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Abstract—In this article we studies the impact of dynamic vehic-
ular traffic density on the signal-to-noise-ratio and the associated
bit-error-rate (BER) performance of vehicle-to-vehicle visible light
communication (V2V-VLC) systems. The article uses traffic data
from the M42 and M6 motorways in the U.K. to investigate the
probability of coexistence of other vehicles in the adjacent lanes,
which induce interference and act as potential reflectors. The re-
sults show that the probability of coexistence of other vehicles in the
adjacent lanes is lane-independent and it increases during the rush
hours to 90 %, while it decays to less than 10% during the off-peak
and early morning hours. The intervehicular distance and the BER
performance vary widely between different lanes and different
periods of the day. The results also show that the BER performance
of V2V-VLC system with non-line-of-sight (NLOS) component and
with LOS component are comparable at rush hours. However, high
BER values are predicted during the off-peak hours for NLOS
components of the channel.

Index Terms—Dynamic traffic conditions, dynamic vehicular
traffic density, vehicular communication channel model, vehicular
communications, visible light communication (VLC).

I. INTRODUCTION

OAD accidents, mostly caused by human errors, are one
of the main causes of accidental death in the world [1], [2].
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Traffic management technologies and systems exploiting intel-
ligent transport system (ITS) aim to reduce human errors. Based
on ITS, many innovative systems have been proposed, such
as vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I),
vehicle-to-pedestrian (V2P), and most recently vehicle-to-
everything (V2X) communications [2]-[5]. Such communica-
tion aims to improve drivers’ awareness and enable connected
and autonomous safety features on vehicles.

The literature suggests that wireless communication tech-
nologies, such as dedicated short-range communications, IEEE
802.11p, LTE-V2V, 5G, and more recently 6G can enable con-
nectivity between vehicles and with the infrastructure [4], [6].
The allocated bandwidth of the suggested technologies, which
use the radio frequency (RF) spectrum, is limited [7]. Hence,
it is expected for this technology to suffer from interference
and bandwidth scarcity [7]-[9]. Visible light communication
(VLC) is proposed as a complementary technology to reduce
the bandwidth congestion as well as free up the RF spectrum for
critical applications [3], [8]-[10].

VLC utilizes existing street-lights, traffic lights, vehicles’
headlights, and vehicles’ taillights to transmit traffic data be-
tween vehicles and interact with the infrastructure. In addition,
due to the directional nature of light sources, VLC incurs less
interference compared to RF [2], [9], [11].

The dynamic nature of the vehicular communication system
results in a high probability for VLC links to be interrupted due
to interference and reflection from the adjacent vehicles in the
other lanes. Interference from neighboring artificial light sources
of the adjacent vehicles increases the shot noise [2], [11], [12].
Furthermore, the reflected light from the adjacent vehicles in
the neighboring lanes disperses the received signal pulses and
consequently introduces the inter-symbol interference problem,
which limits data rates. Hence, it is important to investigate
the statistics of the existence of other vehicles in the adjacent
lanes. In the following section, we provide related works that
discussed the impact of interference and reflection from natural
and artificial sources on vehicular VLC (VVLC) systems, which
include V2V, V2I, V2P, and V2X communications.

A. Related Works

The impact of interference from natural optical sources has
been investigated in [13]-[16]. The impact of the sunlight inter-
ference on VLC system performance studied in [13] indicated
that there is more than 20 dB variation in background noise
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powers between the lower levels in the early morning and
its peak during noon. Therefore, a diversity receiver with the
selective combining technique was proposed which improved
signal-to-noise-ratio (SNR) by 5 dB. The study in [14] evaluated
the degradation in SNR, data rate, and BER performance of VLC
systems under the presence of sunlight in different locations. The
study estimated the solar irradiance variations during different
hours of the day and different seasons. The results showed that
VLC link with a data rate of 1 Gbps can be achieved in presence
of sunlight without optical filter while blue filters offer 6.47 dB
improvement in SNR. Likewise, [15] shows that an optical
filter can block the out-of-band ambient lights with an incident
angle greater than 30°. The study in [16] accounted for sunlight
irregularities and identified the maximum and minimum solar
irradiation for every day of the year. The results showed that
maximum radiation reduces the transmission distance by 5 m
for binary pulse amplitude modulation scheme.

However, only limited research activities investigated the
impact of interference from artificial light sources in VVLC
systems. The work reported in [17] considered the impact of
interference due to vehicles in the adjacent lanes on the perfor-
mance of VVLC for Platoon scenario. The results showed that
the performance decays when the rate of arrival of vehicles in
the adjacent lanes increases. The work in [9] highlighted the
impact of interference at high traffic density in the VLC and
RF systems. According to [9], VLC has a low interference level
and limited transmission range. Therefore, the study suggested a
hybrid VLC/RF-enabled Vehicular Ad-hoc Network (VANET).
VLC technology was utilized due to broad bandwidth, high
power efficiency, and relatively low reflection. RF was utilized
to support longer transmission ranges. The work in [8] con-
sidered VLC technology to tackle the interference and delay
in RF-based V2V systems under dense traffic conditions. The
study proposed VLC for dual functions of communications and
distance estimation.

A geometry-based analytical method to study V2V VLC
(V2V-VLC) channel was considered in [18] and [19]. The
work in [18] investigated the effect of the light reflection from
the road surface and road dirt. However, the study utilized a
tungsten—halogen headlight beam pattern, which may not be
applicable for V2V-VLC systems that use light-emitting diode
(LED) light sources. The results showed that wet roads increase
the received power of the reflection and hence increase the
transmission distance. The study in [18] was extended in [19]
to increase the transmission data rate of V2V-VLC link using
a multiple-input multiple-output (MIMO) system. The 2 x 2
MIMO system achieved a data rate of 4 Mbps for a transmission
distance of 40 m. These studies, however, did not consider the
reflection from the adjacent vehicles which can be significant,
particularly in dense traffic conditions.

A two-dimensional (2-D) geometry-based stochastic model
(GBSM) with two rings and an ellipse to investigate the V2V-
VLC channels was proposed in [3]. The study considered line-
of-sight (LOS) and reflected power from surrounding vehicles
and roadsides in dynamic V2V-VLC environments. The results
showed that the received power due to the reflection and scat-
tering from roadsides and vehicles in the dynamic V2V-VLC
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channel is less than the received power for the LOS component
by at least two orders of magnitude. The study in [3] was
extended in [20] to consider the asymmetrical radiation pattern
of vehicles’ headlights. The study used a 3-D GBSM with
two spheres and an ellipsoid to model the V2V-VLC channel.
The results highlighted the importance of considering the 3-D
radiation pattern of the vehicle’s headlights. Likewise, the study
in [21], used the GBSM to study the received power of the
direct LOS and reflections from surrounding vehicles in dynamic
V2V-VLC channel. The study showed that the variation in the
relative speed of vehicles impacts the reflected power more than
the LOS power. The direction of the vehicle’s motion affects the
received power from the LOS component more than the received
power of the reflection component.

VVLC systems are affected by multiple variables including
radiation pattern, weather conditions, interference from artifi-
cial and natural light sources, traffic conditions, coating and
color of cars as well as the condition of road surfaces (wet
or dry). However, these variables are independent. Hence, a
universal model that considers the impact of these variables can
be found by combining the impact of independent variables.
The effect of the radiation pattern on VVLC was considered
in [22], where analytical models that can describe the radiation
pattern of headlamp from different manufacturers and designs
were proposed. The impact of different weather conditions and
specular reflections from surrounding vehicles and road was
considered in [23]. The study showed that the propagation path
loss due to the intervehicle distance variation is significantly
higher than the attenuation due to adverse weather condition
(e.g., dense fog). In addition, the reflections from street furniture
have a marginal impact compared to the reflection from vehicles
due to the modest reflectivity of other surfaces. Therefore, in this
study, we focus on the reflection from surrounding vehicles in
the adjacent lanes and dynamic behaviors of the VVLC channel
due to traffic conditions during different times of the day.

The previous studies identified the impact of the interference
and reflection on VVLC channel. However, none of these studies
investigated the statistics of the existence of other vehicles in
the adjacent lanes, which can significantly affect the levels of
interference and reflection.

B. Motivation and Original Contribution

Surrounding vehicles with a body characterized by arelatively
high reflectivity are the closest reflective objects to the V2V-
VLC link. In addition, interference from adjacent vehicles light
sources increases the shot noise [11], [12], [24]. However, due
to the dynamic nature of traffic, which varies during different
periods of the day, the presence of the adjacent vehicles changes
with the traffic flow. Therefore, our motivation is to evaluate
the effect of interference and reflection from the surrounding
vehicles in the adjacent lanes and study their impact on V2V-
VLC performance during different times of the day based on
real traffic measurement data.

The novelty and original contributions of this article are as
follows:
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(b)

Fig.1. Typical communication link between two vehicles travelling on a three-
lane motorway and coexistence of other vehicles in the adjacent lanes which act
as (a) interference sources and (b) reflectors.

1) Use traffic measurements to estimate the probability of
coexistence of other vehicles in the adjacent lanes. This is
expected to be an important factor to examine the perfor-
mance of vehicular communication systems regardless of
the communication technologies in use.

2) Consider the radiation pattern model for low-beam and
high-beam headlights to study the LOS and non-LOS
(NLOS) components of the V2V-VLC channel.

3) Study the impact of dynamic vehicular traffic density on
V2V-VLC channel SNR and BER performance in differ-
ent Lanes.

The rest of this article is organized as follows. The V2V-
VLC link performance is presented in Section II. The V2V-
VLC channel gain is explained in Section III. The probability of
coexistence of other vehicles in the adjacent lanes is presented
in Section IV. Numerical results are discussed in Section V.
Finally, Section VI concludes this article.

II. V2V-VLC LINK PERFORMANCE

The proposed V2V-VLC link scenario is shown in Fig. 1.
The transmitter vehicle A and the receiver vehicle B drive on a
motorway in the presence of other vehicles in the adjacent lanes.
The surrounding vehicles can act as ambient light interference
sources and/or as potential reflectors.

If 2(t) is the transmitted optical signal, then the received
signal y(t) is given by [25]

y(t) = vh(t) ® z(t) + n(t). (1)

Here, ® refers to convolution operation, v denotes the receiver’s
responsivity, i(t) is the channel impulse response and n(t) is
the additive white Gaussian noise (AWGN) with zero mean and

; 2
variance o7.
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The AWGN is caused by thermal and ambient noises. The
total noise variance o2 is given by [18]

2 2 2
07 = Oghot + Oth (2)

where 03, and o3, are the shot and thermal noise variances, re-
spectively.

The thermal noise variance is given by [11]

s STKThCpaA, I,B2  16m° KT, TCLAZIBS,
o2 = + (3)
Gy 9Im

where K, denotes the Boltzmann’s constant, 71}, is the absolute
temperature, Cpq refers to the fixed capacitance of a photodiode
per unit area, A, is the active area of the receiver, I and I3
are the noise bandwidth factors, B,, is the noise bandwidth, G,
indicates the open-loop voltage gain, I is the FET channel noise
factor and g,,, denotes FET transconductance.

The background daylight and the artificial light (such as
the lights from the adjacent vehicles) are the main sources of
ambient noise in V2V-VLC systems [18]. However, daylight is
the dominant source of ambient noise [18], which peaks only at
morning hours [13]. During the night, the artificial light sources
of the adjacent vehicles are the main sources of ambient noise.
The incident luminous flux of the ambient noise induces a shot
noise, which is given by [13]

030 = 2q(Pr + LPr)YBy + 21y I B, 4)

where ¢ is the electron charge, Pg is the received power, L
describes the probability of coexistence of other vehicles in the
adjacent lanes, P is the interference power from vehicles in
adjacent lanes as illustrated in Fig. 1(a), Iy, is the currentinduced
by the ambient light sources.

The received power Pr in V2V-VLC is a linear superposition
of the power from LOS and NLOS paths. The received power
Pr is calculated from the transmitted power Pr as [11]

Pr = PrH(0) ®)

where H (0) is the dc channel gain given as

H(0) = [ ) dt. ©)

The path loss of the channel equals the dc gain of the channel
H(0) measured in decibels (dB). Therefore, the SNR at the
receiver is given by [24]

VPR
oz

The ON—OFF keying (OOK) modulation scheme is widely
considered as a competent candidate in VVLC systems that use
intensity modulation/direct detection (IM/DD) schemes because
it is simple and resilient to ambient noise and the nonlinearity

distortion of the LED [11], [18]. Therefore, considering OOK
modulation scheme, the BER of the system is given by [11]

SNR =

@)

BER = <\/SNR) (8)
where
_L > ~y?/2
Qy) = \/ﬁ/o e v/ dy. ©)
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Low-beam

High-beam

Fig. 2. Schematic (not to scale) of high-beam and low-beam patterns projec-
tion on the road surface.

Fig. 3. The LOS and NLOS propagation paths of the optical signal between
the transmitter vehicle A and the receiver vehicle B.

The equations (5), (7), and (8) show that to establish the
communication performance, the dc channel gain is required. In
the next section, we present the theoretical study of V2V-VLC
channel gain.

III. V2V-VLC CHANNEL GAIN

To characterize the channel gain, we consider the radiation
pattern of vehicles headlights. Vehicles use low-beams at high
traffic density when the intervehicular distance is short. Based on
ECE R112 regulation, the radiation pattern of low-beam head-
lights is asymmetrical, directed toward road surface and with
shorter luminous range to avoid driver blindness by the direct
light from vehicles coming from the opposite direction [26]—
[28]. At low traffic density when the intervehicular distance
is longer, vehicles use high-beam headlights. The high-beam
headlights radiation pattern is not restricted by the ECE R112
regulation [27]. Therefore, the Lambertian model is considered
to describe the symmetrical radiation pattern of high-beam
headlights with LED. A schematic of high-beam and low-beam
patterns projection on the road surface is illustrated in Fig. 2.

The LOS and NLOS propagation paths of the optical signal
between the transmitter vehicle A and the receiver vehicle B are
illustrated in Fig. 3. The dc channel gain of LOS path for the
Lambertian source is given by [28]

Ay (m+1)

Hios(0) = =5 53

cos™ (o) cos (6) (10)

where D is the intervehicular distance, ¢ is the irradiance angle,
0 is the incident angle at the PD, as illustrated in Fig. 3, and
m —0.6931 3 is the Lambertian order and ¥, /5 is the half-

~ T (cos (Wy 9
power angle of the radiation.

3515

In this article, we use an empirical radiation model of the
source as outlined in [29]. This model describes the angular
distribution of the asymmetric radiation intensity pattern of the
low-beam headlight. Accordingly, the LOS channel path loss
(in dB) is given by [29]

27(¢ + 90)

PLOS:a—|—5—10ﬂ10g10(D—|—1)—|—ecos( o

(11)
where the numerical constant (o = 695.3, 6 = —717.3, 5 =
4.949, € = 63.13, and w = 173) were determined from the em-
pirical measurements of vehicle headlight using the nonlinear
least square method [29].

Considering a Lambertian diffuse reflection from vehicle sur-
faces [30], [31], the channel gain from the reflectors is given as

N
pHios, (0)
Hyora(0 :E PLOS,; A\
fa( ) 271"(‘]2

Jj=1

cos (¢1) cos (6’%) (12)

where Hi os(0) is the LOS dc channel gain from the source to
the jth reflector, as illustrated in Fig. 3, N is the total number
of reflectors, r; is the distance from the jth reflector to the
receiver, p is the reflective index of the reflection surface, 0 is
the incidence angle at the receiver and ¢ is the irradiance angle
with respect to the normal to the reflector. The power received
from reflections is Pr,, = PrLH.(0).

The performance of the V2V-VLC link is affected by the
existence of other vehicles in the adjacent lanes, which induce
additional noise and multipath propagation. Therefore, in the
Section IV, we study the probability of coexistence of other
vehicles in the adjacent lanes.

IV. PROBABILITY OF COEXISTENCE OF OTHER VEHICLES IN
THE ADJACENT LANES

In this article, we use traffic measurements to calculate the
probability of co-existence of other vehicles in the adjacent
lanes. We determine the existence of vehicles from traffic flow
and road occupancy data.

To calculate the coexistence of other vehicles in the adjacent
lanes, we first define the event fj, which indicates that the
number of vehicles in the kth lane (k = 1,2,3 for the left-hand,
middle, and the right-hand lanes, respectively) is larger than one.
A logic 1 is assigned to the event f, to indicate that the traffic
flow in the kth lane (flowy,) is larger than one, and hence the
number of vehicles is larger than one, and 0 otherwise. Then,
we calculate the event R; of having at least two vehicles in any
two lanes, as described in Algorithm 1.

However, the probability of co-existence of other vehicles in
the adjacent lanes is reinforced by the increasing road occupation
percentages Oy, which measures the time duration of a vehicle
occupying the kth lane. Therefore, the probabilities of coexis-
tence of other vehicles in the adjacent lanes Ly, is given as a
product of the event of having two vehicles in any two lanes R;
and the percentages that these vehicles occupy the road for a
longer time Oy, which are given by

02+O1>

5 (13)

L3:Ri><<
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Fig. 4. Probability of coexistence of other vehicles in the adjacent lanes during (a) the late night and early morning hours (00:00-06:00) (b) the rush hours

(06:00-20:00), and (c) the night hours (20:00-24:00).

Algorithm 1: The Event of Co-existence of Other vehi-
cles in the Adjacent Lanes at Time Instant¢ (in seconds).

Result: R;

while i # 0 do
if flow; > 1 then f; =1; else f; =0;
if flowy > 1 then fo =1; else fo =0;
if flows > 1 then f3=1; else f3 =0;
Ri=fs& fo |l fs3& fi |l fo& fi;

L= R, x (O‘*‘gOl) (14)

Then, the distribution that describes the probability of the co-
existence of other vehicles in the adjacent lanes can be calculated
using the distribution of L.

V. DATA PROCESSING, RESULTS, AND DISCUSSION
A. Traffic Data Processing

Traffic flow and road occupancy were obtained from data
collected from the multiple-loop sensors on the M6 and M42 mo-
torways in the U.K. The data were collected on the 21, 24, and 28
November 2017 on the M42, and on 6, 7, and 8 December 2017
on the M6. Consecutive 60 min of traffic data were collected
over 24 h period starting at midnight. The measurements for
the M42 and M6 were collected using 318 and 154 sensors,
respectively. The traffic flow and road occupancy per lane are
measured when vehicles enter and exit the sensor loop on the
road. The M42 is a smart motorway with enforced variable speed
limits and hard shoulder running at rush hours, whereas the M6
was, at the time the data were collected, a standard motorway.
However, in our analysis, we considered three lanes excluding
the hard shoulder lane. We did not observe a difference between
the statistics of both motorways at this particular dataset. There-
fore, the resulting models were averaged to improve the model
generalizability.

In order to study the statistics of the event of the coexistence
of other vehicles in the adjacent lanes during different peri-
ods of time, we analyze the probability of the coexistence of
other vehicles in the adjacent lanes versus time in Fig. 4. We
consider the traffic during a day in three lanes; the right-hand
lane (Lane 3), middle lane (Lane 2), and left-hand lane (Lane 1).
According to the traffic density, we consider three periods 00:00—
06:00, 06:00-20:00, and 20:00-24:00. The time periods 00:00—
06:00, and 20:00-24:00 have low traffic density. The time pe-
riod 06:00-20:00 has high traffic density. Depending on the anal-
ysis described in Section IV, the probability of the coexistence
of other vehicles in the adjacent lanes L, during the low-density
traffic during the late night and early morning hours from 00:00
to 06:00 is presented in Fig. 4(a). The figure shows that the
probabilities of the coexistence of other vehicles in the adjacent
lanes are initially below 10%, in the three lanes. Then, it starts
to increase gradually after 03:00, exceeding 20%. Therefore,
we use the time window between 00:00 and 03:00 to study the
off-peak probability of the coexistence of other vehicles in the
adjacent lanes in the rest of this article.

The probability of the coexistence of other vehicles in the ad-
jacent lanes during the rush hours (06:00-20:00) is presented in
Fig. 4(b). The figure shows that the probability of the coexistence
of other vehicles in the adjacent lanes increases significantly (>
60%) after 7:00. These high probability values can be noticed
over the entire time window. It can reach 90% between 16:00
and 19:00. Therefore, we use this time window to study the
probabilities of the coexistence of other vehicles in the adja-
cent lanes when the traffic density has the highest values.

The probability of the coexistence of other vehicles in the
adjacent lanes during the night hours (20:00-24:00) is pre-
sented in Fig. 4(c). The figure shows that the probability of
the coexistence of other vehicles in the adjacent lanes is below
10% between 20:00 and 22:00, for the three lanes. During the
time window 22:00-23:00, the probability of the coexistence
of other vehicles in the adjacent lanes increases, but it does not
exceed 60%. The probability of the coexistence of other vehicles
decreases again to below 10% at the last hour of the day.

To establish the distribution that closely estimates coexistence
of other vehicles in the adjacent lanes, we performed a cumu-
lative distribution function (CDF) curve fitting method with
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TABLE I
PARAMETERS OF DIFFERENT DISTRIBUTIONS THAT ARE EXPECTED TO DESCRIBES L AND D
Parameters of L Parameters of D
Mean I o Mean d 0d
Time Lane Distribution | Value i estimation oy estimation | Value Hd estimation 44 estimation
(m) error (%) error(%) (m) error (%) error(%)
left (1) 3.74 1.21 0.41 0.46 0.29 572 3.72 0.45 0.80 0.32
middle (2) | log-normal | 2.55 | 0.78 0.98 0.56 0.69 67.1 | 3.82 0.44 0.87 0.31
right (3) 3.61 1.18 0.34 0.45 0.24 109.8 4.35 0.64 0.83 0.45
left (1) 3.7 1.56 1.8 16.2 11.67 62.1 0.5 0.33 6032 4844
middle (2) | Nakagami 26 | 094 2.0 8.7 15.7 733 | 045 0.26 8770 6630
00:00-03:00 right (3) 3.6 1.6 1.6 15.1 9.3 107.9 0.59 0.54 17131 1723
left (1) 3.7 3.7 14 1.6 1.0 572 572 29.8 523 21.0
middle (2) Normal 2.5 25 2.6 15 1.8 67.1 | 67.1 332 65.3 23.4
right (3) 3.6 3.6 1.2 1.5 0.8 104.0 | 104.0 78.9 61.2 433
left (1) 3.7 3.7 33 - - 575 575 32.7 - -
middle (2) | Exponential | 2.5 25 4.4 - - 67.1 | 67.1 34.1 - -
right (3) 3.6 3.6 2.8 - - 104.0 | 104.0 81.0 - -
left-hand (1) 19.9 2.71 0.30 0.70 0.25 7.8 1.35 0.45 1.18 0.31
middle (2) log-normal 16.7 2.44 0.35 0.87 0.20 39 0.81 0.42 1.05 0.29
right (3) 17.4 | 2.58 0.45 0.74 0.21 2.5 | 050 0.27 0.90 0.39
left (1) 19.3 0.73 0.38 515 262 11.9 0.2 0.10 325 256
middle (2) | Nakagami | 159 | 0.58 0.28 380 205 8.3 0.2 0.09 169 148
16:00-19:00 right (3) 17.8 0.64 0.31 457 235 52 0.2 0.11 63.3 57.7
left (1) 18.9 18.9 54 125 3.8 8.6 8.6 6.0 15.8 4.2
middle (2) Normal 156 | 15.6 4.5 117 39 5.1 5.1 4.8 11.9 3.4
right (3) 17.1 17.1 5.2 12.7 3.7 3.1 3.1 6.0 7.3 2.2
left (1) 18.9 18.9 8.27 - - 8.6 8.6 3.27 - -
middle (2) | Exponential | 15.6 | 15.6 6.4 - - 5.1 5.1 2.0 - -
right (3) 17.2 17.2 7.0 - - 3.1 3.1 1.3 - -
normal, log-normal, exponential, and Nakagami distributions. 1 =
Table I provides parameters of different distributions that are
expected to fit the coexistence of other vehicles in the adjacent o8
lanes for the three lanes during 00:00-03:00 and 16:00-19:00. 06 |
Distribution fit is measured by the standard error values of the P P P
.. ., . . . . o
distribution’s parameters, which achieve the least estimation o4 1 .
errors. The table shows that among Normal, log-normal, Nak-
agami, and exponential distributions, the log-normal distribution 0.2
. . . . L 3
provides a close fit to the coexistence of other vehicles in the ot B
. . 0
adjacent lanes because it has the least standard error values. 50 100 100 100
Therefore, the probability of coexistence of other vehicles in the L(%) (%)
adjacent lanes is given by
1 1
L1 (In (1) — pu)?
Pr(l) = —exp | ——— . (16) 0.8 ]
( ) 51\/ 2w l P 2612 - o®
The distribution parameters j; and d; are given in Table I. The LDLO'6 ] 50'6 u
CDF curve fitting of the coexistence of other vehicles in the ad- o | ©oa =
jacent lanes is illustrated in Fig. 5 during off-peak hours 00:00—
03:00 and during rush hours 16:00-19:00, respectively. The 0.2 1 02
figure shows that the CDF curves fit a log normal distribution. :—iz”e 1 L—_f‘z"e 2 fL_gne 3
i . o i ---fi
The table shows that the probability of the coexistence of 10 20 30 10 20 30 10 20 30
other vehicles in the adjacent lanes for the three lanes are very L(%) L(%) L(%)
close during a particular period of time. However, the mean (b)
values vary widely between the two periods. The mean values
are between 3.75% — 2.55% during the off-peak hours, while  Fig. 5. CDFs of the coexistence of other vehicles in the adjacent lanes at

they are between 19.9% — 16.7% during the rush hours. The
results show a large variation between the probability values
during the rush and off-peak hours but the majority of probability
values does not exceed 20% and 60% at 00:00-03:00 and 16:00—
19:00, respectively.

Studying the intervehicular distances is also important to
identify the channel gain and the received power of the V2V-
VLC link as indicated in (5), (10), and (11). The intervehicular

(a) 00:00-03:00 and (b) 16:00-19:00.

distances change continuously due to the dynamic nature of
vehicular traffic density during different periods of the day
as well as with the lane. Similar to the coexistence of other
vehicles cases, we performed a CDF curve fitting method with
normal, log-normal, exponential, and Nakagami distributions to
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Fig. 6. CDFs of the intervehicular distances in the three lanes at (a) 00:00—
03:00 and (b) 16:00-19:00.

establish the distribution that closely estimates intervehicle dis-
tance. Table I summarizes the estimation standard error values
for these distributions for the three lanes during 00:00-03:00 and
16:00-19:00 hours. The table shows that the log-normal distribu-
tion has the least estimation error value. This is consistent with
the literature, which reported that the log-normal distribution
offers a close fit to the intervehicle distance [32]-[34]. Hence,
the distribution of the intervehicular distances is given by

11 _<1n<d>—ud>2>
5d\/ﬂdexp( 2(5(21 . (17)

The distribution parameters py and d4 are given in Table I.
The CDFs of the intervehicular distances and a log-normal
distribution for the three lanes during 00:00-03:00 and 16:00-
19:00 are depicted in Fig. 6.

Pp(d) =

B. V2V-VLC Link Performance Results

The channel quality metrics SNR and the corresponding BER
performance of the V2V-VLC link was simulated using the
parameters summarized in Table II. The BER performance is
evaluated with regard to the transmit SNR to examine the impact
of channel path loss variation during different periods of the day.
Evaluating system performance in terms of transmit SNR is a
standard method in VLC, especially when the channel impulse
response is varying [35]-[38]. Considering received power in
(5) and the SNR at the receiver in (7), the transmit SNR is given
by

V?H(0)*Pf

SNRr[dB] = 10log ( 3
iy

) —10log (H(0)?).
(18)

Therefore, the SNR values (in dB) at the receiver are offset
by the corresponding channel path loss values [35]. The sim-
ulation is carried out for a transmitter vehicle and a receiver
vehicle separated by an intervehicular distance D with a mean
value that changes according to transmitter—receiver vehicles’
positions on different lanes and during different periods of
the day (see Table I). The communication link is affected by

IEEE SYSTEMS JOURNAL, VOL. 16, NO. 3, SEPTEMBER 2022

TABLE II
SIMULATION PARAMETERS
Symbol Parameter Values
Pr Transmitted power 1w
(normalized)
[ Semi-angle 30° [23]
~ PD responsivity 0.54 A/W [39]
U, The receiver field of view 80° [3]
Ay Receiver area 1x 1074 m?2 [3]
Cpd Capacitance of PD 1.12 pFm=2 [18]
per unit area
Iz and I3 Noise bandwidth factors 0.562 and 0.0868 [11]
By Noise bandwidth 100 MHz [11]
Gy Open-loop voltage gain 10 [18]
I FET channel noise factor 1.5 [18]
gm FET transconductance 30 mS [18]
Ipg Background current 554 pA[11]
at A = 850 nm
P Reflection coefficient 0.8 [3]

the existence of three (i.e., j = 1, 2, and 3) potential reflec-
tors/interferers vehicles on the adjacent lanes located at (z;, y;)
of (1,D/3) m, (0.5, D/2) m, and (2,2D/3) m as illustrated in
Fig. 1(b). However, demand from different lane can be consid-
ered by varying the angles ¢, 6, ¢, and 6 in (10) and (12) to
study other scenarios, as shown in Fig. 3.

BER performance of the V2V-VLC link in each of the three
lanes between 00:00 and 03:00 is shown in Fig. 7(a) and (b),
where Fig. 7(a) represents the asymmetrical radiation pattern of
the low-beam and Fig. 7(b) represents the symmetrical radiation
pattern of the high-beam headlights. The BER performance is
estimated using a pseudorandom sequence of 107 bits length
and a transmission rate of 50 Mbps assuming OOK modulation.
The figures illustrate the BER performance of LOS components
and NLOS components (i.e., excluding the LOS signal), which
are reflected from the vehicles in the adjacent lanes. The figures
show a large variation of the BER performance over different
lanes. This is excepted as the transmission distance in differ-
ent lanes has different lane-dependent mean values as summa-
rized in Table I. During the off-peak hours 00:00-03:00, the
left-hand lane (Lane 1) has the shortest transmission distance
with a mean value of 57.2 m compared to the mean values of the
intervehicular distances of 67.1 m and 109.8 m for the middle
lane (Lane 2) and the right-hand lane (Lane 3), respectively.
Hence, the left-hand lane (Lane 1) has the least path loss and
the highest SNR. Therefore, the BER values on this lane are
lower than the middle and right-hand lanes (Lane 2 and 3).
For example, at SNR = 130 dB, the BER values of the LOS
link are 0.452, 0.101, and 0.003 for right-hand lanes (Lane 3),
middle lane (Lane 2), and the left-hand lane (Lane 1), respec-
tively. Furthermore, the BER values of the NLOS component for
left-hand lane (Lane 1) is lower than the middle and right-hand
lanes (Lane 2 and 3), e.g. at SNR = 205 dB, the BER values
of the NLOS links are 0.49, 0.38, and 0.07 for right-hand lanes
(Lane 3), middle lane (Lane 2), and the left-hand lane (Lane 1),
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Fig. 7.
when low-beam radiation pattern are considered.

respectively. Fig. 7(b) shows that at SNR = 60 dB, the BER
values of the LOS links are 0.31, 0.10, and 0.04 for the right-hand
lane (Lane 3), middle lane (Lane 2), and left-hand lanes (Lane 1),
respectively. Hence, the V2V-VLC system is practically feasible
when the high-beam is used. The figures show a large difference
between the BER performance of the LOS component and the
NLOS component as it is expected in Table I because the mean
value of the probability of the coexistence of other vehicles in
the adjacent lanes does not exceed 3.74%, i.e., the probability
of reflection occurrence is very low.

BER performance of the V2V-VLC link in the three lanes at
rush hours (16:00-19:00) is shown in Fig. 7(c). The figure shows
that the BER performance of right-hand lane (Lane 3) is better
than the middle and left-hand lanes (Lane 2 and 1). For example,
at SNR = 10 dB, the BER values are 0.489, 0.290, and 0.001 for
left-hand lanes (Lane 1), middle lane (Lane 2), and the right-hand
lane (Lane 3), respectively. This is expected as the right-hand
lane (Lane 3) has the shortest intervehicular distance with a mean
value of 2.48 m during rush hours compared to the mean values
0f 3.93 m, and 7.79 m for middle lane (Lane 2), and the left-hand
lane (Lane 1), respectively (see Table I). The BER values of the
LOS and NLOS links are close for the right-hand lane (Lane 3).
The difference in the BER performance of the NLOS and the
LOS links increases in the middle lane (Lane 2) and the left-hand
lane (Lane 1). The adequate performance of NLOS component
is also expected from Section V-A due to the high probability of
the co-existence of other vehicles in the adjacent lanes which can
reach 90%, i.e., the probability of reflection occurrence is high.

Fig. 7 also shows that the required SNR ranges vary widely
from hundreds of decibels during the off-peak hours to tens
of decibels during the rush hours to achieve comparable BER
values. This indicates the variation and dependency of channel
capacity on the traffic conditions during different periods of the
day. In addition, the figures examined the BER performance
of the V2V-VLC system for a range of the transmitted SNR
between 0 and 260 dB, similar to [35]-[38] where the trans-
mitted SNR values ranged from 80 to 240 dB for an indoor
environment when the transmission distance does not exceed
5 m. The transmitted SNR depends on the illumination level
requirements. The actual SNR depends on a number of factors
such transmitter and receiver technology, data rate, optical gain,
and optical filters. However, to fulfil illumination constraints,

BER performance of the V2V-VLC link in three lanes during (a) 00:00-03:00 when low-beam and (b) 00:00—-03:00 when high-beam and (c) 16:00-19:00

TABLE III
SUMMARY OF THE REQUIRED SNR VALUES TO ACHIEVE BER=10"% FoR
DIFFERENT LAMPS, LANES, AND PROPAGATION PATH

Time 00:00-03:00 16:00-19:00
Lamp high-beam low-beam low-beam
Path LOS | NLOS| LOS | NLOS| LOS | NLOS
SNR left (1) 68.6 | 148.7 | 134.8| 218.2 | 53.6 70.8
(dB) | middle (2) | 71.5 | 159.0 | 141.5] 229.3 | 28.6 35.0
right (1) 79.9 | 177.7 ] 160.7] 2583 | 13.7 13.5

the transmitted optical power is a constant i.e., the transmitter
SNR is fixed for a given system. Consequently, depending upon
the transmitter SNR, the BER values change. This is a common
challenge in mobile communication links. To ensure a minimum
of communication requirements, various techniques such as
automatic gain control, adaptive data rate, and rate-adaptive
modulation are used [40], [41].

Table III provides a summary of the required SNR (at the
transmitter) values to achieve a BER of 106 for different lamps,
lanes, and propagation paths. The table shows that higher SNR
values are required to achieve acceptable BER performance at
off-peak hours regardless of the propagation path (i.e., LOS or
NLOS) compared to the rush hours. This is because the average
inter-vehicular distance is lower during the rush hours compared
to the late hours. The table also shows that communication using
the NLOS path is feasible during rush hour. This is an important
observation as the blocking probability of the LOS is signifi-
cantly higher during the rush hours. However, the V2V-VLC
is still feasible with only NLOS. In late hours, the blocking
probability is less and LOS is available. This indicates that V2V-
VLC is available for both rush and off-peak hours. Furthermore,
for the same channel condition, the SNR requirements for the
high-beam radiation are lower than the low-beam. This is due
to the directional radiation pattern of high-beam, which reduces
the path loss.

VI. CONCLUSION

This article presented the impact of dynamic traffic on the
performance of V2V-VLC for different lanes on two U.K. mo-
torways at different times of the day. Using traffic measurements,
the average intervehicular distances were estimated and the BER
performance was evaluated. The intervehicular distance depends
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on the traffic conditions as well as on the lane. Therefore, the
BER performance at different lanes was evaluated for different
traffic conditions and lanes. During off-peak hours, the BER
at the left-hand lane is the lowest compared to the middle
and right-hand lanes. This is because the mean intervehicular
distance in the left-hand lane is 57.2 m which is lower than 67.1
and 109.8 m for the middle and right-hand lanes, respectively.
During the rush hours, the right-hand lane has lower BER values
than those of the middle and the left-hand lanes because the
inter-vehicular distance in this lane has a lower mean value
of 2.48 m compared to 3.93 and 7.79 m for the middle and
left-hand lanes, respectively. Considering a large variation of
inter-vehicular distances between rush and off-peak hours, lower
values of SNR are required during rush hours to achieve compa-
rable BER performance e.g., at a BER of 10~° the SNR required
at right-hand lane for LOS links are 13.7 and 160.7 dB at the
rush and off-peak hours, respectively.

In addition, the study adopted a statistical modeling approach
to model the probability of coexistence of other vehicles in adja-
cent lanes and the impact of reflection from these vehicles. The
results revealed that the probability of coexistence of other vehi-
cles in the adjacent lanes during the rush hours is as high as 90%,
while it decays to less than 10% during off-peak traffic hours.
Hence, the probability of reflection from the adjacent vehicles
is high during rush hours. Therefore, the performance of NLOS
components due to reflection is significant and comparable to the
LOS component, i.e., SNR values of less than 70 dB are required
to achieve a BER value of 10~¢. However, the performance of
NLOS components is insignificant during off-peak hours as the
required SNR values to achieve BER = 107 are larger than
100 dB.
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