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Abstract : Abstract— In the context of the industrial Internet-of-things (110T), this study explores the performance evaluation of
device-to-device (D2D) communication using light fidelity (LiFi). An extensive analysis of industrial LiFi networks' mobility
management is provided. Based on the semi angle at half illuminance of the access point (AP) and D2D transmitting 10T devices,
a coverage model for the D2D communication range is generated. We provide closed-form formulas that use stochastic geometry
to calculate the mode selection rate and residence time. These expressions are dependent on velocity, 10T density, and AP density.
According to our research, denser deployment and higher velocity cause the average D2D transition rate to rise and the average
D2D residence duration to decrease, or vice versa. We use MATLAB simulations to evaluate the suggested analytical models,
providing important information for system-level design. Device-to-device (D2D), LiFi, optical wireless communication, visible
light communication, Industrial Internet-of-Things (110T), and other concepts are important to understand.

l. INTRODUCTION

There won't be enough radio spectrum accessible for mobile communications in the future due to the constant rise in data
transmission [1]. Device-to-device (D2D) communication, which enables direct connection between any two adjacent D2D user
equipment (DUE) to increase system capacity and spectral efficiency, is a viable option for making effective use of the spectrum
[2]. Several D2D pairs can share the same radio frequency (RF) band in order to increase system capacity [3]. Furthermore, other
bands, such Bluetooth or LiFi, that are not part of the RF licensed channels, can be utilized [4]. Utilizing visible light
communications (VLC) at frequency ranges between 400 and 790 THz is another alluring choice. Because of this, VLC is
appropriate for short-distance communication, such as inside [5]. Numerous research (e.g., [6]-[7]) highlight the advantages of
D2D communication utilising solely VLC bands. However, because the VLC connection is very sensitive to variations in the
irradiance of the transmitter (DUEt) and the incidence angles of the receiver (DUEr), it may experience abrupt decreases in
channel quality. For this reason, VLC connections must always have the ability to revert to RF. A preliminary investigation of
the use of VLC and RF together for D2D communication is provided in [1]. Next, by choosing an RF or VLC communication
band for each pair, an iterative two-phase heuristic approach is presented in [8] to minimise the outage and maximise the sum
capacity of D2D pairings. But [8]'s solution is predicated on the idea that channel gains among all DUEs in VLC and RF are
identified. Furthermore, the iterative process used in [8]'s band selection is unsuitable for dynamic settings when a quick band
selection is necessary. We formulate the band selection issue as a supervised binary classification problem that aims to pick
either RF or VLC for each D2D pair, avoiding the necessity for full channel information. To minimize outages and maximize
average energy efficiency of D2D communication, we assume just the received power and received total interference at each
DUEr in RF and VVLC. This band selection challenge is resolved by using a deep neural network (DNN).

1. LITERATURE SURVEY

Mobility management has been studied extensively in both RF networks and hybrid RF-LiFi configurations The majority of prior
research has focused on hybrid RF-LiFi network vertical handover strategies. In the case of hybrid RF-LiFi networks, for example,
[10] looks into the possibility of vertical handovers for users who encounter unpredictable rotations. Furthermore, in order to
improve vertical handovers, [11] suggests a Markov decision method, while [12] presents a

vertical handover scheme based on predicted criteria including access latency, data size, and interruption length. In order to
overcome line-of-sight (LoS) blocking concerns, Chowdhury and Katz [13] evaluate the performance of hybrid RF-LiFi hot-spot
networks in mobile settings and provide fuzzy logic-based vertical handover algorithms. Because of the difference in air interfaces,
vertical handovers usually need longer Systems often have less capacity than LiFi, and too many RF users might drastically limit
throughput. Thus, in vertical handover schemes, Much emphasis has been paid to resource allocation, optimization, and dynamic
load balancing. [8].There is potential for a variety of scenarios and applications when RF and VLC are combined for D2D
communication. This includes communication between gadgets of all kinds, from traditional cell phones [27] to Internet of Things
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gadgets and home appliances [28]. Such scenarios can be found in industrial settings or healthcare institutions [28], where people
interact with machines and other technologies. Users in a room might converse with household appliances, share presentations, or
trade data. Systems often have less capacity than Lifi, and too many RF users might drastically limit throughput. Thus, in vertical
handover schemes, Such scenarios can be found in industrial settings or healthcare institutions [28], where people interact with
machines and other technologies. Users in a room might converse with household appliances, share presentations, or trade data.
Outdoor settings for smart city projects [28] or vehicle-to-vehicle communication [27, 29] present another interesting use. In this
scenario, D2D is used for direct vehicle communication. across VLC bands, enabling the transfer of large amounts of data from
many sensors. For example, let's say a truck streams footage to automobiles behind it whose vision is blocked by the truck's front
camera. Moreover, unmanned aerial vehicle (UAV) situations find use for D2D communication over VLC [30, 31]. Through D2D
communication, UAVs may operate as both users and base stations. Nevertheless, they confront similar issues as VL C-based D2D
communication due to their dynamic nature and constant location changes. The mobility management of D2D communication
combining RF and VVLC bands is the main topic of this article.

11.PROPOSED METHOD
The following is a summary of the project's principal contributions:

e Using the semi-angle of the access point (AP) and D2D transmitting I10T devices, we offer an analytical methodology
for determining the range of LiFi-mediated device-to-device (D2D) communication for scenarios involving the Industrial
Internet of Things (110T).

A closed-form formula that accounts for device velocity, AP density, 10T density, and the transmitters' semi-angle at
half illuminance is used to determine the D2D mode transition rate and D2D mode residence time.

e We do extensive simulations using MATLAB to verify the precision and effectiveness of the analytical model
e The research looks into how different system characteristics, such user speed, affect the efficiency of communication. The
analysis's conclusions are essential for the realistic planning and development of industrial LiFi networks.

. SYSTEM MODEL

The D2D network model that is suited for mobile 110T devices is presented in this part and forms the basis of our
investigation. First, we use the Poisson—Voronoi tessellation in conjunction with a Poisson point process (PPP) model to
disperse the 10T devices and access points (APs) over the network. We then offer some insights into the LiFi channel model
that we used in our investigation. We also provide the mobility model created especially for the 10T devices in the research.

Network Model

In LiFi network research, cells have typically been modelled using square or hexagonal geometries. But it is not feasible to try to
use a well-defined deterministic or regular model for device positioning in very thick industrial LiFi networks with A vast number
of "statistically random™ APs and I10T devices, such as sensors, drones, robotic arms, and self-driving automobiles. Therefore, it is
thought to be more accurate and useful to use stochastic geometry to simulate the distribution of nodes in industrial LiFi networks.
Stochastic geometry, often referred to as random spatial models, is based on the idea that because wireless network users are varied
and unpredictable, node placements and related properties are essentially random. As such, a thinning procedure is frequently used
in real-world situations to duplicate the locations of LiFi APs. Because it depends on user locations and mobility profiles, which
both have unpredictable behavior, this thinning process is stochastic.

A large portion of current research is based on computer simulations due to the analytical difficulties of no stochastic models.
However, it is acknowledged that in order to comprehend the ways in which various network factors impact network performance,
an analytical framework is necessary. The use of stochastic geometry in this study is justified since it provides mathematical
tractability and the capacity to predict the performance of real-world LiFi networks. Randomly positioned points with an intensity
parameter (A) in a mathematical space define a Poisson point process (PPP) If a point process exists, the number of points in any
compact cluster B c Rd follows a Poisson random variable.

A Poisson point process (PPP) is shown by @ = {x(i): i=1, 2,...} € Rd. Rd is called d-dimensional space while discussing the
actual plane. In discrete sets, There is a Poisson distribution and an independent number of points. The A = ¥ B intensity measure
In this distribution, the Poisson random variable of density A (x) provides A (x)dx. When A (x) remains constant ( A (x)= A ), the
PPP is referred to as uniform or homogeneous PPP (HPPP) [25]. Specifically, the expected number of points within a set B is
described by an intensity measure that looks like this.

The distribution of N(B) has a Poisson distribution with a mean of A|B| for any compact cluster B, if || is the Lebesgue measure of
set B.
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Fig 1: Industrial LiFi network with the AP and I10T devices

Following the guidelines in [27], the Poisson point process (PPP), represented by ® with density A, is used to tessellate the cluster
B into a two-dimensional Euclidean space. It is known as the VVoronoi tessellation, and it divides the plane into n convex polytopes.
Access points (APs) are arranged in the network based on separate PPPs at a density of Ap. Furthermore, the Industrial Internet-of-
Things (I10T) devices are classified as D2D transmitting and D2D receiving 10T, which are implemented independently based on
PPPs with densities of Ar and At, respectively. This modelling technique helps create more realistic scenarios and improves the ease
of optimisation procedures, such as the research of mobility management. An example of a very dense industrial LiFi network
deployment is shown in the supplied figure, which has a variety of 10T devices.

A. LiFi Channel Model:

During surveying and inspection activities, mobile 10T equipment frequently transmit high-definition video and other data-
intensive sensor information in the demanding settings of industrial LiFi deployments. In ultra-dense industrial LiFi networks,
mobility management for D2D communication is closely linked to the received optical intensity (ROI). More specifically,
measured ROIs are used to determine when to start the process of connecting two 10T devices. The study only considers line-
of-sight (LOS) situations for the LiFi channel model, ignoring the impacts of numerous reflections from objects and human
shadowing. The discussion in [28] addresses the validity of this assumption on the insignificance of reflection routes on ROls.
Based on this supposition, the ROl of D2D IloTs that are received by both the APs and the D2D IloTs that are sending may be
represented as follows
(mi +1)Ar

2nd?
where each term represents the direct link (i = k) and D2D link (i = n), respectively. Additionally, di,u denotes the distance from
the D2D receiving 10T to a transmitter point i, Pi is the transmitted power; Ar is the effective area of the receiver; yi is the angle
of incidence with respect to the axis normal to the receiver surface; ¢i is the angle of irradiance with respect to the axis normal to
the transmitter surface; ycon and g(yi) are the concentrator gain and field-of-view, respectively; and Ts is the filter transmission.
Moreover, the Lambertian index, or mi, is described as follows:

In(2)

In :C‘Ot‘f'\rfJ..-'z )]
The semi angle of the transmitter at half illuminance is represented by v1/2. Furthermore, the following is a description of the optical
concentrator's gain at the receiver:

ROL(d; ) = P cos™ (p;) Tsg(ts) cos(t;) (4)

m; = (5)
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where 7 is the refractive index.
IV.  MOBILITY MODEL

Because it can effectively capture the movement patterns of D2D communication within extremely dense industrial LiFi
networks, the random waypoint (RWP) mobility model was used [30]. According to this concept, mobile 1loT devices
function inside a specified region, A, and choose their next course of action, or waypoints, evenly throughout A. They then
continue to travel at a steady speed in a straight path from their starting place to the newly established waypoint. 10T devices
may optionally include a random halt period before to proceeding to the following waypoint. Three parameters are chosen
by the mobile IIoT device at each waypoint: a uniformly distributed random direction on [0, 27], a transition length that
follows a uniform distribution, and a speed that is determined by a uniform distribution. Following the selection of these
criteria, the The gadget travels at the designated speed to the next waypoint, which is decided by the direction and transition
duration selected. It is impossible to achieve flawless modelling due to the extremely complicated time- and space-varying
movement patterns of mobile machines and humans [31][32]. Their extremely scenario- and environment-dependent
movement patterns are further complicated by the presence of tangible items. This article makes the assumption that IloT
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device movement adheres to the RWP mobility model, even if it does not concentrate on enhancing movement modelling.
Using this model makes it possible to examine how 10T devices affect LiFi networks and to learn more about building
dependable industrial networks. Our framework may be expanded to different mobility models, even though it is centred on
the RWP model .We use an endless series of quadruples {(Xk—1,Xk, Vk, Sk)}k € K, where k represents the kth movement
phase, to illustrate the RWP mobility model. The beginning waypoint is denoted by Xk—1, the goal waypoint by Xk, the
velocity by Vk, and the pause time at waypoint Xk by Sk inside each period. The next waypoint is determined after a
homogeneous PPP ®u(k) with density Au is separately created, beginning from the starting waypoint Xk—1.

AP (0,0,0)

/’ Iu
/ 2 \\
i ™,
y “. D2D transmitting lloT

Vs Vo . (udzdy)

| w’)‘/ N
Cixy) AN
- ™,

D2D receiving lloT

nearest point in ®u(k) is selected as the target waypoint. That is
X} = arg minxa‘<l=-,;‘l::- X— X1/ (7)

Consequently, the distance between Xk—1 and Xk is used to compute Lk, which stands for the transition length of the kth movement.
This is how the cumulative distribution function (or CDF) of Lk may be expressed:

Pr(Lpy<l)=1- exp(—i.7l?), 1> 0. (8)

The velocity Vk and pause time Sk are independent and identically distributed (i.i.d.) with distributions PV(.) and PS(.),
respectively. Moreover, the transition lengths follow a Rayleigh distribution.

V. ANALYTICAL MODEL IN MOVING IIOT DEVICES SCENARIO

In an industrial network, cells are usually located next to one another, and each cell's coverage area is defined by the cells next
to it. The received optical intensity (ROI) is the primary criteria used in LiFi networks to shape cell boundaries [30]. The IEEE
802.11bb Task Group on Light Communications' "Manufacturing Cell" specifications are followed in this study's transmitter
and receiver placements [19]. These standards take into consideration the scenario when a number of robots function as lloT
devices in a manufacturing setting, with the faces of the devices facing upward. Furthermore, 10T devices in industrial LiFi
networks are presumed to function in a two-dimensional area.lloT devices are initially dispersed throughout the service area of
Access Points (APs) due to the D2D communication mobility pattern, as seen in Fig. 2. 10T devices are positioned below the
APs, which act as an umbrella tier. Thus, every 10T device is under an AP's coverage. In this case, upon moving inside or outside
of the D2D communication coverage region, 10T devices start the mode selection procedure. A typical AP is situated at the
origin, and the position xt(d1, d2, d3) indicates the location of an 1loT device without losing generality. The coverage boundary
of 1loT devices broadcasting D2D may be identified by using the ROI measure.

C= {[‘Sll,l'j = Rz | ROIJ.:(dk.u) — RO]nﬁdnu}} (())

As a result, as shown in (9), the coverage boundary of the D2D communication range consists of a cluster of equal ROI points.
Mobility management parameters for an These points may be utilised to obtain an industrial LiFi network. For a D2D receiving
IloT positioned at coordinates (X, y) € R2 and a height h from the ground, the distances to the AP and the D2D transmitting 10T
are given, respectively, by [35].

diu = \./1'2“‘3)'24'}1.2 (10)

dw =/ (x—di )2+ (y—ds)? + (h —d3)2 (11)

In addition,
- [ k
cos| 0k ) = {:'CI,_HI{ e | = —/——
(k) (k) Nz

Because 110T device faces are directed upward. By substituting (10) and (11) into (9), we obtain
W.(22 + 2 + h)™ — [(2 — dy)? + (y — dp)?
+(h—d3)?] =0 (12)

where,
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It is now assumed that all of the transmitters in the system have the same Lambertian index. As a result, the Lambertian index of
the AP and the D2D sending I10oT is identical (mk = mn), where _m = 1. Thus, the geometry of a circle is defined by equation
(12). The radius, Rc, and the corresponding centre, xc = (xc, yc), are computed as

tfl d-g
= _— 3
e (1-1{-"1-11?) ()

[W(d2 +dy?)  Wh? — (h—ds)?
Re = V aowe T aow
The suggested coverage boundary of D2D communication and stochastic geometry may be used to create an analytical model for
mode selection in moving D2D situations. One D2D receiving l1oT device and several D2D transmitting 10T devices dispersed in
accordance with the properties of a Poisson point process (PPP) can simplify the scenario. It is clear from equation (14) that the
D2D communication range depends on the location of the 110T device that is broadcasting D2D. On the other hand, the mode of
the D2D receiving lloT is determined by the relative distance between IloTs. Subscript "c" is used to represent the D2D
communication range centre transition length for clarity, while superscript " " is used to represent the relative movement transition
length. Fig. 3(a) illustrates how the D2D sending I1oT is located at waypoint Xn—1 and proceeds, in the next step, to waypoint Xn,
with the origin serving as the location of the AP. It is possible to calculate the transition length of the centre of the coverage border
by taking use of the parallel relationship between the lines Xn—1Xn and Cn—1Cn.

[ dy 12 da

Leo=L3x ‘l.,'ll -

(14)

124 h2

dy I -'122 - ”-3']
The D2D transmitting 10T might be thought of as travelling in the direction of the reference point, or the receiving 10T,
if the D2D receiving 10T is assumed to be the reference point. Consequently, the relative

@ AP (0,0,0)

’
s T N area; area;
X TR W\xn
Coap == ke h e X Sl
(a) (b)

Fig. 3. (2) Changing of D2D communication range. (b) Relative movement analytical framework.

The movement scenario preserves realistic aspects while streamlining the analysis of intricate multiple item movements into a
single object movement. The coverage boundary of the D2D transmitter 10T may be seen both before and after relative
movement, as shown in Fig. 3(b). Based on the relative movement of the D2D transmitter 110T, three unique situations emerge,
assuming that the D2D receiver 10T stays fixed:

e The D2D receiving l1oT will switch from D2D mode to direct mode if it is located in region 1 (the blue area). The reason
for this shift is that the 110T that is sending D2D has moved from area 1 to area 2 (the red region).

e  On the other hand, the D2D receiving 10T will change from direct to D2D mode of communication if it is situated in
area 2. This switchtranspires when the 10T that is broadcasting D2D travels from area 1 to area 2.

e The D2D receiving 10T will continue to communicate in the same manner if it is positioned in region 3 (the green area).

VI. D2D MOBILITY ANALYSES FOR RESILIENT INDUSTRIAL LIFI NETWORK:
A.Mode Transition Rate

The integration of D2D communication into wireless communication, together with the use of next-generation industrial LiFi
systems, will inevitably lead to network densification. Higher transition rates are caused by the smaller and denser cell deployment
that results from this densification. Mode transition rate is closely correlated with network signalling cost. The RWP mobility model
allows for the division of the 10T devices' movement trace into an endless number of segments. As a result, the estimated number
of D2D mode transitions, E[N], during a single movement period divided by the expected duration of time, E[T], yields the D2D
mode transition rate, H.
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E[N]
H=——. (13)

E[T]
Considering nth movement, the expected number of D2D mode transition is given by
E[ﬁ; — ;'\.t ./11 Ef ﬂ"] (16}

where At, |A], and Et[N] stand for the estimated D2D mode transition number for the typical transmitting IToT, the whole probability
space, and the D2D transmitter 10T density, respectively. According to the suggested model in Fig. 3(b), the likelihood that the
IloT situated in areal and area2 would conduct a D2Dmode transition during the kth movement period is represented as
I‘—J‘-‘\Iih.'.l. l-’+'5'ufl.'-32

Al
or an average 10T that transmits D2D. For the 110T that is transmitting D2D data, the anticipated D2D mode transition number is

obtained.

[N] = / / woas + Swewn ¢ 1y 1 ()dldr (17)
Essential parameters are the probability density function (PDF) of the D2D coverage radius (fR_c(r)) and the circle centre relative
movement transition length (fL_c(l). The total area S may be calculated as the sum of S_areal and S_area2, as shown in Fig. 3. It
is notable that the expression in (14) and the values of W are much less than 1, indicating that the D2D communication range is
nearly constant before and after the movement. This suggests that the radius of the circle stays almost constant. As a result, two
circles of the same radius (R_c = R_c) fit the analytical framework nicely. This gives the phrase for S.

2nR2 — -lﬁ’zarcuos— +2L\/R2 - :"2 . L. < 2R,
2 R2, I.> 2R.

(18)
If we regard S as a function of L_ C 2Rc , we can approximate it by using the Taylor series expansion and get the expected D2D

mode transition number for a typical transmitting 10T as

471
E¢N] = // |A|rfy (1) fr,(r)dldr

IA 2 EILER,. (19)

As a result, the D2D mode transition rate can be expressed as closed-form as

.' 2 :
\ N ( fln} + (ii_q”} +
H =4 l—'E[Rc_ \.{I : d12 4 d;‘? + dgz

_ [WEXu2 | WH — (h—ds)’
=Y o f T aowm

I 2 NEY
» [ [1f;1) + [1fh’) + h?
\'I dlz—l-dgz +d32

o W Wh? — (h — d3)*
= 4i;v |"I (1= -H,.-')z + [1 — W)
p[ '

[(4)7 + (520) + 12
% I.' [l—ﬂ':] [l—ﬂ':] _ (20}

| d12+d22+d32

where the estimated distance, based on stochastic geometry, between the AP and the D2D sending I10T is provided.
ar 1
F \l"l Jx;:.
B. D2D Residence Time:
Residence time is a term used to characterise the predicted I1oT dwell time interval in a D2D communication range [40]. The

predicted D2D mode residence time may be easily obtained with defined mode change regions. Given the percentage of covered
locations, the likelihood of receiving IloT—which uses a D2D communication mode—is important.
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T R?

—_—
Al
Also, the probability that the receiving 10T changes its communication mode from D2D mode to direct mode after the relative
movement is
53.11:3 1

Al
Thus, the probability of Lt < | can be obtained as

Sareal 2 o l l 12
P(L; <1)= 5 = 1— Eznu,os.z—Rc + i Rz — T

(21)
In addition, the PDF of the trajectory length Lt is derived as

3 g2
. ( il 1—(3/236)2).

7R \4rR3\/T— (I2R.)
(22)

In the final stage, the D2D mode residence time and predicted trajectory length inside a D2D communication range are provided,
respectively, by

2r
ElL] = f[o .oy fr.(mdldr

™ W Wh2 — (h _ (13)2
T2 + 3
2 \/4’&:(1 —-W)? a-w)

fr, =

r_ElL _x© w N Wh? — (h — d3)?
CE[V] 20\ 4a,(1 —W)2 1-w)y
(24)
VII.  RESULTS
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FIGER4:AverageD2Dmodetransitionratebyanalysesandsimulation.
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CONCLUSION
This study analyses the important performance indicators for the mode shift from the AP to the D2D transmitting I10T in ultra-dense industrial
LiFi networks for D2D communication. The analytical model for the coverage regions of D2D communication is developed, based on semi angle
at half illuminance. Furthermore, as functions of the system parameters, closed-form formulas for the D2D mode transition rate and the D2D dwell
time are given. As can be seen from the closed-form formulas, velocity, 1loT density, and AP density are important factors in D2Dmobility
management in ultradense industrial LiFi networks. Furthermore, the provided analytical formulations are validated by simulation results. The
findings have significance for the design, implementation, and mode selection of industrial LiFi.

Future scope

In D2D communication, the most important question is how to provide effective security. With regard to risks, this addition has
provided an evaluation of security-related concerns and suggested areas for improvement. Nonetheless, our investigation has led us
to the conclusion that there are no international policy guidelines governing the safe interplay of user equipment. Since there are
differences in the authentication systems utilised, achieving interoperability is challenging.
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