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Abstract—In this paper, we investigate the performance of
a visible light communication (VLC) system for vehicle-to-
infrastructure (V2I) connectivity. Two headlamps of the vehicle
serve as wireless transmitters while photodetectors located within
the traffic light pole act as wireless receivers. We use non-
sequential ray-tracing approach to obtain optical channel impulse
responses (CIRs) for the V2I scenario under consideration assum-
ing different positions of the vehicle within the road. Based on
the CIRs to model propagation environment as well as the effects
of LED non-linear characteristics, we calculate the achievable
signal-to-noise ratio and achievable data rates for VLC-based
V2I systems.

Index Terms—Vehicular visible light communication, Raytrac-
ing, vehicle-to-Infrastructure communication.

I. INTRODUCTION

Intelligent transportation systems (ITSs) aim to improve
road safety, traffic flow, and passenger comfort [1] through
the use of advanced connectivity, control and sensor tech-
nologies. Vehicular connectivity, in various forms such as
vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I) and
infrastructure-to-vehicle (I2V) communications, is considered
one of the keys enabling technologies for ITSs. Current
deployments typically use radio-based solutions such as LTE-
V and DSRC [2]. However, limited radio frequency bands
allocated for vehicular networks can suffer high levels of
interference in heavy traffic and channel congestion might
be particularly problematic for delay-sensitive safety func-
tionalities [3]. Such motivations have prompted researchers to
investigate visible light communication (VLC) for vehicular
networks [4], [5].

VLC is based on the principle of modulating light-emitting-
diode (LED) light at very high speeds beyond the perception
of human eyes. This lets the dual use of LED luminaries for
both illumination and communication capabilities. VLC is a
natural candidate for V2V and V2I/I2V communications since
LED-based vehicle headlights and taillights as well as street
lights and traffic lights can be employed as VLC transmitters.
There is a growing literature on various aspects of vehicular
VLC including channel modeling, physical layer design, and
multi-user networking, see e.g., [6]–[8].

An important research problem is the development of real-
istic channel models which will shed lights into fundamental
performance limits of vehicular VLC networks [9]. Towards
this, there have been some efforts in the literature [4], [10]–
[30]. Most of these works focused on V2V channels based on
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Fig. 1. (a) V2I scenario under consideration and (b) Location of high-beam
headlamps (transmitters) and photodetectors (receivers).

either experimental [4], [10]–[12] or simulation studies [13]–
[20]. Some attention was paid on V2I/I2V channels [21]–[30].
A comparison of existing works on V2I/I2V can be found
in Table 1. Most of these works build upon some idealistic
assumptions which do not reflect the inherent characteristics
of vehicular VLC systems. For example, in [21]–[23], [25],
[26], ideal Lambertian pattern is used to simulate the ve-
hicle headlamps. This does not match practical headlamps
which typically have asymmetrical radiation patterns [4]. In
addition, most of these works consider only line-of-sight
(LOS) component while reflected rays from the road might
have a non-negligible contribution on the level of received
power. The impact of road reflectance is discussed in [24],
[28], but a fixed reflectance value is assumed for simplicity.
This however does not hold for visible light spectrum where
wavelength-dependent reflectance should be assumed for a
realistic modelling.

In this paper, we aim to address such shortcomings in the
current literature and provide a precise channel characteriza-
tion of VLC-based V2I systems. Specifically, we consider a
two-lane road where the vehicle communicates with a traffic
light pole. Two headlamps of the vehicle serve as wireless
transmitters while three photodetectors located within the traf-
fic light pole adjacent to yellow, red and green LED luminaries
to act as wireless receivers. We use non-sequential ray-tracing
approach [17], [31]–[33] to obtain optical channel impulse
responses (CIRs) for the V2I scenario under consideration
assuming different positions of the vehicle within the road.
Based on the CIRs to model propagation environment as well
as the effects of LED non-linear characteristics, we calculate
the achievable signal-to-noise ratio (SNR) and achievable data
rates for VLC-based V2I systems. The rest of the paper is
organized as follows. In Section II, we present the system



TABLE I
COMPARISON OF EXISTING WORKS.

System Model Methodology Rx Tx Observations
[21] I2V scenario using se-

lection combining receiver

Simulation based on
spectral model with
only LOS.

Photodiode Red, Green, and Yellow LEDs
With Lambertian pattern

In this work, a receiver consisting of two frontends
and selection combining circuit is used to improve
the SNR values.

[22] I2V in two-lane road

Simulation based on
Lambertian model
with only LOS &
Measurements

Photodiode Array of WLEDs to fit with
standard traffic light

In this study, the channel path loss over the dis-
tance is calculated where 42 dB is the attenuation
value recorded at 100 m.

[23] I2V scenario using Off-
the-shelf LED

Simulation based
on Lambertian
model with only
LOS & Experiment

Photodiode Commercial-off-the-shelf
LED

An analytical model of optical channel path loss
between LED traffic light and vehicles is pro-
posed.

[24] I2V in Crossroad and
metropolitan

Raytracing using
Dialux software
assuming fixed
reflectance

Photodiode Street light with Asymmetri-
cal Pattern

This study compared between VL, IR, and UV
bands. In which, the UV bands is the worst case
in terms of SNR. It is noticed also that I2V
link in metropolitan has more dispersive multipath
channel behaviour than other cases.

[25] I2V & V2I using Pixel
Illumination Model

Simulation based on
Lambertian model
with only LOS &
Measurements

Image sensor WLED with Lambertian pat-
tern

As an outcome from this study, the channel gain
remains constant with the distance if a pixel with
maximum luminance is chosen

[26] I2V with Cooperative
diversity

Simulation-
Lambertian Model
with only LOS

Photodiode WLED with Lambertian pat-
tern

The advantage of using two PDs and Maximal
ratio combining (MRC) scheme is investigated.

[27] I2V with MRC Experiment Photodiode RGB LED The author utilizes MRC scheme and two PDs to
increase the transmission distance up to 100 m.

[28] I2V in tunnel
Monte Carlo
raytracing assuming
fixed reflectance

Photodiode Commercial street light
source

An initial study for I2V channels in the tunnel con-
dition is proposed where insights for the coverage
area and the achieved capacity are illustrated.

[29] I2V based on camera as
a receiver Experiment Camera Green traffic light

Demonstration for I2V communications based on
a green traffic light and a camera receiver is
proposed.

[30] I2V based on commer-
cial street light in a two-lane
highway road

Raytracing using
OpticStudio with
wavelength-
dependent
reflectance

Photodiode Commercial streetlight with
asymmetrical pattern

A simulation study for I2V link based on a
commercial streetlight source with asymmetrical
radiation pattern. The effect of car velocity and the
nearby cars on the received SNR is investigated.

model and describe channel modeling approach. In Section
III, we provide capacity analysis. In Section IV, we present
simulation results and finally present concluding remarks in
Section V.

II. SYSTEM AND CHANNEL MODEL

As illustrated in Fig. 1.a, we consider a V2I scenario in a
two-lane road. We assume that the car moves at the right road
lane with a separation distance of d with respect to the traffic
light pole. We further define dy which defines the horizontal
shift between the car and the traffic light pole. As illustrated
in Fig. 1.b, two high-beam LED headlamps (denoted by Tx 1
and Tx 2) are used as VLC transmitters. These two LEDs are
assumed to have an electrical-to-optical conversion of η and a
total electrical power budget of Pe. Three photodetectors (PD-
A, PD-B, and PD-C) are placed in the traffic light and act as
wireless receivers. As illustrated in Fig. 1.b, PD-A is located
at a height of h from the ground and a vertical separation of
S is assumed between PDs.

For channel modelling, we utilize non-sequential ray-tracing
approach which was earlier used for the development of
indoor and underwater VLC channel models [31]–[33] and
recently applied to V2V VLC [15], [17]. In this method, a 3D
simulation platform with CAD models of cars and traffic poles
is constructed in OpticStudio R© software. Then, we define the
coating material of CAD-object surfaces where the scatter
fraction and the wavelength-dependent reflectance are spec-
ified. The light source specifications such as radiation pattern,
optical power, orientations, and the number of emitted rays are
then defined. Similarly, receiver specifications such as orienta-
tions, field-of-view (FOV) angle, and aperture area are defined.
The weather condition is further specified by choosing from
different scatter models available in OpticStudio R©. Following

[34], we utilize Mie scattering model where the radius of the
spherical particles, refractive index of particles, and density of
particles are provided as inputs to OpticStudio R©. After the 3D
simulation platform is constructed, non-sequential ray tracing
is executed to generate an output file including the power and
the path length of each ray that reaches to the receiver. This
information is proceed in MATLAB R© in order to obtain the
CIR. Assume that Nj is the total number of rays reaching the
jth PD for a given distance d. Let Pij and τij respectively
denote the power and the propagation delay of the ith ray,
i = 1, 2, ..., Nj received by the jth PD, j = 1, ..., 3. The CIR
at the jth PD can be expressed as [15], [17]

hopt
j (t) =

Nj∑
i=1

Pij δ (t− τij) , (1)

where δ is the Dirac delta function. The corresponding fre-
quency response is given by hopt

j (t)
FT←−−→ Hopt

j (f). In
addition to propagation environment, the LED characteristics
might further introduce distortions. Let fc denote the cut-
off frequency of the LED. The LED frequency response is
typically given by [35]

H led(f) =
1

1 + j f
fc

· (2)

Therefore, the effective frequency response at the jth

PD including the combined effects of both propagation
channel and front-end effects is given by Heff

j (f) =

Hopt
j (f)H led(f)

IFFT←−−→ heff
j (t). The path loss can be then

computed as

PLeff
j = 10 log10

(∫ ∞
0

heff
j (t) dt

)
· (3)
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Fig. 2. Optical CIRs for Scenario II at each PD assuming Pe = 15 dBm (a) d = 5 m (b) d = 20 m

III. ACHIEVABLE DATA RATES

As a performance metric, we consider ergodic capacity
which yields the maximum data rate that can be achieved
in a communication system. For VLC systems with intensity
modulation/direct detection (IM/DD), the transmitted signal is
typically constrained in both average and peak values [36].
The exact expression for ergodic capacity is still unknown
for IM/DD systems. Consequently, different bounds on the
capacity of optical channels are derived in the literature [35],
[37]–[39]. For example, it is shown in [39] that the gap
between the exact and the lower bound can be neglected for
high SNR values and the capacity can be approximated as

C ≈ B

2 ln (2)
ln

(
1 +

exp (1) γ

2π

)
, (4)

where γ is the signal-to-noise ratio (SNR) and B is the
bandwidth. SNR is given by

γ =

(
η Rheff

DC

)2
Pe

σ2
n

, (5)

where R is photodetector’s responsivity, Pe is electrical trans-
mission power, heff

DC =
∫∞

0
heff(t) dt is the DC channel gain.

σ2
n = N0B is the noise variance and N0 is noise power

spectral density. Replacing (5) in (4), we have

C ≈ B

2 ln (2)
ln

(
1 +

exp (1)
(
ηRheff

DC

)2
Pe

2πN0B

)
· (6)

IV. SIMULATION RESULTS AND DISCUSSION

As shown in Fig. 1.a, we consider a V2I scenario in a
two-lane road where R2 type road with asphalt coating is
considered. The car is modeled as black-colored CAD object
with dimensions of Audi A5 Coupe model [40]. The traffic
pole is modeled as a CAD object with surface cover of
galvanized steel. The values of h and S are assumed to be
2 m and 0.25 m, respectively. In our simulation study, we
create the photometric data (i.e., IES file) of the car headlamp
under consideration which contains the luminous intensity
in all different planes. This photometric file is imported to
the OpticStudio R© software along with the spectral power
distribution of the LED.

We use two Philips Luxeon Rebel white LEDs for car
headlamps with Pe = 15 dBm, fc = 20 MHz, and η = 0.5.
We employ photodetectors each with an area of 1 cm2, FOV
angle of 90◦, and responsivity of R = 0.28. In simulations, we
first obtain CIRs under the assumption of unity transmission
optical power. The CIRs can be then scaled for any given value
of transmit power. We consider three scenarios:
• Scenario I: The car moves at the outer edge of the right

lane with a horizontal shift of dy = 0.25 m from the traffic
pole.

• Scenario II: The car moves at the middle of the right
lane which results in a dy = 1 m shift with respect to the
traffic pole and Scenario.
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Fig. 3. Effective CIRs for Scenario II at each PD assuming Pe = 15 dBm and fc = 20 MHz (a) d = 5 m (b) d = 20 m.

• Scenario III: The car moves at the inner edge of the
right lane which results in a dy = 2 m shift with respect
to the traffic pole.

In Fig. 2, we provide optical CIRs, i.e., hopt
j (t), j = 1, ..., 3

at distances of d = 5 m and d = 20 m for Scenario II. It can
be observed that the CIRs have more than one peak where the
highest peak comes from the right headlamp (Tx 1) and the
second one comes from the left headlamp (Tx 2). This is due
to the fact that signals with different travelling distances will
have different arrival times. For example, consider d = 5 m and
PD-A (see Fig. 2.a)., the propagation distances from the right
and left headlamps to the receiver are given, respectively, as
5.3 m and 6 m. It can be readily confirmed that the peak from
the right headlamp occurs at 17.8 ns while the peak from the
second headlamp is around 20 ns. It can be also observed that
additional peaks are observed due to reflections from road. As
seen from Fig. 2.b, as d increases, the distances between two
peaks decreases and road reflections disappear.

In Fig. 3, we present the corresponding effective CIRs
heff
j (t), j = 1, ..., 3 for d = 5 m and d = 20 m assuming

Scenario II. It is observed that the CIRs broaden in time due
to the impact of low-pass nature of LED which dominates the
overall characteristics. As a result, the effective CIR turns to
be a single peak. It is also observed from Fig. 2 and Fig. 3
that the received power at 20 m is higher than at 5 m. This is
due to the impact of receiver height where at shorter distances

the receiver can not efficiently see the transmitter.

In Fig. 4, we present the path loss for all scenarios and three
PDs under consideration. It is observed that PD-A achieves the
highest channel gain while PD-C has the worst gain. This is
due to the relatively large difference between its height and
the height of car headlamps. For example, consider scenario I
and a distance of d = 10 m. The channel gain using PD-A is
recorded as PLeff

1 = -55.6 dB. This reduces to PLeff
2 = -65.8

dB and PLeff
3 = -76.9 dB for PD-B and PD-C, respectively.

When the lateral shift (dy) increases, the path loss further
increases. For example, consider PD-A and a distance of d
= 20 m. The path loss values for scenario I, scenario II, and
scenario III are obtained respectively as -59.3 dB, 60.2 dB,
and -63.5 dB.

In Fig. 5, the achievable data rates based on (6) are
presented. Since the PD-A receives the highest gain with
respect to other PDs, it can achieve the highest capacity
for all scenarios under consideration. For scenario II and
d = 30 m, the maximum data rate that can be supported
with PD-A is 54 Mbps. This reduces to 41.8 Mbps and
21.3 Mbps respectively for PD-B and PD-C. It can be also
noted that in shorter distances, the lateral shift dominates the
overall characteristics. It is also observed that the capacity
first increases with the distance until reaching the maximum
value because of reducing the horizontal shift, dy . Then, any
increase in the distance results in decreasing of the capacity
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Fig. 4. Path loss for (a) Scenario I (b) Scenario II (c) Scenario III for transmit power of Pe = 15 dBm and front-end bandwidth of 20 MHz.
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Fig. 5. Achievable data rate versus distance at each PD for (a) Scenario I (b) Scenario II (c) Scenario III for transmit power of Pe = 15 dBm and front-end
bandwidth of 20 MHz.

due to the effect of longitudinal distance, d.
So far, we assumed the employment of single photodetector.

It is possible to take advantage of all three photodetectors.
For this purpose, we employ equal gain combining (EGC) in
Fig. 6. EGC uses a direct sum of the branch signals from
all photodetectors with equal weighting to all branches, which
result in increasing of overall received SNR. As observed from
Fig. 6, the achievable data rate significantly increases due to
such combining.

V. CONCLUSION

In this paper, we have investigated the channel characteris-
tics of V2I VLC link in a two-lane road. The two headlamps of
the vehicle are utilized as wireless transmitters to communicate
with the traffic pole which has three photodetectors located
adjacent to yellow, red, and green LED luminaries. Non-
sequential ray tracing has been adopted to obtain realistic
CIRs. In addition to the impact of optical CIRs, the LED front-
end has been also shown to strongly affect the channel. By
assuming different locations of the vehicle within the road, the
effect of lateral shift between the vehicle and the infrastructure
has been investigated. By taking into account all of these
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Fig. 6. Achievable data rate versus distance for three photodetectors deploy-
ment case (equal gain combining).

parameters, we have calculated the achievable data rates of
all V2I scenarios under consideration.
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