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ABSTRACT This paper focuses on the combined technique of device-to-device (D2D) and coordinated
multipoint joint transmission (CoMP-JT) to bridge the indoor industrial wireless gap with LiFi-based
networks. It also considers the mobility challange of industrial Internet-of-Things (IIoT) within a realistic
scenario. Using the semiangle at half illuminance of the LiFi access point and D2D transmitting IIoT,
we derive a coverage model for the communication range. Using stochastic geometry, the analytical
expressions for CoMP-JT probability and coverage performance are derived in terms of different parameters,
such as transmitter densities and bias factor. The analytical approximations match quite well with the Monte
Carlo method-based simulation results.

INDEX TERMS Coordinated multipoint joint transmission, device-to-device communication, Industrial
Internet of Things, LiFi, visible light communication.

I. INTRODUCTION
The trend towards the fourth industrial revolution continues
to gather momentum as billions of new industrial Internet-
of-Things (IIoT) devices are connected to the global Internet.
Radical shifts are taking place using modern smart technol-
ogy such as large-scale machine-to-machine communication
(M2M) and the IIoT. Especially, new use cases for IIoT
networks have been introduced such as sensing and recording
data, smart metering, logistic management, and monitoring
for industrial applications [1]. According to a projection
in [2], short-range IIoT connections could reach close to
21million connections by 2025. Hence, the necessity of novel
wireless technologies is inescapable because of upcoming use
cases. At this point, LiFi -a light spectrum-based wireless
system- emerges as a potential communication technology
for enabling dense IIoT networks due to accurate indoor
positioning, high throughput, high reliability, and low latency
requirements of the IIoT [3].
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The device-to-device (D2D) communication and coordi-
nated multipoint joint transmission (CoMP-JT) techniques
offer opportunities to reap the aforementioned advantages
of LiFi-based IIoT networks. D2D communication occurs
when IoT devices transmit and receive data directly among
themselves without the need for relaying through a base
station (BS) or an access point (AP). Thus, D2D offers
improvements in resource usage, energy efficiency and
latency [4]. Existing D2D literature can be said to focus
on two main approaches. The first approach combines radio
frequency (RF) and visible light bands tomaximize efficiency
of the system. In this type of studies, authors proposed to use
LiFi for D2D communication and RF for cellular commu-
nication, namely connection between IoTs and APs. These
type of hybrid networks are usually not preferred because
they need a much longer processing time than conventional
networks due to the change of air interfaces [5].Moreover, the
RF system provides lower system capacity than the LiFi net-
work, and a very large number of RF users will significantly
reduce efficiency. Due to these reasons, previous studies
focus on improvements such asmode selection, resource allo-
cation, and optimizations in hybrid D2D schemes [6]–[13].
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Zhang et al. propose a hierarchical game framework for
resource allocation in heterogeneous network with VLC and
D2D individual [6], [10]. In the game, the data packet size, the
price of licensed spectrum and data rates are determined with
equilibrium solutions, and each VLC transmitter (VLCT)
determines the optimal data transmission route. Najla et al.
focus on a multi-objective optimization problem which is the
selection between RF and VLC bands for D2D [11], [12].
In these studies, they propose low-complexity heuristic algo-
rithm and deep neural network for solving the problem. The
studies reported in [7], [8], [13] suggest dynamic dynamic
dwell timer and graph theory-based algorithms, tailored for
D2D communication, in deciding whether or not it is ben-
eficial for a user equipment to switch from VLC to RF or
vice versa. Finally, [9] proposes a reinforcement learning
(RL)-based approach to determine data transmission routes
in an indoor VLC-D2D heterogeneous network. The second
approach relates to the use of the visible light band for both
direct and D2D communications. In this approach, the direct
communication is defined as the link between IoTs and APs,
not IoTs to IoTs. A few studies reported on this model,
which is more beneficial than hybrid networks because of
the aforementioned reasons. Proposed and analyzed in [14]
are ways to understand how increasing distance between IoT
devices affects efficient D2D communication. In the same
model, optical repeaters are suggested for enhancing the
performance of D2D communications. In [15], the study pro-
poses a game theory–based solution for the mode selection
mechanism between direct and D2D communication. This
work uses system capacity as the utility function to optimize
system performance and selects the optimal communication
mode. Chaleshtori et al. investigate D2D communications
using smart phones’ display pixels and their built-in cam-
eras [16], [17]. The impact of the receiver orientation on the
channel characteristics is also investigated, where two static
users face each other and the receiver is intentionally oriented
towards the transmitter. Finally, in [18], the challenges and
applications of LiFi in D2D communication are given briefly
and LiFi is compared with other D2D communication options
such as WiFi and Zigbee.

CoMP-JT is an inter-cell cooperation technology in which
data to a receiver is concurrently transmitted from multiple
transmitters to increase the received signal strength [19].
CoMP-JT scheme uses multiple APs to jointly transmit the
data at the same time-frequency resource and by that converts
interfering signals into useful signals. In addition, CoMP-
JT scheme can achieve high gains in system throughput,
robustness to blockage, and coverage probability. The indoor
deployment of LiFi networks can benefit from power-line
communication (PLC) as a backhaul solution to support
coordination and data exchange among cooperating APs in
CoMP-JT operations. The previous CoMP-JT studies in LiFi
networks have many similarities in terms of system mod-
els [20]–[25]. All of these studies assume that transmitters
have fixed locations and are identical. These studies are dif-
ferentiated in regard to applied algorithms and proportional

fairness scheduling schemes. Besides, most of them are
simulation-based with no analytical framework to back up the
simulations.

To the authors’ best knowledge, the combination of
D2D communication and CoMP-JT scheme for mobile IIoT
devices in LiFi networks has not been studied in any previous
work. This paper investigates the role of mobile IIoT devices
for D2D communication and CoMP-JT scheme in indus-
trial LiFi networks using stochastic geometry. This work is
based on a realistic scenario as contained in ‘Scenario 4:
Manufacturing Cell in LiFi standards, produced by the IEEE
802.11bb Task Group on Light Communication [26]. The
major contributions of this paper are summarized as follows:

• We present an analytical modelling of CoMP-JT scheme
for D2D communication range for IIoT devices based on
the system parameters such as access point densities and
half-angle of transmitters.

• Closed-form approximations are derived for the proba-
bility of CoMP-JT scheme for LiFi-based D2D networks
in terms of ROI.

• Extensive Monte-Carlo based simulations presented to
validate the analytical model.

• The impact of system parameters, such as transmitter
density on the communication performance is investi-
gated and inferences drawn. This is vital towards the
design of a practical industrial LiFi network.

The remainder of the work is organized as follows. In the
next section, the network model and LiFi channel model
is introduced as parts of the system model. In Section III
and IV, the CoMP-JT probability for LiFi networks and
coverage performance with analytical expressions are pre-
sented. Simulation to verify the analytical results are shared
in Section V. Section VI, finally, presents the concluding
remarks and future research directions.

II. SYSTEM MODEL
This section provides the network model for CoMP-JT
enabled D2D communication for mobile IIoT devices which
is used in the study. First, Poisson Point Process (PPP) model
with the Poisson-Voronoi tessellation (PVT) is used to dis-
tribute the IIoT devices and APs. Then, the details of the LiFi
channel model used in the study are given.

A. NETWORK MODEL
In most previous studies about LiFi networks, cell shapes
are modeled as either hexagonal or square. However, the
ultra-dense industrial LiFi networks generally consist of
a number of ‘statistically random’ APs and IIoT devices,
such as sensors, robotic arms, drones, surveying and inspec-
tion machines, and even automatic guided vehicles (AGV)
[27], [28]. Thus, using a perfectly defined determinis-
tic/regular model for the positioning of these IIoT devices
and APs is impractical. Spatial point process is therefore
considered to provide a more accurate and tractable model
for the distribution of nodes in an industrial LiFi network.
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That should be highlighted that a LiFi AP is used as both
illumination and data source which is different to the conven-
tional RF nodes. Thus, LiFi networks cannot follow exactly
the same assumptions used in RF network design. In RF net-
works, the minimum distance between nodes provides a more
realistic process, e.g. Matérn Hard-Core Process (MHCP).
However, it has been reported that the deployment of LiFi
APs is completely random due to the wiring complexity,
uncertain lighting requirements, and aesthetic quality [29].
In addition, other point process models, such as hardcore
point process and square networks, are lower bounded by
the PPP model [30]. For these reasons, we consider the PPP
model as a worst-case deployment scenario for the industrial
LiFi networks.

A PPP is a type of random mathematical object that con-
sists of points randomly located on amathematical space with
parameter λ (means density) [31]. The number of points in
any compact cluster B ⊂ Rd is a Poisson random variable if
and only if a point process 8 = {x(i) : i = 1, 2, . . .} ⊂ Rd

is a PPP. In the real plane, the Rd is called d dimensional
space. The number of points in discrete sets are independent
and have a Poisson distribution:

P{t points in set B} = P{8(B) = t} =
3t

t!
exp (−3), (1)

where the Poisson random variable of density λ(x) is the
density measure of3 =

∫
B λ(x)dx. It can be said that the PPP

is uniform or homogeneous PPP (HPPP), if λ(x) is constant
(λ(x) = λ) [32]. Especially, the expected number of points in
a set B is an density measure which is described below [33]:

3(B) , E[N (B)],∀B ∈ Rd . (2)

If |.| is the Lebesgue measure of set B, N (B) has a Poisson
distribution with mean λ|B| for every compact cluster B.
Then, equation (1) turns into:

P{8(B) = t} =
(λ(B))t

t!
exp (−λ(B)). (3)

The IIoT devices and APs are deployed on the Voronoi tes-
sellation according to the PPP indicated with 8 and den-
sity λ and the cluster B is regarded as a two-dimensional
Euclidean space [34].The partition of the plane into n convex
polytopes is named as the Voronoi tessellation. The APs in
the system are deployed following an independent PPP with
density λ1. In addition, the IIoT devices are modeled into
two categories: D2D transmitting IIoT and D2D receiving
IIoT. Also, they are deployed following and independent PPP
with densities λ2 and λ3, respectively. This model makes
the industrial LiFi network more realistic. Fig. 1 presents
an exemplar ultra-dense industrial LiFi network deployment
which includes various IIoT devices.

B. LIFI CHANNEL MODEL
Industrial LiFi deployments constitute challenging envi-
ronments where moving IoT machines may produce
high-definition video and other heavy sensor data during

FIGURE 1. PVT ultra-dense LiFi network with the access points (red stars),
the D2D transmitting IIoT (blue triangles) and the D2D receiving IIoT
(blue dots).

surveying and inspection operations. CoMP-JT for D2D
communication in ultra-dense industrial LiFi networks is
connected with the Received Optical Intensity (ROI). In other
words, the initiation of the connection process is based on
measured ROIs. The effect of multiple reflections from the
objects and human shadowing are neglected. This means that
only line-of-sight (LOS) is taken into account for the LiFi
channel model in this study. The insignificant effect of the
reflection paths on the ROIs is presented in [30]. According
to this assumption, the optical channel gain of the D2D
receiving IIoTs from the APs and the D2D transmitting IIoTs
can be expressed as [3]:

hi(ri) =
(mi + 1)Ar

2πr2i
cosmi (ϕi)Tsg(ψi) cos(ψi), (4)

where (i = 1, 2) represent the direct link and D2D link,
respectively, and ROIi(ri) = Pihi(ri) can be calculated.
In addition, ri is the distance between the D2D receiving
IIoT and a transmitter located point at i, Ar is the receiver
effective area, Pi is the transmitted power, ψi is the angle
of incidence with respect to the axis normal to the receiver
surface, ϕi is the angle of irradiance with respect to the axis
normal to the transmitter surface,ψcon and g(ψi) are the field-
of-view (FOV) and concentrator gain, respectively. Ts is the
filter transmission and mi is the Lambertian index described
as [3]:

mi = −
ln(2)

ln[cos(ϕ1/2)]
, (5)

where ϕ1/2 is the semiangle at half illuminance of the trans-
mitter. Further, the gain of the optical concentrator at the
receiver is expressed by [3]:

g(ψ) =
{
n2/ sin2(ψcon), if 0 < ψ ≤ ψcon
0, if ψcon ≤ ψ,

(6)

where n is the refractive index.
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FIGURE 2. (a) Changing of D2D communication range; (b) Relative movement analytical framework.

III. PROBABILITY OF CoMP-JT SCHEME FOR LIFI-BASED
D2D COMMUNICATION NETWORKS
Generally, an industrial network consists of multiple cells
that are neighbors to each other. The boundaries of these
cells delimit their coverage area. That is, ROI in LiFi is the
principal criteria for shaping the cell borders [35]. In this
work, the transmitter and receiver positions are based on the
‘Scenario 4: Manufacturing Cell’ in LiFi standards, produced
by the IEEE 802.11bb Task Group on Light communica-
tions [26]. This standard considers multiple robots as IIoT
devices in a factory environment. It is assumed that the
IIoT devices have their LiFi transmitters/receivers vertically
positioned as illustrated in Fig. 2a. It is also assumed that
IIoT devices in industrial LiFi networks move in a two-
dimensional space. When the CoMP-JT scheme for D2D
communication is considered, IIoT devices are initially dis-
tributed within the coverage area of the APs as shown in
Figure 2a. Thus, an AP represents an umbrella tier and IIoT
devices are deployed under this umbrella.

The scenario is composed of a central control unit (CCU)
and multiple LiFi transmitters such as in Fig. 2a. The modu-
lated signal is directly sent from the CCU to each transmitter
and converted to a LiFi signal. The frames control, signal
processing, synchronization, initiating of the scheme and
modulation are all carried out at the CCU. Therefore, coordi-
nated transmission can be achieved via the backhaul link. The
high-speed connection between CCU and transmitters can
be achieved by using optical fiber, Ethernet cable, powerline
communication and wireless communication technologies.
In order to avoid inter-cell interference, direct-current-biased
optical orthogonal frequency division multiplexing (DCO-
OFDM) is used in order to realize orthogonal frequency divi-
sion multiple access (OFDMA) which allows simultaneous
transmission by adjacent transmitters.

Using stochastic geometry, it is possible to propose an
analytical model for CoMP-JT and evaluate coverage prob-
ability of its mobile nodes. Thus, the scenario can be sim-
plified to only one D2D receiving IIoT device together with
distributed multiple D2D transmitting IIoT devices. With the
D2D receiving IIoT taken as a reference point, then the D2D
transmitting IIoT is treated as moving relative to the refer-
ence point. Modeling the exact movement of the devices is
extremely complicated and will depend on the given scenario
and environment. This work will not focus on improving
such a movement model. Instead, it is assumed that a mobile
node’s motion comprises of straight line segments and the
node travels at a constant speed V in each of these segments.

Without loss of generality, the position xt(d1, d2, d3) is
the location of a D2D transmitting IIoT device and a typ-
ical AP is located at the origin. Based on the ROI from
each tier, the CoMP-JT or non-coordinated modes can be
operated by the D2D receiving IIoT device independently.
When the ROI from an AP is sufficiently higher than that
from any neighbouring D2D transmitting IIoT device, the
D2D receiving IIoT device is only served by the AP. The
AP and D2D transmitting IIoT start CoMP-JT to the D2D
receiving IIoT when the ROI from the strongest neighbor
D2D transmitting IIoT device is comparable to that of the
connecting AP. In this circumstance, the CoMP-JT mode is
initiated. The CoMP-JT is maintained until the ROI from the
D2D transmitting exceeds the ROI from the AP. We focus
on whether the D2D transmitting IIoT would keep CoMP-JT
with AP rather than the non-coordinated circumstance. The
analytical framework of the dynamic CoMP-JT association
criterion is designed as follows [36]:

1 ≤
ROI1(r1)
ROI2(r2)

< η, (7)
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where we refer to η as the bias factor (≥0 dB) which is
the coordination threshold. The bias factor encourages D2D
receiving IIoTs to connect low-load D2D transmitting IIoT.

Referring to Figure 2b, let’s assume that the random tra-
jectory of the strongest D2D transmitting IIoT device is a
straight line which is determined by two points M0 and M1.
r0 symbolizes the distance between the M0 and the typical
D2D receiving IIoT device. M1 is a random point on the
dotted circle of radius r0 centered at the D2D receiving IIoT
device. θ ∈ [0, 2π ] is a random orientation which represents
the moving direction of the strongest D2D transmitting IIoT
device [37]. In this study, we focus on the region where D2D
receiving IIoT devices operate in CoMP-JT mode. According
to (7), the annular observation region 0 is delimited by the
minimum and maximum radii R1 and R2, respectively, that
is 0 = {(r1, r2) : r1 > 0 and R1 < r2 < R1}. R1 and R2
symbolize theminimum andmaximum coverage radius of the
CoMP-JT scheme in regard to bias factor η; furthermore, R1
and R2 are given in Appendix A.
In terms of assignment policy, the CoMP-JT procedure will

trigger when the nearest D2D transmitting IIoT enters into the
region0. As shown in Figure 2b, d is a distance from the D2D
receiving IIoT to the movement trajectory of its nearest D2D
transmitting IIoT device. The probability of CoMP-JT can be
expressed as the probability that the random trajectory of the
D2D transmitting IIoT intersects with the annular. That is,
d ≤ R2 is the requirement that D2D receiving IIoTs initiate
in CoMP-JT mode. Let assume that Q shows the probability
that D2D receiving IIoT operates in CoMP-JT mode with a
neighbor D2D transmitting IIoT.

Firstly, the trajectory of the coordinated D2D transmit-
ting IIoT is a key point of obtaining the distribution of the
angle β. As shown in Figure 2b, the angle β in the right
triangle is within the interval [0, π/2]. Based on the definition
from [37], angle β can be denoted for various range of θ as
follows:

β =

{
θ/2, if 0 < θ < π

π − θ/2, if π < θ < 2π,
(8)

where angle θ is determined by the intersection points
between the trajectory of the D2D transmitting IIoT and dot-
ted circle. The distribution of2 can be expressed as follows:

F2(θ ) =
(4π − θ )θ

4π2 , 0 < θ < 2π. (9)

Together with (8) and (9), the cumulative distribution func-
tion (cdf) of B can be derived as:

FB(β) = 2β/π, 0 < β < π/2. (10)

Considering the first-order derivative of (10), the probability
density function (pdf) of B is given by [36]:

fB(β) = 2/π, 0 < β < π/2. (11)

The distance from the D2D receiving IIoT to the initial loca-
tion of nearest AP and the D2D transmitting IIoT is denoted

as r1 and r2, respectively. In a homogeneous PPP, the pdf of
r1 and r2, that is fR1 (r1) and fR2 (r2), can be derived as follows:

fR1 (r1) = 2πλ1r1e−πλ1r
2
1 (12)

fR2 (r2) = 2πλ2r2e−πλ2r
2
2 . (13)

By utilization of (4), (7), (12) and (13) we can obtain the
probability of CoMP-JT scheme for LiFi-based D2D com-
munication as follows:

Q = P[d ≤ R2]
= P[r2 cos(β) ≤

√
ηZr1 sin(ψ2)]

= P
[
r2 ≤

√
ηZr1 sin(ψ2)
cos(β)

]
= Eβ,r1

[
1− exp

(
− πλ2

ηZr21 sin
2(ψ2)

cos2(β)

)]
= Eβ

[
1

1+
(
λ1
λ2

cos2(β)
ηZ sin2(ψ2)

)]

=
1√

1+ λ1
λ2

h2+(R2−R1)2

ηR21

, (14)

where Z = P2 cosm2+1(ϕ2)
P1 cosm1+1(ϕ1)

. It is clear from (14), the probability
of the IIoT devices operating in CoMP-JT mode has positive
correlation with the ratio of AP and D2D transmitting IIoT
density. Larger bias factor η also increases the CoMP-JT
probability.

IV. COVERAGE PERFORMANCE OF CoMP-JT SCHEME
FOR D2D COMMUNICATION
In the wireless communication systems, the coverage prob-
ability is determined by the probability that the signal-to-
interference-plus-noise-ratio (SINR) of a randomly located
user is more than a predetermined threshold τ [38]. For LiFi-
based system, the received SINR expression from i-th tier can
be written as:

SINRi =
R2pdh

2
i P

2
i

R2pd
∑

j 6=i h
2
j P

2
j + σ

2
(15)

where Rpd is the responsivity of the receiver and σ 2 is
the noise variance. The interference can be represented as
I = R2pd

∑
j 6=i h

2
j P

2
j . According to the definition, the coverage

probability of the D2D receiving IIoT can be derived as [36]:

C =P{SINR > τ }

(a)
=P{|Rpdh1P1 + Rpdh2P2|2 > τR2pd

∑
j 6=1,2

h2j P
2
j + τσ

2
}

(b)
=E

[
exp

{
−τσ 2

Rpd
∑2

j=1 Pj

}
×

2∏
j=1

LI
(

τ

Rpd
∑2

j=1 Pj

)]
,

(16)

where (a) follows the definition of SINR cdf, (b) follows
from the definition of the Laplace transform. The Laplace
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transform of I is calculated as follows:

LI (s) =E[exp{−sI }]
(c)
=E

[
exp

{
− sR2pd

∑
j 6=1,2

h2j P
2
j

}]
(d)
= exp

{
− 2πλj

∫
∞

rj
(1− E(e−sR

2
pdh

2
j P

2
j )rdr

}
(e)
= exp

{
− 2πλj(sRpdPj)2

∫
∞

(sRpdPj)−1rj

x
1+ x2

dx
}
,

(17)

where (c) and (d) is derived by using the Laplace Functional
of PPP [39], and (e) is derived by replacing x = (sRpdPj)−1.
Combining (16) and (17), the coverage probability can be
derived as:

C =E
[
exp

{
−τσ 2

Rpd
∑2

j=1 Pj

}

×

2∏
j=1

exp
{
− 2πλj

(
τRpdPj

Rpd
∑2

j=1 Pj

)2

×

∫
∞

(sRpdPj)−1rj

x
1+ x2

dx
}]
. (18)

To provide a more straightforward expression for the cov-
erage probability for CoMP-JT based D2D communication,
we need to obtain the pdfs ofD and L (as shown in Figure 2b)
and the joint pdf of Rc = (R0,R1). From the geometric
configuration in Figure 2b, we get:

r2 =
√
d2 + l2, R1 < r2 < R2. (19)

Based on (11) an (13), the pdf of D can be derived as:

fD(d) =
2

π

√
r20 − d

2
, 0 < d < R2. (20)

According to the definition of the D2D transmitting IIoT’s
trajectory, the pdf of L is obtained for different range of
variable d :

fL(l) =

 (
√
R22 − d

2 −

√
R21 − d

2)−1, if 0 < d < R1

(
√
R22 − d

2)−1, if R1 < d < R1.

(21)

According to PPP properties, the probability of the distance
between the D2D receiving IIoT and its nearby transmitters
can be derived. Especially, the joint pdf of Rc can be derived
as:

fRc (r0, r1) = 4π2λ1λ2r1r0 exp{−π (λ1r21 + λ2r
2
0 )}. (22)

FIGURE 3. CoMP-JT probability of D2D receiving IIoT vs. ratio of D2D
transmitting IIoT and AP density.

By combining (19), (20), (21) and (22), then substituting
in (18), we compute the approximate coverage probability of
a randomly located CoMP-JT based D2D device in industrial
LiFi network as in (23), shown at the bottom of the page.

V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we discuss the performance metrics of the
CoMP-JT scheme for D2D communication in industrial LiFi
networks and compare with the Monte Carlo method-based
simulation results. Unless otherwise stated, the simulation
environment is considered with dimensions: 30× 30× 5 m3

and the semiangle at half illuminance of the transmitters are
selected as equal to 60◦. Moreover, the relationship between
transmit powers is set as P1 = 25P2 = 25 W, the tier
densities λ1 = 0.5λ2 = 1 [node/m2], and the bias factor
η = 6 dB for this illustration environment. The height of the
D2D receiving IIoTs and the D2D transmitting IIoTs from the
ground has been taken as 2 m and 3 m, respectively.

Figure 3 shows the relationship between CoMP-JT prob-
ability and different densities of APs and D2D transmit-
ting IIoTs (λ2/λ1). The figure shows that the denser D2D
transmitting IIoT device deployment increase the CoMP-JT
probability. This is because the IIoT deployment gets denser
as λ2 increases, which means that transition between the AP
and the D2D transmitting IIoT is initiated more. On the other
hand, the probability growth will eventually slow down and
stabilize when the density of D2D transmitting IIoT is much
higher than that of APs in ultra-dense industrial LiFi network.
Additionally, the CoMP-JT probability increases with the
bias factor. As a result, increasing the D2D transmitting IIoT

C =
∫
0

[
exp

{
−τσ 2

Rpd
∑2

i=1 Pi

}
×

2∏
j=1

exp
{
− 2πλj

(
τPj∑2
i=1 Pi

)2

×

∫
∞(

τPj∑2
i=1 Pi

)−1
rj

r
1+ r2

dr
}]

× fL(l)fD(d)fRc (r0, r1)dldddr0dr1. (23)
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density is inefficient after certain thresholds. The analytical
results of the CoMP-JT probability which are obtained in
Section III fit well with the Monte Carlo method-based sim-
ulation results.

It should be noted that the 2-D space models the statistical
position of the access points but not their height above the
reference plain. This is representative as access points have
a fixed heights but their location is randomly distributed.
To consider a complete 3-D space, the effect of the transmit-
ting IIoT heights on the CoMP-JT probability is presented
next. As can be seen from (14), the height of the D2D trans-
mitting IIoT devices, d3, has an indirect impact on the system
performance via the minimum andmaximum coverage radius
of the CoMP-JT scheme, R1 and R2. In Fig. 4, three different
densities of APs and D2D transmitting IIoTs, λ2/λ1, and
different D2D transmitting IIoT heights, d3, are compared
in terms of the CoMP-JT probability. The different D2D
transmitting IIoT heights do not lead to a dramatic change
in the CoMP-JT probabilities. As the height of transmitters
from the ground increases, it is expected that the coverage
area of the transmitters increases as well. Thus, an increase
in height is a reason for the increase in CoMP-JT probability
shown in Fig.4. On the other hand, the ROI of the D2D
receiving IIoT decreases as the transmitter height is increased
due to an increase in the Euclidean distance between them.
Therefore, the change in CoMP-JT probability will be limited
because of the trade-off between coverage area and ROI.

FIGURE 4. CoMP-JT probability for different D2D transmitting IIoT heights
in terms of different transmitting density ratios.

In this study, it is preferred that the transmitting IIoT ver-
tical heights follow fixed values rather than PPP. Introducing
randomness to the height of a LiFi AP makes the distance
distribution between a typical user and a LiFi AP extremely
cumbersome and difficult to model. Varying access point
height is not only unrealistic but does not have any significant
impact on the CoMP-JT probability as Fig 4 shows. Also, this
framework is in line with previous research results, especially
in terms of fixed vertical height values [22].

FIGURE 5. Coverage probability in terms of semiangle at half illuminance
of the transmitters.

Figure 5 shows the results for different semiangle at half
illuminance of the transmitters which relates directly to the
coverage area. Decreasing the SINR threshold and semiangle
at half illuminance adversely affect the coverage area. This
is simply because a larger semiangle at half illuminance
provides a wider coverage area, the source optical power is
spread over a much wider space. The results show that the
analytical approximation in (23) matches the Monte Carlo
simulations well. However, there are tiny gaps on different
sides of the different semiangle at half illuminance values.
This is due to the nature of the simulation technique and
approximation error in the analytical expression.

The Monte Carlo method-based simulation results match
quite well with the obtaining analytical expression results,
namely, they verify each other. The validation of the ana-
lytical results by the simulation results is provided better
insights for the system design of the CoMP-JT scheme for
D2D communication in ultra-dense industrial LiFi networks.
For example, the density of the IIoT can be estimated by
using the analytical expression of the CoMP-JT probability
when the value of the bias factor in a designed space is
known.

For better comparison, two alternatives schemes are
introduced, namely, non-coordinated maximum-received-
optical-intensity-based (NC-MROI) and non-coordinated
D2D-transmitting-IIoT-bias-based (NC-DB). In NC-MROI,
the D2D receiving IIoTs connect to strongest D2D transmit-
ting IIoT or AP without any bias factor (η = 0). That is, the
D2D receiving IIoT is served by the most powerful transmit-
ter in terms of ROI. In the other scheme, the D2D receiving
IIoTs prefer associationg to the D2D transmitter IIoTs in NC-
DB scheme. The positive bias to tier 2 association is defined
as η = 6 dB. As shown in Figure 6, the coverage probability
of the CoMP-JT scheme has better coverage performance
than others with different SINR threshold. The CoMP-JT
scheme can improve the coverage performance of the IIoTs
by about 5% when τ = 0 dB.
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FIGURE 6. Comparison of the coverage probability of alternative schemes.

VI. CONCLUSION
In this work, the key performance metrics for the CoMP-JT
scheme for D2D communication in ultra-dense industrial
LiFi networks are analyzed. Based on semiangle at half illu-
minance, the analytical model for the coverage areas of the
D2D communication is presented. In addition, the CoMP-JT
probability and coverage probability are obtained as analyti-
cal expressions which are functions of the system parameters.
From the analytical expressions, it is clear that AP density,
IIoT density, and bias factor are crucial parts of the CoMP-JT
scheme for D2D communication. In addition, simulation
results match well with the theoretical models presented.
The obtaining results are valuable in practical industrial LiFi
design and development.

APPENDIX A
Without loss of generality, the position xt(d1, d2, d3) is the
location of a D2D transmitting IIoT device and a typical AP
is located at the origin. In regard to the ROI, the radius of the
D2D transmitting IIoT can be determined as,

C = {(x, y) ∈ R2
| ROI1(r1) = ηROI2(r2)}. (24)

Thus, the coverage boundary of the D2D communication
range forms a cluster of bias-based ROI points in (24). These
points help to calculate the parameters in an industrial LiFi
network. For a D2D receiving IIoT located at (x, y) ∈ R2 and
the height from the ground is h, the distance from the D2D
receiving IIoT to the AP, and the D2D transmitting IIoT are
given, respectively, by [40], [41],

r1 =
√
x2 + y2 + h2, (25)

r2 =
√
(x − d1)2 + (y− d2)2 + (h− d3)2. (26)

In addition, cos(ϕ1) = cos(ψ1) = h√
x2+y2+h2

and

cos(ϕ2) = cos(ψ2) =
h−d3√

(x−d1)2+(y−d2)2+(h−d3)2
are con-

sidered because IIoT device faces are directed upward.

By substituting (25) and (26) into (24), we obtain,

Wi.(x2 + y2 + h2)m̂

−[(x − d1)2 + (y− d2)2 + (h− d3)2] = 0 (27)

where, Wi =

(
ηP2(m2+1)(h−d3)m2+1

P1(m1+1)hm1+1

) 2
m2+3

, m̂ = m1+3
m2+3

. At this

point, it is assumed that the Lambertian index of the trans-
mitters in the system are identical. Thus, both the AP and
the D2D transmitting IIoT share an equal Lambertian index
(m1 = m2), m̂ equals 1. Thus, the equation of a circle can be
stated as the defined function in (27) very well. The radius,
Ri is calculated as:

Ri =

√
Wi(d12 + d22)
(1−Wi)2

+
Wih2 − (h− d3)2

(1−Wi)
. (28)

In order to obtain certain calculable results and because of
stochastic geometry specifications, the distance between AP
and D2D transmitting IIoT in the 2D scenario can be approx-

imated as E[ |L(X1,X2)| ] ∼=
√
d21 + d

2
2 =

1
2
√
λ1

[40].
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