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ABSTRACT

In the context of beyond 5G indoor communication systems, visible light communications (VLC) has emerged as a viable supplement for existing radio
frequency-based systems and as an enabler for high data rate communications. However, the existing indoor VLC systems are limited by detrimental outages
caused by fluctuations in the VLC channel-gain because of user mobility. In this study, we proposed a tractable path loss model for indoor VLC that reflects
the effect of room size and coating material of surfaces. We performed an extensive advanced ray tracing simulation to obtain the channelimpulse responses
within a room and presented a path loss model as a function of distance, room size, and coating material through curve fitting. In addition, path loss
parameters such as the path loss exponent and the standard deviation of the shadowing component were determined. The simulation results indicate that
path loss is a linear function of distance, path loss exponent is a function of room size and coating material, and shadowing follows a log-normal distribution.
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Introduction

Visible light communications (VLC) has emerged as a promising green, secure, and interfer-
ence-free alternative to the existing radio frequency communication technologies for the next
generation communication systems [1-3]. Despite increasing literature on visible light and in-
frared (IR) communications, there is lack of a proper path loss model. This is a serious concern
as path loss sheds light on link design and dictates the fundamental limits on the physical layer
design of VLC system, that is, transmission power and receiver complexity.

Earlier works on IR channel modeling [4-16] depend on either recursive approaches [4-6] or ray
tracing methods [10-12]. In [15, 16], a path loss model inside an airplane cabin was proposed.
The path loss parameters (path loss exponent) as well as the shadowing component (standard
deviation) were obtained for line-of-sight (LoS) and non-line-of-sight (NLoS) scenarios.

Note that the existing IR channel models cannot be used for VLC in a straightforward manner
because there exist significant differences between IR and VLC communications. There have
been some efforts [17-24] to address VLC channel modeling; however, the practical consider-
ations such as reflection type and realistic emission pattern of light source were overlooked in
previous studies [18-24]. In addition, the authors in [17] assumed a fixed location for receiver;
and hence, the effect of mobility was not considered. In [20, 22-24], a constant reflectance
value was considered for the coating material of surfaces (that is, wall and floor), which can
be justified for IR wavelengths. However, the wavelength-dependent reflectance is indispens-
able for realistic VLC channel modeling owing to the wideband nature of light emitting diodes
(LEDs). Furthermore, in these studies, the path loss model was obtained with a limited number
of reflections (up to the order of 2). There are only sporadic works [17, 21], which consider
higher order of reflections in the path loss model.

In environments with different reflectivity, it is also shown that the received power is almost
proportional to the inverse of the available bandwidth [25].In other words, in an indoor en-
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vironment with high-reflectance coating materials, low path
loss is foreseen resulting in high delay spread and low channel
bandwidth. By contrast, if the reflectance is low, larger path loss
is expected, leading to larger channel bandwidth. Moreover,
the VLC channel may vary because of movement, blockage,
and shadowing [15, 16].

Therefore, it is obvious that there is a need for the development
of a comprehensive channel model that simultaneously con-
siders the effect of user mobility, room size, and coating materi-
al of surfaces. In an effort to address this research gap, a closed-
form path loss expression as a function of distance, room size,
and coating material of surfaces is proposed.

In this study, a site-specific VLC channel modeling approach [17]
is adopted to overcome the limitations in earlier works. Howev-
er, unlike [17]that provides channel impulse responses (CIRs) for
some selected points (that s, fixed user) where the room size and
coating materials are fixed, in this study, the channel for a mobile
user within a room with different dimensions and coating ma-
terials is characterized, and it is demonstrated how the channel
changes when the user walks within the room. The proposed ap-
proach can take into account diffuse, specular, and mixed reflec-
tions. It can also handle non-Lambertian light sources. Further-
more, in comparison to conventional ray tracing methods, this
approach can consider a larger number of reflections (because
of relatively less computing time) for better accuracy.

A comparison of the existing works with adopted approach is
summarized in Table 1.

With regard to the literature review, the novelty of this study
can be summarized as:

«  TheVLC channel for a mobile user is characterized using real-
istic assumptions, such as wavelength-dependent reflection
characteristics, mixed diffuse-specular reflections, non-Lam-
bertian light source, and high order of reflections (up to 10).

«  Apath loss and shadowing model simultaneously consid-
ering the effect of user mobility, room size, and coating
material of surfaces are developed to investigate changes
in the channel when a user walks within the room.

The rest of the paper is organized as follows. In Section 2, the
adopted VLC channel modeling approach is summarized. Fur-
thermore, the path loss expression based on the obtained CIRs
is proposed where the effect of room size, reflectance of mate-
rial, and higher order of reflections are explained. In Section 3,
the effect of user-mobility is investigated, and the probability
distribution function of shadowing is presented. Finally, con-
clusions are drawn in Section 4.

Channel Modeling Approach

This study adopted the advanced ray-tracing-based channel
modeling method in [17]. In this approach, a 3D simulation
platform was first created where the geometric specifications
of the indoor scenario are determined, and the CAD objects
of the users and furniture are integrated into the simulation

platform. The reflectance of surfaces (that is, furniture, ceilings,
floor, and walls) and the specifications of the transmitter and
photodetectors (PDs) are also defined.

Existing Path Loss Models

To evaluate the path loss, most of the works [20, 22-24] focus
on scenarios where path loss is obtained with limited reflec-
tions (up to the order of 2) specifically assuming zero order re-
flections (that is, LoS response). The path loss model in these
works is expressed as,

WCOS"’ (a)cos(ﬁ) (1)
d

PL =~
where A is the receiver area, d is the distance between the light
source and receiver, a is the viewing angle of transmitter, S is the
incident angle, and m is the order of Lambertian emission. Note
that the path loss obtained through (1) is underestimated as the
effect of higher order reflections is overlooked. To address this
issue, the advanced ray-tracing-based channel modeling meth-
od was used to calculate the received optical power and path
lengths of each ray from light source to PD. This information was
processed in MATLAB® (MathWorks, Natick, Massachusetts, Unit-
ed States), and the CIR was then calculated as

)= 3R 8l 0

where P is the received optical power of the i ray, T,, is the
traveling time of the i*" ray, & (t) is the Dirac delta function, and
N, denotes the number of received rays. Channel parameters
are calculated on the basis of the obtained CIRs. Channel DC
gain is one of the insightful designing parameters as it predicts
the avergged received power and is expressed as [17] 3)

H, :fh(r)dt .
0

The optical path loss can be then obtained as [1]

PL=—10log [ h(t)df].
10[

For the time dispersion parameters, the mean excess delay and
the root mean square (RMS) delay spread are respectively giv-
en by’

(4)

TrRus =

Proposed Path Loss Model

In this section, different sizes for an empty room (that is, small
room sizes: 3 m X 3 m—-6 m X 6 m and large room sizes: 7 m X
7 m-12 m x 12 m) with a height of 3 m and plaster or glass
ceiling/walls and pinewood floor are considered as shown in
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Table 1. Comparison of existing path loss models for IR and VLC

Method Reflectance Modeling

Number of

Reflections Underlying Assumptions

Recursive  Fixed Reflectance

2 Order - Diffuse reflections

- Furnished room

- Lambertian source

Ray Tracing Fixed Reflectance

High Order (> 4) - Diffuse and specular reflections

- Aircraft cabin

- Lambertian source

[16] RayTracing Fixed Reflectance

High Order (> 4) - Diffuse and specular reflections

- Aircraft cabin

- Lambertian source

VLC Recursive  Fixed Reflectance

1 Order - Diffuse reflections

- Empty Room

- Lambertian source

Ray Tracing Wavelength Dependent

High Order (>4) - Diffuse reflections

- Empty room with the presence of a
cylindrical object to model a user

- Lambertian source

[22] Recursive  Fixed Reflectance

1 Order - Diffuse reflections

- Furnished room

- Lambertian source

Recursive  Fixed Reflectance

2 Order - Diffuse reflections

- Furnished room

- Realistic measured source

[24] Recursive Fixed Reflectance

1 Order - Diffuse and specular reflections

- Empty Room

- Lambertian source

Adopted Approach  [17] RayTracing Wavelength Dependent

High Order (> 10) - Diffuse, specular and mixed reflections

- Furnished room and realistic human models

- Realistic measured source

IR: infrared; VLC: visible light communications

Figure 1. Two ultimate cases of spectral reflectance value are
assumed where plaster and glass have the highest and lowest
reflectance values, respectively [17]. The wavelength-depen-
dent reflectance of coating material for each surface is defined
using the “table coating method” in adopted advanced ray
tracing approach. The transmitter is placed at the center of the

ceiling. This is a commercial LED (Cree” CR6-800L) with a half
view angle of 40°. The optical power of luminaire was normal-
ized to 1 W by which the channel DC gain is associated with the
averaged received power [17]. Without loss of generality and
because of the symmetric shape of the room, 10 PDs on the
diagonal of the room are considered, that is, stretches from the
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Figure 1. Locations of transmitter and receivers ig X 1077 Detector at the Corner of the Room
corner to the middle of the room. The field of view (FOV) and = Empty RooOm-5m x 5m x 3 m
the detector area size are 85° and 1 cm?, respectively. 5l =——Empty Room-7m x 7m x 3m | |
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According to the obtained CIRs, the path loss for different room Empty Room-11m x 11m x 3 m
sizes with plaster (or glass) ceiling/walls is calculated. Through 2571 ]
curve fitting, the path loss is obtained as,
PL=—10log,, [di] @ 1z 2y 1
:
where d is the distance between light source and PD, and the S5t ,
path loss exponent # is given by
3.6 ~4.5 small room size-plaster wall/ceiling 1 1
5~54 small room size-glass wall/ceiling ®)
n—= .
4.8 large room size-plaster wall/ceiling 05+t -
54 large room size-glass wall/ceiling
. . . 0 :
The related coefficient a is presented in Table 2. 0 20 40 60 80 100
. . Til
It is observed from Table 2 that the path loss exponent increas- ime (ns)
es as the room size increases. Therefore, the effect of higher or- Figure 2. a, b. Channel impulse responses for detectors placed at
der reflections is less pronounced as the room size increases. It (a) the center and (b) the corner of the room

is also observed that there is no noticeable change in the path
loss exponent for the room sizes larger than 7 m x 7 mand 5 m
x 5 m for the plaster and glass coatings, respectively. The sim-
ulation results further reveal that the path loss exponent in the
room with glass wall/ceiling is larger than the one with plaster
coating, and it fast approaches a fixed value.

As a benchmark, the path loss components for LoS response
was also obtained (Table 3). It is observed from Table 3 that the
path loss exponent is independent of the coating material and
the room size. Therefore, the effect of reflections from the sur-
faces are not considered in the LoS response.

In addition, the effect of room size on the channel parameters
and CIR is investigated. As two extreme cases, the receiver is lo-
cated at the corner and the center of the room with plaster ceil-
ing/walls. The CIRs are presented in Figure 2, and the channel
parameters are summarized in Table 4. The simulation results
revealed that the multipath effect is more pronounced when
the detector is moved to the corner of the room. Moreover, it
is observed that the amplitude of the channel for the detector
placed at the center of the room is larger than that when the
detector placed in the corner of the room.

245



Electrica 2021; 21(2): 242-249
Miramirkhani F. A Path Loss Model for Indoor VLC

Table 2. Channel coefficients for different room sizes considering higher order reflections

Length (m) x Width (m)
3x3 4x4 5%x5 6x6 7x7 8x8 9%x9 10x10 11x11 12x12
Plaster ceiling/Walls
a 2.40e-4 2.78e-4 3.3%-4 4.22e-4 526e-4 534e-4 5.20e-4 5.1%¢-4 527e-4 521e-4
n 3.6 39 4.2 4.5 4.8 4.8 4.8 4.8 4.8
Glass ceiling/Walls
a 5.82e-4 6.85e-4 8.06e-4 7.97e-4 7.94e-4 8.12e-4 7.96e-4 7.95e-4 8.15e-4 8.05e-4
n 5 52 54 54 54 54 54 54 54
Table 3. Channel coefficients for different room sizes considering LoS
Length (m) x Width (m)
3x3 4x4 5x5 6x6 7x7 8x8 9%x9 10x10 11x11 12x12
a 3.85e-4 3.98e-4 4.07e-4 3.97e-4 3.95e-4 4.05e-4 3.97e-4 3.96e-4 4.06e-4 401e-4
n 54 54 54 54 54 54 54 54 54

LoS: line of sight

Transmitter

Figure 3. a, b. (a) Scenario under consideration and (b) location of photodetector

Shadowing Model

In this section, the shadowing that reflects the effect of receiver
mobility in the path loss model is investigated. A living room
as one of the reference scenarios endorsed by IEEE 802.15.7r1,
with a size of 6 m X 6 m x 3 m is considered (Figure 3), where
the ceiling/walls and floor are coated with plaster and pine-
wood, respectively. The coating material of the table/chairs,
sofa, and coffee table are respectively defined as pinewood,
cotton, and glass. The heads and hands of the users are mod-
eled as an absorbing coating, whereas black gloss shoes and
cotton clothes are defined. Nine equally spacing commercial
luminaires (Cree” CR6-800L) are placed on the ceiling with half
viewing angle of 40°. The optical power of each luminaire was

11 W by which an average illumination of 153 lux, that is, the
illumination requirement for home [26] is satisfied (Figure 4).

Without loss of generality, a sample trajectory next to the wall
and furniture is considered (Figure 3a) to capture the effect of
reflected rays in the shadowing model. Fifteen sample loca-
tions with an equal spacing of 30 cm over this trajectory were
considered to ensure a continuous movement of the mobile
user. The user holds a cell phone in his/her hand next to his/
her ear, and the detector is placed on the phone (Figure 3b).
For PD, 18 possible locations on the right- and left-hand sides
of the user’s ear, that is, 9 locations on each side, are assumed
to model the possible movement of the user’s head (Figure 3a).
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Table 4. Channel parameters for different room sizes where the detector is placed at the center and corner of the room

Tors™ H, PL (dB)
Center of the Room 5mx5m 836 1.39x10° 48.54
7mx7m 7.98 1.35x10° 48.67
Imx9Im 7.65 1.34x10° 48.70
1Tmx11Tm 7.07 1.33x10° 48.74
Corner of the Room 5mx5m 12.78 1.44x10° 5841
7mx7m 12.81 5.87x107 62.31
Imx9Im 14.25 3.56x107 64.48
TTmx1Tm 14.61 2.17x107 66.63
1.2

Illumination Level (Lx)

Cells in Y Direction

00 Cells in X Direction

-Shadowing Histogram
=== | 0g-Normal PDF, ;=-0.23dB, ¢=0.47dB

3 2 -1 0 1 2 3
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Figure 4. Spatial distribution of illuminance

Figure 6. Probability density function of shadowing
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Figure 5. Path loss versus distance

The PD locations are assumed with an equal spacing of 2.5 cm;
hence, a maximum movement of 40 cm for the user’s head can
be modeled. The detectors are placed at a height of 1.8 m with
450 rotation. The FOV and the detector area size were 85° and
1 cm?, respectively. On the basis of the obtained CIRs for 18 re-
ceivers in each location of moving human, the path loss model
can be obtained as,

Py(d) a
PL =—10log,, |5 —| = —10log,, | |+ X, 9)

T

where ais 9.60 x 10%, n is 3.9 (Figure 5), and waollows alog
normal distribution (Figure 6) with mean u and standard de-
viation o that reflects the shadowing effect. The mean and
standard deviation are 0.23 dB and 0.47 dB, respectively. It can
be observed from Figure 5 that path loss is a linear function of
distance between transmitter and receiver, and the path loss
exponent is in the range of 3.6~4.5 (that is, small room size with
plaster walls/ceiling) as is expected from (8).
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Conclusion

In this study, a closed form path loss expression to integrate
the effect of room size, coating material, and higher order of
reflections was proposed. It was observed that the path loss ex-
ponent was in the range of 3.6-5.4. The simulation results also
revealed that the effect of higher order reflections was less pro-
nounced as the room size increased. Moreover, there was no
noticeable change in the path loss exponent for the room sizes
larger than 7 m x 7 m and 5 m x 5 m for the plaster and glass
coatings, respectively. Furthermore, the path loss for a mobile
user walking in a realistic indoor environment was modeled. It
was shown that the path loss was a linear function of distance
between transmitter and receiver and the shadowing compo-
nent due to the movement of the detector is a log-normal dis-
tributed random variable.
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