LOS links and a less number of NLOS delay taps.
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However, the delay profile from the V2I link and metropolitan scenario had more
dispersive channel characteristics due to the reflection and the diffusion of the visible

light.

The road surface might impact the vehicular VLC system performance. The
reflectance of road surface depends on its nature and physical state, and it also changes
with weather conditions. In [75, 76], a geometric V2V VLC channel model was
proposed based on the measured headlamp beam patterns and a road surface reflection
model. The link bit-error-rate (BER) performance was investigated for the clean and

dirty headlamps in a wet and dry road surface.

In [77], the first study to investigate a problem of link asymmetry in V2V VLC
was performed. The optical radiation pattern measurements were made with off-the-
shelf LED headlamps and taillights and a number of vehicle mobility traces with 2-
dimensional locations were collected. Combining these data, an analytical study was
performed to obtain an experimental distribution for received power difference of the

links in opposite directions.

In [78], an experimental study was performed to determine the spatial and
angular limits of an off-the-shelf automotive LED fog light. It was shown that the
received optical power of single channel VLC depends on the angle and distance, and
demonstrated that Lambertian model does not represent the automotive LED fog
light radiation pattern accurately. In [79], the configuration selection of the optical
transmitters and MIMO modes with the corresponding modulation orders for vehicular
VLC with the usage of measured vehicular visible light channel model was studied. The
automotive brake lights compliant with the regulation was employed, and night time

measurements were conducted at practical receiver locations to evaluate the sun light
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interference free characteristics of optical signals from brake lights. In [80], IEEE
802.15.7 standard-compliant physical layer (PHY) implementation and experimental
evaluation was proposed, using commercial off-the-shelf automotive LED fog light in a

V2V VLC scenario.

In [81], an experimental set-up for vehicular VLC based on LED headlamp was
demonstrated. The proposed system showed a potential for V2V VLC with 10 kbps data
rate in about 20 m distance at day time scenario. In [82], the time variation of the V2V
VLC channel was empirically characterized, by investigating how vehicle mobility and
different vehicle behaviours correlate with the time variation. A measurement platform
utilizing a commercial LED headlamp in a real-world road environment and in a car-
following setting was developed. In [83], a prototype VLC based V2V system for
communicating hard brake warning to the following vehicle was designed. The
measurements were conducted in a real world road environment where daylight and
twilight are considered to observe the reliability of VLC link. In [84], the bias/driving
voltage of a vehicular LED was optimized and the transmission performance of 25 Mb/s
on-off-keying (OOK) signal over a 60 m V2V VLC link was experimentally

investigated with ambient light interference in the outdoor condition.

In [85], a number of real world experiments were performed where the low beam
is used for the headlight, and positioning and the brake lights are used for the taillight.
The measurements were performed at night to minimize the influence of environmental
factors. An analytical path loss model was derived as a function of distance and angle
between transmitter and receiver and further the impact of turns on a curved road on the
channel was investigated. It was observed that the specific radiation pattern of car
headlights may cause problems in maintaining a stable VLC link between two cars,

particularly when turning left (that is to say right in countries with left lane traffic).
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Another critical issue for vehicular VLC channels is the weather conditions

which have received little attention so far in the literature. While there are some other

works that quantify the effect of weather conditions on infrared LED transmission [90],

these cannot be applied in a straightforward manner to vehicular VLC links at visible

wavelengths. In [86, 87], a laboratory chamber was employed and the effect of

artificially generated rain and fog on the received optical signal for a red LED (that can

be potentially used as a taillight) was experimentally evaluated.

A comparison of existing vehicular VLC channel models is given in Table 14.

Table 14: Comparison of existing vehicular VLC channel models
Method Source Road Effect of Sun | Weather Geometry
Modeling | Surface or Artificial Conditions
Modeling Light
[68] LOS Ideal Not Ambient Not - 12V
channel Lambertian| considered light considered [ Isolated geometry
[69] LOS Ideal Not Not Not -2V
channel Lambertian| considered considered considered [ Isolated geometry
[70] LOS Ideal Not Ambient Not - 12V
channel Lambertian| considered light considered |- Isolated geometry
[71] LOS Ideal Not Artificial Not - 12V
channel Lambertian| considered light source considered | Isolated geometry
[72] | Monte Measured | Fixed Not Not - V2V, V2l and
[73] Carlo ray headlamp | reflectance considered considered 2v
tracing and street - Surrounding
lamp objects
[74] Piecewise Measured | Not Ambient Not - V2V
Lambertian | scooter considered light considered [ Isolated geometry
channel taillight
[75] Geometric- | Measured | Wetand dry | Ambient Not - V2V
[76] based headlamp | road surface | light considered |- Isolated geometry
channel
model
[77] | Measured Measured | Real-world Ambient Not - V2V
channel headlamp | road light considered |- Car-following
and environment setting
taillight
[78] | Measured Measured | Real-world Ambient Not - V2V
channel fog light road light considered |- Isolated geometry
environment
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[79] Measured Measured | Real-world Not Not - V2V
channel brake light | road considered considered | Isolated geometry
environment
[80] Measured Measured | Real-world Not Not - V2V
channel fog light road considered considered [ Isolated geometry
environment
[81] | Measured Measured | Real-world Ambient Not - V2v
channel headlamp | road light considered | Isolated geometry
environment
[82] Measured Measured | Real-world Ambient Not - V2V
channel headlamp | road light considered |- Car-following
environment setting
[83] Measured Measured | Real-world Ambient Not - V2V
channel brake light | road light considered |- Car-following
environment setting
[84] | Measured Measured | Real-world Ambient Not - V2V
channel headlamp | road light considered [ Isolated geometry
environment
[85] | Measured Measured | Real-world Ambient Not - V2V
channel headlamp | road light considered |- Car-following
environment setting
[86] Measured Measured Not Not Rainy - V2V
channel taillight considered considered weather - Isolated geometry
[87] Measured Measured Not Not Foggy - V2V
channel taillight considered considered weather - Isolated geometry
model

3.3 Methodology for Vehicular VLC Channel Modeling

Fig. 35 provides an overall summary of major steps followed in the proposed

channel modeling methodology [20]. For vehicular channel modeling, we use a similar

channel modeling methodology based on Zemax® as adopted in indoor channel

modeling. It should be however noted that there exist differences between indoor and

outdoor environments. For example, the asymmetrical pattern of headlamp and street

lights, reflections from road surfaces and weather conditions should be carefully

considered in channel modeling.
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Figure 35: Steps in vehicular VLC channel modeling and characterization

We first construct the simulation platform of the outdoor environment
integrating the CAD models of building, vehicles and any other objects within. We
further specify the type of object surface materials (coating) and the types of reflections,
i.e., purely diffuse, specular and mixed reflections. The specific type of reflection is
defined by “scatter fraction” parameter. The reflectance of road surface depends on its
nature and physical state, and it also changes with weather conditions [76]. For
example, a large amount of specular reflection may occur for wet or moist road
surfaces. International Commission on Illumination (CIE) classified the road surfaces

into different classes for a range of road surface materials and wet conditions which can

be found in Table 15 [91].

68




Table 15: Road surface classifications

Mode of Reflectance
Mostly diffuse

Class | Road Surface Composition

R1 Asphalt with aggregate including a
minimum of 15% artificial brightener
aggregate

R2 Asphalt with aggregate including a
minimum of 60% gravel sized larger
than 10 mm

R3 Asphalt with dark aggregate-the surface | Slightly specular
becomes rough after several months of
use

R4 Very smooth asphalt

Mixed diffuse and specular

Mostly specular

Mie scattering is used to model clear, rainy and foggy weather conditions with
different visibilities [3, Chapter 3]. “Bulk scatter” method in the software allows
providing the input parameters “particle index” (the refractive index of particles), “size”
(the radius of the spherical particles) and “density” (the density of particles). The

characteristics of various weather types are listed in Table 16.

Table 16: Characteristics of various weather types

Particle Index Size (um) Density (cm™)
Clear 1.000277 10 10"
Rain 1.33 100 0.1
Fog, V=50 m 1.33 10 124.6
Fog, V=10 m 1.33 10 622.6

After we create the simulation environment, we use the built-in ray tracing
function to determine the CIR. The non-sequential ray tracing tool generates an output
file, which includes the detected power and path lengths from source to detector for
each ray. We import this file to Matlab® and, using this information, we can express the

CIR as (2).

As an initial study, we first consider a vehicular VLC scenario shown in Fig. 36.

In this scenario, there is a crossroad where vehicles run in four directions. There are also
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buildings, traffic lights and street lamps. We assume that coating materials of buildings,
traffic light poles and street lamp poles are respectively concrete, aluminum metal and

steel metal. The coating material of cars is considered as black and olive green gloss

paint. The road is assumed to be asphalt satisfying R3 class.
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Figure 36: Crossroad scenario under consideration

We use the LED traffic signal produced by the Excellence Opto Inc. [92].
Relative spectral power distribution and relative intensity distributions of traffic light
are provided in Fig. 37. In order to see the overall shape of luminaire’s light
distribution, different cross sections of light intensity is shown in Fig. 37.b, i.e., C0O°-
C180°, C90°-C270° and C135°-C315° planes are respectively indicated by red, blue and
green color. These are however not distinguishable from each other for this particular

traffic light. This is result of the fact that the commercial traffic lights have symmetrical

intensity distributions.
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Figure 37: (a) Relative spectral power distribution and (b) relative intensity

distributions of the traffic light

As for the street lamp, we use a locally produced street lamp whose relative
spectral power distribution and relative intensity distributions are provided in Fig. 38.
Different cross sections of street lamp intensity is shown in Fig. 38.b, i.e., C0°-C180°,
C90°-C270° and C135°-C315° planes are respectively indicated by red, blue and green

color.
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Figure 38: (a) Relative spectral power distribution and (b) relative intensity

distributions of the street lamp

We use a low beam headlamp (located in the front side of the vehicle) Philips
Luxeon Rebel [93] with the relative spectral power distribution shown in Fig. 39. Due to
asymmetrical intensity distribution of luminaire [94], different cross sections of low
beam headlamp intensity is shown in Fig. 39.b, i.e., C0°-C180°, C90°-C270° and

C135°-C315° planes are respectively indicated by red, blue and green color.
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Figure 39: (a) Relative spectral power distribution (b) relative intensity

distributions of low beam headlamp

In order to evaluate the CIR, we consider a total of three configurations, i.e.,

vehicle-to-vehicle, traffic light-to-vehicle and street lamp-to-vehicle.

3.3.1 Vehicle-to-Vehicle Configuration

In Fig. 40.a., we consider a V2V link in the crossroad scenario. Two low beam

headlamps in the source vehicle denoted as S1 and S2 serve as transmitters (Fig. 40.b).
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Two photodetectors denoted as D1 and D2 are placed in the back side of the destination
vehicle and serve as the receivers (see Fig. 40.c). Each photodetector has an area of 1
cm? and FOV of 35°. Two cars are separated from each other by 10 meters. Let
hsp,, m=1,2 and n=1,2 denote the CIRs obtained for V2V link. These are
provided in Fig. 41. The corresponding channel DC gain, path loss and RMS delay
spread are obtained and provided in Table 17. It is observed from Fig. 41 that As,p, has
the largest amplitude among others. It is due to this fact that the distance between
S2—D1 is smaller than the distances between S1—D1, S1—D2 and S2—D?2. It is also
revealed from Fig. 41 that the CIRs are dominated by LOS component since the

reflections from road surface (i.e., asphalt) is small.

(b)
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Figure 40: Vehicle-to-vehicle configuration
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Figure 41: CIRs for (a) S1—DI1, (b) S1—D2, (c) S2—D]1 and (d) S2—D2

75



Table 17: Channel parameters for V2V link

Trus (DS) H, PL(dB)
S1-D1 0.05 1.02x10° 59.91
S1-D2 0.10 8.34x1077 60.78
S2—-D1 0.15 1.97x10° 57.05
S2—-D2 0.07 1.13x10° 59.46

3.3.2 Traffic Light-to-Vehicle Configuration

In Fig. 42.a, we consider a VLC link between a traffic light and vehicle in the
crossroad scenario. The traffic light denoted as S serves as the transmitter (Fig. 42.b).
Two photodetectors denoted as D1 and D2 are placed in the front side of the destination

vehicle and serve as the receivers (see Fig. 42.c). The link distance is about 22.6 meters.
Let Asp,, n=1,2 denote the CIRs. These are provided in Fig. 43. The corresponding
channel DC gain, path loss and RMS delay spread for CIRs are obtained and provided
in Table 18. It is observed from Fig. 43 that the amplitude of /sp, is larger than that of
hsp, . This is a result of the fact that D2 is place at the left hand side of the car and

therefore is closer to the traffic light. In terms of path loss, this results in 1 dB
difference. Similar to Fig. 41, we observe that the CIRs include only LOS component

since the reflections from cars and road surface are small.
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Figure 42: Traffic light-to-vehicle configuration
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Table 18: Channel parameters for traffic light-to-vehicle configuration

Trus (DS) H, PL(dB)
S—D1 0.12 4.06x107 63.91
S—D2 0.11 5.06x1077 62.95

3.3.3 Street Light-to-Vehicle Configuration

In Fig. 44.a, we consider a VLC link between street light and vehicle in the
crossroad scenario. The street lights denoted as S1 and S2 serve as the transmitters (Fig.
44.b). Two photodetectors denoted as D1 and D2 are placed in the front side of the

destination vehicle and serve as the receivers (see Fig. 44.c). The link distance is about
9 meters. Let As,p,, m=1,2 and n=1,2 denote the CIRs. These are provided in Fig.

45. The corresponding channel DC gain, path loss and RMS delay spread values for
CIRs are provided in Table 19. It is observed from Fig. 45 that, similar to Figs. 41 and

43, the CIRs are dominated by the LOS component. It is further observed that the

amplitude of hsp, is smaller than that of hsp, . Similarly, the amplitude of As,p, is

larger than that of 4s,p,. This is a result of the fact that the pattern of street lights is

asymmetric as seen in Fig. 38.b.
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Figure 44: Street lamp-to-vehicle configuration
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Figure 45: Optical CIRs for (a) SI—DI, (b) S1—D2, (c) S2—D1, and (d) S2—D2

Table 19: Channel parameters for street lamp-to-vehicle configuration

Trus (DS) H, PL(dB)
S1—-D1 27.54 1.09x107 3.94
S1—-D2 28.24 2.15x107 6.43
S2—-D1 31.11 2.08x1077 0.85
S2—-D2 33.93 8.97x107 4.35

3.4 Effect of Weather Conditions

We consider a V2V scenario shown in Fig. 46. The coating material of vehicles
is considered as black gloss paint where we assume the road type R2. This corresponds
to asphalt with aggregate including a minimum of 60% gravel sized larger than 10 mm
or asphalt with aggregate including a minimum of 10-15% artificial brightener
aggregate. For the clear and foggy weathers, we assume mixed diffuse and specular
reflections while mostly specular reflections are considered for the wet road in rainy

weather [76].
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Figure 46: Vehicle-to-vehicle scenario

We use Philips Luxeon Rebel automotive white LED as the high-beam
headlamp with the relative spectral power distribution shown in Fig. 47.a. Different
cross sections indicated by C0°-C180°, C90°-C270° and C135°-C315° planes are shown
in Fig. 47.b. Two headlamps with their total power normalized to unity are placed in the
front side of the first vehicle as the transmitters. One photodetector is placed in the back
side of the other vehicle as the receiver (see Fig. 46). The PD has a size of 1 cm? and

FOV of 180°.
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Figure 47: (a) Relative spectral power distribution and (b) relative intensity

distributions of high-beam headlamp

Based on the approach summarized above and for the given scenario, we obtain
the CIR for the V2V link under consideration. We assume that the two vehicles are
separated from each other initially at a distance 10 meter. We obtain the CIRs through

all points with 1 meter interdistance over the driving direction of the car for a range of
10 meter (i.e., CIR samples were taken at Pj, j=12,---,10). As an example, Fig. 48
presents the CIRs for clear, rainy and foggy weather conditions. It is observed that the
amplitude of CIR in rain decreases to 90% of that in clear weather. On the other hand,
fog has much more significant impact. For /' = 50 m, the CIR amplitude decreases to

45% of that in clear weather. It further decreases to 2.7% for V' =10 m.
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Figure 48: CIRs at distance of 20 m for (a) clear weather, (b) rainy weather, (c¢)

foggy weather with /' = 50 m and (d) foggy weather with /' =10 m

Based on the CIRs, the path loss can be then calculated as (4). In an effort to
obtain a closed-form expression for the path loss, we apply curve fitting techniques on
our calculated values in (4) based on the minimization of root mean square error. This

yields

PL(d)=Ad+B, d>10m (16)
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where the coefficients 4 and B are found via data fitting and depend on weather type
(see Table 20). In Fig. 49, we present the path loss versus distance for different weather
conditions under consideration. It is observed that the proposed closed-form expression

in (16) provides a good match to simulation results.
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Figure 49: Path loss versus distance for different weather conditions

Table 20: Coefficients in (16) for different weather types

A B
Clear -0.44 -40.93
Rain -0.46 -40.90
Fog, V=50 m -0.61 -40.46
Fog, V=10 m -1.20 -40.38
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CHAPTER IV

CHANNEL MODELING AND CHARACTERIZATION FOR
UNDERWATER VISIBLE LIGHT COMMUNICATIONS

4.1 Introduction

There has been an increasing demand for high-speed real-time underwater
wireless links to accommodate a wide range of applications such as environmental
monitoring and pollution control, underwater exploration, scientific data collection,
maritime archaeology, offshore oil field exploration, port security and tactical
surveillance among others. Although fiber optic links are currently used in some
underwater applications to establish real-time communication, their high installation
cost, operational difficulties and lack of flexibility for redeployment become restrictive

for most cases.

As diverse and data-heavy underwater applications emerge, there has been an
increasing attention on underwater VLC [10, 11] as a cost-effective and high-data-rate
technology. In the past, some works have been reported on underwater visible light
channel modeling which depend on Beer Lambert law [95-97], analytical radiative
transfer equations (RTE) model [98, 99], numerical RTE models [100], stochastic

models [101-104] and MCRT [105-116].

While earlier works demonstrate the feasibility of UVLC and quantify the path
loss for different water types, they are limited to simplified underwater scenarios, i.e.,

empty sea. In this Chapter, we carry out a channel modeling and characterization study
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taking into account the presence of human and man-made objects to investigate the
effects of shadowing and blockage. We also develop a closed-form path loss expression

as a function of transceiver parameters and the water type.

4.2 Existing UVLC Channel Models

4.2.1 Beer-Lambert Law

Beer-Lambert law describes the light attenuation effects in underwater

environment [95, 96] as

I=1e W (17)
where I, is the transmitted optical power (intensity), / is the received optical power
(intensity) at distance d and c(A) stands for the extinction coefficient. Beer-Lambert

law builds upon two implicit assumptions. First, the transmitter and receiver are
perfectly aligned. Second, all the scatter photons are lost even though in reality some of
the scattered photons can still arrive at the receiver after multiple scattering events. To
address the latter issue, a function of two exponentials was proposed [97] to

approximate the long distance underwater channel power loss as

I=1I,(me™" +ue ™) (18)
where the parameters u,, u,, v, and v, are calculated by the least mean square (LMS)

fitting algorithm to the simulation data obtained from Monte Carlo method.

4.2.2 Radiative Transfer Equations (RTE)

The propagation of light underwater is modelled by the RTE [117, Ch. 9] which
basically describes the energy conservation of a light wave traversing a scattering

medium
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where L(t,?,ﬁ) is the light radiance at time ¢ and position 7 propagating toward

direction 7# and S (t, ?,ﬁ) is the source radiance. RTE involves integro-differential

equation of time and space which cannot analytically find a general solution [117].
Thus, some approximate analytical solutions [98] have been proposed in recent years.
These approximate RTE solutions depend on various simplifying assumptions and the
predicted irradiances are typically accurate to a few tens of percent at best, and can be
off by an order of magnitude. Besides utilizing analytical solutions, numerical methods
are preferred to solve the RTE. In view of this, most of the researchers focus on two
basic approaches to develop numerical RTE solvers, i.e., numerical and MCRT

methods.

Various numerical methods have been proposed for solving RTE. One of these
methods is the invariant embedding solution [118]. Invariant imbedding creates a model
by converting the RTE, into a regular differential equation with an initial condition. In
the other words, the invariant imbedding is restricted to problems with only one spatial
dimension and to simple boundary conditions (e.g., flat surface and bottom). The
advantages of this model are computationally efficient and highly accurate that
considers the variation of the water inherent optical properties (IOPs) and the boundary
conditions at the bottom and the water-air surface. Another method is discrete ordinate
model (DOM) [119] which calculates a solution to the RTE by considering the medium
as a stack of homogeneous layers. Layers are divided into a finite number of discrete
solid angles and the RTE is solved for each of these solid angles individually. In this
way, the integro-differential equation is transformed into a system of coupled ordinary

differential equations that is solved by the discrete ordinate method. It should be noted
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that discrete ordinates can handle aerosol phase functions well and is often used in
atmospheric optics, but is not much used for underwater calculations because of the
need to resolve highly peaked phase functions and to have many layers if the IOPs vary

greatly with depth.

4.2.3 Stochastic Channel Models

As an alternative to RTE stochastic models have also been proposed where the
probability of received photon and its arrival time are evaluated. In [101], a stochastic
channel model was proposed to represent the spatial-temporal probability distribution of
propagated photons for non-scattering and single scattering components of UVLC links.
The OTHG function was adopted as the probability density function of light scattering
angle to simplify the analysis. In [102], a more general stochastic UVLC channel model
was proposed by considering all three components of propagated photons, which

include non-scattering, single scattering and multiple scattering components.

4.2.4 MCRT Channel Models

In [105], Monte Carlo approach was used by considering Haltrin & Kattawar
model and one-term Henyey-Greenstein (OTHG) SPF. The time dispersion for link
ranges up to 100 m in various water types (i.e., pure sea, clear ocean, coastal and
harbor) and receiver aperture sizes (i.e., 0.5 cm, 5 cm, 20 cm and 50 cm) was quantified.
In [107], the same study in [105] was repeated using this time so-called two-term
Henyey-Greenstein (TTHG) SPF to model volume scattering function (VSF) as an

enhancement over OTHG SPF.

In [109] and [110], Monte Carlo approach was used based on Haltrin &

Kattawar model and Mie scattering phase function. The seawater surface was modeled
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using a random variable to investigate the effect of surface collision. A Lambertian
model was used for modeling of dispersive effect from sea bottom. The received
intensity for various ranges (i.e., 1 m, 5 m and 25 m), particle sizes (i.e., 1 pm, 4 yum and

8 um), concentration of particles and Lambertian order of transmitter was quantified.

In [111], a multiple-input multiple-output (MIMO) UVLC scenario was
considered and intensity under the assumption of Haltrin & Kattawar model and OTHG
SPF for coastal and harbor water was computed. Additionally, a closed form expression
for channel impulse response using weighted double Gamma function was proposed. In
[112] as a continuance of [111], a relatively more realistic SPF (Mobley’s particle phase
function) was considered and the received intensity and time dispersion for various
ranges (i.e., up to 16 m for the harbor and up to 60 m for the coastal water) and receiver
field of views (i.e., 20°, 40° and 180°) were obtained. In [113], the path loss of UVLC
system for link ranges up to 80 m was quantified assuming various transmitter
divergence angles (up to 60°) and receiver field of views (up to 180°) in clear ocean,

coastal and harbor water.

A comparison of existing UVLC channel models can be found in Table 21.

Table 21: Comparison of existing underwater VLC channel models

Method Water Modeling Source Modeling | Environment
Modeling
[95] Beer-Lambert |- Measured data for absorption |- Ideal laser source | No human or objects
law and scattering coefficients in - Geometric loss
clear ocean modeling

- Modeling of sea surface

[96] | Beer-Lambert |- Haltrin & Kattawar model for|- Ideal Lambertian |- No human or objects
law absorption and scattering source - Solar noise modeling
coefficients in clear ocean

[97] | Modified - Haltrin & Kattawar model for|- Ideal Lambertian |- No human or objects
Beer-Lambert absorption and scattering source
law coefficients in pure sea and

clear ocean
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[98]

Analytical
RTE

- Haltrin & Kattawar model for
absorption and scattering
coefficients in coastal

- Mie SPF

- Refractive index of water

- Refractive index of particles

- Size and density of different
particles

- Salinity and temperature

- Left-handed
circular polarized
(LHCP) light

- No human or objects

[99]

Analytical
RTE

- Measured data for absorption
and scattering coefficients in
coastal and harbor

- Measured SPF based on
Petzold’s data

- Ideal laser source

- No human or objects
- Modeling of sea surface

[100]

Numerical
RTE

- Measured data for absorption
and scattering coefficients in
coastal and harbor

- OTHG SPF

- Ideal laser source

- No human or objects

[101]

Stochastic
model

- Measured data for absorption
and scattering coefficients in
coastal water

- OTHG SPF

- Ideal laser source

- No human or objects

[102]

Stochastic
model

- Measured data for absorption
and scattering coefficients in
coastal and harbor

- OTHG SPF

- Ideal laser source

- No human or objects

[103]

Stochastic
model

- Measured data for absorption
and scattering coefficients in
coastal and harbor

- OTHG SPF

- Ideal laser source

- No human or objects
-Considering
misalignment

[104]

Stochastic
model

- Haltrin & Kattawar model for
absorption and scattering
coefficients in coastal and
harbor

- OTHG SPF

- Ideal laser source

- No human or objects

[105]

Monte Carlo
photon tracing

- Haltrin & Kattawar model for
absorption and scattering
coefficients in pure sea, clear
ocean, coastal and harbor

- OTHG SPF

- Ideal laser source

- No human or objects

[106]

Monte Carlo
photon tracing

- Measured data for absorption
and scattering coefficients in
clear ocean, coastal and
harbor

- OTHG SPF

- Gaussian laser
source

- No human or objects

[107]

Monte Carlo
photon tracing

- Haltrin & Kattawar model for
absorption and scattering
coefficients in pure sea, clear
ocean, coastal and harbor

- TTHG SPF

- Ideal laser source

- No human or objects

[108]

Monte Carlo
photon tracing

- Measured data for absorption
and scattering coefficients in
clear ocean and coastal

- Ideal laser source

- No human or objects
- Modeling of sea surface
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- OTHG SPF

[109]

Monte Carlo
ray tracing

- Measured data for absorption
and scattering coefficients in
pure seawater

- Mie SPF (considering

uniform particle size

distribution)

Refractive index of water

- Size and density of different
particles

- Ideal Lambertian
source

- No human or objects
- Wavelength independent

reflectance values for
sea bottom

[110]

Monte Carlo
ray tracing

Measured data for absorption

and scattering coefficients in

pure seawater

- Mie SPF (considering
uniform particle size
distribution)

- Refractive index of water

- Size and density of different

particles

- Ideal Lambertian
source

- No human or objects
- Wavelength independent

reflectance values for
sea bottom

[111]

Monte Carlo
photon tracing

- Measured data for absorption
and scattering coefficients in
coastal and harbor

- OTHG SPF

- Ideal laser source

- No human or objects

[112]

Monte Carlo
photon tracing

Measured data for absorption
and scattering coefficients in
coastal and harbor

Mobley’s SPF

- Ideal laser source

- No human or objects

[113]

Monte Carlo
ray tracing

Haltrin & Kattawar model for
absorption and scattering
coefficients in clear ocean,
coastal and harbor

Empirical SPF model based
on Kopelevich’s data

- Ideal laser source

- No human or objects

[114]

Monte Carlo
ray tracing

Measured data for absorption
and scattering coefficients in
clear ocean, coastal and
harbor

Empirical SPF model based
on Mobley’s data

- Ideal laser source

- No human or objects

[115]

Monte Carlo
ray tracing

Measured data for absorption
and scattering coefficients in
clear ocean

Empirical SPF model based
on Wilson’s data

- Laser source with
various beam
patterns

- No human or objects

[116]

Monte Carlo
photon tracing

Measured data for absorption
and scattering coefficients in
clear ocean, coastal and
harbor

- Measured SPF based on
Petzold’s data

- Ideal laser source

- No human or objects
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4.3 Optical Characterization of Water and Particles

Before we present our underwater VLC channel modeling approach, we provide
preliminaries on the optical characterization of water and particles. The inherent optical
properties (IOP) of water are the optical parameters that only depend on the
transmission medium itself, more specifically the composition of that medium and

particulate substances present within it.

We can categorize underwater environments based on the distance from
seashore, chlorophyll concentration, and depth, the latter which relates to sunlight
penetration. According to depth, we can categorize the underwater environments into
three groups, namely surface zone (0 m - 200 m), transition zone (200 m - 1000 m) and
deep zone (1000 m - 4000 m) [120, 121]. According to the distance from seashore, we
can group the underwater environments as shallow ocean and open ocean [120, 121].
Finally, according to chlorophyll concentration, we have four categorizations, i.e., pure
sea, clear ocean, coastal and harbor [11]. The chlorophyll concentration is the main
parameter that determines the absorption and scattering coefficients whose sum yields
the extinction coefficient. Turbid water results in large extinction coefficient value
while the extinction coefficient in non-turbid water takes small values. Based on typical
chlorophyll concentrations, pure sea and clear ocean are therefore considered as non-
turbid water and the coastal and harbor can be considered as turbid water. Fig. 50

provides an overall summary of these categorizations.
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Figure 50: Classification of marine environments

Absorption and scattering coefficients are the two major IOPs that determine the
underwater light attenuation. Absorption is an energy transfer process in which photons
lose their energy and convert it into other forms, such as heat and chemical
(photosynthesis). Scattering, on the other hand, refers to the deflection of light from its
original path. In water, deflections can be caused by the particles of size comparable to
the wavelength (diffraction), or by the particulate matters with refraction index different

from that of the water (refraction).

Solid Angle
y AQ 24 P (4)
y Scattered Light
Scattering Angle
P(4) A
Incident Light Absorbed Light Transmitted Light
AV

A

AD

Figure 51: Geometry of inherent optical properties for a volume

As illustrated in Fig. 51, assume that a volume of water AV with thickness AD

is illuminated by a collimated light beam with wavelength 4. We denote the power of

incident light as P,. A portion of the incident light power P, is absorbed by water, and

another portion of light power F; is scattered. P, is the remaining light power that will
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propagate through medium. According to the law of conservation, we have [122]
P =P +PF+PF (20)
Based on (20), we define the ratio between absorbed power and incident power
P,/P, as absorbance. Similarly, the fraction between scattered power and incident
power P,/P, is defined as scatterance. The absorption coefficient and the scattering

coefficient are then calculated by taking the limit of absorbance and scatterance as water

thickness ( AD) becomes infinitesimally small [122], i.e.,

. P
a(¥)= fim —" 1)
1
4 P,
bV =lim o35 @2
1

The overall attenuation can be then described by the extinction coefficient c()\)

which can be expressed as
c(A)=a(N\)+b(N) (23)
In addition to the water molecules, different dissolved particles or suspending
particles in water affect absorption and scattering. These include various dissolved salts,
detrital and mineral components, colored dissolved organic matters, and
phytoplanktons. The spectral absorption and scattering coefficient for a specific marine
environment can be calculated by adding the contribution of each class of particles.
Among these, phytoplanktons (a group of photosynthesizing microorganisms)
determine the optical properties of most oceanic waters because their chlorophyll and

related pigments strongly absorb light in the blue and red spectral ranges [122].

The commonly deployed bio-optical models to calculate absorption and

scattering coefficients are proposed by Gordon & Morel [122] and Haltrin & Kattawar

94



[123]. In the Gordon & Morel model, the absorption and scattering coefficients are
functions of wavelength and chlorophyll concentration. Mathematically speaking, they

are respectively given by [122]

a(A)=[a, (A)+0.06a. (\)C,"|[140.2exp(—0.014(A —440))| (24)
b(\)= [%] 0.30C.°% (25)

where C, is the chlorophyll concentration with unit in mgm? (see Appendix for
calculation of C. based on depth profiles), a, is the absorption coefficient of pure

water with unit in m” and @, is a non-dimensional chlorophyll-specific absorption

coefficient. Fig. 52 illustrates the absorption, scattering and extinction coefficients

versus wavelength in the visible spectrum of 400 nm-700 nm based on (24) and (25)

assuming that chlorophyll concentration take values of C, =0.005, 0.31, 0.83 and 5.9

mg/m? respectively for the pure sea, clear ocean, coastal and harbor [122].

1 T T 25 T T
- Pure Sea ~-Pure Sea
~+-Clear Ocean ~+-Clear Ocean
~0.8 ~+-Coastal Water || 2 ~+-Coastal Water |
-‘; ~o-Harbor Water ‘; ~—o-Harbor Water
5 5
0.6 215
% b5
o o Pe.q.
(@) (@] ©-0. °
c o)) ©-0.g
o 04 c 1 'G-Q._o__
2 g “tecoe -0-g.
5 : = 0-0-0-6-6-9.9.4
2 _0-6-0., 3]
Lo2” S0 d_ﬁf’ "o05
S e SR |
200 450 500 550 600 650 700 200 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
(a) (b)

95



w
o

T T
—+—-Pure Sea
3 ~+-Clear Ocean ||
- ~+-Coastal Water
b ~o—Harbor Water
£25
€
2
S 2
&
[0}
3
5 "Speee, . 0-0-0"
5 © 000000, poo0od®
é 1 O o0
X
by puee’
05 P . I e e
[ e SRR N T e Pl
SE——— ,,..1--:/ o

200 450 500 550 600 650 700
Wavelength (nm)

(c)
Figure 52: (a) Absorption, (b) scattering and (c) extinction coefficients versus

wavelength for different water types based on Gordon & Morel model

In the Haltrin & Kattawar model [123], the absorption and scattering coefficients
are functions of different biological factors. The overall absorption is determined by the
absorptions of pure water, chlorophyll-a, (i.e., the main substance that comprises
phytoplankton) and humic and fulvic acids (both of which act as nutrients for
phytoplankton). The overall scattering is determined by the scattering of pure water and
particulate substances. The latter is separated into small and large particles, each with a
different statistical distribution and scattering strength. In the Haltrin & Kattawar
model, the absorption coefficient is expressed as a sum of absorption spectra multiplied

by their respective concentrations as

a(\)=a,(\)+a)exp(—k\)C, +aj exp(—k\)C, +a’ (\)(C./C? (26)

)0.602
where a‘(; is fulvic acid specific absorption coefficient (av(; =35.959m%mg), k, is the
fulvic acid exponential coefficient (k, =0.0189 nm™) and C, is the concentration of

fulvic acid in mg/m?. In the third term of (26), a; is the humic acid specific absorption

coefficient (a, =18.828m%mg), k, is the humic acid exponential coefficient (
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k,=0.0110 nm™") and C, is the concentration of humic acid in mgm?. In the fourth
and last term of (26), C. is the concentration of chlorophyll-a in mgim? (see [124] for
calculation of C, based on depth profiles), C’ =1mgm? is the reference concentration
and af is the specific chlorophyll absorption coefficient (m%mg) calculated as
a; (\)= A()\)C;B(A) where coefficients 4 and B are empirical constants, see [125]. It
should be further noted that C, and C, are given in terms of concentration of
chlorophyll-a as C, =1.74098C, exp(0.12327(C, /C?)) and

C, = 0.19334C, exp(0.12343(C, /7)) [126]

In the Haltrin & Kattawar model, the scattering coefficient as a function of
wavelength and chlorophyll concentration is given by [123]
b(A)=b,(A)+b(X)C, +b (N)C, (27)
where b, is the pure water scattering coefficient (m™'), ! is the scattering coefficient
for small particulate matter (m%g), b, is the scattering coefficient for large particulate
matter (m%g), C, is the concentration of small particles (gm’) and C, is the
concentration of large particles (g/m?). The latter two are given in terms of concentration
of chlorophyll-a as C, =0.01739C, exp(0.11631(C,/C7)) and
C,=0.76284C, exp(O.O3092(CC / CCO)) . The spectral dependencies for the scattering

coefficients of small and large particulate matter are given by

b, (A\)=0.005826(400/\)"" (28)
b (A\)=1.1513(400/\)" (29)
b (\) = 0.3411005826(400/\)"’ (30)

The overall attenuation can be then described by the extinction coefficient which can be

expressed as the sum of absorption and scattering coefficients.
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Fig. 53 illustrates the absorption, scattering and extinction coefficients versus

wavelength for different water types based on Haltrin & Kattawar model assuming that

chlorophyll concentration take values of C, =0.005, 0.31, 0.83 and 5.9 mgm’

respectively for the pure sea, clear ocean, coastal and harbor [122].
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Figure 53: (a) Absorption, (b) scattering and (c) extinction coefficients versus

wavelength for different water types based on Haltrin & Kattawar model

To have a clear comparison between Gordon & Morel model and Haltrin &

Kattawar model, we present Fig. 54 where the extinction coefficients are plotted for

both models in different water types.
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Figure 54: Extinction coefficients for (a) pure sea, (b) clear ocean, (c) coastal water

and (d) harbor water

It is observed from Fig. 54 that the extinction coefficients obtained with Gordon
& Morel and Haltrin & Kattawar models coincide for pure sea with a small difference
while some discrepancy is observed in all other water types. In particular, in non-turbid
and low turbid waters (pure sea, clear ocean and coastal), Gordon & Morel model
provides overestimate of those ones obtained with Haltrin & Kattawar model. On the
other hand, in high turbid waters (harbor), Gordon & Morel model provides an

underestimate with respect to Haltrin & Kattawar model.
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Fig. 54 demonstrates that the extinction coefficients in non-turbid and low turbid
waters typically increase with the increase in wavelength. On the other hand, the
extinction coefficient of high turbid water has a decreasing trend when the wavelength
increases. From comparison of Figs. 54.a-d, it can be seen that the extinction coefficient
increases from pure sea to harbor. It is due to this fact that the chlorophyll and related
pigments can increase the turbidity of the water, and thus reduce the achievable

propagation distance.

It can be concluded from Fig. 54 that the minimum extinction window (which
consists of the smallest values of extinction coefficient in 50 nm window [10]) will be
different for various water types. Ideal transmission wavelengths for different water

types are listed in Table 22.

Table 22: Operating wavelength for different water types

Chlorophyll Humic and Fulvic | Operating
Water Type Concentration Concentration Wavelength
Pure Sea Less Less 430 nm - 480 nm
Clear Ocean | Less Less 450 nm - 500 nm
Coastal High High 460 nm - 510 nm
Harbor Very High Very High 540 nm - 590 nm

In order to describe the scattering effects more accurately, VSF is also used. It is

defined as [127]

ﬁ(Q,)\): lim lim M
AD—0 AQ—0 ADAQ

€2))

where PS<0, )\) is the fraction of incident power scattered out of the beam through an

angle 0 into a solid angle A2 centered on 6 (Fig. 51). VSF is the scattered intensity
per unit incident irradiance per unit volume of water. In the view of physics, the VSF

can also be interpreted as the differential scattering cross section per unit volume.

100



Integrating ﬂ(@,)\) over all directions (solid angles) gives the scattering coefficient

[127] as
b(A)= [ B(0.7)d2= zwjﬂ(O,A)sin(O)dO (32)

Normalizing (31) with the scattering coefficient, we obtain SPF which is defined

as [127]

(33)

4.4 Methodology for UVLC Channel Modeling

A summary of major steps followed in the proposed channel modeling
methodology [21] is provided in Fig. 55. For underwater channel modeling, we use a
similar channel modeling methodology as adopted in indoor channel modeling. It
should be however noted that there exist differences between indoor and underwater
environments. The reflection characteristics of the sea surface and sea bottom as well as
the water characteristics, i.e., extinction coefficient and scattering phase function of
particles, should be precisely considered in channel modeling. We first create a three
dimensional simulation environment in Zemax® where the geometry of the underwater
environment and the objects therein are defined. The CAD objects can be imported in
the simulation platform to model the human beings and any other man-made/natural
objects, e.g., underwater vehicles, divers, rocks, etc. Wavelength-dependent reflectance
of surface coating for each object in the environment is specified. We further take into
account the effects of sea surface and bottom. We assume mud for the sea bottom and

consider purely diffuse reflections.
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Figure 55: Steps in UVLC channel modeling and characterization

To characterize the reflection and refraction of transmitted rays from the sea

surface, we use Fresnel equations respectively given by [95]

_ |nl cost, —n, cos0,

’ |n1 cos®, +n, cosb,

n, cosf, —n, cos 0,

R, =|
! |nl cosf, +n, cos 0,

2

(34

(35)

where R and R, are the reflectances for s- and p-polarized light, n, and n, are the

refractive indices of incident and refracting medium, and 6, and 6, are the incident and

refracting angles.

In the second step, we integrate the laser or LED-based light source in the

simulation platform. Different types of light sources can be used as UVLC transmitters.

A collimated laser beam has very low divergence on the order of milliradians. On the

other hand, LED is a diffuse source and transmits its energy over a large spherical

section. A semi-collimated source would either be a laser that has been purposefully
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diffused or a LED that is focused. The emission pattern and relative spectral power
distribution are defined as inputs to the simulation platform for the selected light source.
It is also possible to draw the related information for commercially available LEDs from
RSM database [46]. As a receiving element, we use a rectangular aperture with

specified dimensions and FOV.

In the third step, we define the underwater environment characteristics. The
inherent optical properties of water, i.e., absorption, scattering and extinction
coefficients are defined based on the Haltrin & Kattawar model [123] and depth profiles
of chlorophyll concentration [124] and [128, 129]. To model scattering phase function,
we use OTHG [130] formula with three parameters, namely mean free path, photon
weight updating and average cosine of scattering angle in all scattering directions. The
mean free path parameter defines the average geometric distance traveled by photons

before being scattered [122] and it can be calculated as the inverse of extinction
coefficient (1/ c()\)). The interaction between the photon and medium may cause the

photon losing weight due to the absorption and scattering. The photon therefore needs to

update its weight. The photon weight updating is defined as the ratio of scattering

coefficient to extinction coefficient, i.e., (b()\) / c()\)).

Once the simulation platform is constructed based on the three steps summarized
above, non-sequential ray tracing tool is run to calculate the detected power and path
lengths from source to detector for a given number of rays. These are then imported to

Matlab® and processed to yield the CIR.

103



4.5 Comparison with Existing Results for Empty Sea

4.5.1 Channel Impulse Response

First, as a sanity check, we consider the same underwater environment and
parameters of [111] (see Table 23) and obtain the CIR under the assumption of OTHG.
In [111], two lasers with 532 nm wavelengths and 10° divergence angle are located
symmetrically on the x-axis of the transmit plane at -1 m and 1 m. Two photodetectors
with 50 cm aperture diameter are placed 30 m away from transmitters on the x-axis of
the receiver plane at -0.5 m and 0.5 m. Coastal water is assumed in this scenario and
there are no objects within the environment. In Fig. 56, we present the computed CIR
obtained through our methodology. The CIR of [111] is also included as a benchmark.
Under the assumption that OTHG is used to model the SPF, it is observed that two CIRs

are identical confirming the accuracy of our approach.

Table 23: Parameters of scenario in [111]

Number of transmitter

2

Number of receiver

2

Transmitter positions (m)

(1,0,15) (-1,0,15)

Receiver positions (m)

(0.5,0,-15) (-0.5,0,-15)

Link range (m)

30

Transmitter specifications

Power: 0.5 W
Divergence angle: 10°
Wavelength: 532 nm

Receiver specifications

Aperture diameter: 50 cm
Field of view: 180°

Water type

Coastal (C =0.83 mg/m?)

Absorption, scattering and
extinction coefficients (m™)

0.088, 0.216, 0.305

Scattering phase function OTHG
Average cosine of scattering angles | 0.9470
Time resolution 0.1 ns
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Figure 56: Comparison of the proposed approach with [111]

4.5.2 Path Loss

The path loss is a function of both attenuation loss and geometrical loss. For a
collimated source such as a laser diode, geometrical loss is negligible; therefore, the
path loss only depends on the attenuation loss. On the other hand, the effect of
geometrical loss should be taken into account for the diffused and semi-collimated

sources, i.e., LEDs and diffused laser diodes.

Attenuation losses can be calculated through well-known Beer Lambert law
[131] or its modified version in [97]. According to Beer Lambert law, the attenuation

loss is given by [131]

PLy, =10log,, (e ™) (36)

where d is the link range between transmitter and receiver and c()\) is extinction
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coefficient already defined in Section 4.3. As earlier noted, Beer-Lambert law builds
upon two implicit assumptions. First, the transmitter and receiver are perfectly aligned.
Second, all the scattered photons are lost even though in reality some of the scattered
photons can still arrive at the receiver after multiple scattering events. To address the

latter issue, a weighted function of two exponentials is proposed [97] as
PL, =10log,, (ule’“d + uze’v“j) 37)
where the weighting parameters u,, u,, v, and v, are calculated by the LMS fitting

algorithm to the simulation data obtained from Monte Carlo method.

Geometrical loss occurs due to the spreading of the transmitted beam between
the transmitter and the receiver. Considering LOS configuration and diffused/semi-

collimated sources, geometrical loss can be given as
A 1
PL, =10log,, &j—)cos’" (0) (38)
2md

where A4, denotes the photodetector area, ¢ is the angle of irradiance and
m=—1/log, (cos (@, )) is the order of Lambertian emission where @, denotes the

semi-angle of the light source. Based on (36-38), the overall path loss can be then

determined as the summation of attenuation loss and geometrical loss.

We consider the scenario illustrated in Fig. 57 where the transmitter-receiver
pair is placed at a depth of 7 =45 m with d =20 m distance apart in empty coastal
water. The transmitter is selected as a Cree XR-E blue LED with non-ideal Lambertian
distribution, a viewing angle of ® =60° and the full width at half maximum spectral of

450 nm-480 nm [132]. The FOV and aperture diameter of the detector are FOV =180°

and D, =5 cm, respectively. All simulation parameters are summarized in Table 24.

CIRs between transmitter and receiver are calculated with 1 meter distance apart. Path
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loss is calculated based on (4) and presented in Fig. 58. As benchmarks, we include the
path loss expressions calculated through (36-38). The coefficients u,, u,, v, and v, in
(37) are respectively obtained as 1.183, -0.190, 0.072, and 0.164 for the scenario under
consideration. It is observed from Fig. 58 that the path loss calculated through our
approach is lower than that obtained through Beer Lambert law. This is expected since
Beer Lambert law is known to overestimate the path loss. On the other hand, our results

provide an excellent match with the weighted exponential function of [97].

Figure 57: Link geometry in empty water environment

Table 24: Simulation parameters

Transmitter specifications Power: 1 Watt
LED brand: Super Blue Cree® XR-E [132]
Viewing angle: 60° [132]
Receiver specifications Aperture diameter: 5 cm [105]
Field of view: 180° [105]
Link Range (m) 20
Depth (m) 45
Water type Coastal- Sg group (Ce: 0.8~2.2 mg/m?) [124]
Absorption, scattering and 0.0508, 0.2116, 0.2624
extinction coefficients (m™)
Scattering phase function OTHG
Mean cosine of scattering angles | 0.9470

107



Link Range=20 m, Depth=45 m, DR=5 cm, ®=60°
'25 T T T T T T I
==©— Simulation

LU e e e e T i T PLyg*PLe ]
PLg +PLy

Path Loss [dB]

N

1234567 8 910111213141516 17 1819 20
Distance (m)

Figure 58: Path loss versus distance

4.6 Effect of Blocking and Shadowing

In this section, we present CIRs for more realistic underwater environments
including divers, underwater vehicles etc and investigate the associated effects of
shadowing and blocking. We assume that there are two divers who communicate with
each other through UVLC link (see Fig. 59). The transmitter and receiver are placed in
their hands. Unless otherwise stated, we use the simulation parameters provided in
Table 24. In the following, we consider several cases to investigate the effect of human

modeling, LOS blockage, transmitter/receiver specifications and water depth.
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Figure 59: Link geometry for two divers who communicate with each other

through UVLC link

To demonstrate the effect of human models, we consider a scenario with no
blockage. Three cases are investigated as following. As the benchmark, empty water is
considered (Case 1) where transmitter and receiver are placed as two floating nodes
without the presence of humans in the environment. In Case 2, two divers are
considered and modeled as absorbing objects. In Case 3, the coating materials of two
divers are explicitly defined. Specifically, the coating materials of diver suit, diver
glasses, and oxygen capsule are respectively modeled as black gloss paint, plexiglas and
galvanized steel metal. The CIRs obtained for these three cases are illustrated in Fig. 60
while Table 25 lists all the relevant channel parameters. It is observed from Table 25
that the path losses in Cases 2 and 3 are respectively 59.11 dB and 58.79 dB which are
more or less the same. Therefore, the simplifying assumption of absorbing material for
human models and clothes can be made without losing accuracy. Since the transmitter
and receiver are placed in diver’s hands without any blockage between them, the path
loss remains nearly the same as in empty water. On the other hand, the presence of

human has some effect on RMS delay spread. In case of empty water, i.e., Case 1, the
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RMS delay spread is 5.27 ns while this decreases to 3.22 ns and 3.89 ns for Cases 2 and
3, respectively. This is a result of the fact that the rays cannot pass through human

bodies and terminated earlier than those rays in empty water.
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Figure 60: Effect of human models on CIR

Table 25: Channel parameters for the cases under consideration

Trys (11S) H, PL(dB)
Case 1 5.27 1.30x106 | 58.85
Case 2 3.22 1.22x106 | 59.11
Case 3 3.89 1.31x10° | 58.79
Case 4 6.28 1.35x10° | 58.68
Case 5 6.77 591x107 | 62.27
Case 6 8.22 2.73x107 | 65.63
Case 7 5.71 4.90x107 | 63.09
Case 8 3.44 7.64x107 | 61.16
Case 9 2.26 8.08x107 | 60.92
Case 10 2.17 7.81x107 | 61.07
Case 11 2.14 4.84x107 | 63.14
Case 12 7.88 1.34x10° | 58.72
Case 13 7.08 5.00<10° | 53.00
Case 14 5.42 4.06x107 | 63.90
Case 15 11.25 | 1.73x107 |  67.60
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The objects present in the underwater environment are likely to result in LOS
blockage. In this part, to demonstrate this effect, we consider a scenario where two
divers communicate with each other while there is an AUV between them as illustrated
in Fig. 61. As a benchmark, a LOS link with no obstructions is considered (Case 4).
AUV is assumed to have a galvanized steel metal exterior and, based on its location, it

either provides partial LOS blockage (Case 5) or complete LOS blockage (Case 6).

(b)
Figure 61: (a) Without LOS blockage, (b) partial LOS blockage and (c) complete

LOS blockage

The associated CIRs are provided in Fig. 62. It is observed that the CIR is
significantly affected by blockage. In case of complete LOS blockage, the channel DC
gain decreases to 20% of the no blockage case (see Table 25). It should be however
noted that the receiver still receives some signal due to scattering of light from particles.
In terms of path loss, it is observed from Table 25 that the partial LOS blockage
introduces an additional loss of 3.59 dB while this climbs to 6.95 dB for complete LOS
blockage. Furthermore, as a result of scattered rays from obstructions, additional

multipath components are introduced resulting in the increase of RMS delay spread.
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Figure 62: Effect of LOS blockage on CIR

In this part, we investigate the effect of transmitter viewing angles. Complete
LOS blockage is assumed. In Fig. 63.a, we illustrate the CIRs assuming ® =40°, 20°,
and 10° (Case 7, Case 8 and Case 9). In comparison to ®=60° (which was earlier
considered as Case 6 in Fig. 62), it is observed that decrease in LED viewing angles
provide some gains. Specifically, path loss reductions of 2.54 dB, 4.47 dB and 4.71 dB
are obtained for ® =40°, & =20° and ¢ = 10°, respectively. It is due to the fact that the
focused beam has less attenuation through the water medium. It is also observed that
RMS delay spread significantly decreases with decreased viewing angles. Specifically,
delay spreads of 5.71 ns, 3.44 ns and 2.26 ns are observed for & =40°, &=20° and

® =10°, respectively.

As transmitter viewing angle gets smaller, the improvement in path loss cannot
be sustained since the scattered rays are more likely to be blocked by obstruction. To

demonstrate this, we illustrate CIRs in Fig. 63.b assuming & =8° and 6° (Case 10 and
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Case 11). With respect to Case 9 (i.e., $=10°), it is observed that & =8° results in a
loss of 0.15 dB while a loss of 2.22 dB is observed for & = 6°. Therefore, ® =10° can

be considered as the most appropriate value for the scenario under consideration.
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Figure 63: Effect of transmitter viewing angles on CIR

In this part, we investigate the effect of receiver aperture size. Complete LOS

blockage is assumed. In Fig. 64, we illustrate the CIRs for D, =10 cm and D, =20

cm (Case 12 and Case 13). In comparison to D, =5 cm (which was earlier considered

as Case 6 in Fig. 62), it is observed that increased aperture diameters provide significant

gains. Specifically 6.91 dB and 12.63 dB reductions in path loss are obtained for D, =
10 cm and D, =20 cm, respectively. It is also observed that RMS delay spread
decreases with increased aperture diameters, specifically 0.34 ns and 1.14 ns for D, =

10 cm and D, = 20 cm, respectively, since the rays are likely to reach earlier to a larger

receiver due to less number of scattering.
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Figure 64: Effect of receiver aperture diameters on CIR

So far, we assumed a depth of 45 m which can be considered as mid-depth. In
Fig. 65, we investigate the effect of depth. Based on the Haltrin & Kattawar model
[123] and depth profiles of chlorophyll concentration [124], the absorption, scattering
and extinction coefficients at depths of 2 m (Case 14) and 90 m (Case 15) are obtained
as (0.1005, 0.3505, 0.4510) and (0.0292, 0.0556, 0.0848), respectively. It is observed
that the path loss at sea surface is 63.90 dB indicating a reduction of 1.73 dB over that
experienced at mid-depth. This is a result of the fact that the detector receives more
specular reflected rays from the sea surface. On the other hand, the path loss at sea
bottom is 67.60 dB indicating an additional loss of 1.97 dB over that experienced at
mid-depth. This is a result of the fact that the rays are attenuated by diffusely reflecting

from sea bottom.
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Figure 65: Effect of depths on CIR

4.7 UVLC Path Loss Model

So far, we focused on obtaining CIRs for a given underwater environment. The
CIRs provide a full description of the channel, but require detailed information of the
underwater environment. In this section, we aim to develop a closed-form path loss

expression as a function of system parameters.

As discussed in detail in Section 4.5.2, the UVLC path loss is a function of both
attenuation loss and geometrical loss. Considering LOS configuration and for a semi-
collimated laser source with a Gaussian beamshape, geometrical loss can be
approximated as [133]

2

D

PL, (d)~10log,, [ﬁ] (39)
1/e
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where 6, is full width transmitter beam divergence angle!. Based on (36) and (39) and

for a given wavelength A, the overall path loss is then found as the summation of
attenuation loss and geometrical loss, i.e.,
PL<d> = PLy <d>+PLGL (d)

D, ] (40)
e

1/e

~10log,,

In practice, the detector can receive the rays after multiple scattering while the
above formulation assumes that the scattered rays are lost. To take into account the

contribution of scattered rays, we propose a modified version of (40) as [22]

: —cd|—2
PL(d)=10log,, [DR ] e {W (41)

where an additional term proportional to the geometrical propagation of the light source
is introduced in the negative exponential. In (41), 7 is a coefficient found via data
fitting to ray tracing simulation data. We carry out a comprehensive simulation study to

validate the proposed expression in (41).

In Fig. 66, we consider pure sea, clear ocean, coastal water and harbor water as

water types. Their extinction coefficients are respectively given by 0.056 m™!, 0.150 m!,

0.305 m™ and 2.170 m". We assume 0, =6°, D, =5 cm and FOV =180° in our

simulations. Corresponding 7' values are found as 0, 0.05, 0.13 and 0.31 for pure sea,

clear ocean, coastal water and harbor water, respectively.

! Full width transmitter beam divergence angle is measured at which the beam intensity drops to 1/e of
its peak value.
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Figure 66: Comparison of path loss expression with simulation results for different

water types

The proposed closed-form expression in (41) provides a “good fit”> with
simulation data for all water types under consideration. On the other hand, (40) matches
simulation results only for pure sea and deviates for other water types. In fact, it can be
readily verified that for pure sea (i.e., T =0), the proposed expression in (41) becomes

identical to (40). Since the extinction coefficient of pure sea is very small (i.e., ¢ =

2 As a statistical measure of how close the simulation data are to the fitted line, we adopt R-squared [134].
A good fit is obtained R-squared is larger than 0.95 [112].
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0.056 m™), the scattered photons are negligible at the receiver and Beer-Lambert
formula is valid. For other water types, Beer-lambert formula overestimates the
attenuation loss since it ignores the scattered photons. We also observe that 7" increases
with increase in turbidity of the water and takes its maximum value for harbor water

where the extinction coefficient is the largest among the four water types under

consideration.
Table 26: Configurations under consideration
Configuration System Parameters T
1 | Effect of receiver 91/6 =6°, D, =5cm, FOV =180° 0.13
5 | aperture diameter 6,. = 6% Dy =10cm, FOV =180° 016
3 6y, = 6°, D, =20cm, FOV =180° 0.21
4 6, = 6°, D, =30cm, FOV =180° 0.26
5 6, = 6°, D, =40cm, FOV =180° 0.31
6 0y, = 6°, D, =50cm, FOV =180° 0.37
7 | Effect of beam 0, = 6°, D, =20cm, FOV =180° 0.21
g | divergence angle 6,, =12°, D, =20cm, FOV =180° | 0.24
9 0y, =18° D, =20cm, FOV =180° 0.25
10 | Effect of field of view Oy, = 6°, D, =5cm, FOV =60° 0.13
11 0y, =6°, D =5cm, FOV =120° 0.13
12 0, = 6°, D, =5cm, FOV =180° 0.13

In the following, we assume coastal water and investigate the effect of receiver
aperture diameter, beam divergence angle and field of view. The system configurations

under consideration are listed in Table 26. In Fig. 67, we consider the configurations 1-6
where we set ), =6° and FOV =180° while varying the receiver aperture diameter.
For receiver aperture diameters smaller than or equal to 30 cm, it is observed that the
proposed closed-form expression in (41) provides a good fit with the ray tracing
simulation data. For larger receiver aperture diameters, overestimation and

underestimation are observed for small and large distances, respectively. It can be also
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observed from Table 26 that the value of 7 increases when the aperture diameter

increases.
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Figure 67: Comparison of path loss expression with simulation

(Configurations 1-6 assuming different receiver aperture diameters)

results

In Fig. 68, we consider the configurations 7-9 where we set D, =20 cm and

FOV =180° while varying the beam divergence angle. In general, we observe a good

fit between our expression in (41) and simulation data for configurations under

consideration. It should be also noted that the proposed expression is obtained through

the underlying assumption of semi-collimated source where the beam divergence angle

is smaller than 7/10 (i.e., 18°) [135]. It is also observed from Table 26 that the value of

T increases when the beam divergence angle increases.
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(Configurations 7-9 assuming different beam divergence angles)

In Fig. 69, we consider the configurations 10-12 where we have 6, =6° and

D, =5 cm and vary the receiver field of view. Coastal water is assumed. Based on the

R-squared values, it can be concluded that the proposed closed-form expression in (41)

provides a good fit with simulation data. It is also observed from Table 26 that the value

of T' is independent of receiver field of view.
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CHAPTER V

CONCLUSIONS

In this dissertation, we proposed a realistic VLC channel modeling approach
based on a commercial optical and illumination design software called Zemax®. Taking
advantage of the advanced ray tracing features of this software, we were able to obtain
realistic CIRs which take into account practical issues such as wavelength dependency
of reflection coefficients and different types of reflections (diffuse, specular and mixed
cases of diffuse and specular). We were also able to integrate commercial light sources
instead of ideal Lambertian sources typically used in existing works and obtain CIRs

with higher order number of reflections.

In Chapter II, to confirm the accuracy of our approach, we first demonstrated
that our approach yields the same CIR as in [24] under the assumption of purely diffuse
reflections and ideal Lambertian source. We then discussed the effect of specular and
mixed cases. Our results demonstrated that the presence of specular components create
fluctuations in CIR and result in deviations from the purely diffuse case. Furthermore,
we demonstrated the importance of taking into account higher order of reflections

particularly for specular cases.

We further investigated the effect of varying distance between transmitter and
receiver on channel parameters and obtained closed form expressions for channel DC
gain and RMS delay spread as a function of distance. Our results showed that the
received power decreases in a negative exponential manner resulting in the decrease of

channel DC gain. It is also observed that RMS delay spread first increases then
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decreases with the increasing distance. Comparison of results obtained for IR and VL
further reveals that DC gains and RMS delay spread of VL channels are smaller than
those in IR channels for same configurations. We finally demonstrated the effect of
transmitter specifications (i.e., single vs. multiple transmitters), receiver specifications

(i.e., location, rotation) and objects within the environment (i.e., furniture) on the CIR.

We also presented an overview of reference VLC channel models adopted by the
IEEE 802.15.7r1. These channel models are based on four indoor scenarios, namely
workplace (open office floor and cubicles), office room with secondary light, living
room, and manufacturing cell. For each scenario, the CIRs were presented along with a
discussion on fundamental channel characteristics such as delay spread and DC gain.
These channels exhibit frequency selectivity and, furthermore, their characteristics are

highly location dependent.

We have developed a mobile VLC channel based on non-sequential ray tracing.
For realistic modeling, wavelength dependency was explicitly taken into account while
different types of reflections (i.e., diffuse, specular and mixed reflections) were
considered. Commercially available measured light source and an indoor environment
with furniture and CAD human models were used in our simulations. Under these
realistic assumptions, we have obtained CIRs over the user movement trajectories and
presented expressions for path loss and delay spread. Our results demonstrated that the

received power varies significantly based on the user location.

In Chapter III, we presented a realistic vehicular VLC channel modeling
approach for the practical ITS usage scenarios by taking advantages of the advanced ray
tracing. We obtained realistic CIRs which take into account practical issues such as

wavelength dependency of reflection coefficients and different types of reflections
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(diffuse, specular and mixed cases of diffuse and specular). We were also able to
integrate commercial and practical light sources (i.e., headlamps, traffic lights and street
lamps) instead of ideal Lambertian sources typically used in indoor environments. We
further considered various configurations, i.e., vehicle-to-vehicle, traffic light-to-vehicle
and street lamp-to-vehicle. For each configuration, we obtained CIRs and presented a
channel characterization study where channel parameters, such as channel DC gain,
RMS delay spread and path loss are obtained. From the derived channel impulse
responses, it is observed that the common property of the CIRs was composed of

dominant multiple LOS links and a less number of NLOS delay taps.

Building on non-sequential ray tracing, we have precisely taken into account the
asymmetrical intensity distribution of automotive headlights and road reflection model
and developed a closed-form path loss expression for V2V VLC channel for different

weather conditions.

In Chapter IV, we have carried out a detailed underwater optical channel
modeling and characterization study taking into account the presence of human and
man-made objects such as AUV. The objects present in the underwater environment are
likely to result in LOS blockage. Our results have demonstrated that, even in complete
LOS blockage, transmission can take place due to scattering despite the increase in path
loss. Such losses can be recovered by using smaller transmitter viewing angles or larger
aperture sizes. However, there is also some trade-off between performance
improvement and viewing angle. As the angle gets smaller, the improvement in path
loss cannot be sustained since the scattered rays are also likely to be blocked by
obstruction. Our results have also demonstrated that the path loss decreases at sea
surface compared to that experienced at mid-depth. This is a result of the fact that the

detector receives more specular reflected rays from the sea surface. On the other hand,
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the path loss at sea bottom increases compared to that experienced at mid-depth since

the rays are attenuated by diffusely reflecting from sea bottom.

We further developed a closed-form path loss expression as an explicit function
of water type, beam divergence angle and receiver aperture diameter and validated the

accuracy of the proposed expression through Monte Carlo simulation results.
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APPENDIX

Chlorophyll Concentration Depth Profile

The chlorophyll profile over a depth Z(m) from the surface C, (Z) can be

modeled as a Gaussian curve [ 128§]

C.(z)=B,+8z+ exp

207

h —(z—zmaX )2
o }
_ h
y \/E[Cchz (Zmax ) —B,— SZmax]

(A.1)

A difficulty arises in determining the value of these parameters because for each
surface concentration of chlorophyll, the profile shape alters. However, an experimental
study in [129] quantified 2419 separate chlorophyll profiles [129]. Based on this data,
ocean locations were categorized in nine groups, each representing a different range of
surface chlorophyll concentrations. These were <0.04 mg/m?, 0.04-0.08 mg/im?, 0.08-
0.12 mgm?, 0.12-0.2 mgm?3, 0.2-0.3 mgm?3, 0.3-0.4 mgm? 0.4-0.8 mgm?3, 0.8-2.2
mgm?3, and 2.2-4 mgm?®, represented by SI1-S9, respectively. A full list of the
parameters for each of these concentration ranges is given in [124]. The S1-S7 are
related to pure sea and open ocean while S8-S9 are related to coastal and harbor. The

chlorophyll concentration depth profiles of these nine groups are depicted in Fig. A.1.
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Figure A.1: Chlorophyll concentration depth profiles (a) S1-S4 and (b) S5-S9
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