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Abstract: In this paper, the blockage problem of the optical link between AGV (autonomous ground
vehicles) and AP (access point) in the logistics-warehousing VLC (visible light communication)
network is analyzed. First, based on the random geometric model, a link-blockage model is proposed.
Given the position of AGV, AP and obstacle, the blockage state of the VLC link between AGV and
AP can be obtained through this model. Then, an AP-placement scheme based on the link-blockage
model is proposed. Under this AP placement, AGVs in any position have a reliable link that is not
affected by obstacles. During the movement of AGV, the VLC link of AGV will not be interrupted
by a random blockage. Finally, the effectiveness of the link-blockage model is demonstrated by the
shadow method. In this paper, the link outage probability and the data rate under different AP
heights, AP spacings and the number of obstacles are simulated. Simulation results show that the
VLC link can keep uninterrupted under the AP placement proposed in this paper.

Keywords: logistics-warehousing; VLC; AGV; link blockage; AP placement

1. Introduction

Visible light communication (VLC) is short-range optical communication technology.
It provides reliable and low-latency connections, and it is immune to electromagnetic
interference [1]. Therefore, VLC has always been a concern for people. At the same
time, wireless communication is becoming a key technology for logistics-warehousing
automation. AGVs are called autonomous ground vehicles. It has great application
potential in logistics warehouses [2,3].

It is very promising to use VLC to realize the wireless communication of AGV [4]. In
the logistics warehouse, communication between the receiver on the AGV and the VLC
access point (AP) deployed on the ceiling is realized through a line-of-sight (LOS) link. It
is necessary to have an uninterrupted link [5]. Current research on link blockage mainly
focuses on the blockage caused by the human body. Singh A analyzed the downlink
performance of an indoor VLC system with static human blockage [6]. A. A. Okine
approximated the shape of the human body as a cube and a cylinder and derived the closed
expression of blockage time and angle [7]. Tang Tang investigated the impact of multiple
shadows on indoor VLC systems composed of a VLC AP and multiple terminals [8]. J.
Beysens considered the blockage effect of users themselves on LOS links and designed
a novel user-in-the-loop mechanism [9]. A hybrid LiFi and WiFi network is proposed to
resist link blockage [10]. The performance of a single static user under the influence of
random device orientation and link blockage was studied in [11]. The blockage model
proposed in the above research is not suitable for the VLC link between AGV and AP. In
logistics warehouses, the VLC link is easily blocked by shelves and mobile AGVs carrying
the shelf. Therefore, in order to realize a reliable connection, it is very important to analyze
the blockage problem of VLC links.
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In this paper, link blockage between AGV and VLC AP is studied. The link-blockage
model for the VLC link between AGV and AP is first proposed. Based on the link-blockage
model, this paper proposes an AP-placement scheme to achieve uninterrupted links during
AGV movement.

2. System Model
2.1. Channel Model

This paper considers the downlink of the LOS link. The VLC AP on the ceiling is the
transmitter, and the receiver is on the AGV. For indoor VLC networks, the channel model
is assumed to be Lambertian radiation. The channel gain is given by [12]:

UEDA cos™ ()7 (W) cos (1), 0 < b < ¥e
Hj = { 2nd; T @
0,9 >Y,

Among them, A represents the effective receiving area of the receiver. gy is the gain of
the optical filter. m is the Lambertian order (m = —1/log, cos(®1/7)). ¢1/2 is half-intensity
angle. ¢(¢ € [0, Dy ,,]) represents the radiance angle of the transmitter. 1 represents the
incidence angle of the receiver. g(1) is the optical concentrator gain (g() = £2/ (sin'¥,)?).
{ is the refractive index. ¥, is the receiver field of view (FOV). d; ; represents the distance

between the j — th transmitter and the i — th receiver (d;; = V L2 +72). L,ris the vertical
and horizontal distance between the transmitter and receiver, respectively.

To reflect the influence of link blockage on the LOS link, an indicator function b; ;
. . 1,if LOS link is not blocked
is defined as bi; = { oj,ci £ LOS link is blocked
system is usually measured by the signal-to-noise ratio. The signal-to-noise ratio (SNR) is
the ratio of signal power and noise power received by the receiver. By considering link
blockage, the SNR of the VLC channel is given by [8]:

. The reliability of the communication

(RppPH; b )

SNR;; = B

@)

Among them, Rpp represents is the responsivity of the photodetector. P represents
the transmitted optical power. B is the bandwidth. N is the spectral density of the additive
white Gaussian noise (AWGN).

2.2. Metrics of Channel Reliability

The outage probability and data rate are selected as metrics of channel reliability in
this paper. The expression of the available data rate is [8]:

1
Ri,j = Blogz <1 + 27‘[65NR1',]'> (3)
Among them, e is a constant, and the value is 2.71828. The expression of the outage

probability is [8]:
OP =Pr{SNR;; < 7o} 4)

Among them, 7, represents the minimum threshold of SNR that meets the communi-
cation requirements. In this paper, the value of v, is 20 dB.

3. Link-Blockage Model

This paper mainly studies the wireless link of the AGV using visible light communica-
tion. AGVs are mainly used in logistics warehouses to achieve the functional requirements
of item-to-person picking. The working environment of AGV is composed of two parts:
shelves and road, as shown in Figure 1. The shelf height is much higher than that of the
AGYV. The VLC AP is deployed on the ceiling. The AGV moves along the central axis of the
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road. In the logistics—warehousing VLC network, the shelves and the AGV carrying goods
block the VLC link easily. In industrial applications, it is very important to realize wireless
communication with high reliability. Therefore, achieving no blockage is very critical for
the VLC link of the AGV. In this paper, AGV carrying goods is called a dynamic obstacle.
The shelf is called a static obstacle. These cubes are used to simulate obstacles. The receiver
is in the middle of the AGV. The height of AP is H;. The body size of AGV is Lg * Wy * Hy.
The shelf size is Lo * W * Hp. The width of the road is Wg. The size of the static obstacles
is the same as that of the dynamic obstacles. P, represents the position of the receiver on
the AGV. The coordinate of the receiver is P, = (xg, Ye, Hg). The coordinate of the AP is
P; = (x;,y;, Hy). The coordinate of the obstacle is P, = (xo,yo, H, + Hg).

-=

Ce

Figure 1. Blocking source of VLC link between AGV and AP.

3.1. Link Blockage Caused by Static Obstacle

Shelves on both sides of the road may block the VLC link. In this paper, D¢, represents
the horizontal distance between the receiver of AGV and the obstacle. D represents the
horizontal distance between the receiver of AGV and the AP. P, represents the blocking

point of the VLC link. D¢, represents the horizontal distance between the receiver and the

. . HoD
pp- As can be seen from Figure 2a, the threshold value of D, is Dg;f = H,O— I_’f;.

(b)

Figure 2. Analysis of link blockage caused by static obstacle: (a) horizontal view; (b) top view.
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If the VLC link has an intersection with the obstacle and the horizontal distance from
the intersection to the AGV is less than Dgg, the VLC link will be blocked. In this paper, the
angle between the projection of the VLC link and the center axis of the road is represented
by 6(6 € [O, g] ). Wo represents the width of the obstacle. Lo represents the length of the
obstacle. It can be seen from Figure 2b that when Dgﬁsine < %, the blocking points are
inside the road. In this case, the VLC link is not affected by static obstacles.

D§§° represents the component of D¢, on the central axis of the road. That is,

80

2
Dby = \/ Dgo2 — {W} . m represents the m — th row of shelf. When

Dgl’fsinﬂ > %, there will be three situations.

If (x; —xg) = 0or (y; —yg) = 0, the link will be blocked by static obstacles when
D}’ < Lo 1f (x) — xg) (%0 — xg) > 007 (y1 — yg) (Vo — yg) > O, the AP and the obstacle are

on the same side of the AGV. In this case, if min{ ‘Dg;f

cos® — DF'°|,

W ro
g0 R — Dgo

2tan6

Lo
}ST/

the link will be blocked by static obstacles. If (x; — x¢) (xo — x¢) < 007 (y; — yg) (Vo — Yg) <O,

the AP and the obstacle are on different sides of the AGV. In this case, if ) % + Dggo

the link will be blocked by static obstacles.

L
<3,

In this paper, 75{0,1} represents the blockage state of the VLC link caused by static
obstacles. vs = 1 means the link is blocked by static obstacles. s = 0 means the link is not
blocked by static obstacles. Therefore, the occurrence conditions of link blockage caused by

static obstacles are:

1, wheng (x; — xq) (x0 — xg) > 0o0r
min{ ‘Dgfé’cosG — Dggo ,

Dygysint >
1, wheng (x; — xg) (%0 — xg) < 0o0r

Ys

2tanf

Lwhenq (x) —xg) = 0or
Dy’ <
0, others

3.2. Link Blockage Caused by Dynamic Obstacle
AGVs carrying goods may block the VLC link. It

’ Wr +D§;o

. Wk (H—H
Dgsinf > 7R(21§ s)

(1~ ) (vo — ) > 0

Wgr o pro L70
2tan0 Dgo }S 2

W (H,—Hy)

2H,

(V1 —ys) (Yo —yg) <O ®)

Lo
<7

(Hi—Hy)

. Wgr
Dngln9 > W

—y,) =0
(}Li(l) ]/g)

2

can be seen from Figure 3 that the

blocking situation can be divided into three types. When DggsinQ < @, if

(x1 —xg) (xo —x¢g) > 0o0r (y; —yg)(¥o—yg) > 0and D;@rcosﬂ 2‘Dg0 L

, the VLC

link will be blocked by dynamic obstacles. When DggsinQ > %, the critical blocking

point should be P,,. In this case, if (x; — xg) (xo — xg)

Lo
’Dgo -7

2tan6

> 0or (y1 = yg) (vo —yg) > 0 and

< o, the VLC link will be blocked by dynamic obstacles. If

(x; —xg) = 0o0r (y; — yg) = 0, the VLC link is not affected by dynamic obstacles.



Photonics 2023, 10, 31

50f17

Figure 3. Analysis of link blockage caused by dynamic obstacle.

In this paper, 7;{0, 1} represents the blockage state of the VLC link caused by dynamic
obstacles. v; = 1 means the link is blocked by a dynamic obstacle. y; = 0 means the link is
not blocked by a dynamic obstacle. Therefore, the occurrence conditions of link blockage
caused by dynamic obstacles are:

) Wo (H,—H.
Dgsinf < 70(%;0 )

1, when Dgicos6 > (ngfg) Dgo — Lo

(21— xg) (%0 — xg) > 007 (y1 — Yg) (Yo —yg) >0
Dg;sing > 7WO(§§;H8) ©)

1, when Wo - ‘Dgo Lo

Ya =

2tanf — 2

(x1 = xg) (%0 — xg) > 007 (y1 —yg) (Yo —yg) >0
0, others

3.3. Link Blockage Caused by Static Obstacle and Dynamic Obstacle

When one of the static blockage and dynamic blockage is met, the VLC link will be
blocked. In this paper, {1, 0} represent the blockage state of the VLC link. ¢y = 1 means the
link is blocked. v = 0 means the link is not blocked. Therefore, the occurrence conditions
of link blockage are:

@)

Thus far, the link-blockage model for the VLC link between the AGV and the AP has
been established. Given the position of AGV, AP and obstacle, the link state between AGV
and AP can be obtained through this model.

_ [0,v4=0and ys=0
= 1, others

4. The AP-Placement Scheme for No-Blockage Link between AGV and VLC AP

In the logistics—warehousing VLC network, the VLC link between the AGV and the
AP is easily blocked. However, industrial applications have high requirements for link
reliability. Therefore, it is important to ensure that AGV has a no-blockage link by deploying
APs reasonably.

4.1. Analysis of Link-Blockage Model

When the receiver is deployed in the middle of the AGV, the minimum horizontal

distance between the static obstacle and the receiver is % + %. The minimum horizontal

. . . . L .
distance between the dynamic obstacle and the receiver is 5 + LTO. Next, the receiver on
the AGYV is used as a reference point. The distance between different obstacles and the
receiver is set as the minimum value. Under the influence of different obstacles, the link
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status of APs in different areas is analyzed. The sides of the road are symmetrical. The link
analysis before and after the AGV is consistent. Therefore, it is enough to analyze the AP
area of one quadrant.

According to Equation (5), the AP area can be divided into three parts when

WR(HZ—Hg)

Dgo = % + @. When Dglsz'nG < p7: et the link is not affected by static obsta-

cles, as shown at (1) in Figure 4a. When Dy;sinf > %;Hg) and tan@ > Zf—(’;, the VLC link

will be blocked by static obstacles, as shown at (2) in Figure 4a. When Dg;sinf > %;Hg)

and tan® < ZL”—g, the VLC link is not affected by static obstacles, as shown at (3) in Figure 4a.

W,
tand = Wy tanf = —2
L
(9] g
L / //
7/ /
//
/ 73 S 4 Wo(H,—H,)
______ - Wi(H -H) / 7 2H,
/
2H, ) T
W [ _/_I _______________
Wy L(H,~H,) A
2 1 4+—
x 2H, i
LA 6
2y ® O
—£ e
blockage 2 : blockage
No-blockage L, | No-blockage
2
(a) (b)

Figure 4. The division of AP area under the influence of different obstacles: (a) static obstacle;

(b) dynamic obstacle.

According to Equation (6), the AP area can be divided into four parts when D¢, = % +

LTO. When DglsinG < %;Hg) and Dglc059 < LS(I;IT;HQZ), the VLC link is not affected by
Wo (H,—Hyg)

dynamic obstacles, as shown at (4) in Figure 4b. When Dy;sinf < g and Dgjcost >
Lg (Hi—Hy)
2Hp 4

the VLC link will be blocked by dynamic obstacles, as shown at (6) in Figure 4b.

When Dg;sint > % and tan® > %, the VLC link is not affected by dynamic
o g

obstacles, as shown at (5) in Figure 4b. When Dg,sinﬁ > %;Hg) and tand < VL\/—S, the

VLC link will be blocked by dynamic obstacles, as shown at (7) in Figure 4b.

4.2. AP-Placement Scheme

In this paper, Dy, represents the safe distance between AGV and AP. When the
horizontal distance between AGV and AP is less than Dy, ., the VLC link between AGV
and AP is not affected by obstacles. In order to obtain the range of Dy, the effects of both
the static obstacle and dynamic obstacle need to be analyzed. Therefore, according to the
model analysis results in 4.1, the threshold of D¢, can be obtained when the receiver is

deployed in the middle of the AGV. D;Z} . represents the threshold of Dy, .. The calculation

equation is as follows:

(Lg(Hy — Hy) Wo(H, — Hy) Wg(H; — H,
Dig}e:mln{ ?(ZHO g)/ (2HO g)’ (ZHO ‘g)} (8)
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D 5p represents the distance between APs. When D p < ZDg;r ., for an AGV at any

location, the number of APs within its safe distance is not less than 1, as shown in Figure 5a.
When D sp> 2D£Z'e, for an AGV in some locations, the number of APs within its safe
distance may be 0, as shown in Figure 5b. When the AGV appears in the blocking area,
the VLC link between the AGV and the AP may be interrupted by obstacles. Therefore, in
order to ensure that the AGV in any location has a non-blocking VLC link, the AP spacing
must meet the following condition:

thr
Dap < 2D, )
o o = .. Blocking area ___---_ =
/// \\\ /// \\\ /// \\\ /// \\\
y y
) \\)(/ D \\\ / N / N
/ / \ AP \ b N I I / N
/ 7o . \ / \ / \
// AP I/ 1\ 2 | \ // AP \‘; : / AP \\
e | \
1 1 1 \
| . — > ! : * =t L i
.\ :‘_g_” AP /’ \\ : ¥ : ‘\ : I/l
\ \ \ \
\ "D \ Dy, /' N\ De ! 7
saje
AN safe < S AN s AN 7 S
\\\ // \\\ // \\\ // \\\ //
(a) (b)

Figure 5. Influence of AP Spacing on VLC link: (a) Dgp < 2D£Z}e ; (b) Dap > 2D£Z}E.

According to the above analysis, the AP placement scheme is determined. VLC APs
are deployed right above the road. The AP spacing needs to satisfy Equation (9). Under
this AP placement, the AGV will establish a connection with the nearest APs. The AGV in
any location has a reliable link. The VLC link of the AGV will not be blocked by obstacles.

5. Simulation and Data Analysis
5.1. Model Validity

In order to prove the validity of the link-blockage model, this paper uses another
method to judge the state of the VLC link. This method is called the shadow method in
this paper. When visible light encounters obstacles, a specific shadow will form, as shown
in Figure 6. The shadow area can be obtained by the position of the AP and the obstacle.
When the receiver on the AGV is in the shadow area, the VLC link between the AP and the
AGYV will be blocked. In this paper, the result obtained from the link blockage model is the
theoretical value. The result obtained by the shadow method is the simulation value.

In this simulation, a road with a length of 8 m is considered. The AGV is located at
the coordinate origin. Static obstacles are deployed on both sides of the road. Dynamic
obstacles are deployed on the road. The size of obstacles, the size of AGV, the width of the
road and the height of AP are shown in Table 1. The specific position of obstacles is shown
in Table 2. The central axis of the road is y = 0.

Table 1. Simulation parameters related to working environment.

Parameter Value Parameter Value
Le 0.84 m We 0.65m
Lo 0.96 m Wo 0.96 m
Hq 0.3m Hop 2m
WR Im HI 6m
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-
Ho /
L~ X
Figure 6. Shadow method.
Table 2. Specific positions of obstacles.

Obstacle Position Obstacle Position
Obstacle-1 (—0.96 m, 0.98 m) Obstacle-4 (=1m,0m)
Obstacle-2 (0 m, 0.98 m) Obstacle-5 (1.5m, 0 m)
Obstacle-3 (0.96 m, 0.98 m)

According to Equation (5), the link states of APs at different positions under the influ-
. . R . W (H,—H,
ence of static obstacles are obtained, as shown in Figure 7a. When Dglsme < %Og),

s = 0 can be obtained by Equation (5). Dg;sinf is the horizontal distance between AP and
the central axis of the road. It can be seen from Figure 7a that when the Dg;sinf is less than
1.425 m, and the VLC link is not affected by static obstacles. The shelves on both sides of
the road are densely arranged. When the Dgsin is greater than 1.425 m, VLC links are
x; € [-4m,4 m]

easily blocked. It can be seen from Figure 7a that for the AP in , the VLC
y; € [1.5m,4 m]
link is blocked by static obstacles.
@ The VLC link of AP in this area are blocked @ The VLC link of AP in this area are blocked
@ The VLC link of AP in this area are no-blocked @ The VLC link of AP in this area are no-blocked

receiver

Obstacles-4 Obstacles-5

o]
I

(@) (b)

Figure 7. Theoretical value of link state obtained by link-blockage model: (a) link state of APs under
the influence of static obstacles; (b) link state of APs under the influence of dynamic obstacles.
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According to Equation (6), the link states of APs at different positions under the influ-

ence of dynamic obstacles are obtained, as shown in Figure 7b. When
(x; —xg) (x0 — x¢) >0
D Sine < M . .
gl > 2Ho , ¥4 = 1 can be obtained by Equation (6). It can be seen
H,—H,
Dgjcosf > ( IHO ) ‘Dgo - LTO‘

from Figure 7b that for the AP in x; € [-4 m,0 m], the VLC link is blocked by obstacle-
4 when the Dgsinf is less than 1.368 m and the Dg;cost is more than 1.482 m. When

Dg;sing > 71/\/0(212;@)
2‘;’29 > |Dgo — LTO , ¥4 = 1 can be obtained by Equation (6). It can be seen from

(x1 = xg) (%0 —xg) >0
Figure 7b that for the AP in x; € [—4 m, 0 m], the VLC link is blocked by obstacle-4 when
the Dgsin6 is more than 1.368 m, and the angle between the VLC link and the central axis
of the road is less than 42.7°.
It can be seen from Figure 7 that when the horizontal distance between AP and the

central axis of the road is more than %;Hg), the VLC link is easily blocked by static
obstacles. Therefore, the AP should be deployed directly above the road. For the AP
directly above the road, the blocking probability of the VLC link increases with the increase
in the horizontal distance between the receiver and the AP. The blocking probability of
the VLC link increases with the decrease in the horizontal distance between the receiver
and the obstacle. Therefore, in order to ensure the reliability of the VLC link, AGV should
communicate with reliable AP. Reliable AP refers to the AP located right above the road
and horizontally close to the AGV. In order to verify the theoretical value, the link states of
several typical AP are simulated by the shadow method. The specific positions of APs are
shown in Table 3.

Table 3. The specific positions of APs.

AP Position AP Position
AP1 (=3 m, 1m) AP5 2m,1m)
AP2 (=3 m,2m) AP6 (2m,2m)
AP3 (=2m, 3 m) AP7 (3.5m,1m)
AP4 (=1m,1m) APS8 (3.5m,2m)

Under the influence of static obstacles, the shaded areas of different APs are shown
in Figure 8. It can be seen from the figure that the receiver is in the shadow of AP2, AP3,
AP6 and APS8. The receiver is not in the shadow of AP1, AP4, AP5 and AP7. According
to Figure 7, the VLC links of AP2, AP3, AP6 and APS8 are blocked by static obstacles. The
VLC links of AP1, AP4, AP5 and AP7 are not blocked by static obstacles. Therefore, the
theoretical value is consistent with the simulation value.

Under the influence of dynamic obstacles, the shaded areas of different APs are shown
in Figure 9. It can be seen from the figure that the receiver is in the shadow of AP1, AP2
and AP7. The receiver is not in the shadow of AP3, AP4, AP5, AP6 and AP8. According to
Figure 7, the VLC link of AP1, AP2 and AP7 are blocked by dynamic obstacles. The VLC
link of AP3, AP4, AP5, AP6 and AP8 are not blocked by dynamic obstacles. Therefore, the
theoretical value is consistent with the simulation value.
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Figure 8. Shadows of APs under the influence of static obstacle: (a) AP1-AP4; (b) AP5-APS.
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Figure 9. Shadows of APs under the influence of dynamic obstacles: (a) AP1-AP4; (b) AP5-APS.

5.2. Verification of the Model when Obstacles Are at the Critical Position

The position of the obstacle in this simulation is the same as in Model Analysis 4.1.
The position of the receiver is (0 m, 0 m). The position of the static obstacle is (0 m, 0.98 m).
The position of the dynamic obstacle is (0.9 m, 0 m). According to model analysis, the AP
area can be divided into several parts under the influence of different obstacles. In this
simulation, one representative AP is set in each area. The shaded areas of representative
APs are shown in Figure 10.

Under the influence of static obstacles, it can be seen from Figure 10 that the receiver
is in the shadow of AP3. The receiver is not in the shadow of AP1 and AP4. According to
Figure 4a, the AP3 is in the area shown in Figure 4(2). The VLC link between AGV and
AP3 is blocked under the influence of static blockage. The AP1 is in the area shown in
Figure 4(1). The AP4 is in the area shown in Figure 4(3). The VLC link of AP1 and AP4
are not blocked by static obstacles. Therefore, the theoretical value is consistent with the
simulation value. Under the influence of dynamic obstacles, it can be seen from Figure 10
that the receiver is in the shadow of AP2 and AP4. The receiver is not in the shadow of AP1
and AP3. According to Figure 4b, the AP1 is in the area shown in Figure 4(4). The AP3 is in
the area shown in Figure 4(5). The VLC link of AP1 and AP3 are not blocked by dynamic
obstacles. The AP2 is in the area shown in Figure 4(6). The AP4 is in the area shown in
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Figure 4(7). The VLC link of AP2 and AP4 is blocked by dynamic obstacles. Therefore, the
theoretical value is consistent with the simulation value.

1751 151 Shadow boundaries of AP4 ° APA(1 '( 15
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Figure 10. Shadows of APs under the influence of obstacle: (a) static obstacle; (b) dynamic obstacle.

According to Equation (8), the D;Z} . 18 1.197 m under the current simulation parame-

ters. The shadow area of the APs within D! is calculated, as shown in Figure 11. It can

be seen from this figure that the VLC link between the AP and the AGV is not affected by
the obstacle when the distance between the AP and AGV is less than 1.197 m.
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Figure 11. The shadow areas of APs within DéZ} o

5.3. Effectiveness of AP Placement Scheme

According to the link-blockage model, the spacing of the AP placement is obtained
to achieve a no-blockage link between the AGV and the VLC AP. In order to prove the
effectiveness of the AP placement scheme, the link reliability under different AP spacings
is simulated in this paper. This simulation refers to a typical working scenario of AGV
in a logistics warehouse. The size of the whole room is 18 m * 13 m * 7 m, as shown



Photonics 2023, 10, 31

12 of 17

in Figure 12. Static blockages are deployed on all shelves. The number of dynamic
obstacles on the road is N(N = 5,10, 15,20,25). APs are deployed right above the road.
According to the working environment of AGV, the AP spacing consists of two parts. D’}ﬁﬁ
represents the AP spacing in the horizontal direction. DL‘{I’% represents the AP spacing in the

longitudinal direction. The setting parameters of AP spacing are: Dyp = {ngl’é * D’}ﬁﬁ} =
{{4m*3m},{2m=*3m},{2m+15m}, {Im*15m}}.

Picking station Picking station Picking station static obstacle
o
=, o
gl & S
K :
— S @
G a
= g
R O g
<
1
UAD; !
v vl | |
< 1 »
j v

=T U I
AP 18m AGV  dynamic obstacle
Figure 12. Simulation environment.

For the VLC link between the AGV and the AP, the number of dynamic obstacles, the
AP spacing and the AP height will have an impact on link performance. Because APs are
deployed directly above the road, static obstacles have less impact on the link. Through
the path planning method, N + 1 moving trajectories of AGV are generated. Among the
N + 1 trajectories, one trajectory is the moving trajectory of the target AGV. The other N
trajectories are the moving trajectories of dynamic obstacles. In order to intuitively display
the link performance under the occlusion of obstacles, this paper simulates the outage
probability and data rate under different impact factors. In the simulation, the width of the
road, the size of the obstacle and the AGV are shown in Table 1. The parameter settings
related to the channel are shown in Table 4.

Table 4. Simulation parameters related to VLC channel.

Parameter Value
Receiver FoV angle, ¥, 90°
Half-intensity angle, ¢; /> 60°
Refractive index, { 1.5
Effective receiving area of the receiver, A 1 em?
Gain of optical filter, g f 1.0
Responsivity of the PD, Rpp 0.53 A/W
Noise power spectral density, N 1x 107" W/Hz
Average transmitted optical power, P 30W
Baseband modulation bandwidth, B 20 MHZ

5.3.1. Average Outage Probability

The average outage probability of the VLC link under different AP heights and AP
spacings is shown in Figure 13. As can be seen from the figure, the height of AP, the AP
spacing and the number of dynamic obstacles will all affect the outage probability.
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Figure 13. Average outage probability under different AP heights and AP spacings.

Under the same AP height and AP spacing, the outage probability of the VLC link
increases with the increase in the number of dynamic obstacles. This is because link
blockage is more likely to occur as the number of obstacles increases. The SNR decreases,
resulting in an increase in outage probability. Under the same AP spacing and number of
dynamic obstacles, the outage probability increases with the decrease in AP height. This is
because link blockage is more likely to occur as the AP height decreases. The link outage
probability when the AP height is 4 m is significantly greater than that when the AP height
is 5 m and 6 m. When the AP height is 4 m, the AP spacing is 4 m * 3 m and the number of
dynamic obstacles is 25, the average outage probability is as high as 73%. This shows that
when APs are deployed at a low height, and the AP spacing is large, link reliability will
be seriously affected. Under the same AP height and number of dynamic obstacles, the
link outage probability increases with the increase in the AP spacing. This is because the
probability of link blockage will increase with the increase in the AP spacing. When the
AP height is 4 m, and the AP spacing is 1 m * 1.5 m, the link outage probability is 0 under
different numbers of obstacles. This shows that link outages can be effectively avoided by
setting reasonable AP spacing.

It can be seen from Figure 13 that there are three AP placements to ensure the reliability
of VLC links. They are: {Hj =4m,Dsp =1mx*15m},{H; =5m,Dyp =2mx*15m}
and {H; = 6m, Dap =2 m * 1.5m}. Under these three AP placements, the average outage
probability of the VLC link is 0 under a different number of dynamic obstacles.

5.3.2. Average Data Rate

The average data rate of the VLC link under different AP heights and AP spacings is
shown in Figure 14. As can be seen from the figure, the height of AP, the spacings between
AP and the number of dynamic obstacles will all affect the data rate.
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Figure 14. Average data rate under different AP heights and AP spacings.

Under the same number of dynamic obstacles and AP spacing, the average data
rate decreases with the increase in the AP height. This is because the channel gain of
the receiver decreases with the increase in the AP height. The received power decreases.
Therefore, the data rate decreases. Under the same number of dynamic obstacles and
AP height, the average data rate decreases with the increase in the AP spacing. This is
because the link blockage probability increases with the increase in AP spacing. The SNR
decreases under the influence of link blockage. Therefore, the data rate decreases. Under
the same AP height and AP spacing, the average data rate decreases with the increase
in the number of obstacles. This is because link blockage is more likely to occur as the
number of obstacles increases. However, it can be seen from the figure that under the
three AP placements of {H; =4m,Dyp =1mx*15m},{H, =5m,Dyp =2m=*15m}
and {H; = 6m,Dsp =2m=x*1.5m}, the data rate is not affected by the number of dy-
namic obstacles.

5.3.3. Performance Improvement

When the receiver is deployed in the middle of the AGYV, there is a safe distance
between the AGV and the AP. Given the size of the AGV, the size of the obstacle and the
width of the road, the safety distance at different AP heights can be obtained. Thus, the
AP spacing can be determined. Through the AP placement scheme proposed in this paper,
there is a reliable AP for an AGV at any position. The VLC link between AGV and reliable
AP is not affected by obstacles.

According to Equation (8), the Dé’;}e is 1.197 m when H; = 6 m. The D;Z} ,i50.987 m

when H; = 5 m. The D;Z}e is 0.777 m when H; = 4 m. The comparison between the actual
simulation results and the theoretical output results is shown in Table 5. According to the
AP-placement scheme proposed in this paper, the AP spacing should be less than 2.394 m
when H; = 6 m. According to the simulation results, when {H; = 6 m, D p = 2m 1.5 m},
the outage probability of the VLC link is 0 at any number of obstacles. Therefore, when
the AP spacing is less than 2.394 m, the reliability of the VLC link can be guaranteed. The
comparison results illustrate that the AP-placement scheme proposed in this paper can
effectively avoid link interruption.
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Table 5. AP placement without link interruption.
AP Height Theoretical AP Spacing Actual AP Spacing Average Data Rate
6m Dap < 2.394m 2m*1.5m 102 Mbps
5m Dsp < 1.974m 2m*1.5m 124 Mbps
4m Dyp < 1.554m Imx*15m 152 Mbps

For the optical link between AGV and AP in the logistics-warehousing VLC network,
the aim of this paper is to solve the link interruption caused by link blockage. In this
paper, the optimal AP placement needs to ensure the reliability of the VLC link. Under
the optimal AP placement, the VLC link of AGV will not be interrupted due to random
blockage. The AP placement in Table 5 can meet the uninterrupted requirement. From
the point of view of maximizing the average data rate, it can be obtained from Table 5
that the optimal AP placementis {H; =4 m,Dsp = 1 m* 1.5 m}. From the point of view
of minimizing the number of AP, it can be obtained from Table 5 that the optimal AP
placementis {H; =5m,Dap =2m=*1.5m} or {H; =6m,Dgp =2m=1.5m}.

Under optimal AP placement, the influence of the FOV angle on the communication
quality of channels in indoor VLC networks will be studied. The average outage prob-
ability and average data rate under different FOV angles of the receiver are shown in
Figures 15 and 16. Under the optimal AP placement, VLC links are not affected by link
blockage. However, the VLC link will be interrupted when 1 > ¥ . It can be observed from
Figure 15 that under the AP placement of { H; = 4m, D4p = 1 m * 1.5 m}, the average outage
probability is 0 when ¥, > 13°. Under the AP placement of {H; =5m,D4p =2m*1.5m},
the average outage probability is 0 when ¥, > 14°. Under the AP placement of
{H; = 6m,D4p = 2m 1.5 m}, the average outage probability is 0 when ¥, > 11°.
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Figure 15. The average outage probability under different FOV angles of receiver.

It can be observed from Figure 16 that the average data rate decreases with the increase
in the FOV angle of the receiver. According to the channel model, the channel gain decreases
with the increase in the FOV angle. The decrease in received power leads to a decrease in
SNR. Therefore, the data rate decreases. In this paper, the performance improvement is to
maximize the data rate without link interruption. Therefore, the optimal value of the FOV
angle is 13° when the AP placementis {H; =4 m,D4p = 1 m % 1.5 m}. The optimal value
of the FOV angle is 14° when the AP placementis { H; = 5m, D4p = 2 m * 1.5 m}. The opti-
mal value of the FOV angle is 11° when the AP placementis { H; = 6 m, Dsp = 2m* 1.5 m}.
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Figure 16. The average data rate under different FOV angles of receiver.

6. Conclusions

In this paper, the blockage problem of the optical link between AGV and AP in the
logistics—warehousing VLC network is analyzed. First, a link-blockage model is proposed.
Given the position of AGV, AP and obstacle, the link state between AGV and AP can be
obtained through this model. Then, an AP-placement scheme based on the link-blockage
model is proposed. Under this AP placement, AGVs in any position has a VLC link that is
not affected by obstacles. During the process of AGV movement, the reliability of the VLC
link can be ensured. Finally, the effectiveness of the link-blockage model is demonstrated
by the shadow method. In this paper, the link outage probability and the data rate under
different AP heights, AP spacings and the number of obstacles are simulated. Simulation
results show that the VLC link can keep uninterrupted under the AP placement proposed
in this paper.
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