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In the visible light communication (VLC) for parallel vehicles, the light emitted by the headlamps cannot reach the photodiode
(PD), which is the receiver installed on another vehicle. To solve this problem, the mirror array-based intelligent reflecting
surface- (IRS-) aided VLC system is designed for parallel vehicles, and the system performance with different number of
mirrors and transmission distance is analyzed. The maximum distance between adjacent IRSs is calculated via the exhaustive
method, and the nearest neighbor iterative search (NNIS) algorithm is proposed for IRS node selection. Numerical results
show that the SNR increases with the number of mirrors increasing. If the number of mirrors is 6 x 6 in the IRS, the
maximum distance between adjacent IRSs is 37 meters. When the interval between adjacent IRSs is 32 meters, the required

BER can be satisfied with merely three IRSs working together according to the NNIS algorithm.

1. Introduction

Due to the continuous increase in the number of vehicles result-
ing in worsening road congestion and increasing traffic
accidents, the requirement for traffic management must be
enhanced [1]. The intelligent transportation system (ITS) [2,
3] is a safe, convenient, and efficient traffic management system
for promoting the coordination of various traffic elements and
realizing information sharing [4]. It mainly includes inside
and outside vehicle communication [5, 6]. The latter includes
the communication between the vehicle and its surrounding
environment, such as vehicle-to-vehicle (V2V), vehicle-to-
infrastructure (V2I), infrastructure-to-vehicle (I2V), vehicle-
to-cloud, vehicle-to-pedestrians, and vehicles-to-grid [7, 8].
IEEE 802.11p standard defines dedicated short-range commu-
nication (DSRC) which is one of the most promising wireless
standards to support ITS [9, 10]. However, the complex traffic
environment, insufficient frequency band, various obstacles,

and serious Doppler effect pose present considerable challenges
to radiofrequency- (RF-) based ITS.

With its low price and green and energy-saving features,
LED has gradually replaced traditional light sources in recent
years [11]. The number of headlights, taillights, brake lights,
and daytime running lights of vehicles using LED is increasing
[12], providing hardware support for vehicular visible light
communication (VVLC). In the V2V VLC system, headlights
[13], taillights [14], or even brake lights [15] can be used as the
transmitter, and the image sensor [16], high-speed camera
[17], or PD [18] can be used as the receiver. VLC can be used
as a supplement to RF communications [19] solving the prob-
lems such as insufficient frequency band, slow transmission
speed, and Doppler effect.

Currently, the studies on V2V VLC mainly focus on the
line-of-sight (LOS) links that the light can directly reach the
receiver from the transmitter [20-22]. Although V2V VLC
has achieved good results in the LOS link, all the light
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emitted by the transmitter cannot possibly be within the field
of view (FOV) of the receiver [23]. If the vehicles are driving
side by side in different lanes or the two vehicles have obstacles
between them (such as other vehicles), the light from the
transmitter is blocked, resulting in VLC interruption. VLC
with the nonline-of-sight (NLOS) links must be studied to
solve this problem. When the light from headlights of the back
vehicle irradiates on the asphalt pavements [24] or the road
surface with water [25], the reflected light can reach the
receiver installed on the front vehicle, realizing the VLC
through the NLOS links. However, the reflection coefficient
of asphalt pavements is low. Although the reflection coefficient
of the water surface is high, it is easy to shake. Thus, the
reflecting surface that satisfies the conditions cannot be guar-
anteed to appear in real time.

The intelligent reflecting surface (IRS) [26, 27] is a tunable
metasurface composed of many passive and low-cost passive
reflective elements. This metasurface can realize the functions
of traditional optical devices [28, 29]. For the metasurface-
based IRS model, beam steering [30], beam shaping [31],
and improvement of link service level [32] of coherent light
have been studied. For visible light, Abdelhady et al. [33]
install the IRS on the wall to reflect the incident light to the
receiver by intelligently controlling the phase gradient of each
subsurface and the direction of each mirror which provide
convenience in solving the communication interruption
caused by blind zone in the V2V VLC system.

Given the continuous improvement of transportation
infrastructures and the good performance of the mirror
array-based IRS, we design the mirror array-based IRS-
aided VLC system for parallel vehicles to solve the VLC
interruption problem, and the performances of different
numbers of mirrors in the IRS are compared. Moreover,
the influence of the distance between adjacent IRSs is ana-
lyzed, and the IRS node selection algorithm is proposed.

The contributions of this paper are as follows:

(1) The mirror array-based IRS-aided VLC system for
parallel vehicles is designed for the first time that IRS
can be installed on transportation infrastructure as
the reflection point of the light. The light is reflected
to the receiver through the intelligent controlling the
rotation angles of the mirrors which provides a new
approach for parallel vehicles to communicate via
visible light

(2) The different numbers of mirrors in the IRS affect
the received power. In this study, the system perfor-
mance under the different numbers of mirrors in the
IRS is analyzed to provide a basis for selecting the
appropriate number of mirrors

(3) The distance between adjacent IRSs affects the direc-
tion of the reflected light and the received optical
power. In this study, the influence of the distance
between adjacent IRSs is analyzed, and the maxi-
mum distance between adjacent IRSs that can satisfy
the communication requirements is calculated
through an exhaustive method
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(4) Multiple IRSs can be installed within the maximum
distance between adjacent IRSs according to the actual
distance between transportation infrastructures. The
nearest neighbor iterative search (NNIS) algorithm is
proposed for selecting IRS nodes. The least IRS nodes
can be selected to satisfy the communication require-
ments, and the resource utilization of IRS is improved

The remainder of the paper is organized as follows. Section
2 introduces the mirror array-based IRS-aided VLC system for
parallel vehicles, presents the expressions of the channel gain
and SNR, and analyzes the influence of the number of mirrors
and optical transmission distance. Section 3 introduces the
system model of multiple IRS-aided V2V VLC, presents the
calculation method of the maximum distance between adja-
cent IRSs, and proposes the NNIS algorithm for selecting
IRS nodes. Section 4 provides the simulation parameters and
the numerical results. The conclusions and future research
directions are drawn in Section 5.

2. The Mirror Array-Based IRS-Aided VLC for
Parallel Vehicles

For two parallel vehicles, the light from the transmitter may
not be able to reach the receiver, resulting in the blind zone
of VLC. At this time, the aided equipment should be consid-
ered to realize VLC. The mirror array-based IRS has been
proved to be an effective approach in indoor VLC [33]. This
approach is applied to the V2V VLC system in this study,
and the performance is analyzed.

2.1. System Model. The application scenario of the mirror
array-based IRS-aided VLC system for parallel vehicles is
shown in Figure 1. Given that the vehicle is constantly moving,
the direction of the reflected light must be changed with the
distance between the vehicle and the IRS to enable that the
light emitted by the headlamp reaches the receiver in any case.
The mirror array-based IRS can satisfy this requirement. With
the aid of the IRS, the light from the transmitter reaches the
IRS first. Given the excellent reflection characteristics of the
mirror, the light can be reflected to the receiver according to
the communication requirements, thereby realizing VLC.

Two adjacent lanes are taken as an example to visually
analyze the performance. The vehicles run along the central
axis of the lanes, and the right headlamp of the vehicle in the
right lane serves as the transmitter. The PD is installed in the
middle of the two headlamps of the vehicle in the left lane as
the receiver to avoid driver dizziness caused by reflected
light. The IRS is installed on the street light pole, and the
height of the center point is consistent with that of the head-
lamps. Figure 2 shows the model of the system.

For the mirror array-based IRS, the number of mirrors
in each row and each column can be set as n; and n;, respec-
tively. The width of each mirror is w,,, and the height is ,,,.
Aw,, and Ah,, are the edge-to-edge intermirror separation
distances along the x-axis and z-axis. We define a Cartesian
coordinate system whose origin is at the center of the mirror
R;;(1<i<m,1<j<mn;). We can obtain the position vector
of the transmitter S.
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FIGURE 2: Model of the mirror array-based IRS-aided VLC system for parallel vehicles.
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where x, represents the x-coordinate and z, represents the z-
coordinate of S, as measured from the upper left corner of
the mirror array.

The position vector of the receiver D can be expressed as
follows:

—(xd + % + (- 1)(w, +Awm)>

where x,; represents the x-coordinate of D as measured from
the upper left corner of the mirror array and h; represents
the z-coordinate of D as measured from S.

According to Snell’s law of reflection, the angle between
the incident direction and the mirror normal in an ideal
specular reflection equals to the angle between the reflection
direction and the normal. The position of the mirror must

satisfy two conditions: first, the mirror must be within the
reach of the light from the transmitter, and second, the mir-
ror must have a suitable position and angle to ensure that
the reflected light is within the range of FOV at the receiver.

As shown in Figure 2, the mirror in the IRS is first
arranged via the clockwise rotation of the local z-axis with
an angle f;; and the local negative x-axis with an angle a; ;.
A suitable position is obtained to enable the light to reach

the receiver after being reflected by the mirror. The normal
vector direction can be expressed as [34]

N, = L,
\/2+2R;;S R;D

(3)

where,
RS-
TSRyl
—  D-R (4)
PR
[+l

denote the €,-norm and ()" denotes the transpose operator.



The relation between normal vector and rotation angle
can be expressed as

sin <ﬁ1]) cos (&)
N;: cos (ﬂl]) cos (a;;) |- (5)
sin (at;;)
The size of the headlamp is much smaller than the
distance of light transmission. Thus, it can be regarded as a

point light source. The irradiance at the detector center
contributed by all the mirrors can be expressed as [33]

me o p(m+1)P; cos™ (9}(’;”)

cos (9? ) . (6)

ij

2
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where P; is the transmitted power and p represents the

mirror reflection efficiency. m is the order of Lambertian

emission [35] related to the half-power semiangle of LED

®@,,, which can be expressed as m = —In 2/In (cos D, ,).
According to Figure 2,

e (S-R;;
cos (OSRU) =e;R; S = M

TSRyl
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According to the theory of VLC transmission [36], the
DC gain of the channel can be obtained as

w0, 0T, (67 ) Agp(m -+ 1) cos™ (6}, )

HIRS(O) - 2
SE (Rl RS1)

cos (GRD”) g <BEU ) s
(8)

where @ is the current-to-light conversion efficiency of the

LED, A, is the detector physical area of the PD, and T,

(6% ) is the optical filter gain. g(0% ) is the optical con-
ij ij

centrator gain in the receiver, which can be given as

n2

—— 0<6R <V¥
2 - VR T ¢
a(6r,) = o SO

D
0 GRU >V,

where n is the refractive index and ¥, is the width of
FOV at a receiver.
The received signal can be expressed as

y=yH®™x +w, (10)
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where y denotes the responsivity of a PD. w is the additive
white Gaussian noise obeying a distribution //(0, 0%) with
mean zero and variance o2, which can be concluded accord-
ing to Reference [36].

The signal-to-noise ratio (SNR) can be expressed as follows:

(YH™)*P,

SNR = (11)

For optical OOK modulation, the bit error rate (BER) is
given by

BER = Q(\/ﬁ), (12)

where,

Q(x) = \/12_71J:0e_y2/2dy' (13)

2.2. System Performance Analysis. According to Equations
(8)-(11), the SNR is related to the number of mirrors and the
distance of light transmission. The different numbers of mirrors
and the distances of light transmission have different effects on
the SNR.

2.2.1. The Influence of the Number of Mirrors. According to
Equation (8), the DC gain of the channel increases continu-
ously with the increase of the number of mirrors. The increase
in the number of mirrors causes the size of the IRS to increase.
But, the size of the IRS cannot be increased without a limit.
Otherwise, the IRS is extended to the road, making the instal-
lation difficult and causing accidents quickly.

The received optical power and the noise increase with
the number of mirrors increase according to Equations
(8)-(11). In this case, the improvement of SNR gradually
slows down with the BER. Therefore, the number of mirrors
should be controlled to satisty the communication require-
ments, and the system can also achieve the expected perfor-
mance at a low cost.

2.2.2. The Influence of Optical Transmission Distance. Accord-
ing to Equation (8), the DC gain of the channel and the
received optical power become larger with the smaller the
optical transmission distance. The light is not enough to reach
the IRS when the transmitter and the IRS are very close
because of the limited radiation angle and half-power angle
of the LED. Meanwhile, the FOV of the PD is limited, and
no light is reflected to the receiver at this time. Thus, the
received optical power is zero. Although the light from the
transmitter can reach the receiver when the transmitter and
the IRS are far away, the received power at this time decreases
squarely as the distance increases, that is, the attenuation
speed is fast. The optical power of the receiver is very small
or even less than the noise power, resulting in low BER, which
cannot satisfy the communication requirements.

The distance between the transmitter or the receiver and
the IRS changes with the speed of the vehicle while the vehi-
cle is moving. When the IRS is installed on the existing
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transportation infrastructures, the location of the IRS is fixed.
To satisty the communication requirements, multiple IRSs
should be installed on the road, and their intervals must be
controlled within a certain range. Regardless of the vehicle
speed, the distance between the transmitter or receiver and
the IRS is always within a suitable range. The distance of light
transmission is not too close or too far, and the average BER
can always satisfy the communication requirements.

3. IRS Node Selection Scheme

The analysis in Section 2.2 indicates that multiple IRSs should
be installed to enable uninterrupted VLC between parallel
vehicles, and their interval must be within an appropriate
range. If the number of installed IRS is too large, additional
transportation infrastructures must be provided, thereby
increasing the cost. If the number of installed IRSs is insuffi-
cient, the distance between IRSs is too large, and the received
power is too small that the communication may be inter-
rupted. It is not conducive to communication continuity and
may even cause traffic accidents. The application scenario is
shown in Figure 3.

Assume that the number of mirrors in each IRS is the
same and adjacent IRSs have the appropriate interval. In this
case, one or even more IRSs can transmit the light from the
transmitter to the receiver when multiple IRSs are installed.
On the premise of the BER requirements, we face a problem
of IRS node selection to maximize resource utilization.

3.1. Maximum Distance between Adjacent IRSs. The PD
receives the light reflected from the multiple IRSs which
can improve the received power. At this time, the total DC
gain of the channel is

Vome mo@
IRS Z Z Z
total

v=1i=1 j=1 27-[(

(05::!>Adp(m +1) cos™ (93\:})

)

cos (GEL) g (9%}),

(14)

RiViDH +|r
k 2

where v is a positive integer which is the serial number of the
IRSs. V is the total number of the IRSs.

Assume that the distance between adjacent IRS is Dyys.
The relationship between R"*1 and Rj; can be expressed as

&R} = &R} + D (15)
The total received signal can be expressed as

y=yH (0)x +w. (16)

The total SNR can be expressed as

IRS
P.
SNRtotal - % : (17)

The total BER for optical OOK modulation can be
expressed as

BERtotal = Q( V SNRtotal) . (18)

In the OOK modulation, SNR requires 13.6dB to
achieve BER = 1076, Then, the maximum distance Djgg .«
between adjacent IRSs under this BER can be calculated.

3.2. IRS Node Selection Scheme. For parallel vehicles, the dis-
tance between the transmitter or receiver and the IRS on the
y-axis is equal. When the vehicle is driving in the area of any
two adjacent IRS, it faces the same problem of IRS node
selection. Thus, we choose one of the areas between two
adjacent IRSs as an example.

We assume that a total of V' IRSs are installed, and each
IRS contains the same number of mirrors. At this time, the
received power corresponds to the distance of the light
transmission one by one. We propose the NNIS algorithm
for selecting IRS nodes to ensure that the least IRSs are used.
The specific steps are as follows.

(1) Assume that v(1<v < V) represents the number of
IRSs. The numbering rules are arranged from small
to large along the direction of the vehicle according
to the distance between the IRS and the transmitter.
The vehicles are traveling in the area between two
adjacent IRSs. When the distance between the receiver
and the nearest IRS (that is, IRS, ) is D, (0 < D, < Digg)
on y-axis, then the received power P,, can be calcu-
lated at different optical transmission distances D, +
(v — 1)eDygs according to Equations (8)-(11)

(2) Sort P,
v'(1<v' < V) represents the number of P P 11 i

in descending order to obtain lj ,» Where

the maximum value of P’tv,

(3) Calculate the received power P,, when SNR=13.6
dB according to Equation (11)

4) It P’L1 > P,,, only one IRS is required to work. Find
the smallest value ljtv, greater than P, in {ljtv, |1
<v' <V} and the corresponding IRS with this

value. Only this IRS can be used to satisfy the SNR
requirements. The average received power at this

|P 2Py, 1<v <V}

time is P, = {min PM,

(5) If P, 4P, + 4P, 0 <Pro <P+ P+ 4P, +P’tq+1,
1<q<V-1, the ﬁrst (q+ 1) IRSs correspondmg to
ljw, must work at the same time to satisfy the SNR
re;]uirement The received power according to Equa-

tions (14)-(17) at this time is P; {P{t 1+ 2t +P’ ot

P | Py + Pyt Pl <Py <P+ Pyt +P' ot
Plt,q+1>1SqSV_1}

(6) When the parallel vehicles move to the next adjacent
IRS area, repeat the above steps

The NNIS algorithm is shown in Algorithm 1.
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FiGure 3: The application scenario of multiple IRS-aided V2V VLC system.

and the number of mirrors n;, * n; in each IRS.
for Dy =0 : Dygg
ys:DO;yd:ys;
forv=1:V
fori=1:mn
forj=1:n

end for
end for

end for
Sort P, in descending order to obtain va’

if P,, > P,
P, = {min ljm, | ij, >P,1<v <Vh
Crs=1;
else
P ={P, + P+ -+P’w +P,
Crs=q+1;
end if

P, +P,

,q+1 |

end for

Initialize the interval between adjacent IRSs Dypg(0 < Digg < Dypg max)> the total number of IRSs V, the selected number of IRS Cigg,

Calculate the position vectors of the transmitter, receiver, and IRS.
Calculate the channel gain of each mirror according to Equations (8)-(9).

Calculate the received power P, corresponding to each IRS Equations (10)-(11).

Calculate the received power P,, when SNR = 13.6dB according to Equation (11).

t,2+“'+P/t,q <P <P, + P(t’2+---+P't,q +P,

Output the total number of selected IRS nodes and the corresponding serial number.

1<q<V-1}

q+1°

ArcoritaM 1: The NNIS algorithm.

Under the premise of satisfying the BER requirements,
the least IRS nodes can be selected to aid the VLC using
the NNIS algorithm and realize uninterrupted communica-
tion. The IRS occupancy rate can be reduced, and the free
IRSs can be utilized to VLC for other vehicles.

4. Numerical Results

In this section, we present the numerical results to evaluate the
performance of the IRS-aided VLC system for parallel vehi-
cles. The main parameters are given first, and then, the influ-
ence of the number of mirrors and the position of the IRSs
are analyzed. Finally, the IRS node selection scheme is verified.

4.1. Simulation Environment. The main system parameters
are summarized in Table 1. Assume that the vehicles are
driving along the centerline of the lane with a width of 3.5
meters. The lamp mounting height for high-beam headlamps
is 0.62m, and lamp separation is 1.12m. The transmitted
power is 30 W, and the half-power semiangle is 60 deg. As
the receiver, PD is installed in the middle of two headlamps.
The detector physical area is 1.0cm? and the FOV is 35 deg.
IRSs are installed on the street light poles, and the height of
the center is consistent with that of the headlamps. The size
of each mirror in IRS is 0.02x 0.02m? and the spacing
between mirrors is zero. The mirror reflection efficiency is
0.8. The modulation mode is optical OOK modulation.
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TaBLE 1: Main system parameters.

Symbol Parameters Value
Z Height of the IRS center 0.62m
(W, hyyy) Size of a mirror (0.02, 0.02) m
Prep Transmitted optical power 30W
Dy Half-power semiangle of a LED 60 deg.
¥, FOV of a PD 35 deg.
Ay Detector physical area of the PD 1.0 cm®
T, Optical filter gain 1.0

n Refractive index 1.5

Y Responsivity of a PD 0.54 A/W
P Mirror reflection efficiency 0.8

@ Current-to-light conversion efficiency ~ 0.44 W/A

We can obtain the positions of the transmitter and
receiver depending on the above conditions.

35 112 n n;
x=(2 -0 = 1.19,zS=—(wm-—) =—(0.05 x _).
2 2 2 2
(19)

¥, is constantly changing with the movement of the vehicles.

3.5
Xg= <3.5 + 7) =-525,y,=y,2;=0. (20)

4.2. Numerical Results

4.2.1. SNR Comparison with Different Numbers of Mirrors in
the IRS. When the number of mirrors in IRS is different, the
paths of light transmission are different, bringing different
changes to the received power and SNR. Figure 4 shows
the change of SNR caused by different numbers of mirrors
in the range from 0 to 100 meters with a 1 m interval for
v, when only one IRS exists.

As can be seen in Figure 4, the SNR equals zero regard-
less of the number of mirrors when 0 <y, <7m. The reason
is that the FOV of the PD is limited, and the incident angle
within this distance range is larger than the FOV. According
to Equation (9), the optical concentrator gain is zero, so the
received power is zero. When 8m <y, <100m, the SNR
monotonically decreases with the increase of y;. When y,
<56m, all the SNRs in the simulation are less than
13.6 dB. According to Equation (8), the increase of y, causes
the continuous increase of |R;;D||, and |[R;;S|, resulting in
the decrease of the received power and SNR.

At the same y;, the SNR continues to increase with the
increase of the number of mirrors. The reason is that light
can be transmitted through more different paths to the
receiver, thereby increasing the received power and the
SNR continuously. The rate of SNR improvement gradually
decreases with the increase of the number of mirrors.
Because the increase in the number of mirrors is equivalent
to adding a circle of mirrors to the existing IRS edge, the

50

SNR (dB)

—— 1*1 mirrors —+— 7'7 mirrors
—x— 2'2 mirrors —ea— 8'8 mirrors
—+— 3*3 mirrors —— 9*9 mirrors
—s— 4*4 mirrors —»— 10*10 mirrors
—«— 55 mirrors —— 13.6dB

—*— 66 mirrors

FiGure 4: SNRs with different numbers of mirrors in the IRS.

central position of the IRS is fixed, and the light transmitted
distance of a newly added mirror is larger than that of the
mirror in the original IRS. The received optical power is
small, and the total received power increases slowly.

If the IRS includes too many mirrors, it will occupy the
road and easily cause traffic accidents. The number of mir-
rors and the deployment location must be simultaneously
considered to avoid the SNR less than 13.6 dB. In this study,
the number of mirrors in the IRS is selected as 6 x 6 follow-
ing the above analysis. In this case, the SNR is higher than
13.6dB when 8m <y, <32m. For urban roads, the spacing
of traffic infrastructure (such as street light poles) is gener-
ally less than 32m. When y, <7m, one or more IRSs at a
distance can be considered to aid VLC together which can
make SNR larger than zero. Thus, a sufficient number of
IRSs can work simultaneously to make the SNR achieve
the communication requirements.

4.2.2. The Maximum Distance between Adjacent IRS.
According to the analysis in Section 4.2.1, multiple IRSs
should work together to ensure that the SNR is greater than
13.6dB when y, >32m. We use the exhaustive method to
find Digg o under the premise of satisfying the SNR
requirements. The change of SNR brought by the different
numbers of IRS Nygg is analyzed under a certain Dyyg first.
Then, the change of SNR brought by different Djyq is ana-
lyzed under a certain Nygg.

(1) SNR versus Different N g with a Certain Dygg. Figure 5
shows the SNR comparison of different Ny when Djpg =5
m, 10m, 20m, and 30m, respectively. When N =1, only
one nearest neighbor IRS works. When Dz =5m, since
the light reflected by IRS cannot be received because of the
FOV limitation of PD, the SNR is zero. Similarly, the SNR
is zero with Djzq = 10m, 20m, and 30m when Om < Djpq <7
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+— Npps=1 “— Nigg =50
—*— Nipg =100
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—s— Njpg =200

(d)

—— Npg=5
—— Npg=10
—— Nipg=20

FIGURE 5: SNR comparison with different Nz when (a) Djpg = 5m, (b) Djgg = 10m, (c) Djgg =20 m, and (d) Djpg =30 m.

m. Therefore, communication may be interrupted when
Nps=1.

When Nygg =5, 10,20, 50, 100, 150, and 200, with the
intervals of PD and different IRSs increasing, the incident
angle of the reflected light from multiple IRSs is less than
FOV, avoiding the zero SNR. At this time, the SNR is higher
than 13.6 dB when multiple IRSs work together.

However, the increase rate of the SNR decreases with the
increase of Nps. The reason is that the received power
decreases faster with the distance increase. So, the IRSs
installed farther away contribute little to the total SNR.
The increase of Np¢ also implies that more infrastructures
are required to install IRSs, resulting in increasing costs of
communication. Figure 5 shows that the SNRs of Nyzg = 50

, 100, 150, and 200 are almost the same when Djzg = 10m,
20m, and 30m. Therefore, this study selects N g = 50 to save
resources and reduce costs.

(2) SNR versus Different Dyq with a Certain Nigg. We use
the exhaustive method to calculate Digg ..., Figure 6 shows
the comparison of SNR with different Djpg when Nigg = 50.

As can be seen from Figure 6, the SNR becomes larger
with the Djp¢ decrease. The reason is that the smaller Dypg
implies the smaller optical transmission distance and larger
received power at the same location. In the adjacent IRS
area, SNR has a large jump between D, =7m and D, = 8m,
which is also the transition stage from the incident angle of
the nearest IRS greater than FOV to that less than FOV.
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D, (m)
—— Dpg=31m —— Dg=37m
—*— Dpg=32m —&— Dppg=38m
—— Dpg=33m —+— Dppg=39m
—&— Dpg=34m —6— Dppg=40m
—6— Dpg=35m —— 13.6dB

—— Dppg=36m

F1GURE 6: SNR comparison with different D;p when Np¢ = 50.

When D, = 8m, the incident angle of the IRSs starts to be
smaller than the FOV. At this time, the received power con-
tribution of the nearest IRS is the largest. The SNR when 0
m <Dy <7m is lower than that when 8m < D, < Dygs. The
reason is that the incident angle of the nearest IRS is smaller
than FOV when 8m <D, < Dy, thereby improving the
received power and SNR compared with those in other IRSs.

The SNR is larger than 13.6dB in the two adjacent IRS
areas when D¢ =31m,32m, 33m, 34m, 35m, 36m, and 37
m. When Dy = 38m, the SNRs corresponding to D, =7m
are less than 13.6dB. When Dpzq =39m, the SNRs corre-
sponding to D, =5m,6m,and7m are less than 13.6dB.
When Djpg = 40m, the SNRs corresponding to D, = 4m, 5m
,6m, and 7m are less than 13.6 dB. In other words, the SNRs
are less than 13.6dB that occur when Djpg>38m. The
course of the situation continues with the increase of Dygg.
When Djpg <37m, no SNR less than 13.6 dB exists. There-
fore, Dipg nax = 37m when Nppg = 50.

4.2.3. Experiment of IRS Node Selection. According to the anal-
ysis in Section 4.2.2, when D¢ < 37m, regardless of where the
vehicle is driving, the SNR is larger than 13.6 dB using one or
more IRSs. This scenario requires node selection for IRSs. We
verify the effectiveness of the IRS node selection scheme
according to the NNIS algorithm. In urban roads, the interval
between street light poles is determined by the height of the
lamp pole, the power of the lamp, and the width of the road,
which is generally from 15m to 50 m. Firstly, we select D¢
= 20m, which is the normal interval between street light poles
in urban roads. Figure 7 shows the SNR performance of the
NNIS algorithm when Dypg = 20m.

Figure 7 shows that when only IRS, works, the SNR is
equal to zero because of the FOV limitation when 0 <D, <
7m. The SNR is no longer limited to FOV and larger than
13.6dB when 8m < D; <20m. When only IRS, works, the

SNR (dB)

10 . . . . . . + . .
0O 2 4 6 8 10 12 14 16 18 20
Dy (m)
—— IRS;
— 1RS,
—— The proposed method
—— 13.6dB

FIGURE 7: SNR performance of the NNIS algorithm when D¢ = 20m

40

35
304
25"

204 : : : : :

SNR (dB)

15 Lroas

of

Dy (m)
—— IRS,
—«— IRS,
o IRStotal

—— The proposed method
— 13.6dB

FIGURE 8: SNR performance of the NNIS algorithm when D¢ = 32m

received power is not limited to FOV, and the SNR is greater
than zero with the increase of distance. As D, increases, SNR
decreases continuously. SNR is less than 13.6 dB when 13m
<D, <20m.

The IRSs must be selected to ensure that SNR is greater
than 13.6dB in the range of 0 <D, <20m. According to
the NNIS algorithm, we select IRS, when 0 <D, <7m and
select IRS; when 8m < D, <20m. Therefore, when Dig =
20m, only one IRS node selection problem is involved.

The SNR is larger than 13.6dB when 8m<y,<32m
when the IRS concludes 6X6 mirrors. Figure 8 shows the
SNR performance of the NNIS algorithm when Djpg = 32m.
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The number of selected IRSs

0 5 10 15 20 25 30
D() (m)

FIGURE 9: Number of IRS used with different values of D,

As can be seen from Figure 8, all the values of SNRs
using the NNIS algorithm are larger than 13.6 dB. This sce-
nario involves one or more IRS selection issues. Only IRS,
is required when D;=0m. When 8m <D, <32m, only
IRS, is required. Neither IRS, nor IRS, can satisfy the SNR
requirement, and more IRSs should be used when 1m < D,
< 7m. Figure 9 shows the number of IRSs used with differ-
ent values of D,.

As can be seen from Figure 9, two IRSs are selected to
work together when 1m < D < 5m and three IRSs are selected
to work together when 6m < Dj<7m. Although the SNR
performance of the NNIS algorithm is inferior to that of using
all IRSs, the fewest IRSs working simultaneously ensure that
the SNR can satisfy requirements using the NNIS algorithm.
The number of IRSs used in VLC is reduced and enables the
free IRSs to aid the VLC for other vehicles, thereby greatly
improving the efficiency of IRS resources.

5. Conclusion

In this study, the mirror array-based IRS-aided VLC system
for parallel vehicles is designed to solve the problem of VLC
interruption. Then, the SNR, the BER, the influence of the
number of mirrors, and the distance between adjacent IRSs
of the system are analyzed. The calculation method of the
maximum distance between adjacent IRS satisfying SNR
requirements is given. Finally, the NNIS algorithm for IRS
node selection is proposed. The numerical results show that
when the number of mirrors in the IRS is 6 x 6, the maximum
distance between adjacent IRSs satisfying the SNR require-
ment is 37m. The NNIS algorithm is used to calculate the
fewest number of selected IRSs. The required SNR can be
satisfied with merely three IRSs working simultaneously when
the adjacent IRSs interval is 32 m. The remaining IRSs can be
used to aid VLC for other vehicles, and the resource utilization
efficiency of the IRSs can be improved.

The number of mirrors in each IRS and the distance
between adjacent IRSs are presumably fixed to facilitate the
analysis in this study. Since each mirror in the IRS can be
intelligently controlled, the mirrors in the IRS can be consid-
ered to aid VLC for multiple vehicles under the premise of
satistying the SNR requirement in future. In addition, with

Wireless Communications and Mobile Computing

the number of transportation infrastructures along the road
increasing, the distances between them are changed which
facilitates the deployment of IRSs. Thus, the issue of the
IRS node selection should be considered with different
distances between adjacent IRSs to improve the system
efficiency further.
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