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ABSTRACT This article uses a stochastic geometry model-based approach to analyze the downlink
performance of an indoor visible light communication (VLC) system with human blockages. The system
performance is analyzed for a regular placement of light emitting diodes (LEDs) in a rectangular con-
figuration. The proposed analysis is divided into two parts. In the first part, it is assumed that human
blockages are static. The closed-form expression of the signal-to-noise ratio (SNR) at the receiver with
static human blockages is derived. Further, the analysis is extended for the case where blockage mobility
has also been considered. We compare the system performance in terms of received SNR for 4 and 8
LED configurations under predefined total power constraint. It is observed that at a lower density of
human blockages in the room, the 4-LED configuration outperforms the 8-LED configuration. However,
at a higher density of human blockages in the room, the 8-LED configuration outperforms the 4-LED
configuration for the same total power constraint. Hence the proposed analysis will be useful for designing
a VLC based indoor communication system wherein the system designer can switch between these two
configurations depending on the number of blockages.

INDEX TERMS Visible light communication (VLC), human blockage, matern hardcore point process
(MHCP), random waypoint model (RWP).

. INTRODUCTION

HE SHORTAGE of spectrum in the conventional ultra-

high frequency (UHF) bands coupled with increasing
wireless data traffic has led the researchers to consider
employing visible light communication (VLC) as one of the
candidate technologies to facilitate high throughput commu-
nication in the next-generation wireless cellular standards.
In this regard, integration of 5G New Radio with a VLC
system to support the cellular downlink architecture has been
proposed in the literature [1], [2]. Further, to cater to these
high throughput application scenarios, both back-haul and
wireless front-ends need to be improved [3]. Recent studies
have shown that the demand is much more severe in indoor
communication, where the maximum data usage occurs [4].

Hence, VLC is an optical wireless communication technol-
ogy that can be used to fulfill the high capacity demand in
indoor scenarios. In a VLC system, a light-emitting diode
(LED) is used as a transmitter, while a photo-detector (PD)
is used as a receiver. The system operates on an inten-
sity modulation/direct detection (IM/DD) scheme in which
the intensity of LED is modulated to carry the information,
and the optical signal is detected directly by a photodiode.
License-free deployment and nearly universal LED avail-
ability make it an attractive and inexpensive choice for the
service providers [5].

LEDs have a modulation bandwidth of up to 20 MHz,
which can support very high data rates. Moreover, it has
been shown that one can achieve higher capacity and more
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secure communication using VLC [1], [6]-[8]. It allows
significant power savings as the visible light sources can
serve the dual role of communications and illumination.
However, despite its numerous advantages, it has few draw-
backs, such as it suffers from high interference from other
light sources and is prone to significant losses due to block-
age [9]. Therefore, it is essential to include the impact of
users’ locations and modeling of the human blockages in
the performance analysis of a VLC system.

The received optical power in the indoor VLC system
depends on the distance between the transmitting LEDs and
the desired user inside the room. In a multi-user scenario,
the other users inside the room act as blockages for the
desired user. These blockages result in a sudden fall in the
received optical power as it can block both the line-of-sight
(LoS) and the non-line-of-sight (NLoS) signal from the LED
to the desired user. The amount of power reduction will
depend on the height and width of the blockage. In order to
analyze the impact of static and dynamic human blockages
in indoor VLC systems performance, we have employed
stochastic geometry-based probabilistic models to character-
ize the human blockages. The first model uses the Matern
hardcore point process (MHCP) to realize the static block-
ages. In MHCP, two or more blockages are separated by
an absolute minimum distance to avoid overlapping them.
Further, to include the effect of dynamic human blockages
moving with a uniform velocity inside the room, the random
waypoint (RWP) model is utilized. In this letter, the received
optical power with respect to blockage density across the
room is analyzed for 4, and 8 LED rectangular configu-
rations. Additionally, this letter analytically determines the
signal-to-noise ratio (SNR) at the receiver for MHCP con-
figuration using stochastic geometry for human blockages’
varying intensity.

A. RELATED WORK

Stochastic geometry has emerged as a tractable approach to
analyze wireless systems, and it has been recently applied to
analyze VLC networks. In [10], the authors have character-
ized the data rate and coverage of different radio frequency
(RF) and VLC systems under different configurations using
stochastic geometry. A novel cooperative transmission and
reception scheme in VLC is proposed and evaluated in [11],
where neighboring attocells smartly cooperate to decrease
the probability of blockage in the LoS link. The scheme
proposed in [11] provides improvements and reliability in
large indoor scenarios, such as corridors, laboratories, shops,
and conference rooms, where the coverage needs to be
obtained by using different access points when VLC is used.
However, [11] does not consider the effect of blockages
inside the room in their analysis. In order to overcome the
conventional positioning problems, as well as to improve the
positioning accuracy and to expand the service area, a new
hybrid positioning methodology is proposed in [12]. Two
design techniques for an environment-friendly positioning
system are proposed and developed. These methods use a
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hybrid VLC scheme with an extremely low reception error
and a Zigbee mesh wireless network. However, in [12],
the authors only considered the LoS link in the absence
of human blockage while calculating the received signal
power in the system. In [13], a novel and tractable model
for characterizing the probability of human-body blockage
is proposed. Specifically, they model the humans as cylin-
drical objects with arbitrarily distributed heights and radius,
whereas the center of the cylinder follows a Poisson Point
Process (PPP) in two dimensions (2-D). A novel access
point (AP) placement method that considers a stationary
distribution of the users has been proposed in [14]. This
distribution is the result of the mobility pattern of the users
in an indoor environment. The proposed method is inde-
pendent of the resource allocation algorithm and eliminates
the need for exhaustive simulations to find the optimal loca-
tion for VLC APs. In an indoor environment, depending on
their mobility pattern, the users may be reluctant to stay
close to the walls, and the distribution of the users is gener-
ally not uniform. For example, users’ stationary distribution
is well approximated by an elliptic paraboloid function if
the users obey the random waypoint mobility model [15].
Dastgheib er al. have introduced the problem of mobility-
aware optimization of resources in VLC networks using
the T-step look-ahead policy and employing the notion of
handover efficiency in [16]. It is shown that the handover effi-
ciency can be correlated with future actions based on users’
mobility. In [17], the authors investigated the deployment
of light sources and proposed an optimization framework
for power allocation to evaluate the bit-error-rate (BER)
and the required transmitted signal power under illumina-
tion constraints in the presence of blockages. The system
performance is further optimized under lighting constraints,
especially when a blockage impairs the LoS link. A low
complexity optimization problem is formulated wherein a
simplified power allocation is derived.

Further, to track the behavior of the mobile users, it is
essential to use a mobility model such as random walk [18],
Markovian models [19], Levy walk [20], and models based
on product-form queuing networks [21], [22]. Amongst
different models, the RWP is widely used, and hence is
thoroughly studied [15]. In RWP model, each user moves at
a uniform velocity. Further, it selects another destination ran-
domly according to a uniform distribution and moves toward
that point with another velocity along a straight line [23].
As the users continue to move, the distribution of users’
position approaches a stationary distribution [15]. For the
dynamic users inside the room, the fact is that most of the
users will prefer to stay at the center of the room rather
than near the edge of the room or close to walls. The RWP
model results in a distribution concentrating more probabil-
ity mass near the center of the coverage area. Therefore,
most of the optical power in VLC is concentrated near the
placement of LED, and it is more reasonable to employ the
RWP mobility model rather than uniform spatial distribu-
tion. Further, for an efficient VLC system, it is essential
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to analyze its performance with user movements. It will
be interesting to observe the indoor VLC system behavior
with blockages, including NLoS links, which have not been
explored previously in the literature.

B. CONTRIBUTIONS AND OUTLINE

Earlier works on indoor VLC systems have not considered
humans’ impact as a blockage. Further, the existing work
ignores the effect of static and dynamic human blockages
inside the room. The indoor VLC system with human block-
ages, including NLoS links, has not been explored previously
in the literature. The above study will also not provide
any method to characterize the static and dynamic block-
ages inside the room. Our study tries to address all the
above-mentioned research gaps in this letter.

In the proposed work, we analyze an indoor VLC system
in the presence of static and dynamic human blockages. The
performance is demonstrated for fixed placement of LEDs
in a rectangular configuration with 4 LEDs and 8 LEDs
arrangement. For the realization of static and dynamic human
blockages, we have used the Matern hardcore point process
(MHCP) and random waypoint model (RWP), respectively.
In MHCP, two or more points are separated by an absolute
minimum distance to avoid overlapping between them. This
also reflects a practical scenario for static human blockages
wherein two or more blockages does not overlap. While the
density of human blockages are independent of the room
size, it may be noted that the number of blockages are
directly proportional to the area of the room. The employed
MHCP model has also been conventionally used to plan
the deployment and modeling of blockages and interference
calculation in wireless and VLC networks [24]. Similarly,
the RWP mobility model is a simple stochastic model that
describes a human blockage’s movement behavior in a given
room [25].

The main contributions of the work are summarized as
follows:

« We adopt a stochastic-geometry based approach to study
the performance of an indoor VLC system in the pres-
ence of human blockages. In particular, we consider
two models of blockages: static and mobile and char-
acterize the impact of the density of the blockages on
the received signal strength of a receiver uniformly
placed inside the room. Contrary to the existing stud-
ies on indoor VLC systems, which typically ignore the
impact of human blockages, our investigation reveals
that the blockages considerably impact the propagation
environment and significantly alters the system design
insights.

o Then, we extend our study to the MHCP with different
radii to emulate different sizes of the blockages. Further,
to include blockages’ movement, the RWP model with
uniform velocity has been considered. The RWP model
gives more practical realizations of blockages inside the
room.
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o Furthermore, we investigate the effect of the number
of LEDs on the system performance by considering
two LED configurations, consisting of 4 and 8§ LEDs.
Interestingly, our study shows that for lower blockage
densities, the 4 LED configuration results in a higher
received power, whereas for higher blockage densities,
the operator should switch to a 8 LED configuration to
maintain the desired receiver QoS.

The proposed performance analysis of the VLC system in
the presence of static and dynamic blockage can be used in a
practical environment like offices, factories, and malls with
stationary blockage (like furniture or a human with no mobil-
ity) and dynamic blockages (moving with uniform velocity).
One can adopt the 4 or 8 LED configuration depending on the
desired QoS, such as minimum BER, outage, or maximizing
data rate.

The rest of this article is organized as follows. In Section II
the system model is described which includes VLC channel
model and spatial model of human blockages. The analytical
framework for blockage realization using MHCP is derived
in Section III. Section IV gives a characterization of human
blockages using the RWP model. The analytical expression
of SNR at the receiver with human blockages is derived in
Section V. The analytical and simulation results have been
discussed in Section VI. Finally, Section VII concludes this
article.

Notations: The vector and the matrix are denoted as bold-
face as x and X, respectively. x’ and X” denote the transpose
of vector x and matrix X. The vectorization of matrix X is
denoted as X(:). The element corresponding to i row and
j™ column of a matrix X is represented as X;;. The cumu-
lative distribution function (CDF) of the random variable
is denoted as F. The retaining and blockage probabilities
are represented as Prein and Pp, respectively. The expec-
tation of the random variable is denoted as E. The set of
positive real numbers is denoted by Rt and R? denotes
the two-dimensional space. @ denotes the set of points in
the Poisson point process (PPP). The intensity of the point
process is defined by A.

Il. SYSTEM MODEL

As mentioned before, we consider two scenarios of 4 and 8
LEDs in the rectangular configurationin a5 mx5 mx3 m
room. The receiver plane is assumed to be 0.85 m above
the floor. Both LoS and NLoS paths are considered. The
receiver plane is divided into a 25 x 25 grids to cover the
whole room for analysis. We have used the Matern type-II
process and RWP model to distribute the location of the static
and dynamic blockages in a plane with an intensity of Ap
respectively. The blockages are assumed to be cylindrical
with radius r and the height hp, as shown in Fig. 1(a).
For the proposed system model, two types of blockages of
having radius r; and r, have been considered, which are
equivalent to varying sizes of humans. We have assumed
OOK modulation in the VLC link for deriving the BER
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(a) Human blockage inside the room.

FIGURE 1. System Model.

expression as this is one of the standards modulation scheme
defined in the VLC standard (IEEE 802.15.7) [26].

In the following subsections, we discuss in detail the VLC
channel and the spatial model of human blockages.

A. VLC CHANNEL MODEL

Lambert radiator is a typical radiation model that can model
the LED light source in VLC [27]. Radiation patterns of few
commercially available LEDs are assumed to be Lambertian.
It has also been pointed out in [28], that the Lambertian
model can accurately reproduce the LoS and NLoS luminous
intensity pattern of the phosphor-coated multi-chip LEDs, the
batwing LEDs, or the side-emitting LEDs. The frequency
response of such a channel is given as [29]:

H(f) = H(0)exp(—j2mf AtLos)
exp(—j2nf Atpirr)

()

where Aty ps and Atpirr are the time delays of the trans-
mitted signal taking the LoS and the NLoS path, respectively
and fo denotes the cut-off frequency of scattering channel.

H(0) is the channel gain of LoS component, which is
given as:

(D

+ Hpirr

m+DA
H(0) = BB (D)Ts ()8 () cos(¥r)
d
O<y =vc, 2
where m represents Lambertian order defined as:
m= ﬂ ) 3)

o)

In (2), A is the physical area of the PD, Dy is the distance
between the VLC transmitter and the receiver, v is the angle
of incidence, ¢ is the angle of irradiance, v, is the receiver
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(b) Human blockages modeled as a cylinder.

FOV, T(y) is the gain of the optical filter, and g() is the
gain of the optical concentrator given as:

n2
Sinz(I/’c) ’
where n is the refractive index of optical concentrator and

o) ! is LED half beam angle. The diffuse channel gain Hp;rr
due to NLoS path is given as:

g() = { 0=V < e “4)

AR p
Hpirr = —_—, 5
Aroom 1-— P
where,
_ 1
p=7 ZAiPi: (6)
room

1
o represents an average reflectance, p refers to instantaneous
reflection, Ag is the area of reflection point on the wall from
where the NLoS rays are reflected inside the room, A; is the
area of iy, grid on the wall and A,,., is the total area of the
room.

For a given transmission power (Pr), the total received
power using multiple LEDs including diffused path through
the walls can be obtained as:

N

P, = Z[PTH(O) + /

i=1 alls

PTHDIFF]- @)

where N is the total number of transmitting LEDs, and the
total power is obtained by ingratiating both LoS the NLoS
link across the room.

B. SPATIAL MODEL

Consider the scenario illustrated in Fig. 2, where a transmitter
(Tx) is located at a certain height k7 above the ground,
and a receiver (Rx) is located at a height hg. The potential
human blockages are distributed over the receiver plane.
As stated before, we model the blockages as cylinders [30]
with a certain height, sp, and the base diameter of D. The
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FIGURE 2. Schematic for calculation of shadow length due to blockage.

locations of the human blockages present inside the room
are distributed as per the mobility aspects of humans.

As illustrated in Fig. 2, a human body of height Ap is
present between the LED and the receiver, which results in
a communication link blockage. The distance of the human
blockage and the intended user from LED is denoted by dp
and dr, respectively. Using simple geometry, (Fig. 2) the
length of shadow due to blockage form LED dr — dp can
be calculated as:

h
@—@:ﬁ@. (8)

The region in shadow due to blockage will be a rectangle
whose area can be calculated using (8), with a length equal
to dr — dp, and width similar to the blockage diameter D.

lll. CHARACTERIZATION OF STATIC HUMAN
BLOCKAGES USING MHCP

This section discusses the realization of the locations of the
stationary human blockages inside the room using MHCP.
The effect of homogeneous and heterogeneous blockages is
analyzed. In MHCP, two or more points are forbidden to
be closer than a certain minimum distance. The MHCP is
also used to plan the deployment of base stations in cellular
networks and modeling of blockages and interference calcu-
lation in wireless networks [24]. One way to achieve such
a minimum distance between points is to start with a par-
ent point process with no such restriction and then remove
points that violate the above condition. We start with a target
number of blockages (Np) to be considered for the downlink
analysis. To model the location of the blockages, we assume
a modified version of the type-II MHCP process, wherein,
the points are a result of random thinning of a parent PPP
®p with intensity Ap. In particular, for each realization of
®p, we assign a random mark [0, 1] to each x; € ®p. Then,
xj is deleted if there exists an Xj, j # 7, such that the mark
assigned to xj is lower than the mark assigned to x;. Let the
resulting MHCP so created be denoted by ®p with inten-
sity Ap. Finally, we check the condition Ng = ®p(A), and
perform the downlink analysis of the network for only such
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realizations in which Ng = ®p(A) holds. we have used
above describe MHCP to characterize the locations of sta-
tionary homogeneous (same radii 7] or r») and heterogeneous
(different radii r; and rp) blockages, where r| < rs.

A. INTENSITY OF HOMOGENEOUS BLOCKAGES USING
MHCP
In this subsection, we have characterized the homogeneous
blockage process having radius rp using MHCP. First, a par-
ent Poisson point process is generated to realize the locations
of human blockages in a 2-D plane. A random point or
mark is associated with each human blockage, and a point
of the parent Poisson process is deleted if there is another
mark within the hardcore distance of §. The intensity of the
resulting process is [24]:
11— exp(kpn82) 9
—— ©)
where A, is the intensity of the parent point process. As
shown in Fig. 2, the link between two nodes located at a
distance dp from each other is blocked if a element of point
process falls in the shadow region of the blockage. The
probability that the center of at least one blocking object
falls in the shaded the area can be calculated using the void
probability [31]:

Py(d) =1 — exp(—2k31d3r123).

where Ap, is the blockage intensity having same radius and
rp is the blockage radius which can be either r; or r;.

ABl =

(10)

B. INTENSITY CALCULATION OF HETEROGENEOUS
BLOCKAGES USING MHCP
This subsection has characterized the heterogeneous block-
age process with radius r; and r, using MHCP. The
blockages inside the room have been modelled in two steps.
In the first step, the points with fixed radius r; and », are
generated and the respective weights are assigned as Wy (r)
and Wi (r1). This marked Poisson process we denoted by P,
and a point of the marked process in R? is denoted by [x; r].

In the second step, we thin the marked point process by
letting all pairs of points whose associated cylinders inter-
sect compete. A point is kept if it has a higher weight in
all pairwise comparisons. Given a pair of blockages points
[x1; r1], [x2; 2] € @, we give points independent weights,
Wi(r1) and Wy (rp) respectively, which will depend on the
radius, therefore, for the proposed model (r; < ), Wy will
be less than W,. If their associated cylinder intersects, the
point with the lower weight is removed, and the point with
the higher weight will be retained.

Hence, the retaining probability of a typical point with
radius r and weight W after thinning is [32]:

Pretain(r) = E[GXP{—)»WTVZ/O {(P(Wi(r) < W20}

x <r+y>2Fpr<dy>H, (11)
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where Wi(r) and W>(y) are independent weights and F),, is
the distribution of radius before thinning. A point and its
associated d-dimensional cylinder are kept if and only if the
sphere meets no larger or equal sized sphere of the marked
point process. Further, E[P(Wi(r) < Wo(y)] =1 (r <Yy),
then the retaining probability can be further written as:

Pretain(r) = CXP<—)»P7T”2/ (r“l‘y)szr(d)’))- (12)

We now consider a heterogeneous model of cylinders
(blockages) with two different radius r; and r,. Let P; and
P, denote the probability of blockage with radius r; and
ra, respectively. The probability after thinning Py, (71) for
the case r = 2rq, using [32, Th. 3.2 and Corollary 2.2]
in (12). The retaining probability of blockage radius r; can
be expressed as:

P>(9P1 + 16P3)
Pi(4P; +9P2) ' + P2(9P + 16Py) 1’

Similarly, the retaining probability of blockage radius r; can
be expressed as:

(13)

Pretain(r1) =

Pi(4P1 +9P5)
Pi(4P1 +9P2) ! + Py(9P) + 16Py) "1
The intensity of thinned point process with retaining
probability Presqin(r) is given by [32]:
Ath = ApPretain(r). (15)

Using (13), (14) and (15), the equivalent blockage den-
sity Ap2(r) for heterogeneous blockage process are generated
which are given as:

Pretain(r2) = (14)

P>(9P; + 16P)

P PL4P, +9Py) '+ Py(9P, + 16Py) "
Pi(4P1 4+ 9P»)

P PL(4P) +9Py) ' + Py(9P, + 16Py) "

Apa(ry) = A (16)

Apa(r2) = A

A7)

IV. CHARACTERIZATION OF DYNAMIC BLOCKAGES
USING RWP
In this section, the dynamic effect of human blockages
moving within the room with the uniform velocity has been
analyzed. The RWP mobility model is a simple and straight-
forward stochastic model that describes a human blockage’s
movement behavior in given room size. In this model, a
blockage randomly chooses a destination point (‘waypoint’)
in the room and moves with uniform velocity on a straight
line to the next destination point. After waiting for a spe-
cific pause time, it chooses a new destination and moves
with uniform velocity to the destination, and so on. As dis-
cussed earlier, in a VLC system, the achievable user’s data
rate is related to the user-AP distance; therefore, including
the spatial user distribution becomes essential.
Furthermore, note that human blockages are not neces-
sarily distributed uniformly in typical indoor environments
across the network area. On the contrary, their location
distribution is characterized by a higher probability of
being located near the center of the room than near the
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FIGURE 3. stationary RWP model location PDF.

walls. Incidentally, the stationary distribution of the RWP
model captures such a spatial configuration. For example,
as discussed in [15], users’ stationary distribution without
pause-time in an RWP model can be approximated by an
elliptic-paraboloid function.

In the analysis, RWP model is considered in a rectangular
area of size R = a x a, a point (waypoint) S; is selected
randomly in R. A pause time at point S; is chosen randomly
in an interval [, tnax], upon the termination of pause time,
a new waypoint S, is chosen uniformly at random in R, and
the node starts moving from Sj to S, along a straight line
trajectory with velocity chosen uniformly at random in an
interval [Viin, Vmax]. The pause and movement process is
repeated as above when the node arrives at the destination.
For the sake of simplicity and without loss of generality, we
have used the RWP model without any pause time. As the
users continue to move, the distribution of the position of
users approaches a stationary distribution. In particular, for
a square area of size, a X a, the stationary distribution of the
user locations is:

_ 36/, a? , a
fx(x) _fXY(x’y)_a_6< —Z><y —Z>, (18)

a —a

—a a .
where — < x < -, — <y < — shows the coordinate

of each node in the square area an(% x = [x y] is the posi-
tion vector. This stationary distribution is also represented in
Fig. 3, which confirms the concentration of the users near

the center of the room.

V. SNR MODEL

In this section, the received SNR is calculated for the station-
ary blockage process using MHCP. It is assumed that when
the PD is in blockage, it receives no signal. The optical

signal transmitted by the iy LED is given by:
si(t) = Py[1 + Mpxi(1)], 19)

where P; is the transmit power at the iy LED, x; is the
corresponding modulating OOK signal and M; is the mod-
ulating index [33]. Here, the first term (P;) in (19) takes
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care of illumination while the second term (P;Mjx;) is for
communication. After photo-detection, assuming that the DC
component of the detected electrical signal is filtered out at
the receiver, the received signal at photo-detector j is given
by

yj = RP, +n;, (20)

where R is photodiode responsitivity, n; is additive white

Gaussian noise (AWGN) with n; = N(0, ojz) and Py, is
expressed as:

N
P, =Y HjP,Mpx;,
i=1
where N is the number of LEDs and Hj; is the VLC channel
coefficient between iy, LED and jy, PD, using (2) H;; and
can be expressed as [5]:
(m+ 1)cos’"(q§)Acos(9)
27rd2

2y

Hj = 22)
where dj; is the distance between the i;; LED and the jg; PD.
If there is human blockage between the LED and the PD
at distance d with probability Pp(d) between transmitting
LED and the PD the VLC channel gain with blockage can
be expressed as:

HY = Hy[(1 — Pp(d))]
M[exp(—Z)LBd,-jré)]

= , (23)
2
27le.j

where M = (m + 1)cos™(¢)Acos(6). The noise variance sz

at j;, PD is the total noise comprising of shot noise (oszhm)
and thermal noise (o, thermal) which can be expressed as [34]:

2

2
Uj = Ushot + Othermal’ (24)
where
shot = 2¢RPy B + 2elbg12357 (25)
and
2
Otrermal = G A B} + 1AL AYE] - (26)

where e is the electron charge, Py, is the received optical
power at j;, PD, B is the system bandwidth, Iy, is the
received background noise current, k is Boltzmann’s con-
stant, Tk is the absolute temperature, G is the open loop
voltage gain, 7 is the fixed capacitance of PD per unit area,
I" is the field effect transistor (FET) channel noise factor,
gm 1s the FET transconductance, I is the noise bandwidth
factor for background noise and I3 is the noise bandwidth
factor.

The SNR at the receiver in the presence of blockages
using (22), (23) and (26) can be expressed as:

2
(R, HEP, M)

2 )
O’j

SNRp =

27)
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TABLE 1. System model parameters.

Parameter Value

Room size 5mXxX5mx3m
LED transmitted power 200 mw
Refractive index n 1.5

Optical filter gain T 1

Wall reflection p 0.8

LED irradiance angle 60°

Receiver plane above the floor (hg) | 0.85 m

Receiver elevation 90°

Receiver active area 1 cm?

Field of views (FOVs) of receiver 60°.

Blockage radius (r1 and r2) 20 cm & 40 cm
Height of the blockage (hp) 180 cm
Responsivity (R) 0.5 %

Signal bandwidth Bg 10 MHz

Noise bandwidth factor Io 0.562
Background current Iy, 100 A

By substituting value of Hg from (23), it can be rewritten as:

K RMP My
2
2 d’

2
Koj

I:Zl 1 Z p(_2)"Bdl]r%?):|2

SNRp =

. (28)

For the average SNR calculation, the blockage intensity will
be taken as Ap € (Ap,, AB,) and the blockage radius rp €
(r1, r2) as per the proposed configuration.

VI. RESULTS AND DISCUSSION

In this section, we present the simulation and analytical
results for the VLC system with human blockages inside a
standard room size of 5 m x5 m x 3 m. The two transmitter
configuration of 4 and 8 LEDs in a rectangular geometry are
considered. The locations and the orientations of the VLC
transmitters and the receiver are provided in Table 1. Both
LoS and NLoS (with one reflection) signals are considered
in the analysis.

It may be noted that illumination is considered as a pri-
mary functionality of the LEDs and is given priority over
communication [35]. To calculate illumination for a VLC
system, it is assumed that each LED has a Lambertian radi-
ation pattern, with the Lambert index m, depending on the

= =1 i-
half-power angle of LED ¢ 1M = s d ) The Iumi

2
nous intensity for LED transmitting power P; in angle ¢ is
given by:

P; cos ¢

l(¢) = — —5— =1(0)cos(¢). (29)

where 1(0) = T L ol is the maximum intensity of the flux

with angle ¢ = O° A horizontal illuminance Ep,,, at a point

(x,y) is given by:

1(0)cos 1 (¢)
d2

where d is the distance between the LED and the receiver

surface. For the three-dimensional illumination profile gen-
eration, the room floor is divided into grids, and illumination

Epor = - cos(0), (30)
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FIGURE 5. Received power with varying homogeneous blockage intensity.

for each grid using the (30) is calculated. The standard illu-
minance requirement for indoor room lighting for office work
is 300-1500 lux standardized by the international standard
organization (ISO), which is fulfilled by the proposed geome-
try [36]. Hence, from the above discussion, it can be inferred
that the proposed work does not compromise the illuminance.

A. RECEIVED SNR PROFILE WITH HUMAN BLOCKAGE

In this subsection, the received SNR profile with human
blockages inside the room has been plotted. Figs. 4(a)
and 4(b) show the received SNR profile with 4 LEDs having
6 and 8 human blockages of the same radius inside the room.
It can be seen that there is a sudden fall in the received SNR
whenever there is a blockage between the transmitting LED
and the user inside the room. Based upon the distance of
blockage from the transmitting LED, its shadow region has
been calculated using Fig. 2. As the distance from LEDs to
the blockage increases using (8), it can be shown that the
shadow region also decreases and vice versa. This results
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4. Received optical power distribution profile with human blockage intensity.
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(b) CDF of average received power of varying homogeneous block-
age density.

in different size areas of received SNR profile in shadow-
ing due to the blockage and can also be seen in Figs. 4(a)
and 4(b).

Further, to see the effect of human blockages of the same
and different sizes for 4 and 8 LED configurations, we
have calculated the received optical power with increasing
blockage intensity discussed in the next subsections.

B. RECEIVED POWER WITH VARYING HOMOGENEOUS
BLOCKAGE INTENSITY

Figs. 5(a) and 5(b) show the average received power and
CDF of the received power with varying homogeneous block-
ages intensity inside the room. The human blockages of the
same radius r; = 20 cm has been considered. Fig. 5(a) shows
the average received power across the room with increasing
blockage intensity with 4-LED and 8-LED in a rectangular
configuration. The theoretical and simulation results are in
good agreement with each other, validating the mathematical
derivations and justifying the approximation made in (28).
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FIGURE 6. Average Received power with varying heterogeneous blockage density inside the room with 4 and 8 LEDs.

It may be noted that in order to satisfy the total power
constraint and support the fairness among the different con-
figurations, we have used the constant power of 2 Watts for
both 4 and8 LEDs configuration. Thus the per LED trans-
mit power is more in 4 LED configurations, i.e., 0.5 Watt,
whereas for the case of 8 LEDs, it is 0.25 Watt. Further, the
received power also depends on the relative distance between
the LEDs. As mentioned before, the LEDs are placed in rect-
angular geometry, so in 4 LEDs, the LEDs are separated by
more distance with respect to 8 LEDs configuration. In sparse
blockages, 4 LEDs provide higher received power because of
good line-of-sight (LOS) condition, which means that more
LEDs are blocked in 8 LEDs with respect to 4 LEDs. On
the contrary, when the number of blockages increases, in
4 LEDs case, the probability of users in LOS with LED
decreases, while for 8 LEDs, this probability increases due
to spatial diversity (i.e., because of more number of LEDs)
so in 8 LEDs case the received power is more as compared
to 4 LEDs.

To validate the above argument, we have plotted the
received power CDF with 4 and 8 LED configurations in
Fig. 5(b). Fig. 5(b) respectively shows that the probability of
the received optical power being less than some threshold.
For instance, at the probability of 0.5, the received optical
power in 4 and 8 LED configurations with two blockages
inside the room are 0.5 dBm and 1.23 dBm, respectively.
Similarly, as blockage density increases, the 8 LED config-
uration performs better than the 4 LED, which confirms that
the obtained CDF profile in 5(b) is in agreement with the
results obtained in Fig. 5(a).

C. RECEIVED POWER WITH HETEROGENEOUS
BLOCKAGE INTENSITY USING MHCP

This subsection shows the average received optical power
across the room with increasing heterogeneous blockage
density for 4-LED and 8-LED configuration. Two size of
blockages with radius | and r, have been considered, where
ri < rp. Figs. 6(a) and 6(b) show the average received
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power with heterogeneous blockage intensity inside the room
with 4 and 8 LEDs, respectively. The blockages are real-
ized using (17) MHCP process with radius ry, r, and mix
radii (r; and rp), equal number blockages have been real-
ized for each case with equal probability. For example, in
heterogeneous blockage realization, both r; and r, radius
blockages have been realized with equal probability. The
average received power is decreasing with respect to the
increasing blockage density. It is evident from the figure
that the homogeneous blockages with radius r; are perform-
ing best among blockage with radius r, and mix radii. It is
interesting to observe that for lower blockage density, block-
age with mixed radii is performing better than the blockage
with radius r,. However, this trend is reversed for higher
blockage density (more than 7), as shown in Figs. 6(a)
and 6(b). It is due to the fact that during the realization
of blockages using the MHCP process, the less number of
blockages are realized with radius r, in comparison to mix
radii because of wider radius and thinning process in MHCP.

Further, it can also be observed from Fig. 6 that 4-LED
configuration is giving better average received power com-
pared to the 8-LED configuration for constant transmit
power of 2 Watts for each configuration. However, for
the higher blockage density of r, and mix radii, the 8-
LED configuration gives better performance than the 4-LED
configuration.

D. RECEIVED POWER WITH HETEROGENEOUS
BLOCKAGE INTENSITY USING RWP

In this subsection, we have shown the average received
optical power results across the room with heterogeneous
blockage density using the RWP model. Figs. 7(a) and 7(b)
show the average received optical power with varying
blockage intensity inside the room with 4 and 8 LEDs,
respectively. The blockages are realized using RWP mobility
model with radius r{, 7, and mix radii. It can be observed
that the blockage with radius ry is performing better than the
rp and mix radii for both 4-LED and 8-LED configuration.
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There is no crossover between r, and mix radii blockage
realization using MHCP, and there is a clear gap between
the received optical power in larger and smaller blockages.
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(b) Received power versus varying blockage heights

Fig. 8 shows the comparison of average received opti-
cal power with heterogeneous blockage density inside the
room with 4 and 8 LEDs using MHCP and RWP. It can

VOLUME 2, 2021



‘IEEES IEEE Open Journal of the
Com3oc  communications Society

be observed from Fig. 8(a) that average received power is
decreasing with an increase in blockage density for both
MHCP and RWP. The average received power with RWP
performs slightly better than the MHCP because in the RWP
model using (19), the user probability of being in the center
is more than in edges or anywhere in the room, which results
in a less number of LEDs getting blocked in a rectangular
configuration. Further, the average received power with the
RWP model is continuously decreasing for higher blockage
density, while for MHCP, the average power gets saturated
for higher blockage density due to the stationary behavior
of the MHCP.

E. RECEIVED POWER WITH VARYING BLOCKAGE
RADIUS AND HEIGHT

In this section, we have plotted the received power for dif-
ferent height and width of the human blockages, as shown
in Fig. 9. It may be noted that for modelling static human
blockages, we have used the Matern hardcore point process
(MHCP). For the width of the human blockage, the radius
has been varied from 20 cm to 40 cm to reflect a typical
human’s waist size, as shown in Fig. 9(a). It can be observed
that the received power decreases as the human blockages’
width increases for different blockage densities. However,
for lower number human blockage, the reduction is more as
compared to higher human number blockage.

Similarly, the height of blockage has been varied from
120 cm to 200 cm to reflect human height, as shown
in Fig. 9(b). It can be observed that the received power
decreases as the height of the human blockages increases
due to the larger shadow of the blockages.

VIl. CONCLUSION

In this letter, the performance of an indoor VLC system with
human blockages have been analyzed. For the realization of
static and dynamic blockages inside the room, the MHCP and
RWP model are used, respectively. We have also calculated
the blockage intensity profile for homogeneous and hetero-
geneous blockage density as well as the analytical expression
of the received SNR for varying size human blockages inside
the room using MHCP. The analytical results are in close
agreement with the simulation results, which validates the
analytical framework proposed in this article. The received
SNR profile shows the effect of shadowing in terms of a
decrease in received SNR at the blockages’ locations. The
received optical power with an increasing number of human
blockage intensity of varying sizes with 4-LED and 8-LED
configuration has also been plotted. Further, the effect of
varying human height and width also have been analyzed.
It can be observed that the received power decreases as
the human blockages’ width increases for different block-
age densities. However, for lower number human blockage,
the reduction is more as compared to higher human num-
ber blockage. It is concluded that for the higher number of
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blockages, the 8-LED configuration has been shown to per-
form better as compared to 4-LED for the same amount of
total power from transmitting LEDs.
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