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Abstract: In this paper, we explore the use of visible light positioning (VLP) technology in vehicles
in intelligent transportation systems (ITS), highlighting its potential for maintaining effective line
of sight (LOS) and providing high-accuracy positioning between vehicles. The proposed system
(V2V-VLP) is based on a position-sensitive detector (PSD) and exploiting car taillights to determine
the position and inter-vehicular distance by angle of arrival (AoA) measurements. The integration
of the PSD sensor in vehicles promises exceptional positioning accuracy, opening new prospects
for navigation and driving safety. The results revealed that the proposed system enables precise
measurement of position and distance between vehicles, including lateral distance. We evaluated the
impact of different focal lengths on the system performance, achieving cm-level accuracy for distances
up to 35 m, with an optimum focal length of 25 mm, and under low signal-to-noise conditions, which
meets the standards required for safe and reliable V2V applications. Several experimental tests were
carried out to validate the results of the simulations.

Keywords: visible light communication; visible light positioning; vehicle-to-vehicle; angle of arrival;

positioning sensor device; smart cities

1. Introduction

Improving driving safety is a critical objective in the development of intelligent trans-
portation systems, as highlighted by the initiatives of various industry and government
agencies [1]. The enhancement of ITS depends on two essential elements: efficient V2V
communication and accurate vehicle positioning. These components are vital for ensuring
the safety, efficiency, and reliability of vehicular interactions in an environment that is
increasingly connected and automated.

Visible light communications (VLC) have emerged as a significant technology for
overcoming these challenges by employing visible light for both data transmission and
accurate positioning [2]. Offering advantages over conventional technologies like GPS,
radar, and lidar, VLC stands out for its data security, cost-effectiveness, and practicality [3].
Its application is particularly valuable in outdoor settings for ITS, where it enhances both
positioning accuracy and V2V communication reliability. Unlike traditional communi-
cation methods, VLC operates on an underutilized spectrum, reducing interference and
network congestion [4]. Its directional nature also enhances data security by limiting signal
dispersion, making it more difficult for signals to be intercepted. In addition, VLC can be
integrated into existing vehicle lighting infrastructures, such as headlights and taillights,
making it an economical and practical solution. As well as reducing hardware complexity,
it also takes advantage of the energy-efficient LED lighting already available in many
modern vehicles.
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In the V2V, ITS, and smart cities (SC) context, measuring the distance and orientation
between vehicles is crucial [5]. It enables the assessment of the relative position of vehicles
and the anticipation of potential movements, thus reducing the risk of collisions. This
measurement is particularly relevant for V2V-VLC, where the accuracy of relative position
is essential to ensure reliable data transmission. V2V-VLC offers unique advantages over
other wireless communication methods. It is less susceptible to RF interference and can
provide a more secure communication channel [6]. However, VLC requires a clear line of
sight between transmitters and receivers, making precise measurement of distance and
orientation even more important. This precision optimizes connection quality and ensures
efficient communication between vehicles.

Among the sensors commonly mentioned in the literature on V2V-based VLC technol-
ogy, we find cameras [7] and photodiodes [8,9]. Although they have been frequently used
in previous research for their ability to process light signals, they present certain limitations
in the specific context of V2V-VLC.

While cameras are useful for image capture and pattern recognition, they suffer
from relatively slow processing speed and sensitivity to light variations [4], which can
compromise reliability in V2V scenarios where rapid decisions are crucial. Photodiodes, on
the other hand, while effective for fast data transmission thanks to their high sensitivity,
are limited by their small detection area and directionality, posing problems in dynamic
V2V environments.

In our research, we have opted for a PSD sensor due to its exceptional ability to
accurately detect the position and intensity of light signals [10], crucial for directional
information and vehicle localization in V2V systems based on VLC. The PSD is a type
of photodiode with a large surface area consisting of a single cathode and four anodes.
This characteristic allows the determination of the impact point on its surface through
the value of the currents provided for each anode. The use of discrimination techniques
enables the differentiation between signals from multiple emitters. Despite its large surface
area, compared to single-anode photodiodes, the sensor noise does not make a substantial
difference. What changes is the capacitance between terminals, which has a greater impact
on the frequency response bandwidth (BW). However, a PSD facilitates the use of larger
lenses to collect energy on the sensor and capture more signal power.

The PSD’s high sensitivity and quick response align with the critical demands of V2V-
VLC communication for enhanced accuracy and low latency, addressing the challenges
of maintaining line of sight and precise alignment in the case of obstructions or potential
deviations. This capability enhances adaptability to dynamic road situations, such as lane
shifts or speed changes, improving the communication range and reliability by ensuring
optimal alignment. Our exploration focuses on leveraging VLC within ITS, particularly in
V2V information exchanges, by incorporating PSDs to advance vehicle communication and
localization, contributing significantly to future transportation systems’ safety, efficiency,
and dependability.

It should be noted that in this work, we focus on the fundamental aspects of VLP
localization by following the framework established by standards such as IEEE 802.15.7 [11].
Although frequency discrimination is a relevant topic, our study aligns with these existing
protocols which do not explicitly address this issue. This approach allows us to focus
our resources on validating the key concepts of VLP localization, while recognizing that
frequency discrimination represents an interesting avenue for future research. It should be
noted that if the methods for discriminating sequences and frequencies are well chosen,
there is no significant interference between the different agents, as has been reported in
previous work by the group [12].

The rest of the paper is organized as follows: Section 2 presents the background and
related work. Section 3 presents the mathematical model of the vehicular VLP system
and the setup of AOA measurements. Section 5 presents the results and discussion. In
conclusion, a summary of the contributions can be found in Section 6.
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2. Background

Several studies have explored a range of different techniques in the field of vehicular
visible light positioning (VVLP), contributing to the current state-of-the-art methods for the
development of VVLP. The TDoA (time difference of arrival) method [13] uses VLC signals
from traffic lights to estimate the position of vehicles, providing efficient self-location, but
with a limited accuracy of about 1 m and dependent on the presence of localized traffic
lights. The PDoA (phase difference of arrival) method [8,14] achieves centimeter-level
accuracy using the phase difference of the VLC signals of the front/rear lights, but it is
based on the assumption of parallel orientation of the vehicles and requires high frequencies
that are not compatible with standard automotive LEDs.

Similarly, RToF (range time of flight) [15,16] is based on the time of flight of a VLC
message between two vehicles for precise longitude positioning. However, this method
suffers from poor lateral accuracy and requires special broadband circuits. Faced with these
challenges, the AoA approach [17,18] stands out for its promise of high accuracy without
imposing restrictions such as limited vehicle orientations or the presence of traffic lights.
However, current AoA implementations are mainly limited to camera-VLC-based methods,
which are either slow in terms of communication rates or expensive due to the requirement
for high-frequency cameras. The authors in [19] introduced a VLP technique using a single
quadrant photodiode (QPD) to determine the position of neighboring vehicles through
AOA measurements. However, the proposed method requires the target vehicle to actively
broadcast its heading and speed information via VLC. This requirement could limit the
applicability of the method in real-world environments, where not all vehicles are equipped
with or constantly transmit such information. Furthermore, some studies, e.g., [20,21], have
explored the use of LED street lights to transmit identification codes accompanied by real
coordinates. These codes are captured by CMOS image sensors installed in the vehicles,
making it easier to determine their position. Nevertheless, it should be noted that the
image processing algorithms required for this purpose are characterized by significant
computational complexity [20].

The research group to which the authors of the article belong has extensive experience
in investigating positioning systems based on infrared and visible light. This expertise
extends to the design and enhancement of PSD sensors. Traditionally, PSDs have been used
for high-precision positioning of offsets, alignment variations and angle variations between
two systems where the relative positioning variation is very small. In these cases, PSDs are
often used in combination with a laser with collimated beams and without coupling optical
systems or lenses to the PSD detector, such as [22]. However, this type of application is
different and not comparable to applications such as the one presented in this work. For
some years now, our research group has been working on developing indoor positioning
systems (IPS) in which the emitter, or the detector, moves freely (without being solidly or
mechanically coupled to each other) in spaces of several metres in 2D or 3D. In these cases,
the detector always has a lens coupled to it to form an image on the detector, which allows
us to determine the angle of arrival of the light beam. In fact, it is possible to receive more
than one beam of light and determine the angles of arrival of all of them with accuracy as
long as they use different beam modulation frequencies [12].

This includes addressing the sources of electrical errors as outlined in [17], where strate-
gies for correcting and mitigating these effects are discussed. Additionally, reference [23]
provides a geometric model of the PSD sensor optical system and details a calibration process
for extracting intrinsic parameters. As a result of these advancements, as reported in [10], the
team has developed a high-precision indoor positioning system (IPS) achieving accuracy to
the order of millimeters. In addition, it should be noted here that the system developed based
on PSD is not affected by ambient light, including sunlight, since the continuous component
and the low frequencies of the incident signals are filtered. On the other hand, the fact of using
a PSD and not a photodiode makes the effects of multipath practically negligible, since AoA
measurement techniques can be applied. Photodiodes, however, when performing signal
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power and phase measurements only, cannot compensate for these effects and are greatly
affected, as has been studied in previous work of the group.

In the present work, we have designed a V2V positioning system for determining
position and estimating distance and lateral deviation using PSD sensors and angle of
arrival (AoA) measurements.

To the best of our knowledge, this is the first time that a PSD sensor has been used in a
V2V-VLC application. Our choice of the PSD sensor is based on its potential to significantly
improve the quality and performance of V2V-VLC communication systems, paving the
way for future developments in this field.

3. System Model and Vehicle Localization
3.1. System Model

This section presents the proposed system model, including both transmitter and
receiver. In this setup, VLC transmitters use the existing light sources on vehicles, such as
headlights and taillights, which are adapted to emit VLC signals. At the same time, a PSD
receiver is installed on the following vehicle to capture the light signals emitted by other
vehicles. The function of the PSD extends to detecting the location of the incoming light
beam on its surface, enabling the precise direction of arrival of the signal to be determined.
Figure 1 also shows a model of a two-dimensional pin-cushion PSD sensor.

Tx:
Automotive LED Tail Lights

1 :
: (- '
o~ —

Figure 1. Scheme of positioning system and pincushion PSD model. Numbers 1, 2, 3 and 4 in the
PSD equivalent circuit correspond to the anode terminals and number 5 to the cathode terminal.

The PSD sensor has four anode pins and a common cathode pin. The theoretical point
of impact of a light beam from the emitter, collected through a lens, is determined from the
output of each anode according to Equations (1) and (2) as shown in [23]:

X = f(LX/ IXlrIX1/IY1/ IYZ)/ (1)
y = f(Ly, Ix1, Ix1, Iy1, Iy2), 2)

where Ix1, Ix2, Iy1, and Iy; are the electrical currents from the PSD sensor anode pins and
Ly y Ly are the sensor dimensions. To characterize the sensor + optical unit, the pinhole
model was used, which allows us to obtain the geometric parameters of the system and to
know the amount of energy that is collected [23].

The PSD presents a fast-processing alternative that offers a series of features over
conventional cameras and photodiode arrays, including fast response time, good posi-
tioning accuracy and simple signal conditioning circuitry [24]. It should be noted that the
advantage of PSD-based systems lies in their ability to provide precise information on the
position of the light source, which is an essential parameter in V2V communication for
safety and navigation purposes. In contrast, VLC MIMO systems focus on improving data
throughput and reliability [25].
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A conceptual diagram of the PSD and its optical configuration are shown in Figure 2.
The PSD is specifically designed for high-resolution AoA measurement rather than simply
achieving angular diversity. The PSD has an added lens placed at a certain distance (focal
distance) above a PSD converging the rays from the TX LED into a defocused spot.

PSD Sensor f

Lens
(Xi,yi)

Figure 2. PSD sensor with lens. Black line represents the optical axis of the system. Red and blue
lines represent the translation of points in 3-D space to their image on PSD detector.

In Figure 2, (x;,y;) represent the impact points on the PSD sensor, f is the focal length,
(Xi,Y;, Z;) are the points in the transmitters in the environment, (6y;, 9},1) are the angles of
arrival (components of AoA), and i represents each emitter, using Equations (3) and (4) to
calculate the angles:

0y = arctan (J}l) , 3)
fly; = arctan <y;) , 4)

As can be seen, the field of vision is related to the size of the PSD sensor and the focal
length of the lens, according to Equation (5):

L
FoV = 2 arctan <2f> , @)

where L is the diagonal of the sensor and f is the focal length of the lens. The system model,
which correlates the 3D positions of the emitters in the world with their corresponding
impact points on the sensor’s surface (x;, y;), is detailed in reference [23]. The points of the
coordinates in the real-world coordinate system are ( Xy, Yo, Zy ), and (Xg, Yr, Zr) are the
coordinates of the emitters referring to the PSD system.

XR Xw
Yr | =R| Yw | +T, (6)
ZR Zw

The relationship between the receiver’s reference system and the image plane is
represented by Equation (7)

sx f 0 Cy\ /Xr
syl=10 f ¢ |[Yr ] )
s 00 1/)\zz

where s represents the scale factor that relates the 3D to 2D projection. The matrix system
in Equation (7) presents the mathematical model of the receiver, without considering the
distortions produced by the lens and the PSD sensor. By combining Equations (6) and (7)
we obtain:
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X
SX f 0 Cx 11 "2 113 Tx YVV\;]
sy| =10 f Gy |rm 2 s Ty ||, | (8)
S 0 0 1 r31 132 133 T, 1W
A RT
SX Xw
sy | = ART| Yy |, )
S ZW

where A presents the matrix values of the intrinsic parameters and RT is the rotation-
translation matrix. Furthermore, the authors in [23] introduce a calibration technique to
determine the intrinsic parameters of the measurement system.

Problems That Arise Developing the System with PSD

In order to obtain a good measurement and ensure accuracy of the AoA using PSD,
several issues need to be taken into account.

Given that the emitters are located at large distances from the PSD detector and that
their emission pattern is divergent, the energy that reaches the detector is very small
and, therefore, so is the current it generates (of the order of nA-uA); therefore, it must
be amplified to be able to work with them. Furthermore, all the error sources that each
PSD channel may have must be calibrated together with the error sources that the external
circuits may present. The amplification circuits may present imbalances in their gains, so a
calibration process will be needed to adjust all possible sources of error and make each of
the four channels of the PSD, including its amplification circuits, behave exactly the same
since the signals delivered will be used to obtain the impact point of the light beam image
and, therefore, the AoA [26].

In the case of the signal conditioning circuits, we use transimpedance amplifiers
as the first stage to amplify the signals delivered by the four anodes and perform the
current-voltage conversion.

As can be seen, the circuit allows working with output voltages Equations (1) and (2)
instead of currents.

In addition, a band-pass filter (BPF) is added to eliminate noise at frequencies higher
than the modulation frequencies of the emitters.

Additionally, several sources of error are present when calculating the point of inci-
dence on the surface of the PSD sensor [26] and they must be analyzed:

e Component tolerances (feedback resistor and amplifier stage capacitor) affect the
variance of the gains. Each of the four output PSD signals is, therefore, amplified by a
k; factor. This amplification will cause a deviation in the determination of the actual
point of impact. Both tolerances should be modeled on a uniform distribution Ua, b]
using realistic values for components and their tolerances. In addition, k; will depend
on the frequency. Although the frequency used for this PSD is less than 50 kHz,
the frequency and tolerances will be analyzed together. These factors will provide a
relevant error in the total error analyzed, even using low tolerance values.

¢  Temperature changes in the gain component values. Different profiles of operating
temperatures and temperature component coefficients based on realistic values should
be used in the simulation and test phases. A uniform distribution U|[a, b] should be
modeled to incorporate the above characteristics. Changes in temperature will cause
changes in the nominal values of the components. However, it can be considered as
an independent effect of the tolerance components. For this situation, it is estimated
that the generated error will not be a notorious contribution because the temperature
effect will have the same influence in all system components.
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e Influence of system noise. There will be a correlation between them. The different
types of noise to be evaluated will be: shot, thermal, and operational amplifier noise.
All will be analyzed under a white Gaussian noise hypothesis (N(0,c?)).

e The shot noise depends on the dark current and the sensor (photodiode) current. This
noise source will be the main contribution to the total error of this stage. Although the
PSD sensor used in this work (pin-cushion) produces less dark current than others,
the shot noise will mainly be the most notable error.

¢ Thermal noise depends on the component values, temperature variations, and equiva-
lent bandwidth. This type of noise is correlated with the previous analysis (component
tolerance and temperature variations). The degree of correlation between them de-
pends on the tolerance and temperature variations, but the contribution of the shot
noise (independent of them) has more influence than this. In order to simplify the
analysis, each should be evaluated separately. The influence of this error in the impact
sensor point depends on the SNR.

*  Amplifier noise does not depend on external parameters. It will only depend on the type
of operational amplifier. For this reason, we suggest choosing a low noise FET type. The
use of band-pass filters to reduce the signal noise eliminates the offset, so bias currents
and offset voltages and currents at the amplifier input do not affect the system.

Other sources of noise to be analyzed are those from the analog-to-digital converter.
Quantization errors come from the number of bits in the analog-to-digital converter. This
type can be reduced by increasing the number of bits, optimizing the SPAN or increasing
the sampling frequency.

Here, we propose a method of measuring the angle of arrival using a PSD sensor
to determine the distance between vehicles. To this end, given that an optical system
is attached to the PSD with non-ideal behaviour with respect to the theoretical pinhole
model used, it was necessary to perform a geometric calibration to determine the intrinsic
parameters of the system, thus allowing us to accurately determine the angle of arrival of
the beam [23].

This approach is based on obtaining the relationship between the environment and
the optical system. Since it does not adjust the intrinsic parameter values (optical center,
focal length, and distortion parameters), the distance measurement will contain an error
that can only be corrected by calibrating the real intrinsic parameters. The needed PSD
sensor system geometric calibration using mathematical models is based on the pin-hole
model. This is a linear model that relates points in the environment to points in the image,
depending on the intrinsic linear parameters of the optical system (without distortion, since
the model does not have a lens), and the extrinsic linear parameters (rotation, translation).
However, despite the similarity, there are differences, because cameras are array detectors
with millions of receiver cells (space is discretized), whereas a PSD is an analog sensor that
delivers very small currents (pA), with all of the problems and errors that this entails. The
parameters corresponding to the effects produced by the lens attached to the PSD sensor,
such as radial and tangential distortion, were added to the pin-hole model, as were the
corresponding distortion parameters presented by the PSD sensor itself [23].

3.2. Vehicle Localization with AOA-Based VLP

This section presents the AoA-based VLP system that is used for vehicle localization
and positioning accuracy which represents the sensitivity of the dual-AoA measurements.
AOA is a triangulation method that relies on measuring angles from transmitters placed
at specific locations in order to deduce the position of a moving target device. Figure 3
shows the triangulation method to obtain the inter-vehicular distance dx. In image systems
mounting lenses, it is common practice to redefine the schema and place the sensor in
front of the lens to simplify the view and avoid the need to display the image inverted.
Following that schema, the PSD has been depicted in front of the lens in Figure 3 instead of
behind the lens as it is really placed, as shown in Figure 2 (where the image is inverted).
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Figure 3. Triangulation method to obtain the distance between vehicles: (a) Scenario A; (b) Scenario B.

The distance between the two rear lights is denoted by W, while its projection on the
PSD surface is denoted by w’. The parameter f represents the focal length of the sensor
(very enlarged in the figure to show it conveniently and to be able to see it, since it is only a
few mm in length).

*  Scenario A: the leading vehicle with two rear light emitters and the following vehicle with a
PSD sensor. The vehicles are not perfectly aligned, introducing a lateral offset. The distance
between the two rear lights (emitters) is known. Let us define dx as the longitudinal distance
from the PSD to the midpoint between the two rear lights. w represents the distance between
the two rear lights. dy presents the lateral offset—the distance by which the following car is
displaced to the side relative to the leading car’s centerline.

®  Scenario B: (Vehicles aligned, dy = 0). In this case, the cars are aligned on the
horizontal axis and there is no lateral component (Y = 0). We can estimate the inter-
vehicular distance dx using the known width between two taillights and the projection
of these points on the PSD sensor.

To compute the inter-vehicular distance, dy, the following expression can be used, as
depicted in Figure 3.

de=fro — f V(X — X1x2)? + (Yrxa — Yixe)? (10)
e N 7
wr V(ma = xmxe)? + (yma — ymxe)?
__ 4
N = sy (11)
__ 4
"~ cos(6)’ (12)

where XTx1 and Y7x; are obtained from Equation (9) by substituting Xy, Yy, and Zy with

the coordinates of emitter 1. Similarly, Xtx, and Yrx; are obtained from the coordinates
of emitter 2. Equation (10) and its explanations are theoretical. However, in our specific
scenario, what we obtain are the points of impact within the PSD surface of the two emitters
(XTXlr Yrx1, XTXx2, YTXZ)- From this information, we derive d, and dy.
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The lateral distance, dy, can be estimated using the vertical position of the image of
the reference points on the sensor and considering the geometry of the situation. If y, is
the vertical position of the image of the reference points on the camera sensor, then d,, can
be calculated as follows:

d
dy =Yp TX/ (13)

4. Methodology for Performing Simulations and Measurements

Figure 4 shows a flowchart summarizing the process used to calculate the receiver’s

position from the signals detected by the PSD.
Estimate
Data Emitters distance
processing position between
Tx and Rx

Configuration Channel PSD
setup

Figure 4. Flowchart that summarizes the steps of the V2V-VLP simulation process.

YYVY Y

*  Configuration Setup. The configuration setup concerns how the general parameters of
the system are configured, such as the sampling frequency, modulation type, number
of transmitters, and the characteristics of both the transmitter and the receiver. This
essential configuration paves the way for the next phase, the generation of the emitted
signal, where the signal that will be emitted by each of the emitters is generated
depending on the type of modulation and technique defined previously.

*  Channel: In this stage, the behavior of the channel is simulated from the moment the
signal is emitted by the emitters until it is finally received by the PSD sensor.

e PSD:

1. In this step, the impact point of each of the emitters on the surface of the PSD
sensor is obtained from the coordinates and orientations of both the emitters and
the PSD receiver.

2. Attenuation. At this stage, the signal that would reach the receiver is obtained,
formed by the emitted signal attenuated according to the received power value.

3. PSD transfer function. The signal coming from the previous stage is passed through
the transfer function to obtain the real one that would be received by the PSD
from each of the emitters. To model the behavior of the PSD, its transfer function
was obtained experimentally. For this purpose, a step signal was emitted with a
transmitter and this signal was received in the PSD. In Figure 5, the Bode diagram
and the step response of the experimental PSD transfer function are shown.

Bode diagram Step response

1 1.5 2
Time (s)

10* 10° 100 10°
Frequency (rad/s)

(a) (b)

107

Figure 5. Transfer function of PSD sensor. (a) Bode, (b) Step response.
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From the values in Figure 5, the experimental transfer function of the PSD was
estimated. For the case of a sampling frequency of 1 MHz, the following transfer
function was obtained:

0.2469z1
1—0.7644z1 4 0.01766z 2

Thrgp(z) = (14)
It is worth noting that in this simulation, a Hamamatsu S5991-01 PSD (Hama-
matsu, Iwata City, Japan) with a surface area of 9 x 9 mm? was modeled. This
PSD obtains a bandwidth of 200 kHz, which is sufficient for a wide range of
communication and/or positioning applications. However, it would be possible
to use a smaller PSD (4 x 4 instead of 9 x 9) to increase the frequency response
X7 (up to 1.5 MHz) but the field of view would be half considering the same
focal length in the lenses used.

4. Amplitude of each channel as a function of the impact point. Depending on the
impact point on the PSD surface, a different amplitude is generated at each of
the sensor anodes. This amplitude is related to the distance between the impact
point and the corner corresponding to the channel (Equations (1) and (2)).

5. Signal from each transmitter and PSD channel. The signal after passing through
the transfer function would correspond to the total signal (sum of the signals
from the four channels) received by the receiver from each of the transmitters.
To obtain the signal from each of the four channels from the total signal, the total
signal is multiplied by a value A.. This value A, is a value between 0 and 1, and
their sumis 1 (X*_; Ac = 1). A, corresponds to the proportion of the total power
that reaches each channel ¢, which depends on the impact point.

6.  Signal from each channel. At this stage, the contribution of each of the transmit-
ters in each of the PSD channels is added and the continuous signal is eliminated.

7. Noise generation. At this stage, all noise components will be combined into a
single noise component. The noise considered is white Gaussian noise. Depend-
ing on the received signal and the SNR to be analyzed, a different noise signal
will be generated. Therefore, when simulating the noise, the following strategy
is followed: After capturing the signals received by each of the four channels
of the PSD under conditions without noise, we proceed to compute the total
power, denoted as Ps, of the received signals. Following this, we can determine
the noise power P, represented as:

P

Pn = T5enk7m0

(15)
8.  For each channel of the PSD, we generate Gaussian noise with a zero mean and a
noise power that is one-quarter of the total power. This noise generation is based

on the following formula:
. Py
noise = Zrandn (16)

employing randn, a MATLAB function that produces random numbers with a
normal distribution. Subsequently, we add this generated noise to the signal of
each of the four channels, effectively modifying each signal with its respective
noise component.

Calculate emitter position: The signal from each emitter is discriminated by each of
the anodes of the PSD [12], and with that signal, the impact point of each emitter on
the surface of the PSD is obtained. Once the impact point on the surface of the PSD
is known, and based on the intrinsic and extrinsic parameters, the position of the
emitters is estimated.
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e  Estimate distance between Tx and Rx: Estimating the longitudinal distance between
cars (inter-vehicular distance) as well as their lateral separation.

It should be noted that for the propagation model, in all simulations, a lead target
vehicle transmits VLC signals from its taillight to the following vehicle: this is the worst-case
scenario, with n = 1 (Lambertian order) consideration, as taillights have lower optical power
than headlights and also because a different n > 1 diagram concentrates more energy on
the receiver. Furthermore, in line with ECE R112 regulations [26], our study considers the
characteristics of low-beam lamps [27]. Moreover, in truck platooning and V2V positioning,
where a short tracking distance is maintained, a low beam headlight becomes the suitable
choice as a VLC transmitter. This choice is particularly beneficial in mitigating the effects of
vertical oscillation, which is a common challenge in vehicular communication systems [28].

5. Results

In this section, we present the simulation results obtained using MATLAB® R2023a
to evaluate the performance of the proposed V2V-VLP system in several different scenarios
taking as a starting point Scenarios A and B already introduced in previous sections. The
simulation parameters are listed in Table 1.

Table 1. Simulation parameters.

Parameter Value
SNR 20 dB, 50 dB
Focal length 8 mm, 16 mm, 25 mm
Modulation FDMA
Frequency rate 1 MHz
Iteration number 100
Communication distance 15-35m
Pt 15W
w 1.7+ 0.1m
Receiver active area 5.0671 x 10~% m?2
Processing time 0.04s

It is noted that the results presented in this section were obtained using a signal
processing time of 0.04 s (corresponding to 40,000 samples at a rate of 1 MS/s). This value
was chosen as it would provide a distance measurement rate of 25 measurements per
second. It is important to highlight that the processing time used will affect the precision of
the distance measurement. Adjusting this value, either reducing or extending it, will result
in an increase or decrease in measurement precision, as a Gaussian noise with a mean of 0 is
being used, which is commonly employed in such systems due to its faithful representation
of reality. Since an exhaustive analysis of precision is beyond the scope of this work, the
results of the variation in precision with processing time for an indoor positioning system
with PSD can be found in [10]. Although the scenarios and applications may differ, those
results are directly applicable to this study.

In addition to increasing the signal processing time, other techniques could be em-
ployed to minimize the distance measurement error. For instance, one approach could
involve taking an average of the last n distance measurements for each measurement
instance. That is, at time t, the distance measurement can be obtained as the average of the
previous n values, and at time t + 1, a new value is obtained using the previous n values.
This approach would maintain the same rate of distance measurements per second while
reducing the error. However, the drawback of this approach is that the results would be
“filtered” as they would depend on previous values. Depending on the application, this
method could be valid, as well as adding other types of processing, such as a Kalman filter,
for example. In this work, we have chosen to present the values without this type of post-
processing as they represent a worst-case scenario, and any subsequent post-processing
would improve the results.
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5.1. Simulation Setup

In our simulation setup, we have simulated the PSD sensor illustrated in Figure 6. The
receiver used is a Hamamatsu 55991-01 PSD transducer (measured bandwidth: 200 kHz,
nominal active area: 9 x 9 mm? ). Figure 6a shows the PSD sensor mounted on an electronic
board, designed to facilitate connection with the communication and signal processing
systems. The x- and y-axes are shown to define the orientation of the sensor, crucial for
detecting the direction of the VLC signal. Figure 6b shows the sensor next to a 1 euro cent
coin to provide a reference scale, highlighting the sensor’s size.

The real size of the sensor is essential for our study, as it influences integration and
deployment in realistic V2V environments. Its small size makes it easy to install in various
locations on the vehicle, offering flexibility in experimental design.

(b)

Figure 6. Proposed detector system (a) electronic board (b) Sensor module.

In order to make the simulations as realistic as possible, as previously indicated, noise
will be introduced into the signal. To properly quantify when to introduce noise, the
noise of the boards we are going to emulate was measured. Specifically, the noise of two
boards that we have available was measured: one with a one-inch diameter lens and an
amplification gain of 20 million (board 1), and another board with a half-inch diameter lens
and an amplification gain of 2 million (board 2). With the amplification gain of the boards
known, the SNR that the received signal would have can be correctly adjusted based on
the emitted power and the distance. This provides a quantitative measure of the signal
quality in various test conditions. This analysis helps to identify the performance of the
PSD sensor in different spatial configurations and under different noise levels.

From the measurements conducted, an RMS noise value of 40 mV was obtained for
board 1 and 20 mV for board 2. With these values and the known amplification gain,
emitted power, and distance, the SNR that would be obtained at each distance could be
calculated. For example, using board 1 with an emission power of 15 W, a 1-inch lens, gain
of 20 million, and at a distance of 25 m, an approximate SNR of 50 dB would be obtained,
worsening to 30 dB at 70 m. Another example, and the one to be used in the experimental
tests, using board 2 with an emission power of 5W, a 1/2-inch lens, gain of 2 million, and
at a distance of 25 m, an approximate SNR of 10 dB would be obtained. Since the SNR
depends on the distance, emitted power, and characteristics of the receiver noise, various
environments with SNR of 10, 20, and 50 dB will be simulated in this work.

In the following section, we present the simulation results. For each series of tests, we
modify the critical parameters of the system, such as the focal length of the lens used and the SNR.

It is important to note that, for these simulations, we have adopted an SNR of 10 dB to
represent the worst-case scenario. This approach is justified by our actual measurements,
which indicate that there is a critical distance of more than 100 m using board 1 and 25 m
using board 2, suggesting that our 10 dB simulations provide a conservative estimate of
performance under the most challenging conditions. This precaution is particularly relevant
given that, in platooning scenarios, vehicles typically maintain a distance of around 15 m,
which would normally result in a higher SNR than our simulated worst-case scenario.
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5.2. Simulation Results

To assess the accuracy of the proposed algorithm, we first need to simulate the posi-
tions of the transmitters and the receiver in the environment. Figure 7 illustrates the results
of simulations designed to evaluate the localization accuracy of a vehicle positioning system
for an SNR = 20 dB. The origin coordinates are anchored to the geometric center between
the taillights, which is considered the essential reference point for localization. Given that
the origin of the coordinates is in the center between the two taillights and the follower
car is in this presentation at a distance of 25 m, for Scenario B, the two cars are aligned
and there is a lateral deviation for Scenario A. This SNR was simulated to reproduce clear
visibility conditions and minimal interference. The original position was set at the exact
center between the taillights, which served as the reference point for all measurements. The
measured x- and y-coordinates are presented in millimeters, with the y-axis indicating the
lateral distance from the center and the x-axis the longitudinal distance.

X 104 X 104 /\
0 O RX 0y -
O TX1
TX2 Leading
vehicle
-0.5 -0.5 1] /
w
Txl}%‘ Tx2
1 - 1 -

3 3
g g dx
x x

-1.5 1.5 - Rx :PSD

y
Following
' vehicle '
25 { -2.5 *T‘T
e/
y(mm) y(mm) g
@) (b) (©

Figure 7. Position of the receiver and transmitters: (a) Scenario A; (b) Scenario B; (c) visual illustration
of Scenario A.

To assess our proposal, simulations were conducted to understand its behavior under
different conditions. Below, we present the results obtained from the evaluation, which
include the dispersion in determining the receiver’s position, errors in longitudinal and
lateral distance measurements at various distances, using different focal lengths, and
various signal-to-noise ratios (SNRs). Since noise is a random variable, the experiments
were repeated 100 times to analyze the results of all these parameters.

5.2.1. Receiver Position Estimation

Figure 8 shows the results of a series of 100 iterations of position measurements
of a fixed receiver, located between the two headlights of a vehicle, in a visible light
communication (VLC) system with an SNR of 20 dB. The distributed measurements (blue
circles) around the actual position (red cross) reveal a substantial dispersion, indicating a
significant influence of noise on the accuracy of the position estimates. The range of this
dispersion extends up to 50 mm in both x- and y-directions.
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Figure 8. Estimated and true receiver positions with SNR = 20 dB and f = 25 mm and taillights
separation W = 1.7 m.

5.2.2. Inter-Vehicular Distance Estimation Scenario A

Figure 9 illustrates the accuracy and reliability of a distance measurement system
across different distances.

In Figure 9a, the system’s performance is evaluated over 100 iterations at 15 m, 25 m,
and 35 m. The results show high accuracy and minimal variance at the shorter distances
of 15 m and 25 m, suggesting the system’s effectiveness for critical applications like ve-
hicle localization and collision avoidance. At 35 m, although the variance increases, the
system maintains a practical error margin, demonstrating its potential for longer-distance
applications within certain limits.

In Figure 9b, the variability of measurement errors for the same distances over 100 it-
erations is depicted. The errors for the 15 m distance remain within a range of £200 mm,
indicating stable and acceptable accuracy for short-range vehicle-to-vehicle (V2V) commu-
nications. At 25 m, the error expands to approximately +400 mm, and at 35 m, the error
amplitude occasionally exceeds #1500 mm. These findings reflect the expected increase in
measurement challenges with distance but also highlight the system’s overall capability to
provide useful distance estimates within real-world operational ranges.

4 «10% Distance measurements (f = 16 mm, SNR = 20 dB) Distance estimation error (f = 16 mm, SNR = 20 dB)
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Figure 9. Inter-vehicular distance error estimation using FDMA: error with 20 dB of SNR at
focal = 16 mm. (a) Distance measurements. (b) Distance error estimation.
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According to Figure 10, by changing the focal length to 25 mm, we see a better result
with a distance very close to the real distance and the oscillations are almost null, especially
for distance = 35 m (Figure 10a).
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Figure 10. Inter-vehicular distance error estimation using FDMA: error with 20 dB of SNR at
focal = 25 mm. (a) Distance measurements. (b) Distance error estimation.

From Figure 11, using a focal length of f3 = 25 mm and a high SNR = 50 dB, it can be
clearly seen that the system offers satisfactory accuracy over the entire distance range up to
35 m. The lack of major bias in any of the three target distances in Figure 11a suggests good
reliability of the measurement system over this range of distances. Figure 11b shows a slight
increase in error with distance, but this remains within acceptable limits for applications

requiring millimeter-level accuracy.
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Figure 11. Inter-vehicular distance error estimation using FDMA: with SNR = 50 dB and f3 = 25 mm
(a) Distance measurements. (b) Distance error estimation.

Figure 12 depicts an extremely unfavorable scenario characterized by the use of 8 mm
focal length and an SNR of 10 dB. It can be observed that the errors increase significantly,
reaching values of 4 m for a distance of 25 m.

From the results shown, it can be concluded that increasing the focal length can
significantly reduce distance measurement errors, yielding relatively low errors even for a
very poor SNR, as indicated in Section 5.1. With an SNR of 50 dB, it is observed that the
distance measurement errors are below 3 cm for a distance of 35 m. However, once the
data from Figure 12 were analyzed, it can be concluded that under such unfavorable SNR
conditions as 10 dB and using such a small focal length, the system does not operate as
precisely. Errors of up to 4 m for 25 m and distance measurement errors exceeding 10 m
for 35 m were observed in some cases, which may not be suitable for many applications.
Therefore, it is advisable to choose the focal length carefully based on the real conditions of
each system and application.
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Figure 12. Inter-vehicular distance error estimation using FDMA: with SNR =10 dB and f = § mm.
(a) Distance measurements. (b) Distance error estimation.

5.2.3. Influence of Focal Length and SNR On the Error in Distance Estimation

To analyze in more detail the influence of the choice of focal length and SNR, a series
of results will be presented below. Figures 13-15 illustrate the impact of the focal length
and SNR on the error metrics, including the average error and the variability (standard
deviation), in inter-vehicular distance estimation. In Figure 13, the variation in the distance
measurement error between vehicles is depicted, with a specific SNR fixed while varying
the focal length and the distance between vehicles. Figures 14 and 15 illustrate both the
mean error and the standard deviation of the distance measurement error between vehicles,
with the focal length fixed while varying the SNR and the distance between vehicles. We
have chosen to present these three figures as they allow for a graphical analysis of the
influence of the different parameters.

By analyzing the curves shown, we can observe the effect of three different focal
lengths (f1, £2, and f3 corresponding to 8, 16, and 25 mm, respectively) and SNR on the
error measured in millimeters as a function of the distance in meters.

Analysis of the results presented in Figures 13-15 reveals that under conditions with
a high SNR (SNR = 50 dB), errors for all three focal lengths remain below 3 cm even at
a distance of 35 m. Furthermore, an increase in the focal length is seen to reduce errors
proportionately. In noisy environments (SNR = 20 dB), an escalation in error is evident,
with the standard deviations of the distance errors reaching approximately 60 cm for an
8 mm focal length and a distance of 35 m, while hovering around 25 cm using a 25 mm focal
length. Under conditions of high noise (SNR = 10 dB) at a distance of 35 m and employing
an 8 mm focal length, the standard deviation of the distance error is approximately 2 m,
decreasing to 70 cm for a 25 mm focal length.
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Figure 13. Distance mean error for different focal length f1 = 8 mm, {2 = 16 mm, {3 = 25 mm with
(a) SNR = 10 dB, (b) SNR =20 dB, and (c) SNR = 50 dB.
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Figure 15. Standard deviation of the inter-vehicular distance error for different focal length with
(a) f1 =8 mm, (b) f2 = 16 mm, and (c) 3 = 25 mm.

Upon reviewing the results, it can be concluded that selecting the appropriate focal
length is crucial. In low-noise environments, errors are minimal, yet even in highly noisy
environments (10 dB), errors in distance measurement could be deemed acceptable for
numerous applications. This outcome underlines the beneficial effect of increased focal
length on V2V-VLC distance measurement accuracy, which is beneficial for V2V systems
where precise directional communication is essential. These results are essential for the
development of accurate and reliable V2V communication systems, indicating that adjust-
ments in optical design can be crucial for optimizing the performance of VLC systems in
automotive applications.

These results are extremely promising, as they suggest that VLC can achieve centimeter
accuracy under high SNR conditions, well beyond what is often required for secure and
reliable V2V applications [29].

5.2.4. Impact of Distance between Transmitters on Inter-Vehicular Distance Estimation

One of the factors that may influence the accuracy of the distance measurement
between vehicles is the distance between the taillights (or headlights) of the emitting
vehicle. Initially, the distance between the taillights of the vehicles cannot be known
(assuming that the two cars have not exchanged information with VLC). Therefore, what
has been analyzed is how this uncertainty affects the measurement error of the distance
between vehicles. For this purpose, the simulations considered a fixed distance between
taillights, based on the average distance between the taillights of vehicles. Considering this
fixed distance, tests were conducted where the actual distance between the taillights was
varied, and the distance between the vehicles was calculated.
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Figure 16 highlights a direct linear correlation between the measurement error in
the distance between a vehicle’s taillights and the estimated error in the inter-vehicular
distance. The results show that, although the distance between the emitters varies from
1600 mm to 1800 mm, the error associated with estimating the distance between vehicles
remains notably low, of the order of a few millimeters.
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Figure 16. The impact of distance between transmitters on inter-vehicular distance estimation
(SNR = 50 dB).

5.2.5. Lateral Distance Estimation

Figure 17 shows the results of a simulation evaluating the accuracy of lateral distance
measurements at an inter-vehicular distance (dx = 25 m), using a focal length of 25 mm and
a high SNR of 50 dB. The data show that, although the actual value of the lateral distance
is constantly fixed at 850 mm (represented by the horizontal red line), the simulated
measurements (illustrated by the blue line) fluctuate slightly around this fixed value, with
deviations of the order of +0.7 mm.

Lateral distance measurements (f = 25 mm, SNR = 50 dB, dx = 25 m)
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Figure 17. Lateral distance estimation error using FDMA: with SNR = 50 dB, f3 = 25 mm, and
dx =25m.

Figure 18 effectively shows that, even in an unfavorable SNR = 20 dB environment,
the maximum error in the lateral distance estimates remains below 30 mm for all dis-
tances tested.

Figure 19 shows the impact of different lens focal lengths of § mm (f1), 16 mm (f2), and
25 mm (f3) on the error in lateral distance estimation as the actual distance increases from 10
to 35 m. The results are expressed in terms of the mean error (represented by solid lines) and
the standard deviation around this mean (represented by vertical error bars). Figure 19a
reveals that the error in lateral distance estimation varies slightly but significantly across the
range of measured distances from 10 to 35 m. For f1 (8 mm), although the error increases
with distance, it remains below 0.5 mm, indicating a relatively small variation. The {2
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(16 mm) shows a similar trend, with the error increasing slightly but not exceeding 1.0 mm.
More notably, the f3 (25 mm) shows the best performance, with a very modest increase
in error, reaching a maximum of around 1.4 mm at the furthest distance. In Figure 19b,
it can be observed that the errors increase analogously to what has been observed in the
errors for the inter-vehicle distance measurement. It is observed that for a distance of 35 m,
the error is around 10 cm for a focal length of 8 mm, reducing to a value of approximately
2.5 c¢m for a focal length of 25 mm.

Lateral distance estimation error (f = 25 mm, SNR = 20 dB)
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Figure 18. Lateral distance estimation error using FDMA, with SNR = 20 dB and {3 = 25 mm.
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Figure 19. Lateral distance error for different focal length f1 = 8 mm, f2 = 16 mm, {3 = 25 mm,
(a) SNR =50 dB and (b) SNR = 10 dB.

This precision in error, particularly with the 25 mm focal length, bodes well for appli-
cations where safety depends greatly on accurate lateral positioning, such as maintaining a
safe distance between vehicles, detecting blind spots, or ensuring coordinated maneuvers
in autonomous driving scenarios. The low variability of errors, as shown by the small
standard deviations, also underlines the reliability of these measurements, a crucial aspect
for systems where decisions need to be made in real-time and with great confidence.

5.3. Experimental Results

To validate the results obtained from the simulations, several experimental tests were
conducted. The setup was as follows: 100 measurement repetitions of 0.04 s each were
acquired, similar to what was performed in the simulations.

Two emitters of 5 W power each were used and positioned at a distance of 1.5 m
between them. The emitters were positioned 0.8 m above the ground. The emission
frequencies of each emitter were 6 kHz and 9 kHz, limited by the driver used for this test.
The emitters are shown in Figure 20.
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(a) (b)
Figure 20. Emitter configuration used in the experimental test. (a) Environment setup and
(b) emitters setup.

For the experimental tests, board 2 described in the previous sections was used,
consisting of a Hamamatsu S5991-01 PSD coupled with a lens with a focal distance of
6.3 mm. The output signal of the PSD was amplified with a gain of 2 million and captured
with an oscilloscope Tektronix MS04104 connected to a PC with a sampling frequency
of 250 kHz. The setup of the receiver with the oscilloscope is depicted in Figure 21. The
distance between the tail-light emitters and the receiver was 25 m. For an accurate distance
measurement setup of 25 m, a Leica DISTO D2 laser rangefinder with a resolution error of
£1.5 mm and a Boch GCL 25 were used.

Figure 21. Setup of the receiver with the oscilloscope used in the experimental test.

In addition to multiple simulations carried out to show the behavior of the system, a
simulation reproducing the same conditions as the experimental setup was performed.

Figure 22 shows the signal received by each of the PSD channels, once amplified, at a
distance of 25 m between the emitters and the receiver. The SNR of the received signal is
approximately 10 dB.

From the processing of the PSD signals, the impact points on the surface of the PSD
receiver from the two emitters are obtained, as shown in Figure 23.

From the impact points, and according to Equation (10), the distance measurement results
are obtained. Figure 24 shows the error in distance measurement for the 100 measurements.
Additionally, the result obtained from our simulator is shown in orange lines.

In addition to the test conducted at 25 m, another experimental test was performed
under the same conditions but with a variation in the distance between vehicles to 10 m.



Sensors 2024, 24, 2320

21 of 25

At this distance, an SNR of 18 dB was measured. The results will be presented similarly to
the previous case.
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Figure 22. Results of the experimental test at 25 m and SNR = 10 dB. Experimental signal received by
each of the PSD channels (colors shown in the figure correspond, each one, to the signal obtained
from each channels of the PSD).
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Figure 23. Results of the experimental test at 25 m and SNR = 10 dB. Impact points on the surface of
the PSD from the two emitters.
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Figure 24. Results of the experimental test at 25 m and SNR = 10 dB. Error in distance measurement
on experimental tests (blue) and simulation results (orange).

Firstly, in Figure 25, the received signal for each channel of the PSD is depicted. As can
be observed, the signal is much more defined than in Figure 22 due to the improved SNR.
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Figure 25. Results of the experimental test at 10 m and SNR = 18 dB. Experimental signal received by
each of the PSD channels (colors shown in the figure correspond, each one, to the signal obtained

from each channels of the PSD).

Figure 26 shows the impact points of the two emitters on the surface of the PSD.
Since the distance between the emitters and the receiver is shorter, from 25 m to 10 m, the
separation of the images of each emitter on the surface of the PSD is greater than the results
shown in Figure 23. Please note the values on the scales.
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Figure 26. Results of the experimental test at 10 m and SNR = 18 dB. (a) Impact points on the surface
of the PSD from the two emitters. (b) Zoom of the impact point of the emitter 1.

Finally, Figure 27 displays the results of the error in the distance measurements
between vehicles obtained from the experimental signals.
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Figure 27. Results of the experimental test at 10 m and SNR = 18 dB. Error in distance measurement

on experimental tests.
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To analyze the obtained results, attention will be focused on the standard deviation
values of the error in the vehicle distance measurement, as the mean error could be com-
pensated with proper calibration. In the experimental results, with a distance between
vehicles of 25 m, a standard deviation in vehicle distance measurement of 1.875 m is ob-
tained. Under the same conditions in the simulations, a standard deviation of 2.524 m is
obtained. Both measures are very similar and are in the range of values shown in previous
simulations, as can be seen, for example, in Figure 15a. The differences between the results
shown in this figure, conducted with an 8 mm focal length, 25 m distance between vehicles,
10 dB SNR, and a distance of 1.7 m between emitters, and those obtained in this section
are mainly due to reducing the focal length from 8 to 6.3 mm and reducing the distance
between the emitters from 1.7 m to 1.5 m. From Figure 15a, the obtained standard deviation
value of the inter-vehicle distance measurement error is 1.45 m. Since the focal distance is
larger (error decreases as the focal distance increases) and the emitter separation distance is
greater (greater emitter separation leads to less triangulation error), the obtained error is
lower than that obtained in the experimental tests. If we focus on the experimental results
from Figure 27 obtained with a distance between vehicles of 10 m, an SNR of 18 dB was
measured. The standard deviation of the inter-vehicle distance error was calculated to be
56.7 mm. This value can be compared with the simulation results shown in Figure 15a at a
distance of 10 m, focal length of 8 mm, and an SNR of 20 dB, where a standard deviation
of the distance error of 54 mm is obtained. As in the previous case, the small differences
observed are due to the fact that the conditions are not exactly the same.

Nevertheless, even in such an unfavorable environment as shown, distance measure-
ment errors of the order of 2 m are achieved at a distance of 25 m and errors below 6 cm
for distances of 10 m, considering that a processing time of 0.04 s is used. In other words,
10,000 signal samples acquired at 250 kHz are processed, allowing for 25 distance measure-
ments between vehicles per second. This could be acceptable for many applications. It is
worth noting that if it were necessary to reduce this distance error, more signal processing
time could be used. For example, if 10 times more processing time were used, i.e., 0.4 s
(obtaining a distance measurement rate per second of 2.5), the typical deviation of the real
measurements at 25 m would be 679.6 mm.

Based on the results obtained in the experimental test and comparing them with the
simulation under the same conditions and with the rest of the simulations, taking into
account the parameters used in each of them, it can be concluded that the simulations
conducted are valid, and the results shown would be fairly close to the real ones.

6. Conclusions

This paper proposed a new positioning V2V-VLP system for an outdoor environment
using AoA measurement and based on a single PSD sensor. We have evaluated the effect
of the focal length and SNR variation on the distance estimation performance.

Given the results presented, it can be concluded that increasing the focal length can
significantly reduce the inter-vehicle distance measurement errors, resulting in relatively
low errors even at poor SNR. Similarly, for lateral distance estimation, the error remains
below 30 mm for all distances tested with a focal length of 25 mm in low-noise environments.
These findings, also demonstrate that the accuracy of our system for estimating the distance
between vehicles is robust and independent of variations in the distance between taillights
(emitters), thus affirming its potential for reliable use in automotive safety systems.

We have validated the simulation results with experimental tests conducted under realistic
conditions. The obtained results confirm that the simulations accurately reproduce reality.

The results presented demonstrate that sub-centimeter accuracies can be achieved
under conditions of good SNR. Under unfavorable conditions, with very low SNR and
a very small focal length, errors in vehicle distance measurement of the order of 2 m for
a distance of 25 m were obtained in both simulations and experimental tests. Another
experimental test conducted at a distance of 10 m between vehicles, under SNR conditions
of 18 dB, yielded a standard deviation of the inter-vehicle distance measurement error of
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less than 6 cm. This occurred with a distance measurement rate of 25 measurements per
second, and the error could be reduced by lowering the rate of distance measurements per
second. These results make the system viable for a wide range of V2V applications.

The purpose of this approach is to confirm the reliability of our system and vali-
date the relevance of VLC communication as a future solution for precise positioning
in vehicular communications.
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The following abbreviations are used in this manuscript:

AOA Angle of Arrival

LOS Line of Sight

FoV Field of View

FDMA  Frequency Division Multiple Access
SNR Signal-to-Noise Ratio

std Standard Deviation
LED Light Emitting Diode
PSD Position Sensitive Device

VLC Visible Light Communication
VVLP Vehicular Visible Light positioning
V2V Vehicle-to-Vehicle

References

1.  Williams, N.; Barth, M. A Qualitative Analysis of Vehicle Positioning Requirements for Connected Vehicle Applications. IEEE
Intell. Transp. Syst. Mag. 2021, 13, 225-242 . [CrossRef]

2. Zhu, Z; Guo, C.; Bao, R.; Chen, M,; Saad, W.; Yang, Y. Positioning Using Visible Light Communications: A Perspective Arcs
Approach. IEEE Trans. Wirel. Commun. 2023, 22, 6962—-6977. [CrossRef]

3.  Rehman, S.U.; Ullah, S.; Chong, PH.J.; Yongchareon, S.; Komosny, D. Visible Light Communication: A System Perspective—
Overview and Challenges. Sensors 2019, 19, 1153. [CrossRef]

4. Memedi, A.; Dressler, F. Vehicular Visible Light Communications: A Survey. IEEE Commun. Surv. Tutorials 2021, 23, 161-181.
[CrossRef]

5. Quy, VK, Nam, VH,; Linh, D.M.; Ban, N.T.; Han, N.D. Communication Solutions for Vehicle Ad-hoc Network in Smart Cities
Environment: A Comprehensive Survey. Wirel. Pers. Commun. 2022, 122, 2791-2815. [CrossRef]

6. Chi, N.; Zhou, Y.; Wei, Y.; Hu, F. Visible Light Communication in 6G: Advances, Challenges, and Prospects. IEEE Veh. Technol.
Mag. 2020, 15, 93-102. [CrossRef]

7. He, ].; Tang, K.; He, ].; Shi, ]. Effective vehicle-to-vehicle positioning method using monocular camera based on VLC. Opt. Express

2020, 28, 4433. [CrossRef] [PubMed]


http://doi.org/10.1109/MITS.2019.2953521
http://dx.doi.org/10.1109/TWC.2023.3247458
http://dx.doi.org/10.3390/s19051153
http://dx.doi.org/10.1109/COMST.2020.3034224
http://dx.doi.org/10.1007/s11277-021-09030-w
http://dx.doi.org/10.1109/MVT.2020.3017153
http://dx.doi.org/10.1364/OE.382482
http://www.ncbi.nlm.nih.gov/pubmed/32121680

Sensors 2024, 24, 2320 25 of 25

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Yu, S.H.; Shih, O.; Tsai, H.M.; Wisitpongphan, N.; Roberts, R.D. Smart automotive lighting for vehicle safety. IEEE Commun. Mag.
2013, 51, 50-59. [CrossRef]

Raissouni, F.Z.; Cherkaoui, A ; Galilea, ].L.L.A.; Vicente, A.G. Performance metrics for vehicular visible light communication
systems. ITM Web Conf. 2022, 48, 01014. [CrossRef]

De-La-Llana-Calvo, A.; Salido-Monz 6, D.; L dzaro Galilea, J.L.; Gardel-Vicente, A.; Bravo-Mufioz, I.; Rubiano-Muriel, B. Accuracy
and Precision Assessment of AoA-Based Indoor Positioning Systems Using Infrastructure Lighting and a Position-Sensitive
Detector. Sensors 2020, 20, 5359. [CrossRef]

Cailean, A.M.; Dimian, M. Impact of IEEE 802.15.7 Standard on Visible Light Communications Usage in Automotive Applications.
IEEE Commun. Mag. 2017, 55, 169-175. [CrossRef]

De-La-Llana-Calvo, A.; Lazaro-Galilea, ].L.; Gardel-Vicente, A.; Rodriguez-Navarro, D.; Rubiano-Muriel, B.; Bravo-Munoz, I.
Analysis of Multiple-Access Discrimination Techniques for the Development of a PSD-Based VLP System. Sensors 2020, 20, 1717.
[CrossRef] [PubMed]

Bai, B.; Chen, G.; Xu, Z.; Fan, Y. Visible Light Positioning Based on LED Traffic Light and Photodiode. In Proceedings of the 2011
IEEE Vehicular Technology Conference (VTC Fall), San Francisco, CA, USA, 5-8 September 2011; pp. 1-5. [CrossRef]

Roberts, R.; Gopalakrishnan, P.; Rathi, S. Visible light positioning: Automotive use case. In Proceedings of the 2010 IEEE
Vehicular Networking Conference, Jersey City, NJ, USA, 13-15 December 2010; pp. 309-314. [CrossRef]

Béchadergue, B.; Chassagne, L.; Guan, H. A visible light-based system for automotive relative positioning. In Proceedings of the
2017 IEEE SENSORS, Glasgow, UK, 29 October-1 November 2017; pp. 1-3. [CrossRef]

Béchadergue, B. Visible Light Range-Finding and Communication Using the Automotive LED Lighting. Ph.D. Thesis, Université
Paris Saclay, Gif-sur-Yvette, France, 2017

Keskin, M.F; Sezer, A.D.; Gezici, S. Localization via Visible Light Systems. Proc. IEEE 2018, 106, 1063-1088. [CrossRef]

Soner, B.; Coleri, S. Visible Light Communication Based Vehicle Localization for Collision Avoidance and Platooning. IEEE Trans.
Veh. Technol. 2021, 70, 2167-2180. [CrossRef]

Soner, B.; Ergen, S.C. Vehicular Visible Light Positioning with a Single Receiver. In Proceedings of the 2019 IEEE 30th Annual
International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), Istanbul, Turkey, 8-11 September
2019; pp. 1-6. [CrossRef]

He, J.; Zhou, B. Vehicle positioning scheme based on visible light communication using a CMOS camera. Opt. Express 2021,
29, 27278-27290. [CrossRef] [PubMed]

Do, T.H.; Yoo, M. Visible light communication based vehicle positioning using LED street light and rolling shutter CMOS sensors.
Opt. Commun. 2018, 407, 112-126. [CrossRef]

Zhang, P;; Liu, J.; Yang, H.; Yu, L. Position Measurement of Laser Center by Using 2-D PSD and Fixed-Axis Rotating Device.
IEEE Access 2019, 7, 140319-140327. [CrossRef]

Rodriguez-Navarro, D.; L 4zaro Galilea, J.L.; Bravo-Mufioz, I.; Gardel-Vicente, A.; Domingo-Perez, F.; Tsirigotis, G. Mathematical
Model and Calibration Procedure of a PSD Sensor Used in Local Positioning Systems. Sensors 2016, 16, 1484. [CrossRef] [PubMed]
Ivan, LA.; Ardeleanu, M.; Laurent, G.J. High Dynamics and Precision Optical Measurement Using a Position Sensitive Detector
(PSD) in Reflection-Mode: Application to 2D Object Tracking over a Smart Surface. Sensors 2012, 12, 16771-16784. [CrossRef]
Céspedes, M.M.; Guzman, B.G.; Gil Jiménez, V.P; Armada, A.G. Aligning the Light for Vehicular Visible Light Communications:
High Data Rate and Low-Latency Vehicular Visible Light Communications Implementing Blind Interference Alignment. IEEE
Veh. Technol. Mag. 2023, 18, 59-69. [CrossRef]

Rodriguez-Navarro, D.; L 4zaro Galilea, ]J.L.; Bravo-Mufioz, I.; Gardel-Vicente, A.; Tsirigotis, G. Analysis and Calibration of
Sources of Electronic Error in PSD Sensor Response. Sensors 2016, 16, 619. [CrossRef] [PubMed]

Nations United Nations Economic Commission for Europe Vehicle Regulations, Reg. 112-Rev.3, UN, Rep. No. 9789241565684,
January 2013. Available online: https://www.unece.org/fleadmin/DAM/trans/main/wp29/wp29regs /2013 /R112r3e.pdf
(accessed on 2 April 2024).

Aly, B.; Elamassie, M.; Uysal, M. Vehicular Visible Light Communication With Low Beam Transmitters in the Presence of Vertical
Oscillation. IEEE Trans. Veh. Technol. 2023, 72, 9692-9703. [CrossRef]

Shladover, S.E.; Tan, S.K. Analysis of Vehicle Positioning Accuracy Requirements for Communication-Based Cooperative Collision
Warning. |. Intell. Transp. Syst. 2006, 10, 131-140. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/MCOM.2013.6685757
http://dx.doi.org/10.1051/itmconf/20224801014
http://dx.doi.org/10.3390/s20185359
http://dx.doi.org/10.1109/MCOM.2017.1600206
http://dx.doi.org/10.3390/s20061717
http://www.ncbi.nlm.nih.gov/pubmed/32204410
http://dx.doi.org/10.1109/VETECF.2011.6092849
http://dx.doi.org/10.1109/VNC.2010.5698229
http://dx.doi.org/10.1109/ICSENS.2017.8234210
http://dx.doi.org/10.1109/JPROC.2018.2823500
http://dx.doi.org/10.1109/TVT.2021.3061512
http://dx.doi.org/10.1109/PIMRC.2019.8904408
http://dx.doi.org/10.1364/OE.433485
http://www.ncbi.nlm.nih.gov/pubmed/34615146
http://dx.doi.org/10.1016/j.optcom.2017.09.022
http://dx.doi.org/10.1109/ACCESS.2019.2943910
http://dx.doi.org/10.3390/s16091484
http://www.ncbi.nlm.nih.gov/pubmed/27649189
http://dx.doi.org/10.3390/s121216771
http://dx.doi.org/10.1109/MVT.2022.3228389
http://dx.doi.org/10.3390/s16050619
http://www.ncbi.nlm.nih.gov/pubmed/27136562
https://www.unece.org/fleadmin/DAM/trans/main/wp29/wp29regs/2013/R112r3e.pdf
http://dx.doi.org/10.1109/TVT.2023.3253762
http://dx.doi.org/10.1080/15472450600793610

	Introduction
	Background
	System Model and Vehicle Localization
	System Model
	Vehicle Localization with AOA-Based VLP

	Methodology for Performing Simulations and Measurements
	Results
	Simulation Setup
	Simulation Results
	Receiver Position Estimation
	Inter-Vehicular Distance Estimation Scenario A
	Influence of Focal Length and SNR On the Error in Distance Estimation
	Impact of Distance between Transmitters on Inter-Vehicular Distance Estimation 
	Lateral Distance Estimation 

	Experimental Results

	Conclusions
	References

