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Abstract—Vehicular communication-based visible light
presents an excellent solution to ensure road safety and
transportation efficiency in critical environments like tun-
nels, underground garages, or covered parking lots where
traditionally RF solutions cannot provide an efficient commu-
nication. In this article, we propose a new multipath channel
model for vehicle-to-vehicle (V2V)-visible light communica-
tion (VLC) in unfavorable situations like in tunnels by using
a position-sensitive detector (PSD) sensor. The performance
of the derived channel model is evaluated using statisti-
cal measures based on numerical simulations in terms of
channel impulse response (CIR), channel dc gain, and root-
mean-square delay spread (RMS-DS) to quantify the effects
of multipath propagation. Monte Carlo simulation is also used to explore the statistical model obtained for different
transmission scenarios. Additionally, we evaluate the influence of various model parameters, such as road width and
intervehicular distance, on the performance of the V2V channel. The main results are compared with typical Lambertian
reflector model to confirm the validity of the proposed model.

Index Terms— Intelligent transportation systems, multipath, position-sensitive detector (PSD) sensor, vehicle-to-
vehicle (V2V), visible light communications (VLCs).

I. INTRODUCTION

TRANSPORT systems (TS) can benefit enormously
from the integration of information and communication

technologies (ICTs) in vehicles and road infrastructures. One
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of the key objectives and benefits is to significantly enhance
road safety while improving driver and passenger comfort.
Driven by advanced communication solutions, these systems
are a key step toward the evolution of more efficient and
sustainable transport networks.

At the dawn of this new urban transport revolution,
vehicle-to-vehicle (V2V) communication is positioned as one
of the major innovations in TS [1]. By enabling vehicles
to autonomously exchange information with each other in
real-time, V2V technology represents a fundamental trans-
formation in road mobility, going beyond improvements in
comfort and safety. This interconnection, resulting from the
advanced integration of modern technologies, enables unprece-
dented coordination, reducing accidents and making traffic
flow more smoothly. This is how V2V communication is
emerging as the pillar of future urban mobility, transforming
every vehicle into a collaborative participant in the road
network.

For V2V communications, two main technologies are cur-
rently used worldwide: Dedicated short-range communication
(DSRC), which is dominated by the USA and uses the
IEEE 802.11p protocol [2], and cellular V2V communication
(C-V2X) [3], which uses cellular networks and can support
longer ranges and higher data rates.

However, radio frequency (RF) communication is showing
its limitations, particularly in specific environments such as
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road tunnels. These constraints have prompted researchers to
consider alternatives, among which visible light communi-
cation (VLC) looks promising, offering greater reliability in
confined spaces than RF. Moreover, VLC has the advantage
of using an unlicensed optical spectrum ranging from 400 to
700 nm, and is both economical, green, and immune to
electromagnetic interference.

Although this technology represents a promising enabling
solution for vehicular communications in vehicular ad hoc
networks (VANETs) and 6G [4], further studies are required,
in particular, to analyze its behavior in complex scenarios
and determine its optimal parameters. It is also essential to
identify the elements that could disrupt the VLC channel
in a tunnel passage. It is important to emphasize that V2V
communication plays a vital role in transmitting real-time
alerts and information among road users.

Moreover, the standardization of VLC under IEEE 802.11.7
[5] serves as evidence of its promising capabilities. Within this
standard, PHY I is tailored for outdoor, long-distance, and low-
data-transfer applications, including V2V and infrastructure-
to-vehicle (I2V) communication.

Nevertheless, in-depth studies are required to optimize its
deployment, notably to assess its behavior in different scenar-
ios and to understand the external factors influencing the VLC
channel in closed environments.

The structure of the article is as follows: In Section II,
we provide background information and review related works.
Section III delineates the proposed system model, focusing on
evaluating communication behavior. Section IV elaborates on
the primary features of vehicular VLC channels. Section V
unveils the simulation results and engages in discussion.
Section VI presents the conclusions drawn from the study.

II. BACKGROUND

Underground structures and semiconfined environments
such as tunnels offer unique signal transmission charac-
teristics, contrasting sharply with open environments [6].
Understanding V2V communications in these singular envi-
ronments is crucial for modern, innovative transportation
systems, in order to optimize the integration of tomorrow’s
safety applications, based on wireless communication.

Before exploring the background of related works on com-
munication via VLC, it is essential to set the foundations of
our understanding by first addressing RF. As the foundation of
wireless communications, RF has been the focus of numerous
studies and research works, including in the context of closed
environments, and more specifically vehicular communication
inside road-tunnels. For example, study [6] delved into V2V
radio channel measurements, focusing on the singular context
of a tunnel. Key parameters such as root-mean-square delay
spread (RMS-DS), Doppler spread, and various other factors
influencing transmission quality were investigated.

By extending this perspective, the research [7] addressed
questions about how the physical dimensions of the tunnel,
such as its width and height, can influence the intensity of
the reflected rays. Hence, it consequently became clear that
the geometric structure of the tunnel plays a main role in the
dominance of reflections. Additionally, the study [8] presents

a novel approach with its development of a 3-D V2V multiple
input multiple output (MIMO) channel model specifically
designed for a rectangular tunnel environment.

It is important to note that, despite RF predominance, this
technology presents several challenges, particularly in terms
of packet reception rates, especially under saturated traffic
conditions [9] which pave the way for the exploration of
alternative solutions. VLC technologies, with their ability to
minimize interference with existing RF systems and their
potential as complements to these systems, appear to be
a viable alternative. Further, for position-sensitive detector
(PSD)-based systems, if appropriate modulation techniques are
used, it is able to distinguish the emitters in the system with
little or no interference [10].

Previous research confirms the relative stability of the VLC
vehicular channel [11], demonstrating a high probability of
maintaining considerable coherence time with an approximate
90% probability of achieving a coherence time of a few
hundred milliseconds in urban environments [12]. Moreover,
an empirical investigation conducted by [9] on V2V commu-
nication via VLC revealed the criticality of the angle and
distance between transmitter and receiver to ensure optimal
signal reception. The reduced latency in light transmission
makes V2V-VLC an effective means of transmitting safety-
related information [13]. To date, several channel models
have been proposed for V2V VLC communication considering
different propagation environments. There are multiple works
that include empirical and theoretical studies that consider
stochastic and/or deterministic channel models. In works [14],
[15], a geometry-based channel model for V2V VLC was
presented. This model captures both line-of-sight (LOS) and
non-LOS (NLOS) links, while considering the dynamic nature
of vehicles. In addition, the influence of weather conditions is
also considered. The model presented in [16] is distinguished
by its focus on reflections from the road surface, relying on a
geometric approach to capture the LOS and single bound (SB)
components. It should be noted, however, that this model is
limited to direct reflections from the road surface, excluding
other potential interactions with the environment. In addition,
other works, such as [17], [18], have focused on V2V-VLC
system performance measures. These studies offer concrete
measures to characterize the link, and they highlight the
influence of various external agents on VLC communication
in outdoor environments. Bidirectional communications are
also studied for V2V-VLC systems [19] enabling full-duplex
interaction between vehicles. An analysis of the system’s
performance, using real motorcycle headlights and taillights,
was presented.

However, there are other relevant environments, such as
parking lots and tunnels, which require appropriate studies to
determine the predominant channel characteristics. Identifying
these key features is crucial to improving the accuracy and
simplicity of models, especially when it comes to comple-
menting more general models. Specifically in tunnels, multiple
reflections are a predominant propagation condition.

The application of VLC in tunnels and underground envi-
ronments has already been proposed for positioning purposes
[20], [21], given the limitations of global positioning systems
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(GPS) in terms of accuracy. In closed environments such
as mines, GPS is often inaccurate and discontinuous due
to interference from signals coming from structures such as
ceilings and walls. In addition, due to the presence of poten-
tially explosive gases and unfavorable propagation conditions,
RF communication technology is not suitable. In the same
context, a VLC channel model for underground mining (UM-
VLC) was proposed in [22]. This model includes crucial
factors that significantly impact the performance of VLC in
underground mine environments. Nevertheless, the use of VLC
for communication purposes in tunnel environments has not
been deeply studied nor implemented yet. A preliminary study
of I2V channels [23] for tunnels [24] are proposed, the authors
introduce a Monte Carlo ray-tracing simulation to analyze
the impulse response of a vehicular VLC system proposed
to be installed into a tunnel. The effect of road reflectance
is considered but a fixed reflectance value is assumed for
simplicity. However, this approach is not optimal for the light
spectrum, where a wavelength-dependent reflectance should
be considered for a realistic model.

In summary, this literature review depicts that the channel
model assumed by several authors uses simplified channel
modeling approaches for both confined and outdoor vehicular
VLC (VVLC) environments. In a vehicular environment, the
multipath phenomenon becomes more pronounced due to
the reflection off diverse surfaces (vehicles, buildings, and
ground), as well as the changing lighting conditions further
complicate this effect. Current models, based on Lambertian
reflections or assume fixed values, may be unable to capture
the complexity of these light interactions in the vehicular
environment.

In contrast to the existing channel models V2V-VLC,
discussed above and in the literature, instead of opting
for a simplified approach, we drew inspiration from the
approach presented in [25], [26], and [27], which adopts a
discrete modeling process bases on non-Lambertian reflec-
tion model. Although this method was originally developed
for indoor visible light positioning (VLP) systems, it offers
considerable advantages for V2V sensor VLC proposed
herein. By partitioning the environment, it enables more
accurate analysis of multipath channels, capturing the com-
plexity of unfavorable situations such as confined environment
(tunnels).

In addition, to the best of the author’s knowledge, this
is the first deployment of a V2V-VLC system based on
PSD. However, existing research still exhibits the following
shortcomings.

1) Most studies of complex scenarios focus on open-
air environments. However, the importance of closed
environments, which represent one of the most unfa-
vorable situations, already discussed, seems to have
been neglected. In particular, in tunnels and other
confined spaces has not on V2V modeling based on
VLC addresses reflections based on the standard Lam-
bertian model, which does not accurately represent
reality.

2) From this perspective, this article proposes an analysis
of a PSD-based sensor for V2V VLC and a novel

Fig. 1. V2V system model.

model for the reflection of optical signals on different
surfaces.

3) A discretized methodology is adopted to model the
surrounding surface. This approach enables us to obtain
optical channel impulse responses (CIRs) for the V2V
scenario under analysis, considering various scenarios.

4) The signal dispersion due to multipath effects is realis-
tically bounded, since a channel model very close to the
real behavior is used.

III. SYSTEM MODEL

An example scenario for our proposed V2V-VLC channel
model is presented in Fig. 1. We have considered a V2V-based
system where the headlamps in the front of the vehicles
represent the transmitters and the PSD sensor represent the
receiver, initially located at the middle of the rear of the ahead
vehicle. A bidirectional device could be installed independent
of the illumination lights for VLC communication that could
use visible or infrared signal.

Receiver Model: As mentioned above, we use a PSD as a
receiver. Fig. 2 shows the electrical diagram of this sensor,
illustrating a 2-D pin-cushion model. The PSD is a unique
sensor consisting of four anodes and a common cathode,
as shown in Fig. 2(a). In addition, Fig. 2(b) provides an
illustration of the sensor when equipped with a lens.

Where (xi , yi ) represent the impact points on the PSD
sensor, f is the focal length, (X i , Yi , Z i ) are the points in the
transmitters in the environment, and (θxi , θyi ) are the angles of
arrival (components of AoA), i represents each emitter. The
PSD sensor presents a fast-processing alternative that offers
a series of features over conventional cameras, including fast
response time, good positioning accuracy, and simple signal
conditioning circuitry [28]. However, it also has disadvantages
such as its bandwidth is less than that of photodiodes (PDs)
or photodiode arrays.

The PSD surface is 9 × 9 mm2, larger than conventional
PDs. This enables to capture a greater amount of light,
resulting in a stronger and more reliable signal (as it can be
seen in (1) -Ar-), and therefore, it will have a higher SNR.
On the other hand, this makes it possible to have the same
field of view (FoV) with commercial lenses of larger focal
length, which makes it easier to have lenses of larger surface
area and collect more energy (there are no lenses of large
surface area and small focal length, for example, there are no
lenses of 8 mm focal and 1-in diameter).

Fig. 3 shows the influence of focal length on FOV (coverage
area).

One of the important reasons for using the PSD sensor is
that, in the work that is starting to be developed, the analysis of
the signal obtained by each of the PSD anodes will allow us to
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Fig. 2. Representation of the receiver system. (a) Equivalent circuit of
the PSD pin-cushion (image courtesy of Hamamatsu, obtained from the
PSD technical information). (b) PSD attached to a lens.

Fig. 3. Illustration of the influence of focal length on coverage area.

provide additional and accurate information about the distance
and orientation of the vehicles which are critical parameters
in V2V communications for safety and navigation purposes.
This is essential in the vehicular context, providing a better
understanding of the dynamic environment and improving the
performance of the system. Another important reason is the
ability to mitigate multipath effects to determine distance and
orientation, as can be seen in [27].

A. Geometrical Tunnel Propagation Model
The aim of our study is to quantify the effect of multipath

for V2V-VLC inside a tunnel using the proposed model
and sensor. The geometrical propagation model for the V2V
system inside a rectangular-shaped tunnel is shown in Fig. 4.

In this example, both the transmitter (Tx) and the receiver
(Rx) vehicles are inside the tunnel and are driving in the
same direction. As already mentioned, we have opted to use
a recursive model proposed by our research group in [26],
which aims to discretize the environment under study, where
the CIR results from a countless multipath signal due to light
reflections in the environment.

To accurately quantify multipath effects, it is essential to
first discretize the surfaces that are the root cause of this phe-
nomenon [25]. In a specific situation with certain parameters,

Fig. 4. Proposed V2V channel model in a tunnel environment.

the tunnel walls, road, and ceiling can be divided into a cellular
grid. We then determine the signal strength in every cell based
on the energy emitted by the transmitter.

For modeling reflections, each cell acts as an individual
emitter, transmitting signals to adjacent cells from its midpoint
according to a defined reflection pattern (both specular and
diffuse).

This procedure is performed until the third rebound, when
the energy becomes minimized. Every reflected signal has
associated strength and phase characteristics, which guide the
computation of the impulse response.

In addition, Fig. 4 illustrates three examples of multipath
situations, showing third-order bounces before reaching the
detector. Each path originates from the emitter, bounces off
one random cell to the next, and continues this pattern until
the kth reflection leads it to the detector. Cells are designated
according to the type of surface they represent. For example,
Gx refers to the cell corresponding to the ground, w1x and w2x
are associated with the two respective walls, and Cx indicates
a ceiling cell.

It is worth noting that in this article, the Lambertian model
was applied exclusively to analyze light reflections in vehic-
ular communication environments, and not for emitted light
propagation itself. Our conclusion that the Lambertian model
is not appropriate was specifically related to these reflections
and not to light propagation in general. For the propagation
model, in line with ECE R112 regulations [29], our study
considers the characteristics of low-beam headlights. These are
particularly relevant in tunnel environments due to their design
to minimize glare and provide adequate road illumination,
crucial factors at the distances we analyze (15, 25, and 35 m).

B. V2V Line of Sight Model
To model the V2V link, in an ideal channel, the received

LOS signal strength PRT corresponds to the energy from the
transmitter defined by the given equation

PRT = I (ω)
1

D2
RT

F(γ )R(γ )Ar = E(ω)F(γ )R(γ )Ar . (1)

Here, DRT is the distance between the transmitter and
receiver (intervehicular distance). I (ω) represent the energy
output function of the transmitter can represent a generic func-
tion, and E(ω) denotes the energy per surface unit generated
by the transmitter at the location of the detector. R(γ ) is
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the receiver response (which includes the gain of possible
concentrators and its response), and Ar is the active area of the
receiver and F(γ ) is the transmission function of a potential
filter placed on the receiver. If we assume that the emitter
follows a Lambert model, I (ω) can be represented as:

I (ω) =
n + 1

2π
PT cosn(ω). (2)

Here, n is the index number of the radiation lobe, PT is the
signal strength of the transmitter, and ω is the angle at which
the radiant intensity emitted is assessed relative to the axial
axis of the transmitter. The index n is given by the expression

n = −
ln(2)

ln
(
cos
(
ϕ1/2

)) (3)

where ϕ1/2 is the angle at which the signal strength is half the
signal strength at 0◦. The detector response relative to its axial
axis, considering a thin lens, can be written as

R(γ ) = cos(γ )rect
( γ

FoV

)
. (4)

If it is not possible to consider a thin lens, the cos(γ ) must
be replaced by a function f (γ ). The rectangular function is
defined as

rect(x) =

{
1, for |x | ≤ 1
0, for |x | > 1

(5)

where FOV is the maximum angle of arrival at which the
receiver is capable of receiving. Thus, for a case that takes
these last two considerations into account, without filters or
thick lenses, according to (1), the received signal strength
(RSS) can be expressed as

PRT =
n + 1

2π
PT cosn (ω)

1
D2

RT
cos(γ )rect

( γ

FoV

)
Ar . (6)

If we assume that rT and rR are the coordinates where
the transmitter and receiver are located, respectively, whose
orientations are given by the normal vectors n⃗T and n⃗R , we can
calculate the angles ω and γ , as well as the distance DRT ,
as follows:

ω = arccos

(
n⃗T · (rR − rT )∣∣n⃗T
∣∣|(rR − rT )|

)
(7)

γ = arccos

(
n⃗R · (rR − rT )∣∣n⃗R
∣∣|(rR − rT )|

)
(8)

DRT = |rR − rT |. (9)

C. Characterization of Multipath Propagation
In our proposed model, we use a non-Lambertian model

to simulate multipath propagation, because Lambertian is
unrealistic as a model for reflection on most situations. Our
model is composed of two components:

Diffuse component, that depicts behaviors using a wide
emission pattern, aligned with the normal of the reflecting
surface.

Fig. 5. Reflection model. (a) Visual representation of signal strength
from reflectors. (b) Reflection components.

Specular component, shown with a more focused emission
pattern, directed according to the trajectory of the beam with
the highest irradiance [see Fig. 5(b)].

It should be considered that the reflection model we pro-
pose is influenced by the angle of arrival of the signal.
To determine this angle necessary for the model, we first
need to calculate the strength of the signal received in a
cell x from a given reflection. In Fig. 5(a), we present
a simplified reflection model from the ground to illus-
trate our approach. Imagine that Vehicle 1 is the actual
transmitter.

In our scenario, this could be a random cell in the
environment that receives the signal. This signal is then
reflected to cell x , which in our example, represents the
ground, the total reflection is depicted by shades rang-
ing from blue to yellow. Fig. 5(b) illustrates the different
reflection components: the diffuse component is symbolized
by a sphere, the specular component has a blue shad-
ing, and the total reflection is the combination of both
components.

As a result, the following formula represents the signal
intensity that element n received as a result of element l signal
strength being reflected in g (ground):

Pngl =
[

pd(γ, θ) + ps(γ, φ)
]
S cos(α)

1
d2

ng
Pglβrect

( α

FoV

)
.

(10)

Here, S is the area of the cells, Pgl is the RSS in element g
from the reflection in l. The terms Pd and Ps are the diffuse
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and specular components of the reflection model according to

pd(γ, θ) = (1 − uas cosvas (γ ))

·

(
und cosvnd (γ ) + 1

2π

)
cosund cosvnd (γ )(θ) (11)

ps(γ, φ) = uas cosvas (γ )

·

(
uns cosvns (γ ) + 1

2π

)
cosuns cosvns (γ )(φ). (12)

α is the angle between vectors n⃗n , and (rg − rn) and is
calculated as

α = arccos

(
n⃗n ·

(
rg − rn

)∣∣n⃗n
∣∣∣∣(rg − rn

)∣∣
)

. (13)

dng is the distance between the element g and the element n

dng =
∣∣rn − rg

∣∣. (14)

γ is the angle between the vectors n⃗g and (rl − rg) and is
calculated as

γ = arccos

(
n⃗g ·

(
rl − rg

)∣∣n⃗g
∣∣∣∣(rl − rg

)∣∣
)

. (15)

θ is the angle between the vectors n⃗g and (rn − rg) and is
calculated as

θ = arccos

(
n⃗g ·

(
rn − rg

)∣∣n⃗g
∣∣∣∣(rn − rg

)∣∣
)

. (16)

ϕ is the angle between the vectors (rn −rg) and v⃗gl , where the
latter is the maximum irradiance vector that can be calculated
from the Householder transformation according to

v⃗gl = H
(
rg − rl

)
(17)

where H is the Householder matrix which is defined from the
normal of the reflection plane (in this case, n⃗m), as

H = I −
2n⃗g n⃗T

g

n⃗T
g n⃗g

. (18)

Therefore, the angle φ is obtained from the expression

ϕ = arccos

(
v⃗gl ·

(
rn − rg

)∣∣v⃗gl
∣∣∣∣(rn − rg

)∣∣
)

. (19)

The parameters u⃗as , v⃗as , u⃗nd , v⃗nd , u⃗ns , v⃗ns , and β are the
parameters that characterize the material of element m defined
in [25].

IV. VVLC CHANNEL CHARACTERISTICS

In this section, we will investigate the performance of the
proposed V2V-VLC model, we consider different performance
metrics such as CIR, channel dc gain, and RMS-DS.

A. Channel Impulse Response
The impulse response due to multipath is given by h(t) and

is expressed by

h(t) =

K∑
k=0

h(k)(t) (20)

where h(k)(t) is the impulse response of the k rebound and
K is the number of rebounds to consider. In other words,
k = 0 is the LOS path, k = 1 is the impulse response of
the sum of all signals reaching the detector after a single
bounce, k = 2 is the impulse response of the sum of all
signals reaching the detector after a second bounce, and so
on successively until the reflection K . The higher the K , the
closer to reality, but the computational load for calculation
will also rise. In our model, we used a number of reflections
up to three (K = 3). Two functions must be used to obtain
each h(k)(t). First, to calculate the impulse response from the
source element to the receiver element for each cell in the
environment, the following function is used:

h0(t; R; T ) = PRT δ(t − τRT ) (21)

where T and R are the transmitter and receiver elements, PRT

is the signal strength received by element R from T , which
is calculated according to (6), and τRT is the signal delay
between the two elements, calculated according to

τRT =
DRT

c
(22)

where c is the speed of light. The second function is used
to calculate the impulse response to the signal emitted from
an element l, rebounded off an element g and received by an
element n and has the form

hr (t; l; g; n) = Pnglδ
(
t − τng

)
(23)

where Pngl is calculated according to (10). The impulse
response due to each rebound hk(t), where k represents the
number of rebound, is calculated as

h1(t) =

N∑
g=1

[
h0(t; T ; g) ∗ hr

(
t − τgT ; T, g, R

)]
(24)

h2(t) =

N∑
g=1

[
h0(t; T ; g) ∗

N∑
n=1

(
hr
(
t − τgT ; T ; g; n

)
∗ hr

(
t − τng − τgT ; g; n; R

))]
(25)

h3(t) =

N∑
g=1

[
h0(t; T ; g) ∗

N∑
n=1

[
hr
(
t − τgT ; T ; g; n

)
∗

N∑
l=1

[
hr
(
t − τng − τgT ; g; n; l

)
∗ hr

(
t − τln − τng − τgT ; n; l; r

)]]]
. (26)

Here, the response is obtained to the impulse
from the source element to each g element and is convolved
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with the response to the impulse obtained when it is emitted
by the source, rebounded off element g, and received at the
receiver, delayed by time τgT due to the distance between the
source and the element g. N is the total number of elements
forming the environment.

To obtain the total impulse response of all the reflections,
from k = 0 which represents the LOS path and the other
rebounds (from the ground, walls, and ceiling) k = K ,
we generated a recursive function, following (20). The detector
receives a sinusoidal signal of the same frequency as the
transmitted signal, but with a different amplitude and phase,
represented by its phasor according to [30]

s = ℜ(s) + jℑ(s) (27)

where ℜ(s) and ℑ(s) are the real and imaginary part of
s, respectively, and they can be obtained from the impulse
response h

ℜ(s) =

N∑
i=0

h[i] cos(δ[i]) (28)

ℑ(s) =

N∑
i=0

h[i] sin(δ[i]) (29)

where

δ[i] =
2π t[i]

T
(30)

t[i] = iTs (31)

where T is the period of the signal and Ts is the sampling
period and phase are given by

s = Ps ̸ δs (32)

where Ps is the amplitude obtained from modulus of the
complex number s

Ps =

√
ℜ(s)2

+ ℑ(s)2 (33)

and the phase δs

δs = arctan
ℑ(s)
ℜ(s)

. (34)

The received signal captured by the detector is

s(t) = k Ps sin (2π f t + δs). (35)

B. Time Dispersion Parameters for the Channel
By using the derived CIR given by (20), we can calculate

several channel parameters such as channel dc gain and rms
delay spread.

1) Channel DC Gain: Using the calculated CIR, it is pos-
sible to analyze or simulate the effect of the wireless optical
channel on the performance of VVLC systems. Channel dc
Gain using optical link is given by [31]

H(0) =

∫
+∞

−∞

h(t)dt. (36)

The channel gain in dB is given as

Channel gain(dB) = − log10 H(0). (37)

2) Channel rms Delay Spread: The received signal, affected
by multipath reflection, manifests as a cumulative effect of
various weighted and time-delayed versions of the originally
transmitted signal. Consequently, the wireless optical multi-
path channel extends the duration of the transmitted signal,
leading to a phenomenon known as temporal dispersion. This
key attribute can be measured using the rms delay spread,
denoted as τrms, based on the CIR h(t)

τrms =

√∫
∞

0

(
t − τ̄

)
h2(t)∫

∞

0 h2(t)
. (38)

A measure of dispersion is provided by RMS-DS defined as
the second moment of the impulse response and is given
by [31]. Where τ is the mean excess delay and it is given
by

τ̄ =

∫
∞

0 th2(dt)∫
∞

0 h2(t)
=

∑
i tn

i h2
i∑

i h2
i

=

∑k−1
i=0 (i × Ts)

nh2
i∑k−1

i=0 h2
i

(39)

where hi is the amplitude of the impulse response at time
equal to (n × T s), it represents the discrete function of h(t).
Since delay takes on a very small value, it is expressed as
an integer multiple of sampling time. The value of is chosen
to be equal to the time it takes light to travel between two
neighboring elements [32].

V. SIMULATION AND RESULTS

This section introduces the evaluation setup, equipment used
to obtain the results and the time consumed by emulations to
evaluate the communication behavior in unfavorable scenarios,
according to the proposed model. The evaluation setup is
divided into two parts. First, we describe the methodology
and the tools used, then the layout of the scenario and the
parameters are introduced.

A. Evaluation Methodology
Fig. 6 illustrates the mean steps deployed in this work for

channel modeling. First, we include the main system param-
eters for the environment and tunnel dimensions according
to Table I, and the transmitter specifications (i.e., position,
orientation, optical power, and radiation pattern) as well as
the detector specifications (i.e., detector type (PSD sensor),
orientation, aperture size, and field-of-view angle). After data
assimilation, a recursive algorithm is used in the simulation
tool to determine the signal strength for each reflection (It
should be noted that when working with the sensor, the signal
arrives instantaneously and the computation of signals from
the receiver is done continuously without recursive algorithms;
recursive methods are used only in the simulation tool).

The resulting dataset is then ported to MATLAB, facilitating
in-depth analysis to investigate the key performance metrics.
All computations are performed on a desktop computer with
the configuration of AMD Ryzen 5 5600G 3.90 GHz CPU and
16.0 GB RAM.

B. Coverage Modeling
The synthetic environment that has been used to carry

out the characterizations is a rectangular tunnel composed
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Fig. 6. Main steps of our channel modeling approach.

Fig. 7. Overview of the three different scenarios.

of walls, floor, and ceiling. Table I presents the parameters
of the V2V communication scenario on a single-lane road,
with the source vehicle Tx communicating with the destination
vehicle Rx (Fig. 4). We have explored three scenarios, each
with varying intervehicular distances (Di), both Tx and Rx are
centrally aligned according to scenario A positions. The tunnel
dimensions for each scenario considered throughout the article
are based in the Spanish national regulation [33], those values
can be easily changed in the developed simulator. A material
with a strong specular component was chosen for the road,
a material between specular and diffuse for the sides, and an
almost diffuse material for the roof.

It is worth noting that the run time is influenced by two
primary factors: the total number of elements the environment
is divided into, and the number of reflections considered.
The relationship is represented as N k , where N signifies the
total elements and k is the number of rebounds considered
reflections. For example, in scenario B, for a distance of 35 m.
The computation times for each rebound are as follows: the
first rebounds take 3 s, the second rebounds take 14 433 s
(04 h 33 s), and the third take 67 607 s (18 h 46 min 47 s).
Consequently, the overall runtime can be expressed as

tRUN ∝

N∑
K=0

N k . (40)

TABLE I
SCENARIO PARAMETERS

It is important to note that the smaller the cell size, the closer
the emulated behavior is to real behavior, which would imply
a significant simulation time. However, the larger the cell
size will reduce the simulation time, but then, the results
will become less realistic. To perform the simulations, the
following sizes were chosen to divide the surfaces into cells.
As a compromise between accuracy and computational time,
sizes of 2 cm were chosen to evaluate the first bounce, 10 cm
for the second bounce, and 50 cm for the third bounce.

This has been done because the first ones are faster to
compute and provide more information, obtaining with these
sizes results very similar to the real case. The third bounce,
which already arrives with low power and provides less
information (known from previous experience [27]), was ana-
lyzed with a large cell to avoid the simulation taking weeks.
Even the size considered for the second bounce has made
it slow to compute, but it has become convenient given the
information it provides. The proposed model uses a one-lane
tunnel According to Standard 3.1-IC Road Tunnels, following
the regulations provided in [32].

1) Scenario A: Conventional roads N-332, with a road
width of 4.7 m approximately.

2) Scenario B: Conventional roads C-40 with 3-m lanes
0.50 m (left-hand width) + 2 lanes of 3.0 m +

0.50 (right-hand width) m + 0.75 × 2 (maintenance
lane) = 8.5 m.

3) Scenario C: Conventional roads C-100 and C-80.
4) Roadside 1.0 m + lane 3.5 m + intermediate zone 1.0 m

+ lane 3.5 m + Roadside 1.0 m + 0.75 × 2 = 11.5 m.
Seventy-five centimeter (75 cm) wide raised sidewalks
will be provided on both sides.

Fig. 7 shows an overview of the three different scenarios,
where w1, w2, and w3 the tunnel width according to each
scenario. D1, D2, and D3 are 15, 25, and 35 m, respectively.
It should be noted that the floor, ceiling, and right wall also
exhibit reflections, they are not depicted here to simplify the
illustration.

C. Channel Impulse CIR Analysis
The CIR can be evaluated using the channel simulation

setup described in Section VI. The following convention will
be used: h0 is the impulse response for the LOS signal; h1,
h2, and h3 are the corresponding impulse responses for first
bounce, second bounce, and third bounce. The CIR can be
obtained by applying (23)–(25), respectively.

Fig. 8 shows the simulation results obtained during mul-
tipath evaluation using our proposed model Fig. 8(a), and
Lambertian reflector model Fig. 8(b), as the vehicle passes
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Fig. 8. CIR (using scenario A D2 = 25 m). (a) Our model.
(b) Lambertian model.

through the tunnel. Here, we consider scenario A at D2 =

25 m the intervehicular distance. We selected this scenario to
rigorously test the system under a worst-case condition, aiming
to understand its resilience and robustness in challenging
environments.

The results show that the first reflection in the proposed
model has a RSS of h1 = 5.63e−08, while in the Lambertian
model, it is h1 = 9.4e−10. This indicates that the first reflection
is much stronger in the proposed model compared to the
Lambertian model.

As illustrated in the figures, the RSS is presented in normal-
ized units, relative to the emitted signal strength. The first peak
in the CIR of our proposed model is mainly from the ground.
Given that the transmitter and receiver are located relatively
close to the ground at a height of 0.8 m from the ground,
direct reflection from ground surfaces becomes a dominant

Fig. 9. Radiation emission patterns for different n-index values.

path for the signal. This grounds reflection, combined with
the properties of specular reflection, produces a strong, con-
centrated initial signal. This can be explained with the help
of Fig. 5. In contrast, the Lambertian model, based on diffuse
reflection, disperses energy more uniformly, resulting in wider,
less intense peaks.

On the other hand, in terms of second rebounds (h2 compo-
nents), the proposed model has three distinct peaks, suggesting
multiple specific reflection paths due to the combined specular
and diffuse reflection pattern.

Conversely, the single pronounced peak of Lambertian
model, based only on diffused reflection, highlights a more
uniform interaction with the environment. This distinction
underlines the nuanced interactions between the paths captured
by the proposed model and the average behavior presented by
Lambertian model, compared with an almost diffuse approach.
It can be observed that the CIR from h3 is significantly lower
as compared to h1 and h2, for both models. This is due to
two main factors as follows.

1) Angular Spread and Receiver Field of View: The receiver
has Reflections that occur outside this angular range may
not be captured effectively, resulting in reduced signal
intensity for these reflections.

2) Path Loss: With each successive reflection, the light
must travel a greater distance before reaching the
receiver. Each time the signal reflects off a surface, some
of its energy is lost through absorption, scattering or
diffraction. By the third reflection, the signal has traveled
a much longer path and interacted with the surfaces
several times, resulting in increased attenuation.

D. Effect of Focal Length and Lambertian Order of the
Emitter Diagram on CIR Using Our Proposed Model

In this section, we analyze the impact of focal length and
Lambertian order of the emitter diagram variations on the
CIR using our proposed model. Figs. 9–13 show the impulse
responses characterized by signal strength as a function of
time for different configurations of Lambertian order (n1 = 1,
n2 = 3), and focal lengths ( f 1 = 4.5 mm, f 2 = 8 mm, and
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Fig. 10. CIR (using scenario A, D2 = 25 m, f1 = 4.5 mm, f2 = 8 mm,
fixed n1 = 1).

f 3 = 16 mm). In Fig. 9, we present several emission patterns
as a function of Lambertian order n.

Fig. 10 illustrates how the impulse response varies with
the focal length assuming a constant Lambertian order (with
n1 = 1). We analyze the impact of varying different focal
lengths on the CIR. It can be observed that with focal length
f 2 (greater focal length), the effects of multipaths are smaller
than with focal length f 1. This effect can be seen more clearly
in the impulse response due to the first reflection h1. This is
because increasing the focal distance narrows the receiver’s
FoV, resulting in less wall, floor or ceiling within the receiver’s
FoV, thus receiving fewer multipath signals.

Fig. 11 shows the impulse responses (CIR) for a Lambertian
order fixed at n2 = 3, Comparing Fig. 11, which uses a
Lambertian order n2 = 3, with the Fig. 10, where n = 1,
we observe significant differences in the distribution and
intensity of VLC signals. The higher Lambertian order in
Fig. 11 leads to a more directional transmission of light, which
is manifested by a more concentrated and potentially stronger
intensity of the LOS signal (h0 = 5.14e-07). With a longer
focal length f 3 = 16 mm, the light will be more focused and
directional, which can improve direct LOS signal quality but
can also reduce the coverage and the multipath effect. This
can be seen in Fig. 11, by the reduction in reflection signals
(h1, h2, h3) for f 3 compared with f 1 and f 2.

Fig. 12 shows the results for the two distinct Lambertian
orders, n1 and n2, with a fixed focal length f 1. It can be seen
that the lower Lambertian order, n1 = 1, indicates a more
extensive and uniform light distribution. In contrast, the higher
Lambertian order, n2 = 3, reflects a more directional light
transmission, offering stronger signal intensity in direct LOS.

Fig. 13 shows the total channel impulse and compares
six different configurations combining two Lambertian orders
(n1 and n2) with three different focal lengths ( f 1, f 2, f 3).
The differences between the curves for each focal length
( f 1, f 2, f 3) in the same Lambertian orders indicate the
impact of focal length on range and signal intensity.

Fig. 11. CIR (using scenario A D2 = 25 m, for f1 = 4.5 mm, f2 = 8 mm,
f3 = 16 mm, fixed n2 = 3).

Fig. 12. CIR (using scenario A D2 = 25 m, for n1 = 1, n2 = 3, fixed
f1 = 4.5 mm).

After analyzing the results shown in Figs. 10–13, it can
be concluded that the greater the focal length or the higher
the index n of the emission pattern, the lesser the multipath
effect. This is because as the focal length increases, the FoV
decreases, resulting in fewer surfaces within the receiver’s
FoV, leading to a reduced reception of multipath signals.
Similarly, increasing the value of the Lambertian order of the
emission pattern (n) results in a more directional emission,
delivering more power to the receiver and less to the surfaces.
Consequently, the multipath effect diminishes.

E. Effect of Intervehicular Spacing on CIR
Fig. 14 shows the influence of intervehicular spacing on

the CIR, with the V2V distance placed at a distance of
15, 25, and 35 m on the Z axis. The analysis of the CIR
reveals a noticeable trend toward decreasing amplitude with
increasing distance. As the distance between vehicles increases
from 15 to 35 m, the CIR decreases from 1.721e-7 at 15 m
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Fig. 13. Total CIR (using scenario A, D2 = 25 m, for n1 = 1, n2 = 3).

Fig. 14. Channel multipath CIR versus delay for different distances
scenario A.

to 0.206e-7 at 35 m, reflecting the cumulative effects of LOS
loss-of-trajectory and NLOS interactions. The corresponding
delay also increases, indicating a more complex multipath
environment at greater distances.

Specifically, the dominance of direct LOS signals is evident
at short distances, while at longer distances, NLOS influences,
including specular and diffuse reflections, become prominent,
resulting in greater delay and reduced signal strength. Table II
presents the RMS-DS values obtained for the two models:
the proposed model and the Lambertian model, considering
the three different scenarios (Table I). As can be seen, the
Lambertian reflector model, which is based on ideal dif-
fuse reflections, seems to predict a more dispersed multipath
environment, resulting in a higher rms delay. This model
generally assumes that reflected waves are uniformly scattered
in all directions, leading to a wide range of arrival times for
multipath components, resulting in greater delay dispersion
(Table II).

TABLE II
SIMULATIONS RESULTS OF RMS-DS

F. Impact of Tunnel Width and Intervehicular Distance
The purpose of the analysis is to understand the dependence

of the CIR and RMS-DS on two key parameters: distance and
tunnel width. From Fig. 15, and using Table II, we can clearly
see that for the different widths, the RMS-DS values show a
distinctive pattern. At a distance of 15 m inside the tunnel, the
RMS-DS delay spread is lowest for the widest dimension of
the tunnel (11 m), at 0.93 ns.

As the tunnel narrows, this value increases slightly to
1.17 ns for a width of 8.5 m, and intensifies further to
1.19 ns for a width of 4.7 m. When we move on to a
distance of 25 m, the RMS-DS measurements illustrate a
more mixed behavior: the widest dimension of the tunnel (11
m) registers 1.34 ns, while the narrower widths of 8.5 and
4.5 m register values of 1.46 and 1.25 ns, respectively. At the
furthest distance of 35 m, RMS-DS values are 1.63, 1.76, and
1.24 ns for tunnel widths of 11, 8, and 4 m, respectively. The
results demonstrate a significant interaction between tunnel
width, propagation distance and the resulting multipath effects.
Given the centralized positioning of transmitter and receiver
within a 4.7 m width, wider tunnels can lead to additional
reflections and scattering phenomena, which are then picked
up differently by the receiver’s FoV. This can be explained
with the help of Fig. 7. The limited FOV of the receiver can
influence the multipath components received. Signals reflected
outside this FOV will not be detected by the receiver.

This is why:

1) Tunnel Width and PSD’s FOV: A wider tunnel may
cause some multipath components to be reflected outside
the FOV, particularly for Tx and Rx positioned toward
scenario A (Fig. 7). This may explain why, in some
cases, the RMS-DS is lower for wider tunnels.

2) Distance and PSD’s FOV: As distance increases, the
angular dispersion of multipath components can also
increase. In a limited FoV, this can lead to the receiver
capturing fewer multipath components, which influences
the RMS-DS.

Fig. 16, which represent the CIR provide a comprehensive
view of the signal propagation characteristics in different
tunnel scenarios. The CIR values underscore the dominance
of the direct and reflected paths, which vary based on tunnel
width and distance. A 4.7 m width offers the strongest signal
convergence, especially when the transmitter and receiver
are centralized. However, as the width increases, the RSS
decreases, indicating that reflected paths are longer and per-
haps less constructive.
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Fig. 15. RMS delay spread versus intervehicular distance and tunnel
width.

Fig. 16. CIR distribution versus intervehicular distance and tunnel
width.

G. Statistical Metrics Analysis
In Figs. 17 and 18, we present the results of a Monte Carlo

simulation designed to provide a comprehensive understanding
of channel behavior by analyzing the cumulative distribution
function (cdf) of rms delay and the probability density function
(pdf) of channel gain. By conducting Monte Carlo simulations
with a Gaussian input and analyzing the resultant cdf, we aim
to capture a broader view of the behavior of channel. This
offers insights into how the system might behave under varied
real-world input conditions. We have compared our proposed
model with diffuse models according to scenario A with an
intervehicular distance of 25 m. This simulation was conducted
using a Monte Carlo approach with 103 iterations. In Fig. 17,
the proposed model, which includes both specular and diffuse
reflections, shows a rms delay spread ranging from 50.57 to
68.86 ns. In contrast, the Lambertian model, based on diffuse
reflections only, showed a wider range, from 31.30 to 78.66 ns.
A noticeable intersection at 58.26 ns, corresponding to a cdf
of 0.65, implies that for around 65% of cases, the two models
give similar views of the channel up to this delay gap. Beyond
this point, the two models diverge significantly. The proposed
model begins with a larger delay, which can theoretically be
associated with the presence of specular reflections.

Fig. 17. CDF of rms delay Spread considering scenario A,
with D = 25 m.

Fig. 18. PDF of channel gain of the reflection component of the
VVLC path loss (excluding LOS path gain), considering scenario A
when D = 25 m.

These reflections, being deterministic, can lead to certain
signal paths having a significant delay, manifesting as a peak
in the impulse response. As the delay increases and diffuse
components become more influential (since all signals exhibit
some level of scattering), the behaviors of the two models
converge. This is evident in the intersection point mentioned.
This convergence could be due to the randomness of diffuse
reflections dominating the behavior of both models after a
specific period. In Fig. 18, the proposed model provides a
more robust gain range from −75.24 to −207 dB.

The average attenuation is −145.1 dB, with the concentra-
tion of channel gains, as shown in the pdf peak, at 0.036.
In contrast, (purely diffuse reflections) extends over a wider
attenuation spectrum, from −101 to −273 dB. Its mean
value rises to −167.5 dB, and its pdf peak distribution falls
slightly to 0.030. As specular reflections are deterministic, they
retain greater signal strength, giving the proposed model its
significant gains. On the other hand, the more attenuated nature
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of Lambertian model is indicative of the random scattering
associated with purely diffuse reflections, resulting in greater
signal dispersion and, consequently, weaker received signals.

Furthermore, in a such confined environment where the
main focus is on multipath components (excluding LOS),
the fusion of specular and diffuse reflections in the proposed
model results in more stable and predictable channel behavior.
This can be particularly beneficial in environments with a
combination of reflective surfaces, ensuring reliable communi-
cation despite the absence of a direct line of sight. In contrast,
Lambertian model, by relying entirely on diffuse reflections,
highlights the difficulties and potential unreliability of VLC
in spaces where these reflections dominate, particularly in the
absence of a direct line of sight.

VI. CONCLUSION

In this article, we have presented a novel multipath channel
model and the behavior of a PSD-based sensor for V2V VLC
in a rectangular-shaped tunnel environment. Moreover, the
statistical characteristics and analytical results of the proposed
model provide insight into the real tunnel propagation environ-
ment for VLC. The discrepancy between the rms delay values
of the proposed model and Lambertian model underlines the
importance of model selection in accurately characterizing
vehicular channels. It indicates that the specific characteristics
of the environment and the nature of the reflections have a sig-
nificant influence on the characteristics of multipath propaga-
tion, affecting delay spread and, consequently, overall system
performance. The distinct behaviors of the two models high-
light the importance of considering all reflection types. The
proposed model, capturing both reflection types, offers a more
comprehensive view of the system, essential for real-world
applications where both reflection types are always in play.

From the analysis and quantification of the multipath effect
using the proposed model, we can conclude that the proposed
model based on a discretized approach suggests that VLC
has the potential to be a robust technology for V2V in
closed environments, even without a direct line of sight. This
could enable more reliable communications in situations where
vehicles are in motion and LOS is often obstructed.
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