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Abstract— In the past decade, visible light communication
(VLC) technology has received increasing attention for
numerous applications, including for indoor visible light
positioning (VLP). The transmission medium for indoor VLP
systems in industrial environments could include smoke
particles, oil vapors, water mist, and industrial fumes. This
work investigates the indoor atmospheric attenuation on the
performance of VLP for industrial scenarios. The considered
VLP technique uses trilateration based on the Cayley-Menger-
Determinant algorithm. The positioning method uses optical
received signal strength (RSS) to estimate a drone’s position.
Smoke and fog effects for the indoor atmospheric attenuations
have been considered for visibility (V) ranging from 15 m to 1
km. The results show that the position error increases from an
average value of 5.73 cm in clear air to 28.41 cm and 29.94 cm
with smoke and fog attenuation, respectively. Indeed, there is a
slightly higher received power in the presence of smoke, as
compared to fog, for a given visibility range.
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1. INTRODUCTION

nmanned Aerial Vehicles (UAVs), popularly known as
drones, are utilized for a variety of purposes for indoor
industrial applications, including automated autonomous
operations. Drones are primarily used to conduct visual
inspections in a variety of indoor and outdoor situations
because they provide a safe and cost-effective solution to
inspect hard-to-reach areas and inspect different heights [1].
Offshore oilrigs, power plants, facades, controlling physical
stock-taking in warehouses, and spreading farm animal feed
across broad areas are some of the areas of potential
applications for drones using VLP. UAVs can also be used to
investigate piping systems within the buildings for detecting
damages or leakages. The fundamental challenge, however,
is that the drone must precisely detect its location concerning
its surroundings.
A few recent works have tackled this problem by using an
indoor positioning system based on different technologies
such as blue light-wavelength [2], and VLC transmitters and
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receivers [3]. As light-emitting-diode (LED) based
infrastructure is readily available in most buildings and
industrial locations. VLP offers a huge possibility for indoor
localization and tracking of drones. VLP also allows for
license-free operation with no electromagnetic interference.
Localization based on VLP has already been deployed in
supermarkets and shown with a drone built by Philips
Lighting [4].

A lot of research has been done on the development and
performance improvement of VLC systems over the last
decade [S5] However, there has been limited work in the
literature examining the performance of VLC systems in
industrial environments.

Most VLC-based indoor localization systems are designed
for two-dimensional (2D) positioning to calculate (x,y)
coordinates, and three-dimensional (3D) positioning,
assuming clear air conditions. This assumption is not always
valid in industrial environments. Oil vapour, water mist,
industrial fumes, or even coal particles can all contribute to
signal attenuation, depending on the sort of industrial setting.
These particles can cause light signal attenuation and
scattering which leads to VLP positioning errors [6]. To the
best of authors’ knowledge, there is no existing work that
investigates the impact on the received power and VLP
accuracy of a UAV flight path due to indoor atmospheric
attenuations [7].

In this paper, we investigate the positioning accuracy of
VLP with and without atmospheric attenuation in industrial
applications. Both shot and thermal noises are considered,
which are modelled as additive white Gaussian (AWGN). VLP
is achieved using a trilateration indoor positioning based on
the Cayley-Menger-Determinant (CMD) algorithm like our
previous work in [8]. The positioning method uses optical
received signal strength (RSS), and a blue filter is used at the
receiver to limit the background noise effect [9]. Smoke and
fog effects for the indoor atmospheric attenuations have been
considered for visibility (¥) ranging from 15 m to 1 km. The
results show that the position error increases from an average
value of 5.73 cm in clear air environment to 28.41 cm and
29.94 cm with smoke and fog attenuation, respectively.
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Figure 1: a) The overview of the room's cross-section and b) the
schematic diagram for the trilateration problem and its parameters.

The remainder of the paper is organized as follows:
Section II outlines the system model, the theory on fog and
smoke attenuation and the CMD algorithm. In Section III,
simulation results and discussion are presented. Conclusions
are finally drawn in Section V.

II. SYSTEM MODEL

Figure 1 shows the schematic of the considered system. It
consists of a typical industrial environment (25m x 15m x
Sm) with 15 uniformly distributed light fixtures on the ceiling
with 5m spacing per transmitter. Each light fixture has a half
semi-angle of 60° and a power of 80 Watts, strong output
luminaires being typical in industrial environments [10]. The
main simulation parameters are shown in Table 1.

The N light fixtures are placed at a fixed height h; ;p with
coordinates (x;,¥;, hygp) i = 1..N. The receiver, with a
photodetector (PD) area A,, is located at the unknown
location (x,y,z) . For typical LEDs with Lambertian
radiation pattern m , the received power P,; from i
transmitter is given by [11]:

(m+1)Apq

P, ———=>=cos™(¢) cos(y),

<0
Pri = 27'I.'d,2 lp = “pd

0, Y >0,

)

where Py; is the transmitter power, d; is the distance between
the transmitter and the receiver, ¢ is the angle of irradiance,
Y is the angle of incidence, and 8,4 is the field of view of the
receiver, as shown in Fig.1 (a).

The effect of smoke and fog attenuation has been
considered in (1) using the laboratory-based smoke and fog
model and the ¢ values proposed are showed in [12] and is
given by:

L(ﬂ)'qm @)

V(km) \ Lo

Bx (dB/km) =

_ [ 0.14281 — 0.0947 Fog
1D = {54671 - 0.5212 Smoke %)
The distance between the transmitter and the receiver d; can
be calculated from the received signal power, P,;. Moreover,

given cos(¢) = cos(yp) = LLER~Z

A .
= 7}_1 for horizontally

TABLEI

SIMULATION PARAMETERS

Parameter Value
Width x Length x Height 25mx15mx5m
Transmitter’s Power - Py 80 W
Transmitter’s semi-angle ¢ 60°
Receiver’s Height 0-3.6m
Photodetector Area - Apq 1 cm?
Receiver’s FOV (half angle) - 0,4(1/2) 80°
Receiver’s Responsivity - R, 0.54 A/W
Bandwidth 10 MHz
Visibility for fog and smoke 0.015 km- 1 km
Optical Filter 450 nm

oriented transmitters and receiver, the estimated distance d,
can be calculated as [13]:

~  m+3[(m+1) Apg Py ARTH1
d=""|—F—"— “4)
2T Py

where Ah = h;gp, —z is the unknown vertical height
difference between the transmitter and the receiver. Note
that, the estimated distance d; cannot be directly calculated
from P,; without knowing the accurate Ah. Due to this, we
generate a set of estimated distances d, for different possible
heights /4 should be z ranging from 0 m (h,;,,) to hygp with
height resolution Rj of 1 mm. This leads to the accurate
estimation of d;. The received signal is affected by shot and
thermal noises with the total variance 62,5, = 020 +
024 ermar- The signal-to-noise (SNR) ratio can be calculated
using:

SNR; (dB) = 10log;o &2 )

noise

where R, is the receiver’s PD responsivity.

A. Positioning Algorithm

Then, the positioning algorithm is performed for each of
the sets of generated distances d, (i=1..N) at different heights
using (4). Fig. 1. b shows the three transmitters p/, p2, and
p3 positions and with p4 being the unknown drone location.
The algorithm only requires three transmitter positions,
meaning that the corresponding signals from the three nearest
(i.e. strongest) LEDs are taken into account, as they offer the
highest SNR.

The Cayley-Menger bideterminant of two sequences of n
points [py, P2, -+, Pn] and [q1, G2, **, G ] is defined as [14]:

D(P1, s Prs Qus s Q) =
0 1 1 1 1

|t P@ua) D1 gs) D(p1,qn)
2(7) 1 D(pzq1) D(p2a2) D(p2,qn)|  (6)
1 D(pr;,ql) D(pr.v(h) D(prl,qn)

where D(pi;q]-) is the squared distance between points p;
and p;. When two sequences of points are the same, then
D(py, -, Pn; Q1) -rqn) is denoted by D(py,..,p,) and



CMD is given by:

D(p1, P2, D3, P4) =
0 1 1 1 1

. 1 0 D(p1,v2) D(p1,p3) D1, ps)

3 1 D(pzp1) 0 D(p2,p3) D(p2ps) @)
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where p, is the location of the drone, meaning

that D (p4, P1), D (P, P2), D (P, p3) are distances dy, dy, ds
that are computed from the received power measurements. It
is possible to calculate the position of the receiver (p,) with
respect to three known transmitter coordinates (py, P2, P3)
using:

Pa = D1+ kyvy + kyvy £ k3 (v107) (3)

where v; = p, + p; and v, = p; — p;, and
_ D(p1, P2, P35 P1 D3, Pa)

= D(py,p2ps)
k, = D(py, D2, P35 1) P2, Pa)
D(py1, 2 P3)
ky = VD (P1, 02,03, P4)
D(py1, P2 P3)

This results in a single estimate p, = (X, J, 2) for each of
the heights.

B. Cost Function

Once all possible locations have been generated, the
estimated location is found at the minimum of C(%), with
C(h) being the average squared error between the estimated
distances d, calculated using (4), and the distances of the
estimated location (%, ¥, 2) from (8). The cost function finds
the minima at the receiver’s actual height, given by:

C() = 25N [8 ~ G- %2+ G —y0? + G- 207]
©)

where z; = hygp.

Using the presented algorithm, the (x, y, z) coordinates of
the receiver can be estimated. After calculating the position,
the estimated position is compared with the actual position to
find the positioning error, given by:

Derror = \/(f - x)z + (y - Y)z + (ZA - Z)z

(10)

III. RESULTS AND DISCUSSION

In this section, we present our simulation results in terms
of RSS and positioning errors with and without smoke and
fog attenuations. The peak received power, P, with the
presence of both smoke and fog attenuation is approximately
5.9 times smaller compared to the received power without
indoor attenuation, see Fig. 2. Using equations (1-2), the
attenuations co-efficient, §; for the indoor attenuation are
0.16 dB/km for smoke and 0.17 dB/km for fog for V ranging

from 0.015 - 1 km. Using equation (1), the received power is
calculated for all 30 drone positions as shown in Fig. 3 and
the results for the P, are shown in Fig. 2. The average peak
received power is 7.81 X 107> W for both smoke and fog,
whereas the average received power without indoor
attenuation is approximately 1.31 X 1075 W, see Fig.2.

Figure 3 shows the selected real flight path using a set of
30 positioning samples ranging from 0.1- 3.6 m in height
along the industrial warehouse with locations of the
transmitter is also provided. Notice, that the estimated path
of the drone is very close to the real flight path in the presence
of the AWGN noise. However, the estimated path for the
drone in the presence of fog and smoke attenuation is not
identical to the real path, see inset Fig 3. This is because of
smoke and fog attenuation ranging from 0.015 km to 1 km.
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Figure 2: Comparison of received power, P. without attenuation and
with for and smoke attenuation.
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Figure 3: Selected real flight path and comparison with estimated
path with AWGN, smoke and fog indoor attenuations.
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Figure 4: Positioning error in the presence of AWGN and without
indoor atmospheric attenuation.

Figure 4 shows the positioning errors in the presence of
AWGN noise and without the effect of smoke and fog
attenuation. The results show that the estimated positioning
errors are 3.8 cm to 9.4 cm and are in good agreement with
the real flight path. The average position error was 5.73 cm
without considering the atmospheric attention. This accuracy
of estimation of the positioning is due to the availability of
high SNR without the effect of attenuation.

Figure 5 shows the estimated position error in the presence
of smoke actuation for ' = 0.015 - 1 km. The smoke
attenuation is considered using (2). The estimated positioning
error is increased from an average value for the selected path
from 5.73 cm to 28.41 cm. Furthermore, the estimated
positioning error was ranging from 25.1 cm to 39 cm in the
presence of smoke attenuation. Notice that due to the
attenuation of the smoke particles when the V' reduces that
could have an adverse effect on the accuracy of the VLP
system due to the high attenuation of the transmit power, see
Fig. 2.

The estimated positioning error in the presence of fog
actuation for ¥ = 0.015 - 1 km is shown in Fig. 6. The fog
attenuation is considered using (2). The estimated positioning
error is increased from an average value for the selected path
from 5.73 cm to 29.94 cm. Furthermore, the estimated
positioning error was ranging from 24 cm to 40 cm in the
presence of fog attenuation. Notice that the positioning error
is slightly higher due to fog attenuation or water-based vapors
in industrial environments than in smoke or dry particles.
This could result in higher positioning error and influence the
accuracy of the VLP system due to the high attenuation of
transmit power, see Fig.2.

IV. CONCLUSION

This paper investigates the indoor atmospheric attenuation
on the performance of the VLP for industrial applications.
The VLP is achieved using a trilateration indoor positioning
based on the Cayley-Menger-Determinant (CMD). The
positioning method uses optical received signal strength
(RSS) to estimate the drone’s position with and without the -
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Figure 5: Estimated positioning errors with smoke attenuation for V
=0.015 - 1km.
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Figure 6: Estimated positioning errors with fog attenuation for V' =
0.015 -1 km.

presence of indoor atmospheric attenuations. Smoke and fog
effects for the indoor atmospheric attenuations have been
considered for V' ranging from 0.015 km to 1 km. The results
show that the position error increases from an average value
of 5.73 cm without smoke and fog attenuation to 28.41 cm
and 29.94 cm with smoke and fog attenuation. It is also
noticed that the positioning error is slightly higher due to fog
attenuation or water-based vapors in industrial environments
than in smoke or dry particles. This could result in an adverse
effect on the accuracy of the VLP due to the high attenuation
of transmit power.
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