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Abstract

In this work, a vehicle-to-vehicle (V2V) visible light communications (VLC) model for two practical
scenarios, is proposed. In scenario 1, the random lateral shift of vehicles and the deterministic longitu-
dinal separation between two communicating vehicles are considered, whereas in scenario 2, longitudinal
separation between two vehicles is considered to be random, and lateral shift of vehicles is considered to
be deterministic. To this end, we emphasize comprehensive modeling of the practical characteristics of
the considered V2V-VLC system, such as random path loss due to the random mobility of the vehicle,
random lateral shift and random longitudinal separation of the vehicle. Moreover, we analyze the
performance of the proposed V2V-VLC model in terms of different metrics under the consideration of a
novel channel model. Considering our findings, it is observed that the random lateral shift of the vehicle
and the random longitudinal separation between two vehicles have a significant impact on the V2V-VLC
system performance. Further, at a distance of 40 m, for example, the path loss penalties for moderate and
dense fog weather scenarios are 2 and 3 dB, respectively, compared with the clear weather. Furthermore, the

combined impact of path loss and atmospheric turbulence affects the V2V-VLC performance significantly.
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Index Terms

average bit error rate (ABER), visible light communications (VLC), vehicle-to-vehicle (V2V).

I. INTRODUCTION
A. Background and State-of-the-Art

For supporting next-generation high-speed wireless communication systems, along with other
emerging fifth-generation (5G) technologies such as network densification, millimeter-wave (mm-
Wave), and massive multiple-input multiple-output (MIMO), visible light communications (VLC)
have attracted significant attention in both academia and industry [1]. Contrary to the radio frequency
(RF) communications technology, VLC systems are free from spectrum licensing [2]. Moreover,
due to the spatial confinement of optical beams, it offers higher data rates and improved security.
As compared to the existing RF systems, the absence of RF-induced electromagnetic interference
in the VLC systems makes it a promising technology [2]. Further, VLC systems, which employ
light-emitting diode (LED), are energy-efficient, low-cost, and offer a satisfactory area spectral
efficiency (ASE) [3]. Since LEDs can switch faster than the human eye can respond, they can
be intensity modulated at higher data rates, thus offering simultaneous illumination and commu-
nication capabilities [4]. To this end, nowadays, VLC is considered one of the most vital green
communication technologies [5]. Due to the full compatibility of VLC with RF communications, the
two can complement each other, forming hybrid networks and thus enhancing the communication
performance as well [6]. Contrary to other wireless communication technologies, VLC is safe for
human health, provided the illumination level is below the eye safety level. Furthermore, VLC
systems do not affect the functionality of the highly-sensitive electronic systems, and thus, can be
used in RF restricted places (e.g., airplanes, hospitals, chemical or nuclear plants) [7].

As far as the indoor environment is concerned, VLC systems have been investigated, considering
modulations [8], coding [9], MIMO [10], spectrally efficient multi-carrier and frequency modulation
schemes [2], transceiver design [11], pre-and post-equalization [12], [13], and channel capacity for
dimmable VLC [14]. In the outdoor environments, as part of the 5G wireless networks, VLC can
also play a significant role in a number of applications including intelligent transport systems (ITSs),

the street-level access networks, Internet of things, etc. In [15], the concept of automotive lighting



in ITSs, was introduced by combining VLC and visible light positioning. A VLC-based simulation
model for automotive applications was proposed in [16], where simulated channel models reflecting
practical conditions for the usage of VLC in ITSs were provided. An environmental-adaptive receiver
(Rx) to maximize the communication efficiency for automotive applications was proposed, in [17].
A new non-stationary regular-shaped geometry-based stochastic model (RS-GBSM) for vehicular
VLC channels was proposed in [18]. In [19], a comprehensive channel modeling was carried out
to quantify the effect of rain and fog on a vehicle-to-vehicle (V2V)-VLC link. In [20], the authors
analyzed different precoding and equalization schemes for a 2 x 2 MIMO-based V2V-VLC system.
Note that, precoding is a technique that exploits transmission diversity by weighting the information
stream. A 3-D massive MIMO-based channel model for V2V communications was proposed in
[21]. Contrary to the conventional MIMO channel model that characterizes the plane wavefront
assumption, the authors assumed a spherical wavefront [21]. Recently, a V2V-VLC simulation-based
channel modeling was reported in [22]. Moreover, different path loss expressions were proposed,
and their comparative study is investigated [22]. In [23], a novel technique was introduced to
increase the transmission linkspan of a rolling shutter-based optical camera communications (OCC)
system to 400 m by reducing the spatial bandwidth of the camera in the out-of-focus regions. A V2V
communications system employing OCC was studied in [24]. It was reported in [24] that, the system
data rates are entirely dependent on the camera frame rate and the symbol duration. A prediction-
based channel gain model and a multi-hop relay-based routing algorithm were proposed for V2V-
VLC networks, in [25]. In [26], a low-complexity least-squares-based post-distortion algorithm was
proposed for a multi-hop, V2V-VLC link. The formulated algorithm mitigates the V2V-VLC channel
impairments by using a low dimensional approximation of the random Fourier features. Recently,
a geometry-based stochastic channel model for V2V communications was proposed in [27]. The

authors considered an urban environment and then parametrized the model from measurements [27].

B. Research Gap, Motivation, and Problem Statement

The study in [22] (a simulation-based channel modeling) considered a simplistic single-lane road-
based V2V-VLC scenario. Moreover, the authors in [22] did not take into account the presence of
other parked or mobile vehicles in the vicinity. Therefore, in [22], the lateral shift of vehicles and

longitudinal separation between two communicating vehicles was considered to be deterministic.



Note that, due to parked or mobile vehicles in the vicinity of two communicating vehicles, the
lateral shift of vehicles needs to be considered in a practical V2V-VLC system. Further, since
LED-based VLC is mainly intended for short-distance communications, the longitudinal separation
between two communicating vehicles will affect the system performance significantly. Furthermore,
in outdoor environments, the effect of atmospheric turbulence (AT) of a practical V2V-VLC scenario
has not been taken into account in [22]. Note that, AT induces fluctuations in the transmitted optical
beam, which degrades the communication link performance significantly [28]. To this end, in this
research, a more practical V2V-VLC model in a two-lane road and considering the effect of AT
and other realistic system parameters (as tabulated in Table I) under the random lateral shift and the
longitudinal separation is proposed and analyzed. We consider two realistic scenarios (i) scenario
1 with the random lateral shift of vehicles and deterministic longitudinal separation between
two vehicles; and (ii) scenario 2 with the longitudinal separation between two vehicles and
the lateral shift of vehicles are considered to be random and deterministic, respectively.

The work in [29] utilized the well-established infrastructure-to-vehicle (I2V) model and demon-

strated the simulation results only. In [30], the authors analyzed the performance of a cooperative
(relaying-based) full-duplex V2V-VLC system. In [31-34], an experimental investigation of the
V2V-VLC system is reported. All these works did not emphasize the comprehensive modeling of
a V2V-VLC system. To be more specific, all the practical characteristics of a dynamic V2V-VLC
environment were not modeled and envisioned in these works, such as random path loss due
to the random mobility of the vehicle, random lateral shift of the vehicle, random longitudinal
separation of the vehicle, modeling of the joint impact of path loss and atmospheric turbulence
(AT) etc. To this end, let us outline the importance of comprehensive modeling of the considered
V2V-VLC system with the help of the following supporting statements:

o In a dynamic/practical V2V-VLC scenario, vehicles change positions with respect to (w.r.t.)
their speed, the road layout, and other nearby parked/ mobile vehicles. This dynamic envi-
ronment has a significant impact on the V2V-VLC link performance, because of the short
transmission range in VLC. Therefore, considering the practical characteristics such as ran-
dom mobility, random path loss, random lateral shift and random longitudinal separation

is important to ensure accurate system modelling as part of intelligent transportation systems.



Table 1
NOTATIONS USED IN THIS PAPER

Wi, Width of single lane
W, Width of vehicle
d Longitudinal separation between the
two vehicles
dp, Lateral shift of the vehicle
¢ and ¢ | Angles of irradiance w.r.t Tx1 and Tx2
frand 0y Angles of incidence w.r.t Tx1 and Tx2

L; Propagation distance from the "
transmitter (Tx)
v Field-of-view (FOV) angle of the
receiver (Rx)
Dpg Aperture diameter of the Rx

« Further, to envision the impact of the outdoor environment on the considered V2V-VLC system,

modeling the joint impact of path loss and AT conditions is crucial.

In light of the above background, we observe that most of the literature on V2V-VLC emphasized
the channel modeling part and was not focused on the comprehensive modeling of the V2V-VLC
system and performance analysis of the same. Motivated by this, in this work, we specifically
emphasize the comprehensive modeling of a V2V-VLC system under practical considerations
which have not been taken into account in the literature so far. To this end, in the subsequent

subsection, we summarize the key contributions of our work.

C. Key Contributions

Motivated by the aforementioned background, the key contributions depicting the significance of

this research are highlighted as follows:

o A two-lane road-based V2V-VLC model under two different scenarios (as highlighted in
Subsection I. B) is considered. Since weather conditions have a significant impact on the
V2V-VLC performance, we also analyze the impact of different weather conditions on the
considered model.

« Because of the dynamic V2V environment, we model the lateral movement and the longitudinal
separation of the vehicle as random with a specific probability distribution function (PDF).

Therefore, differing from the existing literature wherein deterministic lateral shift and



longitudinal separation are considered, in this work, a more realistic and generalized
approach is adopted to take into account the lateral shift and longitudinal separation of

the vehicle.

« Further, differing from the existing literature, a novel channel model is taken into account that
considers the joint impact of path loss and AT. Note that path loss has a significant impact
on the V2V-VLC system.

« Since V2V-VLC is highly dependent on the line-of-sight (LOS) communication, we also model
the road surface reflections and the LOS blocking with an associated path loss and analyze
their impact on the proposed model.

o Furthermore, the performance of the proposed V2V-VLC model is investigated under the
considered scenarios with different performance metrics such as path loss, outage probability,
average bit error rate (ABER), and diversity property. Novel analytical expressions for path
loss, outage probability, and ABER are derived. Based on the derived ABER expressions
corresponding to the two V2V-VLC scenarios, this work, for the first time, investigates the

diversity property of the V2V-VLC system.

D. Related Work and Comparison

In this subsection, we compare our proposed work with the existing literature and summarize

the new insights as follows:

o In [29], the authors analyzed the performance of the V2V-VLC system under different weather
conditions by considering a Lambertian emission-based LOS channel model, which is only
valid for indoor VLC scenarios [2], [4]. Such a channel model is not valid for a dynamic
outdoor V2V-VLC system wherein the path loss will have a significant impact on the sys-
tem performance [22]. Therefore, the findings of the authors in [29] under different weather
conditions are inaccurate. To this end, in this work, for the first time, a realistic channel
model that takes into account the complete outdoor V2V-VLC path loss with AT under

different weather conditions is proposed.

 In [30], the authors analyzed the performance of a cooperative full-duplex V2V-VLC system. In

[31-34], an experimental investigation of the V2V-VLC system is reported. However, all these
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Figure 1. Proposed two-lane road-based V2V-VLC model.

works considered the lateral shift of the vehicle to be deterministic, which is impractical.
To this end, in this work, for the first time, we model the lateral movement of the vehicle
as random with a uniform PDF and analyze its impact on the different performance metrics.
Therefore, we emphasize a realistic and generalized approach to take into account the
lateral movement of the vehicle.

o In [34], an experimental investigation of an infrastructure-to-vehicle-to-vehicle (I2V2V) VLC
system for ITSs is done. However, the authors considered the longitudinal (inter-vehicle)
distance to be deterministic, which is impractical due to the random mobility of the vehicle.
To this end, in this work, we model the longitudinal/inter-separation of the vehicle as
random with an inverse-gaussian PDF.

To be more specific, the mobility of the vehicle, has not been considered random in the existing
literature, which is unrealistic. Further, apart from the above-mentioned differences, the major
difference is the modeling of all the practical characteristics of V2V-VLC and their impact on the
proposed model (as discussed in Subsection 1. C), which have not been taken into account in all

these works.



II. PRELIMINARIES

In this section, we present and discuss the considered V2V-VLC system and channel models.

The proposed V2V-VLC model is discussed with detailed insights.

A. System Parameters Description and Derived Geometric Relations

A two-lane road-based V2V-VLC system is considered, as shown in Fig. 1. It can be seen from
Fig. 1 that, the two communicating vehicles are in lanes 1 and 2. The backlights of the leading
vehicle are used as the Txs and a photodetector-based Rx is deployed at the bumper of the following
vehicle in lane 2. In Table I, all the system parameters are tabulated. The values corresponding to
the system parameters depicted in Table I will be provided in Section V. Note that, according to
the geometry depicted in Fig. 1, ¢; = 6; and ¢, = 0. The lateral shift corresponding to the i** Tx
is defined as dj,, = dj, + %, 1 = 1, 2. Moreover, the LOS propagation distance (as depicted in Fig.
1) for the i'* angle is defined as L; £ /2 + d,QL Since L; is dependent on dj,,, and therefore, the

incidence angle and its dependence on dj,, can be expressed as:

0; = cos™* <L%) (D

From the proposed V2V-VLC model shown in Fig. 1, it is noted that, d;, varies between 0 and (2 -
W, ). In other words, dj, is random and it can take values between 0 and (2WW-V,)). Mathematically,

it can be expressed as follows':
0<dy, < (2W,—-W,). 2)

Relation between d, L;, and FOV (V): For the Rx to detect LOS signals, the following condition

must be satisfied:

3)

Substituting L; in (3), we obtain:

'dy, is assumed to be random within a range for a given lane and vehicle width as depicted in Eq. (2). Moreover, due to the
mobility of other vehicles in the vicinity, dj varies slowly over a small duration of time 7 within the specified range.
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", dhi < d tan(\If).
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Moreover, we have the following relation:
W,
5

dp, = dp &

Therefore, from (4) and (5), we get:

w,
< .
5 ) < d tan(V)

(dh +

Based on (6), we have the following implications:

« For dp,,:

dp — % < d tan(WV),

= dj, < d tan(¥) + WT

Note that if the condition in (7) is satisfied, then the LOS signal, L, is detected by the Rx.

« For dp,:

dh + % < d tan(\If),

=

=d, <d tan(\lf) —

5

“4)

(&)

(6)

(7

®)

Note that if the condition in (8) is satisfied, then the LOS signal, Lo, is detected by the Rx.

Therefore, taking into account (7) and (8), we can have the following implication:

dp < d tan(V) £+ %

€))

Remark 1: Note that a practical V2V-VLC environment is dynamic because of the vehicles

changing positions w.r.t. the road and other vehicles. Therefore, based on the derived Eq. (9),

we infer that under the impact of the lateral shift, i.e., dj;, the Rx will detect L; and L, with a

constraint given in (9). Moreover, contrary to (2), the randomness in dj, is jointly restricted by the

three different system parameters as depicted in (9).

Due to the dynamic nature of the V2V-VLC environment, a narrow FOV-based Rx might be

problematic in such mobile conditions. Therefore, we consider a wide FOV-based Rx to maximize



the reception angle.

B. Channel Model

For the proposed V2V-VLC model, the received signal by the vehicle in lane 2 is given by:

y = nhx + e, (10)

where y = [y;,12]7 € R?*! is the received signal vector, 7 is the photodetector’s responsivity, x
> 0 denotes the non-negative visible-light signal from the two Txs, and e = [e;, eQ]T denotes the
noise vector. Moreover, h = [h, hQ]T € R?*! is the channel coefficient vector, and each element

in h can be modeled as:
hi = hq, (RFF)9, (11)

where h,, expresses the AT, which signifies the impact of environmental conditions, and (hf'1)®v9
denotes the average path loss. Since VLC is a short-distance communication, without loss of

generality, the PDF of h,, can be modeled as a lognormal distribution [13]:

2
<1n(hui)+2oi>
. hai = R h
e, (ha) 2ha; /202

where o7 is the log-amplitude variance.

a >0, (12)

Remark 2: Considering a practical outdoor V2V-VLC scenario, in this work, we investigate the
performance and diversity property of the proposed V2V-VLC model under the combined impact
of path loss and AT as depicted in (11).

Further, a maximum-likelihood (ML) Rx for the proposed V2V-VLC model is expressed as:

X= min |y — nhx|?, 13
X Xe{ovl}\y nhx| (13)

where x denotes an on-off keying (OOK) symbol, and X denotes the detected symbol at the Rx.
It is assumed that the channel state information (CSI) is known at the Rx. With this, d; can be

estimated to some extent in the small time slots within the range, i.e., 0 < d, < (2W, — W,,).



III. PERFORMANCE METRICS FOR THE PROPOSED V2V-VLC MODEL CORRESPONDING TO

SCENARIO 1

In this section, we will investigate the performance of the proposed V2V-VLC model corre-
sponding to the scenario 1. Since VLC using LED lights is mostly intended for a short-distance
communications, the lateral shift of the vehicle has a significant impact on the V2V-VLC system
performance. Further, to investigate the performance of the proposed V2V-VLC model, we consider
different performance metrics such as the path loss, outage probability, ABER, and diversity.

Scenario 1: Here, the random lateral shift of the vehicle and the deterministic longitudinal

separation between the two communicating vehicles is considered.
A. Investigation of Average Path Loss

We build upon the path loss expression given in [22, Eq.(7)]. However, unlike [22], wherein the
lateral shift of the vehicle is considered to be deterministic, in this work, the lateral shift of the
vehicle is quantified as random. Therefore, contrary to [22], a more practical path loss expression
is derived in this paper. The path loss for one of the two LOS propagation paths (as depicted in
Fig. 1) is given by:

pe = 1(Bay? eosOO)

—cly). 14
9 5 L% eXp( & 1) ( )

Note that, £ and € are the correction coefficients corresponding to different weather conditions, and
c is the extinction coefficient. The values of &, € and c are tabulated in [22] for different weather
conditions. Since cos(f;) = Lil, we can express (14) as:

1 /Dg\2 d*°
B 5(%) o e(—cly) (15)
1

Now, let us consider that dj, is uniformly distributed, i.e., d,, ~ U ( — 7, QWL—%) Accordingly,

2
Ly ~U (a =\/d? + WT‘Z/, b= \/d2 + (2WL — %) ) Therefore, the average path loss is given

by:

(hyh)™s = / N WP fr (Ly)dLy, (16)
0

where



A ﬁ7 a S Ll S b
fr. (L) = (17)

0, elsewhere
Remark 3: It can be observed from (15) that the path loss depends on L;. Moreover, L, is dependent
on dp, (as per the geometric relation given in Subsection II. A). Further, since dj, is uniformly
distributed, therefore, the path loss depends on the uniformly distributed lateral shift of the vehicle.

Employing (15) and (17) into (16), we get:

1 /Dp\2 d¥c [* 1
PLyavg __ — R .
(hPEyavs = 2(_5 ) b_a/a exp( cLl)—L?H/EdLl. (18)

Let k =2+ % and cL, = x, a closed-form expression corresponding to (18) is obtained as:

D?% d2/eck—1

(hfL)avg = 2§Q(b _ CL)

[m — k,ac) — (1 -k, bc)], (19)

where I'(+,-) is the upper incomplete-gamma function [35]. Similarly, a closed-form expression
for the other LOS propagation path can be obtained. Thus, the effective path loss at the Rx

corresponding to scenario 1 is given by:
2

hPL = 10logy, ( Z(hfL)ﬂwff). (20)

i=1
B. Investigation of Outage Probability

In this subsection, we investigate the outage performance of the proposed V2V-VLC model
corresponding to scenario 1. Since LED-based VLC is mainly intended for short-distance commu-
nications, therefore, the investigation of outage performance is of significant interest. An outage
of a communication system is a probabilistic scenario wherein the signal-to-noise ratio (SNR)
corresponding to all the communication links falls below certain threshold SNR. Taking (11) and

(12) into account, the PDF of h; is obtained as:

2
h.:
<ln (m)+20‘%>
eXp - L 2

307,

2h;\/2mc?




Therefore, the average received electrical SNR 1s given by:

P,h;)?
ULl iy y¥) (22)
g;
where R; = @, P, is the transmit optical power corresponding to each Tx, and ¢ denotes the

g;

variance of noise e;.

Remark 4: For the outdoor VLC, the ambient-induced shot noise is the dominant noise. To be
more specific, let us denote the shot noise by o7y, which is given by o7 = 07, = 2qnBPg +
2qB1,1,. Note that Pp = P,h,. Further, all the parameters are defined in [36]. Note that aiShot
can be modeled as Gaussian noise [36].

Further, the selective transmission scheme is applied by using the criterion of maximizing the

output SNR as defined by:

v £ max(7y1,V2)- (23)

Owing to the sufficient separation between the Tx1 and Tx2, we assume 7, is independent of 5.
Therefore, the outage probability can be expressed as:

2 \/gj
P =T[ [ futhan (24)
i=1"0
In (24), 4, denotes the threshold SNR. On substituting (21) into (24), we get:

2
} .
(i (gorttzss) +272)
exp | — t

]
807,

2 Jth

P = -
o 111/0 2h;\/ 2o

(n (aptiams ) 4202)

207,

dh;. (25)

Applying change of variables method, i.e., t; = , a closed-form corresponding

to (25) is obtained as:

Pout = f[ Q (i) + 2 (26)
out — — 20’L ’
where ()(.) is Gaussian g-function.
m(‘(hl’%(? ~ >+20% 9
Remark 5: Let m;, = [ — L 20;’ ! and thus P,,; = [[;_, Q(m;). Note that m; is a

monotonously decreasing function with respect to ;. Moreover, F,,; is a monotonously decreasing

function with respect to m,. Therefore, P,,; is a monotonously decreasing function with respect to



0;, which indicates that the larger the variance of the noise is, the worse the system performance

becomes.

C. Investigation of ABER

The ABER corresponding to the proposed V2V-VLC model for scenario 1 can be expressed as:
ABER = [ [ Q(VAT T T i (1) ke @)

To determine a closed-form expression of (27), let us consider the inner integral of (27):
n- | " QA+ 1) fu (). 28)

Employing the relation Q(z) = ferfc(-%) in (28), and substituting (21), for i = 1, into (28), we

V2
get:
(1 gt 122) )
dhy

exp — 802
%) ( r
X

1
he [ et o @)
! /o 2 (hn 2) 2 2h1\/270%
. . . (ln(wfzﬁ)””i)
Applying change of variables method, i.e., t = o , (29) can be expressed as:
+2
erfc ae” + d)e” 2 dt, (30)

h= 2\/27r
where a = (h{L)*9e=27L, /T b = 20y, and d = hy/Z. Again applying the change of variables
method, i.e., z = e” to (30), we get:

_Inz

—erfc z + C—l)) w2 dz. (31)
a

L= 2\/27?

A closed-form expression corresponding to (31) can be evaluated using MATHEMATICA software

as given by:

(32)

dExpInt IE[L(1+ L), ¢2
= 2 erte(a) - PP T ) 7
221 LS



where ExplIntegralE[n, z] gives the exponential integral function E,(z) [37]. Therefore, (27) re-

duces to:

ABER = / I fy (ho)dhs
0

2
h
<1n (m)“f’%)
exp| — 2

2
807

= I
/0 ' 2hon/ 2702
(m(mg’iﬁ)wo%)

207,

dhs. (33)

Applying change of the variables method, i.e., u = , (33) can be expressed as:

1

-5 du. 34
’_27r€ U (34)

ABER = / I
0

On substituting (32) into (34), we get:

b dExpIntegralE[L(1 + 1), a2\ .2
ABER = - / (erfc(d) _ dExplntegralll; (1 + ) ]>62du. (35)
0

a VT

Now, to evaluate (35), let us have the following two considerations:

o u2
I, = / erfc(d)e™ 2 du. (36)
0

and

~ d BxplntegralB[L(1+ £), d?] .2
[32/ xplntegrallily(1 + 5o). 41 7 ), (37)
0 VT

h
(1 (ptes ) 4202

To compute I,, applying the change of variables method, i.e., t = Sor

, We get:

o 1:2
I, = / erfc(ge™)e™ 7 dt, (38)
0

bt

where g = (hl'F)*9¢21, /T Employing a transformation of z = ¢, a closed-form solution

corresponding to (38) is obtained as:

(39)

B gExplntegral E[1 (1 + ), 92]]

I, = b[erfc(g) NG



Adopting the similar technique for obtaining the closed-form of I,, a closed-form corresponding

to I3 is obtained as follows:

(2b2 = (14 (=1 +2¢%)) % Explntegral E[3(—1 + ), gQ])

I, = gbe™ 40
Now, taking (35), (36) and (37) into account, ABER can be expressed as:
b
. ABER = abs(4—([2 — 13)), 41
s

where the closed-form expressions corresponding to I, and /3 are given by (39) and (40), respec-
tively. Further, abs(.) denotes the absolute value. Since I, < I3, therefore, the absolute value of

ABER is considered in (41).

D. Investigation of Diversity Order

Before we begin with the investigation of the diversity property for the considered V2V-VLC

system, let us motivate our finding by discussing the existing works on diversity order.

« For instance, in [38], the diversity performance corresponding to the single-input single-output
(SISO) free-space optical (FSO) system and MIMO-FSO system under Gamma-Gamma fading
is analyzed. It is observed that the diversity gain of the SISO-FSO system only depends on
the minimum of « and 3, where o and [ characterize a specific turbulence regime. As far
as the MIMO-FSO configuration is considered, it is concluded from Eq. (26) that employing
repetition coding across transmit lasers and equal gain combining at the Rx can exploit full
diversity gain.

o In [39], the diversity performance of a MIMO-FSO system assuming repetition coding across
lasers with a multipulse pulse-position-modulation (PPM) scheme is analyzed. It is shown by
the analysis that full transmit and receiver diversity can be attained without special coding.

« Finally, in [40], it is shown through power allocation that the cooperative diversity and BER
performance of the considered system can be significantly optimized.

However, in this work, we focus on a V2V-VLC scenario and the associated system parameters,

which have a significant impact on the V2V-VLC performance. Most importantly, differing from the



above works, a novel channel model that takes into account the joint impact of path loss and AT is
considered. Further, in a V2V-VLC system, the diversity performance investigation is highly
dependent on the weather conditions. Therefore, the investigation of the diversity performance
corresponding to such a system is a significant metric of interest. The diversity corresponds to the
slope of decay of ABER versus the SNR plot at asymptotically high values of SNR. Mathematically,
at very high SNR, ABER can be expressed as:

ABER,, ;00 < 7; %, (42)

where d, denotes the diversity order. Therefore, taking (42) into account, let us first determine d,, cor-
responding to the closed-form expression of /5 given in (39), at a very high value of SNR. With (42),
we will consider only the terms proportional to the exponent of ; and the constants or other factors
multiplied with ~; can be ignored as they do not have any significance in finding d,. Now, in (39),
at a very high value of SNR, erfc(g) = 0. Further, note that E,(z) = [~ %ftdt = [~ %dt.
Therefore, employing Taylor series expansion of an exponential function corresponding to E,(z),

i.e., 9. Further, representing the series in a form given in (43) to determine the dominant term

at a very high SNR as follows:

1 1 1
:7§<_3__2+_‘_1+ ...... ) (43)

At a very high SNR, considering the dominant terms in (43), we have e 9 = 2. Therefore, we

obtain:

I o< 77 (44)

Similarly, the exponent of 7; corresponding to (40) is obtained as:
I3 o< 3. (45)
Now, Iy — I3 o< (72 + (—72)). Therefore, the ABER at very high SNR will be:
ABERScenariol x 72 (46)

Y — 00 1

Thus the diversity order corresponding to scenario 1 is obtained as d, = 2.



Remark 6: We employ a repetition coding (RC) scheme for the data transmission for which the
same symbol is transmitted from both the Txs. Note that the RC scheme is able to provide full

diversity.

IV. PERFORMANCE METRICS FOR THE PROPOSED V2V-VLC MODEL CORRESPONDING TO

SCENARIO 2

In this section, we investigate the performance of the proposed V2V-VLC model corresponding
to scenario 2. Due to the short-distance nature of VLC, the longitudinal separation between the two
communicating vehicles has a significant impact on the V2V-VLC system performance. To derive
the performance metrics of scenario 2, we build upon the analytical framework of scenario 1.

Scenario 2: A more practical scenario in which the longitudinal separation between the two
communicating vehicles is quantified as random. Contrary to scenario 1, the presence of parked or
mobile vehicles in the vicinity of two communicating vehicles is also taken into account, as depicted
in Fig. 1. Therefore, the non-line-of-sight (NLOS) signal components arising due to parked/mobile
vehicles and from the road surface reflection are also considered.

Let Z be the event corresponding to the LOS blockage whose probability mass function (PMF)

can be modeled by Bernoulli distribution:

Pr[Z = 2] = (47)

where Pr][.] denotes the probability.

Remark 7: The event z = 1 (direct-path obstruction between the Tx and Rx) corresponds to
an event of blocked LOS with probability p. However, when z = 0 (no direct-path obstruction
between the Tx and Rx), the complete VLC channel comprises both the LOS and NLOS signal
components. Note that, the NLOS signal components arise from obstructions in the vicinity of two
communicating vehicles, such as parked /mobile vehicles or reflections from the road surface.

Remark 8: There are some works in the literature of indoor VLC, which consider blockage
such as, [2]. Note that in an indoor VLC scenario, the blockage is mainly because of the opaque
objects. However, in this work, we specifically emphasize the modeling of the LOS blockage with

an associated path loss (as depicted in Eq. (48)) for an outdoor V2V-VLC system, which is highly



dependent on the weather conditions. Moreover, because of the short-distance nature of VLC, this
blockage has a significant impact on the V2V-VLC system performance. Further, in this work, the
novel channel model that considers the joint impact of path loss and AT is completely different
from an indoor VLC channel. Therefore, this work emphasizes blockage under a completely

different communication environment.

A. Investigation of Average Path Loss

The total path loss at the Rx corresponding to LOS as well as NLOS signal components can be

expressed as:

Psial R = Z hTE(B) = hPH(0) + Z K (B
- p(ndh”(ﬁ)) +(1-p) ((nd - 1)h”<0>), (48)
where h7"(0) and Y 75%, h""(f3) are the path loss corresponding to LOS and NLOS, respectively,

with n, being the number of diffused signal components.> Now, the path loss corresponding to the

" LOS propagation path is given by:

1 /Dgp\2 d?¢ 1 /Dp\2 d?/¢
hi*(d) _P(§ <TR) WGXP(—CLD> + (1 —p) <§ (f) WGXP(—CQ))- (49)

The path loss presented in Eq. (49) considers both the LOS and NLOS depending upon the LOS
blocking probability p. Considering that the two vehicles are sufficiently apart from each other, we
assume the PDF of d to be inverse Gaussian distribution [41]. Considering a realistic V2V-VLC
scenario, let us consider d to be random within a range of 0 to 50 m. For the considered range,

the PDF of d can be written as:

! A 53 0 < d< 50, (50)
—— X X H
0.989108 o €

fa(d) =

Note that the area under the PDF for the PDF given in (50) is unity for the mean p = 25 and the
shape parameter A = 0.01.

*Because of the short-distance nature of VLC, the blockage of LOS is probabilistic (as depicted in Eq. (48)), i.e., there will not be
many blockages. Therefore, it is assumed that the path loss corresponding to each diffused signal component is identical. However,
we will consider non-identical diffused signal components in the future extension of this work.
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Remark 9: Because of the short transmission distance of VLC, d is assumed to be random
within a practical range of 0 - 50 m. Moreover, due to the mobility of other vehicles in the vicinity,
d varies slowly over a small duration of time 7 within the specified range.

Therefore, the average path loss expression is given by:
(h ") = / hi’*(d) f(d)dd. (51)
0

On substituting (49) and (50) into (51), employing taylor series expansion of an exponential

function, the average path loss can be expressed as:
1 D2 50 1
(R = p « DV
0.989108 = 2¢2 o Vord?

2/ o0 . (C, [d? + d%u) A(d—pw)?
37 % Z(—l) o % e =i dd
(& +a&) =0 |

1 D%/ )\ 0
+(1—p)< R\/_x

X

X

0.980108 ~  2¢2 o Vord3
q2/e 00 (cw [d? + di)  adep)?
e X ) (-1)" ' x e x2idd ). (52)
(, fd2 + di) n=0 "

Therefore, using (48) the effective path loss at the Rx corresponding to scenario 2 will be:

nhk = 101og10<ip(nd<hf 20} 4 (1= p) ((na+ 1) (b L)“”g)>- (53)

i=1

Note that the factor (ng 4+ 1) in Eq. (53) represents the consideration of NLOS signal components
with identical path loss.
Remark 10: The integral in (52) is a finite integral and can be swiftly evaluated using MATH-

EMATICA software. Therefore, further effort for simplifying (52) is not required.

B. Investigation of Outage Probability

In this subsection, we investigate the outage performance of the considered V2V-VLC model cor-
responding to scenario 2. Following the similar procedure of scenario 1, the closed-form expression

corresponding to the outage probability of scenario 2 is given by:
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ra=11[ " ubmh§Wm

i=170
2 < h;{”;z‘;ﬂ) ) + 202

=1Iel - (54)
=1

To consider the effective path loss at the Rx corresponding to LOS as well as NLOS signal

components, the outage probability of the considered system will be:

Vi > + 207
; (55)

P — f[Q . ln<hi,EﬂnP
out 1 QUL

where Al is the effective path loss at the Rx corresponding to the i LOS link, and it can be
obtained from (53).

Remark 11: Contrary to scenario 1, wherein the outage probability given in (26) depends
on the longitudinal separation between the two communicating vehicles, the outage probability

corresponding to scenario 2 given in (55) depends on lateral shift of the vehicle.

C. Investigation of ABER and Diversity Order

The PDF corresponding to the ' propagation path incorporating the LOS as well as NLOS

signal components for scenario 2 can be written as:

exp <_ <ln (hlféij—m%) )
, h
2h;\/2mo?

Now, following the similar derivation methodology of scenario 1, the closed-form expression

corresponding to the ABER of scenario 2 is given by:
b
ABER = abs(4—(P2 - Pg)). (57)
™

A closed-form expression corresponding to P; is given as:

sExplntegralE[5 (1 + 5 ), SQ]} (58)

Py = b[erfc(s) — 7
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Table 11
SIMULATION PARAMETERS FOR THE PROPOSED V2V-VLC MODEL [22,13]

Parameter Value
WL 5 m
W, 2.5 m
o2 0.8
0;
n
P, 10 W
Ny 10
P 0.5
d 20 m (ABER

corresponding to
scenario 1)

dp, 2 m (ABER

corresponding to
scenario 2)

Dpg 5 cm

G 180°

9.2 - . . .
where s = hiLy; e 2L, /Z. Further, a closed-form expression corresponding to P is expressed as:

(%2 = (14 (=14 25%) 0% ExplntegralB[3(—1 + 5), 82]>
2(—1+b?)/m

As far as the diversity order is concerned, following the similar technique as adopted for scenario

2
P3 = sbe™® x

(59)

1, the diversity order corresponding to scenario 2 is also obtained as d, = 2.

V. RESULTS AND DISCUSSION
In this section, we will present and discuss the numerical results derived in the previous sections.
We perform Monte Carlo simulations to validate our derived results. Note that weather conditions
have a significant impact on the outdoor V2V-VLC system. To this end, different performance
metrics such as path loss, outage probability, ABER, and diversity property under different weather
conditions are going to be a vital part of our discussion. All the simulation parameters related to

the proposed V2V-VLC model are well tabulated in Table II.
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Figure 2. Effect of path loss on the proposed V2V-VLC model corresponding to scenario 1.

A. Effect of Path Loss (Scenario 1)

In this subsection, we reflect an interesting insight into the effect of path loss on the proposed
V2V-VLC model corresponding to scenario 1. Since LED-based VLC is mainly intended for short-
distance communications, the effect of path loss on the V2V-VLC is significant. In Fig. 2, we plot
the path loss curves for different weather conditions and varying distances. We use (20) to plot the
path loss curves. For clear weather conditions, we can observe from Fig. 2 that the path loss range
lies approximately between -18 to -34 dB for the given distance range. For moderate fog, it is -18
to -36 dB. For dense fog conditions, the path loss range is around -18 to -38 dB.

Observation 1: Differing from the existing literature [29—-34], we emphasize the path loss penalty
offered by the considered V2V-VLC system under the random lateral shift of the vehicle. To this
end, at a distance of 40 m, for example, the path loss penalties for moderate and dense fog
weather scenarios are 2 and 3 dB, respectively compared with the clear weather. Therefore, the

penalty in terms of the path loss for the considered V2V-VLC system under the random lateral

shift of the vehicle is significant.

B. Outage Performance (Scenario 1)

In this subsection, we envision the outage performance of the proposed V2V-VLC model cor-
responding to scenario 1. In Fig. 3, we plot the outage performance curves for varying distances.
We use (26) to plot the outage performance curves. One can observe from Fig. 3, with an increase

in the longitudinal separation/transmission distance, the value of the outage probability increases.
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Figure 3. Outage performance of the proposed V2V-VLC model corresponding to scenario 1.
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Figure 4. ABER performance of the proposed V2V-VLC model corresponding to scenario 1.
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As far as the impact of the 0% on the outage performance is concerned, the outage performance

improves as the value of o7 decreases. Note that the considered system performs the best for o

=0.1.

C. ABER and Diversity Performance (Scenario 1)

In this subsection, we envision the ABER performance of the proposed V2V-VLC model corre-

sponding to scenario 1. To plot the ABER performance curves corresponding to different weather

conditions, we use (41). Fig. 4 illustrates the ABER performance curves of the proposed V2V-VLC

model corresponding to different weather conditions for the considered scenario. In Fig. 4, note

that the ABER performance curve corresponding to clear weather conditions outperforms the other
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Figure 5. Effect of path loss on the proposed V2V-VLC model corresponding to scenario 2.

ABER performance curves. It shows the impact of weather conditions on the ABER performance
of the considered V2V-VLC system. To envision the impact of FOV on the ABER performance,
a simulation-based ABER curve corresponding to a dense fog weather scenario with ¥ = 60°
is also presented. It can be observed from the figure that a narrow FOV-based Rx provides a
significant performance gain. Note that a narrow FOV-based Rx captures less noise. However,
this performance gain is valid for specific longitudinal separation of d = 20 m (as depicted in Table
II). An increase in the value of d along with random mobility will decrease the received SNR and
eventually deteriorate the ABER of the system.

Let us also reflect some interesting insight into the diversity performance of the considered V2V-
VLC system. The diversity is the slope of decay of ABER versus SNR plot at asymptotically
high values of SNR. It is worth mentioning that diversity corresponds to the reliability of the
communication system. Therefore, the investigation of the diversity property is a vital performance
metric of interest.

Let us calculate the diversity order of the considered scenario corresponding to the moderate fog
ABER performance curve. For instance, ABER is 1.488 x 1072 at 10 dB whereas it is 1.4 x 10~% at
20 dB and therefore slope can be obtained as log;,(1.488x 1072 /1.4x 10~%), which is approximately
equal to 2. This shows that full diversity of N; X N, is obtained, where N, and N, are the number
of Txs and Rxs, respectively. Since the ABER performance curves for all the weather conditions

are parallel to each other, diversity is also the same for all three ABER performance curves.
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Figure 6. Outage performance of the proposed V2V-VLC model corresponding to scenario 2.

D. Effect of Path Loss (Scenario 2)

In this subsection, we emphasize some useful insights corresponding to the path loss related to
scenario 2. In Fig. 5, we plot the path loss curves for different weather conditions and varying
lateral shifts. We use (53) to plot the path loss curves. For clear weather, we can observe from Fig.
5 that the path loss range lies approximately between -10 to -24 dB for the given range of lateral
shift. For moderate fog, there is a slight deterioration as compared to clear weather. For dense fog
conditions, the path loss range is around -10 to -28 dB.

Observation 2: Differing from the indoor VLC, the outdoor V2V-VLC path loss is highly
dependent on the weather conditions, random lateral movement of the vehicle, and random
longitudinal separation between two communicating vehicles. Now, let us compare the impact of
path loss of the considered V2V-VLC system corresponding to scenario 1 and scenario 2, illustrated
in Fig. 2 and Fig. 5, respectively. Under different weather scenarios, it can be observed from the
figures that the longitudinal separation has more impact on the system performance compared to
the lateral shift. This conclusion is supported by the fact that for a lane width of W, = 5
(depicted in Table II), we have considered a maximum possible range of d; in Fig. 5. Note

that, d can further be increased, however, it is not practically possible to increase d;, further.
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Figure 7. ABER performance of the proposed V2V-VLC model corresponding to scenario 2.

E. Outage Performance (Scenario 2)

In this subsection, we envision the outage performance of the proposed V2V-VLC model corre-
sponding to scenario 2. In Fig. 6, we plot the outage performance curves for varying lateral shifts.
We use (55) to plot the outage performance curves. It can be observed from Fig. 6 that with an
increase in the lateral shift, the value of the outage probability increases. Similar to scenario 1, the
outage performance improves as the value of 0% decreases.

Observation 3: Differing from the indoor VLC scenario wherein there is no existence of
atmospheric turbulence, in this work, the effect of log-amplitude variance (c%) on the outage
performance of the outdoor V2V-VLC system is observed. Moreover, differing from the existing
literature [29-34], random path loss is considered. Therefore, a more realistic observation is
marked in this work. Let us compare the outage performance of scenario 1 (for varying longitudinal
separation) and scenario 2 (for varying lateral shifts), depicted in Fig. 3 and Fig. 6, respectively.
It can be observed that as the value of o2 increases, the impact of lateral shift becomes more

significant compared to the longitudinal separation.

F. ABER and Diversity Performance (Scenario 2)

In this subsection, we envision the ABER performance of the proposed V2V-VLC model corre-
sponding to scenario 2. Fig. 7 illustrates the ABER performance curves of the considered V2V-VLC

system corresponding to different weather conditions for the considered scenario. Similar to scenario
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1, we can observe from Fig. 7 that the ABER performance curve corresponding to clear weather
conditions outperforms the other ABER performance curves. However, contrary to scenario 1, the
ABER performance curves of scenario 2, corresponding to clear weather and moderate fog weather
conditions, are almost identical to each other. It shows that for clear weather and moderate fog-
based weather conditions, the longitudinal separation has less impact on the ABER performance.
To envision the impact of FOV on the ABER performance, a simulation-based curve corresponding
to a dense fog weather scenario with W = 60° is also presented. It can be observed from the figure
that a narrow-FOV based Rx provides a significant performance gain of 4-5 dB. However, this
performance gain is valid for a specific lateral shift/mobility of d, = 2 m (as depicted in Table II).
Note that with a slight increase in lateral shift of the vehicle, the Txs will be out of the narrow
FOV of Rx, and the ABER performance will deteriorate significantly. Therefore, to address the
practical constraint of mobility, a wide-FOV-based Rx is generally preferred for a V2V-VLC
[22].

Let us calculate the diversity order corresponding to the moderate fog ABER performance curve.
For instance, ABER is 1.268 x 1072 at 5 dB whereas it is 1.07 x 10~* at 15 dB and therefore the
slope can be obtained as log;,(1.268 x 1072/1.07 x 10~*), which is approximately equal to 2 (i.e.,
full diversity).

Observation 4: Let us compare the ABER performance corresponding to scenario 1 and scenario
2, as depicted in Figs. 4 and 7, respectively. For example, at an SNR=15 dB with ¥ = 180° and
for dense fog weather conditions, the ABER corresponding to scenario 1 is higher. It shows the
joint impact of random lateral shift of the vehicle and the deterioration in the weather conditions

on the considered V2V-VLC system in terms of the ABER performance.

VI. CONCLUSIONS
In this work, a comprehensive V2V-VLC model under practical considerations was proposed, and
its performance with different metrics was analyzed. The performance of the proposed V2V-VLC
model was investigated under different weather scenarios. Moreover, a novel channel model that
takes into account the joint impact of path loss and atmospheric turbulence was considered. 7o
this end, two realistic V2V-VLC scenarios were considered. In scenario 1, the random lateral shift

of vehicles and the deterministic longitudinal separation between two vehicles were considered,
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whereas in scenario 2, longitudinal separation between two vehicles and lateral shift of vehicles

were considered to be random and deterministic, respectively. It was observed, the path loss

penalty for the considered V2V-VLC system under the random lateral shift of the vehicle

was significant. Further, considering scenario 2, it was observed that under clear weather

and moderate fog-based weather conditions the longitudinal separation has less impact on

the ABER performance. Furthermore, it was observed that the joint impact of path loss and

atmospheric turbulence on the V2V-VLC system is significant. Finally, the reliability of the

considered V2V-VLC system was acknowledged by studying the diversity property.
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