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Abstract—Over the past few years, Light Emitting Diode
(LED) has become very common in automotive lighting due
to its long service life, high resistance to vibration, and better
safety performance due to its short rise time. A number of
existing works use LEDs that already exist in vehicles, such as
brake lights, turn signals, and headlamps, to carry out vehicle-to-
vehicle (V2V) communications with visible light communications
(VLC). Nonetheless, very few studies derive analytical models for
VLC with empirical data obtained from the real world or with
realistic assumptions. In addition, experimental works were often
conducted in closed environments with lighting systems that are
specifically customized, instead of real-life lighting systems. In this
paper, we perform an analytical study that attempts to derive
VLC channel models in a realistic V2V setting. The proposed
model is evaluated against the real-world data obtained with
unmodified off-the-shelf scooter taillights, and the results show
that the proposed model is able to accurately estimate the received
power of the scooter taillight at distances of up to 10 meters. In
addition, this paper also discusses several guidelines for modeling
VLC radiation behaviors when different types of LED taillights
are used.

Keywords—Visible Light Communication (VLC), vehicle-to-

vehicle communications, channel modeling

I. INTRODUCTION

In recent years, Visible Light Communication (VLC) is
emerging as a cost-effective and scalable technology for data
transmission [1]. While VLC has a wide range of potential
applications, in this paper, we focus on using the VLC tech-
nology to implement a new low-cost vehicle safety system.
The key concept in this new safety system is to use VLC as
an underlying means of communications to enable cooperation
between vehicles: vehicles such as passenger cars, scooters,
and buses can share their current status and their observation
of the neighboring environment via Vehicle-to-Vehicle (V2V)
communications. By using Light Emitting Diodes (LEDs)
that are already very common in today’s automotive lights
(e.g., they can be found in brake lights, turn signals, and
headlamps of vehicles) as the transmitting component, the
VLC technology can be implemented in vehicles without
adding an expensive V2V equipment, such as a Dedicated
Short Range Communications (DSRC) [2] radio, which relies
on the conventional radio frequency communications.

While a number of existing studies have investigated how
the VLC can be applied to vehicular applications, very few
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Fig. 1. Yamaha Cygnus-X scooter taillight and the VLC front end board that
were used in the experiments. The scooter taillight has a total of 30 regular
LEDs which are spaced by approximately 1 cm.

studies have analyzed the optical channel in a real world
setting. As a result, in this paper, we performed an empirical
study to analyze the VLC communications in a scenario where
off-the-shelf automotive lighting equipment is used in open
environments. To be specific, we analyze the optical channel
characteristics when LED lights in a scooter taillight are used
at the transmitting end and propose a new optical channel
model that can better capture the channel characteristics and
offers better estimates in terms of received optical power than
the existing models.

II. RELATED WORKS

This section discusses prior works that study the VLC opti-
cal channel model and several applications proposed for VLC-
based V2V networks. [3] investigates the channel performance
and capacity of the VLC system when different modulation
schemes are used. A VLC prototype was developed and studied
in indoor scenarios where several LEDs are mounted on the
ceiling. The authors also present a theoretical analysis of the
optical channel model where an expression to estimate the
signal-to-noise ratio (SNR) is given. However, the proposed
model only applies to indoor scenarios.

[4] implements a VLC system and evaluates the feasibil-
ity of using the VLC technology for vehicular applications
whereby the reachability, the latency requirement, and the
scalability concern are considered. Nevertheless, the authors
assume an on-off channel model in their simulation study.
Another VLC system, implemented with the front and back
lights of a passenger car, was proposed in [5]. The authors
applied optical filters and lens designs to improve the range. [6]
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TABLE I. PARAMETERS USED IN THE SYSTEM PROTOTYPE AND THE
EXPERIMENTS

Parameter Value

Transmitting taillight model Yamaha Cygnus-X (2011 year model)
original taillight

Receiving photodiode module Thorlabs PDA100A
Receiver detection area 9.8 mm x 9.8 mm
Avg. TX power (electrical) 12 W (input to the taillight)
Carrier freq. / filter bandwidth 100 KHz / 5 KHz
Data rate / packet size 10 kb/s / 20 bytes

proposes the use of a camera, instead of a photodiode, as the
receiver in a VLC system, and found that the range can be
greatly improved due the large number of pixels.

A few other existing works focus on developing and
evaluating the VLC system in outdoor vehicular environment.
[7] and [8] investigate the error performance of the VLC
system when different LED components/lights are used. [7]
suggest the performance of VLC does not differ much between
day time and night time. [9] propose and validate an analytical
model for a line-of-sight optical channel between LED traffic
lights and vehicles. While the VLC system prototype used
in this work is based on our previous work [10], the work
focused on the implementation and the real-world performance
evaluation of the prototype; the VLC channel properties with
off-the-shelf automotive lights were not investigated.

III. SYSTEM PROTOTYPE AND EXPERIMENTAL SETTING

The prototype was implemented using Software Defined
Radio (SDR) because of the flexibility to quickly modify
the system design. At the transmitting end, a laptop with
GNU Radio signal processing package is used to modulate
the digital information in a packet into the form of digitized
signal samples. The samples are then sent to the SDR to
be converted into analog signal. The VLC front end board
then converts the voltage-varying signal to the current-varying
signal, which drives the transmitting LED. At the receiving
end, a photodiode is used to receive the optical signal within
the visible light spectrum, and converts it to electrical signal.
The SDR on the receiving end then converts the electrical
signal into digitized signal samples, which are then sent to
the laptop for filtering and demodulation. 4-PPM is chosen
as the utilized modulation scheme because of its high power
efficiency. A band-pass filter is used to eliminate the majority
of the ambient interference. Parameters and other settings used
in the experiments are shown in Table I. Figure 1 depicts the
taillight used in our experiments.

In order to obtain empirical received power data in a static
scenario for analysis, we performed a set of measurements
whereby the location of the transmitting taillight is fixed, i.e.,
at location (0,0) shown in Figure 2, while the location of the
receiving photodiode varies with a number of distance and
angle combinations, i.e., (xi, aj) pairs1. To obtain accurate
received power results for this set of measurements, instead
of transmitting and receiving modulated packets, a continuous
sinusoid of a certain carrier frequency is transmitted. The
receiving photodiode is connected to a Tektronix RSA3308B
real-time spectrum analyzer to measure the received power

1where xi 2 {2m, 3m, 4m, 4.5m, 5m, 5.5m, 6m, 8m, 10m} and aj 2
{5�, 10�, 15�, 20�, 23�, 25�, 28�, 30�, 35�}.

within a small bandwidth around the carrier frequency. Loca-
tions of the transmitter and receiver are shown in Figure 2(a)
and Figure 2(b) depicts the received power measured at all 81
receiver locations.

IV. CHANNEL MODEL FOR SCOOTER TAILLIGHT

Existing works have proposed optical channel models for
LED lights and verified that they can accurately estimate the
received optical power [3] in a closed experimental environ-
ment. In this section, we compare the existing model with
the empirical data collected from experiments described in
Section III and propose a new channel model that can provide a
better estimate to the received optical power when unmodified
off-the-shelf scooter taillights are used as the transmitting
optical source.

A LED light usually has the Lambertian radiation pattern
and a generalized Lambertian radiant intensity is given by:

R(�) =
n+ 1

2⇡
PT cos

n
(�) (1)

where PT is the transmitting optical power, � is the irradiance
angle with respect to the transmitter perpendicular axis, and
n is the order of the Lambertian model and is given by n =

� ln 2

ln

(

cos�1/2)
where �

1/2 denotes the half-power angle.

In the case where the distance between transmitting and
receiving ends, D, is much larger than optical detector size,
AR, one can approximate the received irradiance to be constant
over the detector surface and thus based on (1), the channel
DC gain can be expressed as

H(0) =

(n+ 1)AR

2⇡D�
cos

n
(�) cos(✓) (2)

where � denotes path loss exponent2 and ✓ is the incidence
angle. It thus follows that the received power, PR, can be
written as

PR = H(0)PT (3)

In our experiments, the transmitter and receiver are of the same
height, i.e., they are on the same 2D plane and ✓ = �. As a
result, (2) and (3) can be reduced to

lnPR = C + ln(n+ 1) + (n+ 1) ln cos(�)� ��� lnD (4)

where C is a function of AR and PT and is fixed for all
experiments. Note that (4) has two unknown parameters, the
order of Lambertian model, n, and the path loss exponent, ���.

Based on the relationship between the received power
and other parameters, a linear least-square method is used
to estimate values of the two unknown parameters and the
result from the parameter estimation is shown in Figure 2(c).
One can observe that the original Lambertian model does not
provide good estimates (or even the trend) in terms of the
received power. This is likely due to the fact that automotive
lights often have reflection shields behind the LEDs and/or
plastic lens in front of the LEDs to regulate the radiation
pattern in order to fulfill the requirements of the maximum or
minimum light intensity in the safety regulations. The original
Lambertian is not able to capture these additional effects.
With close investigation, one can observe a drastic shift in the

2with a typical value of 2.
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Fig. 2. (a) Locations of the transmitter and receiver used in our empirical measurement study (b) received power measured at receiver locations and (c) received
power estimated by the generalized Lambertian model.

TABLE II. FITTING PARAMETER VALUES OF THE TWO GROUPS OF
DATA

Irradiance angle Path loss exponent Half-power angle, �1/2

20� or less 2.597 61.33
greater than 20� 3.551 4.51

trend of the change of the received power with respect to the
transmitter-receiver (T-R) distance when the irradiance angle
increases to approximately 20�, indicated by the red line in
Figure 2(b). Specifically, when the photodiode receiver locates
above the red line, i.e., the irradiance angle is larger than 20�,
the received power decreases significantly as the T-R distance
increases. On the other hand, if the location of the receiver is
below the red line, the received power gradually drops as the
T-R distance increases. Note that the threshold value of 20�

indicates the beam angle of the taillight is roughly 20�, which
agrees with the local safety regulation for scooter lights; in
the regulation, it specifies the minimum and maximum light
intensity only for irradiance angles up to only 20�.

This thus suggests that the path loss exponent in this optical
channel varies with the irradiance angle and the parameters in
(4) should be estimated separately: one for the case when the
irradiance angle is larger than 20� and the other for the case
when the irradiance angle is smaller than 20�. Parameter values
resulted from the least-square estimation are given in Table II.
One can observe that the values of the path loss exponent and
the half-power angle for the case when the irradiance angle is
larger than 20� are significantly larger and smaller than those
of the other case, respectively.

Figure 3 presents the received power estimated from the
proposed piecewise Lambertian model and the estimates are
plotted in comparison with the empirical measurement data.
Observe that by taking into account the two different regions,
the proposed model provides better estimates in terms of
received power. Similar observations can be made for mea-
surements at different T-R distances. Note that the contour
map obtained from the proposed piecewise Lambertian model
(as depicted in Figure 4) also leads to similar conclusion: the
received optical power when an off-the-shelf scooter taillight
is used should be estimated in a piecewise fashion. One can
observe from the figure that with a much larger path loss ex-
ponent and much smaller half-power angle, the received power
with the irradiance angle larger than 20� drops drastically as
either the T-R distance or the irradiance angle increases.
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Fig. 4. Contour map of the received power estimated based on the proposed
piecewise Lambertian model.

Based on the estimated received power, one can compute
the packet reception rate (PRR) with the following expres-
sions3:

BER = Q

 r
M log

2

M

2

�

!
(M=4 for 4-PPM)

PRR = (1� BER)

8⇥20

where � denotes the electrical signal-to-noise ratio (which is
proportional to the square of the received optical power PR),
including both the shot noise and the thermal noise. Figure 5(b)
depicts the packet reception rates estimated from the model
when the receiver is placed at different locations on the plane
and Figure 5(a) plots the packet reception rates obtained from
the empirical measurement [10]. This experiment emulates
the overtaking scenario whereby one scooter overtakes the
other. In this experiment, there are two scooters from a
different lane. Observe from the figure that the reception rate
computed from the model can well approximate PRR obtained
from the empirical measurement. Although the results of the
proposed model presented here might only apply to the settings
assumed in this study, the methodology of using piecewise
parameter estimation is valid in other scenarios with different
environment and/or models of taillight (i.e., transmitter). To the

3The length of a packet is assumed to be 20 bytes. This PRR calculation
assumes independent bit errors and that no forward error correction code is
used, in order to obtain the lower bound of the raw link error performance.
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Fig. 3. Comparison between the received power collected from the empirical measurement and the ones that are estimated based on the piecewise Lambertian
model for three different transmitter-receiver distances.
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Fig. 5. Packet reception rate (PRR) at different receiver locations. The left and
right figures show the packet reception rate obtained from the experiments [10]
and the proposed model, respectively.

best of our knowledge, this is the first study that analyzes the
optical channel and proposes a theoretical channel model that
can capture realistic channel behavior when an off-the-shelf
LED source is used.

V. CONCLUSION

Visible light communications has been considered to be
a low-cost and scalable alternative for V2V communications
especially for safety-related applications. Nonetheless, very
few studies exist that analyze the optical channel behavior in
real-world settings and this paper attempts to fill this gap. In
this paper, we perform several experiments that measure the
received optical power when an off-the-shelf scooter taillight is
used at the transmitting end. Based on the obtained empirical
measurement results, a theoretical analysis was conducted and
it shows that the existing optical channel model is unable to
accurately estimate the channel behavior of the system. In
addition, we also propose a new channel model that can better
capture the optical channel behavior both in terms of received
optical power and packet reception rate. The model has been
evaluated both in static and dynamic experiments. It is also
important to note that, while the proposed channel model might

be specific to the taillight model used in the experiment, the
methodology employed in this paper could be applied to any
VLC transmitters.
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