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Abstract

This paper studies a statistical channel model for dynamic vehicular visible light communication sys-
tems. The proposed model considers the effect of variation in inter-vehicular spacing and the geometrical
changes on path loss of the channel. The study also considers different weather conditions and vehicle
mobility based on a realistic traffic flow model that considers traffic density during different times of the
day. Monte Carlo simulation is used to examine the obtained statistical model for different transmission
scenarios. In addition, the Kolmogorov-Smirnov test for the statistical model and Monte Carlo simula-
tion has been performed to verify that they represent the same distribution. The results show that the
channel statistical distribution varies with the traffic flow and inter-vehicular spacing, which changes at
different times of the day. The results also show that the path loss values of the non-line-of-sight compo-
nent are significantly larger than the path loss values of the line-of-sight component of the channel when
a single reflector is considered. However, at rush hours, when inter-vehicle spacing becomes shorter, the
path loss value of multiple reflections decreases significantly.

Keywords; Vehicle to vehicle (V2V) communication, visible light communication (VLC), outdoor chan-
nel model, Statistical communication channel model.

1 Introduction

In the recent World Health Organization (WHO) report, road accidents were the eighth most significant
reason of death, accounting for 2.5% of total deaths for people of all ages, and being the most common
reason for the death of children and young people between 5-29 years old [1]. Human error is one of the main
sources of road accidents. Intelligent transport system (ITS) can reduce human errors through improved
automation enabled by a range of communications e.g. vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I) and vehicle-to-pedestrian (V2P) communications [2]. In particular, V2V communication has a vital
importance, because it enables real-time traffic information transmission, broadcasts safety messages and
communicates traffic information between vehicles [3].

Various wireless communication technologies have been considered for V2V connectivity such as dedicated
short-range communications (DSRC), IEEE 802.11p and LTE-V2V [4]. All these technologies use the radio
frequency (RF) band, which exposes them to serious co-band interference with other existing RF-based
communication applications, particularly at high traffic densities [3,5,6]. Communication systems can reduce
co-band interference by several mechanisms such as power or range control [7]. Visible light communication
(VLC) based on visible optical wavelength can be an effective alternative or used in conjunction to current
commercial solutions [2,3,6]. The use of VLC in specific cases such as V2V communication can free the RF
spectrum for other applications. VLC is also considered to be a key technology for 6G, enabling high data
rates.

VLC makes the use of the existing streetlight, traffic light and on-board headlight and taillight of the
vehicles to maintain the ubiquitous connectivity between vehicles through V2I and V2V. Unlike RF antennas
which can be isotropic, VLC transmitters are directional. The directional nature of light source limits the
interference among various sources and can support a high density of vehicles. The challenge in VVLC is
that the variability in vehicles’ density and mobility, due to the effect of traffic, affects the geometry of the
link configuration. The latter has a significant impact on VVLC communication. Hence, it is important to
consider the effect of the traffic and vehicles density to accurately model VVLC channel. In the following
section, we explore VVLC channel modelling in the literature.

1.1 Related works

There are limited studies conducted to characterize the dynamic VVLC communication channel considering
traffic and vehicles density. Empirical studies have characterized the time variation of VVLC channel in
[8–10]. The work in [8] explored the mobility effect of the vehicle on the channel fading statistics i.e. the
path loss as a function of time, the autocorrelation function and the coherence time of the channel. The results
indicate that VVLC channel has slow time variation with coherence time in the ranges tens of milliseconds
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to hundreds of milliseconds. Likewise, the study in [10] collected mobility traces of vehicles to identify the
behaviours that have a significant contribution to the channel correlation and time variation. It confirmed
that VVLC channel has slow time variation. The study also derived an analytical VVLC channel model
based on experimental measurements. The proposed model suggested that the channel model depends on the
irradiance angle. The works in [8–10] provided important measurement-based studies of the time variation
and autocorrelation of VVLC channel. However, none of them provides a general and reliable mathematical
model that can describe the dynamic VVLC channel considering the variation in the inter-vehicular spacing
and traffic conditions.

The work reported in [11,12] utilized a geometry-based analytical method to study VVLC channel. The
study in [11] investigated the effect of road dirt on the light distribution of tungsten-halogen headlamp beam
pattern. It was shown that wet roads increase the received power and the communication distance. To
increase the transmission data rate, the study was extended in [12] by establishing a 2×2 multiple-input
multiple-output (MIMO) system. The extended study achieved a data rate of 4 Mbps for a transmission
distance of 40 m. However, these studies ignored the dynamic nature of the VVLC channel and the variation
in vehicles density.

The geometry-based stochastic model (GBSM) was used to study mobile VVLC channel in [2]. The work
developed two rings and ellipse model to describe the reflection and scattering from the roadsides and the
dynamic road traffic. The results revealed that the channel gain and the root mean square (RMS) delay
spread fit a normal distribution. However, the aforementioned study considered a two rings model which
may not be able to accurately describe the directional VLC transmission. In particular, two rings model is
mostly used for modelling omnidirectional RF source. In addition, the study in [2] considered a simplified
assumption of constant relative speed and direction of travel. Similarly, the study in [13] used the GBSM to
study the VVLC channel. The study showed that the relative speed value of the vehicles affects the received
power from the reflection component more than the received power from the LOS component. The direction
of the vehicle’s motion affects the received power from the LOS component more than the received power of
the reflection component, which remains unchanged.

Authors in [14] proposed a path loss model for V2V channels. Relying on a ray-tracing simulation,
the study described the path loss as exponentially decaying with the inter-vehicular distance. However,
this model adopted a simplified assumption of a deterministic inter-vehicular distance (i.e. not randomly
varying). The range of the inter-vehicular distance in this study is limited to 50 m. Also, this model did not
consider the dynamic changes in the traffic conditions, and consequently, inter-vehicular distance changes
during different periods of the day. Similarly, the research works in [15,16] used ray-tracing to simulate V2I
and V2V communication channels. The studies used practical headlight and street light models to measure
the channel impulse response. However, the studies did not provide an expression to describe the channel
impulse response which can be used to design a robust communication link and it did not consider the
variable traffic conditions.

The effect of various atmospheric conditions (e.g. solar radiation, turbulence, rain, snow and fog) on the
performance of outdoor VLC/VVLC was studied in [17–20]. Among rain, snow and fog which attenuate
the optical signal, the fog has the most severe impact on VLC performance [18]. The study in [19] showed
that background noise power induced by solar radiation varies by up to 20 dB, between the lower levels in
the early morning and its peak at noon. However, the impact of the solar radiation can be mitigated by
various techniques such as the selective combining [19] and optical bandpass blue filter [20, 21] and hence
reliable communication is feasible in the presence of sunlight. Furthermore, due to the very high carrier
frequency (> 400 THz) and intensity modulation/direct detection (IM/DD), the Doppler effect in VVLC is
negligible [2, 22] and hence ignored in most of the study.

Real-world applications of VVLC were suggested in [6,23]. The work in [23] employed VLC technology to
implement a Visible Light Detection and Ranging (ViLDAR) system for traffic management and autonomous
vehicles safety. The work in [6] proposed a hybrid VLC/RF-enabled Vehicular ad-hoc network (VANET).
The hybrid system was suggested to utilize the broad bandwidth, high power efficiency and relatively low
interference of VLC technology, in addition to the longer transmission ranges of the RF technology.

The Lambertian model has been widely used to describe radiation pattern of light-emitting diode (LED)
sources for VVLC systems [2, 4, 6, 24, 25]. However, based on the ECE R112 regulations [26, 27], the asym-
metric radiation pattern design is compulsory for the low-beam headlamp which is used when vehicles are
within a safe braking distance. Such asymmetric pattern aims to reduce the glare which is caused by the
directed light towards preceding or oncoming drivers. These have led to some criticisms of the adoption of the
Lambertian model for the study of VVLC [8–10, 23, 28]. Authors in [11, 29] have studied radiation patterns
from tungsten-halogen lamps for VVLC channel modelling. The tungsten-halogen lamp cannot be used for
high-speed communication. Hence, the model developed using the tungsten-halogen lamp may not apply to
VVLC as most VVLC systems use LED-based transmitters. LED and tungsten-halogen lamps have different
technology and radiation patterns. Recent work in [23] conducted a comparative study of the Lambertian
model and a simulated model of the asymmetric radiation pattern. The study used a non-sequential ray-
tracing software tool to simulate an asymmetric radiation pattern. The results revealed that the Lambertian
model underestimates the reflection from the road with respect to the simulated model. The study showed
that the simulated channel model has a similar profile to the Lambertian model for link range of 2 m to
9 m. It is also noted that the ECE R112 regulations do not have restrictions for the high-beam headlamp
radiation pattern. The high-beam is used for distance illumination when incoming or preceding vehicles are
sufficiently far ahead, which is the case at nights and in the early morning hours. Therefore, the symmetrical
high-beam headlamps are available from many manufacturers. Experimental work in [30] showed that the
LED headlight of a 2017 Ford Mondeo multibeam has a symmetric radiation pattern that can be modelled
by the Lambertian radiation pattern. However, there is a gap in the literature for a universal model to
describe the headlight radiation pattern for various manufacturers.
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1.2 Motivation

There is a lack of a realistic statistical VVLC channel model that can describe the effect of vehicles mobility,
inter-vehicle spacing and traffic conditions. Furthermore, a VVLC channel is an ad hoc dynamic medium
that consists of many variables that change rapidly and continuously with time. The interaction between
these random variables is complicated to be identified. This increases the challenge of characterising the
channel using deterministic methods.

Therefore, our motivation in this study is to establish an analytical model for the dynamic VVLC channel,
focusing on channel path loss as this is an important metric to quantify the communication channel. Finding a
mathematical expression to describe the channel path loss is essential to establish the link budget and predict
the communication performance in term of outage probability and channel capacity.

Moreover, the communication channel model should be able to describe the channel parameters accurately
and should account for large-scale and small-scale channel parameters [31]. In our previous study [32], we
considered a two-dimensional time-variant model to characterize the small-scale fading of a VVLC channel.
The study considered the dynamic nature of traffic conditions at different periods of the day to identify
the stationary property and the time dispersion parameters of a VVLC channel. The results showed that a
VVLC channel has flat and slow fading characteristics at different traffic conditions. The results also showed
that a VVLC channel is stationary for a relatively long-time duration and the reflectors are uncorrelated at
low traffic density. However, VVLC channel is time-variant nonstationary at high traffic density. Therefore,
this study considers large-scale path loss modelling taking into account inter-vehicular spacing and associated
dynamic variation in transmission range.

1.3 Original Contribution

To the best of the authors’ knowledge, the existing channel models considered a simplified assumption of a
deterministic inter-vehicular distance and direction of travel. However, the inter-vehicular distance changes
randomly due to the unexpected vehicles motions pattern and the dynamic nature of traffic conditions during
different times of the day. Therefore, the novelty of this work is to establish the statistical distribution that
describes VVLC channel path loss by considering the dynamic changes in inter-vehicular distance due to the
dynamic nature of traffic conditions. The main contributions of this work are as follows:

• Establishment of a statistical VVLC channel model that takes into account dynamic path loss due to
variation in the inter-vehicular spacing. The study considers vehicle mobility based on a realistic traffic
flow model that considers the traffic density during different times of the day. The traffic flow is based
on empirical measurements and statistical traffic flow modelling of vehicles’ mobility patterns [33,34].

• Accurate prediction of the mean and the standard deviation of the received signal power which is
important to establish link budget, outage probability and channel capacity.

• Exploration of the effect of geometrical changes on VVLC link by considering symmetric (high-beam)
and asymmetric (high-beam and low-beam) radiation pattern of vehicular lights. The symmetric and
asymmetric beam are modelled as Lambertian and piecewise Lambertian emissions, respectively.

• Study of the effect of operating wavelength and weather conditions on the channel gain.

• Use of the Monte Carlo (MC) simulation method to obtain channel distribution for different transmis-
sion scenarios verified by the Kolmogorov-Smirnov test.

The rest of the paper is organized as follows. The system model is presented in section 2 including the sym-
metric and asymmetric radiation patterns. The numerical results are presented in section 3 and conclusions
in section 4.

2 SYSTEM MODEL

2.1 VVLC Channel Model

The received VVLC signal experiences path loss due to the geometrical propagation and the weather condi-
tions. The received signal y(t) at any time instance is given by:

y(t) = hT (t) ~ x(t) + n(t) (1)

where ~ refers to convolution operation, x(t) is the transmitted signal, n(t) the additive white Gaussian
noise (AWGN) due to the shot noise and thermal noise [11, 24], and hT (t) is the channel impulse response
(CIR) which combines the effect of weather conditions and the geometrical propagation path loss [35, 36].
Therefore, hT (t) is given by:

hT (t) = ζh(t)hw (2)

where ζ is the photodiode (PD) responsivity, h(t) denotes the geometrical propagation path loss and hw
denotes the atmospheric attenuation. Atmospheric attenuation depends on the visibility range l as given by:

hw = e−lΓ (3)

where Γ is the attenuation coefficient for different weather conditions, function of the light wavelength Λ
and visibility range l, given by (in dB.km−1) [18,37]:

Γ(Λ) =
17.35

l

( Λ

550

)−ε
(4)
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Figure 1: Top view of a typical communication link between two vehicles travelling on a dual carriage way.

where ε is a visibility range dependent parameter. The weather conditions affect the visibility range l, and
therefore the values of Γ, ε and hw.

In this work, the main focus is to model the geometrical propagation path loss h(t) to accommodate
the impact of the geometry of the link on the channel model. In addition, the effect of the atmospheric
conditions will be discussed. In VVLC cases, the link configuration changes rapidly due to the independent
mobility of vehicles and varying inter-vehicular distances.

Fig. 1 shows a top view of a typical VVLC system under consideration. The left-side front light of vehicle
VA is used as a transmitter to communicate with the vehicle VB. The latter uses a PD receiver centered
at the rear end of the vehicle. The third vehicle VC is a possible reflector. Fig. 1 shows only one reflector
for the clarity though multiple reflectors are also considered. Therefore, the h(t) includes a LOS component
hLOS(t) and a non-LOS reflected component href (t) i.e.:

h(t) = hLOS(t) + href (t) (5)

In the following section, we derive h(t) based on various radiation pattern model.

2.2 Headlamp radiation pattern model

A Lambertian and piecewise Lambertian model are used to describe the angular distribution of the radiation
intensity pattern of the LED light source [38]. If the receiver has a field of view (FoV) of φf and an incident
ray has an angle θ with the normal to the surface of the receiver, then the CIR for a LOS link is given as
follows [38]:

h(t) =
Ar(m+ 1)

2πDγ
cosm (φ)Ts(θ)g(θ) cos (θ)δ

(
t− D

c

)
(6)

where γ is the path loss exponent which depends on the radiation pattern (γ = 2 for symmetric Lambertian
source), t is the propagation time, Ar is the active area of PD, D is the inter-vehicle spacing, φ is the
irradiance angle, θ is the incident angle at the PD, c is the speed of light, Ts(θ) is an optical filter gain, g(θ)
is the concentrator gain, D/c is the propagation delay of the signal, m = −0.6931

ln (cos (Ψ1/2)) is the Lambertian

order and Ψ1/2 is the half-power angle of the radiation.
In the following subsections, we will derive a path loss model, then we will investigate the symmetric

and asymmetrical radiation pattern effect on VVLC channel model, using Lambertian model and piecewise
Lambertian model [9, 38], respectively.

2.3 The LOS Component of CIR

The DC channel gain H(0) is given by:

H(0) =

∫ ∞
−∞

h(t) dt (7)

Assuming that the optical filter and the concentrator have a unitary gain, then the DC channel gain
H(0) is given by [38]:

H(0) =
Ar(m+ 1)

2πDγ
cosm (φ) cos (θ) (8)

The CIR and DC gain at any time instance are random because the geometrical dimensions of the
communication link D, φ and θ are random. The CIR and DC gain depends on the road traffic conditions,
traffic flow ξ (veh.s−1), vehicles density η (veh.m−1) and vehicle speed v (m.s−1) [39]. The relation D = v× t
is not accurate in such a dynamic environment, because the speed of the vehicles does not continuously
change with time. The speed of vehicles stabilizes at a certain value for a varied length of time. This
duration depends on the traffic conditions. Therefore, the relation ξ = v × η is used, to describe the traffic
flow [39, 40]. Then, the mean time headway is reciprocal of ξ, and the mean spacing is reciprocal of η. The
relative speed v is described as a normally distributed random variable N(V̄ , σ) [33,34,41], where V̄ (m.s−1)
is the average relative speed and σ is the standard deviation. The speed value is restricted by road conditions
and traffic regulations [39]. However, the inter-vehicle spacing D distribution varies with the traffic flow [41].

In the following sections, we describe the statistical characteristic of LOS and non-LOS CIR components

2.3.1 The effect of inter-vehicular spacing on CIR

Inter-vehicle spacing is described using different distributions, including exponential, normal and log-normal
[34,41].

If the vehicles move in a stable queue with negligible lateral angular deviation, then it is a valid assumption
to consider φ = θ = 0. Therefore, (8) can be rewritten as:
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H(0) =
Ar(m+ 1)

2πDγ
(9)

The channel gain (or path loss) in decibels (dB) as a function of inter-vehicular distance D is given by:

PL = 10 log10(Ar(m+ 1))− 10 log10(2π)− 10γ log10(D) (10)

The first two terms (Ar(m + 1)) − 10 log10(2π) are constants. The inter-vehicle spacing D is a random
variable. The empirical study in [33] showed that when the traffic flow is below 1000 veh/h (e.g. at late
night and early morning), the inter-vehicle spacing D has an exponential distribution with mean λs [33]:

fD(d) = λse
−λsd (11)

The distribution of the path loss in (10) is given by the logarithmic transformation of the inter-vehicle spacing
distribution log10(D). According to [42], if a random variable X has an exponential distribution, then
λs−βs logX/λs has generalized extreme value distribution (GEV) type I (Gumbel distribution). Therefore,
we rearrange (10) to make it of the form λs − βs logX/λs as follows:

PL = 10 log10(Ar(m+ 1))− 10 log10(2π)− 10γ log10 λs − λs + λs − 10γ log10

D

λs
(12)

The last two terms of (12) represent a GEV distribution. The other terms are constants, which cause
a shift in the mean value of the GEV distribution. Considering the linear transformation, the probability
distribution function of the path loss (in dB) of the channel is given by:

PL(x;µn, σn) = − 1

σn
exp

(
− exp

(
− x− µn

σn

)
− x− µn

σn

)
(13)

where the standard deviation is σn = 10γ/ ln (10) and the mean is µn = −10 log10
Ar(m+1)

2π + 10γλs − λs.
Empirical studies in [43–45] showed that when the traffic flow exceeds 1000 veh.m−1 (e.g. at rush hours),

the log-normal distribution gives a good fit to the inter-vehicle spacing, with µs and σs. The log-normal
distribution is realistic to account for the safety of the spacing between two consecutive vehicles and the
speed limits of the road. In this case, the path loss (in dB) in (10) has normal distribution [46], as follows:

PL(x;µm, σm) =
1

σm
√

2π
exp

(
− (x− µm)2

2σm

)
(14)

where the standard deviation is σm = 10γσs/ ln (10) and the mean µm = 10log10
Ar(m+1)

2π − 10γ µs
ln (10) .

2.3.2 Effect of inter-vehicular angle deviation

The VVLC link and path loss is spatio-geometrically dependent. Therefore, the effect of the inter-vehicular
angle deviation should be considered because it affects the irradiance angle and the incidence angle in (6).
However, the angle deviation depends on the inter-vehicular spacing, which also depends on the traffic flow.
For instance, when the traffic flow is below 1000 veh/h, the inter-vehicular longitudinal spacing becomes
larger than the lateral cross lane spacing. Hence, the angle deviation becomes less than 10◦.

On the other hand, when the traffic flow is above 1000 veh/h, the effect of the inter-vehicular angle
deviation becomes significant and should, therefore, be investigated. Assuming the alignment between
vehicles heading is maintained, then the angles in (8) become φ = θ. Therefore, the path loss is given by:

PL = 10 log10(Ar(m+ 1))− 10 log10(2π)− 10γ log10D + 10(m+ 1) log10 cos (φ) (15)

Assuming that the angle φ is uniformly distributed φ ∼ U(0, φo), then the cosine distribution is given
by [46]:

fZ(z) =
1

φo
√

1− z2
cos (φo) < z < 1 (16)

Using the random variable transformation principles in [46], we can show that the last term of (15) has
the following distribution:

fY (y) =
1

gφo
√
e−2y/g − 1

0 < y < 10(m+ 1) log10 cos (φo) (17)

where g = 10(m + 1)log10e and e is the Naperian number. Therefore, the path loss in (15) is given by
the convolution between the normal distribution of the inter-vehicle spacing in (14) and the log-cosine term
distribution given in (17). This convolution gives the following distribution [46]:

PL(x;µm, σm) =
1

gφoσm
√

2π

∫ 0

α

exp
(
− (x−y−µm)2

σ2
m

)
√
e−2y/g − 1

dy (18)

where α = 10(m+ 1) log(cos (φo)).
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2.4 Reflection Component of CIR

In this study, we consider the reflection from vehicle surfaces to be diffuse reflection [47,48]. The inter-vehicle
distance (D = d1 + d2) in Fig. 1 depends on the relative speed of VB and VC. The irradiance angle φT and
the incidence angle θR depend on the relative location of VB and VC. The angles φs and θs are the angles of
irradiance and incidence with respect to the normal to the reflector, respectively. Therefore, the reflection
component of the channel from the ith reflector is given as follows [49]:

href (t) =

N∑
i=1

ρ Ar(m+ 1)

(2π)2 rγ1 r2
2

cosm (φiT ) cos (φis) cos (θis) cos (θiR)δ
( t− (r1 + r2)

c

)
(19)

where N is the total number of reflectors, r1 is the distance from the transmitter to the reflector, r2 is the
distance from the reflector to the receiver and, ρ is the reflection index of the reflection surface.

Based on trigonometric relations (see Fig. 1), a single reflector of (19) can be represented in the following
form:

href (t) =
ρ Ar(m+ 1)f2dm1 d2

(2π)2 r
(m+γ+1)
1 r4

2

(20)

where d1 and d1 are the longitudinal inter-vehicular spacing and f is the lateral inter-vehicular spacing. The
path loss (in dB) of the reflection component of the channel, for a single reflection, is given by:

PL = 10 log10(ρ Ar(m+1))+20 log10(f)+10m log10(d1)+10 log10(d2)−20 log10(2π)−10(m+γ+1) log10(r1)

− 40 log10(r2) (21)

In this study, we consider the reflection at the rush hours only, as the reflection is negligible at low traffic
density when the inter-vehicular spacing has an average value of 250 m [33]. Hence, we consider that d1 and
d2 have a log-normal distribution with µs and standard deviation σs [43–45] and f is constant. Hence, r1

and r2 have a log-normal distribution with µr and σr [46]:

µr =
1

2
ln

(
E2

√
V + E2

)
(22)

σr =
1

2

√√√√ln

(
V + E2

E2

)
(23)

where,

E = exp
(

2
(
µs + σ2

s

))
+ f2 (24)

V = exp
(

4
(
µs + 2σ2

s

))
− exp

(
4
(
µs + σ2

s

))
(25)

Then the path loss in (21) has normal distribution [46], as follows:

PLdB (x;µk, σk) =
1

σk
√

2π
exp

(
− (x− µk)2

2σk

)
(26)

PL(x;µk, σk) =
1

σk
√

2π
exp
(
− (x− µk)2

2σk

)
(27)

where the variance is given as:

σ2
k =

(
10m

σs
ln (10)

)2

+
(

10
σs

ln (10)

)2

+
(

10(m+ γ + 1)
σr

ln (10)

)2

+
(

40
σr

ln (10)

)2

− Cov(d1, r1)− Cov(d2, r2) (28)

where, Cov(d1, r1) and Cov(d2, r2) are the covariances, which are given by:

Cov(d1, r1) = 100Corr(d1, r1)(m2 + (γ + 1)m)
σsσr

(ln (10))2
(29)

Cov(d2, r2) = 400Corr(d2, r2)
σsσr

(ln (10))2
(30)

and Corr(d1, r1) and Corr(d2, r2) are the correlation coefficients.
and the mean is given by:

µk = 10log10
ρ Ar(m+ 1)f2

(2π)2
+
(

10m
µs

ln (10)

)
+
(

10
µs

ln (10)

)
+
(

10(m+ γ + 1)
µr

ln (10)

)
+
(

40
µr

ln (10)

)
(31)

The distribution of multiple reflectors is given as a sum of the distributions of single reflector given in (20).
The distribution of single reflector path loss in (20) is given as 10PLdB/10 , where the path loss (in dB) of a
single reflector PLdB has normal distribution given in (27). Hence, the single reflector path loss in (20) has
log-normal distribution with µl = µk ln (10)/10 and σl = σk ln (10)/10 [46,50]. The distribution of the sum of
log-normally distributed random variables is given by a log-normal distribution [50]. Hence, the distribution
of multiple reflectors is given by a log-normal distribution [50].

PLref (x;µj , σj) =
1

xσj
√

2π
exp

(
− (lnx− µj)2

2σj

)
(32)

where, the approximate values of µj and σj can be calculated using Wilkinson’s, Fray’s or Schwartz-Yeh’s
methods [50].
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Table 1: A summary of the study scenarios and outcomes

Inter-vehicle
Component Traffic density distribution Channel

of study Criteria distribution distribution
LOS Distance Low exp(λs) GEV (µn, σn)
LOS Distance High LogN(µs, σs) N(µm, σm)

LOS Angle deviation High LogN(µs, σs)
1

gφoσm
√

2π

∫ 0

α

exp

(
− (x−y−µm)2

σ2m

)
√
e−2y/g−1

dy

and distance
Non-LOS Angle deviation High LogN(µs, σs) N(µk, σk)

and distance

Table 2: Simulation parameters

Symbol Parameter V alues
ρv Reflectivity 0.80 [2]

of vehicles
ρw Reflectivity of 0.25 [11]

wet road surface
ρc Reflectivity of Portland 0.10 [51]

cement concrete
ρa Reflectivity of Asphalt 0.08 [51]

with a very smooth texture
ζ PD responsivity 10.2 mV.(µW.cm−2)−1 [18]
φf The receiver field of view 80◦

Ar Receiver area 1× 10−4 m2

3 RESULTS AND DISCUSSION

We assume that the CIR at any time instant is random and depends on the traffic flow and the inter-vehicle
spacing. Monte Carlo (MC) simulation of 106 realisations is used to study the dynamic behaviors of the
system shown Fig.1. The vehicles density and spacing are simulated based on the statistical model described
in Section II. A summary of the proposed scenarios and simulation parameters are provided in Table 1 and
Table 2, respectively.

3.1 The LOS component of CIR using the Lambertian model

At low traffic flow, late at night and during early morning hours, vehicles use the high-beam headlamps
which are assumed to have symmetrical radiation pattern. Similarly, at rush hours, when the intervehicle
spacing becomes shorter, the radiation pattern matches the Lambertian symmetric radiation pattern [23].
Therefore, it is a valid assumption to use the Lambertian model to describe the radiation pattern of the
LED headlamp of vehicles. Hence, the exponent of path loss γ = 2.

3.1.1 The effect of inter-vehicular spacing on CIR

The statistical and simulated probability density function (PDF) of the LOS component of VVLC path loss,
when the inter-vehicle distance D has an exponential distribution with λs = 0.0039 veh.m−1 [33], is shown in
Fig. 2(a). The figure clearly demonstrates that the path loss distribution obtained using MC simulation for a
Lambertian source matches perfectly with the theoretical analysis given by (13) (i.e. GEV distribution) for
all the values of Ψ1/2. The effect of the half-power angle Ψ1/2 on the path loss is also shown in Fig. 2(a). As
expected, the path loss increases with the increase in Ψ1/2. Fig. 2(a) also shows that the standard deviation
σn and the mean µn of path loss values match the statistical values. The mean path loss values are -80.3
dB, -83.5 dB and -88.2 dB for Ψ1/2 of 20◦, 30◦ and 60◦, respectively. As expected from (13), the standard
deviation value σn is constant 8.68 for the angles considered.

Cumulative probability function (CDF) curves fitting was adopted to evaluate the proposed channel
model as it provides an informative presentation of the distributions of the random variables. The smaller
the distance between two distribution curves is, the more evidence that both samples come from populations
with the same distribution.

The CDF fitting for the simulated channel path loss and the analytical GEV distribution, when the
inter-vehicle distance D has an exponential distribution with λs = 0.0039 veh.m−1 is shown in Fig. 2(b).
The similarities of distributions were tested using the Kolmogorov-Smirnov test. The null hypothesis is that
the sample from Lambertian data and the sample from the approximate GEV distribution come from a
population with the same distribution. The test does not reject the null hypothesis at 1% significance level,
validating the applicability of the Lambertian model. The effect of the half-power angle Ψ1/2 on the channel
path loss is also shown in Fig. 2(b).

The PDF and CDF of path loss distribution when the inter-vehicle distance D has a log-normal distribu-
tion with µs=2.95 and σs = 0.302 [44] and when Ψ1/2 = 20◦ are shown in Fig. 3. The theoretical prediction,
given in (14), matches well with MC simulation. The figure also shows that the standard deviation and the
mean of path loss values match the statistical values, σm and µm. The standard deviation value is 6.88. The
mean path loss value for this case is -62.7 dB which is less than the previous case of path loss with GEV of
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(a)

(b)

Figure 2: The a) PDF and b) CDF of the LOS component of VVLC path loss when the inter-vehicle distance
D has an exponential distribution with λs = 0.0039 veh.m−1 for various half-power angles Ψ1/2.

(a)

(b)

Figure 3: The a) PDF and b) CDF of the LOS component of VVLC path loss when the inter-vehicle distance
D has a log-normal distribution with µs=2.95 and σs = 0.302.
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Figure 4: The effect of angular shift on the path loss distribution of the LOS component when the inter-
vehicular spacing has an exponential distribution with λs = 0.0039 veh.m−1. The maximum angular devia-
tion is 10◦.

Figure 5: The effect of the angular shift on the path loss distribution of the LOS component when the
inter-vehicular spacing has a log-normal distribution with µs=2.95 m and standard deviation σs = 0.302.

-80.3 dB. However, this is expected as the mean inter-vehicular spacing is less due to the high traffic flow.
The Kolmogorov-Smirnov test does not reject the null hypothesis at 1% significance level.

3.1.2 Effect of inter-vehicular angle deviation on CIR

For a low traffic density flow (< 1000 veh/h), the inter-vehicular longitudinal spacing is large around 250
m as λs = 0.0039 veh.m−1. Since the lateral cross lane spacing is 0.5 − 1.5 m [52, 53], the maximum angle
deviation is less than 10◦. The effect of the angular shift on the path loss distribution, when the inter-vehicle
distance D has an exponential distribution with λs = 0.0039 veh.m−1 and Ψ1/2 of 20◦ is shown in Fig. 4.
The figure shows 10◦ deviated statistical PDF and 0◦ deviated simulated PDF of VVLC path loss. The
effect of the angular shift on the path loss distribution is negligible, as both curves match closely. This is
expected as the value of (10(m+ 1) log10 cos (φ)) in (15) at 10◦ is only -0.133 dB.

The effect of the angular shift on the path loss distribution, when the inter-vehicular spacing has log-
normal distribution with µs=2.95, σs = 0.302 and the angular shift is φ = 30◦, when Ψ1/2 = 20◦, is shown
in Fig. 5. The figure shows the statistical (given in (18)) and simulated PDF of VVLC path loss. The figure
clearly demonstrates that the path loss distribution obtained using MC simulation for a Lambertian source
matches perfectly with the theoretical analysis given by (18).

Figure 6: Reflection from different surfaces with different nature and physical state includes reflection from
vehicles, wet road surface, Portland cement concrete and asphalt with a very smooth texture.
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(a)

(b)

Figure 7: The a) PDF and b) CDF of the reflection component of the VVLC path loss (excluding LOS path
gain) when a single reflector is considered and the inter-vehicle distance D has a log-normal distribution
with µs=2.95 m and σs = 0.302 for various half-power angles Ψ1/2.

3.2 The Reflection Component of CIR using Lambertian Model

The reflection of the optical signal from neighbouring vehicle depends on many factors, such as the type of
metal, the type and thickness of coating layer, the color and the wavelength [2, 47, 48, 54]. The work in [55]
provides the reflectivity index of different metals as a function of wavelength. Considering that the body of
most vehicles is made of steel, the average reflectivity of coated steel (ρ = 0.8) is considered in this study to
be consistent with other work [2, 55].

Reflection off different surfaces with different natural and physical states, e.g. surface moistness, is
compared in Fig. 6 and includes reflections from vehicles, wet road surfaces, Portland cement concrete and
asphalt with a very smooth texture. The reflectivity indexes of particular materials are summarized in
Table 2. In this figure, it is assumed that the half-power angle Ψ1/2 = 20◦ and both the transmitter and
receiver are mounted at a height of 0.4 m. The mean values of path loss obtained using MC simulation
for (21) are -123 dB, -135 dB, -140 dB and -141 dB for reflection from all the aforementioned materials are
illustrated in Fig. 6. Compared to the reflection from vehicles, the reflections from other road objects have a
marginal impact because the reflectivities values of other surfaces are very low, i.e. they do not exceed 0.25
in the worst-case scenario [51, 56]. Therefore, without loss of generality, this study focuses on the reflection
from adjacent vehicles.

The statistical and simulated PDF and CDF of the reflection component of VVLC path loss, consider-
ing only a single vehicular reflector, when the inter-vehicle distance D has a log-normal distribution with
µs=2.95 m and σs = 0.302 are shown in Fig. 7. The figure demonstrates that the path loss distribution,
obtained using MC simulation for a Lambertian source, matches perfectly with the theoretical analysis given
by (27) (i.e. Normal distribution). The effect of the half-power angle Ψ1/2 on the path loss is also shown in
Fig. 7. As expected, the path loss increases with the increases in Ψ1/2 because it decreases the Lambertian
order. The figure also shows that the standard deviation and the mean path loss values match the statis-
tical values, σk in (28) and µk in (31). The mean path loss and standard deviation values are -123.09 dB,
-126.24 dB, -130.84 dB, 5.54, 5.53 and 5.55 for Ψ1/2 of 20◦, 30◦ and 60◦, respectively. The values of the
mean path loss increase when the angle becomes wider, which matches the expectations in (31). The results
also show that the half-power angle does not have a significant effect on the values of the standard deviation.
This matches the expectations in (28) because the effect of Ψ1/2, which is represented by m, is reduced by
Cov(d1, r1). The theoretical prediction also matches with MC simulation for all the values of Ψ1/2. The
Kolmogorov-Smirnov test does not reject the null hypothesis at 1% significance level.

The lateral inter-vehicular spacing between vehicles on adjacent lanes follow a dynamic nature. However,
a reliable statistical distribution of the lateral distances is not available in the literature. Therefore, to avoid
an unrealistic assumption about the statistical distribution of the lateral distances, the effect of quantized
lateral distance f is examined and illustrated in Fig. 8. The figure shows the statistical and simulated a)
PDF and b) CDF of the reflection component of VVLC path loss when the inter-vehicle distance D has
a log-normal distribution with µs=2.95 m and σs = 0.302 for f = 2 m, f = 1.5 m and f = 1 m. Fig. 8
demonstrates that the path loss distribution obtained using MC simulation for a Lambertian source matches
perfectly with the theoretical analysis given by (27) (i.e. Normal distribution). The standard deviation
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(a)

(b)

Figure 8: The a) PDF and b) CDF of the reflection component of the VVLC path loss (excluding LOS path
gain) when a single reflector is considered and the inter-vehicle distance D has a log-normal distribution
with µs=2.95 m and σs = 0.302 for three different values of f 2 m, 1.5 m and 1 m, respectively.

values σk are 5.43, 5.44 and 5.45 for f = 2 m, f = 1.5 m and f = 1 m, respectively. As expected in (28),
the values of the standard deviation are independent on the value of f . The mean path loss values µk are
-117.4 dB, -119.72 dB and -123.24 dB for f = 2 m, f = 1.5 m and f = 1 m, respectively. As expected in
(31), the path loss decreases with the increases in f . The reflection component path loss is significantly less
than the LOS component path loss. The Kolmogorov-Smirnov test does not reject the null hypothesis at 1%
significance level.

Fig. 7 and Fig. 8 show the path loss of the VLC channel when only the non-LOS component of the received
signal (i.e. excluding the LOS signal) from a single reflector is considered. The average path loss is as high
as -120 dB. This indicates that if the LOS link is blocked, it is very likely that VVLC cannot be supported.
However, for a high traffic density with possibilities of multiple reflectors, VVLC can still rely on non-LOS
paths only. Furthermore, at low traffic density, the LOS link is less likely to be blocked. Therefore, multiple
reflection path loss distribution of four reflectors vehicles, i.e. N = 4 in (19) is studied for only high traffic
density, when the inter-vehicle distance D has a log-normal distribution with µs=2.95 and σs = 0.302 (i.e.
mean value of 19.9 m), see in Fig. 9. As it is expected in (32), the multiple reflection path loss distribution
has log-normal distribution with mean value -46.8 dB and standard deviation of 0.1056. According to the
figure, at high traffic density, the gain of multiple reflections increases significantly. Hence, the gain of
reflection component of the channel can be larger than the gain of the LOS component of the channel when
multiple reflectors are considered. The resultant mean value of the statistical path loss is close to the value
identified by other studies in [14,57] at a deterministic distance of 20 m. However, the studies [14,57] did not
show how the inter-vehicular distance changes due to the dynamic traffic and consequently the statistical
distribution of the path loss. The study in [2] showed that the multiple reflection VVLC channel has a normal
distribution with a mean value of -76.73 dB. These results differ from [2] that considered the omnidirectional
source (two-ring model) with a fixed inter-vehicular distance and 30 reflectors. Furthermore, the work in [2]
also did not consider the traffic flow variation during the day. Real-world measurements in [8] showed that
the path loss of a VVLC channel varies around -100 dB and it can be as large as 25 dB. However, this study
employed a dashboard camera to collect the path loss.

The simulated PDF of the reflection component of VVLC path loss, when the inter-vehicle distance D
has an exponential distribution with mean λs = 0.0039 veh.m−1, is shown in Fig. 10. The figure shows that
the reflection component path loss is significantly small, with mean value -177.6 dB. Therefore, it can be
negligible in comparison to the LOS component with mean value -80 dB. It is noted that its distribution
does not fit the GEV distribution or the normal distribution.

3.3 The CIR using piecewise Lambertian model

We use piecewise Lambertian in [9,38] to investigate the effect of asymmetrical radiation pattern on VVLC
channel. The parameters of (15) which represent the piecewise Lambertian model are given in Table 3.

The statistical and simulated PDF of the LOS component of VVLC path loss using the piecewise Lamber-
tian model, when the inter-vehicle distance D has a log-normal distribution with µs=2.95 and σs = 0.302,
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Figure 9: Multiple reflection path loss distribution of four reflectors vehicles, at high traffic density, when
the inter-vehicle distance D has a log-normal distribution with µs=2.95 and σs = 0.302.

Figure 10: The simulated PDF of the reflection component of VVLC path loss, when the inter-vehicle
distance D has an exponential distribution with mean λs = 0.0039 veh.m−1).

Figure 11: The statistical and simulated PDF of the LOS component of VVLC path loss using the piecewise
Lambertian model when the inter-vehicle distance D has a log-normal distribution with µs=2.95 and σs =
0.302.

Table 3: Parameters of the piecewise Lambertian model [9]

Irradiance Path loss Half-power
angle, φ exponent, γ angle, Ψ1/2

φ ≤ 20◦ γ = 2.597 Ψ1/2 = 61.33◦

φ ≥ 20◦ γ = 3.550 Ψ1/2 = 4.510◦
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(a)

(b)

Figure 12: The a) PDF and b) CDF of the reflection component of VVLC path loss when the inter-vehicle
distance D has a log-normal distribution with µs=2.95, σs = 0.302 and h=1 m.

Table 4: Attenuation values and parameters for different weather conditions [18,37].

Weather Visibility Attenuation
condition range (km) (dB.km−1)

Clear 20 0.700
Haze 2.0 7.770

Thin fog 1.5 10.50
Light fog 1.0 15.96
heavy fog 0.5 34.69

is shown in Fig. 11. Similar to the Lambertian model cases, Fig. 11 shows that the proposed analytical
model predicts the path loss distribution for piecewise Lambertian model with high accuracy. The figure
also shows that the irradiance angle φ influences the distribution of VVLC path loss. The path loss has a
distribution given in (18) with a mean value of -70 dB when φ ≤ 20◦, while it has a mean value -85 dB when
φ ≥ 20◦. Hence, at narrower irradiance angle φ, the piecewise Lambertian model characteristics are close to
the Lambertian model characteristics of the LOS component of the channel.

The statistical and simulated a) PDF and b) CDF of the reflection component of VVLC path loss
using the piecewise Lambertian model, when the inter-vehicle distance D has a log-normal distribution with
µs=2.95 and standard deviation σs = 0.302 are shown in Fig. 12. The figure shows that the proposed
analytical model predicts the path loss distribution for piecewise Lambertian model with high accuracy.
The figure also shows that the reflection component of VVLC channel fits normal distribution with a mean
value of -85.6 dB and standard deviation 1.8, regardless of the value of the irradiance angle φ. Hence, the
asymmetrical radiation pattern of the vehicle’s light does not affect the distribution, but it affects the mean
and the standard deviation values of the distribution.

3.4 Weather effect on the CIR

The statistical PDF of a) the LOS component and b) reflection component of the CIR considering the effects
of various weather conditions is shown in Fig. 13. The attenuation values and parameters in (3) and (4) are
given in Table 4 for different weather conditions and for the red wavelength 650 nm [18,37], where h = 1 m
and Ψ1/2 = 30◦. The PD responsivity is ζ = 10.2 mV.(µW.cm−2)−1 at the red wavelength of 650 nm [18].

The effect of different weather conditions causes additional attenuation which shifts the mean value of
the geometrical path loss by 0.7 dB, 7.77 dB, 10.5 dB, 15.96 dB for clear, haze, thin fog, light fog and heavy
fog, respectively. Therefore, the mean values of the path loss distributions of the LOS component are -65.9
dB, -66.6 dB, -73.7 dB, -76.4 dB, -81.9 dB and -100.6 dB for clear, haze, thin fog, light fog and heavy fog,
respectively. Similarly, the mean values of the path loss distributions of the reflection component are -126.2,
dB, -126.9 dB, -134 dB, -136.7 dB, -142.2 dB and -160.9 dB for clear, haze, thin fog, light fog and heavy fog,
respectively. However, the value of standard deviation is constant for all weather conditions, which equals
to 8 for the LOS component and 5.538 for the reflection component. Hence, the heavy fog has the severest

13



(a)

(b)

Figure 13: The statistical PDF of a) LOS component and b) reflection component of the CIR considering
the effects of various weather conditions

effect on VVLC.

4 Conclusions

In this paper, we developed a statistical model to describe the vehicular visible light communication channel.
The results show that the channel statistical distribution varies with the traffic flow and inter-vehicular
spacing, which are changing during different times of the day. The results also show that the path loss
values of the non-line-of-sight component are significantly larger than the path loss values of the line-of-sight
component of the channel for a single reflector. However, at rush hours, when the inter-vehicle distance
becomes shorter, multiple reflections become significant. At late night and early morning hours, the inter-
vehicular spacing has a dominant effect on the channel distribution. Thus, the channel has general extreme
value distribution, because inter-vehicular spacing has an exponential distribution. In addition, the channel
has high path loss values, because of the low traffic flow, and consequently, large inter-vehicular spacing.
At rush hours, the inter-vehicular spacing has a major effect on the channel distribution, and the angular
deviation due to lateral spacing deviation becomes noticeable. Hence, the channel distribution becomes a
convolution between the inter-vehicular spacing distribution and the angular deviation distribution. It is
recognised that there exist a range of headlight radiation patterns and that there is a need to develop models
to describe these patterns. The proposed approach can however be adopted to model such radiation patterns.
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