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Abstract: In this paper, a novel method is introduced to enhance the performance of vehicle-to-vehicle
(V2V) visible light communication (VLC) by employing different transmitter (Tx) light-emitting diode
(LED) array arrangements with different LED orientations. Improving the signal-to-noise ratio
(SNR) is crucial for V2V VLC systems to provide long communication ranges. For this purpose,
six transmitter configurations are proposed: single-LED transmitters, as well as 3 x 3 square-, single
hexagonal-, octagonal-, 5 x 5 square-, and honeycomb hexagonal-shaped LED arrays. Indoor VLC
studies using LED arrays offer a uniform SNR, while outdoor studies focus on optimizing the receiver
side to enhance system performance. This paper optimizes system performance by increasing the
SNR and communication range of V2V VLC systems by changing the geometry of the Tx LED array
and LED orientations. A V2V VLC system using on-off keying (OOK) is modeled in MATLAB, and
the SNR and bit error rate (BER) are simulated for different Tx configurations. Our results show that
the honeycomb hexagonal transmitter design provides a 19% improvement in system performance
with a spacing of 1 cm, and maintains a 16% improvement when the array size is reduced by a factor
of 100, making it smaller than one of the smallest industrial headlight modules.

Keywords: vehicle-to-vehicle communication; visible light communication; signal-to-noise ratio; bit
error rate; maximum communication range; light-emitting diode arrays; field of view

1. Introduction

In recent years, visible light communication (VLC) has attracted remarkable attention
due to the increasing demand for wireless communication technologies [1]. VLC provides
countless advantages such as a license-free spectrum, low power consumption, high se-
curity, large spectrum capacity, high data rates, immunity to electromagnetic interference,
and low latency [2-8]. Additionally, VLC offers improved spatial reuse, which is beneficial
in densely populated areas [9,10]. Furthermore, VLC is less harmful than other wireless
communication technologies for human health, provided the illumination level is below
the eye safety level [11,12]. VLC can also be integrated into existing lighting infrastructure,
making it a cost-effective solution for smart lighting and communication systems [13,14].
VLC systems can provide precise indoor positioning and navigation services, which are
advantageous in various applications, including retail and healthcare [15,16]. Moreover,
VLC supports high-speed data transmission and is considered an eco-friendly technology
due to its energy efficiency [17,18].

In its simplest form, a VLC system typically consists of light-emitting diodes (LEDs)
that transmit modulated light, and a photodetector functioning as a receiver to extract
the data signal from the transmitted light beam. Using VLC technology in vehicle-to-
vehicle (V2V) communication has the potential to prevent traffic accidents and provide
efficient traffic management [19-21]. V2V VLC systems can also enhance the reliability
of communication in environments where RF signals are prone to interference, such as
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urban canyons and tunnels [7,22]. Moreover, V2V VLC offers the potential for high data
rate transmission and low latency, which are crucial for real-time applications in intelligent
transportation systems (ITS) [8,23,24].

Technological advancements in V2V VLC are drawing significant attention within
the automotive industry. Numerous studies in the literature [25-27] have explored the
application of VLC utilizing photodetectors instead of camera systems for automotive
purposes. These studies highlight the potential of leveraging existing lighting infrastructure
for communication. Additionally, this technology allows automotive companies to integrate
V2V communication with minimal alterations into existing vehicle designs, primarily
through minor modifications to current lighting systems [28,29]. The deployment of LEDs
in vehicle headlights and taillights for communication purposes is particularly promising,
as it represents a potential technology to enhance vehicle safety. However, increasing the
signal-to-noise ratio (SNR) to provide a long communication range in a V2V VLC system
is a challenge. To solve this problem, many studies have been conducted in the literature,
with most studies focusing on improving V2V VLC systems by optimizing the receiver
(Rx) side.

In [30], the misalignment effect in V2V VLC systems is evaluated with an experimental
demonstration of a 75 m link. This paper also confirms that the optical filters and narrow
field of view (FOV) obtained with optical lenses can significantly optimize a VLC receiver.
In [31], a novel concept that uses LED current overdriving is introduced to increase the
instantaneous optical irradiance and, in turn, the communication range.

In [32], it is discussed that the high mobility of vehicles necessitates an adaptive
physical layer (PHY) design for reliable and rate-optimal communication. This paper
proposes a novel low-complexity, location-aware adaptive PHY design that attains reliable,
rate-optimal vehicular VLC without a feedback channel.

In [33], the achievable transmission distance for a targeted data rate while satisfying
a bit error rate (BER) value is determined for different weather conditions. This study
presents numerical results for clear, rainy, and foggy weather conditions and quantifies
degradation from adverse weather conditions.

In [34], an analytical daylight noise model based on a modified Blackbody radiation
model is proposed to capture the effect of ambient light noise and conduct an in-depth
study on the impact of daylight on system performance. This study also proposes a selective
combining receiver to improve the BER at the expense of a slight increase in the cost and
complexity of the receiver.

In [35], the replacement of the traditional photodiode receiver with an imaging re-
ceiver is analyzed, showing that this replacement leads to improved performance with an
increased SNR. In [36], an indoor cellular VLC system is proposed with hexagonal LED
arrays to enhance the BER.

In [37], an indoor VLC system is analyzed. The system has sixteen LEDs on the ceiling
that are used as transmitters. The paper aims to improve SNR uniformity throughout the
room without increasing the number of transmitters on the ceiling. Instead, it considers
altering the lamp arrangement and evaluates the uniformity of light and SNR distribution
throughout the room.

In this paper, a V2V VLC system using on—off keying (OOK) is modeled in MATLAB,
and the SNR and BER are simulated for different Tx configurations. The Pulse Position
Modulation (PPM) and Non-Return-to-Zero (NRZ) modulation techniques are complex
modulation methods preferred in certain applications [38,39]. PPM is used especially in
applications requiring energy efficiency and low noise sensitivity, while NRZ offers the
advantage of low cost in data transmission. However, the reason we preferred OOK modu-
lation in this study is the simplicity, applicability, and widespread use of this modulation
method in LED-based communication systems. OOK modulation offers the advantages of
low complexity and easy implementation, making it ideal for performing a basic perfor-
mance analysis of different geometric LED arrays. Therefore, PPM and NRZ modulations
were not needed in our study.
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Unlike most V2V VLC studies that are focused on the receiver side, by proposing
six different transmitter LED array configurations to increase the SNR, this paper aims
to optimize the transmitter side to improve the SNR of a V2V VLC system using OOK.
The use of various arrangements of LED arrays is considered in the literature for indoor
VLC to achieve light and SNR uniformity. However, this paper evaluates the enhancement
in the SNR and, hence, the communication range that LED array transmitters of various
geometries can achieve. In addition, we adjust the orientations of the LEDs to ensure that
every configuration illuminates approximately the same area. This approach allows us to
exploit the smaller FOV of each LED in the array transmitters to increase the SNR and,
hence, the communication range.

Our results show that the LED arrays outperform single-LED transmitters, offering a
higher SNR due to the smaller FOV of their elements. Additionally, it is demonstrated that
different geometries of arrays achieve varying levels of improvement. In particular, the
honeycomb hexagonal array provides the furthest communication distance, achieving a
19% increase compared to the single-LED transmitter.

The remainder of this paper is organized as follows: Section 2 presents the theoretical
background of calculating the SNR. Section 3 presents the geometry of the proposed V2V
communication system, MATLAB [40] simulation parameters, and modeling of the square-,
single hexagonal-, octagonal-, and honeycomb hexagonal-shaped LED array transmitter
(Tx) configurations. Section 4 compares the irradiance distributions of the proposed LED
arrays at a 1 m distance. Section 5 evaluates the SNR performance across different design
parameters and compares the SNR results of the proposed transmitters. Section 6 presents
a discussion, and Section 7 outlines the theoretical and practical implications of the study.
Finally, Section 8 concludes the paper.

2. Theoretical Background

This section presents the required formulas to model the V2V VLC system scenario in
MATLAB. The system consists of two LED transmitters, Tx1 and Tx2, and a photodiode
receiver, Rx. The transmitted light signal is OOK-modulated. The signal travels through
the channel and reaches the receiver. For simplicity, we assume the LEDs to be Lambertian
emitters with a certain FOV. In addition, we assume that only additive white Gaussian
noise (AWGN) is present in the system, and ignore effects such as weather conditions, air
turbulence, ambient noise from sunlight, and multipath fading.

Instantaneous transmitted power from a Lambertian emitter can be written as [41]

X(¢t) = X(¢)e" (1)
where ¢ is the angle of irradiance, w is the angular frequency, and
X(¢) = Xpcos™ () 2
where m is the order of the Lambertian emission:
In(2)
- _ 3
" ln(cos((]b% ) ®)

and ¢ 1 is the transmitter’s half FOV.
The output signal Y () of an optical wireless channel can be expressed as [41]

Y(t) = yX(t) @ h(t) + N(t) 4)

where 7 represents the photodetector responsivity, h(t) is the impulse response, ® denotes
convolution, and N(#) is the AWGN.
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The average transmitter power is calculated as follows [5]:
1 /T J
Pt_f/o X(t)dt (5)
where T = =2 is the period.
Once Pt is known, the received power can be calculated by [5]
P, = H(0)P; (6)
where H(0) = [*_h(t) dt is the DC channel gain, which is given by [5]
1)A
(o) = { S cos" (PIT-(P)3(¥) cos(), 0 < < e o
0, otherwise

where A is the area of the photodetector, D is the distance between the transmitter and
receiver, ¢ is the angle of irradiance, ¢ is the angle of incidence, Ts(¢) is the signal trans-
mission coefficient of an optical filter, (1) is the gain of the optical concentrator, and . is
the receiver’s half FOV.

The gain achieved by an idealized concentrator with an internal refractive index n is

given by [5]
2 0< <y,
g(yp) = {“"Wf) =v=v (8)

0, otherwise

The SNR represents the performance quality of a given channel. The signal component
is given by [41]

2
5= rSzgnal (9)

T LEDs
rSzgnal T/ < (t)>dt (10)

The Gaussian noise is the sum of the contributions from shot noise, thermal noise, and
intersymbol interference due to an optical path difference. The total variance N is given
as [41]

where

2 2
N = Ushot + Cthermal +7 P rISI (11)

where

T/ LEDs
Prst = hm / t) @ X(t))dt (12)

The shot noise and thermal noise contributions are given as [41]

shot =2qR (P51gnal + P ISI) Ben + qubglz Ben (13)
87kT, 1672k TLE
tzhermal = 7k§AIZB2 + Tk52A213Bgn (14)

where g is the electron charge, Ben is the equivalent noise bandwidth, I, is the background
current, I, is the noise bandwidth factor, k is the Boltzmann’s constant, T, is the absolute
temperature, G is the open-loop voltage gain, ¢ is the fixed capacitance of the photode-
tector per unit area, E is the field-effect transistor (FET) channel noise factor, g, is the
FET transconductance, I3 = 0.0868, and P, g] is the power received through intersymbol
interference.
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Once the shot and thermal noise contributions are known, the SNR is calculated as

follows: [41]

S
SNR = (15)

The BER for OOK modulation can be calculated using [5]

BER — Q(\/SITR) (16)

where | oo
=— [ ¥ 17
Q) = 5= [ e 2ay (17)
Equations (2) and (3) are used to plot the irradiance distribution from the two trans-
mitters of the modeled VLC system. Then, Equations (6), (7), (9) and (11)—(15) are utilized
to simulate the SNR of the VLC system against distance. Finally, the BER is plotted against
distance using Equations (16) and (17).

3. Approach and Methodology

The VLC system considered in this paper has two transmitters, Tx1 and Tx2, which
are the taillights of the vehicle traveling in front of another vehicle carrying a photodiode
receiver, as illustrated in Figure 1. L, is the distance between Tx1 and Rx, and L, is the
distance between Tx2 and Rx.

From Equations (3) and (7), it is known that when the LED transmitter of a VLC
system has a narrow FOV, its Lambertian emission coefficient (1) increases, resulting in a
larger DC channel gain H(0). However, vehicle taillights are designed with wide FOVs. To
address this, we employ LED arrays of various geometrical shapes, where each individual
LED has a narrow FOV. This approach allows the array transmitters to illuminate the same
area as a wide-FOV LED while benefiting from the narrow FOVs of each LED.

LED arrays are commonly used in vehicle headlights and taillights. For instance,
Figure 2 presents Samsung’s PixCell LED headlight design, which features a light-emitting
surface that is just 1/16 the size of a traditional one, making it one of the smallest lighting
solutions in the automotive industry. The design incorporates 4 rows of 100 LEDs in total,
covering an area of 15.4 mm x 2.74 mm [42].

l

o

Figure 1. The road scenario for the proposed vehicle-to-vehicle (V2V) system.

To evaluate the effect of using LED arrays as transmitters in a V2V VLC system on
system performance, we consider six different configurations. The first one, established as
a reference, uses two single LEDs with power P for each transmitter, Tx1, and Tx2. The
irradiance distribution provided by these transmitters in the plane ¥ = 1 m serves as the
reference. All the proposed LED array configurations are intended to yield this reference
irradiance distribution in the plane y = 1 m.

The second configuration has 3 x 3 square LED arrays, with each LED in the transmit-
ter array having a power of Py/9. The third configuration uses single hexagonal-shaped
arrays consisting of 9 LEDs, each with a power of Py/9. The fourth configuration has
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octagonal array transmitters, again consisting of 9 LEDs each with a power of Py/9. Since
these three configurations have the same number of LEDs, it will be possible to observe the
difference in system performance resulting from the geometry of the LED arrays.

PIXCELL_100S_STANDARD_REVO

Figure 2. Samsung’s PixCell LED headlight module [42].

Additionally, the fifth configuration has 5 x 5 square LED arrays, with each LED
having a power of Py/25. Finally, the last one has honeycomb-like hexagonal arrays
consisting of 25 LEDs. Again, each LED has a power of P)/25. Since the geometries of the
3 x 3and 5 x 5 square array transmitters are the same except for the number of elements, it
will be possible to evaluate the effect of increasing the number of elements and, thus, the
size of the array on system performance. Furthermore, by comparing the fifth and sixth
configurations, we can determine whether using a more complex geometry than a simple
square, hexagon, or octagon has any advantage in terms of system performance.

In Figure 1, the vehicles are traveling in the negative y direction. The separation
between the transmitters, Tx1 and Tx2, is fixed at D = 1.5 m, their height from the road is
70 cm, and the lane width is 3.5 m. The midpoint between the transmitters is selected as the
origin. The transmitter and receiver coordinates are given in Table 1. The coordinates show
that the receiver has a 75 cm lateral misalignment from each transmitter, but no vertical
misalignment.

Table 1. Transmitter and receiver coordinates.

Component X (cm) Y (cm) Z (cm)
Tx1 —75 0 0
Tx2 75 0 0
Rx 0, 350 y 0,30

4. The Geometries of the Proposed Transmitters
4.1. The Geometry for the Single-LED Transmitter Case

Since the distance between the two taillights is 150 cm, the two transmitters of the
single-LED configuration are located at P(+75 c¢m,0,0). Each transmitter is a single LED
with a half FOV (]71 of 30°. Their power is focused in a circular area of radius R = d tan 4>1

in the plane y = d where d is the y-location of Rx. The power drops to half its maximum
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value at the boundary of this circle. At a particular y-distance d, the two circles will be
tangent. This distance is found to be d = 130 cm using

2dtan(¢1 ) = 150 cm (18)

1
2

The geometry of the single-LED transmitter case is illustrated in Figure 3.

X

Figure 3. The geometry for the single light-emitting diode (LED) case.

4.2. 3 x 3 Square Array

As depicted in Figure 4, a square LED array of size 3 x 3 with a spacing of s is proposed,
where s is initially set to 1 cm. This value was chosen arbitrarily, and it will be shown later
that variations in s do not significantly impact system performance. Each LED element,
denoted as ¢; j, has a field of view of 4)’% ,and is aligned along an orientation vector O; j,

with each vector intersecting the y = dj plane at point e;]., where dj is a design parameter.
The y = dy plane is defined as the plane on which the two arrays formed by the points ] j
from the two transmitters are tangent, as shown in Figure 5. In other words, the outermost
points of the two arrays intersect each other. For this condition to be met, the elements ] j
should be separated by D/2 on this plane. The naming convention for the array elements
is illustrated in the matrix below.

1,1 €0 e1,-1
1 €0 €01 (19)
€11 €-10 €-1,-1
The location of the element ¢; ; relative to the center element e is given by P(sj,0,si).
To achieve the geometry illustrated in Figure 4, the orientation vector O;; with starting
point P(sj, 0, si) (location of e; ;) should intersect the y = d plane at P(3},do, i) (location
of e;/ j)' Thus, the required vector can be found using

04y = (5 — )i do, (5~ )i 0)
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Figure 4. The 3 x 3 square-shaped LED array geometry.

D/2

®
]

y =dg plane
Figure 5. The 3 x 3 square arrays formed by the points el{/ jon the y = dp plane.

The reason why the distance dy and half FOV ¢, are determined as the design param-
2
eters is that a narrower half FOV ¢, yields a larger SNR, and the value of dy conveniently

adjusts the orientation vectors (refer to Equation (20)) of the LEDs in the array. The orien-
tation vectors are crucial since the taillights of a vehicle are essentially used for lighting
purposes, not as transmitters in the communication link. Therefore, we need to ensure that
they can illuminate a certain area.

We assume that each of the two LEDs, one for Tx1 and one for Tx2, in the single-LED
case has a power P and an intensity Iy. To keep the power dissipation of both proposed
transmitter configurations at the same level, the power of each LED in the square array
transmitter is determined as Py/9. Since the intensity is proportional to the power level
divided by the squared tangent of the half FOV, the intensity I; of each LED of the 3 x 3
square array is set as follows:

2
1 tan gb%

" 9tan? 4/% 0

I (21)

The initial values of the design parameters for the two transmitters are listed in Table 2.
The design parameter dy is set at 130 cm, which is equal to the y-distance where the
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two circles illustrated in Figure 3 become tangent (found to be 130 cm using Equation (18)).
Using Equations (2) and (3), and the values given in Table 2, the irradiance distributions in
the plane y = 1 m are plotted using MATLAB software for the two proposed configurations.
The results are given in Figure 6a,b.

0.5 x I 1
0.8
0.6
0.4
- 0.2
-150 -100 -50 0 50 100 150

(a) X (cm)

z(cm)
o

z (cm)

-150 -100 -50 0 50 100 150
(C) x (cm)
0.8
£ 06
£
N
0.4
0.2
-150 -100 50 0 50 100 150 -150 -100 -50 0 50 100 150
x (cm x (cm)
(e) ) ()

Figure 6. Irradiance distributions at y = 1 m with dy = 130 cm: (a) with the single-LED transmitters,
(b) with the 3 x 3 square array transmitters, (c) with the single hexagonal array transmitters, (d) with
the octagonal array transmitters, (e) with 5 X 5 square array transmitters, and (f) with the honeycomb
hexagonal array transmitters.

Table 2. The initial values of the design parameters for the single-LED and square array cases.

Parameter Value

S 1cm

D 150 cm

Py 10W

¢ 1 30°

Iy 1

doy 130 cm
A 15°

I 0.52

L 0.52

I 0.52

Iy 0.18

I 0.18

4.3. Single Hexagonal Array

As shown in Figure 7, a single hexagonal-shaped array transmitter is proposed with
separation s between each individual LED. Each LED ¢; ; has a half FOV ¢/ and is oriented
2

along a vector O; j crossing the location of ¢; j at y = 0 plane and the location of e;,]. on the
y = dp plane (illustrated in Figure 8). Similar to the 3 x 3 square array case, the y = dp
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plane is defined such that the two arrays formed by the points eg,j from the two transmitters
become tangent, as illustrated in Figure 9. To meet this condition, the separation between
the eg,j points should be D/+/3. With the naming convention of Figure 7, the locations of
elements ¢; ; and e;,j relative to the center element ¢y o are determined with

P(s 5 ],O,SEZ) (22)
and /3
Dv3., D1,
PN 7 o 57! @)
respectively.

Thus, the required orientation vectors O; ; can be calculated by

D V3, D 1,
<(% —5)7]%10,(% —5)§’> (24)

y=0 plane

Figure 7. Single hexagonal-shaped array geometry.

0O -
el,J I!J

Figure 8. Single hexagonal-shaped array geometry and orientation vectors.

The power of each LED in the single hexagonal array transmitter is determined to be
Py /9 since it includes a total of nine LEDs. Proportional to the power level divided by the
squared tangent of the half FOV, the intensity I, of each LED of the single hexagonal array
is set as follows:

2
1 tan® ¢y
=1Io (25)

"9 tan? ¢,
2

I

The initial values of the design parameters for the single hexagonal array are listed
in Table 2. Using Equations (2) and (3), and the values given in Table 2, the irradiance
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distribution on the plane y = 1 m is plotted using MATLAB. The result is presented in
Figure 6c.

D3

y =dg plane
Figure 9. Single hexagonal arrays formed by the points elf,]- on the y = dj plane.

4.4. Octagonal Array

As shown in Figure 10, an octagonal-shaped array transmitter is proposed with a
separation s between each LED. Each element has a half FOV of ¢,. Again, each LED
e;j is oriented along a vector O;; crossing the location of the ¢; ; at ; = 0 plane and the
location of ¢/, jon the y = dy plane. Consistently throughout all configurations, the y = dy
plane is defined such that the two octagonal arrays formed by the eg,j points from the two
transmitters become tangent on this plane (illustrated in Figure 11). To meet this condition,
the separation between the eg,j points should be D/ (ﬁ +1).

With the naming convention of Figure 10, the locations of the elements ¢; ; and e;,j
relative to the center element ¢g o are determined with

P(5,0,sY2 L) i = even 26)
2 i
P Y21 40, %), i = odd. 27)
2 2
and
D D
P2 jdo, i), i=even; 28
(2(\@4-1)] 07 v (28)
D D
P(2j,do, (————i)), i=odd. 29
(G (G i @)
respectively.

€2.1 €2.-1

€1,1

€.1,-1

€.2,1 €21
y=0 plane

Figure 10. Octagonal -shaped LED array geometry.
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¢
GV
y = dg plane
Figure 11. Octagonal arrays formed by the elf,]- points on the y = dy plane.
Thus, the required orientation vectors O; ; can be calculated by
D i D 241, .
(( - s)l,do,( —s) V2 i), i=even; (30)
V2+1 2 V2+1 4
D V2+1. D i
-8 ,do, —s)=), i=odd. 31
Gy~ 9 (o = 9)3) @

Similar to the considerations made for the 3 x 3 square array and the single hexagonal
array, the power of each LED in the octagonal array transmitter is determined to be Py/9
since it includes a total of nine LEDs. Proportional to the power level divided by the
squared tangent of the half FOV, the intensity I3 of each LED of the array is set as follows:

2
1 tan 47%
=-————21 (32)
9 tan? ’%

I

The initial values of the design parameters for the octagonal array are listed in Table 2.
Using Equations (2) and (3), and the values given in Table 2, the irradiance distribution in
the plane y = 1 m is plotted using MATLAB software. The result is given in Figure 6d.

4.5. 5 x 5 Square-Shaped Array
As depicted in Figure 12, a square LED array of size 5 x 5 with a spacing of s is
proposed, where s is set to 1 cm. Each LED element, denoted as ¢; ;, has a field of view of
¢, and is aligned along an orientation vector O; ;, with each vector intersecting the y = do
2

plane at a point e] i Similar to the other configurations, the y = dj plane is defined such that
the two square arrays formed by the e} j points from the two transmitters become tangent
on this plane (illustrated in Figure 13). To meet this condition, the separation between the
ef’j points should be D /4. The naming convention for the array elements is illustrated in
the matrix below.

€22 €21 €2,0 €2,-1 €2,-2

€1,2 €1,1 €1,0 €1,-1 €1,-2

ep2 €yl €0 €)1 €02 (33)
€12 €-11 €-10 €-1,-1 €-1,-2
€22 €21 €20 €-2-1 €-2-2
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<

@i

Figure 12. Square-shaped LED array geometry.

Tx2
D/4I
J o @ @ [ ) [ ] [ ] [ ] [ ]
€'0.0
3 ® o ’ ) [} ° ° ® ®
D
J ® ® @] I [ ] [ ] [ J ®
y =dg plane

Figure 13. 5 x 5 square arrays formed by the ¢/ i points on the y = dj plane.

The location of the element e; ; relative to the center element eg g is given by P(sj, 0, si).
To achieve the geometry illustrated in Figure 12, the orientation vector O; ; with starting
point P(sj, 0, si) (location of ¢; ;) should intersect the y = dy plane at P(Z},do, 2i) (location
of ] ;)- Thus, the required vector can be found using

0y = (5 ~5)jdo, (3~ 9)i) ()

The power of each LED in the square array transmitter is determined to be Py/25.
Since the intensity is proportional to the power level divided by the squared tangent of the
half FOV, the intensity I of each LED of the square array is set as follows:

1 tan? 1
I = ———=] 35
7 Btan?g) (35)
2
The initial values of the design parameters for the two transmitters are listed in Table 2.
Using Equations (2) and (3), and the values given in Table 2, the irradiance distribution in
the plane y = 1 m is plotted using MATLAB. The result is given in Figure 6e.
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4.6. Honeycomb Hexagonal Array

As shown in Figure 14, a honeycomb-shaped hexagonal array transmitter is proposed

with a separation s between each LED. Each element has a half FOV of ¢, . Again, each
2

LED ¢, is oriented along a vector O;; crossing the location of ¢;; on the y = 0 plane

and the location of ezf,]. on the y = dy plane. Consistently, the y = dj plane is defined

such that the two honeycomb hexagonal arrays formed by the ¢! j points from the two

transmitters become tangent on this plane (illustrated in Figure 15). To meet this condition,
the separation between the ¢/ j points should be D /5.

€31 €31

y=0 plane

€1 €22

Tx2

y =dg plane

Figure 15. Honeycomb hexagonal arrays formed by the eg,j points on the y = dy plane.

With the naming convention of Figure 14, the locations of the elements ¢;; and ¢; j
relative to the center element ey o are determined with

P(sj, O,S?i), i = even; (36)
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P(ssign(j)(|j| - 0.5),d0,s§i), i = odd. (37)
and V3
D. 6 D+v3, )
P(N],dO,NTI), 1 = even, (38)
D . .. Dv3. .
P(N sign(j)(|j| —0.5),do, NTI), i = odd. (39)
respectively.
Thus, the required orientation vectors O; ; can be calculated by
D ... D V3. .
<(N_s)]’d0’(ﬁ_s)71>’ i = even; (40)
D o .. D V3.
(2~ ) sign(i)([jl ~05)j,do, (5 —) % 2), i =odd (41)

Similar to the considerations made for the other arrays, the power of each LED in the
honeycomb hexagonal array transmitter is determined to be Py/25 since it includes a total
of 25 LEDs. Proportional to the power level divided by the squared tangent of the half FOV,
the intensity I5 of each LED of the array is set as follows:

2
1 tan (P%

= 2
25 tan? g/, °
2

Is (42)

The initial values of the design parameters for the honeycomb hexagonal array are
listed in Table 2. Using Equations (2) and (3), and the values given in Table 2, the irradiance
distribution on the plane y = 1 m is plotted using MATLAB software. The result is given in
Figure 6f.

Established as a reference, we take the irradiation distribution of the single-LED
transmitters at y = 1 m, which is shown in Figure 6a. An area with an irradiance of at least
0.5 is considered illuminated. The height of the illuminated area is given as H, and the
width as W, as shown in Figure 6a. We aim to keep the values of H and W equal for all the
configurations so that the illuminated areas remain approximately the same.

As seen in Figure 6, all the array transmitters manage to illuminate the area that is
illuminated by the reference configuration of single-LED transmitters. The H and W values
for the different configurations are given in Table 3. The array transmitters illuminate larger
areas compared to the single LEDs with a current value of dy. Therefore, we can adjust
the value of dy to enhance the system performance as long as the H and W values do not
become smaller than those of the single-LED transmitters.

Table 3. H and W values for the six configurations, where dy = 130 cm for all the array geometries.

Configuration H (cm) W (cm)
Single-LED 92 268
3 x 3 square >180 310
Single hexagonal 152 272
Octagonal 162 320
5 x 5 square >180 296
Honeycomb hexagonal 128 298
5. Results

5.1. SNR Performance with Different Values of Design Parameters
The design parameters for a given array with separation s are the half FOV ¢/ and the

2
distance dy. As explained earlier, dy is the distance at which the two arrays formed by the
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points ¢/ i’ which are the points where the orientation vectors of the two array transmitters
intersect the plane y = dy, from the two transmitters are tangent to each other.
We expect a higher SNR with a decreasing half FOV ¢, since the DC channel gain is
2
proportional to the Lambertian coefficient m (refer to Equation (7)), whereas m is inversely
proportional to the half FOV ¢/ (refer to Equation (3)). In the proposed array transmitter
2

configurations, this relationship is exploited to enhance the SNR by using LEDs with smaller

half FOVs. To validate our expectation, we chose two of the proposed configurations and

plotted the SNR against distance y in MATLAB with different values of ¢/ . The simulation
2

parameters are listed in Table 4.

Table 4. Simulation parameters and values.

Parameter Value
Modulation scheme OOK
Modulation frequency 1 MHz
Receiver area A 1 cm?
Optical filter gain T; 1
Optical concentrator gain g 10
Transmitted power P; 100W
Transmitter half FOV ¢ 1 30°
Array transmitter half FOV ¢, 15°
Receiver responsivity y : 0.54 A/W
Receiver FOV ¢, 60°

Boltzmann'’s constant k

Absolute temperature Ty

Fixed capacitance of photodetector
per unit area §

1.3806488 x 10~ 2 J/K
300 K
1.12 x 10710 E/cm?

Noise bandwidth factor I, 0.562

I3 0.0868

Noise bandwidth B 108 Hz
Open-loop voltage gain G 10

FET channel noise factor E 1.5

FET transconductance g 3x1072sS
Electron charge q 1.6 x 10719 C
Background current I, 51x1073 A
Photodiode dark current I, 10°8 A

Figure 16 shows the SNR vs. distance for the 5 x 5 square array and the octagonal array
with dy = 130 and gt)’l = 15°,30°, and 45°. As expected, we observe that the SNR increases

2
as the half FOV decreases. Therefore, the proposed LED array transmitter configurations
are expected to yield a higher SNR than the reference configuration with single-LED
transmitters, since the single LEDs have a half FOV of ¢ 1= 30°, whereas the LEDs in the

array transmitter have a narrower half FOV of ¢/, = 15°.

We expect the SNR to increase with dy becéuse the orientation vectors of the array
make smaller angles with the y-axis as d( increases (refer to Equations (20), (24), (30),
(31), (34), (40) and (41)). Therefore, the light from each LED falls on the receiver with
smaller angles of irradiance ¢, which results in higher DC channel gain H(0), as seen from
Equation (7).

Since the value of dy should affect all the array geometries similarly, two of the pro-
posed array transmitter configurations are selected and the SNR is plotted versus distance
y in MATLAB with different values of dj to validate our expectation. Figure 17 shows the
SNR versus distance for the 5 x 5 square array and the octagonal array with dp = 130 cm,
160 cm, and 190 cm. We observe that the SNR increases with djy, which validates our
expectation. The same result is expected for the other transmitter configurations, as well.
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Figure 16. Signal-to-noise ratio (SNR) vs. distance plots with dy = 130 cm and ¢; = 15°,30°, and
2

45°: (a) for the 5 x 5 square array transmitters and (b) for the octagonal array transmitters.

75

dn:130cm
= = = .d,=160cm
d,=190cm

——dy=130cm
d,=160cm
65 |a - = = .dy=190cm

25
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Figure 17. SNR vs. distance plots for the square array with ¢, = 15° and dy = 130, 160, and 190 cm:
2

(a) for the 5 x 5 square array transmitters and (b) for the octagonal array transmitters.

Since a larger value of dj is required for enhanced system performance, the final values
of the design parameter dy are maximized while ensuring the H and W values are never
smaller in any array geometry than those of the single-LED transmitters. The final values
are determined and listed in Table 5. The irradiance distributions of each configuration
at y = 1 m with these final values are given in Figure 18, and the H and W values for
each configuration are given in Table 6. It is seen that we can ensure that a desired area is
illuminated by a particular LED array geometry by properly adjusting the value of d,.

Table 5. The final values of the design parameters.

Single Honeycomb
Parameter 3 x 3 Square Hexagonal Octagonal 5 x 5 Square Hexagonal
A 15° 15° 15° 15° 15°
2
doy 230 cm 187 cm 193 cm 196 cm 160 cm
Power 1.11W/LED 111W/LED 111W/LED 0.4 W/LED 0.4 W/LED
Table 6. The H and W values for the six configurations with the final values of dj.
Configuration H W
Single-LED 92 268
3 x 3 square 92 280
Single hexagonal 92 278
Octagonal 92 292
5 x 5 square 92 280

Honeycomb hexagonal 92 286
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Figure 18. The irradiance distributions at y = 1 m with the final values of the design parameters:
(a) with the single-LED transmitters, (b) with the 3 x 3 square array transmitters, (c) with the single
hexagonal array transmitters, (d) with the octagonal array transmitters, (e) with 5 x 5 square array
transmitters, and (f) with the honeycomb hexagonal array transmitters.

5.2. SNR Performances of Proposed Transmitters

Figure 19 shows SNR vs. distance curves for each proposed transmitter. As expected,
the SNR decreases with distance for all the transmitter configurations. According to the
IEEE 802.15.7 standard [43], the minimum acceptable SNR level is 15 dB and the maximum
acceptable BER is 10~°. Therefore, we considered a communication range with a minimum
SNR level of 15 dB. We observe that the distance achievable with this limit is between 70
and 85 m. It is seen that the array transmitters have improved performance compared to
the single-LED transmitter system. The communication ranges for each transmitter are
given in Table 7. We find that the honeycomb hexagonal array transmitters offer the longest
communication range. Specifically, they achieve a 19% longer range than the one provided
by the single-LED transmitters.

Table 7. The communication ranges of the proposed transmitter configurations at a 15 dB signal-to-
noise ratio (SNR) threshold.

Transmitter Type Range
Single-LED 70.5 m
3 x 3 square array 78.7m
Single hexagonal array 78.6 m
Octagonal array 72.7m
5 x 5 square array 80.1 m
Honeycomb hexagonal array 83.8 m

Figure 19 shows that the array geometries including a larger number of LEDs provide
longer communication ranges. Including 25 LEDs, the 5 x 5 square and honeycomb
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hexagonal array transmitters have a higher SNR than the 3 x 3 square, single hexagonal,
and octagonal arrays that include 9 LEDs.

30 i\ A T T T T T
single-LED
= = =3 x 3 square array
———— single hexagonal array
octagonal array
—A—5 « 5 square array
- ©= 'honeycomb hexagonal array
25 1
o
=
g
Z
w
21 1
.
15 : =
20 30 40 50 60 70 80 90

Distance (m)

Figure 19. An SNR vs. distance plot for the proposed transmitters.

To understand why the honeycomb hexagonal arrays outperformed the 5 x 5 square
arrays, despite both having the same number of LEDs, we need to examine their geometries
closely. Each LED in the array transmitters has a half FOV of 15°, while the transmitter
must still illuminate the same area as a 30° half FOV LED. We adjusted the LED orientations
to satisfy this requirement. The orientation vector Oy g of the center LED ¢y  is aligned with
the y-axis. In contrast, the orientation vectors of the surrounding LEDs are angled relative
to the y-axis. As a result, the light from these LEDs hits the receiver at steeper angles of
irradiance, reducing the DC channel gain H(0) (refer to Equation (7)). When an LED is
closer to the center LED, its orientation vector becomes less angled with the y-axis, resulting
in a narrower angle of irradiance. In the honeycomb hexagonal array, the distances between
the center LED and adjacent LEDs are shorter than those in the 5 x 5 square array, leading
to a higher SNR in the honeycomb array.

Since there are as few as nine LEDs in the 3 x 3 square, single hexagonal, and octagonal
array transmitters, the orientation vectors of each array make larger angles with the y-axis.
In contrast, the 5 x 5 square and honeycomb hexagonal arrays include 25 LEDs, allowing
their inner LEDs to have more moderate angles with the y-axis. Moreover, the 3 x 3 square
arrays, with nine LEDs, performed better than the other two nine-LED arrays due to their
advantage in illuminating the region between the transmitters, —75 cm < x < 75 cm. When
do decreases below a certain value, the LED arrays tend to fail in illuminating this region.
The 3 x 3 square array can sustain a larger dy before failing to illuminate the middle region
because, as seen in Figure 5, the 3 x 3 square array has six LEDs, three from each transmitter,
aimed towards the middle region. Thus, it can illuminate the desired area with a larger
value of dy, which results in less steep orientation vectors, causing this configuration to
perform better than the single hexagonal and octagonal arrays. Finally, the single hexagonal
array outperformed the octagonal array because its elements are closer together near the
center, again allowing for less angled orientation vectors.

Initially, the receiver was misaligned horizontally by 75 cm from each transmitter, Tx1
and Tx2, with zero vertical misalignment. To assess the impact of misalignment on system
performance across the six proposed configurations, we plotted the SNR against distance
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with the receiver positioned at P(350 cm, y, 30 cm). After this adjustment, the misalignment
of the receiver was as follows:

. From Tx1:
- Horizontal: 425 cm
—  Vertical: 30 cm

. From Tx2:

- Horizontal: 275 cm

- Vertical: 30 cm

As expected, Figure 20 shows that all of the six configurations perform worse when
the misalignment is more severe. Nevertheless, the array transmitter configurations still
outperform the single-LED transmitters.

80 T T T T T T T T T 55 T T T T T T T T
= = single-LED single-LED
75 - “ = = =3 x 3 square array = = =3 x 3 square array
——— single hexagonal array 8 —— single hexagonal array
70 : octagonal array B (o octagonal array
—&—5 x 5 square array 50 : ~ . |—&—5 x5 square array
— ©- ‘honeycomb hexagonal array 8 - ©- honeycomb hexagonal array

40 -

35 35 n n L L s L
0 2 4 6 8 10 12 14 16 18 20 o] 2 4 6 8 10 12 14 16 18 20

(a) Distance (m) (b) Distance (m)

Figure 20. SNR vs. distance for the proposed transmitters in the short range: (a) with the initial
receiver position and (b) with the receiver positioned at P(350 cm, y, 30 cm).

Although we expected poorer system performance with more severe misalignment,
we do not anticipate any performance change in the long range. This is because the
vectors from Tx1 and Tx2 to the receiver will deviate by very small angles when the
distance is large, making the receiver appear to the transmitters as if its location did not
change. The dominant factor limiting system performance is the long distance between the
transmitters and the receiver. Figure 21 validates our expectation, showing that the results
with the new misalignment conditions are almost identical to the results with the initial
misalignment conditions.

30 30

single-LED

3 x 3 square array

single hexagonal array
octagonal array

—d—5 » 5 square array

= ©= ‘honeycomb hexagonal array

single-LED
= = =3 x 3 square array
— single hexagonal array
octagonal array
—&A—5 « 5 square array

- “©- -honeycomb hexagonal array
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(a) Distance (m) (b) Distance (m)

Figure 21. SNR vs. distance for the proposed transmitters in the long range: (a) with the initial
receiver position and (b) with the receiver positioned at P(350 cm, y, 30 cm).

The BER of the VLC system is computed using Equations (16) and (17), and it is
plotted against the SNR, as depicted in Figure 22. It is observed that the BER becomes
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107° at 13.2 dB SNR. This result suggests that the system achieves a BER lower than the
maximum acceptable level specified in the IEEE 802.15.7 standard [43] at 15 dB SNR, which
was chosen as the minimum SNR threshold for determining the communication ranges.

In Figure 23, the BER for the six proposed transmitter configurations is plotted against
distance. As expected, the BER increases with distance for all transmitter configurations.
The distances at which the BER reaches 107° are given in Table 8. Notably, the honey-
comb hexagonal transmitters achieve a 19% improvement compared to the single-LED
transmitters.

BER

10_9 1 1 1 1 1
0 2.5 5 7.5 10 12.5 15

SNR (dB)

Figure 22. A BER vs. SNR plot for the communication link.

single-LED
1072 f |= = = +3 x 3 square array <
S single hexagonal array
- octagonal array
——5 x 5 square array
= ©= 'honeycomb hexagonal array
107 F
o
&0
10-5 _______________
1078 F
10710
65

Distance (m)
Figure 23. A bit error rate (BER) vs. distance plot for the proposed transmitters.

To assess the design’s ease of implementation in the automotive industry, we compare
the size of our transmitter designs to that of Samsung’s PixCell LED module, shown in
Figure 2, as this module has a light-emitting surface that is 1/16 the size of a traditional one.
When we decrease the value of s while keeping dj constant, we expect more angled orienta-
tion vectors, though we do not anticipate significant deterioration in system performance.
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To validate this prediction, simulations were conducted with s decreased from 1 cm to 1 mm.
With this change, our largest LED array, the honeycomb hexagonal array, covers an area of
5mm x 5 mm, which is even smaller than Samsung’s PixCell LED module. As shown in
Figure 24, these results are similar to those in Figure 19 for s = 1 cm. The communication
ranges for each transmitter are provided in Table 9 for s = 1 mm. We observe that the
honeycomb hexagonal array transmitters offer a 16% improvement in system performance,
which remains robust even with such a compact light-emitting surface.

Table 8. The distances at which the bit error rate (BER) reaches 10° for the proposed transmitter

configurations.
Transmitter Type Range
Single-LED 78.4m
3 x 3 square array 87.4m
Single hexagonal array 87.3m
Octagonal array 80.7 m
5 x 5 square array 89.0 m
Honeycomb hexagonal array 93.0m
30 A) T T T T T
single-LED
= = =3 x 3 square array
. single hexagonal array
~ octagonal array
—&— 5 x 5 square array
a5 - ©= 'honeycomb hexagonal array
=
E
i
=
w
20 | 1
15 I . 2 Q\
20 30 40 50 60 70 80 90

Distance (m)

Figure 24. An SNR vs. distance plot for the proposed transmitters with the value of s decreased to
1 mm.

Table 9. The communication ranges of the proposed transmitter configurations with s decreased to
1 mm, evaluated at a 15 dB SNR threshold.

Transmitter Type Range
Single-LED 70.5 m
3 x 3 square array 78.0 m
Single hexagonal array 78.0m
Octagonal array 71.7 m
5 x 5 square array 78.7 m
Honeycomb hexagonal array 81.9m

Therefore, our design offers flexibility in the choice of spacing s, as it mainly affects
the orientation vector angles, while system performance remains robust even with very
small values of s. These results remain consistent as long as dy is kept constant. This allows
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automotive manufacturers to adjust the design of lighting equipment to meet specific size
or aesthetic requirements.

6. Discussion

In this paper, we established a reference configuration using a single-LED transmitter
and plotted its irradiance distribution at a short distance, specifically at y = 1 m. Subse-
quently, we proposed various LED array geometries with two design parameters: the half
FOV ¢, of each LED and dy. We examined the effect of each design parameter by plotting

2
the SNR against distance for the square array transmitters with different values of ¢}, and
2
then different values of dy. The results showed that the SNR increases as ¢, decreases and

dp increases. By appropriately adjusting the design parameters, we achievéd the reference
irradiance distribution with all configurations while extending the communication range.
This demonstrates that our method allows for obtaining the desired irradiance pattern by
adjusting the orientation vectors of the LEDs, controlled by the value of dy, and the half
FOV for each LED, thereby improving the SNR.

In [37], the irradiance and SNR distributions of an indoor VLC system are compared
for different configurations of an LED array consisting of 16 LEDs. The paper proposes
three different arrangements. The first is a regular 4 x 4 square array with equal spacing
between the LEDs. The second and third configurations include the same number of LEDs;
however, the arrangement of the LEDs is different. The paper shows that their second and
third models yield more uniform irradiance and SNR distributions throughout the room.

On the other hand, in this study, we used LED arrays to alter the system performance
as desired. Therefore, we aimed to increase the SNR rather than achieve uniformity. For
a V2V VLC system, a uniform SNR across a plane at a certain distance is not required.
Instead, a long communication range is preferred, which is not required for an indoor
VLC system. By using different configurations of LED arrays, we achieved an increased
communication distance while maintaining the desired irradiance pattern.

The study in [31] aims to increase the communication distance of a V2V VLC system
by overdriving the LED transmitter current and proportionally shortening the duration of
the pulses. Although the study in [31] tried to reduce the duty cycles of the signals and
keep the overall irradiance constant, the instantaneous irradiance of the LEDs in these
short signals may pose a danger to human eye health. Unlike [31], in our study, the current
and, naturally, the irradiance were kept constant, and the communication distance was
increased by simply changing the geometric structures of the LED arrays.

In [30], the irradiance distribution is shown from a top view, covering both lateral
and longitudinal aspects. Our paper, however, offers a more comprehensive approach by
plotting the irradiance distribution directly on the plane where the receiver is located, thus
including both lateral and ground clearance. The study in [30] includes a comparison of
day and night conditions, as well. We assumed clear weather conditions in our simulations;
however, the exact compatibility of our chosen parameters with real conditions is not a
concern, as our study serves as a proof of concept. On the contrary, this approach enhances
the flexibility of our study and its applicability to various scenarios.

The study in [35] presents SNR and distance graphs using square pixel photodiode
arrays in the receiver to extend the communication range. In contrast, our paper improves
the VLC performance by optimizing the transmitter side without enlarging the receiver.
Additionally, in [35], simulations with different modulation schemes are conducted, with
the transmitted power adjusted according to the needs of each scheme. In contrast, our
study maintains a constant transmitted power of 10 W across all proposed transmitter
configurations, achieving increased communication ranges without varying the power.

Our goal is to offer new LED arrays that will increase the communication potential of
V2V VLC systems in terms of SNR and communication distance, in addition to existing
headlights and taillights that meet the standards set by the automotive industry. Therefore,
rather than relying on existing light output schemes, our study investigates how these
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schemes can be optimized for communication. In addition, LED arrays are designed in
this paper to increase the received power rather than reduce the background noise. In
arrays with better performance, the received power is larger and the background noise is
higher, as expected from the shot noise formula given in Equation (13). However, since the
received power is higher, the SNR values of these arrays are also better.

The literature comprehensively examines different transmitter LED configurations in
indoor VLC systems. However, in indoor studies, the LED arrays are usually used for the
purpose of yielding a uniform SNR throughout the room. No literature for indoor studies
aims to increase the communication range, as this is unnecessary for indoor applications. In
addition, existing outdoor studies for increasing the SNR and communication range in V2V
VLC focus on optimizing the receiver side. This paper aims to increase the SNR value and
communication range of V2V VLC systems by changing the geometry of the LED arrays on
the transmitter side. In addition, in indoor studies, the LED configurations are varied only
through the arrangement of the locations of the LEDs. However, we adjust the orientations
of the LEDs as well to provide the same effective FOV throughout different geometries. We
establish a reference configuration that has an FOV of 60°, and we design LED arrays where
each LED has a 30° FOV, yet we manage to ensure that every configuration illuminates
approximately the same area. This approach allows us to more accurately reflect the actual
performance of different LED configurations and exploit the smaller FOV of these LEDs to
increase the communication range and SNR. Therefore, this paper gives an insight into how
to optimize system performance by increasing the SNR and communication range of V2V
VLC systems by changing the geometry of the LED array transmitters and the orientations
of each LED.

In addition, while existing studies in the literature generally deal with a limited
number of LED configurations, our paper uses six transmitter configurations, bringing
a new perspective to the literature by developing a unique analysis methodology with
a wide range of LED configurations with different orientations of LEDs, revealing the
potential of new structures that can be used especially in outdoor V2V VLC systems. In
particular, the honeycomb-shaped hexagonal array and the octagonal array configurations
do not exist in the literature, and we examine the effects of these structures on the SNR and
communication distance in detail. In fact, our newly used honeycomb-shaped hexagonal
configuration gave the best SNR and communication distance. In this context, our study
makes a significant contribution to the existing literature.

7. Theoretical and Practical Implications

This study presents a new approach by comparing different geometric LED array
configurations, focusing on SNR and BER performances in V2V systems. From a theoretical
perspective, this study provides fundamental insights into the impact of varying LED
geometries (such as honeycomb, hexagonal, octagonal, and square arrays) on the efficiency
and communication range of VLC systems. Our theoretical comparisons show that the
honeycomb array provides the best SNR performance, with a communication range im-
provement of 19% a at 1 cm spacing and 16% at a 1 mm spacing, compared to a single-LED
setup, indicating that geometry plays an important role in maximizing communication
performance under ideal conditions. Our study also highlights how geometric optimiza-
tion can be used to improve communication systems without changing the total power of
LED arrays.

From a practical perspective, this research provides a solid foundation for future
experimental studies. It is suggested that adapting LED array geometries has the potential
to improve V2V communication systems. Although the focus is on simulation data, it
provides a theoretical framework for comparing different arrays in outdoor environments.
This has the capacity to improve V2V communication performance, especially in scenarios
of high-speed vehicles. It is a fact that even a few centimeters of communication distance
gain in traffic will speed up access to critical data and enable drivers or autonomous
systems to make quick decisions. For example, according to studies conducted by the
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National Highway Traffic Safety Administration (NHTSA), even millisecond delays can
cause an increase in accidents [44]. The increase in communication distance provided by
the honeycomb array can increase safety between vehicles by providing more reliable data
transmission during critical time periods.

We demonstrated that our proposed transmitter design performs robustly even when
the sizes of the LED arrays are decreased drastically. We reduced the sizes of the LED arrays
such that our largest array is smaller than one of the smallest industrial headlight modules,
Samsung’s PixCell LED [42,45]. This result emphasizes the versatility of our design, which
not only adapts well to compact dimensions, but also allows automotive manufacturers the
flexibility to tailor lighting solutions to meet their specific size and aesthetic requirements
while ensuring effective communication ranges.

8. Conclusions

V2V VLC is a promising technology for improving traffic safety and efficiency, particu-
larly during high-traffic periods. However, it is challenging to achieve a high SNR over long
communication distances. In the literature, most of the papers that address this problem are
focused on the receiver side, whereas few studies are focused on the transmitter. Therefore,
this paper is focused on optimizing the VLC transmitter to address this problem. The use of
different arrangements of LED arrays has been studied for indoor VLC systems to achieve
a uniform SNR throughout the room. In this paper, we demonstrate that LED arrays can
also be beneficial for outdoor VLC systems by increasing the SNR, and consequently, the
communication range.

This paper investigated various LED array geometries by first establishing a refer-
ence configuration using single-LED transmitters and plotting its irradiance distribution
at y = 1 m. Different LED array geometries were then proposed with two key design
parameters: the half FOV ¢ of each LED and dj.

2
Subsequently, we examined the performance of square array transmitters with varying
@' and dy values, noting that decreasing ¢, and increasing dy enhance the SNR and, hence,
1 1

extend the communication range. We then adjusted these design parameters for each
proposed transmitter geometry, aiming to minimize ¢; and maximize dy while ensuring

that all the proposed transmitters have the same irradiance distributions at y=1m.

From a theoretical perspective, system performance improves as the value of dj in-
creases or the FOV of the LEDs decreases without bound. However, the design imposes
the constraint that the illuminated height (H) and width (W) must remain constant. Conse-
quently, the values of these parameters are limited. Their values were carefully selected to
optimize system performance while maintaining consistent H and W dimensions across
all designs.

Additionally, the separation distance (s) between the LEDs in the array presents
another design constraint. While increasing the array size generally enhances performance,
a more compact design is preferable for practical headlight or taillight modules. This
creates a trade-off between maximizing system performance and minimizing the overall
physical dimensions of the module.

With these conditions met, we fixed the design parameters and plotted the SNR against
distance for all transmitter configurations. The results consistently showed that the LED
arrays outperformed single-LED transmitters, primarily due to the smaller FOV of their
elements. For a 15 dB SNR threshold and a separation of s = 1 cm, the communication
ranges were determined to be 70.5 m for single-LED transmitters, 78.7 m for 3 x 3 square
array transmitters, 78.6 m for single hexagonal transmitters, 72.7 m for octagonal trans-
mitters, 80.1 m for 5 x 5 square array transmitters, and 83.8 m for honeycomb hexagonal
array transmitters. Notably, the honeycomb hexagonal transmitters achieved the longest
communication distance, yielding a 19% increase compared to the single-LED transmitters.

Furthermore, we plotted the BER against the SNR and found that the BER reached
107% at an SNR of 13.2 dB. In addition, a plot of BER versus distance for all the transmitter
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configurations was produced and the distances where the BER becomes 10~° were found
to be 78.4 m for the single-LED transmitters, 87.4 m for the 3 x 3 square array transmit-
ters, 87.3 m for the single hexagonal array transmitters, 80.7 m for the octagonal array
transmitters, 89.0 m for the 5 x 5 square array transmitters, and 93.0 m for the honeycomb
hexagonal array transmitters.

In addition, we demonstrated that our proposed transmitter design performs robustly
even when the sizes of the LED arrays are decreased drastically. The honeycomb hexagonal
transmitter design provided a 19% improvement in system performance with a spacing of
1 cm, which slightly decreased to 16% when the spacing was reduced to 1 mm, a change that
also made the array size 100 times smaller. Despite this reduction, its performance remains
commendable, especially since, at s = 1 mm, our largest array is smaller than one of the
smallest industrial headlight modules, Samsung’s PixCell LED. This result emphasizes the
versatility of our design, which not only adapts well to compact dimensions but also allows
automotive manufacturers the flexibility to tailor lighting solutions to meet their specific
size and aesthetic requirements while ensuring effective communication ranges.

These findings highlight the effectiveness of optimizing the half FOV ¢/ and the

orientation vectors, controlled by dy, of each LED in the array transmitters. Ouzr method
allows for achieving the desired irradiance patterns and optimizing communication ranges
across different transmitter configurations.

This study shows the critical role of adjusting the geometrical configuration of the
transmitter LED array in optimizing VLC performance. Future research should explore
further optimizations of LED arrays and assess the impact of dynamic environmental
conditions on system performance. Such work may include validating simulation results
with experimental data and conducting more comprehensive analyses related to real-
life conditions. The performances of different LED arrays in outdoor conditions, such
as different weather conditions like smoky and foggy atmospheres, can be examined to
provide data for real-world applications. In this regard, future experimental studies can be
compared with our simulation-based analysis, with external weather factors included, to
make important contributions to the development of LED-based communication systems.
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