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Abstract

Maximizing spectral efficiency and capacity in conventional radio frequency (RF) systems is crucial for indoor wireless
communication with high data rate demands. Utilizing visible light communication (VLC) bands addresses this challenge,
though VLC's reliance on the line of sight (LoS) connectivity poses obstacles. This paper introduces a vertical handover-based
hybrid RF/VLC for intra-software-defined wireless body area network (SDWBAN) architecture to meet diverse quality of
service (QoS) requirements. Prioritizing emergency data enhances network reliability. The proposed hard switching algorithm
addresses a multi-objective optimization problem, minimizing outage and blocking probabilities, worst-case latency, and
packet error rate while maximizing throughput and system fairness. Pareto-simulated annealing efficiently selects either the
VLC or RF link to meet system constraints. Simulation results show that the proposed hybrid RF/VLC scheme significantly
improves performance, especially at lower signal-to-interference plus noise ratios, with reduced outage probability (25 % to
55 %), enhanced throughput (40 % to 60 %), decreased packet error rate (39 % to 50 %), and improved system fairness (8 %
to 10 %) compared to standalone VLC systems.
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1. Introduction

Radio frequency (RF) has been the dominant approach to
providing wireless connectivity for centuries. However,
various challenges incorporate such technology, such as
spectrum congestion, interference, security, privacy and safety
issues, and energy efficiency. To overcome the above-stated
challenges, recently, visible light communication (VLC)
technology has emerged to transmit information wirelessly by
exploiting the lighting infrastructure of solid-state light
sources (e.g., white light-emitting diodes) to provide light-
based wireless connectivity.l'! VLC is a relatively new wireless
communication technology that makes use of the visible light
infrastructure to create light-based wireless communication
links. Recently, VLC has become a hot topic in wireless
communication networks, causing many researchers to deeply
analyze and develop VLC-based schemes to overcome
challenges faced by RF networks. VLC technology has been
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implemented for various wireless network types, such as for
indoor, outdoor, vehicular and underwater scenarios. The
principal advantages of VLC are the large and unregulated
available bandwidth, the inherent security and privacy of
optical systems, and the appropriate use in both interference-
sensitive environments and radio-free exposure use cases.
VLC systems have been used in various medical environments
and have been studied by several authors. Recently, hybrid
RF/VLC networks have been proposed aiming at exploiting
the benefits of both technologies,!? especially in the recent
era, where universal lockdown is witnessed due to the
coronavirus disease (COVID-19), and everything went online,
including the health activities. Such a hybrid RF/VLC network
is particularly attractive for sensitive environments such as
hospitals, as the combined radio-optical network can be
flexibly configured to adapt to scenarios and fulfill their
associated requirements."?! Hybrid RF/VLC technology is very
important as it combines the advantages of both RF and VLC
standalone systems. Therefore, it adds diversity, increases
coverage and decreases power consumption and interference.
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VLC is a new wireless communication technology that
exploits the presence of lighting infrastructure to provide
light-based wireless links. In recent years, VLC technology
has attracted many researchers to implement it in different
scenarios, aiming at overcoming the limitations caused by RF
technologies. Various networks have been studied using VLC
technology, especially in indoor, outdoor, vehicular and
scenarios.
the
bandwidth,?! the inherent security and privacy of optical

underwater The main advantages of VLC

technology are large and unregulated available
systems,* and its safety due to the zero-radio emission. Hence,
as an alternative to communication systems that operate in the
RF band (3 kHz to 300 GHz), the use of visible light bands
(400 THz to 800 THz) for wireless communications has been
proposed. Bell and Tainter, in 1880, were the first to present
the idea of using light to transmit a signal (photo-phone), as
discussed in Ref. [5]. However, transmitting data using a light
source was first introduced using a fluorescent lamp.[*! Then,
the idea of using fast-switching light-emitting diodes (LEDs)
was presented in Ref. [7]. The white LED was used for both
illumination and communication in early 2000 by researchers
at Keio University.®! Following this achievement, various
studies focused on the use of white LEDs in communication
systems. In 2011, the first IEEE standard related to VLC, IEEE
802.15.7, was published by the IEEE 802.15 working group
for wireless personal area networks.B! Fig. 1 illustrates both
the strengths and weaknesses of the RF and VLC technologies.
As can be seen, high health safety, high security, high
spectrum availability, low electromagnetic interference, and
low power consumption are more likely offered by VLC bands.
RF band supports high mobility and coverage, which can be
immune to noise from light resources and penetrate obstacles.
Based on the above-mentioned characteristics, several studies
investigate how RF and VLC systems can be hybridized in a
common system. Therefore, hybrid RF/VLC schemes were
proposed to overcome the limitations of both RF and VLC
technologies. Shao and Khreishah focused on aggregated and
non-aggregated heterogeneous RF/VLC wireless networks
where the average system delay is derived for both scenarios.
It was clear that the average system delay for aggregated
scenarios is lower as compared to non-aggregated scenarios.
The outage performance for a hybrid RF/VLC system was
studied in the work of Pan ef al.,'% considering the light
energy harvesting over the downlink. The hybrid system,
which consists of a radio and optical orthogonal frequency-
division multiplexing (HRO-OFDM) scheme, was proposed
in Ref. [11] and combines the different features of RF and
VLC links. Kashef et al.l'?l investigate the energy efficiency of
hybrid RF/VLC networks and study the impact of system
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parameters on energy efficiency. In this paper, we propose a
hybrid RF/VLC scheme for intra-software-defined wireless
body area network (intra-SDWBAN) for static patients, i.e.,
mobility of the patient is not considered in this study. The
presented study leverages the benefits of both RF and VLC
technologies to maintain the network quality of service (QoS).
The hybrid implementation of RF and VLC technologies is
desired, especially for wireless body area networks (WBANS),
where critical or emergency data should be transmitted with
the least or no delays. In our presented scheme, we give high
priority to sensors sending emergency data. We include the
outage probability for the communication bands and the
blocking probability of the VLC band in the link selection
algorithm. The blocking probability of the VLC band occurs
in the intersection of the coverage area of more than one VLC
access point (AP). Therefore, in the area where the blocking
occurs, an RF band should be selected for communication to
ensure the functionality of the system. The switching or hard
handover between RF and VLC systems is managed by the
software-defined networking (SDN) which
oversees the network. The controller assigns a time threshold

controller,

to prevent the ping-pong effect of unnecessary switching
between the two technologies. Hence, the controller tries to
keep the communication scenario in the VLC band as much as
possible since it provides high data rates with much fewer
delays required for sending the emergency data precisely.

The rest of the paper is arranged as follows. Section II
describes the related work in literature. Section III describes
the proposed hybrid RF/VLC scheme. Section IV presents
performance evaluation and analysis. Finally, Section V

concludes the paper.
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Fig. 1 Advantages and disadvantages of RF and VLC
standalone.
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2. Related work

The integration of RF and VLC technologies motivated many
researchers. Basnayaka and Haas studied the hybrid RF/VLC
system, where trade-offs between power and spectrum were
investigated.[’1 Dynamic load balancing is studied for a hybrid
LiFi/WiFi network in Ref. [14] that serves quasi-static users.
The movement of users is tiny by LiFi photocells and moving
users by WiFi access points. Wang et al.l'*! and Liang et al.l'f]
proposed a vertical handover scheme for heterogeneous
RF/VLC systems.

Haddad et al.'1studied the channel modeling for WBAN:Ss,
taking into consideration the mobility model of the patients.
For different mobility scenarios, they investigated the channel
direct current (DC) gain, delay spread, and coherence time. Le
et al.'® investigated the shadow impact of indoor mobile VLC
on system performance where the channel is considered
mobile, with different data rates. Siddiqi et al.*! considered a
VLC system with direct current biased orthogonal frequency
division multiplexing (DC-OFDM) where resource allocation
was done based on the user satisfaction index using simulated
annealing to maximize the average user satisfaction index.
Simulations show that their method outperforms other well-
known heuristic algorithms. Cahyadi et a/.?%1 demonstrated a
VLC system using three biosensors that can transmit data via
VLC uplink. Different Predefined headers were added to the
sent data to differentiate sensors' signals at the receiver end.
Minor interference has been reported in the received signal
caused by the flux of the ceiling. On the contrary, interference
was obviously recorded when multiple sensors sent their data
at the same time over an RF link. As a result, VLC presents an
alternative solution for transmitting bio signals where these
are less susceptible to interference. Dhatchayeny et al.?
presented a VLC-based study to validate the fact that data loss
is almost negligible when data is transmitted over VLC rather
than over RF. They used electroencephalography (EEG) to
monitor data for this study, as EEG signals consist of multiple
frequencies related to different parts of the brain; thus,
transmitting each frequency separately is critical for proper
diagnosis. The reported results showed zero interference in
transmission. Ding et al.[??l addressed the benefits behind
using the combined concepts of VLC and PLC as a backbone
in network communication of hospitals; a concept of
combining VLC and power line communications (PLC) in
hospitals for numerous purposes has been presented.

In the literature, specifically for Hybrid RF/VLC WBAN,
two important arguments are mentioned. The first one is that
very few have efficiently considered the outage probability
and the handover dwell/threshold time concurrently in the link
selection process. The handover dwell/threshold time prevents
the ping-pong effects caused by frequent switching between
RF and VLC bands. The ping-pong effects degrade the overall
network performance. Therefore, in our study, we took into
account the outage and blocking probabilities concurrently
with the handover time threshold in the link selection
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algorithm to optimally select the communication band. The
second argument is that most researchers restrict their system
from using the VLC band at the beginning of the simulation.
Then, the switching technique is executed by each sensor to
decide on which band to use for communication. Such
approaches lead to a noticeable number of handovers, which
degrade the network performance, especially when blocking
probability exists and/or increases. Therefore, in our presented
scheme, the system uses the RF band at the beginning of the
simulation due to different blocking probabilities. This causes
fewer handovers and less degradation of network performance.
Besides, to the best of the author's knowledge, there is no
reported work on hybrid RF/VLC intra-SDWBAN that
considers the blocking and outage probabilities, achieves QoS
by prioritizing the emergency data, and maximizes the system
fairness at the same time.

The main contributions of this paper are as follows:

e Proposing a vertical handover technique for hybrid
RF/VLC-based intra-WBANs to optimally select the
communication link by applying the Pareto Simulating
Annealing algorithm (PSA) for solving the multi-objective
optimization problem;

e Defining the cost function that minimizes the outage and
blocking probabilities, worst-case latency, and packet error
rate maximizes the system throughput and maximizes the
system fairness by taking into consideration the handover time
threshold to prevent unnecessary handovers;

e Analyzing the performance of the proposed scheme for
different blocking probabilities and comparing it with state-of-
the-art schemes;

e Evaluating the performance of the proposed hybrid
RF/VLC scheme in comparison with the standalone VLC
scheme for different signal-to-interference plus noise ratios;

e Leveraging the concept of SDN by integrating an SDN
controller in the hybrid RF/VLC network.

3. Network architecture

In this section, we present the network architecture of the
vertical handover-based hybrid RF/VLC system for e-health
applications, which includes the system model and the channel
model.

3.1 System model

The presented model is similar to the proposed system model
by Gupta et al.®) However, here, we considered a hybrid
RF/VLC intra-software-defined wireless body area network as
shown in scenario (a) of Fig. 2. The model consists of a room
of (5x5x3) m3 with three patients (P), each equipped with low-
power body sensors and an SDN controller. The sensors
monitor and send the patient's condition to the controller,
which is assumed to be placed at the patient's waist. We
assume a star network topology that fulfills the requirement
defined by IEEE 802.15.7, where all sensors send data to the
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SDN controller, which in turn sends the data to a gateway. We
also assume an out-of-band SDN architecture where the
control messages between sensors and controllers are sent on
dedicated paths. The patients are equipped with an RF antenna
and photodiode. We employ a hybrid RF/VLC downlink
transmission system based on hard switching between VLC
and RF channels. We assume one RF AP and four VLC
hotspots are mounted on the ceiling of the room, each with an
array of 60x60 LEDs as transmitters and also for illumination.
The location of VLC transmitters is indicated in Table 1, and
the location of sensor nodes is indicated in Table 2. The
Lambertian optical source model is used in the VLC
transmitter, where the brightness is the same regardless of the
patient's angle of view. Therefore, the projection of a VLC
hotspot on the ground can be regarded as a circle, as shown in
Fig. 2a. The VLC receiver is assumed to be in front of the
patient and at a 1.2 m distance from the floor. The SDN
controller manages the network, assigns network resources to
body sensors, and executes the PSA algorithm to efficiently
select the RF link or VLC link for the body sensors. The VLC
transmitters utilize the same light wave bandwidth; hence,
there is high co-channel interference in the overlapped area of
VLC hotspots.l! Therefore, the VLC link is assumed to be
blocked in these areas. An example of the blocking scenario is
shown in Fig. 2, where the middle patient is in the coverage
area of more than one VLC AP. The coverage area of VLC AP
is shown in blue, which is smaller than that of RF, which
covers the whole room. The SDN controller plays a vital role
in attaining the network QoS by serving the priority-based
sensors without causing unnecessary delays. Also, it manages
and distributes the network resources among sensor nodes.
Based on channel conditions, the controller decides whether
to do hard switching between the communication channels.
When the controller detects there is a need for handover, it
executes the link selection algorithm and calculates the
handover delay. The decision to select the communication
band is triggered by a time interval, which is called dwell time
or handover time threshold, in order to prevent unnecessary
handovers that degrade the quality of communication needed
for achieving the WBAN's QoS.*?* Since choosing the
optimal VLC channel among the presented channels is an NP-
hard problem, the controller executes the Pareto simulated
annealing (PSA).?Y We have formulated our fitness function
based on several performance metrics to be used by PSA to
choose the optimal VLC link. Fig. 2(b) illustrates the LoS of
the VLC channel. Each VLC spot is constituted of 3600 LEDs
where radiation patterns are modeled by a Lambertian one
with an order m=1 that corresponds to a half-power angle of
60°.
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Table 1. VLC transceiver characteristics.

T1:[1.251.25 3]
T2:[1.253.75 3]
T3:[3.753.75 3]
T4:[3.751.25 3]

Transmitters Coordinates [X y z] (m)

Half angle of power 60°
Avg. transmitted power 10 MW
Receiver per LED (PLep)
Responsivity 0.28 AW
Field of view (FOV) 65°
Table 2. Nodes' location.
Node L Location
Description - ] o
# X-axis  y-axis _ Priority
1 EEG 152 297
2 ECG 1.55 1.57 \
3 Glucose 1.55 1.21 \
4 Motion 1.28 1.65 -
5 EMG 1.26 2.18 -
6 Blood Pressure 1.57 1.47 N
7 Pulse 16 121 -
OXIMETER
Lactic acid 1.42 2.11 -
9 Accelerometer 1.65 1.65 -
10 Respiratory 1.35 1.7 \/
11 Pressure 1.35 1.65 \/
12 SDN-controller 1.2 1.2 -

3.2 Channel model

In the proposed model, we assume the receiver is oriented
towards the ceiling, where 6=00. As a result, the VLC channel
is mainly characterized by LoS optical paths. The number of
VLC APs, sensors, sub-channels per VLC AP, and sub-
channels per RF AP is denoted by N, K, nVLC, and nRF,
respectively. The set of VLC APs and sensors are denoted as
N={l,...,N} and K = {1,..., K}, respectively. Let gVLC =
{1,....,nVLC} and gRF = {1,...., nRF} represent the sub-
channel sets per VLC AP and RF AP, respectively. We assume
orthogonal frequency division multiple access (OFDMA) is
used for channel modulation where different sensor nodes
achieve simultaneous access.

3.2.1 RF channel model
In our proposed scheme, we assume the medical room is
equipped with one RF AP of Nakagami-m.[*! In the RF
network, the channel gain of an RF sub-channel n is typically
as in Eq. (1).04
hEE =10 Y10, vn ¢ gRF, vke K (1)

where PLj[dB] is the RF path loss of the k-th sensor in dB,
which is expressed in Eq.(2).1*4

PL[dB] = Alogyo(df") + B+ Clogs(//5) (@)
where f, denotes the carrier frequency in GHz. A, B and C are
constants depending on the propagation model. dfF
represents the Euclidean distance between RF AP and k-th

—PL[dB
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Fig. 2 Hybrid RF/VLC network model (a) network structure, (b) LoS channel model.

sensor. For our model, where LoS is considered, A=18.7, B=
46.8 and C = 20.

For the RF link, we assume the Nakagami-m fading model
where the received Signal to interference and noise ratio (SINR)
at sensor k of RF sub-channel n has the probability density
function (PDF) expressed by Eq. (3).04%

—sINRRE
m RFM-1 knym
RFY _ m SINRyn SINREE
fFRF(SINR - (WRF) r(m) fon (3)

where m denotes the fading factor and SINREE represents the
average SINR of the RF link. The PDF of Gamma distribution
can be expressed by Meijer-G function as in Eq. (4).12

RF 1 SINRj; _
.fFRF(SINRk,n r(m)SINRRF 901 [(SINRRF) ml]

where G(.) is the Meijer-G function.

“)

3.2.2 VLC channel model

In Fig. 2, we consider a downlink transmission model. The
VLC transmitter is located on the ceiling at height L from the
kth sensor located at a polar angle from reference axis 0t and
radius rt on the polar coordinate plane. The maximum radius
covered by the LED cell is denoted by re. The PD at each user
is assumed to be oriented vertically upwards, and its FOV is
denoted by WFOV. The angle of incidence and angle of
irradiance are denoted by yt and ot, respectively. Usually, a
complete VLC channel consists of both the LoS link and the
diffuse components caused by light reflections from interior
surfaces in a typical indoor environment. The strongest diffuse
component is at least 7 dB (electrical) lower than the weakest
LoS component.[! Therefore, only the LoS link is considered
in this work. For indoor VLC, the channel gain of LoS is
modeled by the Lambertian emission, where m is the order of
the Lambertian model. Therefore, LED follows a Lambertian
radiation pattern whose order is given by Eq. (5).

m= _1/log2 (COS(‘P1/2))
where @12 represents the semi-angle of LED at half power.

)
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In the case of having LoS, the Euclidean distance between the
LED and the k-th sensor is denoted by dk. It is observed that
the DC channel gain, denoted by hk, of the VLC channel
between LED and kth sensor is given by Eq. (6).

A(m+1)

hl = =775+ cos™ (@K)O(K)g(yk) cos(yk) - (6)
where 4 denotes the PD detection area; r represents the
responsivity of the PD; O(yt) represents the gain of the optical
filter used at the receiver, and g(yt) shown in Eq. (7) represents

the gain of the optical concentrator.!

2
9@y = S @D 0 <y, <VYFOV
0, Y >WFOV
where t denotes the refractive index of the concentrator.
Looking at Fig. 2b, where the case of LoS, the Euclidean
distance dk is given by:

()

k=/(L? +1?) (8)
cos(@k) = cos(Pk) = L ©)

d
Substituting (8) and (9) in (6), the DC gain for the LoS

components can be expressed as:

m+1
hk = Sl

(10)
Kz

%ARPO(wt)g(wt) is a constant. From Eq.(10),

we can see that the DC channel gain decreases as the radial
distance of the user increases. The position of the patient is
considered to be random in order to obtain the statistical model
of the channel gain. The radical distance of the patient follows
a uniform distribution inside the circular photocell with

cumulative distribution function (CDF) given by Eq. (11).1232%
33]

where C =

-1

m+3
)"

(11)

VLC
SINR{LE,
SINpVLC
SINRYEC

‘FFVLC(SINRI‘(/ ) = (f(m + 1)Lm+1m+3 (

(1+7)
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4. The proposed hybrid RF/VLC channel model

Hybrid networks are particularly attractive for sensitive
environments such as hospitals, as the combined radio-optical
network can be flexibly configured to adapt to particular
operation scenarios and their associated requirements. Due to
the fact that the system doesn’t suffer from interference, the
coexistence of radio and optical communications could reduce
the outage probability. Network adaptation in future hospitals
is the key to secure, private, and high-performance
operations.['*4 [EEE 802.15.7 describes the link adaptation
process when receiving a dimming request from a given user.
In such cases, data communication is kept at a lower rate
instead of breaking the network link. Similarly, the network
adaptation in a coexisting optical-radio network can be made
by the network controller. In our proposed work, the SDN
controller switches the optical to radio or vice versa by some
predefined rules with the help of Pareto simulated annealing
(PSA). Hard switching or handover is used to efficiently
switch between RF and VLC channels. Choosing the optimal
VLC channel among the presented channels is an NP-hard
problem, and solving such problems is usually carried out
using heuristic approaches. We have formulated our fitness
function based on several performance metrics to be used by
PSA to choose the optimal VLC link.

4.1 Formulation of the fitness function

In this section, we present the analytical expressions of outage
and blocking probabilities, total delay, packet error rate (PER),
throughput, and system fairness to be used as input parameters

for the PSA algorithm in the proposed hybrid RF/VLC scheme.

4.1.1 Outage and blocking probabilities, f1

Outage probability is widely used in hybrid RF/VLC networks
to characterize the network's reliability requirements. It is the
probability of having the SINR of the communication band
falls below the SINR threshold. In our proposed scheme, it is
the probability that the SINR of the VLC channel and the
SINR of the RF channel fall below a given threshold. The
blocking probability is the probability when the SINR of the
VLC channel drops to zero. Hence, the outage probability of
the RF sub-channel n and VLC sub-channel n is defined as the
probability that the received SINR at the receiver, denoted by

(SINRFY) and SINRYYC,, respectively, is below a target
threshold, denoted by SINRTf “* and SINR}'SIM,
Then, the reliability requirement is achieved by upper
bounding the total outage probability of the hybrid RF/VLC
system, denoted by P O}ift/ "¢ to a maximum threshold,
denoted by P, , is given by Eq. (12).

Pl " < P, (12)

Since the outage probability of the RF link is given by

P(SIN R,fF < SIN er th) which is the cumulative distribution
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respectively.

function, CDF of RF, denoted by FSINRRF(SINRTf th ) given

by Eq. (13)as:232
.FSINRRF(S[Nerth == 1 -

h1
e SINRI 8

i 925 |Gy 1)
In VLC networks, the VLC technology consists of LoS links
from multiple VLC access points or transmitters, and the VLC
LoS channels support successful communication services,
while the blocked channels cannot provide high data rate
transmission services.*"! The SDN controller will run the PSA
algorithm to optimally choose a VLC link satisfying the
network constraints. Outage occurs in VLC channel of the vth
AP if the probability of SINR of VLC sub-channel n falls

below a threshold; i.e., P(SINRYLE, < SINRP'S-E™) which is the

k.nv

CDF of VLC link, denoted by FSINRVLC(SINR”lc-th), and is

knv

represented by the binomial series by Eq.(14):?

1
FSifkyic (SINR ) =
=k
_ SINRREE\m+3
Ilgzo(_l)k(IZ)gN k xk (—k)

SINRYLC

(14)
L? 1 2
where 6 = (1+—), and X=— (C(m + )L™ mes

pRE/VLC
out

Finally, the outage probability P of the hybrid RF/VLC

system is given by Eq. (15).

PR/HC = P(SINREE, < SINRZ™) x P(SINRJLE, <
SINRZZ?) FsiNRgr (SINRTM E%QVLC(SINRZIS 15h)
(15)

The blocking probability of a hybrid RF/VLC system is the
probability that the SINR of the VLC link falls to zero; i.e.,

Py king= P(SINRY S, = 0). It was taken different values for
blocking probability in the range of [0 - 0.3].
Finally, Eq. (16) represents the outage and blocking

probabilities of the hybrid RF/VLC scheme.[?*32]

f1=F

pRE/VLC

VLC RF/VLC
pi NP, =P

VLC
blocking — "out XP

blocking (16)

4.1.2 Packet error rate, 2

The packet error rate (PER) is an important factor in
evaluating the performance of a wireless communication
system. In the proposed system, we have considered un-coded
packet transmission with a cyclic redundancy check that has
the ability to detect but not correct any error. Hence, when an
error occurs, the packet is dropped. Before starting the PER, it
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is important to explain the BER since the PER for a packet of
length Nb, is derived from BER.

For typical medical sensors, the QoS is characterized by
BER < 107'°.%1 The average BER of the hybrid RF/VLC
network consists of the BER of the network operating under
RF channels and VLC channels. The average BER of the
network operating under RF channels, denoted by PFF in
Eq.(17) as:

RF _ 1 1,3 m
Py = 2I(a)2r(m) 72?2 (bszNR,{f_f) (17)

where m is the RF fading factor. The average BER of the
network operating under N VLC APs, denoted by P/, is
calculated from the VLC sub-channel n having no blocking

probability. Therefore, the PyL¢

VLC _
Pb -

1,1-a
m,0

is given as in Eq. (18).12%

k+1

N yn- N-1\gN-1- VLC \ms3
2F(a)(m+3)21¥=&(_1)k( k )HN ! kxk+1(SINRk,n,v) X

[A(max, a) — A(Amin, a)] — (1 = Pj5ciing) (18)

where m is the Lambertian radiation pattern given by Eq. (5),

_ 1 _—(k+1) _ 2,1 1-a,1
a=0.5, b=1, a=——= A(4, &) = G5 [bA |1 5

Therefore, the average BER of the proposed RF/VLC

scheme, denoted by PbRF/VLC, is given by Eq. (19).
PbRF

VLC
max vlc_th)\pVLC , pmax vlc_th rf_th\,RF
(1—FVVLC(51NRk_n,v ))Pb +Fax (SINRpGE )(1—FVRF(SINRk’n ))Pb
RF/VLC
1=Poye

(19)
Hence, PbRF/VLC should be bounded by a threshold to
satisfy QoS requirements and can be rewritten as in Eq. (20).[

f2 = PERRFIVIC = 1 — (1 — pfF/VEyNs (20)
s.t. PV < BERthr
4.1.3 Throughput, f3

The throughput of a communication system is defined as the
rate of successfully transmitted packets over the
communication channel with a certain bandwidth. Due to the
multiple VLC APs deployment (N=4), if a patient locates itself
at an overlapped area, as in Fig. 2, an inter-cell interference
(ICI) from adjacent cells may be caused. A packet is
considered to be successfully transmitted when all of its Nb
bits are successfully received at the destination. The total
throughput achieved on all sub-channels is the sum of the
achieved data rates of all sensors by VLC APs and RF APs.
Therefore, the overall throughput of the hybrid RF/VLC
system is given by Eq.(21):1

f3= CREIVLC = Szl(pvlcanLC + pRanRF) (21

BYLC
anLC = Zﬁ:l ZUENVLC ZnquLC S l092 (1 + SINRI‘{/,%(,:U)X
(1-Pylocking) (22)
npRF = Zlk(zl ZneqRF BTIEF log,(1+ SINR;IEZ (23)

where p,,;., Prr are the link coefficients that can be either 0 if
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inactive or 1 if active. 1,,"2¢, 1,,®Fare the total throughput of
the network operating under VLC channels and RF channels,
given by Eq. (22) and Eq. (23), respectively. B¢ and BEF
represent the n sub-channel bandwidth of the VLC channel
and RF channel, respectively. The scaling factor 1/2 is due to
the Hermitian symmetry.[®® If the kth sensor (k € K) is assigned
to VLC AP v e NVLC on the n sub-channel (n € nVLC), the
received signal-to-interference plus noise ratio (SINR) of the
sensor k is expressed by Eq. (24).? The SINR observed by
the receiver in the RF band expressed by Eq. (25) and CRF/VLC
is the throughput of the hybrid RF/VLC network.

SINRVIC — Py 5 Mmoot

kv ™ 12 3 en(PYEERYES, ) +s

where PyLC is the allocated transmitting optical power on the

n sub-channel of the v VLC AP, P/if is the allocated

transmitting optical power on the n sub-channel of the

neighboring v' VLC AP, h%ﬁfv is the n sub-channel gain from

the v VLC AP to k sensor assuming LoS expressed in Eq.(10),

r is photo-diode responsivity, and §"¢ is the power spectral
density (PSD) of noise at the PD.

The signal to interference plus noise ratio of the RF band

is expressed as:

SINREE =

24)

VLC B,‘{LC

RF

P#Fhk,n
RF ,, RF RF
Py hk,n+§RFBn

25)

where PRF is the allocated transmission power on the n sub-
channel of RF AP; hfFis the channel gain of n sub-channel to
k sensor expressed by Eq. (1). sRF is the RF thermal noise with
spectral density of -174 dBm/Hz.B4 BRF is the sub-channel
bandwidth given by BRF/NRF, with BRF being the bandwidth
of the RF AP.

4.1.4 The worst-case latency, f4

The worst-case latency denoted by TD is the sum of the end-
to-end delay between the controller and sensor node k; ke'K,
the queuing delay, and the handover delay. The queuing delay
is the average time spent on the packet in the kth buffer before
being sent to controller C. The handover delay, dented by THO,
is the time it takes to do the handover process. It is defined as
the time difference between the time of detection when there
is a need for handover and the time to optimally select the
communication link. Hence, the ultimate goal is to restrict the
total delay to a given threshold: TD < Ty, in Eq. (26) shows
TD:

f4=TD = (Tpropagation + Tiransmission + TQueue + Tho)

S. t. Ttransmission<5mst TD S Tth.’ THO S VHO[h (26)
where total propagation time is given by Eq.(27):
distance(k,C)
Tpropagation = §:1m (27)
The total transmission time is given by Eq. (28):
Tiransmission = PvlcTvlc + PRFTRF (28)

where Pvlc is 1 if the VLC channel is used for communication
and zero otherwise. Same is applied for RF channel, the time
taken to transmit Nb packet size over VLC channel and RF
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channel is given by Eq. (29) and Eq. (30), respectively.

Tvlc = —2 (29)
Mp

TRF = 2 (30)
p

where N, is packet size, 1,V is the data rate of VLC channel
expressed in Eq. (22); n,"" is the data rate of RF link
expressed in Eq. (23); Ty, is the handover delay. The queuing
delay is given by Eq.(31).

Tqueue - m (1)
where p is the service rate, and A is the arrival rate. The

controller's buffer is assumed to be modeled as M/M/1.133]

4.1.5 System fairness, f5

We have adopted Jain's fairness index in order to measure the
whole system's fairness.*¢1 The system is said to be fair when
all the nodes are utilizing the network resources equally. Eq.
(32) shows the system fairness, denoted by Fsys, where N; is
the number of nodes connected to access point i, excluding the
priority-given nodes, since it is inefficient to calculate the
system fairness when priority-given nodes and normal nodes
are present. Nap is the total number of access points (RF AP
and VLC APs), Rj; is the data rate achieved at node j of access
point i. Since we have three patients, each equipped with 12
nodes. Ni is the total number of nodes connected to access
point i, je€ {1,...,36}.

N Ni 2
AP EN R

5 = FSys = . 32
f y: Nap Zi\lzﬁpz?/:zl R (32)

4.2 Pareto Simulated Annealing (PSA)

Multi-objective optimization, also called multi-attribute
optimization, solves problems that consist of more than one
objective function to be simultaneously optimized. Many
techniques have been addressed in the literature to deal with
multi-objective optimization that can be classified into three
approaches: a priori, a posteriori, and progressive.?l The prior
approach transforms the multi-objective function into a mono-
objective one. Many methods are involved in the
transformation issue, namely, goal programming, scalarization,
and lexicographical, which typically return the Pareto optimal
solution. The metaheuristic algorithm on a certain aggregation
of the objective function at each run is referred to as multiruns-
techniques that are inspired by the priori multi-objective
approach. At each run, it is expected to reach a near-optimal
solution to the problem that satisfies a certain preference
structure. Even though it is quite a simple concept of
multiruns-based techniques, determining effective and
pertinent preference structures for multi-objective issues
ahead of time is not easy.?! As stated in section 4.1, the sub-
objectives of the fitness function are explained and formulated.
Hence, the final fitness function, denoted by F, is given by Eq.
(33).
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F=max(w; (1/f1)+ wo(1/f2)+ws(f3)+ wa(1/fs) + ws(fs))
< B

(33)
s.t. f1 < Prax, f2 <BERth, f, <Tth
We have applied the PSA to solve the optimization
problem.? The multi-objective simulated annealing discusses
different probabilistic acceptance rules aiming at increasing
the probability of accepting nondominated solutions. Non-
dominated solutions are solutions that have not dominated any
generated solution so far. A Pareto Simulated Annealing (PSA)
procedure was proposed first and based on a weak acceptance
criterion.®1 In other words, any solution that does not
dominate the current solution could be accepted with a certain
probability. Since the computational complexity of the PSA is
high, to decrease its effect on system performance, we
assumed that the control messages between the sensors and the
controller are sent out-of-band (i.e., on dedicated paths).
Inspired by the genetic algorithm (GA), a population-based
metaheuristic, PSA considers a set of generated solutions
(sample) to be improved at each temperature.*® Each solution
from the sample is improved if the newly accepted solution is
at a distance from the closest solution to the former solution.
This approach is performed by either increasing or decreasing
the weights of objectives according to which the closest
solution is better than the current solution. The new weights
combination will be used for the evaluation step in the next
iteration as well as for the probabilistic acceptance. PSA
attempts to maintain uniformity while improving the sample
of generated solutions. The probability of acceptance is given
by Eq. (34).29 Table 3 illustrates the PSA procedure.

P(Accept Sc) = [}, min(1; exp (“L)) + (1 -

o)min(1; i lrllaxm(exp (#))) (34)

where m stands for a number of objective functions denoted
by fi assigned to m scalar-valued weights w;, i=1, ..., m,
and a candidate solution Sc. A detailed explanation of PSA can
be found. 40

4.3 The proposed vertical handover scheme

The proposed vertical handover (VHO) scheme shown in Fig.
3 consists of a channel selection algorithm that allows the
controller to choose the optimal channel for communication
based on the channel condition and ensure the WBAN's QoS
is achieved. Maintaining the WBAN's QoS is done by
processing the request from the priority-given sensors without
causing any delays that might affect the overall system
performance. Therefore, once the controller receives a request
for selecting a channel for communication from any sensor, it
does the following steps:

Step 1: Check if this sensor is the priority-given sensor. If yes,
then it checks if its priority buffer is empty or not. If the buffer
is empty, then, it immediately serves this new priority request
by running the vertical handover algorithm.

Step 2: Checks whether there is a standing request in its non-
priority buffer. If so, it selects the request based on FIFO and
runs the handover algorithm. If the non-priority buffer is
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Table 3. Pareto simulating annealing algorithm.?
Input: A cooling schedule #; a starting temperature T<TO; a
starting sample of generated solutions J; and initial memory m«
Output: The archive m representing an approximation of the Pareto
solutions set

1. repeat

2: for each Sc €  do

3: repeat

4: Construct a neighboring solution Snew

5: If Snew is not dominated by Sc then

6: Update my with Snew

7: Select Scl (if exists) the closest solution to Sc

8: Update weights of objectives in accordance with Sc and
' Snew partial dominance

9: else

10:  Accept Snew with certain probability

11:  endif

12:  until Equilibrium condition

13:  end for

14:  Decrease temperature T
15:  until Cooling condition
16. returnm

empty, it ends up.

Step 3: If the request coming to the controller is not a priority
and the controller is not busy, then it runs the handover
algorithm and ends up

Step 4: if the controller is busy, then it stores the request in its
non-priority buffer and once the controller is not busy, it
executes step 2.

After processing the request from a priority-given sensor,
the controller executes the Pareto simulated annealing
algorithm to optimally select the communication band. The
following steps describe the link selection for communication.
Step 5: At the beginning of the simulation, an RF band is used
for communication.

Step 6: While the communication band is RF, the controller
monitors the VLC links and determines the best signal to
interference plus noise ratio (SINR) link.

Step 7: Consequently, the controller checks if the best SINR
of the VLC link is above the threshold. It executes the PSA
algorithm. The PSA algorithm selects the VLC link, denoted
by SINRYLC,,, satisfying the system constraints. To avoid
unnecessary handover or the ping pong effect, the controller
checks if the SINR of the selected VLC link is greater than the
threshold, then it does hard vertical handover, i.e., it switches
the communication channel from RF link to VLC link and
calculates the handover delay.

Step 8: If the best SINR of VLC is equal to zero, then the
blocking occurs, and the controller goes to step 5.

Step 9: If SINRVLE ., is not above a threshold and current time
is less than vertical handover time threshold, then the
controller executes step 6. That is the controller monitors the
VLC links and determines the best SINR. However, if the
current time is greater or equal to the handover time threshold,
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then the controller checks the SINR of the RF band. If SINR
of RF band is greater or equal to SINR threshold (i.e. SINRRF
> SINR™/-t"), then the controller does handover from VLC
link to RF link and calculates handover delay. However, if
both the SINR of RF and VLC links are below the specified
threshold, then an outage occurs.

5. Performance evaluation

We have evaluated the proposed hybrid RF/VLC system using
MATLAB. We have run our scheme 50 times for each
blocking probability and took the average to achieve 95%
confidence interval. We have analyzed the communication
quality, represented by the outage probability, with respect to
different room height values. In addition, we have recorded
the number of handovers under different blocking
probabilities and different values for the vertical handover
threshold. Moreover, we have recorded the delay for different
scenarios and compared the delay when the system is VLC-
based with RF/VVLC based for both priority and non-priority
conditions. Finally, we have compared the proposed RF/VLC
network performance with Bao et al.;® for the restless
scenario and Gupta et al.l” Simulation parameters are given
in Table 4.

Table 4. Simulation parameters.

Parameters Values
Room size 5m x5m x3m
Effective aperture of PD (A) 1(cm)?
Semiangle at half power (¢1/2) 600

Field of view (11/2) 600

Data rate of VLC link 1Gbps
Data rate of RF link 200 Mbps
Data rate threshold 3 Mbps
Optical filter gain (O(yt)) 1
Threshold delay Tth 110ms
Refractive index (n) 15

Op_tl_cal to electrical conversion 0.64 AIW
efficiency

Noise power spectral density 10-21 A2/Hz
BER threshold (BERthr) 10-10

LED wavelength 880nm

PD responsivity y 0.53 AW
RF transmitting power P.*F 200 mw
VLC transmitting power P,V'¢  200mw
SINRyr" 15 dB
SINR[™ 15 dB
Blocking probability,

Pblocking [0,0.05-03]
Number of RF sub-channels 32

Number of VLC sub-channels 16

Carrier frequency fRF 2.4 GHz
Carrier frequency fVLC 5 GHz
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Fig. 3 The proposed vertical

5.1 Network communication quality analysis

The communication quality of the network can be implicitly
expressed by the reciprocal of the outage probability. Fig. 4
shows the variation of the outage probability with respect to
the height of installation of the VLC LEDs, L. The outage
probability increases (i.e. communication quality decreases)
as the height of the room increases. This is because the signal
power of VLC decreases with L, which is quite intuitive as the
channel gain is monotonic decreasing function with respect to
the distance between VLC transmitter and receiver. It is clear
from the figure that the communication quality sharply
decreases as the height of the room increases from 3.5 m to 3.8
m and keeps decreasing afterward.

5.2 Vertical handover analysis

10| Eng. Sci., 2025, 33, 1252

Non-priority
buffer empty?2

Select a request
based on FIFO

|

handover scheme's flowchart.

We have focused on the average number of vertical handovers
to evaluate the system performance under different values of
handover thresholds such as 50, 60, 70, and 80 micro-seconds
and different values of blocking probability for each
simulation. The number of handovers has a negative impact on
the overall system performance. Therefore, a fewer number of
handovers operations is preferable. As shown in Fig. 5, a
maximum number of vertical handovers is obtained with the
least blocking probability under the least handover threshold
since the system is operated under the RF communication
band at the beginning and tries to run over VLC bands once
the SINR of the VLC band is above a threshold. However,
when blocking probability increases, the system will keep
operating under RF band as long as no band of the VLC APs
faces any blockage and whose SINR is above a threshold is
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Fig. 4 Outage probability versus height of room.

detected. The number of vertical handovers drops by 60% as
the threshold increases from 50 ps to 60 ps when the blocking
probability is 0. Consequently, as the threshold value increases
from 60 ps to 80 ps, the number of handover operations
decreases by 20%. This interprets that an increase beyond the
value of handover time threshold, which is 60 ps seconds as
shown in Fig. 5, has slight effect on the number of handovers
since the duration of handover surpasses the triggering
threshold. In regard to blocking probability, it is obvious that
when the blocking probability values are 0.05, 0.1, 0.15, 0.2,
0.25, and 0.3, the number of vertical handovers drops by 5%,
7%, 8%, 10%, 15%, and 20%, respectively, compared with the
case of having no blocking probability in the system.
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o
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Vertical handover threshold (us)
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Fig. 5 Average number of VHO versus handover threshold.

5.3 Delay analysis

We have evaluated the proposed hybrid RF/VLC scheme in
terms of delay under different values of blocking probabilities.
Delay is a critical performance metric that reflects reliability,
especially for priority-given sensors. It is necessary to point
out that when the blocking likelihood increases, the system is
most likely operating under the RF band. Hence, the system
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delay is more significant than when the system is operating
under the VLC band. As we can see from Fig. 6, when the
blocking probability doesn’t exist in the system, the delay for
the standalone VLC system is slightly less than that of the
proposed system. However, when the blocking probability
increases, the delay for the standalone system gradually
increases, which is more than that of the proposed system. In
both scenarios, the delay is less for priority-given sensors than
for the rest of the sensor nodes. The proposed hybrid RF/VLC
scheme achieves the QoS for WBANs. The average
percentage of improvement of the proposed hybrid RF/VLC
scheme for the priority scenario is 20% better than that for the
non-priority scenario. In comparison between the proposed
hybrid RF/VLC scheme and the standalone VLC scheme for
priority scenarios, the average percentage of improvement of
the proposed scheme is approximately 19% better than that of
the VLC standalone scheme. Also, for non-priority scenarios,
the average percentage of improvement of the proposed
scheme is approximately 7% better than that of the VLC
standalone scheme.

110

100

Delay [ms]
a8

—=Priority_proposed hybrid RF/VLC scheme
==Priority_standalone VLC scheme

30
==-Non-priority_proposed hybrid RF/VLC schem
40 ~-Non-priority_standalone VLC scheme
30
0 0.05 01 0.15 0.2 0.25 03
Blocking priority

Fig. 6 Delay analysis.

5.4 Outage probability analysis

We have evaluated the outage probability of the proposed
scheme under the maximum blocking probability of 0.3 for
different values of signal to interference plus noise ratios in
comparison with Bao et a/l.B® and Gupta et al.1*® for the resting
scenario. When blocking probability exists, fewer VLC links
are available. Fig. 7 illustrates that as SINR increases, the
outage probability decreases since the signal strength is strong,
so switching from the RF band to the VLC band decreases the
outage probability. In our scheme, the minimum number of
handovers is obtained at maximum blocking probability since
our scheme operates under the RF band at the beginning with
a handover threshold time of 60 ps. However, in Gupta et al.[%]
and Bao et al.B¥ schemes, each system operates at the
beginning under the VLC band, and a maximum number of
handovers is obtained under maximum blocking probability.
This explains the superiority of our proposed scheme over Bao
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et al®® and Gupta et al.®! schemes in terms of outage
probability by 25% and 55%, respectively.
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Fig. 7 Outage analysis.

5.5 Throughput analysis

In this section, we evaluated the performance of our proposed
hybrid RF/VLC system based on the throughput in
comparison with Bao et al.*®¥l and Gupta et al.**! for the resting
scenario. As seen in Fig. 8, the throughput is highly dependent
on the blocking probability. As the blocking probability
increases, the VLC LoS links can't provide high data rates, and
consequently, the throughput decreases. In the work of Gupta
et al. ! the system executes the hard switching without
considering the threshold time for hard switching once the
VLC SINR falls below a threshold. This causes a noticeable
degradation in system performance. Bao et al.*®¥! formulated
the threshold time for hard switching as probabilistic
depending on the past durations of available and non-available
VLC links. Therefore, as the blocking probability increases,
the threshold time decreases, and the system is more likely to
operate under the RF band. This explains the reason behind the
superiority of our proposed system in terms of throughput over
Bao et alP® and Gupta et al.?® which is found to be
approximately 40% and 60%, respectively, under different
blocking probabilities.

5.6 Packet error rate (PER) analysis

Another important network performance metric is PER, which
is given by Eq. (21). PER is affected by the signal to
interference and noise ratio. As SINR increases, more signal
strength is achieved; hence, VLC links are preferable to be
used. Consequently, packets are transmitted with less error,
and as a result, the packet error rate decreases under the VLC
link transmission. However, when the blocking probability in
VLC links occurs, then the choice of the RF links is preferable,
which introduces packet errors during transmission due to
interference, and as a result, the packet error rate increases.
This is shown in Fig. 9. Once the VLC SINR falls below a
threshold, the system executes the hard switching without
considering the threshold time for hard switching.[?®! This
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causes a noticeable degradation in system performance. The
authors consider the threshold time for hard switching;
however, the proposed threshold time is probabilistic and
highly dependent on past events of available and non-available
VLC links.B8 Therefore, as the blocking probability increases,
the handover threshold decreases by a rate directly
proportional to the past duration of VLC links availability.
This only works well for moving patient scenarios to prevent
unnecessary delays, and it doesn’t work well for resting patient
scenarios. So, the system is most likely operating under the RF
band as the blocking probability increases. This explains the
reason behind the superiority of our proposed system in terms
of PER over Bao ef al.*®land Gupta et al.,[®l which is found to
be approximately 39% and 50%, respectively.

5.7 System fairness analysis

The system fairness metric indicates the level of equality in
utilizing the system resources among all sensor nodes. We
recorded the system fairness under different blocking
probabilities and compared the values with Bao et a/.*® and
Gupta et al.I® As shown in Fig. 10, it is obvious that when the
blocking probability increases, a lesser number of VLC APs is
available, and hence, lesser data rates are achieved at the
sensor nodes. When the blocking probability is zero, all VLC
links provide much higher data rates than RF links. Since each
system of Bao et al.*®l and Gupta et al.*®! is operating at the
VLC link, and our proposed system is operating at the RF link
at the beginning; this causes a slightly better system fairness
than Bao et al.*¥l and Gupta et al.?®l than our proposed system
when the blocking probability is zero. However, when the
blocking probability increases, the controller at each patient
will run the PSA algorithm to optimally select the link for
transmission, whereas, in the work of Bao et al. and Gupta et
al., each node runs the link selection algorithm to determine
the suitable link for transmission. This causes rapid energy
depletion, and as a result, fairness is not well achieved. Also,
as blocking probability increases, unnecessary hard switching
is observed by Bao et al.*®l and Gupta ef al.?™ Since the hard
switching threshold time is highly dependent on past
events,[?3%8 the hard switching threshold time is ignored,
unnecessary handover is observed, causing the system to
inefficiently allocate the system resources to sensor nodes, and
as a result, the system fairness is not well achieved. The
proposed hybrid RF/VLC scheme outperforms Bao et al I*¥
and Gupta et al.®® schemes in terms of system fairness by
approximately 8% and 10%, respectively.

5.8 Average percentage of improvement

The proposed RF/VLC scheme outperforms Bao et al.*®l and
Gupta et al® schemes in terms of different network
performance metrics. Table 5 illustrates the average
percentage of improvement (API) under different blocking
probabilities of our proposed hybrid scheme over Bao et al.I*®!
and Gupta et al.1?® schemes.
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Fig. 8 Throughput analysis. (a) blocking probability 0, (b) blocking probability 0.05, (c) blocking probability 0.1, (d) blocking
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Table 5. API of the proposed hybrid RF/VLC scheme comparison.

Performance metric Bao et al.[*® Gupta et al.[l
Outage probability 25% 55%
Throughput 40% 60%
PER 39% 50%
System fairness 8% 10%

6. Conclusion

In this article, we propose a vertical handover scheme for
WBANS. Our objective is to avoid unnecessary handovers by
taking into consideration a specific handover threshold time to
optimize system performance. To specify this critical
handover threshold, we have done simulations for the average
number of handovers under different handover thresholds,
which was noticeably dropped at 60 ps handover time;
therefore, we set the threshold time for handover to 60 ps. In
the work of Bao et al., the authors have formulated the hard
switching threshold time as probabilistic depending on the
past duration time of VLC availability and non-availability.
This doesn't work well for resting scenarios, as in our present
study, since it causes unnecessary handover. The proposed
scheme concurrently considers the outage probability of the
RF band and VLC band and the handover threshold time for
selecting the communication band. Indeed, considering the
handover threshold time has a positive impact on the overall
network performance. Our proposed scheme gives high
priority to sending emergency data and maximizes the
system's fairness. Hence, the QoS is achieved. Our proposed
hybrid RF/VLC system outperforms the standalone VLC
system for system delay metric by approximately 19% for
priority-based scenarios and by approximately 7% for non-
priority-based scenarios. In addition, our proposed scheme
operates under the RF band at the beginning of the simulation,
which leads to a decrease in the number of handovers in the
presence of blocking probability. Operating the system under
an RF link at the beginning of the simulation results in better

Engineered Science Publisher

network performance than when operating under the VLC
band as in benchmarked schemes (Bao’s scheme and Gupta’s
scheme) in outage probability (approximately 25% to 55%),
throughput (40% to 60%), packet error rate (39% to 50%), and
system fairness (8% to 10%), respectively, when different
blocking probabilities exist in the system. However, in the
proposed scheme, we didn’t consider the single point of failure,
which will be considered in future work. Also, as a future work,
the patient's mobility could be integrated into the proposed
hybrid system. While the work offers significant contributions,
there are critical limitations related to integration challenges,
as integrating outage and blocking probabilities into the link
selection algorithm, as well as implementing the proposed
hybrid RF/VLC intra-SDWBAN architecture, may encounter
compatibility issues with existing systems or infrastructure,
leading to delays or complications in deployment. The
challenges are to be considered as future work.
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